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中文摘要  

 雙工器是現代無線通訊系統中的關鍵元件，其主要功能為將不同頻率成分的

訊號分流至不同路徑。雙工器可使發射機與接收機共用一支天線，因此可省下額

外的天線成本。雙工器有許多設計方法，其中一個方法為使用 T 型接面或雙模態

共振器做為匹配電路結合兩個帶通濾波器。然而，由於此匹配電路與導波結構中

的電氣長度有關，因此往往不利於縮小化設計。另一個方法是使用人造傳輸線產

生不同訊號路徑，雖然整體電路面積可大幅縮小，但對隔離度的要求通常需有所

取捨。因此，本篇論文將交叉耦合帶通濾波器與微型化匹配電路結合，提出一集

總式雙工器電路，可同時達到高隔離度及小尺寸的設計目標。 

    於簡介完交叉耦合帶通濾波器的理論基礎後，本篇論文先提出一個方法補償

導抗轉換器的非理想特性。藉由引入更多設計自由度，通帶內的不匹配以及頻率

偏移可有效補償，利於設計集總式帶通濾波器。當兩個所需的帶通濾波器設計完

畢，便可依據本篇論文理論加入一集總式匹配電路，完成雙工器設計。本篇論文

提出的雙工器可達至 50 dB 的隔離度，且電路大小只有 0.072λg  0.038λg，與文獻

中的雙工器相比，本論文所提出的電路具有高隔離度並能達到較小的電路尺寸。 

    此外，本論文也提出一個用於兩個緊鄰頻帶的雙工器電路，隔離度可藉由電

路中同時存在的高阻抗及低阻抗路徑有所提升，而使用高選擇性帶通濾波器可減

低雙工器在 GPS 以及 Bluetooth 頻帶所受的干擾。本論文提出的架構可達至 38 dB

的隔離度，並在 GPS 及 Bluetooth 頻帶提供至少 30 dB 的雜訊抑制。 

 

關鍵字：雙工器、匹配電路、隔離度、集總式架構、微型化 



�



 

 iii

ABSTRACT 

Duplexers are key components in modern wireless communication systems. The 

main function is dividing signals of different frequencies into different paths. By using 

duplexers, antennas can be shared by both transmitters and receivers and thus the 

number of antennas can be reduced. The duplexer can be realized by different methods. 

One way is combining two bandpass filters with conventional matching network, 

usually T-junction or dual-mode resonator is used. However, because the size of 

matching network is closely related to the electrical length in the material, the capability 

of miniaturization is limited. Another way is using artificial transmission lines to 

generate different signal paths. Though the circuit size can be significantly reduced, the 

isolation level is usually a trade-off. Therefore, this thesis proposes a lumped element 

duplexer schematic which is the combination of cross-coupled bandpass filters and 

miniaturized matching network. Both high isolation level and small circuit size can be 

achieved.   

After introducing the basic theory of the cross-coupled bandpass filter, a 

compensation method for non-ideal immittance inverter is proposed in this thesis. The 

mismatch in passband and frequency shifting can be compensated effectively by 

introducing more design degree of freedom, thus the lumped bandpass filter topology 

can be obtained. When two bandpass filters are finished, a lumped matching network 

can be applied to form a duplexer based on the theory in this thesis. The proposed 

duplexer achieves 50 dB isolation level with circuit size 0.072λg   0.038λg. The 

proposed circuit has higher isolation level and can reach smaller size compared with 

several previous works. 

Besides, a duplexer schematic for two close bands is also proposed. By introducing 
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both high-impedance path and low-impedance path, the isolation level can be improved. 

The proposed duplexer achieves 38 dB isolation level. Also, 30 dB suppression at 

GPS/Bluetooth bands is achieved by using the selective bandpass filter. 

 

 Index Terms — duplexer, matching network, isolation, lumped topology, 

miniaturization 
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Chapter 1 Introduction 

1.1  Research Motivation 

With the increasing demand for advanced communication technologies, much 

effort has been devoted to developing radio-frequency (RF) components with high 

performance, small footprints and low cost. 

Duplexer is a three-port device and is one of the most basic components in 

frequency-division duplexing (FDD) system, in which channels are separated by 

different frequencies. Fig. 1.1 shows a simplified transceiver block diagram. By using 

duplexers, antennas can be shared by both transmitters (Tx) and receivers (Rx) and thus 

the number of antennas can be reduced. On the other hand, to ensure good transmission 

quality of both Tx and Rx, a well-designed duplexer shall achieve low insertion loss, 

sufficient isolation between Tx and Rx, and compact size.  

In modern communication systems, Tx and Rx bands may be extremely closed to 

each other. For example, Tx and Rx bands of LTE band 1 are separated by only 10 % 

fractional bandwidth [1]. To keep good insertion loss and offer sufficient isolation, the 

selectivity of the duplexer is limited, or the order of the filters is pre-decided. However, 

when the losses of the structure are also considered, implementation of a high quality 

duplexer becomes a very challenging work.  

Besides, one of the most important parts of a duplexer is the matching network. To 

ensure good isolation of two signal paths, the duplexer shall offer good in-band 

matching to each path in required bands and decouple the Tx and Rx path. Two most 

popular solutions for the matching designs are based on T-junction or common 

resonator topology. Nevertheless, both two structures are closely related to electrical 

length in the material, which makes miniaturization more difficult in the real design.  
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Compared to the transmission line based structure, lumped elements have the 

advantage of easier modeling and performance prediction in circuit level and much 

flexible size depending on the fitness of the process. Hence, this research aims to 

develop a full lumped-element duplexer with good isolation, good insertion loss and 

compact size. 

 

 

Fig. 1.1 Simplified transceiver block diagram 

 

1.2  Literature Survey 

A duplexer is capable of separating two signals of different frequency into different 

paths, thus can be considered as the combination of two bandpass filters with a 

matching network offering isolation between two paths. As mentioned before, the 

impedance matching at common port is critical for the circuit performance and there are 

two common solutions.  

