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 I 

以以以以T型狹縫型狹縫型狹縫型狹縫結構結構結構結構提升微帶提升微帶提升微帶提升微帶饋入式饋入式饋入式饋入式雙雙雙雙倒倒倒倒F天天天天線線線線之隔離度設計之隔離度設計之隔離度設計之隔離度設計 

 

研究生：蔣菡澤                         指導教授：吳霖堃 博士 

 

國立交通大學 

電信工程研究所 

 

摘要 

 

本論文提出一個可應用於具diversity功能的無線通訊系統的T型狹縫隔離結

構設計。完整的電路由兩個微帶線饋入的PIFA天線、T型狹縫和微帶線-狹縫轉

接結構所組成。為了減少PIFA天線的空間尺寸，因此將PIFA天線開路端的傳輸

線繞成螺旋形，而且能使得天線更加緊密可實際應用在無線手持裝置上。因為兩

相鄰PIFA天線間強烈的互耦合效應造成互相干擾，因此需要設計T型狹縫的隔離

結構去降低互耦合效應，而且微帶線-狹縫轉接結構在PIFA天線和T型狹縫之間

提供能量的耦合。最後電磁模擬與量測結果證明T型狹縫結構提昇隔離度的同

時，亦不影響原本PIFA天線的阻抗匹配。再者如原先預期的，因為在接地面上

的T型狹縫結構改變了電流分佈的情況，輻射場形和峰值增益也稍有變動。理論

與實驗量測的一致性對此論文的設計方法提出最佳的佐證。 
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Design of a T-shaped Slot Structure for Increasing Isolation 

Between Two Nearby Microstrip-fed PIFAs  

 

Student：Han-Ze Jiang               Advisor：Dr. Lin-Kun Wu 

 

Department of Communication Engineering  

National Chiao Tung University 

 

Abstract 

A novel isolation structure based on a T-shaped slotline junction for use with 

diversity-capable wireless communication systems is presented. The entire circuit 

consists of two microstrip-fed PIFAs, a T-shaped slotline junction, and two 

microstrip-to-slotline transitions. For reducing the dimensions of PIFA, the typically 

straight open-ended transmission line is turned into a spiral such that it is more 

compact and practical for the wireless mobile devices. Because the intense correlation 

due to mutual coupling between two nearby PIFAs, we design a T-shaped slotline 

junction-based isolation enhancement structure to suppress the coupling effect. 

Moreover, the microstrip-to-slotline transitions provide the coupling of energy 

between PIFAs and T-shaped slotline structure. Finally, the simulated and measured 

results prove that T-shaped slotline structure increases the isolation without affecting 

the impedance matching of PIFAs. Furthermore, as expected, the radiation patterns 

and peak gain vary slightly as the current distribution is changed by the T-shaped 

slotline structure on the ground plane. Good agreements observed between theoretical 

and measured results confirm the validity of the proposed design in this thesis.  
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Chapter 1   Introduction 

 

                                                            

1.1 Background and Problems 

With the rapid adoption of wireless communication functionality in such products as 

personal computers, smart phones, and mobile internet devices (MID), the wireless local area 

network (WLAN) has played an important role in our daily life. Because of the need to 

increase the data rate, the WLAN standards including IEEE 802.11a/b/g/n were established to 

improve the wireless communication quality. The 802.11a WLAN standards operate from 

5.15 to 5.35 GHz (5.2 GHz band) and 5.725 to 5.825 GHz (5.8 GHz band), and the 802.11b/g 

WLAN standards operate from 2.4 to 2.4835 GHz (2.4 GHz band). Furthermore, the 802.11n 

WLAN standards operate in the frequency range of both 802.11a (5.2 /5.8 GHz bands) and 

the 802.11b/g (2.4 GHz band).  

 

For the concerned data rate, the 802.11a WLAN standard achieves a data rate up to 54 

Mbps, while the 802.11b WLAN standard has a data rate up to 11 Mbps. Moreover, the 

802.11g WLAN standard achieves a data rate up to 54 Mbps as the 802.11a. Because the 

Multi-input Multi-output  (MIMO) technology is used in the 802.11n, the 802.11n WLAN 

standard can achieve a data rate up to 540 Mbps. 
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Besides the WLAN systems, the new communication system of the Worldwide 

Interoperability for Microwave Access (WiMAX) which includes the 802.16 standards 

operating in the 2.5/3.5/5.5 GHz bands (2.5–2.69/3.3–3.7/5.25–5.85 GHz).   

 

The WiMAX system is a long range communication system, which can deliver data 

stream with data rate up to 75 Mbps over 50 kilometers; in contrast, WLAN systems are 

limited to a maximum range of about 100 meters only. As the 802.11n WLAN standard, the 

WiMAX system also uses the MIMO technology to improve the communication 

performance.     

