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Nomenclature 
 

 

C : Capacitance 

cC : Parasitic capacitance to each other 

gC : Parasitic capacitance to ground 

f : Frequency 

0f : Center frequency 

nf : Normalized frequency 

L : Self-inductance 

M : Mutual-inductance 

0Z : Characteristic impedance 

oeZ : Even-mode characteristic impedance 

ooZ : Odd-mode characteristic impedance 

IZ : Image impedance 

[[[[ ]]]]S  Scattering matrix 

[[[[ ]]]]T : Transfer matrix 

[[[[ ]]]]Y : Admittance matrix 

[[[[ ]]]]Z : Impedance matrix 

ββββ : Propagation number 

0εεεε : Air dielectric constant 

rεεεε : Relative dielectric constant 

θθθθ : Electrical length 

λλλλ : Wavelength 

ωωωω : Angular frequency 
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Abstract 
 

A Design of Compact Planar Low-Pass Filter for Harmonics and 

Spurious Suppression 

 

Rui Li 

Dept. of Radio Sciences & Engineering 

Graduate School, Korea Maritime Univ. 

Supervisor ：Prof. Dong Il Kim, Ph. D 

 

Low-pass filters are often employed in many communication 

systems to suppress harmonics and spurious signals, which demand 

compact size, low insertion loss, and high attenuation. The 

conventional low-pass filters, such as open-stub low-pass filters and 

stepped impedance low-pass filters can not meet the requirements for 

modern communication systems because of their large size and narrow 

stopband.  

 

In this dissertation, a novel compact structure with three 

controllable finite attenuation poles at stopband was proposed. The new 

structure is composed of a pair of symmetrical parallel coupled-line and 

a capacitive load. With this configuration, three finite attenuation poles 

are available, which can improve the stopband characteristics of low-

pass filters or the upper stopband performances of band-pass filters. 

The research method is based on transmission-line model for tuning the 

finite attenuation poles. In order to examine the feasibility of the 

proposed structure, the new type low-pass filter with broad stopband 

and sharp cutoff frequency response based on microstrip structure was 
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designed, fabricated, and measured. The experimental results of the 

fabricated circuit agree well with the simulation and analytical ones. In 

addition, a semi-lumped low-pass filter was designed, fabricated, and 

measured, which can suppress 2nd, 3rd, and 4th harmonics. In addition, 

any of the unwanted signals can be eliminated using this design method 

by adjusting the electrical circuit parameters. 
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요 약 
 

하모닉과 스퓨리어스 신호를 억제하기 위해 소형화 평면형 저역 통

과 필터의 설계 

 

Rui Li 

학    교: 한 국 해 양 대 학 과 

학    과: 전 파 공 학 과 

지도교수: 김 동 일 

 

하모닉과 스퓨리어스 신호를 억제하기 위해서 사용되는 

저역통과필터는 많은 통신시스템에서 보다 작은 사이즈와, 낮

은 사입손실, 그리고 저지 대역에서 높은 감쇠특성을 필요로한

다. 그러나 개방 스터브 저역통과필터와 계단형 임피던스 저역

통과필터와같은 종래의 저역통과필터는 현대 통신시스템에 대

한 이러한 요구를 만족할 수 없다. 

 

본 논문에서는 저지 대역에서 조절가능한 3개의 유한 감

쇠 폴을 갖는 새로운 소형화된 회로를 제안하였으며 이 회로

는 대칭적인 평행 결합선과 컨덴서로 구성되어 있다. 이 구조

는 3개의 유한 감쇠 폴이 조절가능하기때문에 저지 대역필터

의 저지대역의 특성과 통과 대역필터의 높은 저지대역 특성을 

개선할 수 있다. 본 논문에서의 연구 방법은 전송선로 모델을 

이용하여 유한 감쇠 폴의 위치를 조절하는 것이다. 제안된 회

로의 가능성을 확인하기 위하여 마이크로 스트립 기판으로 넓

은 저지 대역폭과 샤프한 차단 주파수 특성을 갖는 저역 통과

필터를 설계하고 제작한 후 주파수특성을 측정하여 시뮬레이

션 결과와 비교한 결과, 측정결과와 시뮬레이션 결과는 잘 일
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치함을 학인하고 있다. 다음으로, semi-lumped 저역 통과필터를 

설계해서 제작 후 주파수 특성을 측정한 결과 2차, 3차, 그리고 

4차 고조파 신호를 제거할 수 있었으며, 회로의 전기적인 파라

미터를 조절해서 원하지 않은 신호를 제거할 수 있다. 
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CHAPTER 1  Introduction 
 

 

The microwave region of the electromagnetic spectrum has 

certain properties. These enable microwave signals to propagate over 

long distances through the atmosphere under all but the most severe 

weather conditions. Both civilian and military applications abound, 

including radar, navigation, and the latest “hot application,” wireless 

communications. However, the microwave spectrum is a finite 

resource which must be divided according to frequency (see Fig. 1.1). 

And this is where microwave filters come in [1], [2]. Microwave 

filters are important components in a variety of electronic systems 

including cellular radios, satellite communications and radars [3], [4]. 

They are used to separate or combine different frequencies. Emerging 

applications such as wireless communications continue to challenge 

RF/microwave filters with ever more stringent requirements such as 

higher performance, small size, lighter weight, and more important 

factor-lower cost. The recent advances in novel materials and 

fabrication technologies, including high-temperature superconductors 

(HTS), low-temperature co-fired ceramics (LTCC) [5], monolithic 

microwave integrated circuits (MMIC), micro-electro-mechanic 

system (MEMS), and micromachining technology, have stimulated the 

rapid development of new microstrip and other filters for 

RF/Microwave applications [6].  
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RF & Microwave spectrums 
    

 

Fig. 1.1  RF/ Microwave spectrums. 

There are several different classification methods for filters. It is 

well known that they can be divided into four types of filters in 

RF/Microwave system mainly in terms of frequency selectivity 

characteristics, such as Low-Pass Filter (LPF), High-Pass Filter (HPF), 

Band-Pass Filter (BPF), and Band-Stop Filter (BSF). Their 

representative frequency responses are shown in Fig. 1.2. And 

following the different implementation methods of filters, there are 
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Fig. 1.2  Classification in terms of frequency responses. 

two main kinds, such as lumped-elements and distributed-elements 

filters. Lumped-elements filters are frequently applied in low-

frequency band because the wavelength of the operation signal will be 

comparable to the size of the lumped-elements itself, whereas the 

distributed-elements filters can be used in high-frequency band 

extending to decades and hundreds of GHz (giga hertz). As a typical 

representative, the RF filters based on microstrip-line structures have 

some excellent advantages such as low cost, easy to fabricate and 

integrate, and so on. That is why this kind of filters finds a wide 

application in modern communication systems.  
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1.1 Background and purpose 
 

A.  Harmonic signals 

Fig. 1.3 Graphic description of harmonics. 

As is well known, a harmonic is a signal or wave whose 

frequency is an integral (whole-number) multiple of the frequency of 

some reference signal or wave. The term can also refer to the ratio of 

the frequency of such a signal or wave to the frequency of the 

reference signal or wave (see Fig. 1.3) [7]. Up to now, harmonics are 

usually generated in active components, such as PA (power amplifier), 

LNA (low noise amplifier), mixer, and so on (see Fig. 1.4) because of 

the transistors being used in these components [8], and these active 

components are necessary to transceivers. Therefore, a study on 

harmonics is great significant to modern communication systems.  
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Fig. 1.4  Harmonics generation. 

However, there are two roles harmonics play in transceiver 

system. One is the specific harmonics of RF signals can be utilized to 

be a source of an oscillator and frequency synthesizer. For example, a 

harmonic frequency of 300-Hz developed on a 60-Hz system is the 

fifth harmonic (5 x 60 Hz = 300 Hz). On the contrary, the 

presentations of harmonics cause some problems to communication 

systems, such as harmonics distortions. Harmonic signals can reduce 

level of efficiency of any communication systems. For examples, the 

Fig. 1.5  Harmonics distortion description. 
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Fig. 1.6  Test system for harmonics. 

fundamental signal, which is a sine wave in the time domain with a 

frequency of 1 GHz, when it is added by the 1st and 3rd harmonics, 

the result in the time domain is not a standard sine wave any more. 