T-junction is one of the most popular matching networks in duplexer designs due to 

its simplicity [2]. T-junction schematic uses two 50 ohm transmission lines with certain 

electrical length to transform the finite input impedance of a bandpass filter into open 

circuit in order to achieve good matching to the other bandpass filter and offer good 
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isolation of Tx and Rx simultaneously, as demonstrated in Fig. 1.2, in which ω1 and ω2 

are operation frequencies of filter 1 and filter 2, respectively. Based on T-junction 

schematic, plenty of structures are proposed to further enhance the performance of each 

band and reduce the total size [3]-[11]. In [3], half-wavelength and quarter-wavelength 

resonators are used simultaneously to introduce multiple transmission zeros (TZs), as 

shown in Fig. 1.3. Also, TZs can be generated due to cross-coupling between source and 

load [4]. In [5], dual-mode resonators are used for bandpass filter design, so the number 

of resonators can be reduced by half to reduce the total area. Duplexer based on slot 

resonators is proposed in [6]. The imperfect ground plane, however, may cause 

additional interference. The concept of signal-interference is applied in [7], in which 

good selectivity is achieved at the cost of circuit size. Other techniques for 

miniaturization of duplexer, such as high dielectric constant substrate [8], folded 

coupled-line structure [9] and multi-layer process [10], are also reported. Though many 

miniaturization techniques targeting on the bandpass filters have been proposed, the 

total size of the duplexer is still limited by the T-junction.  

 

 

Fig. 1.2 Concept of T-junction topology 
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Fig. 1.3 The duplexer proposed in [3] 

 

In addition to T-junction topology, common resonator tries to use parts of the filters 

to offer good isolation to avoid extra structure. The first common resonator topology is 

proposed in [11], which use a dual-mode resonator as the first stage of each bandpass 

filter to offer enough order of filter response in each path and achieve isolation at the 

same time, as demonstrated in Fig. 1.4. Since no extra structure exists and the number 

of resonator is reduced by one, the area of the duplexer can be reduced (Fig. 1.5). By 

applying this concept, [12] proposes a new composite right/left-handed transmission 

line resonator for further size reduction. Though miniaturization can be achieved in 

comparison with T-junction based topology, the bandwidth of two channels (Tx and Rx) 

cannot be controlled independently. In [13], a duplexer is implemented with tuning 

capabilities of center frequency and bandwidth of each band by using varactors. 

Besides the conventional point of view, several very compact duplexers based on 

artificial transmission line can be found in [14]-[17]. Fig. 1.6 shows the structure in [14]. 

However, the isolation between two bands, is usually a trade-off. A compact LTCC 

duplexer for two close bands is proposed in [18], by using parallel LC tank to satisfy 

open circuit condition, the matching network can be eliminated. 
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Fig. 1.4 Concept of common resonator topology 

 

 

 

 

Fig. 1.5 The duplexer proposed in [11] 
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Fig. 1.6 The duplexer proposed in [14] 

 

1.3  Contributions 

A full lumped topology of a duplexer is proposed in this thesis, which contains a 

miniaturized matching network and two cross-coupled bandpass filters. The proposed 

matching network is suitable for combination of two bandpass filters. High isolation and 

compact size can be achieved simultaneously. Though the theory of cross-coupling has 

been well established [19], [20], it cannot be applied directly to lumped element design 

due to frequency dependency of immittance inverter. As a result, a method is proposed 

to compensate the effects of non-ideal immittance inverter. 

Based on the structure in [18], a duplexer for two close bands is also proposed. TZs 

introduced by both high-impedance path and low-impedance path can offer higher 

isolation level than the previous work. Meanwhile, the bandpass filter in [18] is 

modified to provide isolation at GPS/Bluetooth bands. 

 

1.4  Thesis Organization 

The content of this thesis is organized as the follows. In Chapter 2, the basic theory 

of the third-order cross-coupled bandpass filter is introduced, and the compensation 
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method of non-ideal effects will be proposed.  

Chapter 3 starts with general loading effects, and the corresponding matching 

networks will be investigated. Limitation of the proposed matching networks are also 

analyzed and improved by introducing higher-order circuits. Then, a duplexer is 

designed based on proposed matching network and bandpass filters in chapter 2. The 

circuit topology, simulated performance and the measured results will be given.   

Chapter 4 starts with the basic theory and the design concept of the topology in  

[18]. The modified bandpass filter is then proposed for out-of-band rejection 

improvement. Also, the capability of isolation will be investigated and improved by the 

proposed bandstop structure. The circuit topology, simulated performance and the 

measured results will be shown. Finally, in chapter 5, conclusions of this thesis are 

given. 
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Chapter 2 Third-Order Cross-Coupled Bandpass 

Filter 

2.1  Basic Filter Theory 

Filter is a frequency selective device and is the core parts in a duplexer. Fig. 2.1 

shows four basic responses of filter, including low-pass, high-pass, band-pass and 

bandstop. Among those responses, bandpass response is the most common one since it 

can only let the desired frequency pass and get rid of other unwanted noise. According 

to the different requirement of the system, bandpass filter can be designed to meet many 

different functions, such as Butterworth, Chebyshev or elliptic response. In this chapter, 

we only focus on the synthesis flow of a bandpass filter with transmission zeros. Such 

flow can also base on different math functions depending on requirement. 

Basically, a bandpass filter can be synthesized by the ladder topology [21], which 

is based on shunt and series resonators. However, sometimes such schematic is not 

practical in consideration of physical realization [22]. With the help of immittance 

inverter, only one kind of resonator is required to achieve the same response as the 

ladder circuit, as shown in Fig. 2.2.   
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(a)                                 (b) 

             

(c)                                 (d) 

Fig. 2.1 Basic filter response (a) low-pass (b) high-pass (c) bandpass (d) bandstop 

 

 

 

 

(a) 

 

 (b) 

Fig. 2.2 Bandpass filter prototype based on (a) J-inverter (b) K-inverter 
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For prototype in Fig. 2.2(a), when the center frequency ω0 and fractional 

bandwidth (FBW) are specified, the banspass filter with order of n can be constructed 

based on the following equations 

 

 0 0 1
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, where , 0~ 1i i ng = +  are the element values of the specified response. 

As for prototype in Fig. 2.2(b), when the center frequency ω0 and fractional 

bandwidth (FBW) are specified, the banspass filter with order of n can be constructed 

based on the following equations  

 

 0 0 1
0,1

0 1
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, where , 0~ 1i i ng = +  are the element values of the specified response. 

