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摘要 

 

可攜式行動通訊設備可應用可重置天線適當地調整天線的傳輸頻率或極化，抑制旁

帶雜訊或改善極化不匹配的損失。可重置天線 (reconfigurable antennas) 設計之挑戰以最

小的體積達到最多的頻率，極化或場型之選擇為目的。設計上，為降低成本，多採用PIN 

二極體的開關機制，產生多重電流路徑，達到天線的多頻率，極化或是場型的改變。不

過如何在改變其中一個特性時，其他的特性能仍保持不變，例如，重置頻率時仍能保持

原有的極化與輻射場型的特性，這將是一個挑戰。通常一個模態由一個PIN二極體所控

制，所以，當要產生較多模態時，經常會使用多個PIN二極體，使得天線滿足上述需求。

但是使用多個PIN二極體，將大幅的增加天線的成本，並且多個PIN二極體間的相互干擾

/耦合，使得多模重置的設計變得相當困難。 

本論文提出一個多頻率與極化重置天線。該天線僅使用四個PIN二極體開關的切換，

即可達成五種可切換的模態，相較於其他可重置天線，具有體積小，低成本，與多重置

的特性。該天線是由正方形的微帶天線和四片”耳型”的延伸金屬片所構成。每一個耳型

金屬片與正方形微帶天線之間的連接，皆由一個PIN二極體的開關控制。透過適當地操

控PIN二極體開關，改變電流路徑和改變橫向電磁波的模態，使天線產生不同的操作頻

率或極化。取代以往由單一開關控制單一模式的型式，每一個開關可重複使用，使得僅

用四個開關產生三個可切換的操作頻率，以及三個可切換的極化，適合用在小型的手持

設備如智慧型手機或筆記型電腦等的相關產品。 
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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 

 

                                                            

1.1 Background  

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 

 2



 
                                                                Chapter 1 Introduction 

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 in [12]-[21]. Such antennas are commonly designed 

based on the microstrip patch antenna 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 η ─ a ratio 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 Γ ─ 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(Γ). 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].  

 6

http://en.wikipedia.org/wiki/Signalling_%28telecommunication%29
http://en.wikipedia.org/wiki/Power_%28physics%29
http://en.wikipedia.org/wiki/Transmission_line
http://en.wikipedia.org/wiki/Optical_fiber
http://www.sfu.ca/sonic-studio/handbook/Incidence.html


 
              Chapter 2 Introduction of Microstrip patch Antennas 

  

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]. 

Lൎ 0.49λୢ ൌ 0.49 ஛

√க౨
              Half-Wavelength patch 

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 

E஘ ൌ E୭ cos Ԅ fሺθ, Ԅሻ 

Eம ൌ െE୭ cos θ sin Ԅ fሺθ, Ԅሻ 

Where 
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f ሺθ, Ԅሻ = 
ୱ୧୬ቂಊW

మ ୱ୧୬஘ ୱ୧୬மቃ
ಊW

మ  ୱ୧୬஘ ୱ୧୬ம
cos ቀஒL

ଶ
sin θ cos Ԅቁ 

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

FEሺθሻ ൌ cos ቀஒL
ଶ

sin θቁ    E-plane, Ԅ ൌ 0୭ 

FHሺθሻ ൌ cos θ 
ୱ୧୬ቂಊW

మ ୱ୧୬஘ ቃ
ಊW

మ  ୱ୧୬஘ 
    H-plane, Ԅ ൌ 90୭ 

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  

ZA ൌ 90 க౨
మ

க౨ିଵ
ቀ L

W
ቁ

ଶ
 Ω     Half-wavelength patch 
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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 Ms 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 
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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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Fig. 3-1. Geometry of the proposed antenna. (a) Top view. (b) Cross-sectional view. 
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(a) (b)

(c) (d) (e)

X

Y

 

Fig. 3-2. The operating mechanism of the proposed antenna for (a) FRh, (b)FRl, (c)FRmid or 
PRlp, (d) PRlhcp, or (e) PRrhcp.  

