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Abstract

Variable Bandwidth Planar Coupled Resonator Filters Utilizing
Tunable Non-Resonant Node Inverters

S.K. Sharma

Dissertation: Ph.D.(EE)

December 2018

This dissertation presents a novel design technique for designing microstrip staircase and
pedestal substrate integrated waveguide (SIW) filters with tunable bandwidth. The design
technique utilizes non-resonant nodes as inverters, allowing the inter-resonator coupling
to be varied by varactor diodes.

For the microstrip implementation, a circuit model of the proposed tunable non-
resonant node inverter (NI) to be implemented in parallel coupled line staircase filter
is presented. Generalized synthesis design equations are formulated and dimensional de-
sign charts are presented to aid designers in designing tunable staircase filters using NI.
Reconfigurable second order and third order parallel coupled line staircase filters with
constant absolute bandwidth are designed and measured.

For the substrate integrated waveguide (STW) implementation, the proposed tunable
non-resonant node inverter is implemented in a T-ridge pedestal SIW resonator based
filter topology. A detailed dimensional analysis for integrating NI in T-ridge SIW filters
is presented and design charts are formulated. A design procedure is proposed to design
NI based T-ridge SIW filters with bandwidth control for a given filter specification. A
second order T-ridge SIW filter with tunable bandwidth is designed and simulated.

The designed reconfigurable filters using NI offer significant advantages over most of
the other reconfigurable filter designs. The proposed synthesis method comprising of
design equations and design charts presents an insight into the dimensional information
required to design these filters for a given specification. Further, it reduces the reliance
on full wave optimization and thus results in reduced computational cost and design time.
The designed and measured prototype filters based on NI demonstrate negligible centre
frequency deviation as the bandwidth is tuned. The use of spatial biasing mechanism
reduces the complexity of the filter designs as additional biasing circuit is not required to

bias tuning elements.
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Uittreksel

Verstelbare bandwydte planére gekoppelde resoneerder filters met
verstelbare Nie-Resonante-Nodus omkeerders

S.K. SharmaProefskrif:

Ph.D.(EE)
Desember 2018

Hierdie proefskrif bied 'n nuwe ontwerpstegniek aan vir die ontwerp van mikrostrook- en
oppervlak-geintegreerde-golfleier (OGG)-filters met verstelbare bandwydte. Die tegniek
gebruik nie-resonante nodusse as omkeerders en maak dit moontlik vir tussen-resoneerder
koppelings om verstel te word deur varaktor diodes.

Vir mikrostrook implementerings word 'n stroombaanmodel van die voorgestelde om-
keerder in newe-gekoppelde trap-filters aangebied. Veralgemeende sintese vergelykings
word geformuleer en strukturele ontwerpsgrafieke word aangebied om ontwerpers in staat
te stel om hierdie klas van filters te ontwerp. Verstelbare tweede en derde orde filters met
konstante absolute bandwydte word ontwerp en gemeet.

Vir OGG-implementering, word die voorgestelde tegniek ge-implementeer as 'n ge-
voude T-rif filter topologie. 'n Detail strukturele analise word aangebied, sowel as 'n
ontwerpsprosedure. 'n Tweede orde filter word ontwerp en gesimuleer.

Die gebruik van hierdie tegniek bied beduidende voordele bo meeste ander verstel-
bare topologieé. Die voorgestelde sintese tegniek, bestaande uit ontwerpsvergelykings en
ontwerpsgrafieke, bied ook insig in die strukturele aspekte wat benodig word om n ge-
gewe spesifikasie te haal. Dit verminder verder die afhanklikheid op volgolf analise, en
dus ook die berekeningskoste en ontwerptyd. Die prototipes demonstreer weglaatbare
senterfrekwensieveranderinge met verstelling van bandwydte. Die gebruik van ruimtelike

voorspanning verminder die stroombaankompleksiteit.
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Chapter 1

Introduction

1.1 Tunable Filters

Microwave filters are integral parts of the transmitter/receiver sections of modern day
wireless systems such as mobile communications, satellite television, wireless-local area
networks (W-LANS), radars etc. Filters play vital roles of separating wanted signal fre-
quencies from unwanted signal frequencies in these systems. Wireless broadband tech-
nologies are constantly evolving at a rate that will outgrow the available spectrum. As
the spectrum is limited, advanced wireless systems are being investigated with intended
characteristics of having multifunctional trans-receiver subsystems that can operate in
multiple frequency bands, are faster, have reduced interference and have reduced size.
These wireless systems demand improved microwave filter designs which are completely
reconfigurable and are miniaturized. Present wireless systems suffer from many factors
that degrade their performance. With a number of wireless systems utilizing different
frequency bands, there is often interference between these bands resulting in problems
like frequent call dropping. Limited frequency spectrum results in high call rates and
data rates. Bulky size prevents installation of wireless systems in congested places. Re-
duced board space is always desirable in a wireless system circuit. Design of new tunable
microwave filters would help in eradicating these problems, resulting in improved perfor-
mance of current and future wireless systems. Figure 1.1 shows considerable reduction in
the size of the front-end of modern wireless systems with the use of tunable filters.

Over the last couple of decades, a vast number of tunable microwave filters have been
proposed in different technologies depending upon the intended application. Tunable fil-
ter designs in microstrip, coaxial cavities, waveguide, microwave monolithic integrated
circuits (MMICs) and substrate integrated waveguide (SIW) technologies have been in-
vestigated. The advent of tunable filters began with the tuning of centre frequency of
the filter followed by investigation of tuning the bandwidth, external Q and transmis-
sion zero responses of the filter. The centre frequency tuning is achieved by connecting
variable reactance elements like p-i-n diodes, semiconductor varactor diodes and micro-
electromechanical systems (MEMS) to the resonators of the filter resulting in tunable
resonators [1-15]. Centre frequency tuning by integrating active devices to the resonators

for loss compensation and improved performance have also been proposed in the litera-
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Figure 1.1: Front-End System

ture [16-20].

Most of the current tunable filters suffer from change in bandwidth when tuning the
centre frequency. Bandwidth control is more difficult than frequency control, as the
inter-resonator couplings need to be adjusted, and not only the resonator frequencies.
Bandwidth control has thus far been demonstrated with various mechanisms in different
implementation technologies [21-43]. The planar combline filter topology has been a pop-
ular choice, due to its inherent small bandwidth variation as the centre frequency is tuned.
In [21], a three pole combline tunable filter with centre frequency and bandwidth tuning
is presented. The filter consists of three short-ended resonators with varactor diodes at-
tached on the opposite end for centre frequency tuning. A pair of diodes are connected
between the first and last resonators in back to back configuration for bandwidth tuning.
A pair of transmission zeros are realized because of the non-adjacent coupling between
the first and last resonators. In [22], a three pole tunable combline bandpass filter with
centre frequency, bandwidth and transmission zero control is presented. The centre fre-
quency is controlled using varactor diodes attached to the resonator of the filter while the
bandwidth is controlled by placing two varactor diodes in back to back configuration be-
tween the adjacent resonators. Transmission zeros are tuned by placing a pair of varactor
diodes at the input and output matching networks. In [23], stepped-impedance resonators
are used in a basic combline structure. Absolute passband bandwidth is maintained at
nearly constant values within the tuning range, by reducing magnetic coupling due to a
larger gap near the short circuit ends of the stepped impedance resonator. Inter-resonator
coupling is controlled in [24| with the use of lumped series resonators with controllable

slope parameters, attached to planar resonators of a combline filter. In [25], a bandwidth
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control subnetwork is proposed to tune inter-resonator couplings in combline filters. The
bandwidth control subnetwork comprises of a coupling reducer element connected in shunt
between adjacent resonators. The coupling reducer element is made up of a transmission
line segment with variable capacitor attached at one end while the other end is short
circuited. The length of this transmission line is longer than the adjacent resonators,
thus forming a resonator which resonates at a lower frequency, or a detuned resonator
at the filter centre frequency. As the variable capacitor is varied, the admittance of the
coupling reducer varies between open and short circuited states resulting in variation in
bandwidth. For large variable capacitance, highest variable admittance of coupling re-
ducer is obtained, which results in a short circuit condition in between resonators and
hence minimum bandwidth is achieved. In [26], corrugated microstrip coupled lines are
used in combline structures to design a constant bandwidth tunable filter.

Ring resonators have also been studied to develop reconfigurable filters. In |27], electric
and magnetic couplings between ring resonators are varied to realize different coupling
coefficients. In [28], centre frequency tuning is obtained by switching between quarter-
wavelength and half-wavelength resonators to obtain low-band and high-band modes,
whereas, bandwidth is controlled by a combination of electric and magnetic coupling
variation. In [29], a ring resonator loaded with two tunable pi-sections operating as open
stubs is proposed to implement bandwidth reconfigurability. An even and odd mode
frequency analysis is presented for a ring resonator loaded with two open circuited stubs
and it is established that for switching the bandwidth from a narrowband to a wideband
state, characteristic impedance of the open circuit stub needs to be changed from a higher
to a lower value. Further, an analysis is done using EM simulations and an equivalence
is demonstrated between an open circuit stub and a pi-section comprising of two p-i-n
diodes. Finally, open circuit stubs connected to the ring resonators are replaced by pi-
sections loaded with p-i-n diodes. By switching the p-i-n diodes, narrowband (4 pole)
and wideband (6 pole) responses are realized. In [30], a mixed combline and split ring
topology has been utilized to develop a constant bandwidth tunable filter.

Reconfigurable filters using cross shaped resonators and hairpin resonators have also
been investigated. In [31], a wideband reconfigurable bandpass filter based on cross-shaped
resonator (CSR) with open circuit stubs is presented. The open stubs consists of stepped
impedances of three branches connected through p-i-n diodes. The location of the poles
are determined through the on/off states of p-i-n diodes. A narrowband to wideband
response is realized using different switching states of p-i-n diodes. In [32|, a third order
hairpin filter design is presented with centre frequency and bandwidth tuning. Centre
frequency tuning is achieved with the help of tunable hairpin resonators with varactor
diodes attached to the ends of the resonators. Bandwidth is controlled by attaching
varactor diodes between adjacent resonators. Three different tuning elements comprising
of semiconductor varactor diodes, BST thin film and BST thick film varactor diodes
are analysed and implemented in the designed hairpin tunable filter. Evaluation and
comparison of the performance of the three tuning elements in the filter is presented.

Waveguide based reconfigurable filters have been proposed in [33-35]. A two pole
tunable substrate integrated waveguide (SIW) filter is presented in [33] where RF MEMS
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are utilized as tuning elements. The resonators are tuned by perturbing each SIW cavity
with perturbing metallic posts between the top and bottom metal layers. A total of six
metallic posts are utilized for fifteen frequency states, out of which, four are for coarse
frequency tuning while two are for fine tuning. The placing of the metallic posts in
the SIW cavity is analysed using an EM simulator and a constant fractional bandwidth
is obtained by placing tuning posts in regions within the cavity where external quality
factor shows relatively less variation. In [34], inter-resonator couplings are mechanically
tuned using out-of-band resonators between the main resonators. In [35], inter-resonator
couplings are changed using varactor diodes positioned between evanescent-mode cavity
resonators, while the centre frequency is tuned using piezoelectric actuators attached to

the resonators.

1.2 Motivation

Current bandwidth control mechanisms suffer from the following challenges:

e Most of the current solution methods for tuning of bandwidth result in deviation
of the center frequency of the filter as the bandwidth is tuned. The available de-
signs present little design information, are suitable only for low order filters and are

optimized.

e The external bandwidth control sub-network proposed, comprise of chip inductors,
PIN diodes and varactor diodes attached to the filter resonators. These are low Q
components and load the resonators. Use of these elements result in a degradation

of the transmission performance of the filter.

e Continuous centre frequency and bandwidth control is difficult to achieve in designs

using switchable open stubs attached to the main filter resonators.

e The external bandwidth control circuit employs biasing circuitry to implement tun-
ing components, resulting in an increase of the overall complexity of the design of
the filter.

There is therefore a need to investigate new filter topologies which have functionality of
continuous bandwidth tuning with minimum centre frequency deviation. The filter should
have the ability to maintain constant absolute bandwidth (CAB) as well as constant
fractional bandwidth (CFB) at different centre frequencies. The tunable filters should
have a simple biasing circuitry with reduced losses. A generalized synthesis method to
design N** order reconfigurable filters need to be proposed which takes into account the

design parameters of the external tuning elements.