Duality can be observed between two prototypes. The inverter-based prototypes 

mentioned above are more flexible than conventional ladder topology. For example, the 

even-order Chebyshev response is not practical for ladder topology due to 

unsymmetrical impedance condition, inverter-based prototypes, on the contrary, can be 

easily designed in symmetric schematic with both ports impedance being the same. 

In Fig. 2.2, every interaction between resonators and source/load is modeled as J or 

K inverter. Notice that this topology is only valid for narrow-band application since 

ideal immittance inverter is not practical. There are numerous circuits that can realize 

immittance inverter [22]. Some common choices are listed in Fig. 2.3.   
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(a)               (b) 

                 

(c)                              (d)    

 

 

(e)                              (f) 

 

 

(g)                              (h) 

Fig. 2.3 Various circuits for implementation of immittance inverter (a)-(h) 
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In consideration of circuit compactness, immittance inverters based on full lumped 

elements are usually preferred. Due to duality of J/K-inverter, only J-inverter is 

analyzed below for further discussion. To realize a J-inverter by using lumped elements, 

the π-model can be adopted, as shown in Fig. 2.3(c)-(d). For ideal J-inverter, its ABCD 

matrix can be written as 

      

 
10
j .

j 0

A B
J

C D
J

⎡ ⎤±⎡ ⎤ ⎢ ⎥=⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎢ ⎥⎣ ⎦m

 (2.9) 

 

Where the ±  sign represents ± 90。 phase shifting. For circuit shown in Fig. 2.3(d), 

the ABCD matrix is  

  

 
1 1 11 0 01 0 1 0

j j j ,
-j 1 -j 1

0 1 -j 0 -j 0

A B
C C J

C D C C
C J

ω ω
ω ω

ω

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥= = =⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 (2.10) 

 

Thus we get the value of J-inverter as 

 

 .J Cω=  (2.11) 

 

As for circuit shown in Fig. 2.3(c), the ABCD matrix can be given as  

  

 
1 0 1 0 0 j 101 j

j ,1 1 11 1 00 1
j 0j j j

L
A B L

J
C D

JL L L

ω
ω

ω ω ω

⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤−⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= = =− − −⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 (2.12) 
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The value of J-inverter can then be obtained as 

 

 1 .J
Lω

=  (2.13) 

 

Obviously, two inverters based on capacitors and inductors are out of phase, and they 

are conventionally referred to as electric coupling and magnetic coupling, respectively. 

It is interesting to note that C and L here are positive values in practice since only 

shunt elements can be absorbed into adjacent resonators. In fact, L can be implemented 

physically for both positive and negative values by using the equivalent circuit shown in 

Fig. 2.4, which can be proved by equating their Y parameter. 

 

 

Fig. 2.4 Equivalent circuit for coupled inductors 

 

By controlling the sign of mutual inductance M, both positive and negative values of L 

are realizable. However, since no such equivalent circuit exists for electric coupling, 

negative C is not practical.   
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2.2  Modeling of Third-Order Bandpass Filter with 

Cross-Coupling  

Based on conventional filter topology, more advanced response can be obtained by 

introducing cross-coupling. General filter structure with cross-coupling can be 

completely described by the coupling matrix [19]. Nevertheless, to ensure transmission 

zeros at desired frequencies, sometimes complicated mathematical techniques are 

required for solving iteration equations. 

In addition, cross-coupling may also disturb the response in the desired band. To 

more specific, for a Chebyshev bandpass filter with the existence of cross-coupling, the 

equal-ripple response in the passband will be disturbed, and therefore the insertion loss 

cannot be ensured anymore. To compensate such effect, [23] proposes a modified 

fourth-order cross-coupled bandpass filter as an example. Two inverters at source and 

load are modified to recover impedance matching at center frequency. This method, 

however, is suitable only for filter of even order due to the simplification method of 

cascaded J inverters used in the research. 

As far as we know, selectivity of the filter can be improved by increasing its order 

at the cost of total loss because of the increasing elements. In some cases, even-order 

filter design is not sufficient considering the selectivity and loss together. Therefore, to 

construct a possible compensation method for odd-order bandpass filter with 

cross-coupling is important. In consideration of the simplicity and the real application, 

in this chapter we only focus on third-order designs. 

 

2.2.1 Ideal Circuit Model 

Fig. 2.5(a) shows the third-order bandpass filter prototype, a filter of Chebyshev 
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response is designed for demonstration and shown in Fig. 2.5(b) with the specification 

listed in Table 2.1. 
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Fig. 2.5 Third-order bandpass filter (a) circuit topology (b) response 

Table 2.1 Specification of the filter 

Ripple ω0 FBW 

 0.1 dB 1.733 GHz  6 % 
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Transmission Zeros and Cross-coupling 

By introducing cross-coupling between the first and the third resonator, a 

transmission zero (TZ) can be generated to improve selectivity of the filter. The 

cross-coupling effect can be modeled as a J-inverter, as shown in Fig. 2.6. In the 

following discussion, we denote the signs of electric coupling and magnetic coupling 

are positive and negative, respectively.  

 

 

Fig. 2.6 Third-order bandpass filter with cross-coupling between node A and C 

 

The TZ condition can be analyzed by Y-parameter of two signal paths. For ideal 

J-inverter, its ABCD matrix can be written as 

 

 
10
j ,

j 0

A B
J

C D
J

⎡ ⎤
⎡ ⎤ ⎢ ⎥=⎢ ⎥ ⎢ ⎥⎣ ⎦ −⎢ ⎥⎣ ⎦

 (2.14) 

 

For a shunt susceptance B(ω), its ABCD matrix is 

 

 
1 0

,
j ( ) 1

A B
C D B ω
⎡ ⎤ ⎡ ⎤

=⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

 (2.15) 
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Therefore, the ABCD matrix of path ABC can be represented as  

 

 

23 2

12 12 23
2312

2 12
12 23

23

( )
11 00 j1 0

jj .
j ( ) 1 0j 0 j 0

J B
J J JA B

JJ
BC D J

J J
J

ω

ω

⎡ ⎤−⎡ ⎤⎡ ⎤ ⎢ ⎥⎡ ⎤⎡ ⎤ ⎢ ⎥⎢ ⎥ ⎢ ⎥= =⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ −− −⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
⎣ ⎦

 (2.16) 

 

Where B2(ω) is the susceptance of the second resonator. As for path AC, its ABCD 

matrix can be written as 

 

