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Abstract 

Filters are key components in RF front-end circuits and usually 

occupy much of the volume of the systems. Thus, reducing the size of 

filters is the main challenge in making RF systems compact. In addition to 

compact size, high performance is also desired. The presence of 

harmonics or spurious passbands is a fundamental limitation of 

microwave circuits, which can seriously degrade their performance and 

can be critical in certain applications. 

 

In this thesis, a simple and effective filter design method is proposed 

based on the structure of parallel short-ended coupled-line with capacitive 

loading for size reduction and ultra-broad rejection of the spurious 

passbands. It is achieved by adding lumped capacitors to the conventional 

coupled-line section such that the required length of the coupled-line can 

be largely reduced while maintaining approximately the same 

characteristics around the center frequency, and meanwhile the spurious 

passbands are excellently suppressed. In addition, the introduction of a 

cross-coupling capacitor into the miniaturized couple-line can create a 

transmission zero at the 2nd harmonic frequency for enhanced frequency 

selectivity and attenuation level. The aperture compensation technique is 

also applied to achieve a strong coupling in the coupled-line section. 

 

In order to examine the feasibility of the proposed structure, such a 
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compact two-stage bandpass filter operating at 2.3 GHz with a fractional 

bandwidth of 10% was designed and realized with LTCC technology. 

Measured results are also provided, from which attractive features are 

observed experimentally as to size reduction and multi-harmonic 

suppression. 
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요  약 

대역 통과 필터는 RF 송수신 단의 중요한 소자이며 

일반적으로 시스템에서 많은 면적을 차지한다. 따라서 필터의 

크기를 줄이는 것은 무선 송수신 시스템의 크기를 줄이는데 

매우 중요한 부분이라 할 수 있다. 또한 시스템의 비선형성으로 

인하여 발생하는 불요파는 무선 통신 회로의 성능을 악화시키는 

것으로써 통신 시스템의 기본적인 제약으로 작용한다. 따라서 

대역 통과 필터는 이러한 불요파를 차단하는 중요한 역할을 

하게 된다. 

 

본 논문에서는 단순하고 효율적인 필터설계 기술을 

제공한다. 이러한 기술은 소형화 및 불요파 억제를 위하여 끝이 

콘덴서로 연결되어 있고 나머지 한쪽 끝이 단락 되어 있는 

소형화된 결합선로의 구조를 가진다. 또한 소형화된 결합선로 

중간에 콘덴서를 연결함으로써 두 번째 하모닉을 차단하고 

선택도를 높이는 효과를 실현하였다. 접지 평면 중간에 

접지부분을 없애는 기법을 이용하여 결합선로의 결합도를 

높이는 것을 실현하였다. 

 

제안된 구조를 실현하기 위하여 2.3 GHz, 대역폭 10% 에 

동작하도록 초소형 2 단 대역통과 필터를 LTCC 제조 기법을 

이용하여 설계하고 제작하였다. 측정된 결과는 예측치와 거의 

일치하였으며 필터의 소형화, 하모닉 성분 억제 등을 

구현하였다. 
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CHAPTER 1  Introduction 

Filters play important roles in many RF/microwave applications. 

They are widely used to control the frequency response at a certain point 

in a microwave system by providing transmission at frequencies within 

the passband of the filter, and attenuation in the stopband of the filter, 

because the electromagnetic spectrum is limited and has to be shared. In 

recent years, the microwave filters with ever more stringent 

requirements—smaller size, higher performance, lighter weight, and 

lower cost have widely attracted attentions of the microwave and 

millimeter-wave engineers. 

 

Being one of the essential building blocks for communication 

systems, bandpass filters can pass the desired frequencies, reject the 

unwanted signals, and suppress the harmonics or spurious responses as 

well. The rapid growth of wireless communication systems has led to a 

great increasing demand for compact microwave filters since most mobile 

platforms have a limited space for the required filters. The focus of this 

thesis is placed on the design issues of the bandpass filter with compact 

size and high performance. 

1.1 Background and motivation 

The realization of compact microwave bandpass filters with high 
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performance has been the focus of great deal of research and industrial 

pursuit for over two decades. Since the parallel coupled-line microstrip 

filter was proposed by Cohn in 1958 [1], it has been widely used in 

microwave applications due to its planar structure, simple synthesis 

procedures and fabrication facility. Nevertheless, these conventional 

parallel coupled-line filters are too large to apply to mobile 

communication systems. So far, various approaches have been presented 

for the filter miniaturization. For instance, folded hairpin resonator filters 

[2]-[4] and stepped-impedance filters [5]-[7] were investigated and 

developed to reduce the size, and slow wave open-loop resonator filters 

have also been considered as an effective solution to the problem of filter 

size [8]-[10]. Using the above proposed methods, relatively compact 

bandpass filter can be achieved. However, they just miniaturize the overall 

filter size to a certain extent and still take up a large circuit space, 

especially at lower frequency. 

