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摘要 

 

本篇論文的主題是一種由耦合共振腔組成的枝幹耦合器。四分之

一波長傳輸線可以等效成共振腔之間的耦合。因此，傳統的枝幹耦合

器可以轉變成一個耦合共振腔網路。使用這種方法合成的耦合器會具

有帶通的特性。此外，耦合器的面積會隨著共振腔的縮小而減少，相

較於傳統的枝幹耦合器，利用微小化共振腔設計的耦合器可以省下百

分之五十的面積。 

另外，這種方法也可以應用於設計雙頻的耦合器。配合步階式阻

抗共振腔，可以得到一個具有帶通響應的雙頻枝幹耦合器。 
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Abstract 

 
This thesis presents compact branch-line couplers composed of coupled resonators. 

The quarter-wavelength transmission lines are equivalent to the couplings between 

resonators. Therefore, the conventional branch-line coupler can be transformed into a 

coupled-resonator network. The resultant coupler provides bandpass characteristics. 

In addition, the size of coupler reduces as the size of resonator shrinks. With 

miniaturized resonators, the coupler saves 50% of area compared with conventional 

branch-line coupler.  

Moreover, this technique can be applied to design dual-band couplers. With 

stepped-impedance resonators, a dual-band branch-line coupler with bandpass 

response is achieved. 
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Chapter 1  

Introduction 

 

1.1 Research Motivation  

 

Directional coupler is an important component which can be used as power 

divider or combiner. It is widely used in microwave circuits and systems, such as 

balanced amplifier, balanced mixer, and antenna feeding network, etc.  

In narrow-band applications, couplers and filters are designed separately and then 

cascaded. This approach occupies larger area and it is against the trend of 

miniaturization and integration. In this thesis, branch-line couplers composed of 

coupled resonators are presented. Traditional branch-line coupler is transformed into a 

coupled-resonator network. Using this approach, a bandpass branch-line coupler with 

compact size is achieved. In addition, a dual-band bandpass branch-line coupler is 

also presented.  

 

 

1.2 Literature Survey 

 

Branch-line coupler is one of the popular 90º couplers. Conventional branch-line 

coupler consists of 4 quarter-wavelength transmission lines. Its structure is simple and 

easy to design. However, it takes too much area because of the use of 

quarter-wavelength transmission lines. Many methods have been presented to reduce 
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circuit size. Folded transmission lines result in a compact structure [1]. Adopting of 

lumped elements also has been considered in [2-8]. This approach requires precise 

models for lumped elements. Another approach is replacing the traditional 

transmission lines with meta-materials [9], but the defective ground plane may limit 

its use.  

Because of the popularity of multi-band applications such as cell phone and WiFi, 

branch-line couplers with dual-band characteristic are also desired. A dual-band 

branch-line coupler composed of right-hand/ left-hand transmission lines is presented 

in [10]. This approach requires models of lumped elements and has limited bandwidth. 

Another dual-band branch-line coupler utilizing quarter-wavelength open stub is 

proposed in [11]. However, these dual-band couplers do not have good bandpass 

characteristics. Additional filters are still needed in the system.  

Recently, a new structure of branch-line coupler based on coupled resonators is 

introduced [12]. Using this technique, quarter-wavelength transmission lines are 

replaced with the couplings between resonators. Thus, a conventional branch-line 

coupler can be transformed into a coupled-resonator network (as shown in Fig. 1.1). 

The resultant branch-line coupler provides a bandpass response. Additionally, the size 

of branch-line coupler will reduce as the size of resonator shrinks. With miniaturized 

resonators, the circuit size will reduce 50% compared with conventional branch-line 

coupler.  

This technique of transforming branch-line coupler into coupled-resonator 

network can be also extended to dual-band design. With stepped-impedance 

resonators, a dual-band branch-line coupler with bandpass response is achieved.  
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1.3 Organization of the Thesis 

 

The research reported in this thesis is organized as follows. Chapter 2 presents the 

basic theory of couplings. The theory of electric/ magnetic couplings and external 

factor are introduced. The extraction of these parameters is also described. 

In chapter 3, the analysis of stepped-impedance resonator (SIR) is presented. The 

characteristics of SIR and its design equations are given. The net-type resonator 

which is derived from SIR is also introduced. Then, a fork-like resonator is proposed. 

Chapter 4 describes the concept and design procedure of the compact coupler 

composed of coupled resonators. The concept of this coupler is introduced and 

verified with circuit simulator. Three coupler designs are presented with simulations 

and experimental results. A dual-band coupler is also presented.  

Finally, some conclusions are drawn in chapter 5. And the references are listed at 

the end of this thesis. 
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Fig. 1.1.  The concept of replacing quarter-wavelength transmission lines  

with the couplings between resonators 
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Chapter 2   

Basic Theory of Couplings 

 

2.1 Basic Theory of Couplings 

 

The coupled resonator is chosen as the basic building block in this thesis. It is 

commonly used in microwave filters. In order to establish the relationship between 

the designed parameters and the physical structure of coupled resonators, a technique 

which is originally applied to coupled-resonator filters [13] is introduced. This design 

method is based on coupling coefficients of intercoupled resonators and the external 

quality factors of the input and output resonators. The coupling coefficient of coupled 

resonators is defined as the ratio of coupled energy to stored energy of coupled 

resonators. In order to acquire the coupling coefficient, full-wave simulator is used to 

find some special frequencies related to the coupling of resonators. The method of 

extracting coupling coefficient and external quality factor is described as follows. 

 

2.1.1 Electric Coupling 

Fig. 2.1(a) illustrates the equivalent lumped-element circuit model of electrically 

coupled resonators. L and C are the self-inductance and self-capacitance, and Cm 

represents the mutual capacitance. The mutual capacitance shown in Fig. 2.1(a) can be 

replaced with a π network as shown in Fig. 2.1(b). Thus, the electric coupling 

between resonators can be represented as an admittance inverter mCJ ω= . 