This is shown in Fig. 1.5. In this case, the harmonics influence the 

quality of the communication systems strongly, especially signal 

integrity [9]. 

 

A typical setup to perform a harmonic distortion measurement is 

shown in Fig. 1.6 above. A low-pass or band-pass filter passes the 

fundamental signal while suppressing its harmonics. This setup injects 

a very clean sinusoidal signal into the device under test (DUT). Any 

harmonic content at the DUT output is assumed to be generated by the 

DUT instead of the source [10].  

 

Harmonic distortion can be effectively reduced in any real world 

system through the use of low-pass or band-pass filtering. 

 

B. Spurious signals 
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With the exception of harmonic signals, there are other signals 

which have to be eliminated in communication systems, to be called 

spurious signals. Here, the spurious signals mentioned above refer to 

non-harmonics spurious signals. They appear usually in the planar 

circuits based on strip-lines, microstrip-lines, slot-lines and coplanar 

structure due to the intrinsic characteristics of the planar structures. 

However, they have valuable features as electromagnetic wave filters: 

a simple structure, a small size, and the capability of wide application 

to various devices. Moreover, the most attractive feature of microstrip-

line, strip-line or coplanar-line resonators is that they can be easily 

integrated with active circuits such as MMICs, because they are 

manufactured by photolithography of metalized film on a dielectric 

substrate [11],[12]. 

 

Particularly, microstrip-line filters, as very popular and 

important components, have been employed widely in communication 

Fig. 1.7  Spurious band description. 
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systems. Generally, this kind of filters utilizes the resonators of λ/4, 

λ/2 and SIR (Stepped-Impedance Resonator) [6]. As is well known, 

these filters have the periodic frequency responses. Therefore, one of 

the significant disadvantages is that the first spurious passband of the 

conventional type of filters appears so closely and strongly that the 

rejection of the upper stopband is worse than that of the lower 

stopband as shown in Fig. 1.7. Sometimes, the upper stopband 

rejection may be as bad as 10 dB, especially in case of wide 

bandwidth filters. Therefore, the selectivity performance of filters will 

be decreased to a large extent.  

 

C.  Solutions to these two problems 

 

Present research on microwave filters is very active because of 

the continuous demands of high-performance circuits from modern 

communication and electronic systems. To suppress harmonics and 

spurious signals, many researchers have taken a lot of effort. For 

instances, K. H. Yi and B. K. Kang employed open-stubs of λ/4n 

wavelength into conventional Wilkinson power divider for nth 

harmonics suppression [13], W. H. Tu and K. Chang proposed a 

compact second harmonic-suppressed band-stop and band-pass filters 

[14], and so on. In a different view, C. Quendo and E. Rius integrated 

an optimized low-pass filter in a band-pass filter for out-of –band 

improvement [15]. A semi-lumped low-pass filter for harmonics and 

spurious suppression was proposed by Jyh-Wen Sheen [16].In addition, 

PBG (Photonic Band-Gap) and DGS (Defected Ground Structure) 

techniques have been widely used to improve stopband characteristics 

of filters [17], [18], like a design of the novel coupled-line band-pass 

filter using DGS with wide stopband performance proposed by J. S. 
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Park and J. S. Yun. All the methods mentioned-above require 

complicated analysis and optimization processes. The simplest method 

for harmonics and spurious suppression is applying a low-pass filter 

into the integrated circuits. 

 

As is well known, the low-pass filters are often employed in 

many communication systems to suppress harmonic and spurious 

signals [19], with the demand for compact size, easy-to-integrate, low 

insertion loss, wide out-of-band, and high attenuation level. The 

conventional low-pass filters, such as open-circuited stub low-pass 

filters and stepped impedance low-pass filters can not meet the 

requirements for modern communication systems because of their 

large size and narrow stopband. For sharper cutoff and high 

attenuation at stopband, the order of the stepped-impedance low-pass 

filter must be very high [1], [2], thereby the circuit size and insertion 

loss will be increased. In literature, many design approaches have 

been proposed to improve the low-pass filter’s performance. The low-

pass filters using PBG and DGS structures can improve the skirt 

characteristic and provide wide and deep stopband as compared with 

the conventional low-pass filters, however, fabrication process 

becomes difficult and EMC/EMI problems will be produced due to the 

defected ground. A low-pass filter using multiple cascaded hairpin 

resonators that can provide sharp cutoff frequency responses with low 

passband insertion loss has been demonstrated in [20], [21]. However, 

this type of design approach is a little complicated and just used to 

synthesize some parts of available prototype low-pass filters. In 

addition, W. H Tu and K. Chang have proposed a compact microstrip 

low-pass filter with sharp rejection characteristics [22]. This kind of 

filters can provide two transmission zeros through stopband. 
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In this dissertation, a novel and more compact structure 

fabricated on microstrip line structure is proposed and a new type of 

low-pass filter based on this structure, which consists of a pair of 

symmetrical parallel coupled-line and a capacitive load, is developed. 

Its equivalent circuits are extracted and the details of extraction 

process for the equivalent circuits are depicted in this work. The 

proposed structure demonstrates many attractive features: simple and 

compact structure, low passband insertion loss, broad stopband, sharp 

skirt characteristic and three controllable transmission zeros which can 

suppress the harmonics and specific spurious signals. 

 

 

1.2 Research contents 
 

Chapter 1 briefly presents classification of filters and discusses 

the importance of the suppression for harmonics and spurious signals. 

In addition, the former research achievements in this region are 

proposed in this chapter. 

 

In chapter 2, the basic theory of low-pass filters are introduced 

briefly. The structure is proposed and its equivalent circuit extracted 

from Chebyshev low-pass filter prototype is derived and discussed in 

detail. Simulating by using ADS simulator (Advanced Design System), 

the skirt characteristics and rejection bandwidth of out-of-band can be 

optimized. And a low-pass filter designed by this proposed method is 

fabricated and measured. However, by comparing the simulated and 

measured results, we find a shortcoming about this equivalent.  
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Chapter 3 focuses on the problem found out in chapter 2, and 

based on this point, the equivalent circuit proposed in chapter 2 is 

improved by changing the circuit topology to depict the frequency 

responses of the proposed compact structure more exactly.  

 

In chapter 4, the circuit proposed in this thesis was been 

analyzed by using even-odd mode method, and from this analysis 

results, it is found that there are three transmission zeros through the 

whole stopband which can be controllable to suppress specific 

harmonics and spurious signals. Based on this design method, a low-

pass filter has been designed, fabricated and measured for suppressing 

the 2nd, the 3rd, and the 4th harmonics signals. By comparing the 

simulated and measured results, the feasibility of this approach can be 

confirmed.  

 

Chapter 5 is the conclusion of this research work and presents a 

future plan.  
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CHAPTE 2  Compact Low-Pass Filters 
 

 

2.1 Basic theory for a low-pass filter design 
 

As is well-known, there are generally four types of low-pass 

filter prototypes applied in RF/Microwave circuits, such as, 

Butterworth-type (also called maximally flat), Chebyshev-type, 

Bessel-type, and Elliptic function type, etc [3]. All these types have 

distinguishing characteristics, respectively. Therefore, we should 

select an appropriate type prior to design work according to the 

required filter’s specifications, and the design process is as shown in 

Fig. 2.1. 

 

Fig. 2.1  Low-pass filters implementation. 

To better understand the operation mechanism of low-pass filters, 

and how to select an appropriate low-pass filter’s type we need for 

some real-world applications, therefore some comparable features of 

the above-mentioned four types of low-pass filters are discussed as 

following:  
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(a) 

A.  Butterworth filters 

 

The Butterworth filter  is one type of electronic filter design. It 

is designed to have a frequency response which is as flat as 

mathematically possible in the passband. Another name for them is 

'maximally flat magnitude' filters. The Butterworth type filter was first 

described by the British engineer Stephen Butterworth in his paper 

"On the Theory of Filter Amplifiers" [23]. The frequency response of 

the Butterworth filter is maximally flat (has no ripples) in the 

passband, and rolls off towards zero in the stopband. When viewed on 

a logarithmic Bode plot, the response slopes off linearly towards 

negative infinity. As shown in Fig. 2.2, its network topology and 

frequency responses are presented.  
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(b) 

Fig. 2.2  (a) Network topology (for 5th order at 2 GHz) and (b) comparison of 

frequency responses of Butterworth low-pass filters with different order. 