 

Another critical disadvantage of the traditional parallel coupled-line 

filters is the existence of a spurious passband at twice of the center 

frequency (2 0f ), which may seriously degrade the attenuation level in the 

upper stopband and the passband response symmetry. This undesired 

passband is associated to the nonhomogeneous nature of the dielectric 

surrounding the conductors which leads to unequal phase velocity of the 

even-mode and odd-mode (even-mode velocity is slower). The unequal 

modal phase velocities at 20f  cause the first spurious passband. To tackle 

this problem, many studies have been reported in the literature. The 

parallel-coupled microstrip filter with over-coupled end stages was 

proposed to extend the electrical length of odd-mode [11]. In wiggly-line 
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filter structure, wave impedance using the continuous perturbation of the 

width of the coupled-line can be modulated so that the spurious passband 

is rejected [12]. Meandered parallel coupled-line filters also effectively 

suppress the spurious passband [13]. A proper height of substrate 

suspension can be used to equalize the even- and odd-mode phase 

velocities in the parallel coupled-line filters [14]. However, the first 

spurious passband of these published filters is just moved to the higher 

frequency, not eliminated, and the upper spurious passbands still exist in 

these filters. Furthermore, the above mentioned techniques rely on 

complex design/optimization procedures. More recently, the photonic 

bandgap (PBG) structure and defected ground structure (DGS) have been 

introduced as a popular mean to achieve harmonic suppression [15], [16]. 

However, owing to the periodic structure of the PBG or DGS, this type of 

filter suffers from its large circuit area and specific circuit configurations, 

which seriously hinders the application to wireless communication 

systems. 

 

On the other hand, filters have been a hot topic for any emerging new 

materials and fabrication techniques and they are still a very active topic 

today. The main reason is that filter performance highly depends on the 

unloaded quality factor of the resonators, which is closely related to 

material quality and fabrication techniques. With new materials and 

fabrication techniques, people can not only improve the filter performance 

but also reduce filter size and make it more integrated. In recent years, the 

Low Temperature Co-fired Ceramic (LTCC) technology has proven its 

extreme efficiency for compact and reliable radio-frequency (RF) 

modules for wireless communications. It can offer many advantages in 
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achieving higher packaging densities for RF/microwave integrated 

circuits such as high-precision three-dimensional (3-D) structuring and 

vertical integration of the circuits, making the miniaturized and low-cost 

design possible. Moreover, on account of the high unloaded quality factor 

of LTCC material, it is a very good option for realizing highly integrated 

modules and microwave filters those present the satisfactory electrical 

performance [17]-[19]. 

 

In this thesis, a novel bandpass filter design approach for size 

miniaturization and multi-harmonic suppression is demonstrated using 

capacitive loading of parallel short-ended coupled-line structure. The 

method of adding lumped capacitors to the conventional coupled-line 

section can largely reduce the required length of coupled-line while 

maintaining approximately the same characteristics around the center 

frequency and effectively suppress the spurious passbands. In addition, by 

introducing the cross-coupling capacitor between the input and output 

ports into the miniaturized coupled-line section, a transmission zero can 

be generated to achieve better frequency selectivity and wide 

multi-harmonic suppression. This method is general and 

geometry-independent, thus can be applied to any type of bandpass filter 

design. Specifically, such a compact two-stage bandpass filter working at 

2.3 GHz with a transmission zero at 2nd harmonic frequency has been 

implemented in a multilayer LTCC substrate for experimental 

demonstration. Beyond the advantage of excellent multi-harmonic 

suppression better than -40 dB up to 40f , where 0f  is the center 

frequency, the fabricated bandpass filter has a small size of 10 × 7 × 2.2 

mm3 and low insertion loss of -1.2 dB. The measured results agree well 
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with the simulation, which demonstrates that the proposed filter has great 

application potential. 

1.2 Organization of the thesis 

The thesis is organized as follows. Chapter 1 has briefly described 

the background, purpose, and direction of this work. Chapter 2 reviews 

the traditional bandpass filter design theory and builds up the novel filter 

synthesis method for size reduction and multi-harmonic suppression. 

Chapter 3 presents the complete design procedure of such a two-stage 

compact LTCC bandpass filter, including simulation in ADS and HFSS, 

optimization, and measurement. Finally, chapter 4 gives the conclusion of 

this work. 
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CHAPTER 2  Filter Design Theory 

Filter design is one of the oldest topics in microwave engineering. 

Filter synthesis can be started from a lumped element low-pass prototype 

circuit which consists of shunt (series) capacitors and series (shunt) 

inductors. This low-pass prototype serves as a basis for any low-pass, 

high-pass, bandpass and bandstop filters. The well-known maximally flat 

filter and Chebyshev filter prototype values are tabulated in [20]. 

Low-pass prototypes can be transformed to high-pass, bandpass and 

bandstop filters using transformations described in [20]. In this thesis, we 

will focus on bandpass filter design and the size reduction issues based on 

capacitive loading of parallel short-ended coupled-line as well as 

multi-harmonic suppression. 

