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ABSTRACT

The power reflection and reciprocity are the main challenges facing the radio-

frequency RF circuit designers for many reasons. When the power is totally reflected

from any RF circuit especially from out of the band of interest, the preceding RF circuit

can be damaged or get failed. Also, the isolation between the transmit and receive

signals is important. These two problems will be investigated and diminished into good

extent only in one design which is proposed for the first time in the literature.

In this thesis, a programmable quasi-reflectionless nonreciprocal filter is pro-

posed. The proposed filter can change its status relying on the control-voltage applied to

its control terminals. It can be changed from reflectionless into reflective filter or from

transmitting filter into receiving filter or vice versa. It may be automatically done if the

artificial intelligence techniques with FPGA or Arduino devices are utilized. The thesis

first discusses and proposes a solution for the power reflection. As known in most RF

circuit designs, they are only impedance matched at the desired frequency. It means all

power will be reflected back from where it comes. The proposed filter alters the route of

reflected power into absorptive loads. Several orders of U-shaped quasi-reflectionless

filters are simulated, but the third order one is chosen for fabrication to validate the

proof-of concept.

The second part in the thesis deals with solving the problem of reciprocity. Con-

ventionally, the reciprocity is broken through using the magnetic materials as in circu-

lators. Many disadvantages accompanied with this type of technology are like bulky,

non-compatible with printed circuits, and expensive. However, the spatial-temporal

modulation technique STM is adopted in this research. Because the main resonators are

static and its properties cannot be changed, varactor diodes are integrated to the main
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resonators. The varactor diodes can alter its capacitance values if the applied voltage

changes. Thus, the DC, frequency and phase of the modulation signals are governed

carefully to control the direction of signals propagation. The main factor determining

the propagation direction is the progressive direction of phase shift. Sometime, the S21

is supported and S12 is not, and vice versa. Again here, the dual-band and tunable

nonreciprocal BPF are presented.

Finally, the designs solved the two main problems are combined in one design

called the programmable quasi-reflectionless nonreciprocal band pass filter with tuning-

capabilities

vi



ACKNOWLEDGMENTS

ºAlhamdu lillahi rabbil ‘alaminº

First and foremost, I would like to express my sincere gratitude and acknowledg-

ment for Dr. Nasr Nomas Al-Khafaji for his valuable guidance, advice, and timely care

extended to me during my research period. I am able to successfully complete this re-

search work and deliver this thesis because of his immense patience and constructive

feedback.

I would like to acknowledge the help of both Mr. Amjad Adnan and Mr. Mustafa

Khafaji for their continuous support throughout this work.

I would like to thank my uncle Habib and his family for always being there

through the good and the bad times and for their everlasting love and support.

I would like to thank my family. My brothers and sisters for always being there

through good times and bad and for their constant love and support.

I would like to thank my wife who suffered so much for me, form the deep of my

heart thank you.

Special thanks are to my many friends who have given me their support and help

throughout my MSC.

ºTo my father and mother mercy and forgivenessº

vii



DECLARATION

I hereby declare that the thesis is my original work except for quotations and cita-

tions which have been duly acknowledged.

Date: / / 2022 Bahaa Hamzah Jasim

viii



TABLE OF CONTENTS

SUPERVISOR CERTIFICATION ii

COMMITTEE REPORT iii

LINGUISTIC CERTIFICATION iv

ABSTRACT v

ACKNOWLEDGMENTS vii

DECLARATION viii

List of Tables xi

LIST OF TABLES xi

List of Figures xii

LIST OF FIGURES xv

LIST OF ABBREVIATIONS xvi

LIST OF SYMBOLS xvii

LIST OF SYMBOLS xviii

1 GENERAL INTRODUCTION 1

1.1 Introduction 1

1.2 Problem Statement 6

1.3 Objectives 6

1.4 Contributions 6

1.5 Organization of Thesis 7

2 THEORETICAL BACKGROUND AND LITERATURE SURVEY 8

2.1 Introduction 8

2.1.1 Network Variables 8

2.1.2 Transmission-Line Networks 9

2.1.3 S-Parameters 10

2.1.4 Y - Parameters 12

2.1.5 Z- Parameters 13

2.1.6 ABCD Parameters 14

2.2 K/J Inverters 15

2.3 Filters Theories and Concepts 16

2.3.1 Prototype Lowpass Filter 16

2.3.2 Frequency and Impedance Transformation 21

2.4 Microstrip 25

2.4.1 Effective Dielectric Constant, Characteristics Impedance 26

2.4.2 Parallel Coupled lines 27

2.4.3 U-Shaped Bandpass Filter 28

2.5 Quasi-Reflectionless Filters Base on Complementary Duplexer 31

2.6 Nonreciprocity based on Spatial-Temporal Modulation(STM) Technique 34

ix



2.7 Literature Survey 37

2.7.1 Power Reflection Issue 37

2.7.2 Reciprocity Issue 39

3 Design and Implementation of Nonreciprocal Reflectionless Radio Fre-

quency system 43

3.1 Introduction 43

3.2 Methodology of Nonreciprocal Reflectionless Filter 43

3.3 Third Order U-Shaped Quasi-Reflectionless Bandpass Filter 45

3.3.1 Mathematical Background of The proposed Filter 45

3.3.2 U-Shaped Quasi-Relfectionless Bandpass Filter Design 51

3.3.3 Design Procedure 63

3.3.4 Tunable U-Shaped Quasi-Reflectionless Bandpass Filter 64

3.4 Third Order Magneticless Nonrecirocal U-Shaped Bandpass Filter 65

3.4.1 Nonreciprocity Devices based on Saptio-Temporal Modulation(STM)

Technique 66

3.4.2 3-pole U-Shaped Nonreciprocal Bandpass Filter Design 69

3.5 Spatial-Temporal Modulation Technique Based Tunable Nonreciprocal

Dual Band Pass Filter 72

3.5.1 Methodology of The proposed Filter 73

3.5.2 Mathematical Background of The Proposed Filter 73

3.5.3 Tunable 3-Pole U-Shaped Nonreciprocal Dual-Band Pass Filter

Design 81

3.6 Nonreciprocal Quasi- Reflectionless Band Pass Filter 88

4 RESULTS AND DISCUSSIONS 90

4.1 Introduction 90

4.2 Results Discussions of 3-pole quasi-reflectionless bandpass filter 90

4.3 Results Discussions of 3-pole tunable U-shaped quasi-reflectionless band-

pass filter 92

4.4 Numerical Validations of The magneticless Nonreciprocal BPF 93

4.5 Numerical Validations of The tunable Nonreciprocal Dual-Band Pass

Filter 95

4.6 Results and Discussions of Nonreciprocal Reflectionless Filter 98

5 CONCLUSION AND SUGGESTIONs FUTURE WORKS 101

5.1 Conclusion 101

5.2 Suggestions Future Works 102

Bibliography 103

LIST OF PUBLICATIONS 110

x



LIST OF TABLES

2.1 Comparison with the state of the previous literature 42

3.1 The physical dimensions of U-shaped BPF 52

3.2 The physical dimensions of U-shaped BPF 69

3.3 The physical dimensions of U-shaped DBPF 83

4.1 All details of simulated responses 92

4.2 Seven cases of programmable BPF 100

xi



LIST OF FIGURES

1.1 In band full duplex 2

1.2 Front end diagram 3

1.3 Reciprocity problem a) reciprocal devices b) nonreciprocal devices 4

1.4 Reflection power problem a) reflection power from reflected BPF to the

mixer b) spurious signals with two types BPF 5

2.1 RF/MW 2-port network 8

2.2 Short and open terminal of 2-port transmission (a) load impedance as

short form (b) load impedance as open form. 10

2.3 ABCD -Parameter 14

2.4 Cascaded of series 2-port network 14

2.5 K/J inverters (a) K-inverter (b) J- inverter 15

2.6 Four basic type of filter (a)response of the lowpass filter(LPF) (b) re-

sponse of the highpass filter(HPF) (c)response of the bandpass filter(BPF)

(d) response of the bandstop filter(BSF) 17

2.7 Lowpass prototype with frequency and element transformation 17

2.8 Lowpass filters prototype structure (a) shunt series-resonant branches

(b) series shunt resonant branches 18

2.9 Butterworth (maximally flat) lowpass responses (a) insertion loss LAr

(b)transmission confection S21 19

2.10 Chebyshev lowpass responses (a) insertion loss LAr (b)transmission

confection S21 20

2.11 Bandpass Transformation 23

2.12 Bandstop Transformation 25

2.13 Microstrip line 25

2.14 Microstrip coupled line (a) microstrip coupled line (b) Coupled lines

BPF (c) open end coupled line Equivalent circuit 27

2.15 The U-shaped bandpass resonator 29

2.16 Design curves obtained by ADS simulations for designing the microstrip

U-shaped BPF (a)external quality factor (b)coupling coefficient 30

2.17 Problem of the reciprocity 31

2.18 Reflectionless BPFs in microstrip technology based on two-port com-

plementary duplexer 32

2.19 Microwave devices (a) reciprocal devices (b) nonreciprocal devices 33

2.20 3-pole lumped element reciprocal BPF 34

2.21 3-pole lumped element nonreciprocal BPF (a) resonator circuite as a

parallel static insuctance and varable capacitance (b)resonator circuite

as a parallel static insuctance and varactor diode 36

xii



3.1 Methodology flowchart of nonreciprocal reflectionless filter a) part 1 b)

part 2 44

3.2 The procedure of converting the conventional one-pole band stop filter

into its ABS counterpart (a) the conventional one-pole bandstop filter

(transmission line model) (b) the conventional one-pole bandstop filter

(simplified circuit with the same responses) (c) the proposed absorptive

filter 46

3.3 Reflection and transmission (absorption) coefficients, and magnitudes

of the input impedances for the designs evolved in Figure 3.2 (a)ReflectionS11
(b)transmission S21 (c)magnitudes of the input impedances mag(Z) 48

3.4 U-shaped quasi-reflectionless BPF. 50

3.5 Input impedance of one-port U-shaped quasi-reflectionless (a)magnitude

Zin−BPF (b)magnitude Zin−ABS 51

3.6 (a) Lumped element 3-pole BPF (b) the layout of 3-pole U-shaped BPF

(c) the layout of 3-pole U-shaped BPF with the transmission line circuit

model of the ABS stubs connected into the output and input ports 52

3.7 Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF with respect to S (Z0 = 50Ω,Z1 = Z0∗a1Ω, Z2 = Z0∗a2Ω, Z3 =
Z0 ∗ a3Ω, θ1 = θ2 = 900, θ3 = 1800, a1 = 1, a2 = 1, a3 = 1) 53

3.8 Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF with respect to a1 (Z0 = 50Ω,Z1 = Z0 ∗ a1Ω, Z2 = Z0 ∗
a2Ω, Z3 = Z0 ∗ a3Ω, θ1 = θ2 = 900, θ3 = 1800, a2 = 1, a3 = 1, S =
0.5mm) 54

3.9 Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF with respect to a2 (Z0 = 50Ω,Z1 = Z0 ∗ a1Ω, Z2 = Z0 ∗
a2Ω, Z3 = Z0 ∗ a3Ω, θ1 = θ2 = 900, θ3 = 1800, a1 = 1.128, a3 =
1, S = 0.5mm) 55

3.10 Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF with respect to a3 (Z0 = 50Ω,Z1 = Z0 ∗ a1Ω, Z2 = Z0 ∗
a2Ω, Z3 = Z0 ∗ a3Ω, θ1 = θ2 = 900, θ3 = 1800, a1 = 1.128, a2 =
1.43, S = 0.5mm) 56

3.11 Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF and its bandpass section (Z1 = 56.4Ω,Z2 = 71.5Ω, Z3 = 71.5Ω, θ1 =
θ2 = 900, θ3 = 1800, a1 = 1.128, a2 = 1.43, a3 = 1.43, S = 0.5mm) 57

3.12 Simulated comparison between the transmission of U-shaped quasi-

reflectionless BPF (Fig.3.6) and the reflection of absorptive filter in

(Fig.3.2c) 58

3.13 The layout of n-pole U-shaped BPF with the transmission line circuit

model of the ABS stubs connected into the output and input ports (a)

4th order (b) 5th order 59

3.14 All frequency responses of the 4-pole and 5-pole U-shaped quasi-reflectionless

filters with varying S a)reflection S11 b) transmission S21 c) magnitude

of input impedance mag(Zin) 60

3.15 Compares the simulated frequency responses ( the reflection and trans-

mission coefficients, and the magnitude of input impedances) of the 3, 4,
and 5-pole U-shaped quasi-reflectionless filters 61

3.16 The prototype of 3-pole U-shaped quasi-reflectionless with cross coupling 62

xiii



3.17 Compares the simulated frequency responses the reflection and trans-

mission coefficients of the 3-pole U-shaped quasi-reflectionless filters

with and without cross coupling 63

3.18 RSMV1430 Capacitance vs Dc voltage 65

3.19 Concept of magneticless non-reciprocal BPF based on modulated RF

resonators (a) Coupling-routing diagram (b) Conceptual illustration of

the AC modulation signals applied on the DC-biased resonator varac-

tors. (c) all response of the nonreciprocal BPF 67

3.20 3-pole non-reciprocal band pass filter with ideal time-varying capacitors

by using (STM) 68

3.21 a) The layout of 3-pole U-shaped BPF b) the layout of 3-pole U-shaped

BPF with time varying varactor diode connected into the open end of

U-shaped resonator . 70

3.22 Parametric studies of the 3-pole U-shaped non-reciprocal BPF responses

with with respect to (a) modulation frequency fm (Km = 0.23; φ =
570); (b) modulation index Km (fm = 240MHz,φ = 570); (c) phase φ
(fm = 240MHz, Km = 0.23) 72

3.23 Methodology flowchart of multi-function filter a) part 1 b) part 2 73

3.24 The schematic structure of the dual-band filter using dual-band. 74

3.25 (a) The schematic layout of the dual-band U-shaped resonator (b) Its

first two resonant frequencies versus the length of central loading stub 75

3.26 The coupling coefficient Mi,i+1versus s for both bands. 76

3.27 The external quality factor Qe1,2 versus Lf for both bands with tapped

length (t=2mm). 76

3.28 Schematic of tunable dual-mode U-shaped resonator. 77

3.29 Circuit mode(a) odd mode (b) even mode . 78

3.30 The scenario of nonreciprocal dual-band BPF based on STM modulated

RF resonators (a) the coupling between the resonators diagram (b) con-

ceptual illustration of the AC modulation signals (c) conceptual power

transmission (S21), reflection (S11), and isolation (S12) responses of

the nonreciprocal dual-band BPF. 80

3.31 3-pole nonreciprocal dual-band pass filter with ideal time-varying ca-

pacitors using (STM) 81

3.32 The layout of 3-pole U-shaped DBPF 82

3.33 a) Spice mode of Varactor diode with DC biasing circuit b) The layout

of 3-pole U-shaped tunable DBPF with varactors diode are basied by

two dc voltage (Vdc1 and Vdc2) 83

3.34 SMV2019 Capacitance vs Dc voltage 84

3.35 Simulated frequency responses of the 3-pole U-shaped dual-band pass

filter with respect to Vdc1 (5, 15, and 25V). 84

3.36 Simulated frequency responses of the 3-pole U-shaped dual-band pass

filter with respect to Vdc2 (10, 20, and 25V). 85

3.37 Simulated frequency responses of the 3-pole U-shaped dual-band pass

filter with respect to a) Vdc1 =5V and Vdc2 (10, 20, and 25V) b) Vdc1

=15V and Vdc2 (10, 20, and 25V) c) Vdc1 =25V and Vdc2 (10, 20, and

25V) 86

3.38 3-pole U-shaped nonreciprocal dual-band pass filter base on STM tech-

nique 86

xiv



3.39 Parametric studies of the 3-pole U-shaped nonreciprocal filter dual-band

pass filter responses with respect to (a) modulation frequency fm (Km =
0.44; φ = 630); (b) modulation index Km = 0.44 (fm = 120 MHz,φ =
630); (c) phase φ (fm = 120 MHz, Km = 0.44) 88