 

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 mm2 (total size) printed 
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circuit board (PCB) with h=1.6mm and ε r = 4.4. In this design, the PIN diode is 

BAR64-02V with a forward bias resistance of 2.1 Ω and reverse bias total capacitance of 

less than 0.18pF. The DC bias voltage VDD 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 

Freq. 
scheme 

D1 /V1 D2 /V2 D3 /V3 D4 /V4 Freq. 

(GHz) 

Pol. 

FRh 

 
OFF  
(-3V) 

OFF  
(-3V) 

OFF  
(-3V) 

OFF  
(-3V) 

3.6   LP 

FRmid 

 
ON (3V) 

OFF (-3V) OFF (-3V)
ON (3V) 3.35  LP 

FRl 

 
ON  
(3V) 

ON (3V) ON (3V) ON (3V) 3.2   LP 

 

Table 3-II Polarization reconfigurable scheme 
 

Pol. 
scheme 

D1 

/V1 

D2 

/V2 

D3 

/V3 

D4 

/V4 

Freq. 

(GHz) 

Pol. 

PRlhcp 

 
OFF 
(-3V) 

ON (3V) 
OFF 
(-3V) 

ON (3V) 
3.35   LHCP 

PRrhcp 

 
ON 
(3V) 

OFF 
(-3V) 

ON (3V) 
OFF 
(-3V) 

3.35   RHCP 

PRlp 

 
ON 
(3V) 

OFF 
(-3V) 

OFF 
(-3V) 

ON (3V) 
3.35 LP 
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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 (FRh) and all turned on for lower operating 

frequency (FRl), respectively. In addition, either D1 or D4 are turned on while D2 and D3 are 

turned off or D1 and D4 are turned off while D2 and D3 are turned on for middle operating 

frequency (FRmid). 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 (PRlp), right hand circular polarization (PRrhcp) or left hand circular polarization 

(PRlhcp)─ D1 and D3 are turned on while D2 and D4 are turned off for left hand circular 

polarization or D1 and D3 are turned off while D2 and D4 are turned on for right hand circular 

polarization. In Table 3-II, the status of PRlp is completely the same as FRmid but they are 

named differently for easy understanding and comparison. The adjacent patches and PIN 

diodes affect the phase relationship between TM01 and TM10 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 2.1Ω 

resistor, whereas a diode in reverse bias is modeled as 0.6nH inductor in series with a 3kΩ

resistor and a 0.18pF capacitor in parallel. The above configuration ensures that the DC 

line/network cannot affect the antenna performance. 
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Fig. 3-4. Simulated and measured S11 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 FRl is 
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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. 

                    2 Le ff

cf
ε

≈
⋅                            (3-1) 

                        
1

2
r

eff
εε +

=
                            (3-2) 

                       main adjacentL L L≈ +                           (3-3) 

 Lmain is the edge length of main patch antenna and approximates half wavelength of 

fundamental frequency. The Ladjacent is 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 Ladjacent. It is noted that the diode 

slightly shift the operating frequency to lower because it can be treated as an inductor and a 

resister in series. 
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Fig. 3-5. Simulated and measured S11 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 PRrhcp and PRlhcp, the accepted 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 TM01 and TM10 modes [27], [28], on the other hand, 

the SMA feed is directly located on the diagonal line to excite two orthogonal modes. When 

TM10 and TM01 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 D1 and D3 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 TM01 and TM10 are obtained 

by 

01 10Amp Amp=  

     01 10 90φ φ− = °  

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 TM10 and TM01 have the same amplitude and 

phase relationship given by 

01 10 90φ φ− = − °  

Therefore, the RHCP is generated. Finally when phase relationship does not remain +/- 

90o, the polarization of the proposed antenna is linear polarization (LP). It is noted that the 

polarization reconfigurability can also implement 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. 
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Fig. 3-7. (a) Simulated S11 for different W1 in FRl. (b) Simulated S11 for different L5 in FRl. 
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Fig. 3-8. (a) Simulated S11 for different L5 in PRlhcp. (b) Simulated axial ratio for different L5 
in PRlhcp. 
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Fig. 3-9. (a) Simulated S11 for different L4 in PRlhcp. (b) Simulated axial ratio for different L4 
in PRlhcp. 
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Fig. 3-10. Simulated surface current distribution of (a) FRl, (b) FRmid, (c)FRh, (d)PRrhcp, and (e) 
PRlhcp. 
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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, FRl, 

PRlhcp 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 L5 and W1 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 in Fig. 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, W1, L4 and L5 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 PRlhcp or 

anticlockwise for PRrhcp in one periodicity. 
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(a)

(b)
 

Fig. 3-11. Photograph of (a) the front side and (b) the back side of fabricated antenna.  