2.1 Traditional bandpass filter design 

Bandpass filters may be obtained through a ladder combination of 

series and shunt resonators. In microwave filter realization, however, it is 

sometimes difficult to design both series and shunt type of resonators. 

Therefore, they may be obtained by combining only one type of 

resonators through impedance inverters or admittance inverters that would 

be more convenient and practical for implementation with microwave 

structures. This kind of filter synthesis approach using network theory has 

been well developed in [20]. As an example, Fig. 2.1 shows the 
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generalized bandpass filter circuit using admittance inverters. 

 

An ideal admittance inverter is a two-port network that exhibits such 

a property at all frequency that if an admittance 2Y  is connected at one 

port, the admittance 1Y  seen looking in the other port is 

2

1
2

J
Y

Y
=                       (2.1) 

One of the simplest forms of the inverter is a quarter-wavelength 

transmission line with characteristic admittance of 0Y . Observe that such 

a line obeys the basic admittance inverters definition in (2.1) and that it 

will have an inverter parameter of 0J = Y . 

 

Fig. 2.1 Equivalent circuit model of the generalized bandpass filter using admittance 

inverters. 

The J  inverter values of this generalized bandpass filter are given 

by [20] 

'
A 1

01
0 1 1

Y l w
J

g g w

  =                      (2.2) 
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j j+1
j, j+1 j=1 to n-1

1 j j+1'

l lw
J |

w g g     =                (2.3) 

B n
n,n+1

n n+1 1'

Y l w
J

g g w

  =                    (2.4) 

where ' 11w = , w  is the fractional bandwidth, AY  and BY  are source 

and load conductance, respectively, jg  is the prototype filter element 

value and jl  is the susceptance slope parameter given by 

( )
| ( )j0

j
0

dB
l j 1,2, ,n

2 d

ωω
ω ωω

=           =   ....  =        (2.5) 

For a simple shunt LC  resonator, equation (2.5) is reduced to 

j 0 j
0 j

1l C
L

ω
ω

= = . 

2.2 Size reduction method 

In conventional filter prototypes, the values of ijJ  are the functions 

of the resonator parameters and not arbitrary and equal. However, to 

simplify the miniaturized filter circuit, we will adopt identical inverters 

instead of different inverters, making the physical realization much easier. 

This simplification will not degrade the filter performance which can be 

proven in the following design procedures. Shown in Fig. 2.2 (a) is a 

possible second-order generalized bandpass filter topology with all three 
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inverter values being 0.02. Since the impedance of input and output 

matching quarter-wavelength transmission line is equal to the system 

impedance, these two transmission lines can be neglected and the 

second-order bandpass filter can be connected directly to the input and 

output ports. Consequently, the filter model to be miniaturized is obtained, 

illustrated in Fig. 2.2 (b). 

 

(a) 

 

(b) 

Fig. 2.2 Circuit model of a second-order generalized bandpass filter using admittance 

inverters (a) and its simplified version under the assumption of identical admittance 

inverter values being 0.02 (b). 
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And then the size reduction method will be briefly introduced here. 

As is well known, the λ/4 transmission line can be made equivalent to a 

lumped circuit, as given in Fig. 2.3, and the value of 1C  is given by 

1
1

0

C
Zω

=                       (2.6) 

where 0Z  is the characteristic impedance of the quarter-wavelength 

transmission line and ω  is the angular frequency. 

 

Fig. 2.3 The equivalent lumped circuit of the quarter-wavelength transmission line. 

Replacing the admittance inverter with the equivalent lumped circuit, 

the generalized bandpass filter can be expressed as Fig. 2.4. Next step, the 

dotted network can further be made equivalent to the parallel short-ended 

coupled-line section with electrical length of θ  in Fig. 2.5 (a) and (b) 

when (2.7) and (2.8) are satisfied [21]. 

0 0eX Z tanθ=                     (2.7) 

2 0e 0o
L

0e 0o

Z Z
X tan

Z Z
θ=

−
                  (2.8) 



 

                                    -    - 11 

where 0eZ , 0oZ  are even- and odd-mode impedances of the parallel 

coupled-line, respectively. 

 

Fig. 2.4 The equivalent lumped circuit of the original generalized bandpass filter. 

 

(a) 
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(b) 

Fig. 2.5 The parallel short-ended coupled-line (a) and its equivalent network (b). 

Fig. 2.6 shows the initial miniaturized bandpass filter configuration 

based on the transformation described above and the value of 0C  can be 

deduced from (2.7) as: 

1
0

0e

C
Z tanω θ

=                     (2.9) 

 

Fig. 2.6 The initial miniaturized one-stage bandpass filter configuration. 
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In the following simulation and fabrication, one capacitor LC  will 

be used as the sum of 0C  and 1C , and if defining 
2 0e 0o

0e 0o

Z Z
Z'

Z Z
=

−
 as 

the characteristic impedance of the coupled-line, then with (2.8) we get: 

2
=0 0e 0o

0e 0o

Z Z Z
Z'

tan Z Zθ
=

−
                (2.10) 

When the electrical length θ  is very small for compact size, Z'  

becomes very large, for instance, Z'  is 407 Ω when θ  = 7º and 0Z  = 

50 Ω. This large Z'  can be easily achieved by making 0eZ  and 0oZ  

nearly the same. 