3.40 The layout of the 3-pole U-shaped nonreciprocal quasi[reflectionless BPF 89

4.1 Experimental validations of 3-pole U-shaped BPF a) The layout and

photograph of the 3-pole BPF b) simulated and measured transmission

coefficients S21 c)simulated and measured reflection coefficients S11 91

4.2 Experimental validations of 3-pole U-shaped quasi-reflectionless BPF

a) The layout and photograph of the 3-pole quasi-reflectionless BPF b)

simulated and measured transmission coefficients S21 c)simulated and

measured reflection coefficients S11 91

4.3 Simulation of 3-pole tunable U-shaped quasi-reflectionless BPF a) The

layout and photograph of the 3-pole quasi-reflectionless BPF b) sim-

ulated transmission coefficients S21 c)simulated reflection coefficients

S11 93

4.4 Simulation of 3-pole U-shaped nonreciprocal BPF (a) the layout and

photograph of the 3-pole nonreciprocal BPF (b) simulated reflection co-

efficients S11 (c) simulated transmission coefficients S21 (d) simulated

isolation coefficients S12 94

4.5 The layout of the 3-pole Tunable U-shaped nonreciprocal dual-band

pass filter 95

4.7 Four cases output response of the proposed filter a)Non-tunable DBPF

b)Tunable DBPF response c)Nonreciprocal DBPF response d)Nonreciprocal

tunable DBPF response 97

4.8 Programable BPF Responses a) Bandpass Filter b) quasi-Reflectionless

BPF c) nonreciprocal BPF in direction from port 1 to port 2 d) quasi-

Reflectionless Nonreciprocal BPF e) tunable Reflectionless Filter f)tunable

Nonreciprocal Filter g) ) nonreciprocal BPF in direction from port 2 to

port 1 99

xv



LIST OF ABBREVIATIONS

Abbreviation Description

AC Alternating Current

ABS Absorptive Stub

BPF Bandpass Filter

BSF Bandstop Filter

DBPF Dual Bandpass Filter

FBW Fractional Bandwidth

HBF Highpass Filter

LPF Lowpass Filter

mag Magnitude

RF Radio frequency

TEM Transverse EM

fm Modulation frequency

TZ Transmission zero

IM Intermodulation

MW Microwave

ADS Advanced Design System

V DC Voltage Direct Current

BW Bandwidth

S − Parameter Scattering Parameter

STM Spatial Temporal Modulation

DC Direct Current

dB Decibel

Km Modulation index

Z0e Even Characteristic impedance

Z0o Odd Characteristic impedance

xvi



LIST OF SYMBOLS

Symbol Definition

Vs Source voltage

I1 Current at port 1

I2 Current at port 2

V1 Voltage at port 1

V2 Voltage at port 2

Zs Source impedance

Yo Characteristic admittance

Z0 Characteristic impedance

Z02 Terminal impedance at port2

a1 Incident wave at port 1

ω0 Center angular frequency

b2 Reflected wave at port 2

C Capacitance

C0 Static capacitance

f0 Center or resonance frequency

FBW Fractional bandwidth

G conductance

h Height of substrate

L Inductance

L Length of transmission line

LAr Passband ripple

Qe External quality factor

R Resistance

tin Location of tapped-line

Tn(Ω) Chebyshev function

xvii



LIST OF SYMBOLS

Symbol Definition

W Width of transmission line

Zf Characteristic impedance of the

transmission

Z01 Terminal impedance at port 1

γ Complex propagation constant

a2 Incident wave at port 2

b1 Reflected wave at port 1

b2 Reflected wave at port 2

Zin Input impedance

Zin1 Input impedance at port 1

Zin2 Input Impedance at port 2

l Length of the transmission line

n Order or degree of the filter

S Scattering parameters

ω1 First edge angular frequency

f1 First edge frequency

LAs Minimum stopband attenuation

S12 Isolation coefficient

S21 Transmission coefficient

ω2 Second edge angular frequency

f2 Second edge frequency

S11 Reflection coefficient at port 1

S22 Reflection coefficient at port 2

∆C Modulation depth

ε Ripple constant

εe Effective dielectric constant

εr Relative dielectric constant

Cn Variable capacitors

Mi,i+1 Coupling coefficients between the two

adjacent resonators

xviii



CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

Nowadays, wireless communication systems have become an essential part of our

modern life, as they are utilized in various aspects of daily used products. Thus, provid-

ing fast and reliable communication, at any time, is necessary. Also, several applications

use the wireless communication such as the Internet emerge recently. All those applica-

tions increase the number of the subscribers. However, the used frequency spectrum is

limited, and it becomes very crowed.

To solve this crowed spectrum , the research is divided into two paths. The first

path is to use higher frequencies, while the second path is to exploit and reuse the fre-

quency bands as much as possible. With higher frequencies, the losses increase and

the wireless devices should be carefully designed [1]. Also, the manufacturing tech-

niques become very expensive. On the other side, reusing the frequencies requires that

the wireless systems have high performance and good quality (i.e., higher spectral effi-

ciency). There are various methods for increasing the spectral efficiency. The In-Band

Full-Duplex (IBFD) is one of these methods which recently attracts a lot of researchers

and vendors [2]. The main idea is that most communication systems contain terminal

stations such as mobile phones and base stations that work to send and receive wireless

signals (transceiver or full duplex devices). The full duplex use different bands for re-

ceiving and transmitting channels. This method wastes the frequency channels [3]. The



half-duplex devices either transmit or receive at once, and the same frequency channel

uses for both transmit and receive. However, it is not practical to employ half-duplex de-

vises. Advantages of half and full-duplex devices are combined in one technique called

in-band full duplex IBFD. Therefore, the IBFD enables the wireless systems to trans-

mit and receive simultaneously across the same frequency spectrum [3]. This doubles

the spectrum efficiency as shown in Figure1.1. Therefore, these systems are of great

importance for the next-generation networks.

Figure 1.1: In band full duplex

Where, RF front-end circuits consist of two signals paths [4]. One is for transmit-

ting, while the other is for receiving as shown in Figure 1.2. In IBFD, both paths share

the same frequency channel, so the interference is very high. To avoid the interference

between the receiving and transmitting channels, devices should allow RF signals to

propagate only in one direction. Most RF devices, especially the passive type, allow

signals to propagate in both directions. This inherent property is called the reciprocity.
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Figure 1.2: Front end diagram

The main idea behind this problem is the transmission of signals in both directions

causes internal interference in these devices that leads to an attenuation of the desired

signals as shown in Figure 1.3. Moreover, all RF devices are matched at a specific band

of frequencies, whereas at other bands are mismatched. Thus, the signals will totally

be reflected into the former circuits causing serious problems that will be discussed in

detail in the next chapters. The power reflection and the reciprocity are the main target

of this thesis.

The common structure of RF front-end wireless communication systems has sev-

eral blocks and each block performs a specific function. The filter considers as a channel

selector, because it passes only a certain frequency band. Filters are among the most im-
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(a)

(b)

Figure 1.3: Reciprocity problem a) reciprocal devices b) nonreciprocal devices

portant of these devices in the architecture of wireless systems, where they are the basic

building blocks of these systems. Filters are two-port devices that passes a certain range

of frequencies (i.e. channel bandwidth), while other frequencies will be rejected. In the

conventional filters (reflective filters), the rejected signals will be reflected back from

where they come due to the high mismatching. This reflection will cause deterioration

in the performance of the nonlinear devices such as mixers, amplifiers, oscillators, etc.

For example, the conventional filter that is placed after the mixer in Figure 1.2 reflects

power back into the mixer, causing in the generation of additional spurious signals. As

a result of re-mixing it with the desired signals in an iterative process, some frequency

products may fall within the operational frequency range, resulting in the performance

deterioration as shown in Figure 1.4. Due to the presence of a large number of these

devices in the front-end chain, effects of the reflected power may lead to a complete

failure of the system.
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(a)

(b)

Figure 1.4: Reflection power problem a) reflection power from reflected BPF to the

mixer b) spurious signals with two types BPF

1.2 Problem Statement

There are several issues facing the RF components designers that have been fo-

cused in this research, and they are summarized as follow:

1. The passive RF components have two issues ; Power reflected from out of the

frequency band of the interest which leads to damage the adjacent components

(main problem) ; Inherent reciprocity that causes interference between the receive

and transmit paths.

2. In devices with static frequency responses, this means that each single RF device

can only operate with single frequency band. To make the device operating with

5



several bands simultaneously, there should be replicas for each single RF com-

ponent to cover all required bands. The structure will be complicated, large, and

expensive (secondary problem).

1.3 Objectives

The main objective of this thesis is design and implantation of nonreciprocity and

reflectionless response at the same structure of the filter in RF system .To achieve this

objective , several sub-objectives must be accomplished:

1. To solve two issues, which includes; reflection power by proposing quasi-reflectionless

filter and the reciprocity for the signal by proposing a nonreciprocal filter.

2. To proposed a new reflectionless nonreciprocal structure filter which depended on

combine two filters to enhance performance of the system.

1.4 Contributions

There are many Contributions that has been in this thesis such as :

1. A mathematical models is derived.

2. A static reflectionless microwave filter have been designed.

3. Spatial-temporal modulation technique is used to make the RF signals direction

propagating only in one way.

4. Multi-function filter have been designed, that can change its responses into:

i conventional non tunable single and dual-bandpass filter.

ii tunable single and dual-band pass filter.

iii magneticless nonreciprocal single and dual-band pass filter.
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iv tunable magneticless nonreciprocal single and dual-band pass filter.

1.5 Organization of Thesis

The thesis consists of five chapters organized as follows:

Chapter 2 introduces the theory of two port network including network variables, the-

ories and concepts of the microstrip transmission lines. Also, it provides other im-

portant aspects as reflectionless filters based on the complementary duplexer tech-

nique and the nonreciprocity based on spatial-temporal modulation STM tech-

nique.

Chapter 3 introduces the third order U-shaped quasi-reflectionless bandpass filter.

Chapter 4 presents the entire proposed design of programmable quasi-reflectionless

nonreciprocal bandpass filter.

Chapter 5 concludes and future of the thesis.
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CHAPTER 2

THEORETICAL BACKGROUND AND LITERATURE SURVEY

2.1 Introduction

RF/microwave components include filters, antennas, circulators, diplexers, power

dividers, and collectors. These components may differ in terms of physical perception,

but the structure of their components is common to all. Because these components

operate at high frequencies, it is difficult to use voltmeters and ammeters to measure

voltages and currents directly. This chapter aims to describe the concepts of different

networks and to present the important equations in the analysis of two port networks.

2.1.1 Network Variables

Most components RF/microwave systems are two-port devices such as a filter

where their components can be represented as shown in Figure 2.1, where I1 and V1 are

the current and voltage variables at ports 1, while I2 and V2 are the current and voltage

variables at ports 2. Also, each port has terminal impedances are Z01 and Z02, and the

source voltage isVs.

Figure 2.1: RF/MW 2-port network

In frequencies of RF/microwave, it is difficult to measure current and voltage, so
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the wave variables are entered, a1, a2, b1, b2, where a1 and a2 refer to the incident waves

and b1 and b2 refer to the reflected waves

2.1.2 Transmission-Line Networks

The input impedance at port one in the RF/MW 2-port network as shown in Figure

2.1 is given by [5]

Zin1 = Z0
Z02 + Z0 tanh γl

Z0 + Z02 tanh γl
(2.1)

where Z0 is the characteristic impedance, while l and γ are the length of the transmission

line and complex propagation constant, respectively. When the transmission line is a

lossless line that means γ = jβ and Eq.2.1 becomes

Zin1 = Z0
Z02 + jZ0 tan βl

Z0 + jZ02 tan βl
(2.2)

One of the important types of two-port transmission networks are single-port

transmission networks with open or short terminated, where their impedances are found

from Eq.2.1 or 2.2

Zin1|Z02=∞ =
Zc

tanh γl

Zin1|Z02=0 = Zc tanh γl

(2.3)

When transmission line is lossless and with load impedance in form of short or

open circuits as shown in Figure 2.2.

The expressions of Zin1 become

Zin1|Z02=∞ =
Zc

tanh γl

Zin1|Z02=0 = Zc tanh γl

(2.4)
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(a)

(b)

Figure 2.2: Short and open terminal of 2-port transmission (a) load impedance as short

form (b) load impedance as open form.

Zin1|Z02=∞ =
Zc

j tan βl

Zin1|Z02=0 = jZc tan βl

(2.5)

2.1.3 S-Parameters

The scattering matrix is one of the important criteria that provides a complete de-

scription of the behavior of multi-port networks, and as mentioned earlier, it is difficult

to measure current or voltage at high frequencies and enter wave variables. So, the scat-

tering matrix describes the relationship between the wave reflected to the incident wave

at any port, as defined as

S11 =
b1
a1

∣

∣

∣

a2=0
S12 =

b1
a2

∣

∣

∣

a1=0

S21 =
b2
a1

∣

∣

∣

a2=0
S22 =

b2
a2

∣

∣

∣

a1=0

(2.6)

where an = 0 means full impedance matching between the ports ,in another word no

reflection of terminal impedance at port n, so the scattering matrix or S matrix can be
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written






b1

b2






=







S11 S12

S21 S22






·







a1

a2






(2.7)

where S11 and S22 are the reflection coefficients, while the transmission coefficients

are S12 and S21. These parameters are called the S- parameters of the scattering matrix

[S].

At microwave frequencies, these coefficients can be measured directly as well.

They are complex coefficients, and the appropriate expression for them is amplitudes

and phases, that is, Smn = |Smn|ejφmn for m,n = 1, 2. For filter characterization, we

may define two parameters [5]

LA = −20 log |Smn| dB m,n = 1, 2(m ̸= n)

LR = 20 log |Snn| dB n = 1, 2

(2.8)

where LA is insertion loss that implies to loss in the power between ports n and m, and

the return loss LR represents the power that loss due to reflected at the same port n, also,

there are other parameters may be used instead LR is the voltage standing wave ratio

VSWR, That definitions as

V SWR =
1 + |Snn|
1− |Snn|

(2.9)

In a filter or any frequency selective network, the signal suffers from some delay when

it is transmitted through it. To describe the performance of the filter related to the delay,

two other parameters play an important role. The first is the phase delay in [1], which is

defined by

τp =
φ21

ω
(2.10)
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This delay is considered the real delay of the baseband signal and is referred to the

envelope delay.

In network analysis and synthesis, the reflection coefficients S11 and S22 may be

desirable in terms of the terminal impedance, as the following

S11 =
Zin1 − Z01

Zin1 + Z01

(2.11)

Similarly, we can have

S22 =
Zin2 − Z02

Zin2 + Z02

(2.12)

where Zin1 and Zin2 are the input impedances looking into port 1 and port2 of the

network , respectively.

One of the useful properties of the S parameter in network analysis is the symmet-

rical network (reciprocal network), which means that S12 = S21. For a lossless passive

2-port network, the transmitted and reflected power must equal the total incident power.

In below Eq.2.13 explain these conditions

S21S
∗
21 + S11S

∗
11 = 1 or |S21|2 + |S11|2 = 1

S12S
∗
12 + S22S

∗
22 = 1 or |S12|2 + |S22|2 = 1

(2.13)

2.1.4 Y - Parameters

Y- parameters or short-circuit terminal of a RF/MW 2-port network are defined as

Y11 =
I1
V1

∣

∣

∣

V2=0
Y12 =

I1
V2

∣

∣

∣

V1=0

Y21 =
I2
V1

∣

∣

∣

V2=0
Y22 =

I2
V2

∣

∣

∣

V1=0

(2.14)
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When the terminal of circuit at port n is perfect short that means Vn = 0. The definitions

of the [Y] matrix that contain the Y parameters can be written as







I1

I2






=







Y11 Y12

Y21 Y22






·







V1

V2






(2.15)

Previously, subsection 2.7.2 presents the previous solutions to the problem of reci-

procity in filters. As it is known that the filter is a two-port device; so the Y-parameters

analysis can describe the reciprocity of filters by the condition Y 12 = Y 21. Also, when

this filter is lossless, the Y parameters are all purely imaginary.

2.1.5 Z- Parameters

Z- parameters or open-circuit terminal of a RF/MW 2-port network are defined as

Z11 =
V1

I1

∣

∣

∣

I2=0
Z12 =

V1

I2

∣

∣

∣

I1=0

Z21 =
V2

I1

∣

∣

∣

l2=0
Z22 =

V2

I2

∣

∣

∣

I1=0

(2.16)

when the terminal of circuit at port n is perfect open that mean In = 0. The definitions

of the [Z] matrix that contain the Z parameters can be written as







V1

V2






=







Z11 Z12

Z21 Z22






·







I1

I2






(2.17)

Also, Z-parameters may describe the reciprocity networks by condition Z12 =

Z21, while the lossless condition implies all Z parameters are purely imaginary.

Inspecting Eqs. 2.17 and 2.17, we obtain an important relation

[Z] = [Y ]−1 (2.18)
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2.1.6 ABCD Parameters

The Z- , Y- , and S- matrices can be used to characterize the RF/MW network ,

when these network is represent in series or parallel combinations of 2-port network .