1.3 Contributions

In both [25] and [34], bandwidth control is achieved using a form of variable detuned
resonator between resonators, respectively for combline and waveguide structures. In

this dissertation, a general procedure for bandwidth control of coupled resonator filters is
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proposed based on the insertion of tunable non-resonant nodes between resonators. This
procedure can be seen to represent a generalization and formalization of the work in [25]
and [34]. A new type of tunable inverter which utilizes non-resonant nodes is proposed,
and applied for the first time to coupled line staircase microstrip filters, and pedestal
substrate integrated waveguide filters.

In order to design tunable microstrip filters based on NI, a detailed dimensional analy-
sis of the Nl-structure is performed and the effect of dimensional variation on the coupling
coefficient between resonators is studied. A synthesis method is proposed in order to ex-
tract dimensional parameters to design microstrip filters based on NI. With the use of NI,
the bandwidth control mechanism of the filter is almost completely separated from the
resonant frequency tuning of the resonators and results in negligible deviation in centre
frequency as the bandwidth is varied. A second order chebyshev filter prototype based on
non-resonant node inverter (NI) is designed and measured. Parallel coupled line topology
in microstrip technology is chosen for the implementation of the filter. A constant absolute
bandwidth (CAB) of 200 MHz (3 dB bandwidth) is maintained across centre frequency
tuning range varying from 4.0 GHz to 4.7 GHz. Insertion loss varies between -3.45 dB
and -8.60 dB while return loss maintains an approximately constant value of -15 dB. The
filter works as an independent bandwidth tunable filter with 3 dB bandwidth varying
from 180 MHz to 250 MHz at a constant center frequency of 4.7 GHz with insertion loss
minimizing from -4.4 dB to -3.74 dB and return loss improving from -12 dB to -25 dB.
The dimensions of the designed filter are 16x44 mm.

Two third order filters are designed and measured. The first third order chebyshev
filter based on NI is designed and implemented in microstrip parallel coupled line topology.
The filter maintains a constant absolute bandwidth of 210 MHz (3 dB bandwidth) across
the entire centre frequency tuning range varying from 3.54 GHz to 4.54 GHz. The insertion
loss varies between -4.94 dB to -11.39 dB while return loss varies between -4.3 dB to -11
dB. The filter works as an independent bandwidth tunable filter with 3 dB bandwidth
varying from 207.6 MHz to 281 MHz at a constant centre frequency of 5.2 GHz. A
second third order filter prototype based on NI is developed with an additional circuitry
attached to the feed lines in order to tune the external quality factor of the circuit. As
the centre frequency of the filter is varied from 4.05 GHz to 4.75 GHz, a constant absolute
bandwidth of 210 MHz (3 dB bandwidth) is maintained across the entire centre frequency
tuning range. The insertion loss varies between -5.6 dB to -8.9 dB while a constant return
loss of -10 dB is maintained. The filter also works as an independent bandwidth tunable
filter at a centre frequency of 4.65 GHz with 3 dB bandwidth varying from 170 MHz to
230 MHz with a constant return loss of -10 dB. The dimensions of the designed third
order filters are 18x44 mm.

The proposed non-resonant node inverter is further implemented in substrate inte-
grated waveguide (SIW) technology. A design procedure is proposed and followed to
design a second order T-ridge pedestal SIW resonator filter with bandwidth tuning using
the proposed NI. The simulated filter response shows a bandwidth increase of 31% from
200 MHz to 262 MHz with negligible deviation in the centre frequency. The simulated

response demonstrates significant bandwidth variation with acceptable insertion and re-
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turn losses thus validating the design technique.

The original contributions of this thesis can be outlined as:

1. The functionality of non-resonant nodes for the purpose of tuning inter-resonator
couplings in coupled resonator filters is formalized and extended. A general tunable

non-resonant node inverter (NI) is presented.

2. Implementation of the proposed design procedure in coupled line staircase microstrip

second order and third order filter designs.

3. Implementation of the design technique in pedestal substrate integrated waveguide
(SIW) based second order filter.

4. A generalized design procedure to implement NI in tunable filters. The design proce-
dure comprises of synthesis design equations and design charts to provide designers
with the required dimensional information to design filters based on NI. This prior
dimensional insight would reduce the reliance on optimization of dimensional pa-
rameters, thus, reducing the computational cost and design time to design filters

with bandwidth control using NI.

1.4 Layout of the Thesis

Chapter 2 provides literature review of the fundamentals of coupled resonator filters in
order to build a theoretical foundation for the concepts to be introduced in subsequent
chapters. Classical filter response functions and their synthesis procedures are reviewed.
Transformations from the low pass prototype filter to other classes are outlined. The
theory of immittance inverters in coupled resonator filters is reviewed. Derivations of the
coupling coefficients for lowpass prototype filters and corresponding band pass filters with
immittance inverters is presented. A comprehensive listing of commonly used inverter
models in filter network theory is presented followed by a section reviewing external tun-
able components for microwave circuits. The chapter ends with a section reviewing the
use of non-resonant nodes in coupled resonator filter networks.

Chapter 3 presents the main theme of the research work which is based on the theory
of non-resonant node inverters in filter networks. Chapter 3 begins with the development
of non-resonant node inverters (NI) to be implemented in microstrip technology. A cir-
cuit model for the proposed non-resonant node based inverters is developed. A synthesis
method comprising of design equations is presented. Dimensional analysis of the NI pa-
rameters are studied with the help of an EM simulator and the results are compared with
the results of the synthesis method. This is followed by the application of the developed
theory to a design example based on second order parallel coupled line microstrip filter.
The developed technique of non-resonant node inverter is then implemented in SIW tech-
nology. Dimensional analysis of the NI parameters is performed with the help of an EM

simulator and a design procedure is proposed. Finally, the proposed design procedure is



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 1. INTRODUCTION 7

utilized to design a second order T-ridge pedestal SIW filter with bandwidth tuning based
on NI.

In chapter 4, the prototypes developed for the microstrip filters based on NI are
presented. Measured responses of the designed second order and third order filters with
tunable frequency and bandwidth are discussed. Measured results of a third order filter
with tunable centre frequency, bandwidth and external quality factor are discussed.

Chapter 5 presents the conclusion of the research work presented in the dissertation

which is followed by recommendations for the future work.
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Chapter 2
Coupled Resonator Filter Theory

In this chapter, a number of basic filter concepts are reviewed in order to facilitate the
understanding of the main research work of this dissertation presented in the subsequent
chapters. Low pass prototype networks and circuit transformations are discussed. Cou-
pled resonator filters using immittance inverters and corresponding design equations are
presented. It is followed by a section discussing the commonly used immittance inverter
models in filter networks. A section on tunable elements that are utilized in tunable filters
is presented. The chapter ends with a background on the use of non-resonant nodes in

coupled resonator filters.

2.1 Classical Lowpass Filter Theory

This section describes the characteristic function and transfer function definitions for
classical filter responses like maximally flat, chebyshev response, elliptic response etc.
These response functions are synthesized into low pass prototype networks which form the
basis to derive other filter networks like bandpass and bandstop. As the filters presented in
this dissertation are based on chebyshev filter response, a detailed discussion on chebyshev

transfer functions is presented.

2.1.1 Filter characteristic functions and transfer functions

The definitions of characteristic function and transfer function are utilized to study dif-
ferent classes of classical filter responses like the Maximally flat response, the Chebyshev
response etc. As shown in figure 2.1, for a doubly terminated network, the ratio of maxi-

mum available power,P,,q., to the power delivered to the load, P, is given by [44]:

2

1
for Ry = Rs (2.1)

4

E

Va

Pm(l"lf
Py

2
_|L /BBl
=5V Ew =

The transfer function Hy for a lowpass filter network is defined as the ratio of maximum

available power to the power delivered to the load,

P
[H ()3 o

s=jw — P2 (22)
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R, 1, I
N\N\N—> <
- +
Lossless LC
(E) V] V2 RZ
Network

L

Figure 2.1: Doubly terminated lossless transmission network

The characteristic function K(s) is a rational function in s = jw with real coefficients
defined as,

Pma:c

Bl 1K (s)]? (2.3)

s=jw

therefore, the transfer function and characteristic function are related by,

H(s)2,, = 1+ K (s)] (2.4)

s=jw s=jw
The characteristic and transfer functions can be described in terms of characteristic poly-
nomials. Firstly, defining the reflection coefficient,

reflected power P,

. 2
B _ 2.5
|p(]w)| maximum available power Pz ( )

and the transmission coefficient as,

transmitted power b

tGw)|* = = =1—|p(jw)|? 2.6
[#(5w)] maximum available power  Pqz lp(Gw)] (2:6)

Utilizing two port network theory, the reflection coefficient can be written as,

_z(s)—1 _ n(s)—d(s) F(s)
P = 1 ns)+ds)  Es) (27)

Here, z(s) represents normalized impedance of the two port network with respect to source
port resistance R; as shown in figure 2.1. Impedance z(s) is a positive real function which

can be represented as the ratio of the two polynomials n(s) and d(s)

_ n(s)
z(s) = i) (2.8)

Writing the reflection and transmission coefficients in terms of characteristic polynomials,

p(s) = 28 (2.9)
and
i(s) = L) (2.10)
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The transmission function and the characteristic function can be written in terms of

characteristic polynomials as,

2 _ \p(jw)\2 _ &
(K (8)]5—jo = 1w B (2.11)

where P, and P, represent the reflected power and transmitted power respectively.

H(s) = JEDEQ (2.12)
and
K(s) = ]Fjg (2.13)

The reflection coefficient p(s) and transmission coefficient ¢(s) are synonymous with S11
and S2;1. The scattering parameters for the filter network of figure 2.2 can be written in

the matrix form as:

F Py
S11 Si2 1 |ep €
[S21 Soa|  E(s) | Ps (—1)"/=tDFy
€ €R

The properties of characteristic polynomials for lowpass prototype filter networks can be

described as under:

1. F(s) is the numerator polynomial of Si; and is of degree n which is the degree of
the filter network under consideration. The roots of F(s) lie along the imaginary
axis as conjugate pairs. It can have multiple roots only at the origin. The roots of
F(s) represent frequencies at which no power is reflected and is termed as reflection

Zeros.

2. P(s) is the numerator polynomial of S and So;. Its roots lie on the imaginary axis
in conjugate pairs. Such roots represent frequencies where no power is transmitted.

These frequencies are termed as transmission zeros or attenuation poles.
3. E(s) is a Hurwitz polynomial as all its roots lie in the left half of the s-plane.

In the above description € and er are real constants normalizing P(s) and F'(s) polyno-
mials to make their highest power coefficients unity. The characteristic function K, (w) is
classified majorly into Maximally flat or Butterworth response, Chebyshev response and
Elliptic function response [45]. Each characteristic function has its unique properties and
is chosen depending upon the intended application of the filter. For the purpose of this
dissertation, Chebyshev response is chosen as it has sharp transition between passband
to stopband which suits the bandpass filter designs of this work. Following subsection

describes the Chebyshev function response.
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S 21 S 22

L

Figure 2.2: Two port network

2.1.2 Chebyshev response

Chebyshev response achieves steeper roll off characteristics as compared to the maximally
flat response by allowing ripple in the frequency response. The Chebyshev filter response
is defined by n'* degree polynomial T,(z) having following properties [46],

1. T, is even(odd) if n is even(odd).
2. T, has zeros in the interval —1 < z < 1.
3. T, oscillates between values +1 in the interval —1 < z < 1.
4. T,(1) = 1.
The chebyshev polynomial is defined by,
Tn(z) = cos (n cos_lx) (2.14)

Chebyshev filters are derived from this polynomial. The equation is derived using the

following recursive relationship:
Toyi(x) =2xTy(z) — Th-1(x) (2.15)

Since Typ(z) = 1 and Ty (xz) = x we can generate chebyshev polynomial for any order n.