Then, this symmetric circuit is analyzed with even mode and odd mode, 
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respectively. In even mode, the symmetry plane 'TT −  is replaced with an electric 

wall, the circuit resonates at  

)(2
1

m
e CCL

f
+

=
π

.         (2.1) 

Similarly, the symmetry plane is replaced with a magnetic wall in odd mode. The 

resultant resonant frequency is 

)(2
1

m
m CCL

f
−

=
π

.         (2.2) 

The even-mode resonant frequency is lower than that of an uncoupled single 

resonator, and the odd-mode resonant frequency is higher than that of an uncoupled 

resonator. From equations (2.1) and (2.2), the electric coupling coefficient ME can be 

found as 

22

22

em

emm
E ff

ff
C
CM

+
−

== .         (2.3) 

L L
C

Cm

L
C

L

T

T＇
J = ωCm

CC
-Cm -Cm

2Cm 2Cm

(a) (b)  
Fig. 2.1.  (a) Coupled resonator circuit with electric coupling (b) An alternative form of the  

equivalent circuit 

 

2.1.2 Magnetic Coupling 

Fig. 2.2(a) illustrates the equivalent lumped-element circuit model for 

magnetically coupled resonators. L and C are the self-inductance and self-capacitance, 

and Lm represents the mutual inductance. The mutual inductance can be replaced with 

a T network as shown in Fig. 2.2(b). Thus, the magnetic coupling between resonators 

can be represented as an admittance inverter mLK ω= . 
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The even/odd-mode analysis is also applied here. In even mode, the symmetry 

plane 'TT −  is replaced with an electric wall, the circuit resonates at 

CLL
f

m
e )(2

1
−

=
π

.         (2.4) 

Similarly, the symmetry plane is replaced with a magnetic wall in odd mode. The 

resultant resonant frequency is 

CLL
f

m
m )(2

1
+

=
π

.         (2.5) 

The even-mode resonant frequency is higher than that of an uncoupled single 

resonator, and the odd-mode resonant frequency is lower than that of an uncoupled 

resonator. From equations (2.4) and (2.5), the electric coupling coefficient MM can be 

found as 

22

22

me

mem
M ff

ff
L
LM

+
−

== .         (2.6) 

 

Fig. 2.2.  (a) Coupled resonator circuit with magnetic coupling (b) An alternative form of the 

equivalent circuit 

 

2.1.3 Mixed Coupling 

Fig. 2.3 shows the equivalent circuit model of coupled resonators with both 

electric and magnetic couplings. The impedance inverter mLK ω=  and the 

admittance inverter mCJ ω=  in Fig. 2.3 represent the magnetic and electric 

couplings, respectively. 

Using the same procedure applied above, replacing the symmetry plane 'TT −  
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with electric wall results in a resonant frequency 

))((2
1

mm
e CCLL

f
−−

=
π

        (2.7) 

Replacing the symmetry plane 'TT −  with magnetic wall results in another 

resonant frequency 

))((2
1

mm
m CCLL

f
++

=
π

.       (2.8) 

From equations (2.7) and (2.8), the coupling coefficient of mixed coupling MX can 

be found as 

22

22

me

me

mm

mm
X ff

ff
CLLC

LCCLM
+
−

=
+
+

=        (2.9) 

Assuming that LCCL mm << , equation (2.9) becomes  

EM
mm

X MM
C
C

L
LM +=+≈ .       (2.10) 

 

Fig. 2.3.  An equivalent lumped-element circuit with both electric and magnetic couplings 
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2.1.4 External Quality Factor 

Fig. 2.4(a) shows the equivalent circuit model for extracting the external quality 

factor. G is the external conductance attached to the lossless LC resonator. From this 

model, S11 of the excitation port can be represented as  

GY
GY

YG
YGS

in

in

in

in

/1
/1

11 +
−

=
+
−

= ,        (2.11) 

where Yin is the input admittance of the resonator 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=+=

w
w

w
wjwC

jwL
jwCYin

0

0

1 .      (2.12) 

In the equation above, LCw /10 =  is the resonant frequency. Near resonant 

frequency, i.e., www Δ+= 0 , the approximation wwww Δ≈− 2/)( 2
0

2  is valid. Then, 

(2.12) can be written as  

0

2
w

wjwCYin
Δ

⋅= .          (2.13) 

The equation (2.11) can be written as follows via applying (2.13) and GCwQe /0= . 

 
)/2(1
)/2(1

0

0
11 wwjQ

wwjQS
e

e

Δ⋅+
Δ⋅−

= .        (2.14) 

If the resonator is lossless, the magnitude of S11 in (2.14) is always equal to 1 

because the parallel resonator works as an open circuit near resonant frequency. On 

the contrary, the phase response of S11 changes against frequency (as shown in Fig. 

2.4(b)). When the phase equals to ±90°, the corresponding value of wΔ  is found as 

12
0

mm =
Δ
⋅

w
wQe .          (2.15) 

Therefore, the bandwidth between the ±90° points is  

eQ
wwww 0

90 =Δ−Δ=Δ −+°m .        (2.16) 

The external quality factor can then be found from the relation 

°±Δ
=

90

0

w
wQe .          (2.17) 
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Ph
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e 
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(d
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re
e)

0/ωω−Δ 0/ωω+Δ
0/ωωΔ

090 /ωω °±Δ

 
Fig. 2.4.  (a) Equivalent circuit of the I/O resonator with a single load (b) Phase response of S11 

 

 

2.2 Impedance and Admittance Inverters 

 

Impedance (K) and admittance (J) inverters are commonly used building blocks in 

filter design, especially for narrow-band bandpass or bandstop filters. The conceptual 

operation of impedance and admittance inverters and some implementations of the 

inverters are illustrated in Fig. 2.5, which is adopted form [14]. As shown in Fig. 