In practice, two or more than of 2-port network such as filters are actually repre-

sented by a series of cascaded form. So, ABCD matrix is used to characterized these

networks.

2-port RF/MW Network in Figure 2.3 illustrates the relationship between the volt-

age and current on each port that can be defined through the ABCD matrix as







V1

I1






=







A B

C D






·







V2

I2






(2.19)

Figure 2.3: ABCD -Parameter

For cascaded 2-port network in series of n ±network as shown in Figure 2.18 , the

voltage and current at port 1 can be define as







V1

I1






=







A1 B1

C1 D1













A2 B2

C2 D2






. . .







An Bn

Cn Dn













Vn+1

In+1






(2.20)

Figure 2.4: Cascaded of series 2-port network

There are two special characteristics of the ABCD matrix
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1) AD = BC when network is reciprocal and A = D For symmetrical network

2) A and D are purely real when the network is lossless , while B and C are both

purely imaginary.

2.2 K/J Inverters

There are two types of inverters, the first is impedance inverter or K-inverter and

the other is admittance inverter or (J-inverter). Ideally, these inverters work as a quar-

ter±wavelength impedance transformer with a specific real characteristic impedance of

K or J at all frequencies. Figure 2.5 shows the two-port K/J inverter with one port

terminated by a load ZL.

(a)

(b)

Figure 2.5: K/J inverters (a) K-inverter (b) J- inverter

The input impedance of the other port is

Zin =
K2

Zl
(2.21)

When ZL is conductive / inductive, Zin will become inductive / conductive, that

mean, the inverter has a phase shift of ±900. The matrix of ABCD in previously pre-

sented ,may be used to decelerates k- inverters matrix in [1].as define as

15









A B

C D






=







0 ±jK

∓ 1
jK

0






(2.22)

Also J-inverter operates in a similar way of K-inverter, and the input admittance

of the other port is

Y in =
J2

Y l
(2.23)

where YL is conductive / inductive, Yin will become inductive / conductive. That

means the inverter has a phase shift of ±900.Also, J- inverters matrix can be obtained

by ABCD matrix as following







A B

C D






=







0 ±jJ

∓ 1
jJ

0






(2.24)

2.3 Filters Theories and Concepts

The filter is one of the basic components of wireless communication systems. It

has an important role in controlling the frequency response by allowing or rejecting

the specified band frequencies. there are four types of response low-pass, high-pass,

Bandpass, and band-reject [5].

In general, the lowpass prototype is the basis of the filter design transformed into

other types of filters. Figure2.6 shows the response of each type of filter [1].

2.3.1 Prototype Lowpass Filter

In general, a prototype lowpass filter means that the element of the filter in the

normalized form such as the resistance/ conductance of the source has a normalized

value equal to one (i.e g0 = 1), and normalized cutoff frequency to be unity; that means

Ωc = 1 (rad/s).
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(a) (b)

(c)
(d)

Figure 2.6: Four basic type of filter (a)response of the lowpass filter(LPF) (b) response

of the highpass filter(HPF) (c)response of the bandpass filter(BPF) (d) response of the

bandstop filter(BSF)

Figure 2.7 illustrates that all types of filter are designed from a prototype low pass

filter by using frequency and element transformations.

Figure 2.7: Lowpass prototype with frequency and element transformation

Lowpass prototype has different shapes depending on the filter structure and prop-

erties as shown in Figure 2.8, as there are two main types of responses from filters are

Butterworth and Chebyshev that will be covered in the next section

In Figure 2.8 , it will be noted that the resistance / conductance of the source is
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(a)

(b)

Figure 2.8: Lowpass filters prototype structure (a) shunt series-resonant branches (b)

series shunt resonant branches

g0 in normalized form, for = 1 to n, gi represents the other element in form of series

inductance or capacitance of the shunt capacitor. So, n is also the number of reactive

elements; therefore, and gn+1 is defined as load resistance/ conductivity of the load

resistance or the load conductance.

2.3.1.1 Butterworth Response of Prototype Lowpass Filters

Butterworth filters have a transfer function in squared form in the passband and

the insertion loss LAr at the cutoff frequency Ωc is given [5]

LAr(Ω) = 10 log10

[

1 + ε2
(

Ω

Ωc

)2n
]

. (2.25)

where n is the order or degree of filter, that determined the number of normalized ele-

ments g in the low-pass filter prototype and ε is the ripple constant related to a given

passband ripple LAr in dB.

ε =

√

10
LAr

10 − 1, (2.26)
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The maximally flat response of this type comes from the squared amplitude trans-

fer function in Eq.2.27, this transfer function has a maximum (2n - 1) number with zero

derivatives at = 0 , but it deteriorates when approaching the cutoff frequency as shown

in Figure 2.9.

|S21(jΩ)|2 =
1

1 + Ω2n
(2.27)

(a) (b)

Figure 2.9: Butterworth (maximally flat) lowpass responses (a) insertion loss LAr

(b)transmission confection S21

The normalized values of the Butterworth element in Figure 2.8 can be computed

in relation to insertion loss LAr = 3.01 and the normalized cutoff frequency Ωc = 1 as

follows [5],

g0 = 1.0

gi = 2 sin

(

(2i− 1)π

2n

)

for i = 1 to n

gn+1 = 1.0

(2.28)

and n is the order of filter that determines the specification of a Butterworth lowpass

prototype response, can be computed when minimum stopband attenuation LAs dB at

the normalized frequency equal to stop frequency (Ω = Ωs for Ωs > 1 )is given by
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n ≥ log
(

100.1LA − 1
)

2 log Ωs

(2.29)

2.3.1.2 Chebyshev Response of Prototype Lowpass Filter

In chebyshev response, the filter has an equal ripple in the passband and is maxi-

mally flat at the stopband as shown in Figure 2.10. The transfer function that describes

this type of response is amplitude-squared while it has a transfer function below with a

cutoff frequency Ωc = 1 and passband ripple LAr dB. The chebyshev insertion loss in

[1] as defined as:

LA(Ω) = 10 log10

{

1 + ε2 cosh2

[

n cosh−1

(

Ω

Ωc

)]}

, for |Ω| ≥ Ωc.

LA(Ω) = 10 log10

{

1 + ε2 cos2
[

n cos−1

(

ω

Ωc

)]}

, for |Ω| ≤ Ωc,

(2.30)

where ε is ripple constant can be given by

ε =

√

10
LAr

10 − 1, (2.31)

(a) (b)

Figure 2.10: Chebyshev lowpass responses (a) insertion loss LAr (b)transmission con-

fection S21
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The transmission confection S21 is given by

|S21(jΩ)|2 =
1

1 + ε2F 2
n(Ω)

(2.32)

Fn(Ω) is the function of Chebyshev of the first kind of order n as defined as

Fn(Ω) =











cos (n cos−1 Ω) |Ω| ≤ 1

cosh
(

n cosh−1 Ω
)

|Ω| ≥ 1

(2.33)

For the element in the two-port prototype filter networks as shown in Figure 2.8

may be calculated by using the following formulas:

g0 = 1.0

g1 =
2

γ
sin
( π

2n

)

gi =
1

gi−1

4 sin
[

(2i−1)π
2n

]

· sin
[

(2i−3)π
2n

]

γ2 + sin2
[

(i−1)π
n

] for i = 2, 3, . . . n

gn+1 =











1.0 for n odd

coth2
(

β

4

)

for n even

(2.34)

where n is the filter order that can be found at the stopband frequency Ω = Ωs:

n ≥
cosh−1

√

100.1LAs−1
100.1LAr−1

cosh−1 Ωs

(2.35)

2.3.2 Frequency and Impedance Transformation

The Practical filter’s characteristics are frequency and element values that can be

obtained from lowpass filter prototype that has a normalized value of elements in Figure

2.8 after applying frequency and element transformations.

The transformation or mapping of the frequency refers transform the normalized
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frequency of lowpass prototype ω to practical frequency of filter such as lowpass filter

(LPF), highpass filter (HPF), bandpass filter (BPF), and bandstop (BSF).

In addition, the scaling of impedance is the other important transformation that is

required to accomplish the element transformation, in which normalized value g0 = 1

will be removed and converted to the source impedance after multiplied by scaling factor

γ0 as defined as

γ0 =



















Z0/g0 for g0 being the resistance

g0/Y0 for g0 being the conductance

(2.36)

where Z0 = 1/Y0 is the source impedance . In principle, applying the admittance or

impedance scaling on a filter network is not effect of the response shape.

L → γ0L

C → C/γ0

R → γ0R

G → G/γ0

(2.37)

2.3.2.1 Transformation of Bandpass filter

Bandpass Transformation refers to transforming a lowpass prototype has normal-

ized frequency ωc and element g, to bandpass having a bandwidth ω2 − ω1, where

ω2 and ω1 are high and low frequencies respectively. The transformation of required

Bandpass in [5]. The frequency is
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Ω =
Ωc

FBW

(

ω

ω0

− ω0

ω

)

FBW =
ω2 − ω1

ω0

ω0 =
√
ω1ω2

(2.38)

where ω0 is the center angular frequency and FBW is the fractional bandwidth. By ap-

plying this frequency mapping the element g in form inductive in the lowpass prototype

will transform into a resonant circuit in a form of a series LC in the bandpass filter.

The capacitive element is transformed into resonant circuit in a form of a parallel LC as

shown in Figure 2.11. The transformation element of bandpass filter are

Ls =

(

Ωc

FBWω0

)

γ0g

Cs =

(

FBW

ω0Ωc

)

1

γ0g
for g representing the inductance

Cp =

(

Ωc

FBWω0

)

g

γ0

Lp =

(

FBW

ω0Ωc

)

γ0
g

for g representing the capacetance

(2.39)

Figure 2.11: Bandpass Transformation
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2.3.2.2 Transformation of Bandstop filters

The lowpass prototype can be converted to bandstop filter by the frequency trans-

formation as below [5],

Ω =
ΩcFBW

(ω0/ω − ω/ω0)
(2.40)

The transformation of the bandstop filter is opposite to that in the bandpass, where

the element g, as inductive in the lowpass prototype, will transform into resonant circuit

in a form of a parallel LC in the bandstop filter. The capacitive element is transformed

into resonant circuit in a form of a series LC as shown in Figure 2.12.

Ω =
ΩcFBW

(ω0/ω − ω/ω0)

Cp =

(

1

FBWω0Ωc

)

1

γ0g

Lp =

(

ΩcFBW

ω0

)

γ0g for g representing the inductance

Ls =

(

1

FBWω0Ωc

)

γ0
g

Cs =

(

ΩcFBW

ω0

)

g

γ0
for g representing the capacitance

(2.41)

At higher frequencies, the lumped elements become small in size so it is difficult

to use them in filter design. Alternatively, transmission lines can perform the same

functions as lumped elements. In addition, it is easy to manufacture or print as integrated

circuit. One of the most important transmission lines is the microstrip, which we will

discuss in the next
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Figure 2.12: Bandstop Transformation

2.4 Microstrip

Most electronic systems can be implemented in the form of planar printed boards

(PCBs). It is a common practice in the manufacture of components for RF/MW systems

[6]. Microstrip lines can be manufactured by lithographic printing and easily integrated

by other active and passive microwave circuits, the structure of which is shown in the

figure below.

Figure 2.13: Microstrip line

where W is the width of microstrip and h is the thickness of dielectric substrate

that placed on ground (conducting)
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2.4.1 Effective Dielectric Constant, Characteristics Impedance

Approximately, the expression for effective dielectric constant εe of a microstrip

line is given by [5],

εe =
εr + 1

2
+

εr − 1

2

1
√

1 + 12h/W
(2.42)

where W is the width of microstrip line and εr , h are relative dielectric constant and

height of the substrate. The characteristics impedance Z0 of the microstrip line can be

calculated by

Z0 =











60√
εe
ln
(

8h
W

+ W
4h

)

for W
h
≤ 1

120π
√
εe[

W

h
+1.393+0.667 ln(W

h
+1.444)]

for W
h
≥ 1











(2.43)

where

W

h

=











8eA

e2A−2
for W/h < 2

2
π

[

B − 1− ln(2B − 1) + εr−1
2εr

{

ln(B − 1) + 0.39− 0.61
εr

}]

for W/h > 2











A =
Z0

60

√

εr + 1

2
+

εr − 1

εr + 1

(

0.23 +
0.11

2

)

B =
366π

2Z0
√
εr

(2.44)

After identifying the necessary equations for the microstrip line, it is necessary to

know that the microstrip enters into the constructer of the most important components

of microwave frequencies, which are the filters. There are many filters such as coupled

resonator filter, stepped impedance filter, hairpin filter and others[1]. We will discuss

the details of two types of them in the next section: parallel coupled resonator filter and

hairpin filter.
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2.4.2 Parallel Coupled lines

It is one of the important types of microstrip, consisting of two lines close to each

other, which allows the electromagnetic field to be coupled between them, so it is called

the coupling lines. Coupling lines are used in the construction of many components

of microwaves systems, such as filters and antennas. So, many filters can be easily

constructed using dual parallel transmission lines such as bandpass filters (BPFs) or

bandstop filters (BSFs) with filter fraction bandwidth less than 20%. Wider filters are

more difficult to manufacture because dual lines are more compact [5].

There are two types of coupling lines: open-ended and short-end coupled lines.

Figure 2.14 shows the open-end coupling line and Equivalent circuit of it that enters into

the structure of filters for ease of manufacture.

(a)
(b)

(c)

Figure 2.14: Microstrip coupled line (a) microstrip coupled line (b) Coupled lines BPF

(c) open end coupled line Equivalent circuit

For designing narrowband, BPF can be used cascating sectioning Figure 2.14c,

where the resonant frequency of the filter occurs at angle ( θ = π/2 ). The molding of

coupled line section can be calculated by adding an even mode impedance. The derived

impedance of three sections in Figure 2.14c results from multiplying ABCD parameter

of each section with other as follows [1],

ZOe = Z0

[

1+ JZ0 + (JZ0)
2]

ZOo = Z0

[

1− JZ0 + (JZ0)
2]

(2.45)
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For the design of Bandpass, filters consist of N-section in Figure 2.14 , the impor-

tant results defined

Z0J1 =

√

πFBW

2g1

Z0Jn =
πFBW

2
√
gn−1gn

For n = 2, 3 . . .N

Z0JN+1 =

√

πFBW

2g1

(2.46)

where

FBW =
f2 − f1

f0
(2.47)

2.4.3 U-Shaped Bandpass Filter

The conventional U-shaped coupled resonators are first examined since they con-

sider the core of our proposed work. The straight λ/2 resonators are large compared

to the U-shaped resonators, so the latter type is adopted in our structure. Moreover, the

input and output ports can be placed close to each other to enhance the filter selectivity

by adding zeros into the filter response. The U-shaped figure comes from folding the

arms of the straight λ/2 resonators into U shape to reduce the size as shown in Figure

2.15.Several of the U-shaped resonators are adjacently placed, and the amount of power

transferred among them relies on the space separating them, like the parallel coupled

resonators. Hence, the same design equations for parallel coupled λ/2 resonators can

be used. However, to fold the resonators, it is necessary to take into account the reduc-

tion in the coupling length, which in turn, reduces the coupling between the resonators.

The coupled length is slightly less than a quarter wavelength because each resonator has

two bends and there should be a distance to separate between them [7].

To design the U-shaped bandpass filter, the classical filter methodology can be

utilized [1]
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Figure 2.15: The U-shaped bandpass resonator

Qe1 =
g0g1
FBW

,Qen =
gngn+1

FBW
(2.48)

Mi,i+1 =
FBW
√
gigi+1

(2.49)

where Qe1 and Qen are the external quality factors of the resonators at the input and

output, respectively, and Mi,i+1 are the coupling coefficients between the two adjacent

resonators. The gi is the i-th normalized filter element. The FBW is the fractional band-

width. The feeding method used is the tapped-line which is the 50Ω microstrip input

(output) feeding transmission line. The location of tapped-line feed is approximately

given by:

t =
2L

π
sin−1

(
√

πZ0

2QθZf

)

(2.50)

where Zf is the characteristic impedance of the transmission line forming the U-shaped

resonator, Z0 is the characteristic impedance of feeding input (output) transmission line,

and L is half the length of the single resonator which is about a quarter wavelength at

the design frequency. The advanced system design (ADS) is used to extract the external

quality factor and coupling coefficients. Figure 2.16 shows these two parameters. As

can be seen in Figure 2.16a, the feeding location (t) plays a vital role in how to control

the external quality factor. The external quality factor decreases as t increases. Less

input power can be injected into the resonator when t increases. In other words, when
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the feeding transmission line approaches to the open-end of the resonator, the power

coupling between the feeding transmission line and resonator decreases. Moreover, the

space separating between the adjacent resonators controls the amount of power trans-

ferred between them, see Figure 2.16b. Thus, these two parameters (i.e., Qe, and M )

are investigated and optimized carefully.

