
 i 

DESIGN AND IMPLEMENTATION OF REFLECTIONLESS FILTERS 

 

 

 

 

A THESIS SUBMITTED TO  

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 

MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

 

 

 

 

BY 

 

 

ALİ İHSAN ÇUBUKÇU 

 

 

 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR 

THE DEGREE OF MASTER OF SCIENCE 

IN 

ELECTRICAL AND ELECTRONICS ENGINEERING 

 

 

 

 

 

 

 

  

 

 

 

 

 

MAY 2016 

 

 

 



 ii 

 

 

 

  

 

 



 iii 

Approval of the thesis: 

 

DESIGN AND IMPLEMENTATION OF REFLECTIONLESS FILTERS 

 

 

submitted by ALİ İHSAN ÇUBUKÇU in partial fulfillment of the requirements 

for the degree of Master of Science in Electrical and Electronics Engineering 

Department, Middle East Technical University by, 

 

 

Prof. Dr. M. Gülbin Dural Ünver 

Dean, Graduate School of Natural and Applied Sciences              ________ 

 

Prof. Dr. Gönül Turhan Sayan 

Head of Department, Electrical and Electronics Engineering                ________                  

 

Prof. Dr. Nigün Günalp 

Supervisor, Electrical and Electronics Engineering Dept., METU      ________ 

 

Prof. Dr. Nevzat Yıldırım 

Co-Supervisor, Electrical and Electronics Engineering Dept., METU________ 

 

 

Examining Committee Members: 

 

 

Prof. Dr. S. Sencer Koç 

Electrical and Electronics Engineering Dept., METU  ____________ 

 

Prof. Dr. Nilgün Günalp 

Electrical and Electronics Engineering Dept., METU  ____________ 

  

Prof. Dr. Nevzat Yıldırım 

Electrical and Electronics Engineering Dept., METU  ____________ 

 

Prof. Dr. Şimşek Demir 

Electrical and Electronics Engineering Dept., METU  ____________ 

 

Prof. Dr. Adnan Köksal 

Electrical and Electronics Engineering Dept., Hacettepe University ____________ 

 

 

 

Date: 12.05.2016   . 

 

 

 



 iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that all information in this document has been obtained and 

presented in accordance with academic rules and ethical conduct. I also 

declare that, as required by these rules and conduct, I have fully cited and 

referenced all material and results that are not original to this work. 

 

 

 

 

Name, Last name: Ali İhsan Çubukçu 

 

Signature: 

 

 

 



 v 

ABSTRACT 
 

 

DESIGN AND IMPLEMENTATION OF REFLECTIONLESS 

FILTERS 

 

 

 

ÇUBUKÇU, Ali İhsan 

M.S., Department of Electrical and Electronics Engineering    

Supervisor: Prof. Dr. Nilgün GÜNALP                                                

Co-Supervisor: Prof. Dr. Nevzat YILDIRIM 

May 2016, 86 pages 

 

In this thesis, typical applications of absorptive filters are examined. To 

better understand the effect of out of band matching of RF and microwave filters 

on overall system, some experiment setupsare constructed and simulations are 

performed. In addition to this, three types of conventional absorptive filter 

topologies are analyzed and the realizability of each type is shown by explanation, 

simulation or measurement. Finally, a recently found method, reflectionless filter 

structures by Matthew Morgan, is analyzed and various types of reflectionless 

filters are designed and implemented. Furthermore, some approaches are stated to 

obtain better filter characteristics with the same topology. 

Keywords :Absorptive filter, reflectionless filter, out of band matching. 
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Bu tez çalışmasında, soğurucu süzgeçlerin tipik uygulamaları incelendi. 

RF ve mikrodalga süzgeçlerin bant dışı uyumluluğunun tüm sisteme olan etkisini 

daha iyi anlamak adına, bazı deney düzenekleri kuruldu ve benzetim çalışmaları 

yapıldı. Buna ek olarak, üç çeşit klasik soğurucu süzgeç topolojileri incelendi ve 

her tipin gerçeklenebilirliği; açıklamalar, benzetimler veya ölçümler kullanılarak 

gösterildi. Son olarak, son zamanlarda Matthew Morgan tarafından bulunan 

yansımasız süzgeç yapıları analiz edildi ve çeşitli yansımasız süzgeç tipleri 

tasarlandı ve uygulandı. Ayrıca daha iyi süzgeç karakteristiği elde etmek için aynı 

topolojide farklı yaklaşımlar üzerinde duruldu. 

Anahtar Kelimeler : Soğurucu süzgeç, yansımasız süzgeç, bant dışı uyumluluğu. 
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CHAPTER 1 

6 INTRODUCTION 
 

INTRODUCTION 

 

 

 

1.1 Introduction  

Radio Frequency (RF) - Microwave filters are one of the most important 

fundamental blocks of microwave radar, communication, or measurement and test 

systems. The main object of filters in RF – microwave systems is rejecting 

unwanted signals and transmitting wanted signals with less attenuation and 

distortion. According to its transmission-rejection characteristics, there are 4 main 

types of RF – microwave filters which are low-pass, bandpass, high-pass, and band-

reject characteristics [1].  

Very first theoretical studies and applications are started in the years 

preceding World War II. Very first significant paper about microwave filtering was 

published by W. P. Mason and R. A. Sykes in 1937 and there have been a lot of 

studies about filter topologies, filter synthesis approaches, filter realization 

techniques and so on [2]. When these studies are examined, it is seen that all of 

them have reflective stop band until 2004. After 2004, some studies about filters 

having matched stop band characteristics can be found in literature.  

Each microwave component in microwave systems is designed for 

matched source and matched load. However, this is not valid for real world 

applications. Especially, if this microwave component is cascaded with a filter, out 

of band characteristics of filter can affect its performance and it can cause many 

vital problems in microwave systems. For example, if this microwave component 

is a high gain amplifier, instability problems can occur even though amplifier is 

unconditionally stable when it is tested alone [3]. Moreover, out of band 

performance is also very critical for nonlinear microwave devices such as mixers 
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and frequency doublers. Filters are widely used after these nonlinear devices to 

prevent spurious signals caused by themselves. If these filters are reflective in stop 

band, stop band characteristics of filters affect directly input return loss of nonlinear 

devices and conversion losses can be problematic because of this.   