For a general chebyshev all pole filter response, synthesis process is as follows,

9 1
e — 2.1
1= T (210
In order to evaluate poles,
14+ €T w)=0 (2.17)
2 _1
T, (w) = — (2.18)
€
or,
2 -1 —1
cos” [ncos™ " (w)] = — (2.19)

€
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To solve above equation we introduce a new parameter 7, where,

n = sinh [712 sinh ™! (;)} (2.20)

or,
1 . R
~ = sinh [n sinh™" ()] (2.21)
€
from above two equation,
cos? [n cos™!(w)] = —sinh? [n sinh ! (n)] (2.22)
using identity,
—sinh? [A] = sin” (jA) (2.23)
cos? [n cos ™! (w)] = sin? ki nsinh ™! ()] (2.24)
also using identity,
jsinh ™ [A] = sin™! (jA) (2.25)

therefore above equation reduces to,
cos? [n cos ™! (w)] = sin? (n sin~! (jm)] (2.26)

taking square root of both sides,

cos [n cos ! (w)] =sin [n sin ! (jn)] = cos [n sin™! (jn) + g} (2.27)
or,
cos ! (w) =sin! (jn) + 6, (2.28)
where,
2r—1)m
== n 2.2
0 o (2.29)

solving for left half poles,
1
s(r)=mnsin(6,) +j (1+ n?)? cos 0, (2.30)

These poles lie on an ellipse. In terms of scattering parameters,

NI

Sia(s

ﬁ 77 +sm ((Tﬂ') /n)] (2.31)

+ j cos [sin™* (jin) + 6,]

T [s +] cos (6,)]
Suls) = 1;[ s+ jcos [sin™t (jn) + 6,] (232)

Lowpass filter network can then be synthesized using the ladder network by writing S11(s)

in terms of input impedance Z11(s).
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2.1.3 Chebyshev response with transmission zeros

Certain applications like satellite communication require high selectivity in the stopband.
For such a desired response, it is necessary to place transmission zeros in the filter stop-
band. Transmission zeros are frequency location points where the transmission coefficient
tends to 0 (S21 = 0). These specified frequency points are called prescribed transmis-
sion zero locations. In order to describe the polynomial synthesis of a Chebyshev filter
response with prescribed transmission zeros, it is necessary to determine the characteris-
tic polynomials P(s), F(s) and E(s). Expressing transmission and reflection scattering

parameters in terms of characteristic polynomials by taking s = jw [44],

S11(w) = % (2.33)
521 (w) = Pl‘(j?)c?)ge (2.34)
Where,
_ 1 ‘ P(w) (2.35)
V10RL/10 — 1 | F(w)/€Rr | =ty

Here € and er are normalizing constants. Constant Ry, is prescribed return loss in dB
at w = £1 rad/s. The corresponding development of the characteristic polynomials are
explained as under.

ng,
e Polynomial P(w) is constructed using P(w) = H (w —wp) and carries ny, pre-

n=1
scribed transmission zeros.

e Polynomial F(w) coefficients are found using recursive technique. Writing charac-

teristic function Cn (w) for chebyshev function as,

N
Cn (w) = cosh [Z coshl(a:n(w))] (2.36)
n=1

In order for C'y (w) to be a Chebyshev function, the function ,,(w) requires:
1. At w = wy, rad/s, where w,, is either +o0o0 or a finite frequency transmission
zero, Tp(wy) = +00
2. At w==%1rad/s, zp(w) = £1.
3. While -1 <w <1, -1 <z,(w) <1

Satisfying above three conditions, x,(w) can be represented by the following formula,

(W) = ;"__m (2.37)

Using trigonometric identity,

cosh™! (2 (w)) = In (:gn (w) + \/ ((:vn (w))? — 1) ) (2.38)
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Now, Cn(w) can be written as,

N
Cn (w) = cosh [Z In(a, + by) (2.39)
n=1
Above equation can be simplified as,
1 N n dn N— n dn
CN (w> — 5 Hn:l (C +N ) + Hn—l (C ) (240)
I (1-2)
where,
1
n = - — 241
c (w o ( )
and
, 1
dp=|wy/1— w—% (2.42)
W= vVw? -1 (2.43)

In order to build the coefficient of the numerator of [Cy(w)], a recursive technique is
utilized where the solution of the n” degree polynomial is built up from the results
of the (n — 1) degree polynomial [47]. The numerator [C(w)] can be further

simplified as,

Num [Cn(w)] = % (G (@) + Gy (w)] (2.44)
where,
N N T 1 1 7
Gy (W) = Cn +dy) = w—— |+ [1-= (2.45)
ver =l =TT (o= 5 ) = (=)
and
N N T 1 1 7
Gy (w) = Cn —dp) = w—— ) —y/[1-—= (2.46)
v =1L ) H( =) - w)

Polynomial Gy (w) can be rearranged in terms of two polynomials Uy (w) and
VN (w). Vi (w) contains polynomials in terms of w where the coefficients of auxillary

polynomial Vy (w) are multiplied by variable '
Gn (w) =Un () + VN (w) (2.47)
where,
Un (W) = up 4+ ug w + ug w? + ... +uyw? (2.48)
and,

Vi (w) = (vo + v1w + vew? + ........ + oy w?) (2.49)
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If the same process is repeated for G’y (w),

Gy (@) = U (&) + Vi ) (2.50)
then,
Uk @) = Uy @) (2:51)
and,
Vi (@) =~V ) (2.52)
therefore,
Num [On @) = 3 [ (@) + Gy )] = 5 [Un @) + U @)]] (259

1
+§ [V (W) + Vx (w)]] = Uy (w) = F (w)
With above step, construction of polynomial F' (w) is complete.

e Finally using the conservation of energy equation, polynomial E(w) is calculated.
Sll(w)Sll(w)* + S91 (w)Sgl(w)* =1 (2.54)

Using alternating pole method, above equation can be written in terms of polyno-

mials as,
EeRE(w)E(w)" = [erP(w) — jeF(w)] [erP(w) — jeF (w)]" (2.55)

The above equation can be represented in terms of characteristic function of degree
n as,
P(w)P(w)* 1
2 E x
Ew)E(w) [1_],6 kC’N(w)] [1+j:kCN(w)*
R R

€

S91(w)Sa1(w)* = (2.56)

Summarizing the above theory, following steps are to be performed to derive the charac-

teristic polynomials.

ny,
1. Polynomial P (w) is obtained from P (w) = ﬁ (w — wp) where ny, are prescribed
transmission zeros. "
2. Constant € is calculated using
1 P(w)

(2.57)

ﬁWMJ“WM

where Ry is prescribed return loss in dB at w = +1.

w==%1

3. F(w) is obtained using recursive method explained above. Num [Cy (w)] = F (w) =
UN (w)
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4. Using the alternating pole method equation and rooting one of the RHS terms, sim-
Pw) F(w)
RSP Sl e

plified equation is obtained as below, F(w) = . To obtain polynomial

E(w), calculated values of €, P(w) and F'(w) are substituted in the above equation.

5. Since E(w) is strictly hurwitz, roots of right half plane are converted to left half

plane.

2.2 Filter Scaling and Transformations

This section describes the lowpass prototype filter networks which can be derived from the
filter transfer function described in the previous section. These networks are vital in the
study of coupled resonator filters as they form the basis to generate networks for different

filter responses. Filter network transformations are presented in subsequent sections.

2.2.1 Low pass filter prototypes

A lowpass prototype filter is in general defined as the lowpass filter whose element values
are normalized to make the source resistance or conductance equal to one (denoted by
8o = &, = 1) and the cutoff angular frequency to be unity (denoted by w} = 1rad/s).
Two forms of the low pass filter prototypes for realizing all pole filter response are shown
in figure 2.3. Both the forms give identical response and can be utilized to realize different
transfer functions including Butterworth, Chebyshev, Gaussian response [48,49|. In figure
2.3, symbol n represents the order of the filter and also the number of reactive elements of
the low pass filter network. The g values represent inductances in henries(H), capacitance
in farads(F), resistance in ohms(Q), conductance in mhos (Q271). The low pass filter
prototypes mentioned can be utilized to construct many practical filters by using frequency

and element transformations. In the representation of the low pass filter networks:

&> &n
Y Y Y\ S YN Y o Oy m———— —
8o — — ] 8n+1 or & —— &n+1
(n even) ____(; odd)
(a)
& &3 &n
Y Y Y\ Y Y Y\ —
&o _— &2 _— &n &n+1 or En+1
(n even) (n odd)
(b)

Figure 2.3: Low pass prototype networks



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 2. COUPLED RESONATOR FILTER THEORY 17

inductance of a series coil

8k =
capacitance of a shunt capacitor
g — generator resistance Ry if g; = C}, R{, normalized to 1
0=
generator conductance Gj, if g = L), G{) normalized to 1
load resistance R, if g, = Cy,, R, normalized to 1
En+1 =

load conductance G, if g, = L;,, G/, ; normalized to 1

2.2.2 Impedance scaling

Low-pass filter prototypes usually have a system impedance of 1. To convert from a 12
impedance level to an impedance level of Zy ) (usually 50€2), impedances of the circuit

elements in the filter are scaled by Z Q.

L — ZyL (2.58)
C
— 2.
C— Ze (2.59)
R — Zy (2.60)
G
G o (2.61)

2.2.3 Low-pass to Low-pass transformation

A low pass prototype has a band edge or cut off frequency w} = 1 rad/s. In order to
convert w{ to an arbitrary frequency w,, while applying impedance scaling, the following

transformation are applied,

/

/ Wi
1 2.62
Wy = e ( )
ZolL
L—2° (2.63)
We
C
C 2.64
= T (2.64)

Here, inductive/capacitive element g in the low pass prototype are represented by L and

C.
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2.2.4 Low-pass to High-pass transformation

To convert low pass prototype with frequency wj = 1 to an arbitrary high pass frequency

w, with impedance scaling following transformation are applied,

R (2.65)
1
Zp
L 2.66
e, (2.66)
1
Co oyt (2.67)

The inductive(L)/capacitive(C) element g in the low pass prototype will be inversely

transformed to capacitive/inductive element in the high pass filter.

2.2.5 Low-pass to Bandpass transformation

For a bandpass transformation from a low pass prototype, inductive/capacitive element
g in the low pass prototype will transform to a series/parallel LC resonant circuit in the
bandpass filter. The band edges at w = £1 rad/s of the low pass prototype must be
mapped into the band edges of the bandpass filter at w; and ws. The transmission zero at

infinity in the lowpass prototype must now occur at both w = 0 rad/s and w = oo rad/s.
w’ 1w wy
A (e 2.68
wi A <w0 w ) (268)

A=22" (2.69)

wo

Wy = VWaW1 (270)

The elements for the series LC resonator in the bandpass filter with impedance scaling

are given by,

LZ
Ly —_— 2.71
oA (2.71)

A
s 2.72
Cy — oLz (2.72)

Here, L represents the inductance value in the low pass prototype network. The elements

for the shunt LC resonator in the bandpass filter with impedance scaling are given by,

ZoA
Ly~ G (2.73)
C
Co = AT (2.74)

Here, C represents the capacitance of the capacitor in low pass prototype network.
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2.2.6 Low-pass to Bandstop transformation

The frequency transformation from lowpass prototype to bandstop is achieved by the

following transformation,

1 -1 w wo

- —|——— 2.75

W AW (wo w ) (2.75)
This type of transformation is opposite to the bandpass transformation. For a bandstop

transformation, an inductive/capacitive element g in the low pass prototype will transform

to a parallel/series LC resonant circuit.

LAZ,
L, — 0 (2.76)
wo
C 1 (2.77)
P ALwoZy ‘
Here, L represents the inductance value in the low pass prototype network.
2y
L 2.78
s 77 woCA ( )
CA

Here, C represents the capacitance of the capacitor in the low pass prototype network.

2.3 Coupled Resonator Filters Using Immittance Inverters

2.3.1 Immittance inverters

As compared to the prototype networks of figure 2.3, filter networks with the same single
type of network elements are easily realizable. It is desirable to convert the prototypes
of figure 2.3, which uses both inductances and capacitances, to equivalent forms which
use only inductances or only capacitances. This can be done with the help of immittance
inverters. The simplified network using inverters can be utilized to derive design equations
for bandpass and bandstop filters.