(a) (b)

Figure 2.16: Design curves obtained by ADS simulations for designing the microstrip

U-shaped BPF (a)external quality factor (b)coupling coefficient

These microstrip bandpass filters operate to pass a certain range of frequencies

(i.e., the channel bandwidth), while other frequencies will be rejected as shown in Figure

2.17. In the conventional filters, the rejected signals will be reflected back from where

they come due to the high mismatching. This reflection will cause deterioration in the

performance of the nonlinear devices such as mixers, amplifiers, oscillators, etc. [8],

[9]. To circumvent this problem, the solution is to use the nonreciprocal circulator or

isolators to redirect the reflected power into absorptive loads. However, this solution

will complicate the design and increase the cost [5].

To avoid using the bulky conventional nonreciprocal devices, the reflectionless

filters have attracted a lot of attention recently. These filters have the ability to mitigate

the reflected signals for all frequencies for passbands and stopbands, so they are called

the reflectionless. Also, there are quasi-reflectionless filters, being able to decrease the
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Figure 2.17: Problem of the reciprocity

reflected signals for a wide range of stopband frequencies. The reflected signals are dis-

sipated inside the filter itself by the absorptive parts. Thus, the filter is well matched not

only for the passband but also for the stopband [10]. To do so, designers have reported

several schemes such as the complementary duplexer, lossy resonators, directional fil-

ter, etc. in [10],[11]. The previously mentioned methods, the Complementary diplexer

method was used, are explained in detail in the next section

2.5 Quasi-Reflectionless Filters Base on Complementary Duplexer

An obvious way to construct an absorption filter is a diplexer and terminates the

branch associated with the unwanted portion of the spectrum with a resistor. Despite

the simplicity of its principle, there are many details that must be taken into account.

For one, a conventional diplexer will only have low reflections from one side [12],[13].

In[14] it has low reflections from both sides, a bidirectional diplexer is needed.

For reflectionless bandpass filter by using Complementary diplexer as shown in

Figure 2.18, the architectures of these filter includes two-channel; the first main of band-

pass channel while the other bandstop channel with opposite or complementary transfer

functions of the first channel [11], [15]. Therefore, it is the main bandpass channel that

defines the characteristics within the band, where it is connected between the input and

output terminals and through which the desired signals can travel, while the auxiliary
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band channel is connected at the input and output ports and terminals with absorptive

impedance.

Figure 2.18: Reflectionless BPFs in microstrip technology based on two-port comple-

mentary duplexer

After identifying the methods used to solve the problem of reflection power, there

is an inherent problem in microwave circuits, which is the problem of reciprocity. There

are many concepts of the principle of reciprocity in different physical fields, including

electromagnetism, electrodynamics and acoustics in [16±22].

In the field of electromagnetism, the principle of reciprocity means that waves

move in the same direction forward and backward in most scenarios. In more formal

terms, reciprocity means that the wave propagation remains unchanged if the source and

observation points are not change. In microwave engineering, the effects of reciprocity

are spread everywhere, such as the antenna that sends in the same way as the receiver,

or the energy divider that divides the signal into two signals in one direction and as an

energy collector in the opposite direction

Also, according to Lorenz’s theory, any medium is linear time-invariant with sym-

metric permeability and permittivity tensors that must be reciprocal. Since any linear

network has a finite number of ports, its scattering matrix S must satisfy the symmetry
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or reciprocity condition ST = S as shown in Figure 2.19a.

The reciprocity in microwave filter means that the signals can travel in both ways

on a transmission line without any change. This represents a big problem when an RF

device is a full duplex because backward-propagating reflections can inject noise into

circuits and even damage devices.

(a)
(b)

Figure 2.19: Microwave devices (a) reciprocal devices (b) nonreciprocal devices

To break the reciprocity as shown in Fig.2.19(b), the magnetic materials are pri-

marily used to break the reciprocity in which the magnetic field forces signals to pass

only in one directions such as in circulators and isolators. These components are bulky

and difficult to integrate with printed circuits [23], [24].

In [25], another way, using magneticless components to break the reciprocity,

can be integrated with printed circuits. There are three techniques: (i) using the active

component such as transistors, (ii) using the non-linearity in impregnation of media
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materials (iii) using modulation technique. we will focus on time modulation magnetic

less non reciprocal method.

2.6 Nonreciprocity based on Spatial-Temporal Modulation(STM) Technique

Lump-element circuit model of a Bandpass filter topology, as shown in Figure

2.20, consists of three resonant circuits in a form of parallel LC connected to each other

by coupling inverter (J12 and J23) in one direction, their terminals connected to ports

TX and RX. A parallel static inductance (L0) and capacitance (C0) that determined the

center frequency f0 of the filter

Figure 2.20: 3-pole lumped element reciprocal BPF

The three resonators are modulated with variable capacitors (varcaps) to break the

reciprocity of the resonators [26],

Cn(t) = C0 +∆C cos(2πfmt+ (n− 1)φ) (2.51)

and the capacitance modulation index (Km) is defined as

Km =
∆C

C0

(2.52)

where ∆C is the modulation depth and the modulation frequency (fm). Notice

that the modulated signals of all resonators have the same modulation frequency (fm)

but they have difference progressive phases φ . The forward direction of the phase of

each resonators is increased by φ deg. Therefore, the amplitudes of the signals remain
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identical but their phases are different. So, this modulation technique is known as spa-

tiotemporal modulation (STM), because it involves phase variation in time (t) and space

( φ direction).

When the modulation signals are applied to resonators, they produce various har-

monics at f0 ± fm rather than f0. Between these two frequencies, different phases are

produced that interfere with each other constructively in the forward direction and de-

structive in the opposite direction, hence, allowing to achieve transmission in one port

and isolation in another

Figure 2.21 shows the effect of the STM modulation technique on the circuit in

Figure 2.20. Each oscillation frequency of resonators fn = 1
2π

√
LCn

) is moduatted by

signals with amplitude Vm, frequency fm and phase (n-1)φ injected through common

cathode node of varactor diodes Cn. Moreover, resistors R1 is large to combine the

modulation signals with the DC bias Vdc and to ground node of varactor as well [26].

Also, it is worth noting that electronic varactor diodes are based on nonlinear P-N

diode, i.e., so the variable capacitance of varactors can be defined as

Cn = C0 +
∞
∑

k=1

akv
k
n (2.53)

where ak are the polynomial coefficients of the nonlinear characteristics CV models

around the excitation point, while C0 is the effective static capacitance of each common-

cathode varactor diodes pair that set by the DC bias of Vdc, So AC voltage that across

the n-th resonator is defined as

vn = vrfn + v mod
n (2.54)

where vn is a series of combined signals of modulated incident signal to resonator and

modulated signal, because the amplitude of the modulated signal is larger than incident
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(a)

(b)

Figure 2.21: 3-pole lumped element nonreciprocal BPF (a) resonator circuite as a par-

allel static insuctance and varable capacitance (b)resonator circuite as a parallel static

insuctance and varactor diode

signal under the assumption vrfn ≪ vmod
n , then Eq.2.53can be simplified to

Cn = C0 + a1v
mod
n + a2

(

vmod
n

)2
+ . . . (2.55)

To simplify further, we can keep the conditions of the first degree to become the

equation

Cn = C0 + a1Vm cos (ωmt+ ϕn) (2.56)

which is exactly the same as Eq.2.51 after substituting ϕn=(n-1)φ , a1vm = ∆C

and ωm = 2πfm
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2.7 Literature Survey

Filters are the basic building blocks in wireless communication systems, So, they

are considered the hot topics that researchers prefer these systems. Therefore, re-

searchers always offer their contributions to develop it or reduce one of the defective

issues in it. power reflected at out-of-the-band and the TX/RX isolation (nonreciproc-

ity) are defective issues that have received a lot of attention lately. Some of the previous

researchers presented possible solutions to reduce the power reflected issue, which we

will present in the first section. The second section will deal with previous studies pre-

sented possible solutions to achieve nonreciprocity. [5],[10].

2.7.1 Power Reflection Issue

Reflected signals occur in all RF components due to very high mismatches in the

out-of-band frequencies. reflectionless filters can mitigate the reflected signals for all

frequencies for passbands and stopbands, so they are called reflectionless. The reflected

signals are dissipated inside the filter itself by the absorptive parts. These filters have

attracted a lot of attention recently.

To do so, designers have reported several schemes such as the complementary

duplexer, lossy resonators, directional filter, etc. The filters can be designed using ei-

ther the lumped elements or the transmission lines. When using the lumped elements,

the even-odd mode analysis will be the appropriate way to design reflectionless filters.

Morgan and Boyd [27] in 2011 presented and design a new class of reflectionless fil-

ter. The circuits are symmetrical, so the even and odd modes of the S11 have the same

magnitudes but with opposite phases,resulting in the cancellation of S11. Also, the

authors introduced the procedure to convert from lowpass filters into highpass filters,

bandpass filters, and bandstop filters with all mathematical background. Morgan et . al.
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In [28] in 2018 introduced an extended work of thier previous concepts work [27]. The

n-order distributed counterpart reflectionless filters relied on lowpass prototypes are re-

ported in 2019 by J.Hong [29]. The main channel contains only one resonator, while

the absorptive part can be any order to enhance the filter response. To obtain a certain

transmission response, symmetrical lumped reflectionless filter is proposed in 2019 by

J.Lee et.al [30]. The design requires a large number of lumped elements with operation

frequency limitations associated with the lumped elements, so this problem are solved in

2014 by C.Jackson [31] using the distributed (transmission lines). Richards and Kuroda

identities transformations are utilized.

One of other important schemes of reflectionless filters is complementary duplexer

which consists of two channels; the main one is to pass the interesting signals from

the input to the output, while the other is to absorb the unwanted signals. M.Khalaj-

Amirhosseini et.al [12] in 2017, authors used only one absorptive stub located at the

input port to reduce the reflections exploiting the complementary duplexer technique.

The same previous idea is also used by R.Gomez-Garcia et.al [13] in 2018, but the

filter is multiband where even the absorptive stub is multiband stop filter. C.Luo et.al

[32] in 2019,introduced the theoretical design of a particular kind of input-reflectiveless

RF/microwave bandpass filters (BPFs) and bandstop filters (BSFs) is provided using a

coupling-matrix technique. They are based on diplexer topologies with complementary

transfer functions of variable order. The energy that is not transmitted by this branch

of these reflectionless filters is totally dissipated by the loading resistor of the other

channel.However, R.Gomez-Garcia et.al [14] in 2019 , a symmetric quasi-reflectionless

is reported by adding the absorptive stubs at both two ports. The two absorptive stubs

are the same order.

Reflectionless filters, based on lossy stubs, consist of a transmission line (stub) in

series with an absorptive resistor to mitigate the reflection. Absorptive bandstop filters
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based on lossy resonator are presented by J.-Y.Shao and Y.-S.Lin [33] in 2015. Jeong

et. al [34] in 2019 ,presented only one port 3-pole distributed absorptive bandpass filter

in which the first resonator is loaded with a resistor in series with short stub. Wu,

Xiaohu et.al [35] in 2019, presented the input and output of the coupled-line sections

are loaded with an absorptive stub made comprised of a series resistor and a shorted

quarter-wavelength stub. These stubs appear as an open circuit at the center frequency.

To improve absorption performance across the entire bandwidth, a single absorptive stub

can be divided into two identical stubs that load both ends of the coupled lines.While

in 2020 Wu, Xiaohu et.al [36], presented a coupled-line bandpass filter loaded with a

2-pole bandstop that converts to absorptive stubs to achieve passband flatness and good

impedance matching on both in-band and out-of-band. The out-of-band rejection was

improved due to the cross-coupling between the absorptive stubs. Another topology

to implement reflectionless BPFs is the use of directional filters by Kim and Jeong

Phill [37]in 2011, but this type has disadvantages such as high insertion loss, limited

bandwidth, and large size.

2.7.2 Reciprocity Issue

As mentioned previously, the filters are passive elements that work according to

the principle of reciprocity. The reciprocity is defined as the transmission of signals in

both directions without any change. It has been shown to be a real problem, especially

in full duplex systems. So this subsection contains some research effort to break the

reciprocity, making the device work in only one direction. These efforts are still in its

early stage. Thus, there are of research possibilities that can increase the non-reciprocity.

The magnetic materials are primarily used to break the reciprocity in which the

magnetic field forces signals to pass only in one directions such as in circulators and

isolators. These components are bulky and difficult to integrate with printed circuits by
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Seewald et.al [38] in 2010. So no practical printed nonreciprocal components are found

until the emergence of the spatio-temporal technology. However, some techniques are

used to obtain nonreciprocal components, and they suffer from several drawbacks like

limited bandwidth, low efficiency, high noise, etc. Active devices are utilized in dif-

ferent topologies to obtain gyrators by Morse et.al [39] in 1964, and circulators and

isolators by Tanaka et.al [40]in 1965. However, this approach is not preferred because

the active bias adds noise and non-linear distortions by Carchon et.al[41]in 2000. The

saptio-temporal modulation technique is the best alternative to circumvent all the pre-

vious problems. Biedka et.al [42]in 2017 ,presented ultrawideband nonreciprocity is

achieved by using of six transmission lines of equal length and five switches that are

turned on and off sequentially to obtain separate transmission and reception. Magnet-

icless non-reciprocity can also be achieved by magneticless angular momentum bias

depending on the spatiotemporal azimuthal modulation (STM) of the relative permit-

tivity of the ring resonator by Sounas et.al[43] in 2013. Magnetic less circulators are

constructed from three LC resonators in form ∆- and Y with spatiotemporally mod-

ulating in[44, 45].Nafe et.al [44] in 2019,presented three 2-pole bandpass (series LC

resonators) filters connected in a Y topology to form the circulator . Each resonator

coupling with the other by a shunt capacitor C12. The nonreciprocity is achieved based

on angular momentum biasing that is implemented by modulating the capacitance of

each resonator at the same frequency, but with a 120 phase shift across the three filter

branches. The circulator introduced by Kord, Ahmed [45] in 2018 has two structures,

the first consists of three one-pole LC bandpass filters coupled in a Y topology, and the

second consists of three one-pole LC bandstop filters connected in a ∆-topology. the

nonreciprocity is achieved at the same in [44].

Non-reciprocal BPF has been reported by Wu, Xiaohu et.al [46] in 2019 to achieve

BPF and isolator functions in a single device by Spatio-temporal modulation of a lumped-
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element coupled resonator filter.

This technique was expanded using planar microstrip resonators by Wu, Xiaohu

et.al [47] in 2020 .The structure of a frequency reconfigurable microstrip non-reciprocal

bandpass filter based on spatial-temporal modulation. It consists of three open-ended

resonators in a U-shaped form coupled with each other by coupling J-invertor and three-

time varying capacitance (varactor diodes) are loaded directly into the open ends of the

resonators .The frequency nonreciprocity is achieved by modulating these varactors with

a progressive phase shift and the same frequency modulation through a single inductor

in the center of the resonator to improve the biassing isolation.

Having discussed and reviewed the two techniques (i.e., the reflectionless and

the nonreciprocal) in separate parts as demonstrated above because no one presents a

structure combining them in the same design.

In this thesis, we will fill the gap in the literature by combining these two tech-

niques in a single design to obtain nonreciprocal reflectionles bandpass filter that can be

Programmable to Several functions including (only reflectionless but reciprocal ,only

nonreciprocal but reflection , reflection and nonreciprocal in the same time and conven-

tional filter). Table 2.1 shows comparison with the state of the previous literature.
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CHAPTER 3

DESIGN AND IMPLEMENTATION OF NONRECIPROCAL

REFLECTIONLESS RADIO FREQUENCY SYSTEM

3.1 Introduction

This chapter, firstly, discusses and proposes a solution to the power reflection

problem. The proposed filter alters the route of reflected power into absorptive loads.

Several orders of U-shaped filters that almost don’t reflect light are simulated, but the

third order is chosen to be made in order to prove the proof-of-concept.Because it is less

complicated, expensive, and an acceptable response compared to the higher order. Sec-

ondly, this chapter deals with solving the problem of reciprocity by making the device

operate in only one direction (nonreciprocal devices). Reciprocity is broken based on

spatial-temporal modulation (STM). The proposed filter is mathematically analysed and

numerically simulated to demonstrate its performance. Several parameters that have an

influence on the overall performance are investigated. Again, here, the dual-band and

tunable nonreciprocal BPF are presented. Finally, the designs that solve the two main

problems are combined into one design called the quasi-reflectionless nonreciprocal

band pass filter with tuning capabilities.