 13

13

10
j .

j 0

A B
J

C D
J

⎡ ⎤
⎡ ⎤ ⎢ ⎥=⎢ ⎥ ⎢ ⎥⎣ ⎦ −⎢ ⎥⎣ ⎦

 (2.17) 

 

The Y12 parameter of two signal paths can then be obtained as 

 

 12 23
21_ ABC

2

j ,
( )

J JY
B ω
−

=  (2.18) 

 21_ AC 13j .Y J= −  (2.19) 

 

TZ will be generated when 

 

 21_ ABC 21_ AC 0.Y Y+ =  (2.20) 

 

Finally the cross-coupling element is  
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 12 23
13

2

.
( )

J JJ
B ω
−

=  (2.21) 

 

Equation (2.21) states that the frequency of TZ depends on not only the coupling 

strength of each resonator but also the sign of coupling. Two filters are designed for 

demonstration with the specification listed in Table 2.2, and the related circuit 

parameters are listed in Table 2.3, which are calculated based on synthesis procedure 

discussed above. Fig. 2.7 shows TZ can be generated at either lower or higher frequency 

according to the design of the cross-coupling. 

 

 

 

 

 

 

Table 2.3 Related circuit parameters 

Filter 1 Filter 2 

Cp1 (pF) Cp2 (pF) Cp3 (pF) Cp1 (pF) Cp2 (pF) Cp3 (pF) 
12 6 12 8 6 8 

Lp1 (nH) Lp2 (nH) Lp3 (nH) Lp1 (nH) Lp2 (nH) Lp3 (nH) 
0.70325 1.40650 0.70325 0.69626 0.92835 0.69626 

J01 J12 J23 J01 J12 J23 
0.0123 -0.0051 -0.0051 0.0112 -0.0051 0.0051 

J34 J13  J34 J13  
0.0123 -0.0019  0.0112 -0.0021  

Table 2.2 Specification of the cross-coupled filters 

 Ripple ω0 FBW     TZ 

Filter 1  0.1 dB 1.733 GHz  6 % 1.924 GHz 
Filter 2  0.1 dB 2.133 GHz  6 % 1.975 GHz 
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(b)  

Fig. 2.7 Filter responses with cross-coupling (a) Filter 1 (b) Filter 2 
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Source-load coupling 

If a coupling between source and load is introduced, the case is slightly different 

from other cross-couplings. For a source-load coupling, a pair of additional TZ can be 

generated [20], as shown in Fig. 2.8. 

 

 

Fig. 2.8 Filter topology with cross-coupling and source-load coupling 

 

TZ will be generated if  

 

 21_SABL 21_SL 0.Y Y+ =  (2.22) 

 

Thus the source-load coupling can be derived as 

 

 01 12 23 34 01 34 13 2
SL 2 2

1 2 3 13 1 2 12 3 12 23 13

( ( )) .
( ) ( ) ( ) ( ( ) ( )) ( ) 2

J J J J J J J BJ
B B B J B B J B J J J

ω
ω ω ω ω ω ω

− +
=

− + − −
 (2.23) 
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Where B1(ω), B2(ω) and B3(ω) are susceptances of the resonator. If TZ frequency is 

away from the center frequency and assume B1(ω) = B3(ω) = B(ω), (2.23) can be 

simplified as 

 

 01 34 13
SL 2 .

( )
J J JJ
B ω

−
=  (2.24) 

 

For demonstration purpose, source-load coupling is introduced based on the circuit 

parameters listed in Table 2.3, and the responses are shown in Fig. 2.9 and Fig. 2.10. As 

can be seen, two additional TZs are generated which significantly enhance the out-band 

rejection. 
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Fig. 2.9 Filter response with cross-coupling and source-load coupling--Filter 1 
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Fig. 2.10 Filter response with cross-coupling and source-load coupling--Filter 2 

 

 

2.2.2 Compensation Method for Non-ideal J-inverter   

Though the circuit model shown in Fig. 2.8 is mathematically correct, ideal 

J-inverter is not practical in real world. To convert the ideal model into realistic lumped 

circuit, J-inverters in Fig. 2.3 will be adopted as an example, and only a series inductor 

or a series capacitor is used for modeling the cross-coupling effect without affecting the 

TZ frequency.    

Fig. 2.11 shows the lumped circuit of third-order bandpass filter with 

cross-coupling and source-load coupling. Notice that J-inverters at the source and load 

are modified since circuit elements of negative value cannot be absorbed here [24]. The 

modified equations are given as 
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 01
1m

201
0

0

,
1 ( )

JC
J
Y

ω
=

−
 (2.25) 

  1m 0
2m 2 2 2

0 0 1m

,C YC
Y Cω
−

=
+

 (2.26) 

 34
3m

234
0

0

,
1 ( )

JC
J
Y

ω
=

−
 (2.27) 

 3m 0
4m 2 2 2

0 0 3m

.C YC
Y Cω
−

=
+

 (2.28) 

 

 

Fig. 2.11 A lumped model of third-order cross-coupled bandpass filter 

 

Frequency shift and impedance mismatch in passband may be caused due to the 

frequency-dependency of J-inverters and the cross-coupling, which are usually 

undesired. The theory of coupling matrix can be only applied on frequency-invariant 

J-inverters [19], therefore, a method is proposed to compensate this effect. Since the 

Chebyshev filter can be constructed by symmetrical circuit topology, we let  
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 01 34 ,J J=  (2.29) 

 12 23,J J= ±  (2.30) 

 1 3,p pC C=  (2.31) 

 1 3,p pL L=  (2.32) 

 

Notice that the minus sign in (2.30) will not affect the symmetry of the topology if we 

convert the second resonator from shunt LC tank into series LC tank. 

As shown in Fig. 2.12, by introducing more design degree of freedom, which are 

Cp1m , C1 and C2, along with two cross-coupling elements CSL and L13, the following 

equations can be solved simultaneously based on even and odd mode analysis 

 

 2
1 1 0( )* ( ) ,even p odd pY Y Yω ω =  (2.33) 

 2
2 2 0( )* ( ) ,even p odd pY Y Yω ω =  (2.34) 

 2
3 3 0( )* ( ) ,even p odd pY Y Yω ω =  (2.35) 

 1 1( ) ( ),even z odd zY Yω ω=  (2.36) 

 2 2( ) ( ).even z odd zY Yω ω=  (2.37) 

 

Where ωp1, ωp2, and ωp3 are reflection zeros and ωz1 and ωz2 are specified TZs. Yeven and 

Yodd are the input admittance of even mode and odd mode of filter circuit, respectively. 