An idealized impedance inverter is a two port network which has a property that if it is

terminated in an impedance Z on one end, the impedance Z, seen looking in at the other
2

K2,

end is Z, = %ﬂ as shown in figure 2.4(a). The transmission matrix of an impedance
b

inverter is given by,

0 FiK

1
+— 0
JK

A B
¢ D

(2.80)

An idealized admittance inverter is a two port network which has a property that if it

is terminated in an admittance Y; on one end, the admittance Y, seen looking in at the
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2

J2 .
— | Ky | [B]  va=T2R | T

(@) ®)

Figure 2.4: (a) Impedance inverter (b) Admittance inverter

Figure 2.5: (a) Impedance inverter using T network (b) Admittance inverter using pi-network

2
T
. . . b
inverter is given by,

other end is, Y, = as shown in figure 2.4(b). The transmission matrix of admittance

1
0 +—

- jJ
F5J 0

A B

P (2.81)

These inverters can be constructed by 7" and Pi network configurations respectively using
ideal frequency independent reactive elements. The impedance matrix of T network of

figure 2.5(a) is given by,

Z1 Z 0 jX
11 12 _ . J (2.82)
Zon Lo JjX 0
Here, impedance inverter constant is given by,
K = |X| (2.83)
The admittance matrix of pi network of figure 2.5(b) is given by,
Yii Y 0 —jB
1 2 . J (2.84)
Yo1 Yo —jB 0




Stellenbosch University https://scholar.sun.ac.za

CHAPTER 2. COUPLED RESONATOR FILTER THEORY 21
0 0—
Z, —» C —> K KC —» J C/.P
0 0
(a)
07
Z, —» L —> K — LK —» J ——JFL
(b)
o— 0—
5 R% 5 K %KZ/R _ 5 J %I/JzR
O0——- 0 0

(©

Figure 2.6: (a) Capacitive element (b) Inductive element (C) Resistive element

Here, admittance inverter constant is given by,
J = |B| (2.85)

A series inductance with an impedance inverter on each side looks like a shunt capacitance
from its exterior terminals. A shunt capacitance with an admittance inverter on both
sides looks like a series inductance from its external terminals. Inverters can be used to
transform elements or parts of circuits, as long as the input impedance remains equal.

Basic transformations with the use of inverters is shown in figure 2.6.

2.3.2 Low pass prototype using immittance inverters

Using the impedance/admittance transforming property of inverters shown in figure 2.4,
the prototype circuits of figure 2.3 can be converted to either of the equivalent forms
of figure 2.9 which have identical transmission characteristics to the prototypes of figure
2.3. The impedance seen from any point in the circuits of figure 2.3 can be related to
the corresponding impedance seen from the circuits in figure 2.9 |50]. For example, the

impedance seen from L,; in figure 2.9(a) is the same as seen from g; in figure 2.3(b).
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Figure 2.7: (a) Ladder network open circuited (b) Dual ladder network short circuited (c) Equivalent
network with impedance inverters
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%Grﬁ’l :gll+1 Kn,n+] %RB
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n n+l

(@) (b)

Figure 2.8: (a) Ladder network end elements (b) Equivalent network with impedance inverters

Figure 2.7(a) shows a portion of the low pass prototype circuit that has been open
circuited just beyond capacitor Cj;1. The dual of the circuit is shown in figure 2.7(b),

where the open circuit of figure 2.7(a) becomes short circuit. The equivalent circuit with
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series inductor and K inverters is shown in figure 2.7(c). For the circuit of figure 2.7(a),

For the circuit of figure 2.7(c),

J

r Lg; . L., 1
Z;==-"22 Loj + =2
J Lj J Jw @ * Lj ij]_;,_l
Equating the second terms of Z]/-,
La 'La j+1
K:ivqg = J—aj 2.86

Substituting, L; = g; and Cj+1 = gj41,

LgiLg;
Kjjp1 = | —=0 (2.87)
8i8j+1

The K values for all the inverters can be calculated in the same way by moving the
positions of the open circuit and short circuit points. For the end inverters, figure 2.8(a)
shows the last two elements of the prototype circuit of figure 2.3(a) and figure 2.8(b)
shows its corresponding form with a K inverter. For figure 2.8(a),

1
Zy = jwlL _—
n = Jwln + G

while for figure 2.8(b),
2

Kn,n+1

7l = jwLan + i

an

Now, Z,,1 must be identical to Z,, except for an impedance scale change of
n

/ Lan . Lgn 1
Z, = Zp = jwlL
n Ln n Jwlan + Ln Gn+1

LonR
K1 = ’/Wi (2.88)

substituting L, = g, and Gp41 = 8,41,

Equating the second terms of Z;L,

LanRB
En8n+1

Kn7n+1 == (289)

The equations for the admittance inverters J; j41 can be derived in a similar manner.
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Figure 2.9: Low pass prototype with immittance inverters

2.3.3 Band pass filters using immittance inverters

Writing the band pass filter transformation equations from section 2.2.5 [50],
W' 1w wo
wll A \wy  w

w2 — W1
A= ——
wo

wo = y/Waw1

Here, wj] is the angular cut off frequency of the low pass prototype. Parameter ' is an ar-
bitrary angular frequency point while wq corresponds to the centre frequency of the pass
band. Parameter A corresponds to the fractional bandwidth. Writing reactance slope

parameter z; of series resonator corresponding to low pass prototype element Lq; = g;.

1 w18 W Lai
Tj = (,(.)OLS = woC = 1Ag] = wlA(lj (290)
S
where,
LwoA A
Lo =202 42 (2.91)
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Also,
’ 1 w/lg‘—H W/1La‘+1
it1 =wol, = ;= I = J 2.92
Tj1 = Wolsg woC A A (2.92)

is the reactance slope parameter of the series resonator corresponding to the low pass

prototype element Lgj11 = g;,1 where,

/
LSWOA - .Tj+1A
5 =

Lojt1 = ; (2.93)
Wi Wy
For a low pass prototype,
K. 1= LajLaj+1
Ji+l =
8i8j5+1
Substituting the the value of L,; and L,j41 for bandpass transformation we get,
A [zix;
Ko = =, [241 (2.94)
wy 'V 8i8+1
Similarly, the end inverters in low pass prototype is given by,
LainR
Kn,n—l—l = ajn 2B
gngn+1
Converting, Lgj, to band pass case,
LywoA  z,A
Laj = Lajn == /0 = n/
Wy Wy
Also,
L woA  xpi1A
Lyjt1 = Lojny1 = —— = n
Wi Wy
Substituting the value of Lgj, and Lyj,+1 in the above equation,
Rpz,A
Kn,n+1 = 7 = (295)
W18n8n+1

Figure 2.10 represents Bandpass filters using immittance inverters.

2.4 Immittance Inverter Models

This section provides a comprehensive listing of immittance inverter models used in cou-
pled resonator filters. With the use of inverters, filter networks can be represented in a
realizable form [51]. Immittance inverters are basically immittance transformers. Firstly,

impedance inverters are listed followed by admittance inverters.
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Figure 2.10: Bandpass filter using immittance inverter

2.4.1 Impedance inverter models

In order to evaluate inverter network parameters, it is necessary to establish a relation
Value of

impedance inverter constant K can be derived from the specified coupling coefficient

between impedance inverter constants K and inverter network parameters.

value k and the resonator slope parameter depending upon the choice of resonator. In the
network representations shown below, the negative values of the inverter circuit elements
are assumed to be absorbed in the adjacent resonators and parameter wg specifies the

centre frequency of operation of the filter . For figure 2.11(a), inverter constant is given

by [50],
K = woL

For figure 2.11(b), inverter constant is given by,

1
_UJ()C

For figure 2.11(c) and figure 2.11(d), inverter constants are given by,

ohms

K = Zytan g)

where,

2X
¢ = —tan~! —— radians
Zy
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Figure 2.11: Impedance inverter

and,

X
A

Zy

For figure 2.11(e) inverter constant is given by,

X
K = Z; |tan <§ + tan~! ZZ) ohms
2X X X
¢ = —tan ! <Zob + ZZ) —tan~! Z—g radians

2.4.2 Admittance inverter models

In this section, admittance inverter models are listed to establish a relation between the

admittance inverter constant J and admittance inverter network parameters. Value of
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Figure 2.12: Admittance inverter

admittance inverter constant J can be derived from the specified coupling coefficient
value k and resonator slope parameter. In the network representations shown below, the
negative values of inverter circuit elements are assumed to be absorbed in the adjacent
resonators and parameter wy specifies the centre frequency of operation of the filter . For
figure 2.12(a), admittance inverter constant is given by [50],
J— L
wolL

For figure 2.12(b), admittance inverter constant is given by,
J = woC
For figure 2.12(c) and 2.12(d), admittance inverter constant is given by

J =Yytan

g ‘ mhos
where,

2B
¢ = —tan"?! v radians
0
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and,
J
Bl_ Y%
Yo

1 AN
Yo
For figure 2.12(e), admittance inverter constants is given by,

J=Yo

B,
tan <(§ +tan~! Y0> ‘ mhos

where,

2B, B B
¢ = —tan"* (Yb + Ya) —tan~! 7a radians
0 0 0

2.5 Tuning Elements

External tuning elements when attached to a passive microwave circuit enhances the
functionality of the passive circuit by making it reusable over different frequencies. In
this section, commonly used tuning elements specifically in planar microwave circuits are
discussed as it correlates with the work presented in this thesis in the subsequent chapters.
The choice of the tuning element depends upon aspects like design of the corresponding
circuit in which the tuning element is to be utilized, requirement of discrete or continuous

tuning, desired performance specification range, tolerances etc.

2.5.1 Semiconductor varactor diodes

A varactor diode is a p-n junction diode whose capacitance is varied by varying the
reverse voltage. The term varactor originated from ‘variable capacitor’. When a reverse
bias voltage is applied, the electrons from the n-region and the holes from the p-region
move away from the junction. As a result, the width of the depletion region increases
and the capacitance decreases. If the applied reverse bias voltage is very low, the width
of the depletion region decreases and the capacitance will be very large. The property
of the capacitance change with respect to bias voltage is utilized to achieve a change
in the frequency and/or the phase of an electrical circuit. Varactor diodes are classified
into two types based on the varactor diode junction properties. These are termed as
abrupt varactor diodes and hyperabrupt varactor diodes. Hyperabrupt junction diodes
are more expensive as compared to abrupt junction diodes and provide better performance.
Hyperabrupt junction diodes provide a narrow band linear frequency variation and gives
a much greater capacitance change for a given voltage change. Typical materials used for
their fabrication is Silicon and Gallium arsenide. A simple model of a packaged varactor
diode is shown in figure 2.13. In figure 2.13, C} is the variable junction capacitance of the
diode die and R, is the variable series resistance of the diode die. C), is the fixed parasitic
capacitance arising from the installation of the die in a package. Contributors to the
parasitic capacitance are the package material, geometry and the bonding wires or ribbons.

These factors also contribute to the parasitic inductance L,. Semiconductor varactor
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Figure 2.13: Varactor diode package

diodes are used both as a continuous tuning element and as a discrete tuning element
in reconfigurable microwave circuits. Typical applications of varactor diodes include RF
filters, voltage controlled oscillators (VCO), parametric amplifiers etc. [52], [53]. Typical
manufacturers include Skyworks, MACOM, Infineon.

2.5.2 Ferroelectric material based varactor diodes

Dielectric materials have the property of dielectric polarization where positive charges are
displaced in the direction of the field and negative charges shift in the opposite direction.
This creates an internal electric field that reduces the overall field within the dielectric
itself. The materials showing dielectric polarization have polarization induced P, almost
exactly proportional to the applied external electric field E, so the polarization is a linear
function. Ferroelectric materials exhibit spontaneous electric polarization that can be
reversed by applying an electric field. The polarization is therefore dependent not only
on the current electric field but also on its history, yielding a hysteresis loop. Typically,
materials demonstrate ferroelectricity only below a certain phase transition temperature,
called the Curie temperature (7¢). The nonlinear nature of ferroelectric materials can
be used to make capacitors with tunable capacitance. Ferroelectric capacitors are being
used to make ferroelectric RAM for computers and RFID cards.