Because of such problems, nearly ten year old topic, absorptive filters, 

becomes important. As it can be understood from its name, absorptive filter is 

nothing but a filter which has low return loss in stop band as well as pass band. In 

literature, this type of filters can also be described in different names such as 

“reflectionless filters” and “invulnerable filters”. 

The main target of this thesis is to classify different types of absorptive 

filters and explain the basic theory behind them. These theoretical concepts are 

verified by using simulations and implementations. For implementation steps of 

this thesis, some absorptive filters in different frequency ranges, structures and 

topologies are designed and manufactured.  

1.2 Scope of the Thesis and Design Tools 

The aim of this thesis is the search for the required cases, design and 

implementation of different types of absorptive filters operating in different 

frequency ranges with different structures. Four different design approaches of 

absorptive filters is mentioned namely absorptiveness by using isolators, absorptive 

filter formation from multiplexers, absorptiveness in filtering by using 3 dB 90o 

couplers, and Matthew Morgan’s reflectionless filter topology.  

Different tools are used in design and simulation steps. The filter design 

software FILPRO™ is used to synthesize diplexers. GENESYS™ is also used in 

synthesis and analysis of some filters.  
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1.2.1 Organization of the Thesis 

In Chapter 2, the reason why absorptive filters are needed is analyzed. 

Some problematic cases that are caused by conventional reflective filters are given 

by using simulation tools and these cases are realized. The reason behind these 

problematic cases is explained and performance of absorptive filters is compared 

with conventional filter performance.    

Chapter 3 is devoted for three methods to implement absorptive filters 

which are absorptiveness by using isolators, absorptive filter formation from 

multiplexers, and absorptiveness in filtering by using 3 dB 90O couplers. Firstly, 

some explanations about isolators are given and some features of absorptive filters 

constructed with isolators are examined. Secondly, another method, 

implementation of absorptive filters by using multiplexers is handled. For the 

completeness of this section, what multiplexer is and what are the specialized forms 

of multiplexers are explained. After these explanations, how a multiplexer can be 

used as absorptive filters is mentioned and two diplexers are designed by using 

FILPRO™. Designed diplexers’ simulation results are shared and their absorptive 

filter performances are examined. Finally, last method for Chapter 3 to realize an 

absorptive filter by using 3 dB 90O coupler is explained. For this purpose, how this 

type of absorptive filters operates is explained and measurement result of an 

absorptive filter which is constructed by using this method is presented. 

In Chapter 4, Reflectionless Filter, one of the newest topology of 

absorptive filters found and patented by a Scottish scientist Matthew Morgan, is 

analyzed and implemented. Firstly, theory behind the reflectionless filters is studied 

and design method is explained. Secondly; low-pass, high-pass, bandpass and 

bandstop reflectionless filters are designed and simulated by using GENESYS™. 

Finally, these filters are implemented and test results are presented in this chapter. 

In order to improve suppression or have different filtering characteristics 

of reflectionless filters, two different approaches are mentioned in Chapter 5. First 



 

 4 

of them is constructed by using different termination resistors from characteristic 

impedance Z0. In second approach, reflectionless filter is thought as dual-

directional diplexer and some matched networks such as resistive attenuators or 

other reflectionless filters are connected to internal ports and it is seen that 

reflectionless property is conserved for matched sub-networks. Simulation results 

are presented for each examples of belonging approach in this chapter. 

1.2.2 CAD Tools  

Following CAD tools are used in the design of filters: 

The component of the diplexers was synthesized using FILPRO™. 

FILPRO™ is filter synthesis, transformation and analysis software. This synthesis 

tool can be used in passive, lumped and distributed topologies in cascade topologies 

and cross-coupled filters of diverse topologies. Multiplexer configurations, 

directional couplers and impedance matching circuits can also be designed and 

analyzed in FILPRO™. This software is developed in Electrical Engineering 

Department of METU [4]. 

GENESYS™ is a linear design tool of EAGLEWARE Company. 

Analysis and tuning of most of the absorptive filters are carried out using linear 

toolbox of GENESYS™ software. Interdigital filters used in 3 dB 90o coupler 

method are also synthesized in this tool. In order to see more realistic results of each 

design, S-parameters of components are imported to GENESYS™ and results are 

observed [5]. 

Sonnet®Suites™ is electromagnetic analysis software, which uses 

method of moments (MoM) to solve the current distribution on the metallization of 

the analyzed circuit. Final optimization of interdigital filters used to realize the third 

method of absorptive filter construction given in Chapter 3 is made by using this 

tool [6]. 
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Layouts of proposed filters are created by using PADS® Layout by 

Mentor Graphics. 
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CHAPTER 2 

7 INTRODUCTION 

 

APPLICATIONS OF ABSORPTIVE FILTERS 

 

 

 

2.1 Introduction 

Each microwave components such as filters, frequency doublers, mixers, 

amplifiers and so on are designed for matched source and matched load as 

mentioned in Chapter 1. However, this is not valid for cascaded microwave 

systems. Therefore, degradations can be observed in system performance of some 

microwave components especially when they are cascaded with reflective filters. In 

other words, reflective filters’ almost full reflective out of band characteristics can 

affect performance of other components. In this chapter, some application cases 

with reflective and absorptive filters are examined and compared. 

 

2.2  Cascaded Microwave Filters 

Designers can cascade filters for different purposes such as to have better 

suppression in stop band and to characterize an overall filter characteristics by 

combining different filters. However, pass band characteristics of cascaded 

reflective filters can be distorted because of the standing waves between their 

reflective stop bands. Therefore, cascading reflective filters can result in 

unexpected results. On the other hand, absorptive filters can be cascaded as long as 

filtering demand is satisfied. 