The design flow of the compensation to third-order cross-coupled bandpass filter is 

shown in Fig. 2.13. 
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Fig. 2.12 A lumped model with compensation of frequency-dependency 

 

 

Fig. 2.13 Design flow of the compensated bandpass filter 
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Based on the design flow described in Fig. 2.13, two filters are designed for 

demonstration with the specification listed in Table 2.4, and Table 2.5 lists the 

compensated circuit parameters. Impedance matching in passband can be effectively 

recovered, as shown in Fig. 2.14 and Fig. 2.15. In Fig. 2.14 and Fig. 2.15, the ideal 

Chebyshev filter without cross-coupling and the cross-coupled bandpass filter with and 

without compensation are compared. Both good insertion loss and selectivity are 

achieved in compensated case. 

 

 

 

 

 

 

Table 2.5 Compensated circuit parameters 

Filter 1 Filter 2 

Cp1m (pF) Cp2 (pF) C1 (pF) Cp1m (pF) Cp2 (pF) C1 (pF) 
7 6 0.24 5.9 6 0.0675 

C2 (pF) C1m (pF) C2m (pF) C2 (pF) C1m (pF) C2m (pF) 
-0.18432 1.438 -0.89174 0.0892 1.0045 -0.6914 
CSL (pF) Lp1m (nH) Lp2 (nH) CSL (pF) Lp1m (nH) Lp2 (nH) 

0.021 1.20558 1.4065 0.0175 0.94408 0.92835 
L1 (nH) L2 (nH) L13 (nH) L1 (nH) L2 (nH) L13 (nH) 
18.034 18.034 39.36 -14.578 14.578 34.39 

Table 2.4 Specification of the filters with source-load coupling and cross-coupling 

 Ripple ω0 FBW TZ1 TZ2 

Filter 1 0.1 dB 1.733 GHz 6 % 1.94 GHz 2.133 GHz 
Filter 2 0.1 dB 2.133 GHz 6 % 1.94 GHz 1.733 GHz 
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(b) 

Fig. 2.14 Compensated responses of filter 1 (a) |S11| (b) |S21| 
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(d) 

Fig. 2.15 Compensated responses of filter 2 (a) |S11| (b) |S21| 
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2.3  Summary 

In this chapter, basic filter theory has been introduced, including conventional 

topology and concept of cross-coupling. By allowing more design degree of freedom, 

mismatch in passband and frequency shifting can be recovered effectively based on the 

proposed design flow. 
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Chapter 3 Miniaturized Duplexer Design 

3.1  Miniaturized Matching Network 

Generally, a TZ is usually generated by open or short circuit, which means that the 

input admittance of the filter is zero or infinity. However, for a cross-coupled bandpass 

filter, its input admittance is pure imaginary at the TZ frequency. Fig. 3.1 and Fig. 3.2 

show the input admittance of filters designed in chapter 2. As can be seen, the real part 

is zero while the imaginary part is a finite value at the TZ frequency.  
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(b) 

Fig. 3.1 Input admittance of filter 1 (a) real part (b) imaginary part  
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(b) 

Fig. 3.2 Input admittance of filter 2 (a) real part (b) imaginary part  
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If both filters are designed to have a TZ at each other’s bands, the finite imaginary input 

admittance of filter can be considered as a loading element at TZ frequency. Since the 

loading element may be capacitive or inductive, there are four possible combinations for 

loading element, as shown in Table 3.1.     

 

Table 3.1 Combinations of loading element 

 Filter 1 Filter 2 

Loading element 

C C 

L L 

L C 

C L 

 

 

The loading elements listed in Table 3.1 are circuit components which have the same 

input admittance as the filters in TZ frequencies. Since the loading elements act as shunt 

circuit components, it is reasonable that their effects can be eliminated by adding 

additional shunt circuits. In the following discussion, we assume that the center 

frequencies of two filters are ω1 and ω2, respectively, and ω2 > ω1. 

 

Case 1 (capacitance, capacitance) 

For case 1, we define two terms 

 

C1 : The loading capacitance when looks into filter 1 at ω2 

C2 : The loading capacitance when looks into filter 2 at ω1 
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A shunt parallel LC tank can be added as the matching network, as shown in Fig. 3.3. 

The value of L and C should satisfy  

 

 1
2

1 ,
( )

ω
L C C

=
+

 (3.1) 

 2
1

1 .
( )

ω
L C C

=
+

 (3.2) 

 

By solving (3.1) and (3.2), C and L can be obtained as 

 

 
2 2
1 2 2 1

2 2
2 1

,ω C ω CC
ω ω

−
=

−
 (3.3) 

 2
1 2

1 .
( )

L
ω C C

=
+

 (3.4) 

 

Since C and L are both positive values for practical implementation, criterion exists for 

this matching network  

  

 
2
2

2 12
1

.ωC C
ω

>  (3.5) 



 

 36

 

Fig. 3.3 Loading elements and proposed matching network of case 1 

 

 

Case 2 (inductance, inductance) 

For case 2, we define two terms 

 

L1 : The loading inductance when looks into filter 1 at ω2 

L2 : The loading inductance when looks into filter 2 at ω1 

 

A shunt parallel LC tank can be added as the matching network, as shown in Fig. 3.4. 

The value of L and C should satisfy  

 

 1
2

1 ,
( / / )

ω
L L C

=  (3.6) 
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 2
1

1 .
( / / )

ω
L L C

=  (3.7) 

 

By solving (3.6) and (3.7), C and L can be obtained as 

 

 
2 2

1 2 2 1
2 2
1 2 2 1

( ) ,L L ω ωL
ω L ω L

−
=

−
 (3.8) 

 2
1 2

1 .
( / / )

C
ω L L

=  (3.9) 

 

Since C and L are both positive values for practical implementation, criterion exists for 

this matching network  

  

 
2
2

2 12
1

.ωL L
ω

>  (3.10) 
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Fig. 3.4 Loading elements and proposed matching network of case 2 

 

 

Case 3 (capacitance, inductance) 

For case 3, we define two terms 

 

L1 : The loading inductance when looks into filter 1 at ω2 

C2 : The loading capacitance when looks into filter 2 at ω1 

 

A shunt parallel LC tank can be added as the matching network, as shown in Fig. 3.5. 