One such material is Barium Strontium Titanate (BST) which has recently become
more attractive for the development of electronically tunable microwave circuits because
of their high tuning speed [54], [55]. In general, a BST varactor can be designed in the
form of a metal-insulator-metal capacitor or as an interdigital capacitor (IDC). Typical
IDC BST varactors are fabricated based on the structure in [56]. A 0.5 micro meter thick
Bag 5Srg.5TiO o3 (BST) thin film is deposited onto a MgO substrate of a thickness of 0.5
mm. The fabricated BST material exhibits a relative permittivity varying from 700 to

1,200 with a change of electric field strength from 3.5 to 0 V/mm. Capacitive tunability
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for the BST varactor is defined as :

Craz — Cmi
Tunability = w x 100
max

where Chq, and Chyn correspond to maximum and minimum capacitance respectively. A
BST varactor typically consists of a cell of interdigital capacitors. In [56], an interdigital
capacitor with six fingers as a basic cell for the BST varactors are developed. The IDC
fingers have a gap of 10 micrometer between them. These fingers are 220 micrometer
long and 10 micrometer wide. This basic BST varactor cell has a capacitive tunability of
about 28.6% for the given range of the DC bias voltages. A two pole tunable Bandstop

filter using developed BST varactors is reported.

2.5.3 MEMS

Microelectromechanical systems perform electrical and mechancial functions with compo-
nents of the size of micrometers. MEMS in microwave circuits have been primarily used
as metal contact switches with operation from DC to 100 GHz, as analog varactors with
tuning range varying from 1.5:1 to 8:1 from frequency range varying from 500 MHz to
greater than 100 GHz and as capacitive switches. They exhibit advantages of low loss,
high linearity, high Q and high power handling. MEMS products can be broadly classified

into three different categories:

a. MEMS sensors: These are being mainly used in sensing applications namely acoustic

wave, biomedical, chemical, inertia, optical, pressure, radiation, thermal, etc.

b. MEMS actuators: Used in electrical and optical relays, switches and varactors, grip-

pers, tweezers and tongs, linear and rotary motors, etc.
¢. MEMS Device components: used as mini robots, micro surgical equipments, etc.

MEMS actuators utilize mechanical movement using electrostatic, magnetostatic, piezo-
electric, or thermal force [57|. The electrostatic actuation method is the most widely
used technique in the RF community. The conventional RF-MEMS varactor is essen-
tially a parallel plate capacitor whose capacitance is determined by the spacing between
a fixed bottom plate and a movable suspended top plate. Electrostatic actuation occurs
when an electrostatic force is created by applying a DC voltage between the capacitor
plates, thereby displacing the movable plate towards the fixed plate. A typical example
of MEMS used as a switch element is proposed in [58] where a bandpass filter with a
switchable inductor at the centre of the filter is presented. MEMS switches force two
different operations of the filter at 10 GHz and 30 GHz.

2.5.4 P-I-N Diodes

The p-i-n diode consists of two narrow, but highly doped, semiconductor regions separated

by a thicker, lightly-doped material called the intrinsic region. One of the heavily doped
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regions is a p-type material and the other is n-type. The same semiconductor material,
usually Silicon, is used for all three areas. Silicon is used most often for its power-handling
capability and because it provides a highly resistive intrinsic (i) region. The p-i-n diode
acts as an ordinary diode at frequencies up to about 100 MHz, but above this frequency
the operational characteristics change. The large intrinsic region increases the transit
time of electrons crossing the region. Above 100 MHz, electrons begin to accumulate in
the intrinsic region. The carrier storage in the intrinsic region causes the diode to stop
acting as a rectifier and begin acting as a variable resistance.

When the bias on a p-i-n diode is varied, its microwave resistance changes from a
typical value of 6 kilo-ohms under negative bias to about 5 ohms when the bias is positive.
Due to this property, p-i-n diodes are frequently used to produce reconfigurable discrete
states on a filter response and are very attractive for low cost implementations. Two
switchable bandstop filters are designed in [59]. These filters can switch between the two
center frequency states, each having a defined fractional bandwidth.

Besides the above mentioned components, FET and ferromagnetic materials like Yt-
trium Iron Garnet (YIG) are also used to implement tunable components. For the purpose
of this dissertation, varactor diodes are chosen as external tuning components as they offer
considerable advantages of low noise characteristics and are readily available and economi-
cal. Varactor diodes come in smaller sizes and are lightweight and can be easily integrated
to the planar filter circuits presented in this dissertation as discussed in the subsequent

chapters.

2.6 Non-Resonant Nodes

Non-Resonant Nodes have primarily been used in filter networks to realize finite frequency
transmission zeros. As mentioned in sections 2.1.2 and 2.1.3, by relating the scattering
parameters Sa1, S11 to characteristic polynomials F(s), P(s) and E(s), Chebyshev trans-
fer function can be classified into either an all-pole response or a response with prescribed
transmission zeros. For an all-pole response, all the transmission zeros are located at
infinity. At s = joo, Se1 = 0 and this phenomenon is known as transmission zero at in-
finity. An all-pole response can be easily synthesized using ladder network synthesis. For
Chebyshev transfer functions having prescribed transmission zeros, the transmission zeros
locations can be pre-specified for the filter response. The synthesis of the transfer func-
tion for such a response is presented in section 2.1.3. The Chebyshev transfer functions
with prescribed transmission zeros can be realized either using cross coupled networks,
extracted pole networks or through modular components like singlets, doublets etc.

The cross-coupled filter topology consists of mainline couplings and cross couplings
within the same filter network. The term mainline couplings refers to the inter-resonator
couplings between two in-line (adjacent) resonators. The term cross couplings refers to
the couplings between non adjacent resonators. A number of synthesis techniques have
been proposed to realize such a network [46], [44,60,61]. In [46], a cross coupled network is
synthesized using a generalized Chebyshev transfer function with prescribed transmission

zeros as presented in section 2.1.3. Firstly, scattering parameters are represented in terms
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of even and odd mode admittances which correspond to the input admittances when an
open or short circuiting plane is inserted along the line of symmetry. This is followed
by representing scattering parameters in terms of characteristic function as presented in
section 2.1.1. The two representations of scattering parameters are then utilized to obtain
a relation between characteristic function and even/odd mode admittances. A Hurwitz
polynomial is then created and an even mode admittance polynomial is derived from it
utilizing the fact that left half plane zeros belong to the even mode admittance Y. Finally,
Y, is represented as a ratio of odd polynomial to even polynomial and network elements
are extracted. A fourth order cross coupled ladder network with two transmission zeros at
infinity and two at finite positions are synthesized using the proposed technique. In [61],
using a similar technique as in [46], a low pass prototype suited for implementation in
TEM mode filters is presented. The low pass prototype produces an even multiple of
transmission zeros at a finite point on the jw axis and three transmission zeros at infinity.
A low pass prototype implementation in suspended substrate stripline (SSS) topology at
4 GHz with order N = 11, return loss RL= 26 dB, having a minimum stopband insertion
loss IL = 40 dB, based on a generalized chebyshev function is presented. In [44], cross
coupled filter networks are represented for an asymmetric filter response using frequency
invariant reactances (FIR) in the filter networks. Transmission matrices are derived and
cross couplings are implemented by using parallel coupled inverters which are inverters
between non adjacent resonators.

The cross coupled network has a drawback that when the transmission zeros are close
to a passband edge, the values of the required couplings may be physically unrealisable.
Moreover, if cross couplings are used, the designer does not have specific control over
the position of the zeros which makes the structure sensitive and difficult to adjust. To
overcome the shortcomings of cross coupled network, the Extracted Pole technique was in-
troduced where the term ‘Non-Resonant Nodes’originated. The Extracted Pole technique
starts with the specification of a Chebyshev transfer function with prescribed transmis-
sion zeros. The specified transfer function is then utilized to synthesize transmission zeros
generating elements (stubs) connected in series or parallel of a ladder network. It was
first introduced for a symmetric response in [62| and later extended to include asymmetric
responses as presented in [44]. In [62], different extraction cycles are performed to syn-
thesize extracted pole network. Firstly, unity impedance phase shifters from either end of
the network are extracted. This is followed by extraction of single shunt resonators from
either end to extract a complimentary pair of j-axis transmission zeros from each side of
the passband. This process is repeated until all the finite j-axis transmission zeros have
been extracted and the remaining network can be realized by cross-coupled network. A
sixth order elliptic function prototype with four j-axis transmission zeros is synthesized.
A 6" order waveguide filter is designed at 19.6 GHz using the proposed technique. In [44],
similar technique is repeated for a case of asymmetric response filters with frequency in-
variant reactances (FIR) and a 4*" order filter with two transmission zeros is synthesized
and designed in waveguide technology as shown in fig. 2.14 and fig. 2.15.

In [63-66] in-line filter prototypes with non-resonant node (NRN) producing one or

two transmission zeros are extracted at the input end and/or at the output end of the
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Figure 2.14: Fourth order filter network with two transmission zeros using extracted pole

Input NRN 2 4 — Pole cavity 2

Pole cavity | ——— 1 3 NRN Output

Figure 2.15: Waveguide realization of the filter with NRN

filter network. In [63], [64], [65] the filter topology consists of resonators coupled through
inverters, with input and/or output taken at the second and/or last but one resonator.
The first and last resonators together with their adjacent inverters form the non-resonant
node (NRN). These NRN act as bandstop resonators (similar as in case of extracted pole
method) and up to two transmission zeros can be introduced in the filter response. In [64],
it is shown that as the source is coupled to the first two resonators, a triplet is formed
at the source end and a similar triplet is formed at the load end consisting of the last
two resonators and the load. A synthesis technique to extract triplets at the source or
load ends is presented. In [65] circuit transformations are applied to convert synthesized
triplets to an in-line topology in order to realize the filters in combline or interdigital
topology.

Non-resonant nodes play a significant role in filters designed with a modular approach.
In a modular approach, building blocks capable of generating and controlling one or two
transmission zeros are cascaded. These building blocks comprise of cascaded singlets,
cascaded doublets, cascaded triplets and cascaded quadruplets. A singlet, doublet, and
a triplet configuration can generate one transmission zero on the complex s-plane. A
quadruplet can generate a pair of transmission zeros, which are either on the imaginary
axis or on the real axis of the s-plane. Each building block is separated by a non-resonant
node (NRN) synthesized in between the different building blocks. The insertion of a NRN

between the different building blocks allows the individual elements to be designed sepa-
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rately and connected together with minor dimensional adjustments. With this approach,
a filter of order N can generate up to N transmission zeros directly. In [67], a singlet
building block is presented which can generate single transmission zero. The singlet net-
work consists of a single resonator coupled to source and load end where source and load
are in turn coupled to each other. A non-resonant node model is presented which consists
of cascaded singlets separated by a non-resonant node. Such a cascaded modular structure
gives independent tuning of transmission zeros and a second order filter network with two

transmission zeros is presented.

2.7 Conclusion

This chapter reviews the basic fundamentals of coupled resonator filters. Filter trans-
fer function and characteristic function definitions are reviewed. Detailed discussion on
the use of Chebyshev response in filter networks is discussed. Classical lowpass proto-
type network and its corresponding transformations are presented. Theory of immittance
inverters is reviewed. Design equations for coupled resonator filters with immittance in-
verters for low-pass and bandpass case are presented. Commonly used immittance inverter
models are listed. A section on tunable elements used in modern day tunable filters is
reviewed. Finally, theory of non-resonant node is discussed with relevant citations of
literature. Chapter 3 presents the theory of novel non-resonant node inverters. Design
procedures for implementing non-resonant node inverters in microstrip and substrate in-

tegrated waveguide technologies is presented with illustration using design examples.
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Chapter 3

NRN Inverters (NIs)

As discussed in the introduction chapter, reconfigurable front end systems require tunable
filters to tune these systems to multiple frequency bands. While tuning the operating
centre frequency of these wireless systems using tunable filters, the desired bandwidth
gets altered. The primary reason for the bandwidth change is the use of fixed frequency
inverters between resonators. Inverters are the primary elements in filters and are the
deciding factors for the bandwidth and external quality factor for the filter. A number
of inverters are listed in the previous chapter, however, most of them are capable of
working only at a single frequency, which is the centre frequency of operation of the filter.
There is a need to investigate new inverter topologies capable of controlling the coupling
between resonators and maintaining a constant bandwidth across the entire frequency
tuning range. This chapter describes a new class of inverters called ‘non-resonant node

inverters’ which are capable of controlling the bandwidth.