Cascaded reflective filter characteristics evaluated by using 

GENESYS™ linear simulation tool. Firstly, a reflective Chebyshev band pass filter 

with 0.1 dB ripple between 125-175 MHz pass band is synthesized by using 

GENESYS™. The comparison of single filter and cascaded filter characteristics are 

given in Figure 2.1 and Figure 2.2. 
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Figure 2.1: Return Loss Comparison for Reflective Bandpass Filters 

 

Figure 2.2: Insertion Loss Comparison for Reflective Bandpass Filters 

As it is seen from Figure 2.1 and Figure 2.2 cascaded performance of 

reflective filters degrades. Worse return loss hand higher ripple in pass band is 

observed.  

By using similar approach, cascaded absorptive filter characteristics is 

examined by using network analyzer. Results of comparison are given in Figure 2.3 

and Figure 2.4. Design procedure of absorptive filters used in this test is given in 

Chapter 4.  
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Figure 2.3: Return Loss Comparison for Absorptive Bandpass Filters 

 

 

Figure 2.4: Insertion Loss Comparison for Absorptive Bandpass Filters 

 

As it is mentioned before, filters are cascaded to obtain not only better 

suppression but also overall filter characteristics by combining different filters. In 

order to compare this application with reflective and absorptive filters, a low-pass 

and a high-pass filter are cascaded and a bandpass filter characteristic is obtained. 

Results are given in Figure 2.5 and Figure 2.6.  
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Figure 2.5: Characteristics of Cascaded Reflected Low-Pass and High-Pass 

Filters 

 

 

 

Figure 2.6: Characteristics of Cascaded Absorptive Low-Pass and High-Pass 

Filters 
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According to results given in Figure 2.5, return loss performance of 

cascaded filter is worse than single filter performances. On the other hand, cascaded 

absorptive filters return loss characteristics have similar trend to single 

performance. 

 

2.3 Out of Band Effect in Frequency Conversion Applications 

Mixers are widely used in frequency conversion applications. A mixer is 

a three-port device which produces sum and difference frequencies of two input 

signal. Because of nonlinear characteristics of mixer, it can generate wide variety 

of conversion products [1].  Therefore, filtering is inevitable for systems with 

mixers.  

As it is mentioned, out of band signals are reflected back from filters. 

This fact can be problematic for filtering applications of mixer products since 

reflected signals get back to the mixer and they lead more spurious products.  

On the other hand, cascaded mixer return loss not only depends on the in 

band return loss performance of the components used after mixers but also out of 

band return loss performance because after mixer, out of band can be turned into in 

band after reconversion and this affects overall system return loss negatively. 

Therefore, using reflective filters with mixers can cause some problems.  

In order to explain this kind of problems, a down conversion case is 

examined. ZX05-5+ mixer of Mini-Circuits ® Company is used for this test 

(Appendix A). A fixed LO signal at 800 MHz is applied and return loss of single 

mixer, mixer with reflective filter centered at 150 MHz and mixer with absorptive 

filter centered at 150 MHz is measured and following result is obtained. 
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Figure 2.7: Return Loss Comparison of Mixer with Reflective and Absorptive 

Filters 

 

As it is seen from Figure 2.7, return loss of mixer is almost same with 

mixer with absorptive filter case. However, reflective filter case has worse return 

loss performance. Return loss also affects conversion loss of the mixer. Therefore, 

ripples are observed in reflective filter case. The results are shared in Figure 2.8, 

Figure 2.9 and Figure 2.10. 
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Figure 2.8: Conversion Loss of Mixer 

 

Figure 2.9: Conversion Loss of Mixer with Reflective Filter 
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Figure 2.10: Conversion Loss of Mixer with Absorptive Filter 

 

 

Designers use attenuators to overcome these problems; however, this 

increases conversion loss. Therefore, using absorptive filters after mixers is a better 

solution for this kind of problems. 

In conclusion, reflective filter characteristics can cause some problems 

when it is evaluated in system aspect. Burning unwanted signals on terminated 

loads is preferred rather than reflecting them back by nature. In addition to this, it 

is seen that out of band performance affects in band performance for some 

components. Therefore, out of band return loss must be considered as well as in 

band return loss. 
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CHAPTER 3 

8 INTRODUCTION 
 

METHODS TO REALIZE ABSORPTIVE FILTERS 

 

 

 

3.1 Introduction  

Three methods for realization of absorptive filters are proposed in 

Chapter 3. First of them is obtained by using isolators. Second type is realized from 

multiplexers. Last one is constructed from 3 dB 90o couplers. 

3.2 Absorptiveness by Using Isolator 

Isolator is one of the most commonly used microwave ferrite 

components. It is a two port device and it has a unidirectional transmission 

characteristics. Since the reflected power from the load of the isolators are absorbed 

by isolator instead of reflecting back, they can be used as matching purposes[1]. 

When an isolator is cascaded with a conventional reflective filter, overall 

network has absorptive characteristics since the reflected out of band signals are 

absorbed by isolator. Although this method seems the simplest way to obtain 

absorptive filters, finding wide band, easy to integrate isolators can be problematic. 

Therefore, this method is not commonly used in applications. 

 

3.3 Absorptiveness by Using Multiplexer 

Multiplexers are microwave components that divide bands into channels 

by using special channel filters. Diplexer is a specialized name for two channeled 

multiplexer. Similarly, triplexer is for three channeled multiplexer. Typical parallel 

connected diplexers are given in Figure 3.1[4]. 
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Figure 3.1: a) Low-pass-high-pass diplexer. b) Bandpass-bandstop diplexer. c) 

Low-pass-bandpass diplexer.    d) Bandpass-bandpass diplexer[4] 

 

 

When a channel’s output of a multiplexer is terminated, absorptive 

characteristics occurs in this channel’s band at the input of the multiplexer. By using 

this nature of multiplexers, absorptive filters can be constructed. For example, if the 

diplexer structure given in Figure 3.1-a is used and high-pass channel is terminated, 

an absorptive low-pass filter is obtained and vice versa. Similarly, absorptive 

bandpass and bandstop filters can be created by using the structure given in Figure 

3.1-b. 