2.3 Realization of transmission zero 

The attenuation level at the 2nd harmonic frequency can further be 

improved by employing the cross-coupling capacitor CC  in the 

miniaturized coupled-line section, as shown in Fig. 2.7 (a), which can 

create a transmission zero, such that a sharper falloff rate at right passband 

edge is obtained. The presence of this transmission zero (as long as it is 

not too close to the passband) does not change the passband 

characteristics of the filter too much. Fig. 2.7 (b) depicts the equivalent 

lumped circuit of the final miniaturized one-stage bandpass filter, from 

which we can see that it is the dotted resonator that provides a 

transmission zero in the upper stopband. Therefore, the location of this 

transmission zero may easily be adjusted by varying the capacitor value. 

By selecting the capacitor value properly, it can be designed to achieve a 

transmission zero for suppressing the 2nd harmonic with same passband 
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response as the proposed filter in last section. Furthermore, this 

transmission zero can also suppress the spurious response resulted from 

cascading, as detailed explained in the next chapter. Tang [18] adopted a 

similar circuit structure to design LTCC bandpass filter, diplexer, and 

triplexer with transmission zero and he analyzed the proposed structure 

using the technique of the immittance inverter. The exact value of CC  

was derived in his literature as 

12

z1
0 z1

0
C

12

z1
z1 0

0

J
when the transmission zero is in lower stopband

tan

tan
C

J
when the transmission zero is in upper stopband

tan

tan

θω ω
θ

θω ω
θ

                   −   =  
                  −   

    (2.11) 

where 0θ  and 0ω  are electrical length and angular frequency at the 

center frequency, respectively; z1θ  and z1ω  are electrical length and 

angular frequency at the transmission zero frequency, respectively. 

CL = C0 + C1

CL CL

CC

 

(a) 
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CC

CL L0 X0 CLL0X0
XL

L1

Creating a transmission zero

CL = C0 + C1
 

(b) 

Fig. 2.7 The final structure of the miniaturized one-stage bandpass filter with a 

transmission zero (a) and its equivalent lumped circuit (b). 

Here, we also adopted this formula for the calculation of CC  to 

avoid the time-consuming iterative procedure and facilitate the filter 

design. According to the equation, the transmission zero can be arbitrarily 

distributed in the lower and upper stopband. The proposed accurate and 

explicit equation provides the element value estimation to achieve the 

required filter specifications. Then, these values are substituted into a 

full-wave EM simulator for fine-tuning to include the LTCC substrate 

conductor losses and cross-layer coupling. 

 

Note that the insertion of this cross-coupling capacitor will change 

the coupling situation of the coupled-line. Now it is coupled not only 

electromagnetically but also electrically through CC , while the original 

coupled-line is coupled only electromagnetically. Consequently, some 
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modification of the parameters of coupled-line is necessary. This is not a 

troublesome problem since we can get the help of Agilent Advanced 

Design System (ADS) to find the proper new parameters quickly, which 

will also be detailed expounded in the next chapter. Usually, in this case, 

the slot between two striplines is small in comparison with that for a 

conventional parallel coupled-line, which means that the electromagnetic 

coupling is larger. 

2.4 Aperture compensation technique 

To realize the tightly coupled line section, a usual technique is to 

reduce the width or slot of the coupled-line in question. Unfortunately, it 

may lead to a serious degradation of filtering behavior, for example, low 

Q-factor and high insertion loss. And also, it may cause some difficulties 

in design and fabrication due to the limitation of the minimum slot 

between the coupled stripline conductors in realization process. 

 

As an alternative approach, the aperture compensation technique is 

applied in this thesis. Fig. 2.8 depicts a schematic layout of the coupled 

striplines, in which a wide aperture with rectangular configuration is 

formed on both the ground planes over and underneath the coupled 

striplines in the center. This aperture has an effect on the equivalent 

capacitances between the strip conductors and the ground, as shown in 

Fig. 2.8. With this aperture, the even-mode characteristic 0eZ  of the 

coupled striplines becomes larger as the effective distance between the 

strip conductors and the ground gets longer [22], which can be seen in Fig. 

2.8. However, the odd-mode characteristic 0oZ  remains nearly the same 

as its value is mainly determined by 12C  that is scarcely influenced by 
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the aperture. As a result, the coupling coefficient K  could be increased 

tremendously, which relieves the fabrication limitation and realizes 

enhanced coupling in the miniaturized coupled-line section. 

 

Fig. 2.8 The equivalent capacitance network of the coupled striplines. 