3.2 Methodology of Nonreciprocal Reflectionless Filter

Figure 3.1 shows the flowchart of the methodology of proposed filter filter.
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(a)

(b)

Figure 3.1: Methodology flowchart of nonreciprocal reflectionless filter a) part 1 b) part

2
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3.3 Third Order U-Shaped Quasi-Reflectionless Bandpass Filter

In this section, a comprehensive study on how to analyze, design, fabricate and

test of the 3-pole U-shaped quasi-reflectionless BPF is introduced. Several parameters

will be investigated to optimize the overall performance.

3.3.1 Mathematical Background of The proposed Filter

In this subsection, the main points discussing the mathematical background and

main filter parts are introduced.First, explains the operation of the absorptive stubs

ABSs. Second, determines the input impedance of one-port U-shaped quasi-reflectionless

BPF design

3.3.1.1 Absorptive Stub (ABS)

In this part, a detailed analysis of converting one pole bandstop filter to absorptive

stub (ABS)is provided. Instead of using the output port, it is replaced by a resistor as

shown in Figure3.2. The resistor acts to absorbs the power.Figure 3.2 illustrates the

conversion procedure of the ABS stub.

In Figure3.2a, an open-end quarter wavelength shunt stub is proposed as first order

bandstop filter. Zst and θst are its characteristic impedance and its electrical length. ZA

and ZB denote the input and output port impedances, respectively. The electrical length

of θst = 900 at the stopband center frequency f0.

Zin 1 = −jZst cot(θst) (3.1)

where Zin1 is the input impedance of shunt stub. If Zst increases, it may lead to

obtain narrower FBW. This causes a serious difficulty in implementation. To circumvent
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(a)

(b)

(c)

Figure 3.2: The procedure of converting the conventional one-pole band stop filter into

its ABS counterpart (a) the conventional one-pole bandstop filter (transmission line

model) (b) the conventional one-pole bandstop filter (simplified circuit with the same

responses) (c) the proposed absorptive filter

this problem, another transmission line with an electrical length of θ3 = 1800 and a

characteristic impedance of Z3 is added in series into the shunt stub as shown in Figure

3.2b. The input impedance seen at the beginning of the shunt stub can be calculated as

in

Z in 2 = Z2
−jZ3 cot(θ3) + jZ2 tan(θ2)

Z2 + Z3 cot(θ3) tan(θ2)
(3.2)

Zin2 can be matched to the input port by inserting a quarter-wavelength transformer,

with an impedance of Z1 and electrical length of θ1, between the input port and the

shunt stub. Then, the input impedance of entire absorptive part ZinABS , depicted in

Figure 3.2c is:
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Zin−ABS = Z1
ZL+ jZ1 tan(θ1)

Z1 + jZL tan(θ1)

ZL =
−jRZ2Z3 cot(θ3) + jRZ22 tan(θ2)

−jZ2Z3 cot(θ3) + jZ22 tan(θ2) + jRZ3 cot(θ3) + jRZ2 tan(θ2)

(3.3)

For any lossless two-port network, such as the one in Fig.3a, the conservation of power

requires [5]

|S11|2 + |S21|2 = 1 (3.4)

while for the absorptive single-port circuit depicted in Figure 3.2c, the power is either

reflected back to port 1 or absorbed by the resistor R. Here, we define the S11
−
ABS and

Sa−ABS as the reflection and absorption coefficients of the absorptive filter, respectively.

Therefore, we have:

∣

∣S11
−
ABS

∣

∣

2
+
∣

∣Sa
−
ABS

∣

∣

2
= 1 (3.5)

Figure 3.3 compares the responses resulting from the designs depicted in Figure

3.2. The reflection coefficient (S11), transmission or absorption coefficients (S21), and

the magnitudes of input impedances are provided. Here, a bandstop filter operating at

3.5 GHz with 0.1 dB passband ripple and 83% stopband fractional bandwidth is used

as an example. The circuits in Figure 3.2 were, analyzed, designed, and simulated to

at 3.5GHz, where the x-axes show the normalized frequencies. The lowpass prototype

element values are found to be g0 = 1, g1 = 0.3052, g2 = 1. The circuit parameters

of BSF are ZA = 50Ω, ZB = 50Ω, Zst = 211.5Ω and the parameters of ABS are

R = 50Ω, Z1 = 56.5Ω, Z2 = 71.5Ω, Z3 = 71.5Ω, θ1 = θ2 = 900, and θ3 = 1800.

The blue traces represent responses of the BSF(a), and the responses confirm the

BSF behavior. Although the BSF(b) has one port, its responses (red traces) are the same
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(a) (b)

(c)

Figure 3.3: Reflection and transmission (absorption) coefficients, and magnitudes

of the input impedances for the designs evolved in Figure 3.2 (a)ReflectionS11
(b)transmission S21 (c)magnitudes of the input impedances mag(Z)

as the former one. Away from the resonance, the power will be absorbed by the resistor

(Figure 3.2b) instead of transferred into the output port (Figure 3.2a). At the resonance,

both the first two designs have short circuit input impedances. Thus, the reflected signals

will be out-of-phase with the main RF signals, and the destructive interference will

occur. In our proposed design, the input impedance should be very high (i.e., close to the

open circuit behavior) to ensure the RF signals can pass directly to the main bandpass

filter. The last design in Figure 3.2 uses an impedance inverter which is a quarter-

wavelength transmission line. As demonstrated in Figure 3.2c, the input impedance

is very high, more than 500Ω, guaranteed to make the instructive interference. Also,

there are two symmetrical transmission poles located before and after the resonance

48



frequency. They aid to enhance the overall performance.

There are a few observations obtained from Figures 3.2 and 3.3

1. Circuit in Figure3.2b is an equivalent to circuit Fig.3.2a in term of a magnitude of

the input impedance .

2. Figure 3.3c shows the mag(Zin−BSF ) and mag(Zin−ABS). The value of mag(Zin−BSF )

at the resonant frequency is zero (i.e. short circuit), whereas, the value of mag(Zin−ABS)

is optimized to be as high as possible.

3. Figure 3.3b demonstrates that all the three circuits introduced in Figure 3.2 have

the same transmission (absorption) in both the stopband and passband.

3.3.1.2 Input Impedance of One±Port U-Shaped Quasi-Reflectionless BPF

The U-shaped quasi-reflectionless bandpass filter based on the complimentary du-

plexer method will be designed and analyzed here. It has two channels. The first (main)

channel is to pass the desired signals into the output (i.e., the BPF), while the second

(auxiliary) channel is to absorb the undesired signals (i.e., the ABS). Figure 3.4 shows

the proposed filter but with only the input port and one ABS for the sake of simplicity.

Zin is the input impedance at the port one which represents the parallel combination of

the input impedance of the U-shaped BPF (Zin−BPF ) and the input impedance of the

absorptive stub (Zin−ABS). Zin can be written as:

Zin =
Zin

−
BPF ∗ Zin

−
ABS

Zin
−
BPF + Zin

−
ABS

(3.6)

The reflection coefficient (S11) of the quasi-reflectionless bandpass filter is :

S11 =
Zin − Z0

Zin + Z0

(3.7)
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Figure 3.4: U-shaped quasi-reflectionless BPF.

To further explore the mechanism of reflectionless behavior, the magnitude of Zin

must be matched to Z0 at all frequencies. However, the magnitude of Zin−BPF should

be matched to Z0 at in-band frequencies and mismatched at out-of-band frequencies,

whereas the magnitude of Zin−ABS should be mismatched to Z0 at in-band frequencies

and matched to Z0 at out-of-band frequencies. This theoretical explanation results in

S11 equal to zero at all frequencies. Practically, this is impossible because the input

impedances of the two channels forming the quasi-reflectionless BPF are functions with

frequency and not equal to 50Ω throughout a frequency range. However, the proposed

design offers the input impedance close to 50Ω at a wide frequency range. Fig.6 dis-

plays the magnitudes of Zin−BPF and Zin−ABS . It is evident from the results that when

the BPF is matched, the ABS is mismatched, and vice versa.
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(a) (b)

Figure 3.5: Input impedance of one-port U-shaped quasi-reflectionless (a)magnitude

Zin−BPF (b)magnitude Zin−ABS

3.3.2 U-Shaped Quasi-Relfectionless Bandpass Filter Design

This section is divided into four parts. The first part deals with the design of

conventional and quasi-reflectionless 3-pole U-shaped BPF. Then, in the second part,

discussing effects of the ABS stub on the overall bandwidth of the proposed design

is introduced. Next,U-shaped quasi-reflectionless filters with various orders are inves-

tigated. Ultimately, improving the out-of-band rejection based on the cross-coupling

technique is presented.

3.3.2.1 3-Pole U-Shaped Quasi-Reflectionless BPF

In this subsection, the 3-pole U-shaped quasi-Rflectionless BPF is designed and

analyzed. For this design, the fractional bandwidth FBW = 20% or FBW = 0.2 at

a resonant frequency f0 = 3.5GHz, n = 3 (Butterworth lowpass type). The lowpass

prototype parameters, with respect to a normalized lowpass cutoff frequency ωc = 1 ,

are g0 = 1, g1 = 1, g2 = 2 and g3 = 1. Table3.1 shows the physical dimensions of

3-pole U-shaped BPF relying on Eqs.2.48-2.50 and curves provided in in Figure 2.16.

In Fig.3.6c, two ABS stubs are connected into the output and input ports, converting the

conventional bandpass filter into the quasi-rflectionless bandpass filter.
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(a) (b)

(c)

Figure 3.6: (a) Lumped element 3-pole BPF (b) the layout of 3-pole U-shaped BPF (c)

the layout of 3-pole U-shaped BPF with the transmission line circuit model of the ABS

stubs connected into the output and input ports

Table 3.1: The physical dimensions of U-shaped BPF

Parameters Measurements in(mm)

Length (L) 10.05

Taped in length (Lt) 2.62

Space between the resonators (S) 0.5

Gap between open end of U-shaped BPF (G) 2.4

Width (W) 1.25

Width of feed (Wt) 1.15

Taped input (t) 3.75

The parameters (a1, a2, a3), shown in Figure 3.6c, are scaling factors used to op-

timize the performance of the transmission and absorption. Figures 3.7-3.10 show the

parametric studies of the reflection and transmission coefficients and the magnitude of

input impedance of the U-shaped quasi-rflectionless bandpass filter. The nominal values
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of the various parameters are the same value at example given in Section3.3.1.1. As can

be observed, the bandwidth of the quasi-rflectionless filter is mainly determined by the

bandwidth of the absorptive filter that will be discussed in the subsequent part. Typ-

ically, the U-shaped BPF provides larger bandwidth compared to the ABS stubs [29],

where spacing S between the U-shaped resonators governs the bandwidth of the BPF.

Thus, the goal is to make the ABS stub having bandwidth as wide as possible. Fig-

ure 3.7 exhibits the frequency responses of the proposed filter shown in Figure 3.6c for

different values of S. The widest bandwidth can be obtained if S = 0.2mm, because

the bandwidth of the U-shaped bandpass filter becomes larger than the reflection band-

width of the ABS stub, so we can leverage from this point to obtain the possible widest

bandwidth. However, for practical issues such as the fabrication tolerances using the

chemical etching method, S = 0.5mm was chosen.

(a) (b)

(c)

Figure 3.7: Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF with respect to S (Z0 = 50Ω,Z1 = Z0∗a1Ω, Z2 = Z0∗a2Ω, Z3 = Z0∗a3Ω, θ1 =
θ2 = 900, θ3 = 1800, a1 = 1, a2 = 1, a3 = 1)
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Moreover, the values of a1, a2 and a3 can be adjusted to improve the absorption

performance (i.e., reducing the reflection in out-of the passband and even inside the

passband). In other words, the reflected signals from the main channel of the proposed

filter will be largely directed into the absorption branch, the ABS stub. As shown in

Figure 3.8 the value of a1 = 1.128. When a1 = 0.9, the wide band of absorption

is noticed, but the filter offers higher reflection compared to the response when a1 =

1.128. Also, the filter transmission deteriorates. Here, a2 is varied to investigate its

(a) (b)

(c)

Figure 3.8: Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF with respect to a1 (Z0 = 50Ω,Z1 = Z0 ∗ a1Ω, Z2 = Z0 ∗ a2Ω, Z3 = Z0 ∗
a3Ω, θ1 = θ2 = 900, θ3 = 1800, a2 = 1, a3 = 1, S = 0.5mm)

influences on the overall performance of the proposed filter. Figure 3.9 demonstrates

that the best value of a2 = 1.43 in terms of the absorption. The matching between

Zin−BPF and Zin−ABS is increased because the value of reflection decreased for the

out-of-band of the normalized frequency (f/f0) ranging from 0.65 to 0.9 (less than

is 12 dB), and from 1.12 to 1.145 (less than is 15 dB). In addition, the increase in the
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matching inside the band is achieved, although we find that the value of the transmission

deteriorated slightly. The value of a3 is also chosen to be 1.43, see Fig.3.10.

(a) (b)

(c)

Figure 3.9: Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF with respect to a2 (Z0 = 50Ω,Z1 = Z0 ∗ a1Ω, Z2 = Z0 ∗ a2Ω, Z3 = Z0 ∗
a3Ω, θ1 = θ2 = 900, θ3 = 1800, a1 = 1.128, a3 = 1, S = 0.5mm)

To this end, the most important parameters of the proposed design were optimized.

Figure 3.11 shows the transmission and reflection coefficients and the magnitude of

input impedance for the optimized 3-pole U-shaped quasi-reflectionless bandpass filter

and the conventional 3-pole U-shaped BPF. Obviously, both designs given in Figure 3.6

show the same transmission characteristics with a passband centered at 3.5GHz and two

cutoff frequencies (f1 = 3.16GHz) and (f2 = 3.83GHz). The filter in Figure 3.6c

has higher selectivity and sharper roll-off compared to the design in Figure 3.6b, thanks

to the ABS stub section. The reduction in the reflection coefficient is very apparent. In

other word, the quasi-reflection less property is satisfied. The dashed red trace in Figure

3.11 show three reflection zeros in the reflection coefficient response to confirm that the
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(a) (b)

(c)

Figure 3.10: Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF with respect to a3 (Z0 = 50Ω,Z1 = Z0 ∗ a1Ω, Z2 = Z0 ∗ a2Ω, Z3 = Z0 ∗
a3Ω, θ1 = θ2 = 900, θ3 = 1800, a1 = 1.128, a2 = 1.43, S = 0.5mm)

filter consists of three resonators. More reflection zeros are added by the ABS to the

full response of the proposed design (i.e., the blue solid trace). The proposed design has

almost input impedance equal to 50Ω of 2GHz to 5.5GHz, although there is a ripple in

the center frequency owing to the change in the phase of the transmitted signal near the

resonance. The input impedance is between 32.3Ωand83Ω at the that frequency range.

The reflection response of the 3-pole U-shaped quasi-reflectionless filter is below -20dB

across the frequency range of 3.96GHz−4.07GHz and near -10dB for the range from

2.18GHz−3.012GHz. Also, full matching inside the passband is carried out, and the

ABS filter helps to eliminate out-of-band signals near the passband and significantly

improves the close-in rejection.
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(a) (b)

(c)

Figure 3.11: Simulated frequency responses of the 3-pole U-shaped quasi-reflectionless

BPF and its bandpass section (Z1 = 56.4Ω,Z2 = 71.5Ω, Z3 = 71.5Ω, θ1 = θ2 =
900, θ3 = 1800, a1 = 1.128, a2 = 1.43, a3 = 1.43, S = 0.5mm)

3.3.2.2 Discussion on The filter Bandwidth

Figure 3.12 compares the transmission coefficient of the 3-pole quasi-reflectionless

filter |S21−Q| , the reflection coefficient of its absorptive filter |S11−ABS| and the trans-

mission coefficient of BPF section . Here, the subscript Q and ABS stand for quasi-

reflectionless BPF and absorptive filter, respectively. From 3.12, we can see that S21−Q

(blue trace) is almost the same as |S11−ABS| in term of the bandwidth. A qualitative

explanation can be offered as follows In a resistor-embedded circuit (i.e., the quasi re-

flectionless filter) of Figure 3.6, the input signal power is either reflected, transmitted,
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Figure 3.12: Simulated comparison between the transmission of U-shaped quasi-

reflectionless BPF (Fig.3.6) and the reflection of absorptive filter in (Fig.3.2c)

or absorbed. Conservation of power requires

|S11−Q|2 + |S21−Q|2 + |Sa−Q|2 = 1 (3.8)

where Sa−Q is the absorption coefficient of the quasi-reflectionless BPF. Since S11Q ≈

0 for the quasi-reflectionless filter within the operating bandwidth, Eq.3.8reduces to

|S21−Q|2 + |Sa−Q|2 = 1 (3.9)

Comparing 3.5 and 3.9 leads to the conclusion that S21−Q = S11−ABS[36]. From this

math, the transmission coefficient of the quasi-reflectionless bandpass filter is close to

the reflection coefficient of the ABS branch under some restrictions such as slight dif-

ference in the impedances. Therefore, the quasi-reflectionless BPF has almost identical

BW3dB (passband) as the BW3dB (reflection) for the ABS stub.