To give examples for this type of absorptive filters, two diplexers are 

created by using FILPRO™. One of them is low-pass – high-pass diplexer and the 

other one is bandpass – bandstop diplexer. Synthesized diplexers and their 

simulation results are given in Figure 3.2, Figure 3.3, Figure 3.4 and Figure 3.5. 
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Figure 3.2: SynthesizedLow-pass – High-pass Diplexer 

 

 

 

 

 

Figure 3.3: Simulation Results For Low-pass and High-pass Absorptive Filters 
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Figure 3.4: SynthesizedBandpass – Bandstop Diplexer 

 

 

 

Figure 3.5: Simulation Results For Bandpass and Bandstop Absorptive Filters 

 

It is noted that diplexers are designed such that channel filters responses 

cross over at 3 dB to obtain better return loss at cross over frequency. Furthermore, 

unused channel or channels of multiplexers must cover as wide as possible to obtain 

wide absorptiveness in out of band frequencies.  
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3.4 Absorptiveness by Using 3dB 90oCoupler 

There is also another way to obtain absorptive filter characteristics by 

using 3 dB 90 degree couplers. In the case of using ideal coupler; if through and 

coupled ports are connected to two identical networks, there is no reflection in input 

port and reflected signals are exactly observed in isolation port with 90o phase shift. 

This can be explained as given in Figure 3.6 and Figure 3.7. 

 

 

 

Figure 3.6: Explanation of Structure – 1 
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Figure 3.7: Explanation of Structure – 2 

 

In the light of these figures, return loss of a single one port network 

becomes insertion loss of whole network. Therefore, to obtain good pass band 

characteristics, full reflection is required in one port network. On the other hand, 

for good suppression in stop band, good matching in that band of one port network 

is needed.  As a result of these, to obtain low-pass absorptive filter with this method, 

terminated high-pass filters should be used and vice versa. Similarly, using 

terminated bandpass filters in these structures leads absorptive bandstop filters and 

vice versa. 

An absorptive bandstop filter is constructed by using this method. For 

this purpose, a 3 dB 90o coupler of Anaren® Company, XMC2560E-03, and two 

bandpass interdigital filters are used(Appendix B).In addition to these components, 

ANNE-50+ 50Ω loads, Mini-Circuits® Company product, are used to terminate 

filters (Appendix C). Constructed absorptive filter is given in Figure 3.8 and its 

measurement result is given Figure 3.9. 
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Figure 3.8: Implemented Absorptive Filter 

 

 

 

Figure 3.9: Measurement Result of Implemented Filter 
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To obtain good results in this topology terminated filters at through and 

coupled ports must be as identical as possible. Since operation band of this type is 

limited with the 3 dB 90o coupler performance, coupler should be chosen as wide 

band as possible. To improve absorptiveness property of this type of filters, phase 

errors and amplitude balance properties should also be taken into account. 
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CHAPTER 4 

9 INTRODUC 

 

REFLECTIONLESS FILTERS 

 

 

 

4.1 Introduction  

In this chapter, a different approach to absorptive filters, Matthew 

Morgan’s Reflectionless Filter Topology, is examined [7]. Theory, design 

procedure, realization and measurement results of manufactured filters are given in 

this chapter 

. 

4.2 Theory 

Main idea behind the Matthew Morgan’s reflectionless filter can be 

derived using Even-/Odd-Mode Analysis (Bartlett’s Bisection Theorem). In order 

to use this analysis, a symmetrical network is needed. For even-mode case, ports 

are driven with exactly same sources. In this case, there is no current crossing 

through the symmetry plane in which the symmetry plane can be assumed as open 

boundary. On the other hand, if the sources are equal in magnitude but they are 

180O out-of-phase, nodes on symmetry plane become having zero potential with 

respect to ground. This is called odd-mode. For odd-mode case, symmetry plane 

becomes virtually short boundary. General characteristics of full network can be 

obtained by using superposition which helps to obtain the S-parameters. 
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Figure 4.1: Symmetric Two Port Network 

 

 

Figure 4.2: Even Mode Case for Symmetric Two Port Network 

 

 

 

Figure 4.3: Odd Mode Case for Symmetric Two Port Network 
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After superposition, incident and reflected voltages can be derived as, 

VVVV oe 2111         (4.1) 

0222  

oe VVV        (4.2) 

VVVV oeoe )(111        (4.3) 

VVVV oeoe )(222        (4.4) 

S-parameters of whole two port network can be obtained by using the 

relations of superposed incident and reflected voltages given in equation 4.1, 4.2, 

4.3 and 4.4. 

2
11

oeS


        (4.5) 

2
21

oeS


        (4.6) 

 

Γo and Γe parameters used in equation 4.3, 4.4, 4.5 and 4.6 are the 

reflection coefficients of even and odd mode equivalent circuits. In the light of this 

result, if the even-mode and odd-mode reflection coefficients have same magnitude 

and 180O phase difference between them, the network is reflectionless (S11=0). In 

this case, resultant S21 is equal to Γe. 

To better understand how a reflectionless filter is synthesized, low-pass 

reflectionless filter topology is considered at first. Since the transmission coefficient 

of reflectionless network equals to the reflection coefficient of odd-mode, high-pass 

filter topology should be used as even and odd-mode equivalent circuits.  

Two dual third order high-pass filters having same normalized element 

values are given in Figure 4.4 and Figure 4.5.  
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Figure 4.4: High-Pass Filter Type-1 

 

 
Figure 4.5: High-Pass Filter Type-2 

 

If two filters are terminated with a resistor having impedance Z0, it can 

be observed that responses of both one-port networks are equal in magnitude and 

they are 180O out of phase. Therefore, if odd mode equivalent of a two port network 
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is one of the given types and even mode equivalent is the other one, a reflectionless 

network which has low-pass response can be obtained.  