 

Category IEEE standard Frequency bandwidth 

(GHz) 

Maximum Data rate 

(Mbit/s) 

Modulation 

Technique 

802.11a 

5.15－5.35 

5.725－5.825 
54 OFDM 

802.11b 2.4－2.4835 11 DSSS 

802.11g 2.4－2.4835 54 OFDM / DSSS WLAN 

802.11n 

2.4－2.4835 

5.15－5.35 

5.725－5.825 

540 OFDM / MIMO 

WiMAX 802.16e 

2.5－2.69 

3.3－3.7 

5.25－5.85 

75 MIMO / SOFDMA 

Table 1.1 Wireless communication systems. 
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1.2 Multi-input Multi-output (MIMO) Technology 

 

 

 

Fig. 1.1 Multi-input Multi-output  (MIMO) system. 

 

In recent years, there is an increasing need for the use of wireless communication to 

transmit multimedia data streams. Therefore, we hope to attain higher data throughput, 

capacity, efficiency, and quality in the wireless communication systems. The Multi-input 

Multi-output  (MIMO) technology uses multiple antennas at the transmitter and/or receiver to 

improve the communication performance, which offers a significant increase in the data 

throughput and/or the link range without requiring additional bandwidth or higher transmit 

power expenditure [1], [2]. 

 

The constitution of a MIMO system can be divided into three functions: multiplexing, 

diversity, and precoding. First of all, the multiplexing function splits a high data rate signal 

into multiple lower data rate streams and each data stream is transmitted from different 
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transmit antenna in the same frequency channel. When the data streams arrive at the receiver 

antennas with adequately different spatial signatures, the receiver can separate these data 

streams and create parallel free channels. Secondly, the diversity function transmits a single 

data stream coded by using space-time coding techniques. It means that the data signal is 

emitted from each of the transmit antennas with completely or near orthogonal coding, and 

the diversity coding makes use of ideally independent fading in the multiple antenna links to 

enhance the signal diversity. Finally, the precoding function generalizes beamforming 

techniques to support the multi-layer transmission in the MIMO systems. In the precoding 

function, the multiple data streams of the signals are emitted from the transmit antennas with 

independent and appropriate phase weighting per each antenna such that the signal throughput 

is maximized at the receiver. Therefore, the benefits of precoding are to increase the signal 

gain from the constructive interference and to reduce the multipath fading effect. 

 

Because the requirements for the wireless communication devices in modern time are 

light, slim, and small, the applicable space of these wireless terminal devices is compact and 

confined. If we use the MIMO system to enhance the transmitted signal performance and the 

data capacity, the mutual coupling between the multiple antennas has become more critical. 

Since the mutual coupling and high correlation are interrelated, the system throughput can 

deteriorate when there is high correlation between the propagation channels.  

 

As mentioned above, the MIMO system often exploits the closely packed antennas in the 

confined space of wireless terminal devices. In order to solve the high mutual coupling 

between the multiple antennas, some decoupling techniques [3]-[8] are used to reduce the 

mutual coupling and correlation which, in turn, increase the system capacity and throughput. 

Further introductions and discussions about the various diversity techniques used in MIMO 

systems will be given in Chapter 2. 
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Fig. 1.2 Functions of MIMO system. 

 

 

1.3 Organization of Thesis 

The thesis is organized as follows: In Chapter 2, we describe various antenna diversity 

schemes and correlation coefficient for the MIMO system, and then we present the design of 

the proposed two-antenna MIMO system with a T-shaped slotline structure on the ground 

plane for reducing mutual coupling between the two antennas in Chapter 3. In Chapter 4, we 

discuss the Ansoft HFSS simulations and measured results with the two-port scattering 

parameters and far-field radiation patterns. Finally, we conclude this study and compare the 

pros and cons of the proposed antennas design and isolation structure in Chapter 5 

 

multiplexing 

precoding diversity 

Throughput 

Fading  

Protection  

SINR 
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Chapter 2   Diversity Technology  

 

                                                                              

2.1 Introduction 

The RF signal transmission between two antennas generally suffers from the power loss 

in space that affects performance evidently. The power loss between the transmitter and 

receiver is a result of three different phenomena: free-space attenuation, environmental  

fading, and atmospheric absorption.   

 

First of all, due to the spherical TEM-wave nature of far fields radiated by an antenna, 

the free-space attenuation, which is also called path loss, accounts for the distance-square 

decrease of the power density. Path loss is a theoretical attenuation which occurs under free 

line-of-sight (LOS) conditions. If the transmission signal is far from the transmitter, the signal 

power density will decrease with increasing distance. 

 

 Secondly, the signal fading [9] is an attenuation that varies between a maximum and 

minimum value in an irregular way. The mobile devices sometimes move through areas with  

bad weather conditions and obstacles of various shapes and sizes, such as buildings, tunnels, 

and mountains, which can shadow and even completely cut off the transmission signals. The 

kind of shadowing effects will depend on the size of obstacles and on the distance to the 
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obstacles. Moreover, the received signal strength will unavoidably change and decrease. The 

type of signal fading is referred to as shadow fading [10]. For example, when the RF signals 

are transmitted in the outdoor propagation environment, the terrain types and weather 

conditions such as rainy days affect the quality of the transmission signal apparently. 