3.1 NI Circuit Model and Design Equations: Microstrip

Implementation

3.1.1 Non-resonant node inverters

The technique of extracting non-resonant nodes (NRNs) in the filter networks have been
limited to the use of generating transmission zeros. Most of the network synthesis tech-
niques developed are more suitable for implementation in waveguide technology. The
NRNs synthesized in the Extracted Pole Technique as discussed in section 2.6, are usually
placed either in between the source node and the first resonator or the load node and
the last resonator of a fixed frequency response filter. Limited work on extracting NRNs
in planar technology have been demonstrated. As discussed in section 1.1, coupling re-
ducer elements in the form of detuned resonators presented in [25], are placed in between
adjacent resonators to vary the bandwidth. However, no attempt is made to formalize
or generalize the concept beyond the application to combline filters. In addition, the di-
mensional parameters of the coupling reducer elements are obtained through optimization
only, and a synthesis procedure to obtain the dimensional information is not presented.
The idea for the present work originates with the investigation of extracting NRNs in

between adjacent resonators in the form of tunable inverters, in order to control the inter-

36
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Figure 3.1: Filter topology using reconfigurable NI

resonator couplings in a tunable filter. A new class of inverters named non-resonant node
inverters (NIs) is proposed which is capable of maintaining constant absolute bandwidth
as the centre frequency of the filter is tuned. To simplify the mathematical analysis and
the filter prototype designs, an all pole Chebyshev filter transfer function is chosen and the
proposed NI is implemented in planar filters based on microstrip and substrate integrated

waveguide (SIW) technologies.

3.1.2 Development of NI model

Figure 3.1 describes a tunable filter topology with fixed frequency pi-inverters and pro-
posed tunable non-resonant node based inverters (NIs). The white circles denote the
source and load ports while the black circles denote tunable resonators of the filter. Con-
sidering the case of capacitive coupling, blue square dashed boxes denote conventional
fixed frequency pi-inverters, designed to operate at the nominal centre frequency of a tun-
able filter. As the resonators are tuned to different centre frequencies, the configuration
of the pi-inverter does not change, resulting in changed bandwidth. This condition can be
avoided by using the proposed NIs depicted by grey circles with arrows. These inverters
are capable of tuning the coupling coefficient between the resonators and hence can be
utilized to maintain a constant absolute bandwidth across the entire centre frequency tun-
ing range of the filter. Therefore, the limitations of conventional pi-inverters of operating
at a single centre frequency can be avoided with the use of non-resonant node inverters.

Figure 3.2(a) represents the filter network consisting of adjacent resonators and a tun-
able NT is placed in between them. Figure 3.2(b) represents the complete circuit model
of NI suitable for microstrip implementation. As depicted in figure 3.2(b), the NI circuit
model comprises of two susceptive pi-networks represented by dashed lines with suscep-
tances jB’ and a section of open-circuited transmission line T,z with electrical length ¢’
and characteristic impedance Z(’). The transmission line T} 5 is embedded between the

two susceptive pi-networks and has a resonant frequency far out of the band of operation

/

"qr are connected to the ends of the node line 7' 5

of the filter. Variable susceptances jB
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and correspond to the varactor diodes to be attached in the final filter prototypes. These
varactor diodes are utilized to adjust the effective electrical length 6" of the transmission
line T} 5 and maintain a constant bandwidth response at different centre frequencies of
the filter prototype.

In order to derive the design equations for Nls, a circuit substitution is performed as
shown in figure 3.2(c). It is known that an open ended transmission line with variable
susceptances connected to its ends results in its effective electrical length changed with
the line appearing longer [68,69]. Utilizing this fact, the inner pi-network of figure 3.2(c)
nd

susceptance jB’) can be equated to the transmission line 7. Transmission line T is

(comprising of transmission line T}z and difference of variable susceptance jB, . a
a general open-ended transmission line of effective electrical length 6 and characteristic
impedance Zy. The electrical length 6 of the transmission line T, represents the sum of

the electrical length ¢ of the transmission line 7, 5 and the electrical length corresponding

/

! ar-J B’ A relationship between the two networks of

to the difference of susceptances jB
figure 3.2(c) can be established by equating their transmission matrices respectively. The

equivalent transmission line 77 of figure 3.2(c) is substituted in figure 3.2(a) in place of

/
var

the inner pi-network (comprising of T,z and jB. ,-jB’) and hence the network of figure
3.2(a) is reduced to figure 3.2(d). The network of figure 3.2(d) results in an equivalent
inverter at fo.

The purpose of reducing the network of figure 3.2(a) into figure 3.2(d) is that the
network of figure 3.2(d) can be easily equated to a conventional pi-inverter. Since the
two networks are in the same form, their transmission matrices can be easily equated. By
equating the transmission matrices, design equations can be formulated. The design equa-
tions would compute the output parameters of an equivalent NI from the input parameters

of a conventional pi-admittance inverter designed for the desired filter specification.

3.1.3 Design equations for NI parameters

In order to derive the design equations for a NI and formulate the coupling coefficient in

terms of the NI parameters, the following steps are performed.

1. An equivalence is established between the pi-network (comprising of transmission
line 7', 5, susceptance jB,,, — jB’) and transmission line 7} as shown in figure 3.2(c) by
equating their transmission matrices respectively.

The transmission matrix of the pi-network is given as,

A = cos6 — Byar Z(l] sin @’

]
By, = jZysing’
Cr, , = 2jByar cos 0 +jY0l sin@’ — jB? Z(l) sin &’

var
/ L /
Dy, , = cos0' — ByerZysint
here,

ijar:jB/ *jB/

var
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and
Byar = woCuar

The parameter wg correspond to the resonant frequency and C,q, corresponds to the
variable capacitance offered by the varactor diodes. Parameter 6, Z{ correspond to the

electrical length and characteristic impedance of the transmission line 77 5.

The transmission matrix of the transmission line T} is simply given by,

Ar, ., = cosf
By, = jZysinf
Cr, . = jYosinf

Dy, = cost

Parameter 0, Zy correspond to the electrical length and characteristic impedance of the

transmission line 7T} ..

Equating coefficients Az, , to A and Dy, , to Dy,

TLc
cosf = cosf — BWTZ(/) sin 0’ (3.1)
Equating coefficients By, , to Br, .,
J1Zpsinf = jZ(/J sin ¢’
or,
Yy sinf = Yy sin 6’ (3.2)
Equating coefficients Cr, , to Cr, ,
Zysin 6/ (3.3)

Yy sinf = 2By, cos 0’ + Y(; sin@’ — B?

var

Out of the three equations 3.1-3.3 established, equation 3.3 consists of all the parameters
of the equivalance depicted in figure 3.2(c) and can be utilized to derive an expression for
pi-network parameters (6,Y,Byqr) in terms of 1) parameters (6,Y)). Equation 3.3 is
rewritten in a simplified form by substituting for cos@’ from equation 3.1 into equation
3.3,

Byar sin ¢’
Yo¥ysin® = 2B, Yy [cos + —2 | 4 Yy sing’ — BY,, sind/
0
or,
YoYy sin @ = 2By, Y] cos 0 + B2, sin @ + Y0'2 sin ¢ (3.4)

writing in terms of sin ¢’,

YoY]sin@ — 2By, Y] cos
B2 _|_ }/'02/

var

sinf =



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. NRN INVERTERS (NIS) 41

Equation 3.5 is useful to derive the length 6’ from the synthesized value of NI parameter
0 for the chosen values of parameters YO' ,Yop and By, as discussed in the implementation
example in section 3.4. It is to be pointed out that alternate formulations to establish
a relation between pi-network parameters and the transmission line T, parameters are

also possible using equations 3.1 to 3.3.

2. In order to formulate the design equations, the transmission matrix of the reduced
NI model of figure 3.2(d) is equated to the transmission matrix of a conventional pi-
inverter.

The transmission matrix of NI is given by cascading the individual transmission matrices

of the shunt and series arm,

A B _|A B A B A B (3.6)
¢ D NI ¢ D shunt ¢ series shunt
The transmission matrix of the shunt arm is given by matrix,
A B 1 0
o = B 1 (3.7)
shunt —J
The transmission matrix of the series arm is given by,
jsinf 1
A B 1 — cos 6 1 —
= JB Yo jB (3.8)
C Df e 10 1| |jYosind cos6 | |0 1
Thus,
in Y
ASeries = COS 9 + SlrlB/ :
2cosf  Ypsinf  jsind
BSeries — . B 2
jB jB’ Yo
CSeries — j}/O Sin 9
in 0Y;
DSeries = COSQ + SlnB, 0

After substituting the corresponding transmission matrices of equation 3.7 and 3.8 in

equation 3.6, the overall T-matrix of the NI is given by,

sin 6B’
Ay = — 0
NI cost + Y
2cosf  Ypsinf  jsin6
By, =
NI jB/ + jB/2 }/O
o _—jB’ZSiHG
NI — YO
B’sinf
Dy, =— 0
NI cost + 7

By equating the transmission matrix of NI to the transmission matrix of a pi-inverter,

corresponding design equations can be formulated.

1
A B 0 -
= g3J
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In the above equation, J refers to the inverter constant of a pi-inveter and is given by,
J = |B| (3.9)

where B represents the susceptance of a pi-inverter.

Equating coefficients A and D of both inverters,

Yo

= tan 6 (3.10)
equating coefficients of element C of both inverters,
B” sinf
J=|Bl=—— 3.11
Bl = = (3.11)

using equation 3.10, equation 3.11 can be written as,

B” sinf B B” sinf B
Y,  B'tanf

equating coefficients of element B of both inverters,

1 2<:os0+Yosin9 sin 4]
B B” Yo |

J=|B|= B’ cos 0

J Bl

taking sin # common,

1 1 in 6] 2cot 6 N Yo 17
— = — =[sin — — —
J |B] B’ B” Yo
substituting for cot 6 from equation 3.10 and sinf from equation 3.11, above equation

reduces to,

J |B| B”

Solving above equation for B,

1 1 BY,[1 Y
Yo  B”

2

B/
J=|B|=+t——=— (3.12)
312 _|_}/02
or,
B/
J=|B| = j:72 (3.13)
1420
B”
Finally rewriting equation 3.10, 3.11 and 3.13 as final design equations,
Y
§°, = tanf (3.14)
J_|B‘_B'2sin0_B’zsin9_B, 0 (3.15)
N Yy, = B'tanf o8 '
or,
/
14+ %
B/

Design equation 3.14 gives an inverse relation between B’ and . Equation 3.15 and 3.16,

establish a relation between pi-inverter constant and NI inverter parameters.
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3.1.4 Coupling coefficient in terms of NI parameters

The coupling coefficient between resonators k for a conventional pi-inverter is a function
of the susceptance B which is normally determined by a physical distance between the

resonators and can not be modified once fixed [46,51].

k= f(B) (3.17)
given as,

k=B/p (3.18)
where,

J =|B| (3.19)

is the inverter constant and [ is the resonator slope parameter if identical resonators are
used. The coupling coefficient k can be derived in terms of NI parameters 6,B’ and Yy
of figure 3.2(d). To derive the expression for k, the tunable filter is considered to be
configured at its initial starting centre frequency fy by adjusting the capacitance Cyq,
offered by varactor diodes attached to the resonators to their minimum capacitance value.
Rewriting equation 3.15, using 3.18 and 3.19,

B”sinf

k=g (3.20)

The equation above represents k in terms of parameters B’, 6, Yy as shown in figure 3.2(d).
For a general pi-inverter, the coupling coefficient k o< —, where S is the susceptance slope
parameter of the resonators. For tunable filters, as the centre frequency is changed, the
susceptance slope parameter 5 changes and hence the coupling coefficient changes. As
shown in equation 3.20, for non-resonant node inverter (NI) based filters, the coupling
coefficient k o< (B’, ), while k LY As the centre frequency of the filter is tuned, the
length 6 of the NI can be adjusted by variable capacitances in order to compensate for the
change in the susceptance slope parameter and maintain a constant coupling coefficient
throughout the centre frequency tuning range.