To remark the main points, this procedure can be considered as an initial step to

design and synthesize the reflectionless filters in terms of the bandwidth requirements.
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3.3.2.3 Extension to Higher-Order Designs

Adding more resonators to the BPF branch enhances the filter selectivity but at

the cost of design complexity and size. Thus, a filter satisfying the prescribed design

requirements with less number of resonators is the aim of most filter designers. As in

Figure3.6, extending the filter order is achieved. Higher-order quasi-reflectionless BPFs

can be readily realized by cascading more U-shaped resonators. Figure 3.13a and 3.13b

show examples of the 4 and 5-pole U-shaped quasi-reflectionless filters, respectively.

Note that the added U-shaped resonators have the same parameters as for the resonators

in the 3-pole proposed filter.

(a)

(b)

Figure 3.13: The layout of n-pole U-shaped BPF with the transmission line circuit

model of the ABS stubs connected into the output and input ports (a) 4th order (b)

5th order

Figure 3.14a and b show the frequency responses (reflection, transmission, and
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input impedance) of the 4-pole and 5-pole U-shaped quasi-reflectionless filters with

varying S, respectively. a1, a2,and a3 are assumed the same as in the optimized 3-pole

quasi-reflectionless BPF. As S changes, the frequency responses of the higher order

filters do not change noticeably. The reason is that the rejection bandwidth of the ABS

stub is larger than the bandwidth of the main channel of the proposed filter .

(a) (b)

Figure 3.14: All frequency responses of the 4-pole and 5-pole U-shaped quasi-

reflectionless filters with varying S a)reflection S11 b) transmission S21 c) magnitude

of input impedance mag(Zin)

Figure 3.15 compares the simulated frequency responses (i.e., the transmission
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and reflection coefficients, and the magnitude of input impedances) of the 3, 4, and 5-

pole U-shaped quasi-reflectionless filters using the same order ABS stub. The three

simulated filters have almost the same passband bandwidth although the increase in the

filter order enhances the far-out-of-band rejection. Accordingly, controlling the pass-

band bandwidth and the absorption ratio requirements can be independently satisfied.

Also, fluctuations in the input impedance is lowered with the increase in the filter order.

(a) (b)

(c)

Figure 3.15: Compares the simulated frequency responses ( the reflection and trans-

mission coefficients, and the magnitude of input impedances) of the 3, 4, and 5-pole

U-shaped quasi-reflectionless filters
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3.3.2.4 Cross-Coupling for Improved Out-of-Band Rejection

The proposed filter response may be further enhanced if the cross-coupling tech-

nique is utilized. The cross-coupling method is commonly utilized in the design of

microwave filters. To do so, the ABS stub are placed close to each other to excite

the coupling between them. This method introduces transmission zeros into the filter

response because there will be other signal paths between the input and output ports,

leading into sharper rejection compared to the same filter without cross-coupling.

Figure 3.16 states where the cross-coupling is introduced. The last stub in each

ABS stub are adjacently vertically placed, converted from Figure3.6c to Figure 3.16.This

method operates to merge these two stubs to a coupled transmission line.

Figure 3.16: The prototype of 3-pole U-shaped quasi-reflectionless with cross coupling

Two transmission zeros are added to the response as shown in Figure3.17. One

transmission zero is generated at (f/f0 = 1.495) that means at 5GHz, while the other

transmission zero was not shown here for the sake of simplicity. Interestingly, the cross-

coupling also aids to enhance the absorption (i.e., reduce the reflection coefficient). This

essentially merges the two stubs into one. As seen in Figure 3.17,

62



(a) (b)

Figure 3.17: Compares the simulated frequency responses the reflection and transmis-

sion coefficients of the 3-pole U-shaped quasi-reflectionless filters with and without

cross coupling

3.3.3 Design Procedure

To follow an obvious procedure relying on the analyses discussed above, The

steps can be summarized as:

1. Design 3-pole U-shaped BPF with center frequency f0 and fractional bandwidth

FBW .

2. Bandstop filter is synthesized from the lowpass filter prototype [Figure 3.2a] with

f0 and FBW . Then, the BSF is converted into its ABS counterpart, see Figure

3.2 for the conversion process. The ABS consists of three transmission lines with

initial impedances (Z1, Z2, andZ3) which are equal to reference impedance Z0

multiplied by an initial scale parameter (a1, a2, and a3). By default, the scale

parameters will be assumed as one. Also, the electrical lengths of the absorptive

section are (θ1 = θ2 = 900, θ3 = 1800), terminated with absorptive resistor R

that can be set to be the same with the termination reference impedance Z0.

3. Adjust the scale parameters (a1, a2, a3) to obtain the magnitude of input impedance

as high as possible for the ABS part at BW3dB of the BPF, see Figures 3.7-3.10.

Also, the magnitude of input impedance of the U-shaped quasi-reflectionless BPF
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equal to Z0 at all frequencies that means matching will occur at in and out of -

band. See Figures 3.8-3.11. Eq.3.4 can be used to calculate the S11.

4. To increase the absorptivty and selectivity of the proposed filter, the technique of

cross-coupling can be adopted, Figures.3.16-3.17. Also, the increase in the order

of U-shaped BPF filter enhances the filter selectivity, Figures.3.14-3.15.

3.3.4 Tunable U-Shaped Quasi-Reflectionless Bandpass Filter

The quasi-reflectionless filter discussed in this chapter operates at a certain reso-

nant frequency. It consists of two parts; the first one, which allows the passage of the

desired signals, and the other part is the absorptive stub. The matching between these

two parts is important for the signal to pass without distortion or attenuation. In order to

make it tunable, this matching must be taken into account. So, two varactor diodes were

placed on each end of each part; meaning one of them was placed on the ends of the

U-shaped part and the other at absorptive stub ends. Both were connected to the same

DC bias circuit. The main idea for using the same DC bias circuit is that the diodes add

an extra electrical length. As diodes have larger capacitance, the electrical length will

be longer, thereby resonating at lower frequency. Therefore, the use of different DC bias

circuits leads to a difference in electrical length between the two parts, which increases

the mismatch.
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The diode chosen in all simulations is skyworks smv1430 in [48], and a curve of

the equivalent capacitance with dc voltage is shown in Figure 3.18.

Figure 3.18: RSMV1430 Capacitance vs Dc voltage

3.4 Third Order Magneticless Nonrecirocal U-Shaped Bandpass Filter

This section presents a magneticless nonreciprocal bandpass filter based on spatio-

temporally modulation STM technique using distributed open-ended U-shaped resonator

with length of λg/2. The proposed filter is designed and simulated on FR4 substrate by

using Key Sight Advanced Design System software (ADS). The operating frequency of

the proposed filter is f01 = 3.5GHz and the 3dB fractional bandwidth are (FBW = 0.2

or 20%). This section is organized as follows. The first subsection introduces the re-

quired mathematical background about nonreciprocity devices based on saptio-temporal

modulation(STM) technique. The second subsection presents the design of the 3-pole

U-shaped nonreciprocal BPF. Several parameters will be investigated to optimize the

overall performance. In the last subsection, the numerical validations of the U-shaped

nonreciprocal band pass filter is introduced.
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3.4.1 Nonreciprocity Devices based on Saptio-Temporal Modulation(STM) Tech-

nique

Having discussed the single U-shaped resonator in chapter 2, subsection 2.4.3,

several of them will be placed close to each other to create the filter design. However,

here we will discuss the filter using the general resonator term regardless of the resonator

type (i.e., distributed or lumped). Conventionally, the reciprocity is an inherent problem

in the passive microwave devices because the separation between the transmitted and

received signals is difficult especially if the receive- and transmit- channels have the

same frequency spectrum. Also, the backward propagation signals harm the circuits

especially the nonlinear ones. Therefore, this subsection concerns about how to break

the reciprocity.

The spatial-temporal modulation STM technique is utilized to obtain the nonre-

ciprocal. This technique does not need a magnetic field to achieve the non-reciprocity.

Typically, the resonators consist of parallel LC tank. To make each lumped element

modulated, the L and C should be capable of being modulated. The capacitor is possi-

ble if the varactor diode is used, but the inductor is not an easy task. Fortunately, the DC

biasing circuit used to inject the modulation signals. However, the modulation signals

are very low frequency about several megahertz. Furthermore, the sinusoidal signals

with the same frequency are applied to each resonator, but with different phase. The

phase should be progressive in one direction depending on where the signal should be

propagated. The phase difference between any adjacent two resonators should be kept

the same. The proposed filter consists of three STM resonators. As can be seen, each

resonator has its own modulating frequency source.

The coupling-routing diagram and conceptual power reflection coefficient (S11),

transmission coefficient (S21) and isolation coefficient (S12) responses of the proposed
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non-reciprocal BPF are shown in Figure 3.19. The progressive phase starts from the

left to right, so the S21 will be obtained, whereas the S12 will be attenuated, see

Figure3.19c. However, to obtain the S12 and reduce the S21, the progressive phase

starts from the right to left. Furthermore, the DC source is added to alter the reso-

nant frequency of resonators, but the same value should be assigned for all DC sources.

Varactor-based variable and modulated capacitors are considered the constituent ele-

ments. Figure 3.19b shows the modulating signals where the signals have the same

frequency and different phases.

(a)
(b)

(c)

Figure 3.19: Concept of magneticless non-reciprocal BPF based on modulated RF res-

onators (a) Coupling-routing diagram (b) Conceptual illustration of the AC modulation

signals applied on the DC-biased resonator varactors. (c) all response of the nonrecip-

rocal BPF

In Figure 3.19a, white circles: input and output; black circles: frequency resonator

, fm-modulated, DC biased resonators with external AC sources. Figure 3.20 shows the

conceptual circuit topology of the proposed 3-pole nonreciprocal BPF. Rs and RL are

the source and load impedances and are both assumed to be 50Ω. J12 and J23 are ideal
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time-invariant J-inverters, which determine the couplings in conventional static filter

designs [5].

Figure 3.20: 3-pole non-reciprocal band pass filter with ideal time-varying capacitors

by using (STM)

The modulated capacitors can be represented as:

Cn(t) = C0 +∆C cos(2πfmt+ (n− 1)φ); (n = 1, 2) (3.10)

where ∆C is the amplitude of the capacitance variation, fm is the modulation fre-

quency, and φ is the phase difference between any two adjacent modulation sources.

Here, we define

Km =
∆C

C0

(3.11)

where Km is the capacitance modulation index. The center frequency (f0) of the non-

reciprocal band pass filter are determined by the static inductance L01and static capaci-

tance C01.To guarantee modulation occurring in the proposed filter, the Km should not

be equal to zero. There will be a series of intermodulation (IM) products at fRF ± kfm

(k = 1, 2, 3, . . . ), when the capacitors are modulated. A portion of the transmitted

power will be transferred to IM products. Then, to reduce losses in the propagation di-
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rection, the power should be returned back to the fundamental RF frequency. However,

in the opposite direction, most of the power will convert into the IM products. This can

occur only through the phase shift difference and the direction of phase propagation,

leading into the nonreciprocal devices.

3.4.2 3-pole U-Shaped Nonreciprocal Bandpass Filter Design

In this subsection, the 3-pole U-shaped nonreciprocal BPF is designed and ana-

lyzed. For this design, the fractional bandwidth FBW = 20%or FBW = 0.2 at a

resonant frequency f0 = 3.5GHz,n = 3 (Butterworth lowpass type).

The lowpass prototype parameters, with respect to a normalized lowpass cutoff

frequency ωc = 1 , are g0 = 1, g1 = 1, g2 = 2 and g3 = 1 and by using Eqs.2.48-

2.50 with analysis curves in Figure 2.16. To obtain physical parameter of U-shaped

BPF shown in Figure 3.21a, Table.3.2 illustrates the physical dimensions. In Fig-

ure.3.21b,time varying varactor diode are connected into the open ends of U-shaped

resonator , converting the conventional bandpass filter into nonreciprocal bandpass fil-

ter.

Table 3.2: The physical dimensions of U-shaped BPF

Parameters Measurements in(mm)

Length (L) 10.05

Taped in length (Lt) 2.62

Space between the resonators (S) 0.5

Gap between open end of U-shaped BPF (G) 2.4

Width (W) 1.25

Width of feed (Wt) 1.15

Taped input (t) 3.75

The nonreciprocity was previously defined and to achieve it, the parametric stud-

ies of the circuit responses with various modulation parameters are present in Figure

3.22. As seen in Figure 3.22a, the modulation frequency(fm) increases from (200 MHz
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(a)

(b)

Figure 3.21: a) The layout of 3-pole U-shaped BPF b) the layout of 3-pole U-shaped

BPF with time varying varactor diode connected into the open end of U-shaped res-

onator .

to 260 MHz), the forward transmission (S21) is improved and the port reflections(S11)

are relatively stable. An optimal fm of 240 MHz is chosen for large reverse attenuation

and relatively small forward insertion loss.

The concept of nonreciprocity was clarified above by applying the STM technique

on the conventional DBPF as shown in Figure 3.22. Here, effects of the main param-

eters on the overall performance (i.e., the circuit responses, (S11, S22, S12 and S21))

will be introduced, see Figure 3.22a, First, the modulation frequency increases from

200 MHz to 260 MHz. The forward transmission (S21) is improved and the backward

transmission (S12) is attenuated.

The S12 changes with the fm. The reflection (S11=S22) does not obviously af-

fect as shown in Figure 3.22a. The optimal fm is 240 MHz because it offers the large

reverse attenuation and relatively small forward insertion loss. The other parameter is

the modulation index Km, see see Figure 3.22b. When it becomes more than 0.22, the

transmission coefficient deteriorates and the isolation coefficient has attenuation larger
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than 20 dB. The optimum value of Km is chosen as 0.23 due to its the small insertion

loss and large backward attenuation. The reflection loss is relatively stable. see Figure

3.22c depicts effects of the modulation phase φ. When φ is equal to 0, the time-varying

capacitors shown in Figure 3.21 are only modulated in time,so, the responses that re-

sult is reciprocal responses with 11.5 dB passband insertion loss for both forward and

backward transmissions. The large loss occurs because of the uncontrolled power con-

version to the IM products. When φ is nonzero, the three resonators in Figure 3.21 are

modulated simultaneously in both space and time (i.e., STM). The φ is 570, represent-

ing the optimal value. Figure 3.22c represents the forward insertion loss and the reverse

attenuation of backward transmission S12.

(a) (b)
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(c)

Figure 3.22: Parametric studies of the 3-pole U-shaped non-reciprocal BPF responses

with with respect to (a) modulation frequency fm (Km = 0.23; φ = 570); (b) modula-

tion index Km (fm = 240MHz,φ = 570); (c) phase φ (fm = 240MHz, Km = 0.23)

3.5 Spatial-Temporal Modulation Technique Based Tunable Nonreciprocal Dual

Band Pass Filter

This section presents the 3-pole U-shaped tunable nonreciprocal dual-band pass

filter which was proposed, analyzed, designed, and simulated. The first part was to make

the resonator operating with dual bands, using a stub loaded into the main resonator.

The loaded varactor-based variable capacitors performed two functions, the tunability

and the nonreciprocity. The STM technique was exploited to realize the nonreciprocal

responses. The proposed filter is mathematically analyzed and numerically simulated to

demonstrate its performance. Several parameters have an influence on the overall per-

formance are investigated. As a proof-of-concept, 3-pole U-shaped tunable nonrecipro-

cal dual-band pass filter DBPF is designed and simulated on Rogers-RO3210 substrate

by using Keysight Advanced Design System software (ADS). The operating frequen-

cies of conventional dual Bandpass filter are ( f01 = 2.24GHz and f02 = 3.73GHz),

while the 3dB-fractional bandwidths are (FBW1=0.139 and FBW2=0.133).