 

                                    -    - 18 

CHAPTER 3  Simulation, Fabrication and 

Measurement 

This chapter introduces the complete design procedure of a compact 

two-stage bandpass filter with the specifications listed in Table 3.1 in 

greater detail based on the size reduction approach expatiated in last 

chapter to validate its availability. It should be noted that the number of 

stage mentioned in this thesis is not counted by the resonators as usual, 

but rather it is the inverter number of the generalized bandpass filter. In 

other words, an n-stage miniaturized bandpass filter means it consists of n 

pairs of coupled-line, and the inverter number is n. The first step is to 

obtain the circuit parameters of the one-stage bandpass filter according to 

the desired specifications and fine tune each element value. Then, two 

same tuned one-stage filters were cascaded through a connecting 

transmission line. After converting the circuit parameters to physical filter 

structures, some necessary tuning and optimizations were carried out to 

accommodate the parasitic effects of each lumped element, mutual 

coupling effects between elements, and finalize the layout design by 

employing full-wave electromagnetic (EM) simulation tool. Finally, the 

designed bandpass filter was fabricated with multilayer LTCC technology 

and carefully examined. In order to design the bandpass filter in a 

time-efficient way, we adopted both the circuit simulation software 

Agilent Advanced Design System (ADS) and full-wave 3-D EM 

simulation tool Ansoft HFSS to expedite the otherwise difficult work. 
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Table 3.1 Specifications of the proposed two-stage bandpass filter 

Center frequency (GHz) 2.3 GHz 

Fractional bandwidth (%) 10% 

Insertion loss ( dB ) -1.5 dB maximum 

Stopband rejection ( dB ) < -60 dB up to 30f  

3.1 Circuit simulation 

3.1.1 One-stage bandpass filter design 

A one-stage bandpass filter working at 2.3 GHz with 10% fractional 

bandwidth was designed in this subsection. Firstly, the initial miniaturized 

filter model illustrated in Fig. 2.6 with the electrical length of coupled-line 

being 10º was obtained. When the even-mode impedance 0eZ  was 

arbitrarily chosen as 60 Ω, the value of the lumped capacitor LC  was 

calculated to be 7.9 pF according to the equations (2.6) and (2.9) and the 

odd-mode impedance of the coupled-line 0oZ  was 42 Ω, making the 

coupling coefficient K  being 0.18. The coupling coefficient 

0e 0o

0e 0o

Z Z
K

Z Z

−=
+

 of the short-ended coupled-line can determine the 

bandwidth of the proposed bandpass filter. The bandwidth increases as the 

coupling coefficient K  does [23]. When the quarter-wavelength 

transmission line was miniaturized, one can choose a proper coupling 

coefficient according to the required bandwidth of the bandpass filter. 

However, to achieve a broad bandwidth, the coupling coefficient K  

should be made as large as possible, which means the difference between 

0eZ  and 0oZ  should be large. It will result in a small Z'  and hence a 

large electrical length of the coupled-line. Therefore, a necessary design 
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trade-off between broad bandwidth and small circuit size should be 

considered. 

 

With the obtained circuit parameters, the ADS model of the initial 

size-reduced bandpass filter was built as given in Fig. 3.1 (a) and its 

frequency response is also shown in Fig. 3.1 (b), from which we can 

observe the great agreement with our expectation. It is worthy to be noted 

that there is no any spurious response appeared in the upper stopband. 
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(b) 

Fig. 3.1 The ADS model of the initial miniaturized one-stage bandpass filter (a) and 

its frequency response (b). 

Then the cross-coupling capacitor CC  was inserted to realize a 

transmission zero at 4.6 GHz for better upper skirt characteristic and 2nd 

harmonic suppression. Depending on the desired location of the 

transmission zero, the value of this capacitor can be selected to meet the 

requirement. Fig. 3.2 shows the simulated filter responses for different 

values of the capacitor CC . With nearly the same passband performance, 

the attenuation poles are located at the frequency of 3.3 GHz, 3.9 GHz, 

4.6 GHz and 5.5 GHz when the capacitor values are 1.5 pF, 0.8 pF, 0.5 pF 

and 0.3 pF, respectively. However, one point that should be paid attention 

is the stopband attenuation levels differ in these cases. Using (2.11), the 

capacitance of CC  was calculated to be 0.44 pF; however, the utilization 
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of 0.5 pF capacitor was more proper according to the ADS simulation. 
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Fig. 3.2 The simulated frequency responses for different cross-coupling capacitors in 

ADS. 

As mentioned above, the insertion of CC  leads to tight coupling 

and thus we have to decrease the odd-mode impedance 0oZ  of the 

coupled-line, while the even-mode impedance 0eZ  is kept the same. The 

resulted circuit can be optimized with ADS to achieve the desired filter 

responses. This optimization process is very time-efficient since it is a 

lumped element circuit simulation. A modified compact bandpass filter 

circuit was then obtained after the optimization, as shown in Fig. 3.3 (a), 

and Fig. 3.3 (b) is the corresponding frequency response. Here, the 

odd-mode impedance 0oZ  of 36.6 Ω is the optimum value in this design. 
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(b) 

Fig. 3.3 The ADS model of the proposed compact one-stage bandpass filter with a 

transmission zero (a) and its frequency response (b). 
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The comparison of ADS simulated results of the initial miniaturized 

one-stage bandpass filter and its modified version is also given in Fig. 3.4. 