Synthesis of low-pass reflectionless filter from these two one port 

networks is explained in Figure 4.6 step by step. 

 
Figure 4.6: Derivation of Reflectionless Filter from Dual High-Pass Filters 

 

 

Steps 

1. Since the symmetry plane of a symmetric two-port network is an open 

boundary for even mode, an inductor can be connected between input of the 

even-mode equivalent circuit and symmetry plane. 

2. First shunt inductor at the input of the odd-mode equivalent can be 

connected through symmetry plane since it is virtually ground in this case. 

3. Capacitor and resistor given in point 3 can be interchanged since they are 

connected in series. 
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4. Similarly, since the symmetry plane is an open boundary for even-mode 

equivalent case, there can be a connection between symmetry plane and 

circuit at point 4. 

5. Since symmetry plane is virtually ground for odd-mode equivalent case, 

ground can be connected to symmetry plane at point 5 and ground can be 

omitted. 

6. Since a capacitor between two grounded nodes has no effect, a shunt 

capacitor can be added at point 6. 

 

Finalized two-port symmetrical network after all of these steps is given 

in the Figure 4.7. 

 

 
Figure 4.7: Reflectionless Low-Pass Filters 

 

 

To ensure duality property of even and odd-mode equivalent circuits, 

inductance value should be selected as L = Z0
2C. Under this condition, transmission 

characteristics of this two port network can be derived by using basic lumped 

element circuit analysis. Input impedance of even-mode equivalent circuit can be 

found as follows: 
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Since odd-mode equivalent circuit is dual of the even-mode equivalent 

circuit; 

 
*

,, einoin ZZ           (4.9) 
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As it is mentioned before, two port network’s S21 parameter is equal to 

Γe. Return loss of odd-mode equivalent circuit is: 

0ein,

0ein,

Z

Z
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Z
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It is seen that a transmission zero occurs in S21 characteristics at ωtz and 

it can be found by using Equation 4.12 as; 

CZ
tz

0

1
          (4.13) 

Angular transmission zero frequency, ωtz, is very critical parameter for 

transmission characteristics of reflectionless low-pass filter. When S21=Γe relation 

is normalized with ωtz by inserting ω=ωtzω´, the following relation is obtained. 
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       (4.14) 

It is seen that S21 only depends on ωtz. Therefore, ωtz is chosen as the 

design parameter in this thesis. If any cut-off frequencies such as -1 dB cut-off 

frequency or -3 dB cut-off frequency is critical for an application, the relation 

between this cut-off frequency and transmission zero frequency can be found by 

using equation 4.14.For example, the relation between transmission zero frequency 

and -1 dB cut-off frequency can be found by equating the magnitude of equation 

4.14 with -1 in logarithmic scale. 
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      (4.15) 

Equation 4.15 has 2 real roots at ω’=±0.5592. This result shows the 

relation between transmission zero frequency. Similar relations can be found easily 

for -0.01 dB, -0.1 dB -0.5 dB and -3 dB. All resuts are given in Table 4.1. 

 

Table 4.1 Relation Between fc and ftz  

S21 at fc fc/ftz 

-0.01 0.280691 

-0.1 0.400186 

-0.5 0.506405 

-1 0.5592 

-3 0.656953 

 

High-pass, bandpass and bandstop reflectionless filter structures can be 

developed and transmission zero relations can be found by following same 

procedure of low-pass reflectionless filter derivation. Generalized form of high-

pass, bandpass and bandstop reflectionless filters are given in Figure 4.8, Figure 4.9 

and Figure 4.10. 
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Figure 4.8: Reflectionless High-Pass Filters 

 

 

 

 
Figure 4.9: Reflectionless Bandpass Filters 
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Figure 4.10: Reflectionless Bandstop Filters 

 

When same approach is used to obtain transfer characteristics of high-

pass reflectionless filter, it is seen that a transmission zero occurs in stop band and 

it can be found by using Equation 4.13 which is same as low-pass reflectionless 

filter. On the other hand, two transmission-zeroes occur for bandpass and bandstop 

filters. To understand the relation between those transmission zeroes and 

inductance-capacitance values for bandpass and bandstop filters, filter 

transformations can be used.  

To use filter transformations, similar method given in reference books 

which is scaling a given low-pass prototype element value in terms of source 

resistance and cut-off frequency is followed. However, transmission-zero 

frequencies are used in scaling for these transformations instead of cut-off 

frequencies for the sake of simplicity.  

Low-pass prototype normalized values are obtained from high-pass 

reflectionless filter inductance and capacitance values since its even/odd-mode 
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equivalent circuit has low-pass structure. When impedance scaling is applied to 

inductance value L and capacitance value C; normalized inductance and 

capacitance values L´ and C´ are obtained as: 

 

0

L
´

Z
L           (4.16) 

 

CZC 0´          (4.17) 

 

For frequency scaling, reactance value of series L and susceptance value 

of shunt C is considered: 

tz


  ´         (4.18) 

´´´´)(´ LjLjLj tz

tz





        (4.19) 

´´´ LL tz          (4.20) 

´´´´)(´ CjCjCj tz

tz





        (4.21) 

´´́ CC tz          (4.22) 

By using Equation 4.13 capacitance and inductance values can be found 

as: 

tzZ
C

0

1
          (4.23) 

tz

Z
L


0          (4.24) 

After all of these equations, it is seen that normalized values L´´ and C´´ 

are unity when normalization is made by using transmission-zero frequency.  

For low-pass to high-pass transformation, following process applied: 




 tz ´         (4.25) 
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Reactance for series connection becomes, 
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      (4.26) 

Susceptance for shunt connection becomes, 
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When impedance de-normalization applied: 

tz

HP
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C
0

1
          (4.28) 

tz

HP

Z
L


0          (4.29) 

 

Results obtained in equations 4.28 and 4.29 show that the relation 

between transmission-zero frequency and inductance and capacitance values are 

same for low-pass and high-pass which is also mentioned before. 