2.5(b), a quarter-wavelength transmission line is equivalent to a J or K inverter. 

Besides, J or K inverters can also be implemented with other kinds of circuits such as 

capacitor network. Some examples are shown in Fig. 2.5(c)(d). 

Inverters constructed with capacitor or inductor networks are very useful for 

modeling the coupled resonators. In the next chapter, coupled resonators and J 

inverters in Fig. 2.5(d) will be used to construct branch-line couplers. 
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2/tan0 θZK =

2
0 )/(1 ZK

KX
−

=

0

1 2tan
Z
X−−=θ

CK ω/1=

2/tan0 θYJ =

2
0 )/(1 YJ

JB
−

=

0

1 2tan
Y
B−−=θ

CJ ω=
 

Fig. 2.5.  Impedance and admittance inverters (a) Operation of impedance and admittance inverters  

(b) Implementation as quarter-wave transformers (c) Implementation using transmission lines and 

reactive elements (d) Implementation using capacitor networks 
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Chapter 3  

Analysis of Stepped-Impedance 

Resonators 

 

Stepped-impedance resonator is one of the most frequently used resonators 

because it not only reduces the resonator size but also controls all of the resonant 

frequencies [15, 16]. In this chapter, complete design equations for SIRs and its 

characteristics will be presented.  

 

3.1 Resonant Conditions 

A half-wavelength SIR is a symmetrical structure which has two different 

characteristic impedances, Z1 and Z2, or admittances Y1 and Y2, with the 

corresponding electrical lengths θ1 and θ2 as shown in Fig. 3.1. K is the impedance 

ratio defined as 

1

2

2

1

Z
Z

Y
YK == .          (3.1) 

The typical structures of SIR can be divided into two categories, K < 1 and K > 1. 

Fig. 3.1(c) shows the equivalent model of a SIR. When the SIR operates in its odd 

modes, i.e., the symmetry plane 'TT −  is replaced by a short circuit, the impedances 

o
AZ  and o

BZ  as illustrated in Fig. 3.1(c) can be found to be 

11 tanθ⋅= jZZ o
A  

and 

22 cotθ⋅−= jZZ o
B .         (3.2) 



 

 14

When the SIR operates in its even modes, the symmetry plane 'TT −  is replaced 

with an open circuit. Then, their impedances e
AZ  and e

BZ  can be found to be 

11 cotθ⋅−= jZZ e
A  

and 

22 cotθ⋅−= jZZ e
B .         (3.3) 

Therefore, the resonant conditions of SIRs can be derived by enforcing the 

conditions of *)( o
B

o
A ZZ =  and *)( e

B
e
A ZZ = . The equations can be written as follows. 

12 tancot θθ =⋅K           (3.4) 

and 

12 cotcot θθ −=⋅K ,         (3.5)  

where (3.4) corresponds to the odd-mode resonance and (3.5) corresponds to the 

even-mode resonance.  

 

 

Fig. 3.1.  Structure of the stepped-impedance resonator (a) K = Z2 / Z1 < 1 (b) K = Z2 / Z1 > 1  

(c)Equivalent circuit model 
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3.2 Characteristics of SIRs 

In the following analysis, the propagation constants of the transmission line 

sections are assumed weakly dependent on the width and the junction effects are 

neglected. Therefore, the electrical lengths in (3.4) and (3.5) are proportional to the 

physical lengths. The stepped percentage α is defined as the ratio of the electrical 

length of transmission line 2 to that of the whole transmission line, i.e.,  

Tθαθ ⋅=22 ,           (3.6)  

where )(2 21 θθθ +=T  is the total electrical length of the SIR. 

Substituting (3.6) into (3.4) and (3.5) yields 

⎥⎦
⎤

⎢⎣
⎡ ⋅−=⎥⎦

⎤
⎢⎣
⎡ ⋅⋅ TTK θαθα )1(

2
1tan

2
1cot ,      (3.7) 

and 

⎥⎦
⎤

⎢⎣
⎡ ⋅−−=⎥⎦

⎤
⎢⎣
⎡ ⋅⋅ TTK θαθα )1(

2
1cot

2
1cot ,     (3.8) 

There are numerous solutions for Tθ  depending on the choice of α and K. The 

fundamental resonance and higher-order resonances of SIR can be controlled by 

choosing α and K appropriately. The relationship between the resonant electrical 

length Tθ  and α with K = 0.25, 0.5, 1, 2, and 4 are shown in Fig. 3.2, which is 

obtained by solving these two equations.  

In the non-stepped case, K = 1 and α = 0 or 1, the resonant electrical length Tθ  is 

πn , i.e., the nth resonance occurs when the total length is equal to n times of the half 

wavelength. Thus, the ratio of the first spurious frequency fs1 to the fundamental 

frequency f0 is 2. In cases of K < 1, this ratio is larger than 2, and it is smaller than 2 if 

K > 1. The relationship between this ratio and stepped percentage α with K = 0.25, 0.5, 

1, 2 is shown in Fig. 3.3. The deviation of the ratio is more significant for larger α. 
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Fig. 3.2.  Resonant electrical length θt versus stepped percentage α with K = 0.25, 0.5, 1, 2, 4  
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Fig. 3.3.  The relationship between fs1/f0 and stepped percentage α with K = 0.25, 0.5, 1, 2, and 4 
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3.3 Quarter-Wavelength SIRs 

Fig. 3.4 shows the structure of a typical shorted quarter-wavelength SIR. This kind 

of resonator is composed of two sections of transmission line with different 

characteristic impedance. The characteristic impedances and the electrical lengths of 

these two transmission lines are 1Z , 2Z , 1θ , and 2θ , respectively. Its resonance 

condition is the same as the odd-mode resonances of half-wavelength SIRs, as shown 

in (3.4). Similarly, the fundamental resonance and higher-order resonances can be 

controlled by the impedance ratio K and stepped-percentage α. When the impedance 

ratio of the quarter-wavelength SIR is much smaller than unity, the ratio of the first 

spurious resonant frequency fs1 to the fundamental resonant frequency f0 becomes 

very large. This phenomenon results in a very wide stopband. 