Therefore, the RF signals fade by the varied surrounding environment. 

 

 Finally, for the wireless long distance communication, the RF signals are reflected by 

the ionosphere to arrive at the receiver. Because the travelling paths of the signals pass 

through the atmosphere, parts of the signals are absorbed due to the molecules in the 

atmosphere of the earth. As a matter of fact, the atmospheric absorption is due to the electrons, 

molecules of various gases and water vapor. Furthermore, the wireless communications 

systems operating in the 60 GHz band contrarily take advantage of the high peak absorption 

caused by the oxygen, and in the transmission it does not interfere with other wireless 

communication system. It also has the high absorption in the 21 GHz band for the water 

vapor. 

 

 

2.2 Diversity Techniques 

 As mentioned above, because of the power loss and signal fading between the transmitter 

and receiver, we may employ any of a number of diversity technologies for improving the 

reliability and quality of the transmission signals by using two or more communication 

channels with distinct characteristics. Moreover, the diversity technologies not only fight 

against channel interference and signal fading but also avoid error bursts. 
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 There are many kinds of diversity schemes in the diversity technology. For example, the 

spatial diversity, angle diversity, frequency diversity, polarization diversity, pattern diversity 

and so on. Among these diversity schemes, only spatial diversity, polarization diversity and 

pattern diversity make for a practical implementation in the WLAN antenna systems. 

 

 In the next subsection, we present the different classes of diversity techniques and 

explain the relevant principles and basic methods. 

 

2.2.1 Spatial Diversity 

Spatial diversity makes use of multiple antennas with the same characteristics, which are 

spatially dispersed such that multi-path signals arriving at different antennas with different 

fading characteristics. Consequently, receiver can combine and demodulate these dissimilarly 

faded signals to extract the original transmission signals more accurately.  

 

Depending upon the expected incidence of the transmission signal, the minimum spacing 

between the antennas in a wireless terminal required to achieve sufficiently low correlation 

between fading signals is usually about half wavelengths. As a matter of fact, we neglect the 

significant mutual coupling between the adjacent antennas for the ideal case. If the spacing 

between the nearby antennas is smaller than half wavelengths, other diversity techniques will 

be of more appeal [10]. 

 

 However, in the practical implement we have to consider the intense mutual coupling 

effect for the closely placed antennas because the needs of mobile devices are compact and 

confinement. When we employ spatial diversity techniques to fight against the signal fading 

problem in the MIMO system, we also have to enhance the isolation between the antennas.  



 

                                                         Chapter 2 Diversity Technology 

 9

In this thesis, two PIFA antennas are considered for operation at 2.4 GHz band. As will 

be shown later, a T-shaped slotline structure is used to reduce the mutual coupling between 

the two PIFA antennas. 

 

2.2.2 Angle Diversity 

Because the transmission signals are coming from distinct directions, for the 

independence of the signal fading variations the transmission signals can be used for angle or 

angular diversity, and angle diversity is a technique using multiple antenna beams to receive 

multipath signals arriving from different angles. In one word, angle diversity has the 

multi-beam characteristic to separate signal paths by their distinct angles of arrival.  

 

For example, we can use two omnidirectional antennas in the indoor environment, and 

the transmission signals are reflected from different directions and angles because of the 

surrounding wall, ceiling, floor, and furniture. Two omnidirectional antennas also perform as 

the parasitical loading elements to each other and, thus, vary the antenna beams to control 

the reception of signals at distinct angles. 

 

For angle diversity used in practice, it is effective and suitable for the obstacle-free 

environment, for example, omnidirectional antennas on a mobile terminal might not be a 

good idea, however, because of the field lobe blocked by the user. 
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2.2.3 Frequency Diversity 

Frequency diversity depends on the fact that signal fades differently at dissimilar 

frequencies. In other words, fading characteristics are not correlated between two distinct 

frequency signals. Therefore, when one frequency signal fades, another may not. 

 

Frequency diversity employs transmission of the identical signals at various frequency 

channels or spreading them over an extensive spectrum that is affected by selective frequency 

fading. It means the use of complementary transmission signals or multiple wireless systems 

operating cooperatively at different frequencies. This method can achieve distinct, 

independently-faded versions of the transmission signals. In the practical wireless applications, 

we make use of various managed wideband transmission channels with a guard band channel 

for automatic utilization by any fading channel. At the receiver, the RF circuits sense the 

signal-to-noise ratio (SNR) of the transmission signals and decide to select which is the best 

at any instant of time. 