Obviously, without affecting the fundamental frequency response, the 

latter filter performance was improved significantly as we expected by 

trading off the attenuation level at the far end of the upper stopband and 

there is no any spurious response appeared. 
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Fig. 3.4 The simulated frequency responses of both the initial miniaturized bandpass 

filter and its modified version in ADS. 

3.1.2 Cascading for two-stage bandpass filter 

The final two-stage bandpass filter can be achieved by simply 

connecting two same obtained circuits in last subsection using a short 

transmission line. However, this connecting line will generate an extra 

spurious response unless its electrical length is 0°, which is impossible in 

the practical situation. Fig. 3.5 (a) and (b) illustrate the spurious response 
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in both cases of cascading the initial miniaturized one-stage bandpass 

filter and cascading its modified version with a transmission zero. 
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(b) 

Fig. 3.5 The spurious response resulted from the connecting transmission line: 

cascading the initial miniaturized one-stage bandpass filter (a) and cascading its 

modified version with a transmission zero (b). 
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The particular studies on the connecting transmission line have been 

done with ADS. It is found that the location of this spurious band is 

closely related to the electrical length and the impedance of the 

connecting line, thus we can shift the peak of spurious band to the 

transmission zero frequency to suppress it. 

 

Fig. 3.6 (a), which gives the simulated results according to different 

electrical length of the connecting line with same impedance of 50 Ω, 

indicates that the longer electrical length causes the shift of the spurious 

band peak to a lower frequency. Fig. 3.6 (b) is the frequency responses 

responding to different impedance of the connecting line with same 

electrical length of 6.15°. It can be seen that the higher impedance of the 

connecting transmission line, the peak of the spurious band moves to a 

lower frequency. Therefore, according to the simulation, a connecting 

transmission line with the electrical length of 6.15° and the impedance of 

50 Ω, which can move the peak of spurious band to the 2nd harmonic 

frequency, is adopted for making the undesired response disappear in this 

design. The final two-stage bandpass filter circuit and its ADS simulated 

results are shown in Fig. 3.7 (a) and (b). 
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(b) 

Fig. 3.6 The simulated frequency responses according to the electrical length of the 

connecting line (a) and the impedance of the connecting line (b) in ADS. 
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(b) 

Fig. 3.7 The ADS model of the final compact two-stage bandpass filter (a) and its 

frequency response (b). 
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3.2 Full-wave EM simulation and optimization 

Once the bandpass filter equivalent circuit model was developed, 

physical filter structures such as resonators and coupled-line sections can 

be designed. However, one thing needs to be kept in mind: the 

synthesized filter model can not be transformed into physical structures at 

one shot due to the parasitic components (both internally and externally). 

As a result, either an optimization of the filter physical dimensions or a 

tuning of the filter responses is necessary. Usually, it is carried out with 

Ansoft HFSS until the EM simulation shows a performance close to the 

target one. 

3.2.1 LTCC layout of the one-stage bandpass filter 

Like the simulation procedure in ADS, firstly, a one-stage bandpass 

filter was implemented in a seven-layer LTCC substrate, which has a 

dielectric constant of 5.6 and a metal thickness of 15 µm. The distances 

between each metal layer are 585, 650, 20, 20, 650, and 200 µm 

consecutively from the top. Fig. 3.8 (a) displays the 3-D physical 

architecture. The parallel coupled-line is realized on layer 4 using stripline 

form because dispersion and radiation of a stripline are negligible and 

upper and lower ground planes provide effective shielding. The capacitors 

are implemented on layer 3, 4, and 5 using the simple 

metal–insulator–metal (MIM) structure. The detailed capacitor 

configuration schematic is available in Fig. 3.8 (b). Layer 2 and 6 are the 

stripline ground with rectangular configuration apertures over and 

underneath the coupled striplines. The minimum slot between the coupled 

stripline conductors is generally 100 µm with screen-printing LTCC 

process, which limits to make wanted tighter coupling. So this design 
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resorted to the aperture compensation technique to overcome it. The top 

and bottom ground shield the filter to minimize the interaction with other 

components, while the surrounding ground located on layer 4 takes the 

same effect. All of the ground layers are connected with the aid of two 

rows of periodic metallized via-holes with diameter of 200 µm. Since the 

input and output ports are located on the bottom layer, they are also 

connected to the resonators by via-holes. Silver are used for both strip 

conductor and via-holes conductor. It is worth noting that the metal area in 

the internal layer should be less than 50% according to the LTCC process 

design rule. Therefore, we have to increase the width of the overall filter, 

which results in a big size. On the other hand, however, this structure has 

an advantage of strong power-handling capability because of its ease of 

heat dissipation. The overall size of this one-stage bandpass filter is 6 × 7 

× 2.2 mm3, where the intrinsic area occupied by the resonator is only a 

half. 
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(a) 

 

(b) 

Fig. 3.8 LTCC layout of the designed one-stage bandpass filter (a) and the detailed 

capacitor configuration (b). 