The value of L and C should satisfy  

 

 1
2

1 ,
( )

ω
L C C

=
+

 (3.11) 
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 2
1

1 .
( / / )

ω
L L C

=  (3.12) 

 

By solving (3.11) and (3.12), L and C can be obtained as 

 

 
2 2

1 2 1
2 2
1 2 1 2

( ) ,
( 1)

L ω ωL
ω ω L C

−
=

+
 (3.13) 

 2
2 1

1 .
( / / )

C
ω L L

=  (3.14) 

 

Since L and C are always positive values, no criterion exists for this matching network.  

  

 

Fig. 3.5 Loading elements and proposed matching network of case 3 
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Case 4 (inductance, capacitance) 

For case 4, we define two terms 

 

C1 : The loading capacitance when looks into filter 1 at ω2 

L2 : The loading inductance when looks into filter 2 at ω1 

 

A shunt series LC tank can be added as the matching network, as shown in Fig. 3.6. The 

value of L and C should satisfy  

 

 1
2

1 ,
( )

ω
L L C

=
+

 (3.15) 

 2
1

1 .
( / / )

ω
L C C

=  (3.16) 

 

By solving (3.15) and (3.16), C and L can be obtained as 

 

 
2 2

1 2 1
2 2
1 2 2 1

( ) ,
1

C ω -ωC =
ω (ω L C + )

 (3.17) 

 2
2 1

1 .
( / / )

L
ω C C

=  (3.18) 

 

Since L and C are always positive values, no criterion exists for this matching network.  
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Fig. 3.6 Loading elements and proposed matching network of case 4 

 

Based on above analysis, there are some criterions for case 1 and case 2. However, these 

criterions can be removed by adding more circuit elements. We will further discuss 

these two special cases.   

 

Criterion 1 (
2
2

2 12
1

> ωC C
ω

) 

As shown in Fig. 3.7, if criterion 1 is not satisfied, by adding a series LC tank in front of 

filter 1, its input admittance can be transformed from capacitive element to inductive 

element without affecting the matching in passband if  

   

 1
s s

1 ,ω
L C

=  (3.19) 
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 2
s s 1

1 .
( / / )

ω
L C C

<  (3.20) 

 

After solving (3.19) and (3.20), Ls and Cs can be obtained as 

 

 
2 2

1 2 1
s 2

1

( ) ,C ω ωC
ω
−

<  (3.21) 

 s 2
1 s

1 .L
ω C

=  (3.22) 

 

When the loading condition changes to case 3, the matching network for case 3 can be 

applied since no criterion exists for case 3. 

 

 

Fig. 3.7 Method for solving criterion 1 
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Fig. 3.8 Method for solving criterion 2 

 

Criterion 2 ( L L
2
2

2 12
1

> ω
ω

) 

As shown in Fig. 3.8, if criterion 2 is not satisfied, by adding a series LC tank in front of 

filter 2, its input admittance can be transformed from inductive element to capacitive 

element without affecting the matching in passband if  

   

 2
s s

1 ,ω
L C

=  (3.23) 

 1
s 2 s

1 .
( / / )

>ω
L L C

 (3.24) 

 

After solving (3.23) and (3.24), Ls and Cs can be obtained as 
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2
1 2

s 2 2
2 1

,ω LL
ω ω

>
−

 (3.25) 

 s 2
2 s

1 .C
ω L

=  (3.26) 

 

When the loading condition changes to case 3, the matching network for case 3 can be 

applied since no criterion exists for case 3. 

 

 

Lumped Duplexer Design 

A duplexer is designed for LTE band 4 application, in which Tx band is 1710~1755 

MHz and Rx band is 2110~2155 MHz. 

After extracting the input admittance of filter 1 and filter 2 from circuit simulation, 

there loading elements can be obtained as 1 0.74616 pFC =  and 2 1.3776 pFC = , 

which correspond to loading condition in Case 1. Therefore, the LC matching network 

can be calculated as 0.48012 pFC =  and 4.5402 nHL = . Fig. 3.9 shows response of 

the duplexer which contains two filters designed in chapter 2 and the proposed LC 

matching network. Port 1, 2, 3 are antenna port, Tx port and Rx port, respectively. Good 

matching can be seen in both Tx band and Rx band. 
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Fig. 3.9 Circuit response of the proposed duplexer 

  

 

3.2  Simulation and Measurement 

The lumped duplexer circuit is now implemented on LTCC substrate, which has 

dielectric constant 7.5 and loss tangent 0.005. The metal used in process is silver and its 

thickness is 13µm. The thickness of each layer is 45µm, and the number of layer is 17. 

The negative shunt circuit elements can be absorbed into adjacent resonators, and 

the magnetic coupling between resonators can be realized by mutual inductance. Fig. 

3.10 shows the circuit layout of the proposed duplexer. The excitations are designed as 

GSG probe platforms. The chip photo and measurement environment are shown in Fig. 

3.11 and Fig. 3.12, respectively. 
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(a) 

 

(b) 

 

(c) 

Fig. 3.10 Configuration of the proposed duplexer (a) 3D view (b) top view and (c) back 

view 



 

 47

 

Fig. 3.11 Chip photo 

 

 

 

Fig. 3.12 Measurement environment 
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The simulated and measured results are compared in Fig. 3.13 and Fig. 3.14 and 

listed in Table 3.2. Both Tx and Rx band responses are shifted to higher frequency, and 

the insertion loss is higher about 1.1 dB in measurement, which may attribute to 

fabrication tolerance such as change of dielectric constant and tape thickness, 

misalignment between layers and metal roughness issue. By adjusting dielectric 

constant in simulation, good agreement with measured results can be seen, as shown in 

Fig. 3.15. However, the matching is still satisfied. Therefore, the new frequency bands 

with same FBW are defined for performance comparison (Tx : 1872~1922 MHz, Rx : 

2374~2426 MHz).   