 

For example, Orthogonal Frequency Division Multiplexing (OFDM) modulation 

technique uses the digital multi-carrier modulation method. The transmission signals are 

divided into several orthogonal sub-carriers to deliver data. Because each sub-carrier only 

carry small partition of the transmission data, OFDM technique can take advantage of a low 

symbol rate, and the transmission signals avoid suffering from the multi-path fading or other 

environmental interference. In fact, we apply OFDM modulation technique to WLAN and 

WiMAX systems, and the transmission signal can preserve the entire data rates which are 

identical to the traditional single-carrier modulation technique in the same bandwidth. 
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However, the disadvantage of frequency diversity is the cost of operating multiple 

independent frequencies, and the cost is usually prohibitive. It is crucial and difficult to 

accomplish frequency management because frequency diversity has the challenge of 

generating several transmission signals and combining received signals of different 

frequencies in the meantime. Moreover, the intense mutual interference between the signal 

paths results in failing to manage the functions and characteristics of frequency diversity, 

and the available bandwidth is also restricted in practice. 
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Chapter 3   The       Proposed       Microstrip-fed       PIFA        and  

              T-shaped     Slot     Isolation      Structure   

 

                                                                              

3.1  Introduction  

When we want to accomplish higher data throughput, capacity, efficiency, and quality in 

the wireless communication systems, MIMO technology using multiple antennas at the 

transmitter and/or receiver may be employed. The diversity techniques are expected to reduce 

channel interference and signal fading and, thus, avoid data error bursts. 

 Although the diversity techniques can fight against the signal fading and power loss 

between the transmitter and receiver, we also have to consider that the intense mutual 

coupling between the antennas is mainly due to the direct radiation coupling through the air 

and the current coupling through the ground plane, especially along the ground edge. The 

capacity of MIMO systems can also be shown to degrade if there are severe correlations due 

to the mutual coupling effect at the transmitter and/or receiver [11], [12]. 

 Because the design in wireless mobile devices is limited to a reduced and restricted 

space, the antennas are placed closely and may result in serious mutual coupling. In this thesis, 

we consider the design of a pair of compact printed inverted-F antennas (PIFA) for operation 

at 2.4 GHz band and propose an isolation structure for suppressing mutual coupling through 

the ground plane. 
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The structure proposed for investigation in this thesis is depicted in Fig. 3.1. The structure 

includes a pair of microstrip-fed PIFAs (Fig. 3.1(a)) and an isolation enhancement structure 

implemented on the ground plane. The main part of this novel structure is the T-shaped 

slotline junction (Fig. 3.1(b)). The vertical leg of the T-junction is open-ended at the edge of 

the ground plane. As one can see from region (c) of Fig. 3.1, before each of the two horizontal 

arms of the T-junction is short-ended, it crosses over the microstrip feed line of a PIFA. In this 

design, the two microstrip-to-slotline transitions provide coupling of energy between PIFAs 

and slotline T-junction which, when properly designed, can reduce the flow of current from 

one antenna to another through the ground plane and, thus, enhance the isolation between the 

two neighboring antennas. These are further discussed in the following sections.     

  

 

Fig. 3.1 Top view of the proposed design. 

(a) Microstrip-fed PIFA.  

(b) T-shaped slotline junction. 

(c) Microstrip-to-slotline transition. 

(a) 

(c) 

(b) 

(a) 

(c) 
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3.2  Design and Configuration of PIFA 

3.2.1 Development of PIFA 

To design the compact and practical antenna for wireless communication applications, 

the restricted space is an important issue. Therefore, in this thesis, we choose PIFA for the use 

with wireless mobile devices because of the merit of compact size and low cost. The 

development of PIFA originates from the half-wavelength dipole. For a center-fed 

half-wavelength dipole, the input impedance contains an inductive reactance. When the length 

of dipole is reduced to about 0.45 ~ 0.48 wavelength, depending on the conductor radius of 

dipole, the input impedance   Ω≈=  73inin RZ  is purely resistive. For such a resonant dipole, 

good input impedance matching is achieved with the 50-ohm or 75-ohm characteristic 

impedance of typical feed line (the return loss S11 is about -37 dB or -15 dB). When the length 

of dipole gets even shorter, the input impedance contains a capacitive reactance, which can 

greatly affect the performance of input impedance matching.  

 

 When the antenna miniaturization becomes an important factor or, in fact, a constraint of 

design, the first attempt to reduce the size is by replacing the half-wavelength dipole with 

quarter-wavelength monopole. Furthermore, by bending the straight wire of monopole into a 

horizontal wire as shown in Fig. 3.2(c), the antenna is vertical dimension shortened 

considerably, and the kind of antenna is called inverted-L antenna (ILA). 

 

 In order to further reduce the length of inverted-L antenna, the input impedance contains 

a capacitive reactance which, just as the center-fed dipole, affects the performance of 

impedance matching. 
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(a) Center-fed, half-wavelength dipole. 

 

 

(b) Coaxial cable-fed monopole. 

 

 

(c) Inverted-L antenna (ILA). 

 

 

(d) Inverted-F antenna (IFA). 

Fig. 3.2 The development of inverted-F antenna. 



  

              Chapter 3 The Proposed Microstrip-fed PIFA and T-shaped Slot Isolation Structure 

 16

 Fig. 3.2(d) shows the improved inverted-F antenna (IFA) for the inverted-L antenna. 