 

For a first-order filter, the response rolls off at −6 dB per octave 

(−20 dB per decade). (All first-order filters, regardless of name, are 

actually identical and so have the same frequency response.) For a 

second-order Butterworth filter, the response decreases at −12 dB per 

octave, a third-order at −18 dB, and so on. Butterworth filters have a 

monotonically decreasing magnitude function with ω. The 

Butterworth is the only filter that maintains this same shape for higher 

orders (but with a steeper decline in the stopband) whereas other 

varieties of filters (Bessel, Chebyshev, elliptic) have different shapes 

at higher orders. 
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Compared with a Chebyshev Type I/Type II filter or an elliptic 

filter, the Butterworth filter has a slower roll-off, and thus will require 

a higher order to implement a particular stopband specification. 

However, Butterworth filter will have a more linear phase response in 

the passband than the Chebyshev Type I/Type II and elliptic filters. 

 

B.  Chebyshev filters 

 

Chebyshev filters, are widely-used a type of filters having a 

steeper roll-off and more passband ripple than Butterworth filters. 

Chebyshev filters have the property that they minimise the error 

between the idealised filter characteristic and the actual over the range 

of the filter, but with ripples in the passband. This type of filters is 

named in honor of Pafnuty Chebyshev because their mathematical 

characteristics are derived from Chebyshev polynomials [3]. 

 

They are divided into two types: Chebyshev Type I and 

Chebyshev Type II with respect to the different network topologies. 

Type I are the most common Chebyshev filters. The order of a 

Chebyshev filter is equal to the number of reactive components. Type 

II is also known as inverse Chebyshev, this type is less common 

because it does not roll off as fast as type I, and requires more 

components. It has no ripple in the passband, but does have ripple in 

the stopband. Because of the passband ripple inherent in Chebyshev 

filters, filters which have a smoother response in the passband but a 

more irregular response in the stopband are preferred for some 

applications. 
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(a) 

 

 

 

(b) 

Fig. 2.3  (a) Network topology (for 5th order and 0.5 dB ripple at 2 GHz) and (b) 

comparison of frequency responses of Type I Chebyshev low-pass filters with 

different order. 

 

As shown in Fig. 2.3, the network topology and frequency 

responses are demonstrated.  
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(a) 

C.  Elliptic filters 

 

An elliptic filter  (also known as a Cauer filter ) is a filter with 

equiripple behavior in both the passband and the stopband. For a 

specified minimum ripple in the pass band and the stop band, no other 

filter of equal order can do better than an elliptic filter. It minimizes 

the maximum error in both bands, as opposed to a Chebyshev filter 

which exhibits equal and minimized ripple in the pass band, or the 

inverse Chebyshev filter which exhibits equal and minimized ripple in 

the stop band. In addition, the Elliptic Filter contains a sharp cut off, 

high group delay, and greatest stop band attenuation. Like the 

Chebyshev Type I Filter, the Elliptic pass band attenuation is defined 

to be the same value as the pass band ripple amplitude. However, 

Filter Solutions allows the user the option of selecting any pass band 

attenuation in dB's that will define the filters cut off frequency. 
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(b) 

Fig. 2.4  (a) Network topology (for 5th order with 0.5 dB ripple at 2 GHz) and (b) 

comparison of frequency responses of elliptic-function low-pass filters. 

In order to have a sharp cutoff frequency response, the elliptic-

function low-pass filters have been employed widely and frequently. 

The frequency responses and network topology are shown in Fig. 2.3.  

 

D.  Bessel filters 

 

In electronics and signal processing, a Bessel filter is a variety of 

linear filter with a maximally flat group delay (linear phase response). 

Bessel filters are often used in audio crossover systems. Analog Bessel 

filters are characterized by almost constant group delay across the 

entire passband, thus preserving the wave shape of filtered signals in 

the passband. Here, the network topology is similar as Butterworth 

prototype low-pass fiter, and the frequency responses are ommited. 

E.  Brief comparison description 
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(a) 

 

Based on above-mentioned four types of low-pass filters, we 

should draw a conclusion about how to select an appropriate type for 

specific application?  

 

Here are some images showing a comparison of frequency-

responses and group-delay characteristics between different low-pass 

filters with the same number of coefficients: 
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(b) 

Fig. 2.5  (a) Frequency responses and (b) group delay characteristics. 

 

By comparing the frequency responses and group-delay 

characteristics of these different low-pass filters, the advantages and 

disadvantages are showing as following: 

 

— Butterworth maximally flat magnitude 

 

Advantages:  

 

Maximally flat magnitude response in the pass-band. 

Good group-delay performance than Chebyshev.  
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Rate of attenuation better than Bessel. 

 

Disadvantages: 

 

Wide transition band and poor attenuation level. 

 

— Chebyshev equal ripple magnitude 

 

Advantages: 

  

Better rate of attenuation beyond the pass-band than Butterworth. 

 

Disadvantages: 

 

Ripple in pass-band, high insertion-loss than Butterworth type. 

High group delay than Butterworth and Bessel types. 

 

And Chebyshev type II (inverse Chebyshev type) has equi-ripple in 

stop-band but not in pass-band. 

 

— Bessel - also called Thomson 

 

Advantages:  

 

Best group-delay characteristics than other types. 

 

Disadvantages:  

 

Slower initial rate of attenuation beyond the pass-band than 

Butterworth, Chebyshev and Elliptic-function types. 
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— Elliptic-function  

 

Advantages:  

 

Best attenuation rate in transition and high attenuation level than 

other types. 

 

Disadvantages:  

 

Poor group-delay characteristic than Chebyshev type. 

More lumped-elements required dude to its complicated network 

topology. 

 

By enumerating the advantages and disadvantages above, a brief 

flow-chart is made to easily select an appropriate type for a specific 

application, as shown in Fig. 2.6 below.  
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Fig. 2.6  Flow chart for filter-type selecting. 
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(a) 

 

2.2 Conventional microstrip low-pass filters 
 

As is well known, RF filters based on microstrip structure have 

some excellent advantages such as low cost, easy to fabricate and 

integrate, and so on. Therefore, the low-pass filters based on 

microstrip structure have been the main emphasis of researches [2]. 

 

The conventional low-pass filters based on microstrip line 

structure include several types, such as stepped-impedance low-pass 

filter, open-stub low-pass filter, and quasi-elliptic function low-pass 

filter, etc. As follows, they are introduced below, including their 

circuit layout and corresponding frequency responses. 

 

The stepped-impedance and open-stub low-pass filters can be 

transformed from Chebyshev, Butterworth, and Bessel prototype. As 

shown in Fig. 2. 7, the prototype circuit comprised of lumped-

elements and the planar circuits based on microstrip line structure are 

demonstrated. 

 

 



-  - 25 

    

(b) 

Fig. 2.7  (a) General network topology using lumped-elements and (b) stepped-

impedance low-pass filter based on microstrip line structure.  

 

where the physical parameters of the stepped-impedance low-pass 

filters can be approximately derived. As shown in Fig. 2.8, the 

conventional transmission line can be represented by T-type and Π- 

type network comprised of lumped-elements inductors and capacitors. 

Fig. 2.8  Transform from lumped-elements to planar components. 
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In the case of low-impedance, the series-inductors in T-type can 

be omitted due to the low value of the characteristic impedance; 

therefore the low-impedance line can be used to be a capacitor 

approximately. And in the case of high-impedance, the shunt-

capacitors can be neglected because of the high impedance-value, the 

transformation processes and the formulas are shown in Fig. 2.9. 

 

where g0, g1 … gn are the elements values in prototype circuits, they 

can be found in the authorities’ published tables, Z0 is the 

characteristic impedance, L1, C1 … Cn  represent the lumped-elements 

values, λ means the wavelength of the operation frequency, and lL, lC 

are the length of the high- and low-impedance lines, f means the 

central operation frequency. 