In order to evaluate the minimum electrical length of quarter-wavelength SIR, the 

equation followed is used. 

[ ] 0)tan( 21
2

=+θθ
θd
d ,         (3.9) 

Since 

K
K

−
+

=
⋅−

+
=+

1
tancot

tantan1
tantan)tan( 22

21

21
21

θθ
θθ
θθθθ ,   (3.10) 

the result of the minimum electrical length is as follows.  

KT
1

21 tan2 −⋅=+= θθθ ,        (3.11) 

where 

21 θθ = .            (3.12) 

From the solution derived above, the resonator length of a quarter-wavelength SIR 

can be reduced. Fig. 3.5 plots the impedance ratio of a quarter-wavelength SIR with 

respect to the SIR length Tθ , when 21 θθ = .  
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Fig. 3.4.  Structure of a quarter-wavelength SIR 

 

 
Fig. 3.5.  SIR length versus impedance ratio 

 

3.4 Net-Type Resonators 

The net-type resonator is a variation of quarter-wavelength SIR [17, 18]. The 

low-impedance section is replaced by parallel-connected high-impedance 

transmission lines. The typical structure of the net-type resonator is illustrated in Fig. 

3.6 in which N denotes the number of parallel-connected open-end high-impedance 

transmission lines. When the impedance of all transmission-line sections are the same, 

it is equivalent to a SIR with an impedance ratio of N : 1. 

Similar to the quarter-wavelength SIR, the resonant condition of the net-type 

resonator can be written as 
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12 tancot1 θθ =
N

,          (3.13) 

where 1θ  and 2θ  are the electrical lengths of the short-ended and open-ended 

transmission line sections of the net-type resonator, respectively. As mentioned in the 

previous section, the minimum electrical length of a net-type SIR is  

⎟
⎠
⎞

⎜
⎝
⎛⋅=+= −

NT
1tan2 1

21 θθθ ,       (3.14) 

where 21 θθ = .  

 

 
Fig. 3.6.  Typical structure of the net-type resonator 

 

3.5 Designed Resonators 

Because the design target is miniaturized coupler, smaller resonators are desired. 

From the discussions above, if the impedance ratio K is smaller than 1, the length of 

resonators will reduce. But there are some restrictions in practical design. In 

microstrip structure, wider strip width results in not only lower characteristic 

impedance but also weaker coupling. This property restricts the bandwidth of the 

circuit. 

In order to overcome this drawback, the concept of net-type resonator is adopted. 
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Fig. 3.7 shows the procedure of resonator design. The low-impedance section of SIR 

is replaced with parallel-connected high-impedance transmission lines. Thus, a 

fork-like resonator comes into being. Although the structure is slightly different from 

the original net-type resonator, the design equations are still available.  

This fork-like resonator provides stronger couplings with adjacent resonators and 

remains small size at the same time. It is suitable for the coupler design described in 

the next chapter.  

 

 
Fig. 3.7.  The procedure of resonator design 
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Chapter 4  

Design of Compact Branch-Line Couplers 

with Coupled Resonators 

 

Branch-line coupler consists of four quarter-wavelength transmission lines. This 

structure is simple and easily fabricated, but occupies too much area. In the past, 

many structures such as capacitive loading, lumped elements, left-hand/right-hand 

materials are proposed to reduce its size.  

Recently, a structure based on coupled resonators is proposed [12]. This technique 

replaces quarter-wavelength transformer with couplings between resonators. 

Therefore, the size of coupler reduces as the resonator becomes smaller. Besides, the 

branch-line coupler designed with this approach provides bandpass characteristics. 

Thus, the coupler and filters are combined together and the circuit size is reduced. 

This technique is suitable for narrow-band applications.  

Additionally, a dual-band branch-line coupler based on this approach is also 

proposed. With stepped-impedance resonators, the dual-band branch-line coupler with 

bandpass characteristics is presented.  

In the beginning of this chapter, the design method is presented. In order to 

observe the frequency responses, the models utilizing electric coupling and magnetic 

coupling are also presented, respectively. Followed are four designs of branch-line 

coupler and a dual-band branch-line coupler. 
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4.1 Equivalent Circuit of Branch-Line Coupler 

 

Fig. 4.1 shows the concept of this coupler design method. According to the 

definition in [14], port 1, 2, 3, 4 are input, 90º, 180º, and isolation, respectively. It 

consists of a conventional branch-line coupler with four shunted resonators at each 

port. These resonators resonate at the center frequency of the coupler, i.e., 

LC
12

0 =ω .           (4.1) 

When the resonators resonate, it looks like an open circuit and does not affect the 

original function of the coupler.  

Then, the quarter-wavelength transmission lines are replaced with the couplings 

between the resonators according to the theory of J/K inverters presented in section 

3.2. Fig. 4.2 shows the relationship between the impedance of quarter-wavelength 

transmission line and coupling coefficients/external quality factor. Through this 

relationship, a branch-line coupler can be transformed into a coupled-resonator 

network as shown in Fig. 4.3, which is commonly used in microwave filter design. 

And the design formulas are listed below. 