Similar transformation can also be used for bandpass and bandstop 

filters. Since bandpass and bandstop filters have 2 transmission-zeroes, following 

transformation process should be applied for bandpass filter: 
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tztz

      (4.30) 

Where ωtz,1 is lower transmission-zero frequency, ωtz,2 is upper 

transmission-zero frequency and ω0: 

 

1,2,0 tztz           (4.31) 

 

For series arm: 
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For shunt arm: 
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When impedance de-normalization is applied: 
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Similarly, for bandstop filters: 
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Thus; 
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The reason why all of these derivations are made is to understand the 

relation between transmission zeroes and inductance and capacitance values. All 

results are given in the following Table. 
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Table 4.2 Summary of Basic Reflectionless Filter Structures 

Reflection

less Filter 

Type 

Filter Schematic Filter S21 Response Element Values 

Low-Pass 
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High-

Pass 
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Z
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4.3 Design 

In previous part, theoretical explanation of Matthew Morgan’s 

reflectionless structures and its characteristics are given. In design procedure, the 

results obtained in previous part are used during creating schematics and 

determining transmission zero frequencies.  

Several filters are designed with different transfer characteristics and cut-

off frequencies. All designs are simulated by using GENESYS™ by using ideal 

lumped elements and more realistic elements by importing S-parameter data files 

of inductors and capacitors. Each type of reflectionless filters is treated in separate 

sections. 

 

4.3.1 Reflectionless Low-Pass Filter Design 

Three different reflectionless low-pass filters are designed with different 

cut-off frequencies. Simulation results are in good agreement with theoretical 

explanation given previously.  

Simulation results of all designs are given below for both ideal and non-

ideal inductor and capacitor models. Explanations about them are given Table 4.2.  

 

Table 4.3 Reflectionless Low-Pass Filter Specifications 

Filter 

Number 

Cut-off 

Frequency (fc) 

Transmission Zero 

Frequency (ftz) 
Inductance Capacitance 

LPF-1 185 MHz 332 MHz 24 nH 9.6 pF 

LPF-2 543 MHz 972 MHz 8.2 nH 3.3 pF 

LPF-3 1035 MHz 1851 MHz 4.3 nH 1.7 pF 
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Figure 4.11: Simulation Results for Reflectionless Low-Pass Filter-1 

 

 

 

 

Figure 4.12: Simulation Results for Reflectionless Low-Pass Filter-2  
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Figure 4.13: Simulation Results for Reflectionless Low-Pass Filter-3 

 

4.3.2 Reflectionless High-Pass Filter Design 

There are four different reflectionless high-pass filter designs with 

different cut-off frequencies. Simulation results of all designs are given below for 

both ideal and non-ideal inductor and capacitor models. Explanations about them 

are given Table 4.3.  
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Frequency (ftz) 
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Figure 4.14: Simulation Results for Reflectionless High-Pass Filter-1 

 

 

 

Figure 4.15: Simulation Results for Reflectionless High-Pass Filter-2  
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Figure 4.16: Simulation Results for Reflectionless High-Pass Filter-3  

 

 

 

Figure 4.17: Simulation Results for Reflectionless High-Pass Filter-4 
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4.3.3 Reflectionless Bandpass Filter Design 

There are four different reflectionless bandpass filter designs with 

different cut-off frequencies. Simulation results of all designs are given below for 

both ideal and non-ideal inductor and capacitor models. Explanations about them 

are given Table 4.4.  

 

Table 4.5 Reflectionless Bandpass Filter Specifications 

Filter 

Number 

Cut-off 

Frequencies  

(fc1 - fc2) 

Transmission 

Zero 

Frequencies  

(ftz1 - ftz2) 

L1 L2 C1 C2 

BPF-1 122-176 MHz 108-202 MHz 82 nH 36 nH 
14.4 

pF 
32.8 pF 

BPF-2 376-624 MHz 312-753 MHz 18 nH 15 nH 6 pF 7.2 pF 

BPF-3 572-820 MHz 498-940 MHz 18 nH 7.5 nH 3 pF 7.2 pF 

BPF-4 8051398 MHz 657-1714 MHz 7.5 nH 7.5 nH 3 pF 3 pF 

 

 

Figure 4.18: Simulation Results for Reflectionless Bandpass Filter-1  
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Figure 4.19: Simulation Results for Reflectionless Bandpass Filter-2 

 

 

 

Figure 4.20: Simulation Results for Reflectionless Bandpass Filter-3 
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Figure 4.21: Simulation Results for Reflectionless Bandpass Filter-4 
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Figure 4.22: Simulation Results for Reflectionless Bandstop Filter-1  

 

 

Figure 4.23: Simulation Results for Reflectionless Bandstop Filter-2 
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Figure 4.24: Simulation Results for Reflectionless Bandstop Filter-3 

 

4.4 Realization and Measurement 

As it is seen from design part, there is a good agreement between ideal 

and non-ideal simulations. These filters are realized by using the capacitors and 

inductors that are used in non-ideal simulations. For this purpose, lay-outs for each 

type of reflectionless filters are designed. All lay-outs are designed for Rogers 

4003C 20 mil substrate(Appendix D). Four reflectionless filter typers are handeled 

in separate sections. Designed layouts, fabricated filters and measurement result of 

each filter are given in these sections. 
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4.4.1 Implemented Reflectionless Low-Pass Filters 

 

Figure 4.25: Lay-out of Reflectionless Low-Pass Filter 

 

Figure 4.26: Fabricated Reflectionless Low-Pass Filters 
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Figure 4.27: Measurement Result of Reflectionless LPF-1 

 

 

 

Figure 4.28: Measurement Result of Reflectionless LPF-2 
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Figure 4.29: Measurement Result of Reflectionless LPF-3 

 

4.4.2 Implemented Reflectionless High-Pass Filters 

 