 

The previous stepped-impedance low-pass filter realizes the 

shunt-capacitors of the low-pass prototype as low impedance lines in 

the transmission path. An alternative realization of a shunt capacitor is 

to use an open-circuited stub subject o where the term on the left-hand 

side is the susceptance of shunt-capacitor, whereas the term on the 

right-hand side represents the input susceptance of open-circuited stub, 

which has characteristic impedance Z0 and a physical length l that is  

Fig. 2.9  Transformation processes and formulas. 
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Fig. 2.10  Open-stub low-pass filter based on microstrip line. 

smaller than a quarter of guided wavelength λg. Therefore, the 

following type of low-pass filter based on microstrip line structure is 

referred to as open-stub low-pass filter, and its layout is as shown in 

Fig. 2.10. Also, the transformation process and formulas are all the 

same with the stepped-impedance low-pass filters as shown in Fig. 

2.8~2.9. 

 

The next planar low-pass filter based on microstrip structure is 

very popular in RF/microwave circuit because of its sharp skirt-

characteristics and high attenuation level. That is elliptic-function low 

–pass filter whose layout can be derived from the corresponding 

elliptic-function prototype, as shown in Fig. 2. 11. 

 

All the three types of the conventional microstrip low-pass filters 

cannot meet the demands for modern microwave circuit. If we want to 

realize a low-pass filter with high-attenuation and sharp transition-

band, the lumped-elements will be six or more. In this case, however, 

the circuit size will be so large that the integration with other RF 

components becomes difficult. So the compact planar filters with  
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(a) 

 

 

(b) 

 

Fig. 2.11  (a) Prototype network and (b) circuit layout of elliptic-function low-pass 

filter based on microstrip line structure. 

high-performances, easy-to-integrate, low cost, low insertion-loss and 

high attenuation level at out-of-band have to be developed to satisfy 

the increasing requirements. 
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2.3 Compact planar structure 
 

2.3.1 Low-pass filter with compact planar structure 

 

Recently, some compact low-pass filters have been proposed in 

published papers, including the compact low-pass filter using the 

cascaded stepped-impedance resonators by L. H. Hsieh and K. Chang 

in Jan. 2003, a compact microstrip low-pass filter with sharp rejection 

using inter-digital capacitor reported by W. H. Tu and K. Chang in 

June, 2005, a representative design of the low-pass filter using the 

novel microstrip defected ground structure proposed by D. Ahn, J. S. 

Park, C. S. Kim, J. Kim, Y. Qian, and T. Itoh in Aug. 2005. 

 

In this paper, we proposed a new compact microstrip low-pass 

filter with broad stopband and sharp skirt characteristics. The 

philosophy of the structure behind this novel microstrip low-pass filter 

is simple as it is comprised of a pair of parallel coupled-line and an 

open-stub. With this configuration, a finite attenuation pole near the 

stopband cutoff frequency is available, and the notch frequency can be 

well controlled by adjusting the circuit parameters. The design 

formulas are derived by using an equivalent-circuit model of a parallel 

coupled transmission line. In order to validate the feasibility of the 

proposed design method, a 3-order Chebyshev low-pass filter with 

0.01-dB ripple is designed, fabricated, and measured. Experimental 

results agree well with the simulation and analytical results. 
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2.3.2 Proposed compact structure 

 

 

Fig. 2.12  Layout of the proposed compact low-pass filter. 

 

Fig. 2.12 shows the layout of our proposed low-pass filter. This 

low-pass filter consists of an open-stub with the length of ls and a pair 

of parallel coupled-line with the length of lc. ZS is the characteristic 

impedance of the open-stub, while Zoe and Zoo represent the even- 

and odd-mode impedance of the parallel coupled-line, respectively. 

 

To analyzer this compact structure simply, we firstly assume that 

the structure is lossless and the width of the feeding lines is negligible. 

Under these assumptions, this type of compact structure can be 

divided into two sections, namely open-stub section and parallel 

coupled-line section.  
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A.  Modeling of the open-stub 

 

Fig. 2.13  Equivalent circuit of an open-stub. 

 

The open-stub section is modeled as an equivalent capacitor, as 

shown in Fig. 2. 13. The open-stub can be considered as a quasi-MIM 

capacitor, and the equivalent capacitance can be obtained from [24]: 

 

SS
S

in jYY θθθθtan====                     (2.1) 

 

where S
inY  is an input admittance from the starting point of the open-

stub, SY  is the characteristic impedance of the open-stub 

transmission line, and Sθθθθ  is the electrical length of the open-stub. 

 

For a load capacitor shown in the right of Fig. 2.13, its input 

admittance can be calculated as following:  

 

S
C

in CjY 0ωωωω====                     (2.2) 
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where C
inY means the input admittance of the load capacitor, 0ωωωω  is 

operation frequency, SC  represents the capacitance value. 

 

Therefore, by equalizing the right parts of Eqn. (1) and (2), the 

relationship between the open-stub and the load capacitor can be 

obtained, as shown in Eqn. (3) below: 

 

0

tan

ωωωω
θθθθ S

S

Ys
C

⋅⋅⋅⋅
====                    (2.3) 

 

For a parallel-plate capacitor, the capacitance can be calculated 

by Eqn. (4) [25]: 

 

      )(
36

10 15

0 F
d

Wl
d

Wl
C r

r ππππ
εεεεεεεεεεεε

−−−−

========              (2.4) 

 

where εr is the relative dielectric constant; W, l, and d are the width, 

length, and thickness of the parallel-plate capacitor, respectively. 

 

B.  Modeling of the parallel coupled-line with its far-end shorted 

 

Comparing with the modeling of an open-stub, a parallel 

coupled-line with its far-end shorted is a little complicated. First of all, 

as depicted in Fig. 2.14, the symmetrical parallel coupled-line is 

modeled as a transmission line section.  

 

The relevant parameters can be obtained from [3]:  



-  - 33 

    

    

Fig. 2.14  Equivalent circuit of a symmetrical parallel coupled-line with its far-end 

shorted. 

 

oooeI ZZZ ⋅=                 (2.5) 
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ZZ

ZZ
l
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++++
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where IZ  is the image impedance, βl is the image propagation 

function for the transmission line section. In fact, for the case of a 

uniform transmission line, the image impedance of the line is also its 

characteristic impedance and the image propagation function is also 

the electrical length of the line. 
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(a)  Pi-type 

    

(b)  T-type 

 

Fig. 2.15  Equivalent circuit of a transmission line section. 

 

From the basic theory of network-transformations, the 

transmission line section can be transformed into two-types of 

network comprised of lumped elements, such as Pi-type and T-type 

[26], [27], as shown in Fig. 2.15. In this work, we choose the T-type as 

the one we need here to simplify the analysis process.  

 

For a lossless single transmission line section with a length of l, 

its ABCD matrix is given by 
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       (2.8) 

where YI = 1/ ZI  is the characteristic admittance of the single line. 

The ABCD  matrix of the equivalent T-type network is 
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DC

BA

      (2.9) 

 

where ZL = jωLP , Yc = jωCP , and ω is the angular operation frequency, 

and LP and CP are the equivalent inductance and capacitance of the 

single transmission line. Comparing (2.8) and (2.9), the LP and CP can 

be obtained as 

 

ω
β )sin( lY

C I
P

⋅
=

                (2.10) 

and 

ω

β
)

2
tan(

l
Z

L
I

P

⋅
=

               (2.11) 

 

Furthermore, by combining the equivalent-circuit models of the 

open-stub and the symmetrical parallel coupled-line, a whole 

equivalent-circuit in terms of lumped elements L and C can be 

achieved, as shown in Fig. 2.16, where the shunt capacitance is the 

sum of CS and CP.  
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Fig. 2.16  A whole equivalent circuit of the open-stub modeling circuit and the 

parallel coupled-line modeling circuit. 

 

 

Table 2.1  Element values for Chebyshev low-pass fiters with 0.01 dB ripple 
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(a) 

 

(b) 

2.3.3 Compact Low-pass filter implementation 
 

Fig. 2.17  Low-pass filter using one-unit. (a) Layout. (b) equivalent circuit. 

Up to now, the proposed compact structure and its equivalent 

analysis process have been discussed above. It is obviously that the 

whole equivalent circuit has an identical network topology as the 

conventional low-pass filter prototype. Therefore, we will design a 

low-pass filter based on the published table of a Chebyshev prototype 

low-pass filter as shown in Table I below. 



-  - 38 

A.  Low-pass filter using one-unit structure 

 

To validate the proposed design approach, a 3-order 0.01-dB 

ripple Chebyshev low-pass prototype filter with a 3-dB cutoff at 2 

GHz is synthesized. By using the 0.01-dB ripple one, we can obtain a 

very low insertion-loss through the passband. 