For the case of planar filters considered in this dissertation, the length 6 of the NI as
shown in figure 3.2(d), is implemented using the pi-network of figure 3.2(c). It is useful to
formulate the coupling coefficient in terms of the NI implementing parameters 6’ ,YO/ and
Byar as shown in figure 3.2(c). By substituting the value of sin from equation 3.3 into

equation 3.20,

J— B” | |2Byo, Y] cos® + Y] sin — B2, sin¢
BYs YoYy
or,
k _ B/2 2Bva?“}/0, COS 9, + Sin GI(YO,2 - Bgar) 3 21
| BYo YoYg (321




Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. NRN INVERTERS (NIS) 44

Further, substituting cos #’ from equation 3.1 in equation 3.21,

By sin ¢/
B 2ByarYy [cos 0+ % + Y sin¢ — B2, sin @’
k= 0
BYo YoYy
or,
B” (2Byqy cos Y] 4+ B2, sin® + Y] sin¢’)
k= Vv (3.22)

In order to utilize the above equations 3.21 and 3.22, firstly, NI parameters B’ and 6
are calculated using design equations for a chosen value of Yj as shown in figure 3.2(d).
Calculated parameters B’ and 6 depend upon the specified value of coupling coefficient k,
at the starting centre frequency fy of the tunable filter as depicted by the design equations.

Further, by choosing the value of parameter Y and specifying the value of the res-
onator slope parameter 3, above equations 3.21 and 3.22 can be used to plot a graph
between the coupling coefficient £ and the initial variable susceptance B, offered by
practical varactor diodes for different values of electrical length #’. Such a graph would
help the designer by providing multiple sets of implementing parameters #’ and Biq,, for
a desired value of coupling coefficient k, at the specified centre frequency fo. This graph
is plotted at the specified value of the starting centre frequency of the filter, fo, which is
given by the chosen resonators with the susceptance slope parameter (.

However, equation 3.21 has a limiting condition because of the term YO’2 — B?  in
the numerator. Susceptance parameter B, is implemented using variable capacitor Cyqr

and is given by,
Byar = woCuar

For a chosen value of ¢, if the initial capacitance offered by the varactor diodes Cq; is

2

chosen such that B, is greater than Y{j, the numerator term YO'2 —-B..

becomes negative
and the overall coupling coefficient k is predicted lower than its original value. This non
linearity is more evident as the angles of 6/ become larger.

In order to avoid above condition, equation 3.22 is formulated by substituting for
cos @’ from equation 3.1 in to equation 3.21. Equation 3.22 is written in terms of mixed NI
parameters, 0,B"Y), Y]], ¢ and B, represented by figure 3.2(c) and 3.2(d) and is valid for
all the practical values of initial capacitance C,q, offered by the varactor diodes. Equation
3.22 utilizes the value of minimum variable capacitance C,,, offered by the varactor diodes
as specified in their data sheets, to determine an optimum value of electrical length 6’ of
the NI required to realize a desired coupling coefficient k£ at the desired starting centre
frequency fo.

To summarize, three formulations for k£ are presented in this section to represent the
non-resonant node inverters (NIs). Equation 3.20, representing k in terms of (B’,0,Y))
where the effect of Cq, is embedded in line length 6 and is well suited for lumped element
circuit simulation. Equation 3.21, representing & in terms of (¢, B, Yy, Y{, Byar) valid for
Byar < Y. Equation 3.22, representing k in terms of (0,60, B', Yy, Y], Byar) is suited for
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distributed circuit implementation and considers all practical values of initial capacitance
Char offered by the varactor diodes as per their data sheet. The utility of equation 3.22
is demonstrated with the help of a practical design example in section 3.4.

An electromagnetic simulation based study is performed to further investigate the
idea of utilizing non-resonant nodes for tunable bandwidth filters. A simulation based
dimensional analysis of non-resonant nodes is performed in the following section. The

theoretical model is then compared and validated against EM simulation results.

3.2 Dimensional Analysis for Case I (C,, = 0): Microstrip

Implementation
L
( )—l Portl i¢W1

S] L 2 >

W) ﬂ Resonatorl |
S

Crar <L ¥ Cyar
W W NRN Hﬁ
VS
Wzﬂ Resonator?2 |

L2 S]
" .

L

Figure 3.3: Dimensional analysis setup

The theory developed in the previous section presents a mathematical model and
design equations for the formulation of non-resonant node inverters for a desired coupling
coefficient at the desired starting centre frequency of the filter. This section demonstrates
a more detailed analysis of NI parameters for a practical implementation setup with the
help of EM simulations and comparisons with the circuit models are performed.

For a practical implementation of NI, a planar microstrip structure is chosen. The NI
model is realized in a parallel half-wave coupled microstrip structure as shown in figure 3.3.
In figure 3.3, the longer microstrip lines Lo represent the two half-wavelength microstrip
resonators and the shorter line L in between the resonators together with susceptive
gaps S represent the NI. In order to get maximum variation in the coupling between
the resonators, the NI is placed at a point of maximum coupling between the resonators
which occurs when the two half-wavelength resonators overlap by a distance of quarter-
wavelength. Hence, the second resonator is kept at an offset by quarter-wavelength from
the first resonator and NI is placed in between them. Rogers RO 4003C substrate with
dielectric constant of 3.38 and height of 0.508 mm is chosen for the study. Lines L1
represent the feed lines corresponding to 50 ohm termination. The dimensions of the
setup of figure 3.3 are L2 = 17 mm, W2 =W = W1 = 1.175 mm, L = 3.5 mm and

L1 =10.6 mm. The resonators have a resonant frequency of 5 GHz and impedance of 50



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. NRN INVERTERS (NIS) 46

ohms. Two cases are taken for this study to understand the effect of NI parameters on
the coupling coefficient between the resonators.

For the first case, variable capacitance C,q, attached to the ends of the NI transmission
line L are set to an open state Cy, = 0. This condition resembles the reduced NI
model of figure 3.2(d), where the effect of variable capacitance Cq, is embedded in the
length parameter 6 of NI. The NI parameters of the reduced network model of figure
3.2(d) correspond to the physical dimensional parameters of NI as shown in figure 3.3.
Parameter 6 of figure 3.2(d) corresponds to the physical length L of NI as shown in figure
3.3. Parameter impedance Zy correspond to the physical width W of the NI. Susceptance
jB’ correspond to the susceptive gap S between the resonator and NI. A study of the
effect of variation of dimensions on the coupling coefficient k between resonators and its
corresponding effect on the center frequency fo of the resonators is performed using CST
EM simulator. For the case of Cyq = 0, a parametric sweep using the Eigenmode solver
is performed. The EM simulated results are then compared with the mathematical model

parameters.

3.2.1 Effect of varying width (W)

Increasing the width W of NI correspond to increasing admittance Yy of the NI trans-
mission line (decreasing impedance Zj of the NI transmission line). As the width W of
NI is varied for different spacing values S between the resonators for a fixed length L
of 3.5 mm, the coupling coefficient k£ tends to decrease as shown in the graph of figure
3.4(a). The coupling coefficient varies between 0.01 to 0.07 as the width varies between 1
to 5 mm (corresponding to Yj ranging from 0.01 to 0.05 mhos). The spacing between the
resonators and NI transmission line is varied from 0.18 mm to 0.68 mm with an interval
of 0.1 mm.

For comparison with the circuit model of NI, Equation 3.20 represents the case of
Chuar = 0 and shows that the coupling coefficient is inversely proportional to the admit-
tance. Increased admittance (corresponding to decreased impedance) results in decreased
coupling between resonators because of the shielding of the electric fields. For the above set
up in figure 3.3, utilizing the fact that the resonator susceptance slope for half-wavelength

open circuited resonators is given by,
B = (7/2)Yores = 0.0314 (3.23)

where, admittance Yg.es = 0.02 mho corresponds to the 50 ohm half-wavelength resonator,
model equation 3.20 is used to plot admittance Yy of the NI transmission line against the
coupling coefficient k for different susceptance values B’. The length L of NI is fixed at
3.5 mm, which corresponds to an electrical length § = 35° or 0.61 radians at 5 GHz.
Coupling coefficient varies between 0.01 to 0.085 as admittance varies between 0.01 to
0.04 mhos.

As shown in the graph of figure 3.4(b), the model equation 3.20 correlates well with the
practical setup and follows a similar trend to the EM simulation results. The width of the
NI transmission line plays a role in maintaining the required value of coupling coefficient

for a given filter specification.
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Figure 3.4: Effect of varying width W

3.2.2 Effect of varying length (L)

The effect of varying the length L of a NI transmission line is studied for variation in
coupling coefficient k£ between resonators for different spacing values S and fixed width
W. A parameter sweep is performed by varying the length L of the NI for different spacing
values S with the width W of the NI kept constant at 1.175 mm which corresponds to an
admittance Yy = 0.02 mhos (representing 50 ohm impedance). The length L of the NI
is increased from 2 mm to 9.5 mm with a step size of 1.5 mm. The spacing S between
resonators and the NI transmission line is varied from 0.18 mm to 0.68 mm with an interval
of 0.1 mm. For a specific spacing value S with the width W constant, an increase in the
length L of the NI correspond to an increase in the coupling coefficient. The coupling
coefficient k varies between 0.01 to 0.05 as the length of the NI varies from 2 mm to 9.5
mm as shown in figure 3.5(a). The variation of physical length L from 2 mm to 9.5 mm
correspond to a range of 7/8 to w/2 in radians for an electrical length 6 of NI at 5 GHz.

The setup of figure 3.3 with C,4 = 0, represents the circuit of figure 3.2(d) where
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Figure 3.5: Effect of varying length L

dimension L of figure 3.3 corresponds to the length 6§ and spacing S correspond to the
parameter B’ of figure 3.2(d). By using the resonator slope parameter given by equation
3.23 and keeping the width W of NI fixed at 1.175 mm which translates to Yp=0.02 mhos
at 5 GHz (corresponding to 50 ohm lines), equation 3.20 is utilized to plot the coupling
coefficient between the half-wavelength resonators against the electrical length 6 of the

NI, for different susceptance B’ values.
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As shown in the graph of figure 3.5(b), as the electrical length 6 of NI vary from 7/8 to
7 /2 radians, the coupling coefficient k varies from 0.01 to 0.1. The model equation 3.20 fits
well with the practical setup. There is a non-linearity arising at the higher angles (close
to m/2) because of the dominance of the sine function in equation 3.20 at higher angles.
The presented graphs show that with a small variation in the length of NI, significant
change in the coupling coefficient k£ can be achieved. This property can be utilized to
maintain the constant coupling coefficient across the entire centre frequency tuning range
of a tunable filter.

Denoting the actual resonant frequency of the NI by fps and the centre frequency of
the resonators by fy, factor fo2/fo is calculated to study the effect of the length of NI on
the second resonance. As the length L of NI increases, its resonant frequency decreases
and becomes closer to the resonant frequency of the two resonators which is around 5 GHz.
As shown in the graph of fig. 3.6, as the length of NI increases, its resonant frequency
becomes closer to the resonant frequency of the resonators and the factor fo2/fo becomes
closer to 1. For the purpose of maintaining a constant coupling coefficient across the entire
centre frequency tuning range of the filter, the resonance frequency of NI should be kept
far away from the filter passband so that it does not effect the filter response. The second

resonance gets attenuated with the use of varactor diodes as shown in the next section.

3.3 Dimensional Analysis for Case II (Cy, # 0): Microstrip

Implementation

3.3.1 Effect of varying variable capacitor (C,,)

In this section, variable capacitance C,,, is attached to the NI transmission line L as
shown in figure 3.3. Parameter C,q, corresponds to the variable capacitance offered by the
varactor diodes. The NI transmission line L with the variable capacitance Cy,, attached to
its ends, together with the susceptive gaps S forms the non-resonant node based inverter

(NI). For this case, the practical setup of figure 3.3 correspond to the NI model of figure
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3.2(b). NI parameters of the circuit model of figure 3.2(b) correspond to the physical
dimension parameters of NI as shown in figure 3.3. Parameter 6’ corresponds to the
physical length L of NI while admittance Yj correspond to the physical width W of the
NI. Susceptance jB’ correspond to the susceptive gap S between the resonator and the
NI. As shown in figure 3.3, NI is placed in between the two half-wavelength resonators
which are placed at an offset of a quarter-wavelength and are lightly coupled to the feed
lines L;.

Compared to the previous section where the physical length L of the NI transmis-
sion line was varied and coupling coefficient k was observed, here, the length of the NI
transmission line is varied by means of variable capacitances C,,, attached to its ends.
The effect of the coupling coefficient between the resonators as a result of varying Cyqpr
is studied for the practical setup of figure 3.3 and is compared with the circuit model.
Keeping the width W of the NI fixed at 1.175 mm (corresponding to 50 ohm line), the
spacing between resonators and the NI transmission line is varied from 0.18 mm to 0.68
mm with an interval of 0.1 mm. As the variable capacitance Cyq, is increased from 0 to
0.6 pF, coupling coefficient k tends to increase from 0.01 to 0.06 as shown in figure 3.7(a).