Moreover, for the length of ILA smaller than quarter-wavelength, we just add a loop inductor 

behind the center-fed point of ILA to compensate the input capacitive reactance. This kind of 

revised design can achieve better performance of input impedance matching and radiation 

efficiency with antenna occupying only a small volume.  

 

 

3.2.2 Design of The Proposed Microstrip-fed PIFA 

Fig. 3.3 shows the structure of the proposed PIFA for use with wireless mobile 

applications. Because the length of the open-ended transmission line is long, the entire size of 

PIFA is too large to occupy the space allowed in typical wireless mobile devices. To reduce 

the size of PIFA to meet the board size constraint, we simply convert the straight open-ended 

transmission line into a spiral.   

 

By making the straight line into a spiral, an additional inductive loading effect is 

introduced. Although the design has dual-band property, we focus on the reduced antenna 

size.  

 

 

 

 

 

 

 

Fig. 3.3 Structure of the proposed PIFA. 
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 An equivalent circuit model [13] for the spiraled PIFA is established as shown in Fig. 3.4. 

As mentioned previously, the PIFA is the open-circuited transmission line at one end in shunt 

with the short-circuited transmission line at the other end in order to compensate the reactance. 

However, because the spiral open-ended transmission line has an inductive effect, we have to 

consider the parasitic inductor in the open end. 

 

 The short end of PIFA is equivalent to the short-circuited transmission line of length    2θ , 

and the characteristic impedance is  0Z . The input admittance seen looking toward the short 

end is  2Y . On the other hand, the open end of PIFA is originally equivalent to the 

open-circuited transmission line of length    1θ  loaded by an effective radiation resistance rR , 

and the characteristic impedance is  0Z , but a parasitic inductor    sL    is inserted in the end of the 

open-circuited transmission line, and a parasitic capacitor    sC    is shunted to ground for the 

fringe fields.  
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Fig. 3.4 Equivalent model for the proposed PIFA. 

 

 

 

3.3  Design of The T-shaped Slot Isolation Structure 

After we present the proposed microstrip-fed PIFA, the second part of the designed circuit 

is the T-shaped slot isolation structure, which is composed of short-ended and open-ended 

slotline as shown in Fig. 3.5. Located in the lower center region of the ground plane, the 

T-shaped slotline is a symmetric structure so the entire two-port circuit is ideally reciprocal. 

Moreover, because the merit of this isolation structure is low-cost and easy to be fabricated, it 

can be widely used in the wireless mobile devices.  
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Fig. 3.5 The proposed T-shaped slot isolation structure. 

 

 The T-shaped slotline in Fig. 3.5 consists of an open-ended slotline shunted with two 

short-ended slotline. Because the electric lengths of the open-ended and short-ended slotline 

are smaller than λs/ 4, the T-shaped slotline can be modeled as a parallel inductor Ln and 

capacitor Cn [14], [15] as shown in Fig. 3.6. The designed values of the inductor and capacitor 

are selected by length and width of the open-ended and short-ended slotline. When we want to 

design the isolation structure for a specific frequency band, the length and width of the 

slotline can be tuned to fit the desired values of the inductor and capacitor.  

 

Open-ended slotline  

Short-ended slotline Short-ended slotline 

Symmetric plane 
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The equivalent circuit for the parallel open-ended and short-ended slotline is shown in 

Fig. 3.6, and the following computations show that the circuit of parallel inductor and 

capacitor is open at the resonant frequency. 

 

 

  

Fig. 3.6 Equivalent circuit for the T-shaped slotline junction. 
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3.4 Microstrip-to-slotline Transition 

 

Fig. 3.7 Microstrip-to-slotline transition. 

A transmission line equivalent circuit of the transition shown in Fig. 3.7 was proposed by 

Chambers et al. [16] and is shown here in Fig. 3.8. The reactance sX 0   represents the 

inductance of a shorted slot, and    cC0      is the capacitance of an open microstrip.  sZ0   and    mZ0  

are the slot and microstrip characteristic impedance, respectively.  sθ    and mθ   represent the 

electrical lengths (quarter-wave at the center frequency) of the extended portions of the slot 

and the microstrip, respectively, measured from the reference planes as shown in Fig. 3.7. The 

transformer turns ratio n represents the magnitude of the coupling between the microstrip and 

slot. 
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Fig. 3.8 Transmission line equivalent circuit for the transition. 

 

 

Fig. 3.9 Reduced equivalent circuit.  