 

Fig. 2.17 shows the geometry and equivalent circuit of the 

Chebyshev low-pass filter using one-unit structure. And the equivalent 

inductance LP and the sum of the equivalent capacitances CP are 2.503 

nH and 1.544 pF, respectively, and the physical dimensions extracted 

by Eqn. (2.1) ~ (2.11) are shown in Table II. The low-pass filter is 

designed and fabricated on a 1.524 mm thick Taconic PCB with a 

relative dielectric constant of 3.5.  

 

As shown in Table 2.2, the dimensions of the coupled-line are 

fixed, as the shorter the coupled-line is, the more difficult the 

fabrication becomes. Furthermore, we investigated the frequency 

responses of the proposed low-pass filter with different open-stub  
    

Table 2.2  Physical dimensions of the proposed low-pass filter 

Open-stub 

No. 
Parallel coupled-line 

(mm) 
Width 

(mm) 

Length 

 (mm) 

Effective area 

 (mm ×  mm) 

1 12.06 4.03 12.06 ×  9.58 

2 7.17 5.96  7.17 ×  11.51 

3 

Width:  0.36 

 Space:  0.67 

Length:  5.55 3.40 9.37  3.40 ×  14.93 

 



-  - 39 

 

(a) 

 

(b) 

Fig. 2.18  (a) Layout in ADS momentum simulator (b) simulated results following 

the physical parameters in Table 2.2. 

 

length. The layout and the simulated results by using the Agilent ADS 

momentum simulator are shown in Fig. 2.18. 
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Fig. 2.19  Comparison between the two simulated results of the proposed one-unit 

structure and its equivalent L-C circuit. 

 

Fig. 2.18 shows that the insertion loss within passband and the 

attenuation characteristics within stopband become better as the length 

of open-stub gets shorter. On the contrary, the circuit effective area is 

increased, as shown in Table II. We therefore adopted the 2nd set of 

dimensions to implement a compact low-pass filter. In this case, the 

simulated results show that the passband insertion loss is less than 0.3 

dB over the whole passband, and the return loss is better than -20 dB 

from DC to -1.7 GHz, and the attenuation level is less than -20 dB 

within a very broad stopband up to about 10 GHz.  

 

A comparison between the two simulated results of the proposed 

one-unit low-pass filter and its L-C equivalent circuit using the 
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lumped element values indicated in Fig. 2.17(b) has been made, as 

shown in Fig. 2.19. Viewing the comparison results, the proposed 

low-pass filter has very broad stopband as well as the prototype L-C 

low-pass filter, and has much sharper skirt characteristic but a little 

more insertion loss compared to the conventional L-C one.  

 

Following the above analysis, a photograph of the fabricated 3rd 

Chebyshev low-pass prototype filter using the proposed one-unit 

structure is shown a compact microstrip low-pass filter has been 

fabricated based on a Taconic PCB with 0.35 thickness and relative 

dielectric constant of 1.524, as shown in Fig. 2.20, and the measured 

results are compared with the simulation study in Fig. 2.21. As is 

Fig. 2.20  A photograph of the fabricated compact microstrip low-pass filter. 
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Fig. 2.21  Measured and simulated frequency responses. 

 

depicted, the simulated results and the measured results agree well, 

obviously. 

 

B.  Low-pass filter using cascaded structure 

 

In order to have a better skirt and stopband rejection 

characteristics, a low-pass filter using two cascaded stages are 

developed, the layout and lumped equivalent modeling are described 

in Fig. 2.22(a) and Fig. 2.22(b), respectively. Similar with the one- 

stage low-pass filter, a 5-order 0.01-dB ripple Chebyshev low-pass 

prototype filter with 3-dB cutoff frequency at 2 GHz are employed in 

this case, and the lumped elements values are indicated in Fig. 2.23. 

The physical dimensions of the two-stage low-pass filter can be 

obtained by the same method used in the one-stage case. However, the  
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Fig. 2.22  Low-pass filter using cascaded structure. (a) layout. (b) equivalent 

circuit. 

lumped elements values of the 5-order Chebyshev prototype low-pass 

filter are not available, if the two stages are linked directly. Because 

the inductance values of L1, L2, L3a, L3b, and L5 can be set to 3.009 nH 

as shown in Fig. 2.22(b), but a sum of the inductance values of L3a, 

and L3b is a litter less than the inductance value of L3. Therefore, a 

short single transmission line with a length of lSP, which can be 

modeled as a series inductor, is embedded between the two stages to 

meet the specific inductance value of L3. Moreover, the width of the 

embedded transmission line is set to the same one as the symmetrical 

parallel coupled-line to avoid the transmission line discontinuity. The  

 

 

                        (a)                   (b) 
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Fig. 2.23  5th Chebyshev prototype low-pass filter. 

 
Table 2.3  Physical dimensions of the proposed two-stage low-pass filter 

 

length of lSP is given by [28] 

 









= −

0L

SPC1gL
SP Z

Lω
sin

2π

λ
 l                 (2.12) 

where λgL and ZOL are the guided wavelength and characteristic 

impedance of the embedded transmission line, and ωc is the angular 

cutoff frequency, LSP is the inductance value of the equivalent series 

inductor. 

 

Parallel coupled-line (mm) Open-stub (mm) 

Embedded 

transmission line 

(mm) 

Width Length Space Width Length Width Length 

0.65 7.60 0.65 6.8 6.8 0.65 0.5 
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3b3a3SP LLL L −−=               (2.13) 
 

where L3 = 6.276 nH, L3a = L3b = 3.009 nH. 

 

Table 2.3 shows the extracted physical dimensions of the 

proposed two-stage low-pass filter from the equivalent circuit, based 

on a 1.524 mm thickness Taconic PCB with a relative dielectric 

constant of 3.5. As shown in Fig. 2.24, a comparison is made between 

the dimensions of the proposed and conventional stepped-impedance 

low-pass filters. The proposed one is more compact on structure than 

the conventional one, and obviously, the large the order number of the 

prototype filter is, the more relatively compact and area-effective the 

proposed one becomes. The optimized simulation results of the 

proposed two-stage low-pass filter are shown in Fig. 2.24, and 

compared with those of the conventional stepped-impedance and 

Fig. 2.24  Layouts of (a) the proposed two-stage and (b) conventional stepped-

impedance low-pass filter. 



-  - 46 

equivalent L-C prototype low-pass filter. Inspecting the simulation 

results, the two-stage low-pass filter using the proposed structure 

provides a much sharper skirt characteristic and deeper rejection band 

compared to the results of the conventional one.  

 

A photograph of the proposed two-stage low-pass filter is shown 

in Fig. 2.26. The measured frequency responses are shown in Fig. 2.27 

in comparison with the simulated ones. As shown in Fig. 2.27, the 

measured and simulated results agree very well. This filter has a 3-dB 

cutoff frequency at 1.99 GHz. The return loss is greater than 20 dB 

from DC to 1.67 GHz. The insertion loss is less than 0.2 dB from DC 

to 1.6 GHz. The rejection is greater than 20 dB from 2.32 to 8.5 GHz. 

 

Fig. 2.25  Simulated frequency responses of the filter using equivalent L-C tables, 

conventional stepped-impedance and two-stage cascaded structure. 
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Fig. 2.26  Photograph of the proposed two-stage low-pass filter. 

 

 

 

 

(a) 
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Fig. 2.27  Measured and simulated: (a) frequency responses and (b) S21 within the 

3-dB bandwidth for the filter using the two-stage structure. 

In this chapter, a new compact low-pass filter with very simple 

structure and its equivalent-circuit model have been developed in this 

paper. A 3- and a 5-order Chebyshev prototype low-pass filters have 

been synthesized from the equivalent-circuit using the published 

element-value tables to validate its correctness. Based on our 

observations on simulation performance and measurements, the new 

type of compact low-pass filter demonstrated many desirable features: 

low passband insertion loss, sharp skirt characteristic and broad 

stopband. Also, our design can be further extended and used in more 

high order design process to achieve more sharp skirt characteristic 

and deeper rejection band. 

 

 

(b) 
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The low-pass filter proposed here is quite useful for applications 

in modern communication systems. 