The section is organized as follows. The first subsection introduces the required

mathematical background and investigations for the proposed design. This subsection

is divided into three parts, and each part discusses a specific topic. In the second sub-
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section, the tunable 3-pole U-shaped nonreciprocal dual-band pass filter design is pre-

sented. Several parameters will be investigated to optimize the overall performance.

Next, the numerical validations of the tunable nonreciprocal dual-band pass filter are

introduced.

3.5.1 Methodology of The proposed Filter

Figure 3.23 shows the flowchart of the methodology of multi-function filter.

(a)

(b)

Figure 3.23: Methodology flowchart of multi-function filter a) part 1 b) part 2

3.5.2 Mathematical Background of The Proposed Filter

The main points discussed in this section are the fundamental background of the

proposed filter including the required mathematical derivation. It discusses the con-

ventional U-shaped dual band pass filter (DBPF), and explains the Tunability of Dual

Frequency Resonances. The last part in this section deals with Nonreciprocal Devices
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3.5.2.1 U-Shaped Dual-Band Resonator

A dual-band resonator is adopted to design the proposed nonreciprocal dual-band-

pass filters based on the coupling scheme as shown in Figure3.24. Each elliptical shape

in Figure3.24 represents a single resonator. No real connection exists between any two

adjacent resonators, but the electromagnetic coupling operates to transfer the energy

from one to another. Thus, the gap separating between them plays a vital role in deter-

Figure 3.24: The schematic structure of the dual-band filter using dual-band.

mining the amount of coupling which in turn specifies the ultimate bandwidth. Al-

though the two resonance frequencies can be chosen freely relying on the physical di-

mensions of the U-shaped dual-band resonator, there is some limitations that will be

shown later on. Figure 3.25a shows the adopted microstrip U-shaped dual-band res-

onator, which consists of an open-end resonator in a form of the U-shaped structure

with a stub mounted into its center. The distributed resonator without the stub resonates

at its fundamental frequency f01 when the whole length about half wavelength. The

second frequency harmonic f02 occurs when the whole resonator length is equal to one

wavelength. The second harmonic is harmful in many situations. Here, we will control

it when adding the central loading stub to make it useful. The f02 can be shifted down

toward f01 by increasing the stub length Lf2. Figure3.25b also illustrates that when the

Lf2 increases, the f02 decreases, tending to reach the f01. As can be seen, f01 does not

affect.
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(a)

(b)

Figure 3.25: (a) The schematic layout of the dual-band U-shaped resonator (b) Its first

two resonant frequencies versus the length of central loading stub

To check effects of the gap s between resonators, the s is changed from 0.3mm

to 1mm with a step of 0.1mm. As expected the coupling coefficient (Mi,i+1) given by

3.12 is decrease for both resonances, see Figure 3.26.

M(i, i+ 1) =
f 2
2 − f 2

1

f 2
2 + f 2

1

(3.12)

where f1, f2 lower and upper cutoff frequency . In other words, it means that

the bandwidth decreases as well. Also, the open-end direction change the amount of

coupling but the adopted one is the best choice because of exciting both magnetic and

electric coupling. The other important design parameter is the external quality factor

for both input and output, Qei/o. Because of our design is symmetrical, the output and

input external quality factors are identical. The external quality factor is given by 3.13

Q(ei/o) =
f0

BW3dB

(3.13)

where f0 is resonance frequency and bandwidth (BW3dB = f2− f1 ) is the differ-

ence between upper and lower cutoff frequency i.e. [1].
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Figure 3.26: The coupling coefficient Mi,i+1versus s for both bands.

The feeding transmission line is attached to a resonator at a distance from the

center t. A 50Ω feeding line with a length of (Lf) and a width of (Wf), which is folded

to decrease the overall size, excites the resonator. A gap (gf) is created whereas the Lf

increases, the coupling between the resonator and the feeding line increases. Also, the

t parameter governs the external quality factor. Figure 3.27 shows the external quality

factor versus the Lf parameter for one state of t. Both Qe1, 2 traces refer to the lowest

external factor when the Lf=6.2mm. The lowest external quality factor aids to transfer

the higher energy from the port to the resonator.

Figure 3.27: The external quality factor Qe1,2 versus Lf for both bands with tapped

length (t=2mm).
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3.5.2.2 Tunable Dual Frequency Resonators

The resonators investigated above operate at dual fixed resonance frequencies.

Sometimes we need to cover several bands with the same design and not at the same

time, making the design tunable. This feature improves the whole design performance.

To do so, few diodes will be integrated to the open ends of the resonator as depicted in

Figure 3.28. However, the DC-biasing circuit is required to make the diodes operating

in the appropriate way. The diodes add an extra electrical length.

Figure 3.28: Schematic of tunable dual-mode U-shaped resonator.

As diodes have larger capacitance, the electrical length will be longer, thereby

resonating at lower frequency. As will be seen in the mathematical analysis, either

the second band or both bands will be tuned at once. The even-odd mode approach is

utilized to figure out how to control diodes.

The resonator is divided into two halves at its symmetrical plane, see Figure 3.29.

The odd-mode (electric wall (short circuit)) half resonator resonates at the higher band

f o
0 , while the even-mode (magnetic wall (open circuit)) half resonates at the lower band

f0e because it has longer length. As can be seen, the varactor diode (Cv1) control

the higher band only, while the (Cv2) control both bands. The Cv1,2 represents the

diode capacitance at a certain applied reverse-biasing voltage. When Cv2 varies, the

higher band will be moved lower or upper depending on the voltage. Moreover, the Cv1
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operates to alter both bands simultaneously. This observation is obvious in Figure 3.29

where the diode Cv1 exists in both modes. When Cv1 varies from Cv1− 1 to Cv1− 2

used to shift the odd mode frequency from f o
01 to f o

02 and even-mode frequency f01e to

f02e proportionally by loading capacitance while Cv2 varies from Cv2− 1 to Cv2− 2,

the even-mode frequency shifts from f e
01 to f e

01 and the odd-mode frequency does not

shift . To obtain the odd ±and ± even frequencies mode , by placing a short or open

circuit at the symmetrical plane of the circuit in Figure 3.28 as shown in Figure 3.29.

Figure 3.29: Circuit mode(a) odd mode (b) even mode .

The admittance of the odd mode is given by

Yino = j(ωCv1 −
Yo

tan(θo)
) (3.14)

, and for the even mode is

Yine = j(Yo

Y 1 + Yo tan(θo)

Yo + Y 1 tan(θo)
+ ωCv1) (3.15)

With

Y 1 = j(Ye

ωCv2/2 + Ye tan(θe)

Ye − ωCv2
2

+ Ye tan(θe)
) (3.16)

The resonant frequencies of the odd and even modes can be found by solving
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Im(Yino) = Im(Yine) = 0 (3.17)

The odd frequency (f o
0 ) is

f 0
0 =

Yo

2πCv1 tan(θo)
(3.18)

, and the even frequency (f e
0 ) is

f e
0 =

Y 2
e tan(θe)[Yo − tan(θo)ωCv1] + Ye[Y

2
o tan(θo + YoωCv1)]

πCv2[Yo(Ye + Yo tan(θo)2ωCv1) + ωCv1Ye tan(θe)]
(3.19)

From Eq3.18, it can be seen that the odd-mode resonant frequency depends on the

parameters Cv1, Yo, and θo. It means that when the Cv1 varies, the resonant frequency

of the higher band will be varied. Eq 3.19 reveals that the even resonant frequency

depending on both Cv1 and Cv2. Also, it can be observed when changing Cv2, only

the resonant frequency of the lower band will be changed. To this end, the conversion

from fixed resonant frequency into the tunable structure is carried out. In summary, the

conversion process will be exploited to convert the structure from reciprocal to nonre-

ciprocal without going through how to design reciprocal tunable band pass filter for the

sake of simplicity.

3.5.2.3 Nonreciprocal Devices

This section concerns about how to break the reciprocity in the dual band res-

onator. The principle of the nonreciprocity is the same that in Section 3.4. The STM

technique is utilized to obtain the nonreciprocal of DBPF. The sinusoidal signals with

the same frequency and different phase are applied to each resonator. The proposed filter
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consists of three STM resonators. As can be seen, each resonator has its own modulating

frequency source. The coupling between the resonators diagram and all responses, re-

flection coefficient (S11), transmission coefficient (S21) and isolation coefficient (S12)

in Figure 3.30.

(a)

(b)

(c)

Figure 3.30: The scenario of nonreciprocal dual-band BPF based on STM modulated RF

resonators (a) the coupling between the resonators diagram (b) conceptual illustration

of the AC modulation signals (c) conceptual power transmission (S21), reflection (S11),

and isolation (S12) responses of the nonreciprocal dual-band BPF.

In Figure 3.30a, white circles represent input ,while the black circles is represent

a tunable resonators. The progressive phase starts from the left to right, so the S21

will be obtained, whereas the S12 will be attenuated, see Figure 3.30c. However, to

obtain the S12 and reduce the S21, the progressive phase starts from the right to left.

Furthermore, the DC source is added to alter the resonant frequency of resonators, but

the same value should be assigned for all DC sources. Varactor-based variable and

modulated capacitors consider the constituent elements. Figure 3.30b shows modulating

signals where the signals have the same frequency and different phases.
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The same manner of the topology is used in nonreciprocal BPF ,but each reso-

nant circuit consists of a capacitor and a inductor in parallel form,these component is

convert into resonant circuit separately, Where the capacitive transform into a resonant

circuit consisting of a inductor L01 and an capacitor C01 in parallel ,while the inductive

transform into a capacitor C02 and a inductor L02 in series as shown in Figure 3.31.

Figure 3.31: 3-pole nonreciprocal dual-band pass filter with ideal time-varying capaci-

tors using (STM)

The center frequencies ( f01and f02) of the nonreciprocal dual-band pass filter

are determined by the static inductance L01, L02, and static capacitance C01, C02. The

modulated capacitors and capacitance modulation index, It’s the same as previously

3.10 - 3.11 defined in nonreciprocal BPF.

3.5.3 Tunable 3-Pole U-Shaped Nonreciprocal Dual-Band Pass Filter Design

This section is divided into three parts. The first part deals with the design of a

conventional 3-pole U-shaped Dual Band Pass Filter (DBPF). Then, in the second part,

discussing Tunable 3-pole U-shaped DBPF is carried out. The last part discusses the

3-pole U-shaped nonreciprocal dual-band pass filter.
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3.5.3.1 3-Pole U-Shaped Dual-Band Pass Filter (DBPF)

In this subsubsection, the 3-pole U-shaped dual-band pass filter is designed where

its type is Chebyshev prototype with g0 = g4 = 1.0, g1 = g3 = 0.8516, and g2 =

1.1032 for a passband ripple of 0.04321 dB . The first band is to have a fractional band-

width FBW = 0.139centered at 2.23 GHz. The second band has a center frequency

of 3.74 GHz with FBW = 0.133 by using Eqs.3.20-3.21 with analysis curves in Fig-

ure 3.25. Figure 3.32 displays the filter layout, while Table.3.3 presents the physical

dimensions.

Qe1 =
g0g1
FBW

,Qen =
gngn+1

FBW
(3.20)

Mi,i+1 =
FBW
√
gigi+1

(3.21)

Figure 3.32 displays the filter layout, while Table.3.3 presents the physical dimensions.

Figure 3.32: The layout of 3-pole U-shaped DBPF
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Table 3.3: The physical dimensions of U-shaped DBPF

parameters Measurements in(mm)

L1 11.08

W 0.92

S 0.8

G 1.84

Lf2 3.95

Wf 0.92

Lf 6.184

Gf 0.752

t 2

3.5.3.2 Tunable 3-Pole U-shaped DBPF

In this subsubsection, the tunable 3-pole U-shaped DBPF is designed. The filter

presented above operates at certain two resonance frequencies. To make it tunable, the

varactor diodes with DC biasing circuit as shown in Figure 3.33 are connected to the

ends and middle of each U-shaped resonator.

(a)

(b)

Figure 3.33: a) Spice mode of Varactor diode with DC biasing circuit b) The layout of

3-pole U-shaped tunable DBPF with varactors diode are basied by two dc voltage (Vdc1

and Vdc2)

The DC biasing circuit consists of a DC block capacitor Cdc and a resistor Rb. The
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Cdc prevents the DC biasing signals to flow into resonators, while the Rb inhibits the

RF signals affecting on the DC biasing circuit. Cp and Ls denote the parasitic effects of

the diode packaging, and Rs is the series resistance of the varactor diode. The smallest

value of Cp and Rs and a large value of Ls are chosen [49].

The diode chosen in all simulations is skyworks smv2019 in [48], and a curve of

the equivalent capacitance with dc voltage is shown in Figure 3.34.

Figure 3.34: SMV2019 Capacitance vs Dc voltage

Figures 3.35 -3.37 show the parametric studies of the reflection and transmission

coefficients of the tunable U-shaped dual bandpass filter in three cases.

Case 1, when the dc voltage (Vdc1) changes and Vdc2 is not found, the dual bands

can be tuned simultaneously as shown in Figure 3.35.

(a) (b)

Figure 3.35: Simulated frequency responses of the 3-pole U-shaped dual-band pass filter

with respect to Vdc1 (5, 15, and 25V).

84



Case 2, when the dc voltage (Vdc2) changes and Vdc1 is not found, the second

band is tuning while the first band is fixed as shown in Figure 3.36.

(a) (b)

Figure 3.36: Simulated frequency responses of the 3-pole U-shaped dual-band pass filter

with respect to Vdc2 (10, 20, and 25V).

Case 3, when both dc voltages (Vdc1) and (Vdc2) change, the range of tunable of

the second band increases compared to case 1 as shown in Figure 3.37.

(a)

(b)
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(c)

Figure 3.37: Simulated frequency responses of the 3-pole U-shaped dual-band pass filter

with respect to a) Vdc1 =5V and Vdc2 (10, 20, and 25V) b) Vdc1 =15V and Vdc2 (10,

20, and 25V) c) Vdc1 =25V and Vdc2 (10, 20, and 25V)

3.5.3.3 3-Pole U-Shaped Nonreciprocal Dual-Band Pass Filter

The concept of nonreciprocity was clarified above by applying the STM technique

on the conventional DBPF as shown in Figure3.38. Here, effects of the main parameters

on the overall performance (i.e., the circuit responses, (S11, S22, S12 and S21) will be

introduced, see Figure 3.39. First, the modulation frequency increases from 100 MHz to

160 MHz. The forward transmission (S21) is improved and the backward transmission

(S12) is attenuated.

Figure 3.38: 3-pole U-shaped nonreciprocal dual-band pass filter base on STM tech-

nique

The S12 changes with the fm. The reflection (S11=S22) does not obviously affect

as shown in Figure 3.38. The optimal fm is 120 MHz because it offers the large re-
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verse attenuation and relatively small forward insertion loss. The other parameter is the

modulation index Km, see Figure 3.38. When it becomes more than 0.42, the forward

transmission deteriorates and the backward transmission has attenuation larger than 20

dB. The optimum value of Km is chosen as 0.44 due to its the small insertion loss and

large backward attenuation. The reflection loss is relatively stable.

Figure 3.39c depicts effects of the modulation phase φ. When φ is equal to 0, the

time-varying capacitors shown in Figure 3.31 are only time-modulated, resulting in re-

ciprocal responses with 9.3 dB passband insertion loss for both transmission coefficient

S21 and isolation coefficient S12.

(a) (b)
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(c)

Figure 3.39: Parametric studies of the 3-pole U-shaped nonreciprocal filter dual-band

pass filter responses with respect to (a) modulation frequency fm (Km = 0.44; φ = 630);
(b) modulation index Km = 0.44 (fm = 120 MHz,φ = 630); (c) phase φ (fm = 120 MHz,

Km = 0.44)

The large loss occurs because of the uncontrolled power conversion to the IM

products. When φ is nonzero, the three resonators in Figure 3.31 are modulated simul-

taneously in both time and space (i.e., STM). The φ is 630, representing the optimal

value.

3.6 Nonreciprocal Quasi- Reflectionless Band Pass Filter

Having designed, simulated, optimized, fabricated, and tested RF structures solv-

ing problems of the power reflections and reciprocity in Section 3.3 and 3.4, respec-

tively, both structures will be combined in one design. Fortunately, both designs employ

the U-shaped resonators as the main blocks of the proposed filter. This has eased the

procedure to combine both functionalities only in one design. Figure 3.40 depicts the

entire design of the proposed quasi-reflectionless nonreciprocal bandpass filter. Also,

the figure displays all functions separately when exciting some control voltages. Thus,

the proposed filter can carry out the prescribed function depending only on the voltage

applied to terminals of the proposed filter.