 

 

Fig. 3.10 Transformed equivalent circuit.  
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For further analysis the equivalent circuit in Fig. 3.8 may be redrawn as in Fig. 3.9. Here, 
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After transformation to the microstrip side, the equivalent circuit of Fig. 3.9 reduces to that 

shown in Fig. 3.10. In this circuit, 
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Finally, the reflection coefficient Γ is given by 
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From the above analysis, we can determine the characteristic impedance of the slot    sZ0   to 

match the microstrip line impedance  mZ0 . 
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 In the approximate analysis reported by Knorr [17] the transformer turns ratio n is 

determined from a knowledge of the slotline field components as 
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0V   is the voltage across the slot and    )(hE y   is the electric field of the slotline on the other 

surface of the dielectric substrate and they may be written as 
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the ratio of the phase velocity v to the group velocity vg is related to the sensitivity of 0λλs  

with respect to frequency f, it is given by   
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3.5 Discussion of The Two-Port Network Model 

Combining the results of section 3.2.2, section 3.3, and section 3.4, the two-port network 

model is shown in Fig. 3.11. The most important concept is that the entire circuit consists of a 

pair of microstrip-fed PIFAs and a T-shaped slot isolation structure, and the signal coupling 

between two PIFAs and T-shaped slotline is accomplished by a pair of microstrip-to-slotline 

transitions shown as the transformers in Fig. 3.11. Therefore, although the middle circuit of 

parallel inductor Ln and capacitor Cn is open to lower the coupling between two ports at 

resonant frequency, the backward coupling signal through the transformer is weak, thus, it 

can affect the original impedance-matching characteristic of PIFA only slightly. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11 Two-port network model. 
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For the analysis of designed parameters, we should find the closed-form expressions for 

slotline wavelength and impedance. There are different kinds of utilization for the high or 

low value of relative permittivity rε , for example, high  rε   substrates are used for circuit 

applications to confine the field near the slot. On the other hand, slotlines on low   rε   

substrates have interesting applications in antennas. In this thesis, we use low   rε   substrate to 

design PIFA and T-shaped slotline. As mentioned above, the closed-form expressions for 

slotline wavelength and impedance are the key factors for analyzing the designed circuit, and 

Janaswamy and Schaubert [18] have acquired closed-form expressions for low rε   substrates 

by curve fitting the numerical results obtained from the method of Fourier-transform domain 

(FTD). These expressions are as follows and are valid for the range of parameters [18].   

 

From the fabricated circuit board, we know the designed relative permittivity rε , 

substrate thickness h, and the width W of slotline. The other considered parameter is 

free-space wavelength  0λ  for the operating frequency. With the designed values of circuit 

parameters, we can firstly check the range of these variables for the conditions (3.19) of 

closed-form expressions, and after satisfying the premise, the closed-form expressions for 

slotline wavelength and impedance are given respectively as follows: 
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        av = 0.6 %, |max| = 3 % (at three points, occurs for 1>
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av = 1.58 %, max = 5.4 % (at three points, occurs for 67.1>
h

W
) 

 

  For the fixed relative permittivity rε , substrate thickness h, and free-space wavelength  

0λ , we can infer the relation between slotline width and frequency from observing the 

closed-form expressions for slotline impedance sZ0 , and the relations are shown below. 
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(3.22) indicates the input impedances of short-ended and open-ended slotline, and from 

the positive or negative reactance, we can determine whether the input impedance of slotline 

is inductive or capacitive. When the positive and negative reactances are equal, the parallel 

circuit is open at resonant frequency nf ; in order to maintain the equal state, the input 

impedances shortinZ ,  and  openinZ ,  of slotline must keep the same. Besides, we also know the 

characteristic impedance  sZ0  of slotline is proportional to the varied slotline width   W   from 

(3.21). However, for the fixed input impedances, the characteristic impedance  sZ0   is 

inversely proportional to 









l

eλ

π2
tan   and  








l

eλ
π2

cot . After some mathematical simplification, 

we finally can infer that the slotline width  W   is inversely proportional to the resonant 

frequency nf   for short-ended slotline. On the other hand, the slotline width  W  is proportional 

to the resonant frequency  nf   for open-ended slotline. 
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Fig. 3.12 Parameters of T-shaped slotline. 

 Because the varied parameters of slotline length and width affect the values of the 

parallel inductor Ln and capacitor Cn    in Fig. 3.11, the resonant frequency fn will also change 

toward higher or lower range. Besides, the backward coupling signal of the T-shaped slotline 

through the transitional transformer is weak, so the characteristics of PIFA change only 

slightly by the varied parameters of slotline length and width. From (3.23), we know the 

relations between slotline width and frequency. Therefore, Fig. 3.13 and Fig. 3.17 show the 

isolation with varied width for open-ended and short-ended slotline respectively, and the 

trends of resonant frequency  change greatly with little varied slotline width. Although the 

isolation for open-ended and short-ended slotline alters intensively, the return loss still covers 

the 2.4 GHz band as shown in Fig. 3.14 and Fig. 3.18. Furthermore, Fig. 3.15 and Fig. 3.19 

also show the isolation with varied length for open-ended and short-ended slotline 

respectively. However, due to the tiny extent of changed electrical length, the isolation has 

little frequency-shifted phenomenon, and the return loss almost stays the same as shown in 

Fig. 3.16 and Fig. 3.20.        
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Fig. 3.13 Isolation with varied width for open-ended slotline.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14 Return loss with varied width for open-ended slotline. 