 

However, from the comparison results between the simulated 

results of the proposed low-pass filter based on microstrip line 

structure and its equivalent circuit based on Chebyshev prototype, we 

found that the proposed compact low-pass filter has the same cut-off 

frequency as the equivalent circuit, but the transmission-zero point 

cannot be represented by the equivalent circuit. Therefore, the 

equivalent circuit should be improved to descript the frequency 

responses of the proposed compact structure more exactly. 

 

In next chapter, a modified equivalent circuit will be proposed. 
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CHAPTER 3  Equivalent Circuit Analysis 
 

 

To develop a more exact equivalent circuit, we propose a new 

scheme in this chapter. Also, the proposed compact structure is 

divided into two parts, one is the parallel coupled-line with its far-end 

shorted and the other is the open-stub. However, the parallel coupled-

line section is transformed into a different network topology as the 

one above-mentioned in chapter 2.  

 

3.1 Equivalent circuit analysis 
 

As shown in Fig. 3.1 below, the parallel coupled-line with its far-

end shorted can be approximately modeled as transformer with one-

end shorted.  

 

Zoe and Zoo represent the even- and odd-mode impedance of the 

parallel coupled-line, respectively. θ is the electrical length of the 

coupled-line. L and M mean the self-inductance and mutual-

inductance of the two identical inductors. Cc and Cg are two parasitic 

capacitors.  
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Fig. 3.1  (a) A parallel coupled-line section and (b) its corresponding equivalent 

circuit. 

The values for L, M, Cc and Cg in terms of Zoe, Zoo and θ are as 

follows:  
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The values of the lumped element model are given in terms of 

coupled line parameters in a homogeneous medium. Once the lumped 

elements are determined, any structure which yields the correct 

lumped element values may be used, whether or not homogenous. 

 

In this case, the parasitic capacitor CC can be eliminated because 

the far-end of the parallel coupled-line is shorted. In addition, the 

other parasitic capacitor Cg can be omitted due to its very small value. 

Therefore, the parallel coupled-line with its far-end shorted will be 

approximately modeled as a transformer. And the open-stub is 

modeled as a capacitor as shown in Fig. 2.13. So far, the proposed 

compact structure can be modeled as shown in Fig. 3.2. 
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Fig. 3.2  (a) Layout of the proposed LPF and (b) general equivalent circuit. 

 

Here, the present transformer can be father transformed into pi-

type network without mutual-inductance, as depicted in Fig. 3.3. 

 

 

(a) 

 

(b) 
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Fig. 3.3  Coupled-inductor model. 

 

The relationship between the transformer and pi-type network 

can be obtained by the following equations [29], [30]:  

 

MLL ++++====1                    (3.5) 

 

(((( )))) MMLL 22
2 −−−−====                (3.6) 

 

3.2 Discontinuity model 
 

To obtain a more exact equivalent circuit, the discontinuity 

between the parallel coupled-line and the open-stub cannot be 

neglected. The discontinuity modeling is described in Fig. 3.4 and the 

element values can be calculated by Eqn. (3.7) ~ (3.11). [28],[32] 
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Fig. 3.4  Discontinuity model. 
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where h and εr represent the thickness and the relative dielectric 

constant of the microstrip substrate, respectively. c is the velocity of 

the light, Wu and Wd represent the widths of the corresponding 

transmission lines as shown in Fig. 3.4.  

 

Therefore, the final equivalent circuit is shown in Fig. 3.5 below. 
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Fig. 3.5  Proposed equivalent circuit. 

Table 3.1  Proposed compact low-pass filter   Table 3.2  Equivalent circuit 
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The physical dimensions of the designed compact low-pass filter 

are shown in Table one, where the relative dielectric constant is 3.5, 

and the substrate thickness is 1.524 mm. Based on the before-

mentioned formulas, the lumped elements values of its equivalent 

circuit are calculated and shown in Table 3.1 and 3.2. 

 

To examine the validity of the equivalent circuit, a comparison of 

simulated results between the proposed microstrip structure and its 

equivalent circuit was made. From figure 3.6, we can find that the 

simulated results of the proposed low-pass filter described as the 

circle-marked line and the simulated results of its equivalent circuit 

described as the solid-line agree very well. And then compared with 

the conventional stepped-impedance low-pass filter, the proposed one 

has broad rejection bandwidth and sharp skirt characteristics due to a 

Fig. 3.6  Comparison between the two simulated results of the proposed structure 

and its equivalent circuit. 
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Fig. 3.7  Low-pass filters with (a) different open-stop length, namely, with different 

Cs , (b) different length. 

finite attenuation pole near to the cut-off frequency. Moreover, the 

 

(a) 

 

(b) 
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proposed low-pass filter has low insertion loss at passband. 

 

To find an optimal frequency response for this type of low-pass 

filter, we have performed two tests for the tuning of finite attenuation 

pole. One is by changing the open-stub length based on the same 

dimensions of the parallel coupled line. The other is by changing the 

coupled-line length without changing the open-stub’s dimensions. As 

shown in Fig. 3.7(a), we can observe that the finite attenuation pole 

shifts to the upper frequency as the shunted capacitor value decreases, 

at the same time, the insertion loss increases. And as shown in Fig. 

3.7(b), the finite attenuation pole shifts to the higher frequency as the 

coupled-line length decreases, and simultaneously, the insertion loss 

decreases. 

 

In order to validate the proposed design approach, a microstrip 

low-pass filter under Cs = 1.20 pF is fabricated based on a 1.524 mm 

thickness Taconic substrate with relative dielectric constants of εr= 3.5. 

The low-pass filter is measured with Anritsu 37369D network 

analyzer. A photograph of the fabricated filter is shown in Fig. 3.8, 

and the measured results are compared with the simulation study for 

Cs = 1.20 pF. As shown in Fig. 3.9, the measured and simulated 

results agree very well. A finite attenuation pole appears at 3.5 GHz 

up to 53 dB to improve selectivity characteristic of low-pass filter. 

The return loss within passband is less than -20 dB from DC to 1.8 

GHz. The insertion loss is very low and it is almost less than 0.25 dB 

from DC to 1.75 GHz. The rejection level within stopband is greater 

than 20 dB from 3.1 to 9.5 GHz, which is a very broad rejection band.  
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Fig. 3.8  A photograph of the fabricated low-pass filter. 

 

Fig. 3.9  Measured and simulated frequency responses. 
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From the above analysis, the equivalent circuit proposed in this 

chapter has more exact performances as the compact microstrip 

structure; particularly the first transmission zero in frequency domain 

can be controllable by adjusting the physical parameters.  

 

As is well know, it is very convenient that an appropriate 

equivalent circuit can be employed to design a distributed circuit. 

However, the equivalent circuit comprised of the lumped elements has 

their limitations in frequency responses. Because the microwave 

circuits made of the distributed elements have some kind of periodic 

frequency responses which can not be described exactly. Therefore, 

the frequency responses should be validated based on distributed 

transmission line-model; these will be discussed in next chapter.  
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CHAPTER 4  Transmission-Line Model 
 

 

In this chapter, the proposed compact structure will be analyzed 

based on a transmission-line model using even-odd mode analysis 

method and basic two-port network theory. A detail analysis process is 

introduced step-by-step. 

 

 

4.1 Review of two-port network theory 
 

A.  Definition of two-port network and its network parameters 

 

Fig. 4.1  General Two-port network [S]. 

 

Most RF/microwave filters and filter components can be 

represented by a two-port network, as shown in Figure 4.1, where V1, 
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V2 and I1, I2 are the voltage and current variables at the ports 1 and 2, 

respectively, Z01 and Z02 are the terminal impedances, and Es is the 

source or generator voltage. Note that the voltage and current 

variables are complex amplitudes when we consider sinusoidal 

quantities. 

 

Because it is difficult to measure the voltage and current at 

microwave frequencies, the wave variables a1, b1 and a2, b2 are 

introduced, with a indicating the incident waves and b the reflected 

waves. The relationships between the wave variables and the voltage 

and current variables are defined as: 
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· Impedance  parameters 
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Impedance or Z parameters of a two-port network are defined as  
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where In = 0 implies a perfect open-circuit at port n. These definitions 

can be written as  
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The matrix, which contains the Z-parameters, is denoted by [Z]. 

For reciprocal networks, Z12 = Z21. If networks are symmetrical, Z11 = 

Z22 and Z12 = Z21. For a lossless network, the Z parameters are all 

purely imaginary. 