 23



 
     Chapter 3 Multiple-Ear Patch Antenna for Polarization and Frequency Diversities 

 

Fig. 3-12. Simulated and measured radiation patterns for (a)PRmid, (b) PRlhcp, and (c) PRrhcp 

(unit : dBi) 
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Fig. 3-13. The simulated and measured axial ratio at 3.35GHz for PRlhcp and PRrhcp. 
 

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 FRh, FRl 

and FRmid are quite similar, the Fig. 3-12 (a) only shows the patterns of FRmid 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 PRlpch and PRrhcp 

in the xz- and yz-plane. Good symmetry of radiation patterns along broadside direction is 
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 26

shown. 

Fig. 3-13 shows the measured and simulated AR at 3.35GHz for PRlpch and PRrhcp cases. The 

measured axial ratio at θ=0o in 3.35GHz is 1.2 for RHCP and 2.5 for LHCP. An accepted AR 

(<=3dB) is obtained in broad angular range from – 88o to 26o for RHCP and -38o to 28o for 

LHCP. The measured AR bandwidth is a little bit narrow, and both of measured S11 and AR of 

PRlhcp 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 FRh, 

FRmid and FRl for frequency diversity, and PRrhcp, PRlhcp and PRlp 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 << λ) 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<<λ), 

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 X0s represents the inductance of a shorted slot, and C0c is 

the capacitance of an open microstrip. Z0s and Z0m are the slot and microstrip characteristic 

impedance respectively. θs andθm 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. 

 

 

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

 

Fig. A-3. Transmission line equivalent circuit for the transition of Fig. A-2 

 

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

shown in Fig. A-5. In this circuits, 
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Finally, the reflection coefficient Γ is given by 

 

0

0

( )
( )

m m

m m

R Z j X X
R Z j X X
− + +

Γ =
+ + +

 

From the above analysis, we can determine the characteristic impedance of the slot Z0s to 

match the microstrip line impedance Z0m. 

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 

0 sin ( )
sinx

k l zVE
w kl

−
= . 

This is identical to the magnetic current Jm in front of the ground plane. 

m xJ E n E x y E= × = × = x z  

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

equal to the field generated by 2Jm. Utilizing the following equations for radiation field Eθ 

and Eψ due to J r⎛ ⎞′
⎜ ⎟
⎝ ⎠

⎛ ⎞ and mJ r′⎜ ⎟
⎝ ⎠
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∫ ∫
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We have 
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The magnetic field H  in the far field is simply related to E : 

1H r
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E= × , 0

0

μη
ε

=  

Therefore, 

0
cos( cos ) cos

sin sin

0

jkRE e klH j V
R kl

EH

φ
θ

θ
φ

θ
η ηπ θ

η

− −
= − =

= =

kl

 

 

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 λ/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, 錯誤! 找
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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 Lbias. The Cp1 and Cp2 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 W1+W2+W3, W2+W3+W4 are approximately quarter wave length of 

2.45GHz and 2.9GHz. D1, D2, Cp1 and Cp2 located at specific positions are used to switch the 

operating frequencies. When the antenna is operated at 2.45GHz or 2.9GHz, the Cp1 and Cp2 

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, D1 is at reversed state and D2 at forward state and then the wave 

radiates to -y axis. In reversely, as D1 is at forward state and D2 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 Cp1 and Cp2 are 2.2pF while the Lbias is 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. 

 

(a)

( )b

Fig. B-3. Simulated current distribution. (a) LR mode. (b) RR mode. 
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Fig. B-4. Return loss of proposed antenna at W1=W4=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 λ¸/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. (c) yz-plane. 
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