LS1  8mm 

LS1  8mm 

Increasing Ws  
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Fig. 3.15 Isolation with varied length for open-ended slotline. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 3.16 Return loss with varied length for open-ended slotline. 
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Fig. 3.17 Isolation with varied width for short-ended slotline. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.18 Return loss with varied width for short-ended slotline. 
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Fig. 3.19 Isolation with varied length for short-ended slotline. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.20 Return loss with varied length for short-ended slotline. 
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Chapter 4  The Simulated and Measured Results 

 

                                                           

4.1 The Fabricated Test Structures 

Two test boards were fabricated in this study. They have the same PIFAs. To test the 

effectiveness of the proposed isolation structure, one board has a solid ground plane while 

another board has a specific T-shaped slot structure etched out of its ground plane. 

 

The proposed circuit is designed on the printed circuit board for operation at 2.4 GHz 

band, and the dimensions of the circuit board are selected to be 60 mm in length and 40 mm 

in width. The entire size is suitable for wireless mobile devices. The circuit board is fabricated 

with a 0.8-mm-thick FR-4 substrate of relative permittivity 4.4 and loss tangent 0.02. The 

conductive copper on the FR-4 substrate has a conductivity of  5.8×10
7
S/m. Both PIFAs are 

fed by 50   Ω microstrip lines which are further coupled through the T-shaped slotline structure 

on the ground plane to facilitate a mutual-coupling-cancelling signal. The detailed substrate 

parameters are listed in Table 4.1. 
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Material Substrate 

thickness (h) 

＊Conductor 

thickness (t) 

Relative 

permittivity(ε r ) 

Loss tangent 

(tanδ) 

Conductivity 

(σ) 

Fr-4 0.8 mm 0.035 mm 4.4 0.02 5.8×10
7  

S/m 

Table 4.1 Substrate Parameters. 

 

＊Conductor thickness:      The specification of the conductor thickness is given as “copper foil 1 oz,” 

                    which  means 1 oz of copper occupying an area of 1 ft
2
. Since   the density 

                    of     copper is  8.9 g  /  cm
3
, the following computation yields a foil thickness   

                    of 35 um. 
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Fig. 4.1 shows the geometry of the proposed PIFA and T-shaped slot structure for use 

with wireless mobile applications. Because the straight length of the open-ended transmission 

line is long, the entire size of PIFA is too large to occupy the space in the wireless mobile 

devices. To reduce the size of PIFA to meet the board size constraint, we simply convert the 

straight open-ended transmission into a spiral.  
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Besides, the T-shaped slot structure is located between two PIFAs on the ground plane, 

and the dimensions of the PIFA and T-shaped slotline are also shown in Table. 4.2. 

 

 

Fig. 4.1 Geometry of the proposed design. 

 

Lg Wg Lc Wc La Wa Wd 

60 40 18.5 8.8 13.8 13.5 10 

L1 W1 Ws Ls1 Ls2 Ls3 WL 

10 1 0.6 8 7 4 1 

 

Table 4.2 Design Parameters (Unit: mm). 
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4.2 Two-Port Scattering Parameters 

Fig. 4.2 shows the top-view photograph of the fabricated antenna without the isolation 

slot, for which dimensions of the circuit board are 60 mm in length and 40 mm in width. The 

bottom view of the fabricated antenna is shown in Fig. 4.3. 

 

 

Fig. 4.2 Photograph of the fabricated antenna without the slot (top view). 

 

 

Fig. 4.3 Photograph of the fabricated antenna without the slot (bottom view). 
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Fig. 4.4 shows the top-view photograph of the fabricated antenna with the isolation slot. 

Finally, we can clearly observe the entire isolation enhancement structure on the underside of 

the fabricated board shown in Fig. 4.5. 

 

 

Fig. 4.4 Photograph of the fabricated antenna with the slot (top view). 

 

 

Fig. 4.5 Photograph of the fabricated antenna with the slot (bottom view). 
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 The two-port scattering parameters show the performance of  the return loss (S11, S22) 

and isolation (S12, S21). The PIFA is designed for the applications of wireless local area 

network (WLAN) at the 2.4-GHz band. We design the PIFA for the two cases: without and 

with the T-shaped slot structure on the ground plane. The HFSS simulated results of the return 

loss and isolation for the PIFA without the T-shaped slot structure are shown in Fig. 4.6. The 

return loss has good performance below -10 dB, but the isolation is poor because of the 

intense mutual coupling between the antennas. Moreover, the measured return loss shown in 

Fig. 4.7 is similar to the HFSS simulated results, and the measured isolation is better than the 

simulated results. Because the actual environment for the measurement is not as ideal as the 

free-space surrounding assumed in HFSS simulation, a perfect match between measured and 

simulated results shouldn’t be expected. The detailed comparison of simulated and measured 

results is shown in Fig. 4.8. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 HFSS simulated results without slot. 
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Fig. 4.7 Measured results without slot. 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 The comparison of the simulated and measured results without slot. 
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Next, by employing the T-shaped slot structure, HFSS simulated results shown in Fig. 