20
3412

1
CZ

MM
ω

==           (4.2) 

10
4123

1
CZ

MM
ω

==           (4.3) 

00CZQe ω=            (4.4) 

For a 3-dB branch-line coupler, 210 2ZZZ == . These design equations can be 

rewritten as 

eQCZ
MM 22

00
3412 ===

ω
        (4.5) 

and 
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eQCZ
MM 11

00
4123 ===

ω
.        (4.6) 

Once we choose the external quality factor, other parameters are decided. 

Theoretically, smaller external quality factor and larger coupling coefficient result in 

larger bandwidth. 

 

Fig. 4.1.  Branch-line coupler with coupled resonators 
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Fig. 4.2.  The coupling coefficient and external quality factor in a coupled resonator network  

(a) Coupling coefficient (b) external quality factor 
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Fig. 4.3.  Equivalent coupled-resonator network of a branch-line coupler 

 

In order to observe the frequency response and verify the feasibility of this 

equivalent coupled-resonator network, we use lumped inductors and capacitors to 

construct a model in circuit simulator Microwave Office. The schematic is shown in 

Fig. 4.4. The half-wavelength resonator is modeled as a parallel LC resonator. The 

couplings and external quality factors are modeled as capacitor networks and 

transformers respectively.  

For an open-circuited half-wavelength resonator, its capacitance is  

002 Z
C

ω
π

= ,           (4.7) 

and its inductance is  

C
L 2

0

1
ω

= ,           (4.8) 

where 0ω  is the resonant frequency as well as the central frequency of designed 

branch-line coupler. 

Other parameters are obtained as follows. 

00
12121 2 Z

MCMCm ω
π

×== ,       (4.9) 

00
23232 2 Z

MCMCm ω
π

×== ,        (4.10) 

and 

00CZ
Qn e

ω
= .          (4.11) 
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The central frequency is set as 2GHz for demonstration. The coupling coefficients 

and external quality factor are chosen as 

10=eQ ,  

1414.02
3412 ===

eQ
MM , 

1.01
4123 ===

eQ
MM . 

The values of lumped elements are listed as follows. 

Ω= 500Z  

pF
Z

C 5.2
2 00

==
ω
π  

nH
C

L 533.21
2
0

==
ω

 

pFCMCm 3535.0121 ==  

pFCMCm 25.0232 ==  

5231.2
00

==
CZ
Qn e

ω
 

The simulation result of the model is shown in Fig. 4.5 and Fig. 4.6. It can be 

observed in Fig. 4.5 that there are some ripples in the passband. However, this circuit 

still has good off-band rejection. In practical design, |S21| will be slightly increased in 

order to increase bandwidth. Fig. 4.6 shows the phase difference of through port and 

coupled port ( 2131 SS ∠−∠ ) in lumped-element model. There will be 90º phase 

difference at central frequency.  
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Fig. 4.4.  Schematic of lumped-element model 
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Fig. 4.5.  Simulation result of lumped-element model 
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Fig. 4.6.  Phase difference ( 2131 SS ∠−∠ ) of model 

 

 

Although the model demonstrated above utilizes electric coupling, magnetic 

coupling results in similar response. Fig. 4.7 shows the model constructed with 

magnetic coupling. Similarly, the center frequency of this model is also set at 2GHz. 

The parameters chosen are listed below, which are the same as those of the model 

above.  

10=eQ ,  

1414.02
3412 ===

eQ
MM , 

1.01
4123 ===

eQ
MM . 

The values of lumped elements are listed as follows. 

Ω= 500Z  

pF
Z

C 5.2
2 00

==
ω
π  
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nH
C

L 533.21
2
0

==
ω

 

nHLMLm 358.0121 ==  

nHLMLm 253.0232 ==  

5231.2
00

==
CZ
Qn e

ω
 

The simulation results are shown in Fig. 4.8 and Fig. 4.9. Similar to the results 

above, this model has some ripples and good off-band rejection. Compared with the 

model with electric coupling, the frequency response of this model is more 

asymmetric. Fig. 4.9 shows the phase difference between through port and coupled 

port ( 2131 SS ∠−∠ ). There is a 90º phase difference at center frequency, too. 

 

 
Fig. 4.7.  Model constructed with magnetic coupling 
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Fig. 4.8.  Simulation result of model with magnetic coupling 
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Fig. 4.9.  Phase difference ( 2131 SS ∠−∠ ) of model with magnetic coupling 
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4.2 Design of Branch-Line Couplers with Coupled Resonators 

 

In this section, we will demonstrate four coupler designs with different resonators. 

The first one uses traditional half-wavelength resonators and demonstrates this 

concept based on coupled resonators. The other designs use fork-like resonators 

which are evolved from net-type resonators. The circuit size reduces by 50% and 

achieves larger bandwidth at the same time. All three couplers are designed and 

fabricated using copper metallization on a Rogers RO4003 substrate with a relative 

dielectric constant of 3.38, a thickness of 0.508mm, and a loss tangent of 0.0027. 

These couplers are designed and simulated with full-wave simulator IE3D. 

 

4.2.1 Coupler Design 1 

Fig. 4.10 shows the layout of first coupler design, which is composed of four 

conventional half-wavelength resonators. The center frequency of the coupler is 2GHz. 

The coupling coefficients and external quality factors are chosen as 

0471.03412 == MM , 

0333.02341 == MM , 

and 

30=eQ . 

Full-wave simulator IE3D has been used to extract above parameters. The 

coupling coefficients and external quality factor can be evaluated from the method 

presented in section 2.1. Fig. 4.11(a) plots the simulated coupling coefficients versus 

the distances between resonators, in which M12, M23, M34, and M41 curves are the 

same because of symmetry of the structure. Fig. 4.11(b) plots the simulated external 

quality factor against the tapped line position. Although the resonators are different, 

the relationships between external quality factors and tapped position are almost the 
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same.  

The design parameters of this coupler are mmtttt 8.24321 ==== , 

mmdd 6.03412 == , mmdd 8.04123 == , and mms 6.16= . The circuit size of this 

coupler is around mmmm 1.1647 × , i.e., λλ 18.05.0 × .  