 

 

Table 3.2 Comparison between simulation and measurement (sim / mea) 

 Tx-Ant Ant-Rx 
Insertion loss (dB) 2.1 / 3.2 2.4 / 3.4 
Return loss (dB) 20 / 18 21 / 14 
Suppression (dB) 49 / 48 

Isolation (dB) 46 / 50 
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(b) 

Fig. 3.13 Simulated and measured results for proposed duplexer (a) |S11| (matching) (b) 

|S21| (Tx) 
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(b) 

Fig. 3.14 Simulated and measured results for proposed duplexer (a) |S31| (Rx) (b) |S23| 

(isolation) 
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Fig. 3.15 Comparison between measured results and simulated results with modified 

dielectric constant 

 

 

Table 3.3 summarizes the performance of proposed duplexer and related literature. 

Compared to the previous works, the proposed duplexer achieves higher isolation and 

suppression level in smaller area, which is suitable for modern communication system. 
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Comparison  

 

 

3.3  Summary 

In this chapter, general loading effect in duplexer topology has been introduced, 

and new matching networks are proposed for miniaturization design. Both simulated 

and measured results are given and compared with previous works. Good performance 

can be achieved by using proposed lumped circuit topology. 

Table 3.3 Performance summary and comparison of the duplexer in related literature 

Ref Process 
Frequency 

(GHz) 
Insertion 
loss (dB) 

Suppression 

(dB) 
Isolation 

(dB) 
Size 

[3] PCB 2 / 1.6 2.1 37 37 
0.6x0.32 λg

2
 

87.6x46.5 mm2

[4] PCB 2.4 /1.8 2 40 40 
0.64x0.19 λg

2
 

74.8x22.7 mm2

[6] PCB 2.45 / 1.8 2.15 25 25 
0.42x0.38 λg

2
 

37.8x34.1 mm2

[11] PCB 2 /1.5 2.8 40 40 
0.44x0.27 λg

2
 

54.4x33.9 mm2

[12] PCB 2.35 /1.75 1.44 30 28 
0.23x0.12 λg

2
 

26x14 mm2 

[10] LTCC 2.4 / 2 *3 30 30 
0.097x0.037 λg

2

6.25x2.5 mm2 
This 
work 

LTCC 2.4 / 1.9 3.4 48 50 
0.072x0.038 λg

2

5x2.64 mm2 

*Estimate from figure of measured results 
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Chapter 4 Duplexer for Close Separated Bands 

4.1  Combination of Bandpass Filter and Diplexer 

For some communication systems, the Tx and Rx frequency bands are close 

separated, such as LTE Band 1, which makes achieving high isolation level between two 

bands a challenging work. In [18], a new duplexer schematic for LTE Band 1 

application is proposed, as shown in Fig. 4.1. Basically, it is the combination of 

bandpass filter (BPF) and diplexer. The first stage is a wide-band BPF which covers 

both Tx and Rx bands, while the second stage is a diplexer for separating signals of 

different frequency into two paths, as illustrated in Fig. 4.2. In comparison with 

conventional schematic based on two narrow-band bandpass filters and the matching 

network, all filters in [18] are wide-band filters and thus can achieve better insertion 

loss.     

  

 

Fig. 4.1 Duplexer schematic proposed in [18] 

 

 

Fig. 4.2 Concept of schematic proposed in [18] 
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Fig. 4.3 shows the filter circuits implemented in [18], the bandpass filter is a 

simple two pole topology, while the low-pass filter and high-pass filter are basically 

third-order topologies with two TZs at each other’s bands. This topology is suitable for 

introducing TZs at second stage for isolation enhancement, also the high input 

impedance resulting from resonances of parallel LC tanks can substitute the additional 

matching network. 

 

 

(a) 

 

 

(b) 

 

 

(c) 

Fig. 4.3 Filter circuits used in [18] (a) bandpass filter (b) low-pass filter (c) high-pass 

filter 
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In modern systems, it is important to avoid interference between various 

communication applications, such as LTE, Bluetooth (2400~2484 MHz) and GPS 

(1570~1575 MHz). The bandpass filter shown in Fig. 4.3(a), however, cannot achieve 

good isolation at both Bluetooth and GPS bands due to insufficient selectivity. Besides, 

TZs introduced by cascading two LC tanks in the signal path are also inefficient for 

isolation improvement.      

 

4.2  Proposed Improved Circuit Model 

In this chapter, an improved circuit model for isolation enhancement is proposed 

for LTE Band 1 application (Tx : 1920~1980 MHz, Rx : 2110~2170 MHz), and its 

concept is demonstrated in Fig. 4.4. We use a selective bandpass filter to provide 

isolation at GPS and Bluetooth bands. Also, the second stage now contains two 

bandstop filters (BSFs), which can introduce three TZs result from both high-impedance 

path and low-impedance path, thus the isolation level can be improved efficiently.   

 

 

 

Fig. 4.4 Proposed duplexer schematic 
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Selective bandpass filter design 

A simple method of introducing TZ at finite frequency is to replace the admittance 

inverter in topology by parallel LC tank [25]. Based on this concept, a selective 

bandpass filter is proposed as shown in Fig. 4.5(a), and its equivalent circuit at center 

frequency is shown in Fig. 4.5(b). The design procedure is described as follows.  

Step 1) Design a conventional second-order Chebyshev bandpass filter to cover 

both Tx and Rx bands based on prototype, then convert it into lumped circuit as plotted 

in Fig. 4.5(b). Notice that J01 and J23 should be implemented by the inductor, and J12 

should be implemented by capacitor. 

Step 2) Replace the LJ and CJ by equivalent parallel LC tanks. The value of LC 

tanks can be obtained as 

 

 
2
0

1 2
1
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 (4.1) 
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2 2
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J z

ω ωL
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 2 2
2

1= .
z2

C
ω L

 (4.4) 

 

Where ω0 is the center frequency of the bandpass filter, while ωz1 and ωz2 are specified 

TZs around Bluetooth and GPS bands, respectively.  

Step 3) Since the equivalent circuit is valid only at center frequency, optimization 

is required for better matching in passband.  
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(a) 

 

 

(b) 

Fig. 4.5 Proposed bandpass filter (a) circuit topology (b) equivalent circuit at center 

frequency 

 

Based on the design procedure, a selective bandpass filter is designed with the circuit 

parameters listed in Table 4.1. Fig. 4.6 shows the response of the bandpass filter. 