4.9 clearly indicate that while the performance of return loss remains almost unchanged, the 

previously observed mutual coupling peaks have become deep nulls at around 2.4GHz. These 

are confirmed by the measured results shown in Fig. 4.10. The detailed comparison of 

simulated and measured results is shown in Fig. 4.11. In summary, the simulated and 

measured results prove that the proposed T-shaped slot structure does enhance the isolation 

between two nearby PIFAs. It is not only low-cost but also easy to be fabricated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9 HFSS simulated results with slot. 
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Fig. 4.10 Measured results with slot. 

 

 

Fig. 4.11 The comparison of simulated and measured results with slot. 
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4.3 Far-Field Radiation Patterns 

Fig. 4.12, Fig. 4.13, and Fig. 4.14 show respectively the measured  θE   radiation patterns 

in the X-Y, X-Z, and Y-Z planes both with and without T-shaped slot structure; the 

corresponding measured φE    radiation patterns are shown in Figs. 4.15-4.17 while Table 4.3 

summaries the peak gain data. 

As will be shown in section 4.4, the T-shaped slot structure changes the current 

distribution on the ground plane. As a result, changes in radiation patterns and peak gains are 

expected, and apparently the presence of the T-shaped slot structure result in slightly lower 

peak gains in all these planes.  

 

 

 

Type      
Plane

 X-Y X-Z Y-Z 

PIFA without T-shaped 

slot structure 
-0.1 -1.8 -0.6 

PIFA with T-shaped 

 slot structure 
-0.7 -2.1 -1.3 

Difference -0.6 -0.3 -0.7 

Table 4.3 Peak Gain (Unit: dBi). 
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Fig. 4.12 E-theta radiation patterns with and without slot in the X-Y plane. 
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Fig. 4.13 E-theta radiation patterns with and without slot in the X-Z plane. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.14 E-theta radiation patterns with and without slot in the Y-Z plane. 
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Fig. 4.15 E-phi radiation patterns with and without slot in the X-Y plane. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.16 E-phi radiation patterns with and without slot in the X-Z plane. 
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Fig. 4.17 E-phi radiation patterns with and without slot in the Y-Z plane. 
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4.4 Surface Current Distribution  

 

 

 

 

 

 

 

 

(a) without the T-shaped slot structure                        (b) with the T-shaped slot structure 

Fig. 4.18 Surface current distribution of the PIFAs and top ground plane at 2.45 GHz. 

 

Fig. 4.18 shows the surface current distribution of the PIFAs and the upper side of the 

ground plane, and we can clearly observe that the T-shaped slot structure isolates the surface 

current at the edge and  the middle area of ground plane. Moreover, the major parts of the 

source signal distribute over the PIFA and the areas around the two ground vias. 
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(a) without the T-shaped slot structure                     (b) with the T-shaped slot structure 

Fig. 4.19 Surface current distribution of the top ground plane at 2.45 GHz. 

 

Because a finite-sized ground plane with non-zero thickness is considered in the HFSS 

simulation, current will flow on both sides of the ground plane. Figs. 4.19 and 4.20 

respectively show the surface current distribution on the top and bottom side of the ground 

plane at 2.45 GHz. As expected, each PIFA's ground via and microstrip feed line cause the 

return current to remain mostly on the upper side of the ground plane. On the other hand, the 

smaller surface current observed on the lower side of the ground plane is due to the field 

fringing effects associated with a finite-sized ground plane. 
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(a) without the T-shaped slot structure                     (b) with the T-shaped slot structure 

Fig. 4.20 Surface current distribution of the bottom ground plane at 2.45 GHz. 
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Chapter 5   Conclusion 

 

                                                                                    

A novel isolation structure based on a T-shaped slotline junction for use with 

diversity-capable wireless communication systems has been presented. The entire circuit is 

composed of a pair of compact microstrip-fed PIFAs, a pair of microstrip-to-slotline 

transitions, and a T-shaped slotline junction implemented on the ground plane. A spiral 

open-ended transmission line design is employed for reducing the size of PIFA, which makes 

it compact and practical for use with wireless mobile devices. For the two PIFAs placed in 

close proximity, an intense mutual coupling is inevitable. A T-shaped slot structure is 

proposed in this thesis as an isolation enhancement structure to diminish the coupling effect. 

To validate the effectiveness of the proposed isolation enhancement scheme, two test 

boards are fabricated. Although the T-shaped slotline is located between two PIFAs to reduce 

the strong mutual coupling, two PIFAs still maintain the original impedance matching 

characteristics. Furthermore, we also prove the fact that T-shaped slotline increases the 

isolation without affecting the performance of PIFA by HFSS simulated and measured results, 

which include two-port scattering parameters, radiation patterns, and surface current 

distribution. 
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