Fig. 4.12 shows the photograph of the fabricated coupler. Fig. 4.13 and Fig. 4.14 

show the simulated and measured data respectively. The comparisons between 

simulation and measurement are shown in Fig. 4.15, Fig. 4.16, Fig. 4.17, and Fig. 

4.18. From the measured data, the return loss (S11) ≥ 15dB in the frequency range of 

1.98 ~ 2.01 GHz, over which the magnitude of through port (S21) is -4.4 ~ -4.82 dB 

and the magnitude of coupled port (S31) is -5.26 ~ -5.43 dB. The loss is contributed by 

dielectric loss and conductor loss. Take through port (S21) as example. From the 

simulation result, it has a loss of 1.5 dB at center frequency. The dielectric loss 

contributes 0.5 dB, and the conductor loss contributes 1 dB. The phase difference 

between S21 and S31 is shown in Fig. 4.18. It has a phase difference of 90° at center 

frequency. Good agreement is observed between the simulation and measurement. 

 

 
Fig. 4.10.  Layout of coupler design 1 
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Fig. 4.11.  Design features and characteristics for coupler design 1 in Fig. 4.10  

(a) Coupling coefficient versus the distance between resonators   

(b) External quality factor versus the tapped line position of resonator 

 

 

 

Fig. 4.12.  Photograph of fabricated coupler design 1 
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Fig. 4.13.  Simulation result of coupler design 1 
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Fig. 4.14.  Measurement result of coupler design 1 
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Fig. 4.15.  Measured and simulated performances of coupler design 1 (|S11|) 
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Fig. 4.16.  Measured and simulated performances of coupler design 1 (|S21| & |S31|) 
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Fig. 4.17.  Measured and simulated performances of coupler design 1 (|S41|) 
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Fig. 4.18.  Measured and simulated performances of coupler design 1 ( 2131 SS ∠−∠ ) 
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4.2.2 Coupler Design 2 

In order to reduce the circuit size, the concept of net-type resonator is adopted. Fig. 

4.19 illustrates the procedure of resonator design. Low impedance transmission-line 

sections in Fig. 4.19(a) are replaced with several joint-connected high impedance 

transmission-line sections as shown in Fig. 4.19(b). In order to further reduce the size, 

central high impedance transmission-line section is meandered (Fig. 4.19(c), (d)). 

This structure reduces circuit size and increases available coupling coefficient at the 

same time. Although the structure is slightly changed from original net-type resonator, 

the design formulations described in the previous chapter are still available.  

Fig. 4.20 shows the layout of the second coupler design, which consists of four 

fork-like resonators illustrated in Fig. 4.19. The central frequency of this coupler is 

designed at 2GHz. The coupling coefficients and external quality factor are chosen as 

14.03412 == MM , 

10.02341 == MM , 

and 

10=eQ . 

 
Fig. 4.19.  The procedure of resonator design 
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Full-wave simulator IE3D has been used to extract the above parameters. The 

coupling coefficients and external quality factor can be evaluated from the method 

presented in section 2.1. Fig. 4.21(a) plots the simulated coupling coefficients versus 

the distances between resonators, in which M12, M23, M34, and M41 curves are the 

same. Fig. 4.21(b) plots the simulated external quality factor against the tapped line 

position.  

The design parameters illustrated in Fig. 4.20 are mmtttt 25.24321 ==== , 

mmdd 35.03412 == , and mmdd 05.14123 == . The parameters of each resonator are 

listed in Table 4.1. Although the original design is fully symmetric, the sizes of 

resonators are slightly changed after optimization. The circuit size of this coupler is 

around mmmm 6.159.14 × , i.e., λλ 175.017.0 × . It only occupies 48% of area of 

traditional branch-line coupler.  

Fig. 4.22 shows the photograph of the fabricated coupler. Fig. 4.23 and Fig. 4.24 

show the simulated and measured data respectively. The comparisons of simulation 

and measurement are shown in Fig. 4.25, Fig. 4.26, Fig. 4.27, and Fig. 4.28. The 

central frequency of fabricated circuit is shifted to 2.047GHz (according to the 

minimum of S11). From the measured data, the return loss (S11) ≥ 15dB in the 

frequency range of 2 ~ 2.09 GHz, over which the magnitude of through port (S21) is 

-4.3 ~ -4.9 dB and the magnitude of coupled port (S31) is -3.85 ~ 4.08 dB. The phase 

difference between S21 and S31 is shown in Fig. 4.28.  
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Fig. 4.20.  Layout of coupler design 2 

 

 
Fig. 4.21.  Design features and characteristics for coupler design 2 in Fig. 4.20  

(a) Coupling coefficient versus the distance between resonators 

(b) External quality factor versus the tapped line position of resonator 
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Table 4.1  Parameters of designed resonators (coupler design 2) 

 

 Initial Value Resonator 1/3 Resonator 2/4 

w 0.3 mm 0.3 mm 0.3 mm 

L1 11.3 mm 11.55 mm 10.95 mm 

L2 4.3 mm 4.3 mm 4.3 mm 

L3 6 mm 6.25 mm 5.65 mm 

L4 5.7mm 5.95mm 5.35mm 

g1 0.9 mm 0.9 mm 0.9 mm 

g2 0.3 mm 0.3 mm 0.3 mm 
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Fig. 4.22.  Photograph of fabricated coupler design 2 
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Fig. 4.23.  Simulation result of coupler design 2 
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Fig. 4.24.  Measurement of coupler design 2 
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Fig. 4.25.  Measured and simulated performances of coupler design 2 (|S11|) 
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Fig. 4.26.  Measured and simulated performances of coupler design 2 (|S21| & |S31|) 
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Fig. 4.27.  Measured and simulated performances of coupler design 2 (|S41|) 
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Fig. 4.28.  Measured and simulated performances of coupler design 2 ( 2131 SS ∠−∠ ) 

 

 

4.2.3 Coupler design 3 

In general, the meander line in the previous design is undesired because it usually 

accompanies some non-ideal effects. In this design, we increase the number of fingers 

and remove the meander lines. Although the impedance ratio of resonators increases, 

but its length is only slightly reduces, i.e. the size of whole coupler does not reduce 

compared with the previous design.  