 

· Admittance  parameters 

 

Admittance or Y parameters of a two-port network are defined as  
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where Vn = 0 implies a perfect short-circuit at port n. The definitions 

of the Y parameters may also be written as 

 









⋅⋅⋅⋅







====









2

1

2221

1211

2

1

V

V

YY

YY

I

I
            (4.8) 

 

where the matrix containing the Y-parameters, is denoted by [Y]. For 

reciprocal networks, Y12 = Y21. If networks are symmetrical, Y11 = Y22 

and Y12 = Y21. For a lossless network, the Y parameters are all purely 

imaginary. 

 

 

· ABCD  parameters 

 

    The ABCD parameters of a two-port network are given by 
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These parameters are actually defined in a set of linear equations 

in matrix notation 
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where the matrix comprised of the ABCD parameters is called the 

ABCD matrix. Sometimes, it may also be referred to as the transfer or 

chain matrix. The ABCD parameters have the following properties: 

 

AD-BC = 1   for a reciprocal network     (4.11) 

A = D       for a symmetrical network   (4.12) 

 

If the network is lossless, then A and D will be purely real and B 

and C will be purely imaginary. 

 

The ABCD parameters are very useful for analysis of a complex 

two-port network that may be divided into two or more cascaded sub-

networks. 

 

· Scattering parameters 

 

The scattering or S parameters of a two-port network are defined 
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in terms of the wave variables as 
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where an = 0 implies a perfect impedance match (no reflection from 

terminal impedance) at port n. These definitions may be written as 
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where the matrix containing the S parameters is referred to as the 

scattering matrix or S matrix, which may simply be denoted by [S]. 

 

The parameters S11 and S22 are also called the reflection 

coefficients, S12 and S21 the transmission coefficients. These are the 

parameters directly measurable at microwave frequencies. The S 

parameters are in general complex, and it is convenient to express 

them in terms of amplitudes and phases, i.e., Smn = | Smn |e
jΦmn  for m, 

n = 1,2. Often their amplitudes are given in decibels (dB), which are 

defined as  
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2,1,||log20 ====nmdBSmn           (4.15) 

 

where the logarithm operation is base 10. This will be assumed 

through this book unless otherwise stated. For filter characterization, 

we may define two parameters: 
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where LA denotes the insertion loss between ports n and m and LR 

represents the return loss at port n. Instead of using the return loss, 

voltage standing wave ratio VSWR maybe used of VSWR is 
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B.  Network connections 

 

Often in the analysis of a filter network, it is convenient to treat 

one or more filter components or elements as individual sub-networks, 

and then connect them to determine the network parameters of the 

filter. The three basic types of connection that are usually encountered 

are: 
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Fig. 4.2  Basic types of network connection: (a) parallel, (b) series, and (c) cascade. 

 

(a) 

 

(b) 

 
(c) 
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1. Parallel 

2. Series 

3. Cascade 

Suppose we wish to connect two networks N  and N in parallel, 

as shown in Figure 4.2(a). An easy way to do this type of connection 

is to use their Y matrices. This is because 
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⋅⋅⋅⋅




















++++








====









2

1

''
22

''
21

''
21

''
11

'
22

'
21

'
21

'
11

2

1

V

V

YY

YY

YY

YY

I

I
   (4.18) 

 

or the Y matrix of the combined network is: 

 

][][][ ''' YYY ++++====               (4.19) 

 

This type of connection can be extended to more than two two-

port networks connected in parallel. In that case, the short-circuit 

admittance matrix of the composite network is given simply by the 

sum of the short-circuit admittance matrices of the individual 

networks.  

 

Analogously, the networks of Figure 4.2(b) are connected in 
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series at both their input and output terminals; consequently 
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This gives  
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and thus the resultant Z matrix of the composite network is given by  

 

][][][ ''' ZZZ ++++====               (4.21) 

 

Similarly, if there are more than two two-port networks to be 

connected in series to form a composite network, the open-circuit 

impedance matrix of the composite network is equal to the sum of the 

individual open-circuit impedance matrices. 

 

The cascade connection of two or more simpler networks appears 

to be used most frequently in analysis and design of filters. This is 

because most filters consist of cascaded two-port components. For 

simplicity, consider a network formed by the cascade connection of 

two sub-networks, as shown in Figure 4.2(c). The following terminal 

voltage and current relationships at the terminals of the composite 

network would be obvious: 
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It should be noted that the outputs of the first sub-network N’ are 

the inputs of the following second sub-network N’’ , namely 
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If the networks N’ and N’’  are described by the ABCD parameters, 

these terminal voltage and current relationships all together lead to  
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Thus, the transfer matrix of the composite network is equal to the 

matrix product of the transfer matrices of the cascaded sub-networks. 

This argument is valid for any number of two-port networks in 

cascade connection. 

 

4.2 Transmission line modeling 
 

As discussed in chapter 1 and chapter 2, two kinds of equivalent 

circuits have been proposed. It is very convenient that the equivalent 

circuit is extracted. However, due to some limitations of the 

equivalent circuit comprised of the lumped-elements, the exact 
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Fig. 4.3  Transmission line model. 

frequency characterizations cannot be described completely. Therefore, 

the frequency responses based on transmission line-modeling have to 

be investigated. In this section, the detail investigation process is 

introduced next. 

 

As shown in Fig. 4.3, the transmission line model is almost the 

same as the proposed compact structure. However, the circuit is 

analyzed by using the basic two-port network theory and even-odd 

mode method. 

 

As depicted in Fig. 4.4(a), the total Z-matrix of a serially 

connected network can be given by the equation below: 
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Fig. 4.4  (a) Serially connected two-port network. (b) Decomposition diagram 

of the proposed structure. 

 

(a) 

 

(b) 
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[[[[ ]]]] [[[[ ]]]] [[[[ ]]]]LUT ZZZ ++++====                (4.23) 

 

where [ZT] is the total Z-parameters, [ZU] is the Z-parameters of the 

upper sub-network, and [ZL] is the Z-parameters of the lower sub-

network, respectively. 

 

Referred to Fig. 4.4(b), the parallel coupled-line and the 

capacitive load sections can be seen as the upper and lower networks, 

respectively. For the upper network, the elements of the impedance 

matrix [ZU] can be calculated by using even-odd mode analysis 

method. 

 

A  Upper sub-network (coupled-line) 

 

Fig. 4.5  Upper sub-network 
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(((( )))) 2tantan11 oooeoe
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As indicated in Eqn. (4.24) and (4.25), UZ11  is the sum of  

2e
inZ  and 2o

inZ , and UZ 21  is the difference of  2e
inZ  and 

2o
inZ . θe, θo represent the even- and odd mode electrical length, 

respectively. 

 

B  Lower sub-network (load capacitor) 

 

For the lower network, the elements in [ZL] are all the same and 

can be derived as: 
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From the relationship between the impedance and scattering 

matrices, the transmission parameter of the network can be obtained 

by [24] 
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where Z0 is the input and output microstrip line characteristic 

impedance. The finite attenuation poles are located at the angular 

frequencies ω where S21(ω) = 0 or Z21(ω) = 0. Therefore, the 

frequencies of the finite attenuation poles should satisfy the following  
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Fig. 4.6  Lower sub-network 

equation derived from (4.25) and (4.26): 

 

(((( )))) (((( ))))Soooeoe CZZ ωωωωθθθθθθθθ 12tantan ====−−−−         (4.28) 

 

Inspecting (4.28), the frequencies of the finite attenuation poles 

can be determined by the capacitive load CS and the electrical 

parameters of the parallel coupled-line. Fig. (4.4a) shows the pictorial 

descriptions of varying the capacitance CS. There are three 

intersections between the upper reactance function XU = (Zoe tanθe − 

Zoo tanθo)/2 and the lower one XL = 1/ωCS through the stopband. It 

means that three finite attenuation poles will be located through the 

stopband at the same frequencies as the intersections between the 

upper and lower reactance functions. As illustrated in Fig. (4.7b), the 

predicted results are confirmed by the simulated frequency responses. 

The locations of the transmission zeros are almost the same as those of 

the intersections shown in Fig. 4.7(a). 
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Fig. 4.7  Compact structure with different capacitive loads. (a) Pictorial reactance 

descriptions. (b) Simulated frequency responses with the following electrical 

parameters: lc = 7.0 mm, s = 0.5 mm, and w = 0.23 mm.        