 

Figure 4.30: Lay-out of Reflectionless High-Pass Filter 
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Figure 4.31: Fabricated Reflectionless High-Pass Filters 

 

 

Figure 4.32: Measurement Result of Reflectionless HPF-1 
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Figure 4.33: Measurement Result of Reflectionless HPF-2 

 

 

Figure 4.34: Measurement Result of Reflectionless HPF-3 
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Figure 4.35: Measurement Result of Reflectionless HPF-4 

 

4.4.3 Implemented Reflectionless Bandpass Filters 

 

 

Figure 4.36: Lay-out of Reflectionless Bandpass Filter 
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Figure 4.37: Fabricated Reflectionless Band-Pass Filters 

 

 

Figure 4.38: Measurement Result of Reflectionless BPF-1 
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Figure 4.39: Measurement Result of Reflectionless BPF-2 

 

 

 

Figure 4.40: Measurement Result of Reflectionless BPF-3 
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Figure 4.41: Measurement Result of Reflectionless BPF-4 

 

4.4.4 Implemented Reflectionless Bandstop Filters 

 

 

Figure 4.42: Lay-out of Reflectionless Bandstop Filter 
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Figure 4.43: Fabricated Reflectionless Bandstop Filters 

 

 

Figure 4.44: Measurement Result of Reflectionless BSF-1 
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Figure 4.45: Measurement Result of Reflectionless BSF-2 

 

 

 

 

Figure 4.46: Measurement Result of Reflectionless BSF-3 
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As it is seen from measurement result graphs given above, there is a good 

agreement between simulation and measurement results. A difference is observed 

for stopband characteristics of some low-pass reflectionless filters and upper stop 

band of some bandpass filters. The reason behind this difference is about lumped 

components’ self resonance frequencies and metalization capacitances of layouts. 

Metal connection lengths between pads of capacitors, inductors and resistors 

become comparable with wavelength as frequency increases and this affect filter 

characteristics. 
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CHAPTER 5 

10 INTRODUC 

 

IMPROVED REFLECTIONLESS FILTERS 

 

 

 

5.1 Introduction  

Various types of reflectionless filters are examined and experimented in 

Chapter 4. A strong consistency between simulation and measurement results is 

observed. These easy to design and easy to implement filters can be very useful in 

microwave systems. However, as it can be observed from the results found in 

Chapter 4, the suppression of reflectionless filter can be inadequate for some 

applications which is about 14.47 dB characteristically.  

In order to improve the suppression performance of this type of filters, 

two approaches are explained. First of them is using different resistor termination 

at the end of the even and odd mode equivalent circuits. Other approach examines 

the reflectionless filter as a diplexer and constructs different structures. 

 

5.2 Termination Resistor Approach 

The reflectionless filters explained in Chapter 4 are designed by using 

resistors having the values of characteristic impedance, Z0. In this section, effect of 

using different resistor values is analyzed. However, using same resistors different 

from Z0 in even and odd mode violates duality property of even and odd mode 

circuits. Therefore, resistor used in even mode, Re and odd mode Ro should satisfy 

the following conditions to preserve reflectionlessness.  

 

0e

0e

0o

0o

R

R

R

R

Z

Z

Z

Z









        (5.1) 



 

 62 

2

0eoRR Z          (5.2) 

 

In order to show how this approach is applied to reflectionless filter 

structures, a low-pass reflectionless filter is used and two extra resistors are added 

after capacitors at the bottom side. Related schematic is given in Figure 5.1 

 

Figure 5.1: Reflectionless Low Pass Filters Constructed by First Approach 

 

Since symmetry plane is virtually short for odd mode, R2 has no effect 

on odd mode equivalent circuit. On the other hand, it becomes effective for even 

mode case. The relation between R1, R2 and Re, Ro is given in equation 5.3 and 5.4. 

 

1o RR           (5.3) 

21e RRR           (5.4) 
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Reflectionless property of two port network is preserved; therefore, no 

reflection is observed in this network too. To compare the suppression performance 

of this network and regular reflectionless low-pass filter, two networks are 

simulated by using same capacitors and inductors. Simulation results are shared in 

Figure 5.2. 

 

Figure 5.2: Simulation Result for First Approach 

 

As it can be seen from Figure 5.2, local maxima after transmission zero 

is suppressed almost 2.5 dB more by following this approach. It is noted that, 

resistors R1 and R2 are 39 Ω and 25.103Ω, respectively and 10 pF capacitors and 25 

nH inductors are used in these simulations. Consequently, stop band maxima 

decreases by using this approach; however, suppression degrades as frequency 

increases. 

 

 

5.3 Reflectionless Filter as a Diplexer Approach 

When a simple reflectionless filter is driven from one port, the dissipation 

behavior on resistors can be understood by using even – odd mode analysis as 

explained in Chapter 4. For even mode, ports of symmetric network are driven with 

same sources. Figure 5.3 explains even mode case. 
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Figure 5.3: (a) Even Mode Case (b) Even Mode Equivalent for Left Side 

Circuitry (c) Even Mode Equivalent for Right Side Circuitry 

 

 

Transfer function of high pass network between source and resistor for 

even mode equivalent circuits is Te and relation between VR1,e, VR2,e, and V is: 

 

VTVV eeR2,eR1,          (5.5) 

Similarly for odd mode: 

 

 

Figure 5.4: (a) Odd Mode Case (b) Odd Mode Equivalent for Left Side Circuitry 

(c) Odd Mode Equivalent for Right Side Circuitry 
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Transfer function of high-pass network between source and resistor for 

odd mode equivalent circuits is To and relation between VR1,o, VR2,o, and V is: 

 

VTVV ooR2,oR1,         (5.6) 

 

Since networks for even and odd mode cases are dual, transfer functions 

are equal.  

 

oe TT           (5.7) 

 

By using results obtained from equations 5.5, 5.6, 5.7 and superposition 

property, it is seen that there is no voltage incident to resistor R2. Therefore, no 

dissipation occurs at R2 when reflectionless network is driven from left port. 