Any programmable device such as the FPGA, or Arduino can be utilized to do the

task. Four DC voltage sources, and three AC voltage sources (i.e., modulation sources)
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Figure 3.40: The layout of the 3-pole U-shaped nonreciprocal quasi[reflectionless BPF

are required to fully control the proposed device. Moreover, the AC sources have the

same frequency, but different phase shifts which is the key to construct or destruct the

propagation RF signal. This design is reported for the first time according to the best

of knowledge of the researcher. The design solves the problems of the thesis stated in

Chapter 1.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter introduces the results for all designs explained in the previous chap-

ter. staring with the results of the nonreflectless and reflectionless BPFs. The compar-

ison between the simulated and measured results is also introduced. Then, the chapter

discusses the results of the nonreciprocal BPFs. Tunable and dual-band non-reciprocal

BPFs will be presented in this chapter. Finally, the chapter will present all results re-

garding designs with nonreciprocal and reflectionless properties in the same design.

4.2 Results Discussions of 3-pole quasi-reflectionless bandpass filter

In this section, the 3-pole U-shaped quasi-reflectionless bandpass filter is de-

signed, simulated, fabricated, and measured. Figure 4.1a and 4.2a show the simulated

and fabricated prototypes of the proposed designs.FR4 substrate with relative a dielec-

tric constant εr = 4.6, dielectric thickness h = 1.6mm, and dielectric loss tangent

tan(δD) = 0.02 is used. The operating frequency is 3.5GHz and the 3dB fractional

bandwidth is 20%. The Keysight Advanced Design System software (ADS) is utilized

to analyze and carry out the schematic and EM designs. Following the design proce-

dure, all physical dimensions of the proposed filters are mentioned in Figure 4.1a and

4.2a.
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(a)

(b) (c)

Figure 4.1: Experimental validations of 3-pole U-shaped BPF a) The layout and pho-

tograph of the 3-pole BPF b) simulated and measured transmission coefficients S21

c)simulated and measured reflection coefficients S11

(a)

(b) (c)

Figure 4.2: Experimental validations of 3-pole U-shaped quasi-reflectionless BPF a)

The layout and photograph of the 3-pole quasi-reflectionless BPF b) simulated and mea-

sured transmission coefficients S21 c)simulated and measured reflection coefficients

S11
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As expected, the measured results agree very well with the simulated ones. This

confirms that the analyses provided above are valid. Figures 4.2a and b compare be-

tween the measured and simulated results for the transmission and reflection coeffi-

cients, respectively. The measured reflection coefficient S11 is less than 10dB from

2.25GHz to beyond the 5GHz, not shown here for the sake of simplicity. The dis-

crepancy between the simulated and measured results belongs for many reasons. the

proposed work was fabricated using the chemical etching process, so there will be some

differences in dimensions. Also, the measurements were done with the use of simple

VNA, KC901V

4.3 Results Discussions of 3-pole tunable U-shaped quasi-reflectionless bandpass

filter

The 3-pole tunable U-shaped quasi-reflectionless bandpass filter is designed, sim-

ulated in this section. Figure 4.3 shows the simulated prototype of the proposed design.

FR4 substrate with relative dielectric constant εr = 4.6, dielectric thickness h = 1.6mm,

and dielectric loss tangent tan(δD) = 0.02 is used. The operating frequency is 3.5GHz

and the 3dB fractional bandwidth is 20%. The tunable frequency range (3.28-3.5 GHz).

All details can be found in Figure Figure 4.3b- 4.3c and Table 4.1.

Table 4.1: All details of simulated responses

Tunable range

of frequencies

Transmission

coefficient S21

in dB

Reflection

coefficient S11

in dB

3.28-3.5 GHz
- Near to -3.5dB at 3.5 GHz

- Near to -5dB at (3.2-3.48)

- less - 23 at 3.5GHz

- Less -10 at(3 ± 3.6)GHz

- Less -5 at (3.61 ±3.9)GHz
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(a)

(b) (c)

Figure 4.3: Simulation of 3-pole tunable U-shaped quasi-reflectionless BPF a) The lay-

out and photograph of the 3-pole quasi-reflectionless BPF b) simulated transmission

coefficients S21 c)simulated reflection coefficients S11

4.4 Numerical Validations of The magneticless Nonreciprocal BPF

This section describes the magneticless nonreciprocal BPF. The presented filter is

three poles using the U-shaped resonators. Figure 4.4 shows the simulated prototypes of

the proposed design using the advanced design system, ADS, and Table.3.2 summarizes

the filter dimensions.

The substrate utilized in the design is FR4 with a relative dielectric constant εr of

4.6, dielectric thickness h of 1.6mm, and dielectric loss tangent tan(δD) of 0.02. The

operating frequency is ( f0 = 3.5GHz ), the 3dB fractional bandwidth is FBW = 0.2

. Also, the figure shows that the proposed filter attenuates the backward propagation

(response) S12 by less than 10dB.
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(a)

(b) (c)

(d)

Figure 4.4: Simulation of 3-pole U-shaped nonreciprocal BPF (a) the layout and pho-

tograph of the 3-pole nonreciprocal BPF (b) simulated reflection coefficients S11 (c)

simulated transmission coefficients S21 (d) simulated isolation coefficients S12
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4.5 Numerical Validations of The tunable Nonreciprocal Dual-Band Pass Filter

This section describes the tunable nonreciprocal dual-band pass filter. The pre-

sented filter is three poles using the U-shaped resonators. Figure 4.5 shows the simu-

lated prototypes of the proposed design and Table 3.3 summarizes the filter dimensions.

The substrate utilized in the design is Rogers-RO3210 with a relative dielectric constant

εr of 10.2, dielectric thickness h of 1.27mm, and dielectric loss tangent tan(δD) of

0.003. The operating frequencies are ( f01 = 2.24GHz and f02 = 3.73GHz ), the 3dB

fractional bandwidths are FBW1=0.139 and FBW2 = 0.133 for the first and second

band, respectively. The tunable frequency range of the first band is 1.6-2.05GHz and

the second band is 2.8-3.6GHz. All details can be found in Figure 4.7. Also, the figure

shows that the proposed filter attenuates the backward propagation (response) S12 by

less than 10dB for both bands.

Figure 4.5: The layout of the 3-pole Tunable U-shaped nonreciprocal dual-band pass

filter
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Four cases are shown in Figure 4.7 to present the filter non-tunable DBPF, tunable

DBPF, nonreciprocal DBPF, and nonreciprocal tunable DBPF.

(a) (b)
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(a) (b)

Figure 4.7: Four cases output response of the proposed filter a)Non-tunable DBPF

b)Tunable DBPF response c)Nonreciprocal DBPF response d)Nonreciprocal tunable

DBPF response
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4.6 Results and Discussions of Nonreciprocal Reflectionless Filter

In this section, the 3-pole U-shaped nonreciprocal quasi-reflectionless bandpass

filter is designed and simulated.Figure 4.8 and Table 4.2 show all states that filter can

support. When all DC and AC sources are turned off, the filter behaves like conventional

filters. It means that the filter is reflective-type and nonreciprocal, see Figure 4.8a. As

can be seen, the S21 and S12 are both supported by the device with the interesting

frequency band. Also, the S11 is fully reflected at out of the band of interest. Once

Vdc2 is turned on, the filter will be changed into the quasi-reflection bandpass filter,

see Figure 4.8b. The S11 is less than -10dB for the entire range displayed in the figure.

To make the BPF is only nonreciprocal, only the Vdc3 and Aac sources are turned on.

The optimal phase shift difference between any two adjacent resonators is 57°, the fm

is 240MHz, and the Vdc is 1v. The resonator is on the far left considers as the reference

element, where the S21 is supported as shown in Figure 4.25.c. On contrast, when the

far right resonator considers as the reference element, the S12 is supported as shown in

Figure 4.8d.

Figure 4.8e shows the filter response for the quasi-reflectionless nonreciprocal

bandpass filter state. In this state, the Vdc2, Vdc3, and Vac sources are turned on

while others are turned off. The S11 and s12 are less than -10dB. To make the design

more functional, the tunability is also demonstrated. When Vdc1 and Vdc4 sources

are turned off, Vac is off Vdc2 is on, and Vdc3 is varied from 5v to 25v, the tunable

quasi-reflectionless filter is obtained as shown in Figure 4.8f. Moreover, When Vdc3

and Vdc4 sources are varied from 5v to 25 v, Vac is on Vdc2 is off, and Vdc1 is off,

the tunable nonreciprocal filter is obtained as shown in Figure 4.8g. More detail can be

found in Table 4.2, and will not be mentioned here for the sake of simplicity.
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 4.8: Programable BPF Responses a) Bandpass Filter b) quasi-Reflectionless BPF

c) nonreciprocal BPF in direction from port 1 to port 2 d) quasi-Reflectionless Nonre-

ciprocal BPF e) tunable Reflectionless Filter f)tunable Nonreciprocal Filter g) ) nonre-

ciprocal BPF in direction from port 2 to port 1

99



T
ab

le
4
.2

:
S

ev
en

ca
se

s
o
f

p
ro

g
ra

m
m

ab
le

B
P

F

C
a

se
o

f

D
C

v
o

lt
a

g
e

(V
d

c1
,

V
d

c2

,V
d

c3

,V
d

c3
)

C
a

se
o

f
A

C
S

ig
n

a
le

(f
m

,φ
,K

m
)

B
P

F
R

es
p

o
n

se

R
efl

ec
ti

o
n

co
ef

fi
ci

en
t

S
1

1

in
d

B

tr
a

n
sm

is
si

o
n

co
ef

fi
ci

en
t

S
2

1

in
d

B

Is
o

la
ti

o
n

co
ef

fi
ci

en
t

S
1

2

V
d

c1
=

O
F

F

V
d

c1
=

O
F

F

V
d

c3
=

O
F

F

V
d

c4
=

O
F

F

A
C

=
O

F
F

R
ec

ip
ro

ca
l

B
P

F
-3

0
-1

.2
5

7
-1

.2
5

7
d

B

V
d

c1
=

O
F

F

V
d

c2
=

O
N

V
d

c3
=

O
F

F

V
d

c4
=

O
F

F

A
C

=
O

F
F

Q
u

as
i-

R
efl

ec
ti

o
n

le
ss

B
P

F

-
4

3
at

3
.5

G
H

z

L
es

s
-1

0
at

(2
.5

±
3

)G
H

z

L
es

s
-1

5
at

(3
.8

±
5

)G
H

z

-1
.7

7
1

.7
7

d
B

V
d

c1
=

O
N

V
d

c2
=

O
F

F

V
d

c3
=

O
F

F

V
d

c4
=

O
F

F

A
C

=
O

N

fm
=

2
4

0
M

H
z

φ
1

=
0
0
,φ

2
=

5
7
0
,φ

3
=

1
1

4
0

K
m

=
0

.2
3

N
o

n
re

ci
p

ro
ca

l
B

P
F

fo
rm

p
o

rt
1

to
p

o
rt

2
-2

3
.8

-3
.1

7
-2

1
.2

d
B

at
f=

3
.7

G
H

z

L
es

s
-1

0
d

B
at

(3
.1

±
3

.9
7

)G
H

z

V
d

c1
=

O
N

V
d

c2
=

O
N

V
d

c3
=

O
F

F

V
d

c4
=

O
F

F

A
C

=
O

N

fm
=

2
4

0
M

H
z

φ
1

=
0
0
,φ

2
=

5
7
0
,φ

3
=

1
1

4
0

K
m

=
0

.2
3

N
o

n
re

ci
p

ro
ca

l

q
u

as
i-

re
fl

ec
ti

o
n
L
es
s

B
P

F

-2
5

.3
8

at
3

.5
G

H
z

L
es

s
-1

0
at

(2
.3

4
±

3
)G

H
z

L
es

s
-1

2
at

(3
.7

5
±

5
)G

H
z

-3
.3

6
-1

6
.9

8
at

f=
3

.2
8

G
H

z

L
es

s
-1

0
d

B
at

(3
.1

6
±

3
.7

1
)G

H
z

V
d

c1
=

O
F

F

V
d

c2
=

O
N

V
d

c3
=

5
-2

5
V

V
d

c4
=

5
-2

5

A
C

=
O

F
F

T
u

n
ab

le
q

u
as

i-
efl

ec
ti

o
n

le
ss

B
P

F
w

it
h

tu
n

ab
le

ra
n

g
e

(3
.2

8
-3

.5
)G

H
z

L
es

s
-2

3
at

3
.5

L
es

s
-1

0
at

(3
-3

.6
)G

H
z

L
es

s
-5

at
(3

.6
2

-3
.9

)G
H

z

-3
.5

at
3

.5
G

H
z

N
ea

r
to

-5
at

(3
.2

-3
.4

8
)

G
H

z

-3
.5

at
3

.5
G

H
z

N
ea

r
to

-5
at

(3
.2

-3
.4

8
)

G
H

z

V
d

c1
=

O
N

V
d

c2
=

O
F

F

V
d

c3
=

5
-2

5
V

V
d

c4
=

O
F

F

A
C

=
O

N

fm
=

2
4

0
M

H
z

φ
1

=
0
0
,φ

2
=

5
7
0
,φ

3
=

1
1

4
0

K
m

=
0

.2
3

T
u

n
ab

le
n

o
n

re
ci

p
ro

ca
l

B
P

F
w

it
h

tu
n

ab
le

ra
n

g
e

(3
.3

7
-3

.6
)G

H
z

L
es

s
2

5
at

(3
.3

7
-3

.6
G

H
z)

-2
.9

at
(3

.3
7

-3
.6

)G
H

z
L

es
s

-2
5

at
3

.4
-3

.5
G

H
z

L
es

s
-1

0
d

B
at

(3
.-

4
G

H
z)

V
d

c1
=

O
N

V
d

c2
=

O
F

F

V
d

c3
=

O
F

F

V
d

c4
=

O
F

F

A
C

=
O

N

fm
=

2
4

0
M

H
z

φ
1

=
1

1
4
0
,φ

2
=

5
7
0
,φ

3
=

0
0

K
m

=
0

.2
3

N
o

n
re

ci
p

ro
ca

l
B

P
F

fo
rm

p
o

rt
2

to
p

o
rt

1
-2

3
.8

at
3

.5
G

H
z

-2
1

.2
at

f=
3

.7
G

H
z

L
es

s
-1

0
d

B
at

(3
.1

±
3

.9
7

)G
H

z
-3

.1
7

100



CHAPTER 5

CONCLUSION AND SUGGESTIONS FUTURE WORKS

5.1 Conclusion

In this thesis, the power reflection and reciprocity had been solved and the results

showed that the proposed designs were able to deal with these two issues. First, the

research solved the power reflection by adding an absorptive stubs into the main filter

which is the U-shaped BPF. Most power in signals out of the band-of-interest was routed

into the load to absorb it. The mathematical model was derived to support the proposed

design. Also, the practical prototype was fabricated and tested to obtain a comparison

between the simulated and measured results. The FR4 substrate was used to print the

design and the measured results were in a good agreement with the simulated ones.

Also, the results showed that the reflection coefficient was less than -10dB for a wide

range of frequencies. Then, the reciprocity was broken using the STM technique. The

same U-shaped PBF was utilized, but with integrating varactor diodes to their open-ends

and applying modulating signals to terminals of the varactor diodes. As demonstrated

in the results, the design allowed signals to propagate only in one direction either the

transmit or receive side. When the S21 was supported, the S12 was attenuated into

low than -10dB. The direction of the progressive phase shift was playing a vital role

in determining which S21 or S12 is supported. Furthermore, the design frequency was

tuned to be altered from (3.37 to 3.6)GHz. This property enabled our proposed designs

to operate at different wireless systems. Not only the tunable property was presented, but

also, the dual-band nonreciprocal PPF was introduced in the research. These different
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functionalities gave the author the ability to provide a variety of designs to work within.

Finally, both solutions mentioned above had been introduced in one prototype

called the programmable reflectionless nonreciprocal PBF which was able to change its

response relying on the voltage applied to its terminals

5.2 Suggestions Future Works

This section provides the readers what are the possible future works as follows:

1. Use the optimization and machine learning techniques to reduce time of the design

(i.e., accelerating design procedures)

2. Design a nonreciprocal duplexers or circulators by using a combination of struc-

tures presented in Chapter 4.

3. Fabricate and measure the nonreciprocal filter.

4. Integrate an antenna to the receiving and transmitting nonreciprocal filters.

5. Use lumped elements to design new nonreciprocal filters in order to miniaturize

the filter designs.
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