 

                                    -    - 32 

3.2.2 Influence of the PCB size 

Considering the practical environment, the LTCC bandpass filter is 

mounted on the pad of a PCB, as illustrated in Fig. 3.9, with the signal 

feed composed of coplanar waveguide (CPW) feed line printed on the top 

of the PCB. Thus, the overall performance should include the parasitic of 

the PCB. To investigate the influence of the PCB size, full-wave 3-D EM 

simulator HFSS was conducted. Fig. 3.10 gives the simulated results of 

the one-stage bandpass filter without the PCB and with different PCB 

feed line length of 500, 5000 and 10000 µm, respectively. It is found from 

the simulation that the PCB size will affect the harmonic suppression 

performance and the matching condition of the designed filter. Moreover, 

the big size PCB will cause high insertion loss undoubtedly. 

 

Fig. 3.9 The 3-D view of the PCB environment. 
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(b) 

Fig. 3.10 The simulated results of the one-stage bandpass filter with different PCB 

feed line length: return loss (a) and insertion loss (b). 
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The one-stage bandpass filter responses including a small PCB with 

feed line of 500 µm after optimization in HFSS are given in Fig. 3.11. To 

show the details in passband, a zoom out view is also presented. An 

excellent agreement between the ADS simulation and the HFSS 

simulation can be observed, including a very low insertion loss of -0.55 

± 0.1 dB, good rejection at 20f  due to the transmission zero and wide 

stopband rejection about -40 dB up to 10 GHz. It is believed that the 

stopband rejection level can be enhanced by cascading more stages. 
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Fig. 3.11 The HFSS simulated results of the designed one-stage bandpass filter with 

a small PCB. 

3.2.3 Two-stage bandpass filter simulation 

After the geometrical parameters of the coupled-line, capacitors and 

ground plane apertures are obtained by fine tuning in HFSS, cascading 

was carried out for the final step. As can be seen from the top view of 

layer 4 in Fig. 3.12, two same one-stage bandpass filters were connected 
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reversely through a short transmission line for making the ports in the 

center. 

 

Fig. 3.12 The top view of the cascaded two-stage bandpass filter. 

The filter responses simulated by HFSS are shown in Fig. 3.13, and 

the detailed passband responses are also plotted in the zoomed windows. 

This simulation was also carried out including a small PCB with feed line 

length of 500 µm. As can be seen, the designed filter exhibits a low 

insertion loss of -1.0 dB and good frequency selectivity. The return loss 

within the passband is less than -15 dB. Moreover, the rejection level is 

kept below -40 dB up to 12 GHz, which is 5 times of the center frequency 

(2.3 GHz) of the dominant passband, thus making up the attractive 

ultra-broad rejection of spurious passbands. Especially, due to the 

transmission zero created by cross-coupling capacitor, the 2nd harmonic 

attenuation is nearly -80 dB. We can observe that the filter responses 

simulated by the full-wave simulator are almost the same as the responses 

optimized by the circuit simulator ADS. This proves the validity of this 
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design method. 
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Fig. 3.13 The HFSS simulated results of the designed two-stage bandpass filter with 

a small PCB. 

3.3 Fabrication and measurement 

Having obtained the optimized structural parameters in the above 

section, the chip-type LTCC bandpass filter has been fabricated by RN2 

Technologies. The dielectric constant of the LTCC raw material is 5.6 ± 

0.2 and the used conductor is silver with thickness of 15 µm after firing 

and conductivity of 5.5 × 107 siemens/m. The via-hole is 200 µm in 

diameter. Fig. 3.14 shows the photograph of the fabricated bandpass filter 

mounted on PCB. The overall size is only 10 × 7 × 2.2 mm3. Fig. 3.15 (a) 

and (b) are the measured results in the wide frequency range of 50 MHz 

to 8 GHz and the narrow frequency range of 1.8 GHz to 2.8 GHz, 

respectively. The comparison between measured responses of the filter 
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and those from EM simulation is also presented in Fig. 3.15 (c). 

 

Fig. 3.14 The photograph of the fabricated two-stage bandpass filter mounted on 

PCB. 
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(c) 

Fig. 3.15 The measured broad band performance of the fabricated two-stage 

bandpass filter mounted on PCB (a), the corresponding narrow band results (b) and 

the comparison of the measurement and simulation (c). 
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It can be seen that the measured center frequency and bandwidth 

matched well with the simulation. And in the passband, the insertion loss 

is found to be -1.2 dB, and the return loss is better than -15 dB. However, 

a small unwanted peak at the frequency point of 3.6 GHz appears resulted 

from the connecting transmission line. The rejection level at this point is 

-20 dB. This discrepancy probably comes from lack of accuracy in the 

fabrication process. Actually the printing process is capable of resolving a 

150 µm line with 10% accuracy in LTCC technology. As to the out of 

band rejection, although it is not as excellent as the simulation due to the 

absence of transmission zero, the average attenuation of -50 dB up to 8 

GHz is sufficient, which is nearly 4 times of the center frequency (2.3 

GHz) of the dominant passband. Although the measured results are 

somewhat different from the simulated ones in the higher band, it still 

verifies the possibility of the proposed design concept. 