Fig. 4.29 shows the layout of the third coupler design. The central frequency of 

this coupler is designed at 2GHz. The coupling coefficients and external quality factor 

are chosen as  

148.03412 == MM , 

104.02341 == MM , 

and 

6.9=eQ . 
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Full-wave simulator IE3D has been used to extract the above parameters. Fig. 

4.30(a) plots the simulated coupling coefficients versus the distances between 

resonators, in which M12, M23, M34, and M41 curves are the same. Fig. 4.30(b) plots 

the simulated external quality factor against the tapped line position.  

The design parameters illustrated in Fig. 4.29 are mmtttt 3.64321 ==== , 

mmdd 65.03412 == , and mmdd 65.14123 == . The parameters of each resonator are 

listed in Table 4.2. Although the original design is fully symmetric, the sizes of 

resonators are slightly changed after optimization. The circuit size of this coupler is 

around mmmm 2.166.15 × , i.e., λλ 18.0175.0 × . It occupies 50% of area of 

traditional branch-line coupler.  

Fig. 4.31 shows the photograph of the fabricated coupler. Fig. 4.32 and Fig. 4.33 

show the simulation result and measured data respectively. The measured data meet 

the simulation result very well. From the measured data, the return loss (|S11|) ≥ 15dB 

in the frequency range of 1.96 ~ 2.04 GHz, over which the magnitude of through port 

(|S21|) is -3.9 ~ -4.4 dB and the magnitude of coupled port (|S31|) is -3.5 ~ -3.75 dB. 

The phase difference between through port and coupled port is shown in Fig. 4.37. 

They have 90º phase difference near center frequency. 
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Fig. 4.29.  Layout of coupler design 3 

 

 
Fig. 4.30.  Design features and characteristics for coupler design 3 in Fig. 4.29  

(a) Coupling coefficient versus the distance between resonators 

(b) External quality factor versus the tapped line position of resonator 
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Table 4.2  Parameters of designed resonators (coupler design 3) 

 

 Initial Value Resonator 1/3 Resonator 2/4 

w 0.3 mm 0.3 mm 0.3 mm 

L1 12.5 mm 12.65 mm 12.25 mm 

L2 5.2 mm 5.35 mm 4.95 mm 

L3 4.4 mm 4.55 mm 4.15 mm 

g 0.9 mm 0.9 mm 0.9 mm 

 

 
Fig. 4.31.  Photograph of fabricated coupler design 3 
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Fig. 4.32.  Simulation result of coupler design 3 
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Fig. 4.33.  Measurement of coupler design 3 

 



 

 48

1.0 1.5 2.0 2.5 3.0
-40

-30

-20

-10

0

|S
11

| (
dB

)

Frequency (GHz)

 Measurement
 Simulation

 

Fig. 4.34.  Measured and simulated performances of coupler design 3 (|S11|)  
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Fig. 4.35.  Measured and simulated performances of coupler design 3 (|S21| & |S31|) 
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Fig. 4.36.  Measured and simulated performances of coupler design 3 (|S41|) 
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Fig. 4.37.  Measurement and simulation result of coupler design 3 ( 2131 SS ∠−∠ ) 
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4.2.4 Coupler design 4 

In order to get wider bandwidth, thinner microstrip line is adopted in this design. 

Fig. 4.38 shows the layout of the forth coupler design. The width of microstrip used in 

resonators is 0.2mm. 

The central frequency of this coupler is also designed at 2GHz. The coupling 

coefficients and external quality factor are chosen as  

205.03412 == MM , 

145.02341 == MM , 

and 

9.6=eQ . 

Full-wave simulator IE3D has been used to extract the above parameters. Fig. 

4.39(a) plots the simulated coupling coefficients versus the distances between 

resonators, in which M12, M23, M34, and M41 curves are the same. Fig. 4.39(b) plots 

the simulated external quality factor against the tapped line position. 

The design parameters illustrated in Fig. 4.38 are mmtttt 4.44321 ==== , 

mmdd 55.03412 == , and mmdd 6.14123 == . The parameters of each resonator are 

listed in Table 4.3. As the third design, the sizes of each resonator are slightly changed 

after optimization. The circuit size of this coupler is around mmmm 9.146.14 × , i.e., 

λλ 165.016.0 × . It occupies only 42% of area of traditional branch-line coupler. 

Fig. 4.40 shows the photograph of the fabricated coupler. Fig. 4.41 and Fig. 4.42 

show the simulation result and measured data respectively. The comparisons of 

simulation and measurement are shown in Fig. 4.43, Fig. 4.44, Fig. 4.45, and Fig. 