 

(a) 

 

(b) 
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(a) 

 

 

(b) 
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Fig. 4.8  Compact structure with different capacitive loads. (a) Pictorial reactance 

descriptions. (b) Simulated frequency responses with the following electrical 

parameters: CS = 1.3 pF, s = 0.5 mm, and w = 0.23 mm. (c) Partial enlarged view. 

The simulated results with three different capacitance values 

demonstrate that the first and third finite attenuation poles shift to the 

upper frequency as the capacitance value decreases and the second 

finite attenuation pole has almost no-shift. Moreover, the slope factor 

of the cut-off transition is about the same. Therefore, the cut-off 

frequency can be adjusted easily by selecting an appropriate 

capacitive load, but without changing the sharpness of the cut-off.  

 

The first and second finite attenuation poles, however, will be so 

close as to produce just one transmission zero when the capacitance 

 

(c) 
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value is selected to be small enough. To continuously inspect the 

effects on the frequency responses of the proposed structure caused by 

the parallel coupled-line, a comparison has been made among three 

different structures with different length of the parallel coupled-line 

based on same capacitive load. As shown in Fig. 4.8(a), all three 

intersections shift to the upper frequency as the length of the coupled-

line decreases gradually, especially the second and third ones. The 

frequency responses demonstrated in Fig. 4.8(b) also present the same 

characteristics. Furthermore, from the partial enlarged view as 

depicted in Fig. 4.8(c), as the length of the coupled-line increases, the 

cut-off sharpness becomes more abrupt. 

Fig. 4.9  Modeling in Ansoft HFSS simulator. 
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By the above graphic analysis, the proposed compact structure 

can provide a wide rejection band with three finite attenuation poles, 

and these finite attenuation poles can be adjusted easily just by 

changing the capacitive load value and the length of the coupled-line. 

This attractive feature can be used to improve the stopband 

characteristics of low-pass and band-pass filters for harmonics and 

spurious suppression. To verify the proposed approach, a low-pass 

filter with its cutoff frequency at 2.0 GHz is developed. The low-pass 

filter is designed and fabricated on a 0.76 mm thick Taconic PCB with 

a relative dielectric constant of εr = 3.5. The capacitive load can be a 

chip monolithic multilayered ceramic capacitor or a metal-insulator-

metal capacitor. In this case, we select an open-circuited stub to be the 

capacitive load for simple fabrication and low insertion loss. By 

applying the rules examined in Section II, as well as optimized by 

Ansoft HFSS Simulator for considering the discontinuity effect at a 

step between the open-circuited stub and the parallel coupled-line, as 

shown in Fig. 4.9, the physical dimensions of the circuit, as depicted 

in Fig. 4.10(a), are determined as: lw = 4.0 mm, lh = 7.0 mm, lc = 9.0 

mm, w = 0.25 mm, and s = 0.36 mm. The fabricated low-pass filter is 

measured with Anritsu 37369D vector network analyzer. As shown in 

Fig. 4.10(b), the measured results agree well with the simulated ones. 

This low-pass filter has a 3-dB cutoff frequency at 1.99 GHz. The 

insertion loss is lower than 0.5 dB from DC to 1.6 GHz. The rejection 

band is extended from 2.7 to 8.35 GHz over 20 dB, and three finite 

attenuation poles are located at 3.05 GHz with 52.5 dB, at 5.45 GHz 

with 64.1 dB, and at 8.05 GHz with 53.0 dB, respectively. 

 



-  - 83 

Fig. 4.10  (a) Layout comparison between the proposed and the conventional 

stepped-impedance LPF. (b) Simulated and measured results. 

 

 

(a) 

 

 

(b) 
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4.3 Low-pass filter with harmonics suppression 
 

In this paper, we also develop a new kind of semi-lumped 

compact low-pass filter to suppress 1st, 2nd, and 3rd harmonics. In this 

case, a chip capacitor is used to replace the open-stub as the load 

capacitor in order to reduce the effective circuit area. By using the 

same optimizing method proposed in the fore mentioned design. 

 

A semi-lumped low-pass filter with its cutoff frequency at 1.3 

GHz is developed. The electrical parameters of the parallel coupled-

line and shunted capacitor are selected to suppress the 2nd, 3rd, and 

4th harmonics, simultaneously. A compact low-pass filter is designed 

and fabricated on a 0.76 mm thickness Taconic PCB with a relative 

dielectric constant of εr = 3.5. Adjusting the locations of the reactance 

intersections by adjusting the circuit parameters, as well as optimized 

 
Table 4.1  Comparison of the physical dimensions 
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Fig. 4.11  Layouts of (a) the proposed low-pass filter and (b) conventional stepped-

impedance low-pass filter. 

Fig. 4.12  Frequency responses of the employed load capacitor. 

 

(a)                            (b) 
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by Agilent ADS software, the circuit electrical parameters are 

determined as shown in Table 4.1, and a comparison of the circuit 

layouts between the proposed compact low-pass filter and the 

conventional stepped-impedance one has been made as illustrated in 

Fig. 4.11.  

 

The employed load capacitor is a Murata product with its SRF 

(series resonance frequency) of 6.09 GHz. The frequency responses 

are investigated, as shown in Fig. 4.12. With its real frequency 

responses, the semi-lumped compact low-pass filter can be optimized 

by using commercial RF simulator tools.  

 

A photograph of the fabricated semi-lumped low-pass filter is 

shown in Fig. 4.13(a). The fabricated low-pass filter was measured 

with Anritsu 37369D vector network analyzer. As shown in Fig. 

4.13(b), the measured results agree well with the simulated ones. This 

low-pass filter has a 3-dB cutoff frequency at 1.3 GHz. The three 

finite attenuation poles at stopband are located at 2.7 GHz, 3.85 GHz, 

and 5.35 GHz with insertion losses of 46 dB, 47.9 dB, and 35.5 dB, 

respectively. The locations are almost same as the 2nd, 3rd, and 4th 

harmonics of the cutoff frequency. Thereby the harmonics can be 

eliminated effectively. 

 

Moreover, any of the unwanted frequencies can be eliminated 

using this kind of circuit by adjusting the electrical circuit parameters 

effectively.  

 



-  - 87 

Fig. 4.13  Proposed compact low-pass filter. (a) Photograph of the fabricated circuit, 

(b) Measured frequency responses compared with those of the simulated and 

conventional stepped-impedance low-pass filter. 

   

 (a) 

 

(b) 
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CHAPTER 5  Conclusions 
 

 

In this dissertation, a new compact structure for improving 

stopband performance of low-pass filter or band-pass filter. This 

compact structure has many attractive advantages: very simple, easy-

to-integrate, easy-to-fabricate, broad rejection bandwidth, and 

controllable transmission zeros for harmonic and spurious suppression.   

 

To design this new kind of low-pass filter, two-kind of equivalent 

circuit comprised of lumped-elements can be an alternative. One is 

Chebyshev prototype, but this kind of equivalent circuit can be used 

just if the cutoff frequency is important not the transmission zeros for 

the filter’s specifications. However, it’s very simple and easy-to-

design. The other one is a kind of equivalent circuit with a transform, 

by which the first transmission zero can be adjusted to meet the design 

requirement of skirt characteristics. In addition, a transmission-line 

model was proposed in this paper, by which three transmission zeros 

at stopband can be controlled just by adjusting the circuit electrical 

parameters easily. These transmission zeros can be employed to 

suppress harmonics and spurious signal, which are very important in 

modern communication system. 

 

To verify the feasibility of the proposed method, three low-pass 

filters based on microstrip line structure have been designed, 

fabricated, and measured. Based on the observations of simulation 
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performance and measured results, the equivalent models have been 

verified. The most important thing is that a transmission-line model 

for this new type of compact structure was developed. By this 

equivalent model, three transmission zeros can be controllable 

completely to suppress harmonics and spurious signals. A semi-

lumped low-pass filter was designed, fabricated, and measured.  

 

This kind of low-pass filter demonstrates some desirable features 

compared with the conventional one, such as sharp skirt 

characteristics, and harmonics and spurious suppression at stopband. 

In addition, the proposed approach can be further extended and used 

in high-order design process to achieve sharper skirt characteristics 

and broad rejection band with much deeper attenuation level.  
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