Similarly, if network is driven from right port, no dissipation occurs at R1. This 

results shows that,  left input port and right resistor are isolated and vice-versa. 

By taking this result into account, this filter is considered as dual-

directional diplexer wherein the out of band energy is routed to internal ports for 

this approach. [reflectionless filter structures] Resultant schematics for this dual-

directional diplexer given in Figure 5.5 [3]. 
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Figure 5.5: Dual-Directional Diplexer 

 

The basic idea behind this approach is that any matched network 

connected between these internal ports does not violate reflectionless property of 

overall network. For example, resistive attenuators or other reflectionless filters can 

be connected to the internal ports as sub-networks.  

By using this approach, some reflectionless filter structures are designed 

and simulated. Related filters and simulation results are given in following figures. 

Internal 

Port-1 

Internal 

Port-2 
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Figure 5.6: Reflectionless Filter with Attenuator Sub-network 

 

 

 
Figure 5.7: Simulation Result for Reflectionless Filter with Attenuator Sub-

network 

 

 

 

Attenuation value of attenuator used as sub-network affects overall 

response. In order to decrease the maxima in suppression band as much as possible, 

20 dB pi-attenuator is used as sub-network. Although the maxima decreases in out 

of band, regular reflectionless filter have better suppression as frequency increases 

which is very similar to first approach result. In fact, schematic obtained in first 
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approach can also be thought as reflectionless filter with tee attenuator sub-network. 

Therefore, obtaining similar responses is an expected result. 

Other reflectionless filter topologies can also be used as sub-networks. 

Various reflectionless filters with different sub-networks are presented in following 

figures. 

 

 

 

Figure 5.8: Second Order Reflectionless Filter 
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Figure 5.9: Third Order Reflectionless Filter 

 

 

 
Figure 5.10: Comparison of First, Second and Third Order Reflectionless Filters 
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Adding a reflectionless filter to internal ports improves steepness of the 

pass band response. In addition, the maxima that occurred in first order regular 

reflectionless filter is suppressed in third order reflectionless filter. However, this 

causes greater peak at higher frequencies.  

Different type of reflectionless filter can also be used as sub-networks. 

For example, a high-pass reflectionless filter is connected to internal ports of a low-

pass reflectionless filter and different response is obtained. 

 

 

Figure 5.11: Reflectionless Low-Pass Filter with High-Pass Sub-network 
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Figure 5.12: Comparison of Regular Reflectionless Low-Pass Filter and 

Reflectionless Filter in Figure 5.9 

 

 

When a reflectionless low-pass filter is internally terminated with a high-

pass reflectionless filter, a bandstop response is obtained as given in Figure 5.10. It 

is understood from this result that sub-networks are not only used for better 

suppression, but also to shape the overall response. 
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CHAPTER 6 

11 INTRODUC 

 

CONCLUSION AND FUTURE WORK SUGESTIONS 

 

 

 

In this thesis, the importance of out of band matching is handled and 

several absorptive filtering techniques are treated. According to examples given in 

Chapter 2, out of band performance of some RF and microwave components also 

affects in-band performance such as degradation in its return loss and ripples in 

passband. The problems given in these examples are well known by RF and 

microwave system engineers. However, they choose different solutions instead of 

using absorptive filters to overcome these problems. For example, engineers 

commonly use matching attenuators in front of the ports of mixers in up-conversion 

and down-conversion applications. Although this is a solution for matching 

problem, this degrades overall gain of system. Therefore, there is a need of 

absorptive filters and because of this; Chapter 3, Chapter 4 and Chapter 5 are 

devoted to absorptive filter design and implementation methods.  

Four different absorptive filter design methods are given in Chapter 3 and 

Chapter 4 which are absorptive filters by using isolators, multiplexers, 3 dB 90o 

couplers and Matthew Morgan’s reflectionless filters. Using isolators in absorptive 

filtering may be seen as the simplest method; however, this is not an easy to 

integrate method for most of the microwave systems. In addition, finding wide band 

isolator can be problematic. On the other hand, using 3 dB 90o couplers in 

absorptive filters is also an easy method to use. Absorptiveness band of this kind of 

filters depends on the operation band of couplers and this is not critical because 

there are a lot of wide band couplers in market. However, this type of absorptive 

filters need more space when it is compared with Matthew Morgan’s reflectionless 

filters. In addition to space advantage of reflectionless filters, this topology also has 
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a wide band absorptiveness in applications, which depends on properties of lumped 

capacitors, inductors and resistors. On the other hand, the disadvantage of 

reflectionless filters is its suppression performance which may be inadequate for 

some applications. In order to obtain a satisfied suppression in stopband, 

reflectionless filters can be cascaded as long as required because of its 

absorptiveness property. However, space requirements may not let this much filters 

in cascaded form for this case. 

According to this information, reflectionless filter topology has only one 

disadvantage, having poor suppression performance. In order to improve it, two 

different approaches are mentioned in Chapter 5. Related approaches are explained 

and approaches are verified by using simulations. All simulation results are 

compared with classical reflectionless filters and better suppression and steeper 

pass band is observed. 

RF and microwave filters are used not only to suppress the unwanted 

signal but also to reject out of band noise for some applications. For example, filters 

are used in front of mixers to reject image frequency noise and this improves overall 

noise figure. However, reflectionless filters does not reflect out of band noise back 

because of their resistive characteristics. However, reflective filters affect return 

loss characteristics of frequency conversion systems. The detailed analysis for this 

problem and alternative solutions are thought as future work. 

In addition to this, detailed analysis of improved reflectionless filters and 

alternative sub-networks are thought as future works. Furthermore, some other 

absorptive filters by using hybrid filtering techniques as given in [8], [9] and [10] 

are thought as future works of this thesis. 
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APPENDIX C 

 

 

 ANNE-50+ DATA SHEET 

 

 



 

 84 
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