4.46. The central frequency is slightly shifted. From the measured data, the return loss 

(|S11|) ≥ 15dB in the frequency range of 1.94 ~ 2.04 GHz, over which the magnitude 

of through port (|S21|) is -4.4 ~ -4.8 dB and the magnitude of coupled port (|S31|) is 

-3.4 ~ -3.6 dB. The phase difference between through port and coupled port is shown 
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in Fig. 4.46. The response is also slightly shifted.  
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Fig. 4.38.  Layout of coupler design 4 
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Fig. 4.39.  Design features and characteristics for coupler design 4 in Fig. 4.38  

(a) Coupling coefficient versus the distance between resonators  

(b) External quality factor versus the tapped line position of resonator 

 

Table 4.3  Parameters of designed resonators (coupler design 4) 

w

g

L1

L2

L3  

 Initial Value Resonator 1/3 Resonator 2/4 

w 0.2 mm 0.2 mm 0.2 mm 

L1 12.15 mm 11.55 mm 12.3 mm 

L2 5.05 mm 4.45 mm 5.2 mm 

L3 4.35 mm 3.75 mm 4.5 mm 

g 0.6 mm 0.6 mm 0.6 mm 
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Fig. 4.40.  Photograph of fabricated coupler design 4 
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Fig. 4.41.  Simulation result of coupler design 4 
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Fig. 4.42.  Measurement of coupler design 4 
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Fig. 4.43.  Measured and simulated performances of coupler design 4 (|S11|) 
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Fig. 4.44.  Measured and simulated performances of coupler design 4 (|S21| & |S31|) 
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Fig. 4.45.  Measured and simulated performances of coupler design 4 (|S41|) 
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Fig. 4.46.  Measurement and simulation results of coupler design 4 ( 2131 SS ∠−∠ ) 

 

 

4.2.5 Dual-band coupler 

In this section, the idea of transforming branch-line coupler into coupled-resonator 

network is extended to dual-band design. With stepped-impedance resonators, a 

dual-band coupler with bandpass response is achieved.  

The stepped-impedance resonator is capable to control all its resonant frequencies 

by choosing the impedance ratio K and stepped percentage α properly. In this design, 

the working frequencies are chosen as 1.5GHz and 2GHz. Fig. 4.47 shows the layout 

of the dual-band coupler.  

Fig. 4.48(a) plots the simulated coupling coefficients versus the distances between 

resonators. As shown in Fig. 4.47, there are two parameters, d and h, which can be 

used to obtain required coupling coefficients. The coupling coefficients of both bands 

are almost the same. This property restricts the possibility of this structure. Fig. 4.48(b) 

plots the simulated external quality factor at first resonant frequency versus the tapped 
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line position and the relationship between the external quality factor of the first 

resonant frequency and that of the second resonant frequency. It can be observed that 

the ratio of external quality factors at both bands changes a lot. Because the coupling 

coefficients are the same at both bands, the external quality factors should be the same, 

too. As a result, the external quality factor eQ  is chosen as 25. The coupling 

coefficients are chosen as  

057.03412 == MM  

and 

04.02341 == MM . 

The design parameters shown in Fig. 4.47 are chosen as mmtttt 5.84321 ==== , 

mmhh 6.03412 == , mmhh 8.02341 == , mmdd 5.23412 == , and mmdd 5.32341 == . 

The circuit of this coupler is around mmmm 5.5551 × , i.e., λλ 46.0425.0 ×  

(@1.5GHz). 

Fig. 4.49 shows the photograph of the fabricated dual-band coupler. Fig. 4.50 and 

Fig. 4.51 show the simulated and measured data respectively. The comparisons of 

simulation and measurement are shown in Fig. 4.52, Fig. 4.53, Fig. 4.54, and Fig. 

4.55. From the measured data, the return loss (S11) ≥ 15dB in the frequency ranges of 

1.5 ~ 1.525 GHz and 2.03 ~ 2.06 GHz. In the first band, the magnitude of through 

port (S21) -4.9 ~ -5.8 dB and the magnitude of coupled port (S31) is -5.4 ~ 6 dB. In the 

second band, the magnitude of through port (S21) -4.4 ~ -4.6 dB and the magnitude of 

coupled port (S31) is -4.3 ~ -4.6 dB. The isolation (S41) is better than 13dB in both 

bands. The phase difference between S21 and S31 is shown in Fig. 4.55. It has a phase 

difference of 90° at the first band and a phase difference of 270° at the second band.  
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Fig. 4.47.  Layout of dual-band coupler 
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Fig. 4.48.  Design features and characteristics for dual-band coupler in Fig. 4.47 

(a) Coupling coefficient versus the distance between resonators 

(b) External quality factor versus the tapped line position of resonator 
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Fig. 4.49.  Photograph of fabricated dual-band coupler 
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Fig. 4.50.  Simulation result of dual-band coupler 
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Fig. 4.51.  Measurement of dual-band coupler 
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Fig. 4.52.  Measured and simulated performances of dual-band coupler (|S11|) 

 



 

 61

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5
-90

-80

-70

-60

-50

-40

-30

-20

-10

0

|S
21

| &
 |S

31
| (

dB
)

Frequency (GHz)

 Measurement
 Simulation

 

Fig. 4.53.  Measured and simulated performances of dual-band coupler (|S21| & |S31|) 
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Fig. 4.54.  Measured and simulated performances of dual-band coupler (|S41|) 
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Fig. 4.55.  Measured and simulated performances of dual-band coupler (∠S31 − ∠S21) 
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Chapter 5  

Conclusions 

 

This thesis presents compact branch-line couplers composed of coupled resonators. 

Because the quarter-wavelength transmission lines are equivalent to the couplings 

between resonators, the conventional branch-line coupler can be transformed into a 

coupled-resonator network. Therefore, the size of branch-line coupler reduces as the 

size of resonator shrinks. Besides, the coupler designed with this method has bandpass 

characteristics. This idea can be also applied to dual-band design. 

In this thesis, the miniaturized couplers are designed and fabricated at 2GHz. This 

idea of transforming conventional branch-line coupler into coupled-resonator 

networks works well in narrow band application. With designed resonators, its size 

shrinks about 50% compared with conventional branch-line coupler.  

This idea can be extended to dual-band design, too. With stepped-impedance 

resonators, a dual-band coupler can be achieved. In the thesis, a dual-band coupler 

designed at 1.5GHz and 2GHz is demonstrated.  
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