 

Finally, Table 3.2 summarizes the characteristic of several published 

harmonic-suppression bandpass filters in comparison with this work. 

Obviously, the proposed bandpass filter in this thesis shows the advantage 

of more compact size, excellent insertion loss characteristic, and better 

stopband rejection performance. 



 

 

Table 3.2 Comparison of the different types of harmonic-suppression bandpass filter 

Refe-

rence 

Bandwidth and 

Center 

Frequency 

(GHz) 

11S  

(dB) 

21S  

(dB) 

Harmonic 

Suppression 

Level 

Overall 

Physical 

Size 

(mm× mm) 

Electrical 

Length 

(deg) 

Struc- 

ture 
Technology Year 

[24] 3.8~9.9 (6.85) <-12 -0.5 
up to 20 GHz, 

better than -30 dB 
19.5 × 11.5 - 2-D 

Stepped-impedance 

resonator 
2007 

[25] 11.4~12.6 (12) <-10 -2.8 
up to 36 GHz, 

better than -30 dB 
18.5 × 9.5 90 2-D 

Half-wave open-ended 

and filter bent 
2006 

[26] 1.85~2.15 (2) <-12 -2.8 
up to 14 GHz, 

better than -30 dB 
70.0 × 20.0 30 2-D 

Open-ended and 

short-ended coupled-line 

sections 

2008 

[27] 1.4~1.5 (1.45) <-14 -2.0 
up to 4 GHz, 

better than -35 dB 
25.0 × 25.0 - 2-D 

Perturbed square-ring 

resonator 
2006 

[28] 0.96~1.04 (1) <-15 -2.6 
up to 18 GHz, 

better than -30 dB 
140.0 × 10.0 45 2-D 

Corrugated coupled-line 

and tapped input/output 
2007 



 

 

[16] 2.9~3.1 (3) <-25 -1.5 
up to 6 GHz, 

better than -40 dB 
20.0 × 15.0 90 2-D Coupled-line with DGS 2002 

[29] 1.85~2.15 (2) - -2.6 
up to 10 GHz, 

better than -30 dB 
120.0 × 30.0 90 2-D 

Coupled-line with 

rectangular PBG loops 
2005 

[30] 3.4~5.0 (4.2) <-20 -0.6 
up to 12 GHz, 

better than -25 dB 
10.0 × 5.0 - 2-D 

Open-ended stub and 

DGS 
2004 

[31] 3.8~4.1 (3.95) <-20 -1.5 
up to 16 GHz, 

better than -40 dB 
20.0 × 3.0 90 2-D 

Aperture-backed 

Stepped-impedance 

resonator 

2005 

This 

work 

2.18~2.42 

(2.3) 
<-15 -1.2 

up to 8 GHz, 

better than -40 dB 
10 × 7 × 2.2 10 LTCC 

Short-ended 

coupled-line with 

capacitive loading and 

cross-coupling 

2008 
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CHAPTER 4  Conclusion 

A novel implementation and associated design formulas for a 

compact multi-harmonic suppression bandpass filter are proposed in this 

thesis. The proposed filter is based on the structure of capacitive loading 

of the parallel short-ended coupled-line, which is a relatively simple mean 

of reducing the coupled-line electrical length that usually plays a decisive 

role to the filter size. On the other hand, the use of lumped elements can 

effectively suppress the spurious passbands. By introducing the 

cross-coupling capacitor into the miniaturized coupled-line section, a 

transmission zero can be generated to achieve better frequency selectivity 

and wide multi-harmonic suppression. The location of the transmission 

zero may easily be adjusted by varying the cross-coupling capacitance. In 

addition, the aperture compensation technique is also applied for tight 

coupling in the coupled-line section. Although this filter schematic is well 

known, a different design approach is presented. The approach cascades 

two identical elementary filters to achieve the desired specifications, 

making the design procedure simple and providing design flexibility. 

Moreover, this method is general and geometry-independent, thus can be 

applied to any type of bandpass filter design. 

 

The proposed bandpass filter has been successfully realized using 

LTCC technology in a seven-layer ceramic substrate. This filter exhibits 

not only an excellent spurious passband rejection of better than -40 dB in 
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the upper stopband even up to 40f , but also low insertion loss of -1.2 dB 

and good frequency selectivity, showing promising application potentials. 

To certify this approach, such a two-stage bandpass filter with low 

insertion loss and sufficient multi-harmonic suppression was fabricated 

and carefully examined. Measurement and predicted results in the 3-D 

simulation are found in good agreement with each other, showing that the 

proposed design method is very effective in high-performance bandpass 

filter design. 
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