 

 

Table 4.1 Circuit parameters of the bandpass filter 

C1 (pF) C2 (pF) C3 (pF) 
5.3 3.5 3.05 

L1 (nH) L2 (nH) L3 (nH) 
0.8 1.78 3.4 
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Fig. 4.6 Response of the selective bandpass filter 

 

Bandstop filter design 

The proposed bandstop filter topology is shown in Fig. 4.7. Isolation level can be 

improved since both high-impedance path and low-impedance path can be generated by 

parallel and series resonance. Though this goal can be achieved by using conventional 

third-order bandstop filter, the required circuit elements are often impractically large or 

small. Therefore, a higher-order circuit topology is adopted here.  

To generate two TZs at desired frequencies, two equations for high-impedance path 

and low-impedance path are given as 

 

 1
4 4

1= ,zω L C
 (4.5) 

 2
5 5

1= .
2zω L C

 (4.6) 
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Since the TZ is very close to passband, we can assign a reflection zero at the edge of 

passband to achieve better impedance matching. The even and odd mode analysis can 

be applied due to symmetry of the schematic. The condition for generating a reflection 

zero at ωp is given as 

 

 2
0* = ,even oddY Y Y  (4.7) 

 

Where 

 

 
4 5

2 2 2
4 4 5 5 5

j= ,2 2
1 1

even
p p

p p p

Y ω L ω L
ω L C ω L C ω C

+ +
− −

 (4.8) 

 
2
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After assigning a suitable value for C4, the rest circuit elements can be obtained as  
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Fig. 4.7 Proposed bandstop filter topology 

 

Two bandstop filters are designed for Tx and Rx. In consideration of insertion loss, TZs 

are distributed around stopband. The circuit parameters are listed in Table 4.2 and their 

responses are shown in Fig. 4.8. 

 

 

Table 4.2 Circuit parameters of bandstop filters  

Filter 1 (Tx) Filter 2 (Rx) 
ωp ωz1 ωz2 ωp ωz1 ωz2 

1.98 GHz 2.13 GHz 2.31 GHz 2.11 GHz 1.96 GHz 1.83 GHz 
C4 (pF) C5 (pF) C4 (pF) C5 (pF) 

7 0.629 7 1.343 
L4 (nH) L5 (nH) L4 (nH) L5 (nH) 
0.798 3.776 0.942 2.817 
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(b) 

Fig. 4.8 Response of bandstop filters (a) filter 1 (Tx) (b) filter 2 (Rx) 
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Duplexer schematic 

After designing bandpass filter and bandstop filters individually, the duplexer can 

be constructed, and its response is shown in Fig. 4.9. The S11 is better than 10 dB at both 

Tx and Rx bands, and all TZs can be predicted accurately.  
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Fig. 4.9 Circuit response of the proposed duplexer 

 

4.3  Simulation and Measurement 

The lumped duplexer circuit is now implemented on LTCC substrate, which has 

dielectric constant 7.5 and loss tangent 0.005. The metal used in process is silver and its 

thickness is 13µm. The thickness of each layer is 45µm, and the number of layer is 17. 

Fig. 4.10 and Fig. 4.11 show the circuit layout and chip photo of the proposed 

duplexer, respectively. The excitations are designed as GSG probe platforms. The 
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simulated and measured results are compared in Fig. 4.12 and Fig. 4.13, Both Tx and 

Rx responses are shifted to higher frequency in measurement. Unfortunately, the 

matching in Rx band is not well as prediction, which may attribute to fabrication 

tolerance such as change of dielectric constant, tape thickness and misalignment 

between layers, thus affects the insertion loss of Rx band.  

 

 

 

(a) 

 

 

(b) 

Fig. 4.10 Configuration of the proposed duplexer (a) 3D view (b) top view 
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Fig. 4.11 Chip photo 

 

 

However, the stopband can still be observed from measured results, therefore new 

frequency bands are defined for performance comparison (Tx : 1942~2002 MHz, Rx : 

2153~2213 MHz). The ratio of two defined bands is close to specification of LTE Band 

1. Table 4.3 summarizes the performance of proposed duplexer with previous work in 

[18]. In comparison with [18], this work achieves higher isolation level between Tx and 

Rx bands, also the suppression at GPS and Bluetooth bands are improved.  
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(b) 

Fig. 4.12 Simulated and measured results for proposed duplexer (a) |S11| (matching) (b) 

|S21| (Tx) 
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(b) 

Fig. 4.13 Simulated and measured results for proposed duplexer (a) |S31| (Rx) (b) |S23| 

(isolation) 
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4.4  Summary 

In this chapter, a schematic for two close bands is proposed and analyzed. Both 

simulated and measured results are given and compared with previous work. The 

isolation level at Tx and Rx bands can be further improved by introducing both high- 

impedance path and low-impedance path. Also, the suppression at GPS/Bluetooth bands 

are enhanced due to additional TZs. 

 

 

 

 

 

 

 

 

 

 

Table 4.3 Performance summary and comparison 

Ref Process/Layer 
Insertion 
loss (dB)

Suppression 
at Tx & Rx 

(dB) 

Isolation 
(dB) 

Suppression at 
GPS/Bluetooth 

(dB) 
Size 

[18] LTCC/30 4.5 30 30 12/15 
3x2.5x1.2 
mm3 

This 
work 

LTCC/17 6.4 38 38 31/30 
10x7.6x0.9 
mm3 



 

 68

Chapter 5 Conclusions 

Based on the theory of cross-coupled bandpass filter and lumped matching 

networks, a miniaturized duplexer with high isolation level is proposed in this thesis. In 

addition, a duplexer schematic suitable for two close bands is also proposed and 

analyzed. 

In chapter 3, the design methodology for a miniaturized duplexer is proposed. By 

analyzing different combination of loading elements, conventional T-junction or 

dual-mode resonator can be replaced by lumped matching circuit, thus the circuit size 

can be significantly miniaturized. The size of the proposed duplexer is 0.072 0.038 λg
2. 

In addition, the isolation level is high compared with several previous works. The 

minimum isolation is 50 dB. 

In chapter 4, the design methodology for a lumped duplexer is proposed. By 

introducing high-impedance path and low-impedance path, isolation level can be 

improved even for two close separated bands. Also 30 dB suppression is achieved at 

GPS/Bluetooth bands by using the selective bandpass filter. The minimum isolation is 

38 dB. 
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