The electrical length 6" of the NI transmission line in figure 3.2(b) corresponds to
dimension L = 3.5 mm of figure 3.3 which translates to ' = 35° or 0.61 radians at 5
GHz. With ¢’ = 35°, taking admittances Yy = 0.02 mhos (corresponding to 50 ohm)
and Y = 0.02 (corresponding to 50 ohm) with susceptance slope parameter [ given by
equation 3.23, equation 3.21 is utilized to plot the coupling coefficient k£ against variable
capacitance Cyq, for different susceptance values B’ as shown in figure 3.7(b). As the
variable capacitance C,q, is varied between 0 to 0.6 pF, the coupling coefficient k varies
between 0.01 to 0.12. Equation 3.21 is utilized for the experimental setup of figure 3.3
consisting of microstrip resonators at 5 GHz. This experiment establishes the fact that by
attaching variable capacitances to the NI transmission line, an effect of increase in length
is observed and hence coupling coefficient tends to increase. Therefore, non-resonant node
based inverters (NIs) with variable capacitances attached to its ends can be utilized to
develop constant bandwidth filters. The NIs can also be utilized to develop variable band-
width filters at a fixed centre frequency fj.

The NI circuit produces an out of band resonance peak denoted by fgo. In order to an-
alyze the effect of the second resonance on the filter response, factor fopa/fo is calculated
for the capacitance range of 0 to 0.6 pF as shown in figure 3.8. As the capacitance is
increased, the second resonance offered by NI circuit comes closer to the first resonance
given by the resonators.

Variation in the coupling coefficient for the setup of figure 3.3 is further investigated by
observing the variation in even and odd mode frequencies in between the resonators. For
this study, the scattering parameters for the set up of figure 3.3 are investigated using fre-
quency domain slover of CST. Figure 3.9(a) shows the graph between Sy and frequency
and depicts the change in the coupling when capacitors connected at the ends of the NI
are varied from 0 pF to 0.8 pF. The out of band spikes in figure 3.9(a) correspond to the
resonant frequency of the NI circuit.

In order to test the impact of the out of band spike in a practical filter network setup,
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Figure 3.7: Variable capacitance vs coupling coefficient

spice model of MA46H120 varactor diodes (from MACOM) operating between 0-12 V
is added to the ends of NI transmission line in place of capacitors. The circuit is then
simulated in ADS and simulation response is as shown in figure 3.9(b). By adding spice
models, significant reduction in the out of band spike is achieved. This happens because
losses due to quality factor of varactor diodes and substrate losses attenuate and displace
the out of band spikes.

From the discussions presented in this section, it is established that with smaller capaci-
tance change, significant coupling variation can be achieved keeping the second resonance
of the NI well out of band and the structure is suitable to be implemented in filters with
tunable centre frequency and constant bandwidth (CBW). The technique can be applied
in filters with fixed centre frequency and tunable bandwidth. In addition, NI inverters can

also be utilized in filters with constant fractional bandwidth (CFB) over centre frequency
tuning range.



CHAPTER 3. NRN INVERTERS (NIS)

fo2/fo

Figure 3.9:

Stellenbosch University https://scholar.sun.ac.za

52

18

16

== Spacing(S)=0.18 mm
=== Spacing(S)=0.28 mm

Spacing(S)=0.38 mm
= Spacing(S)=0.48 mm
=== Spacing(S)=0.58 mm
=== Spacing(S)=0.68 mm

14

T

12r

1

0.5

0.2 0.3 0.4 0.6
Variable capacitance (Cvar) in pF

1
0 0.1

Figure 3.8: fo2/fo for different capacitance values

Frequency(GHz)

(a) Capacitor as tuning element

T T T

=\/DC=1.2V
=—=\/DC=16V

VDC=2.0V
=—\/DC=2.4V

1

55 6
Frequency(GHz)

6.5 7 75

(b) Varactor diode as tuning element

Capacitor and varactor diode as tuning elements S2; (dB) vs frequency (GHz)



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. NRN INVERTERS (NIS) 53

3.4 Design Steps and Numerical Example: Microstrip

Implementation

In the previous two sections, a circuit model for the NI and a detailed dimensional analysis

for the NI parameters is presented. This section builds on the theory developed in the

previous sections and provides design steps to implement NIs in microstrip filters. A

design example is then presented following the design steps.

3.4.1

Design steps for NI

The design steps for filters based on NI are as follows:

1.

General design equations presented in [50] are utilized to calculate coupling coeffi-

cients k and external quality factor @ for an N** order filter.

. Inverter constant J = |B| for an admittance pi-inverter is calculated first to utilize

general design equations 3.14 - 3.16. Susceptance parameter B depends upon the
resonator slope parameter S and coupling coefficient k. Using coupling coefficients
calculated in step 1 and susceptance slope parameter (3, inverter constant |B| = J

for general admittance pi-inverters is calculated using equation 3.18.

. To use the design equations 3.14 - 3.16 for NI model, either one of the three param-

eters need to be fixed in order to synthesize the other two parameters. Admittance
parameter Yy=0.02 mhos (corresponding to 50 ohm line) is chosen as fixed parame-

ter. With the calculated B from step 2. using design equation 3.16, B’ is calculated.

. Using either of the design equation 3.14 or 3.15, electrical length parameter 6 shown

in figure 3.2(d) is synthesized. Equation 3.20 can be used to generate a lumped

element equivalent circuit of NI at this stage.

. The synthesized electrical length 6 represents sum of node length 6" and length corre-

sponding to variable capacitance offered by varactor diodes, depicted by susceptance
Byar = B),, — B’ as shown in figure 3.2(c). For the resultant length 6 derived in
step 4 and fixing parameter Y = 0.02 mhos (corresponding to 50 ohm), electrical
length 6’ can be synthesized for the value of initial variable capacitance Cyq, offered
by varactor diodes. Higher initial variable capacitance would result in smaller 6.
Equation 3.5 can be used directly to synthesize a set of 6’ and Cyq,-. Equation 3.22
can be used to plot design graph in terms of parameters 6’ and B, for the desired
filter specifications. With this step, design of an equivalent NI inverter for a desired
initial response of the filter is complete at the starting centre frequency fy of the

filter.

. Finally, for the complete design of tunable filters with NI, generalized group delay

tuning method specified in |70| can be used to fine tune the filter using simulations.
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3.4.2 Numerical Example: parameter calculations

A reconfigurable second order filter with tunable centre frequency and bandwidth is de-
signed using the proposed non-resonant node inverter (NI). Microstrip parallel coupled
line filter topology is chosen for the implementation of the filter. The design example
begins with the specifications required for the filter followed by synthesizing design pa-
rameters for NI using design equations. With the calculated NI parameters, reconfigurable
second order filter is implemented in microstrip technology with a parallel coupled line
filter topology and simulation results are presented.

Specifications for second order filter are as follows:
Fractional Bandwidth A = 5%
Order N =2
Centre frequency fy = 6.2 GHz
Passband Ripple= 0.1 dB Chebyshev

Following the design steps:

1. The coupling coefficient k and external quality factor @ of the filter are calculated

as follows:

A
9192

k1o = = 0.069045

:

gog1
==— =16.862
Qs A

Indn+1
==—— =16.862
QL A

2. In order to calculate inverter constants, slope parameter for chosen resonators are
calculated first. Considering the case of open circuited microstrip transmission line res-

onators with characteristic impedance Zyges = 50 ohm(Ypgres = 0.02 mhos)

. YoRes™

B =0.0314

The inverter constant Ji5 for a conventional pi-admittance inverter is calculated as,
Ji2 = k12 x B = 0.069045 x 0.0314 = 0.0021680
or,
|J12] = |B| = 0.0021680 (3.24)

The calculated inverter constant B will be utilized to calculate NI parameters.
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3. A relation between the susceptance of the pi-inverter represented by B, NI suscep-
tance parameter B’ and admittance Y is established in design equation 3.16. Rewriting

equation 3.16:

Yo

1+B/2

Utilizing the fact that J = |B| for the original inverter and taking the positive value of

the right hand side and writing above equation in terms of susceptances,

B/
B= —— (3.25)

)/'02
L+ 25

where the symbols are defined as:
J = |B| = Susceptance of the original pi inverter

B’ = Susceptance of Non-Resonant Node inverter (NI)

1
Yy = — = Admittance of the node transmission line
0

To utilize the above equation value of Yy needs to be chosen. In order to match the filter

impedance scaling of Zy = 50 ohms, we choose Y| as

11
— =0.02 (3.26)

Y:7:
0" Z, 50

Substituting equations 3.24 and 3.26 in equation 3.25,

!/

0.0021680 = +
0.022
L+ B2
squaring both sides of the above equation,
Bl2
0.0021680% = —— (3.27)
0.022
L+ B2

The above equation can be further written as,
B™ — (0.0021680)%2B" — (0.02)%(0.0021680)% = 0
or,
B*—4.70 x107°B” —1.880 x 1077 =0
By solving the above equation, four roots for B’ are obtained:
B’ = 0.0068

B’ = —0.0068
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B' = 0.0064;
B’ = —0.0064;

Out of the four values for B, value B’ = 0.0068 is realizable for the filter design.

4. To calculate the value of 6, equation 3.14 is utilized as,

Yo

o= tan 6
or,
Yo 0.02
6 = arctan F(i = arctan 0.0068 = arctan 2.9411
giving,
0 =T71.22°

5. As mentioned earlier, the node-line length 6 in figure 3.2(d) is the sum of NI length
#' and the line length corresponding to the capacitance offered by the varactor diodes
represented by By, as shown in figure 3.2(c). Either of equation 3.5 or 3.22 can be
utilized to calculate the NI design parameters 6’ and B,,-. For this example, utility of

both the equations are shown. Firstly, equation 3.22 is utilized. Rewriting equation 3.22,

B” (2Byar cos 0Y] + B2, sin 0’ + Y0’2 sin 0")

var

YoYis

E— (3.28)
By specifying the calculated values of B’, § and chosen values of Yy, Y{, a design chart is
generated between coupling coefficient k and initial variable capacitance Cyqr = Byar/wo
for different node-line lengths 6’ as shown in figure 3.10. For the required coupling co-
efficient value of k& = 0.069045, design parameter values of 6’ and B, are chosen from
the design chart. In order to implement the variable capacitance, MACOM MA46H120
varactor diodes from MACOM technology with initial capacitance of 0.14 pF are chosen.
For the specified & = 0.069045 and C,, =0.14 pF, value # = 40° is chosen from the
graph.

If we utilize equation 3.5 to calculate the value of 6’ by specifying the values of 6,
chosen Byq, and Y, Yy,

YoYsin@ — 2B, Yy cos 0
BQ + }/2)2/

var

sin@ = (3.29)
Synthesized value is 6/ = 38° which is close to the value predicted from the graph of
equation 3.22. To, summarize, for the chosen NI parameter of ¥ = 0.02 mhos, Y] = 0.02
mhos, Cyer = 0.14 pF and calculated NI parameters B’ = 0.0068 and # = 71.22°, both

the design equations nearly give the same value of # = 40° for chosen C, = 0.14 pF.
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Figure 3.10: Coupling coefficient (k) vs Variable capacitance (Cyqr) for different electrical length 6’

3.4.3 Numerical Example: implementation

The non-resonant node inverter (NI) designed is suitable for implementation in capac-
itively coupled filters. Microstrip parallel coupled line filter topology is chosen for the
implementation. Parallel coupled line filter has two half-wavelength resonators kept at
an offset of a quarter-wavelength from each other resulting in strong capacitive coupling
and is well suited for the implementation of the designed NI. The use of half-wavelength
resonators provide an advantage of larger center frequency tuning range as compared to
the popularly used quarter-wavelength resonators. In addition, the parallel coupled line
filter topology can be utilized for biasing the varactor diodes using spatial biasing which
has a reduced biasing circuitry as discussed in chapter 4.

The filter is designed in CST Microwave Studio and the layout of the filter is shown
figure 3.11. Rogers RO 4003C substrate with dielectric constant of 3.38 and height of
0.508 mm is chosen for the design. The filter is placed in a metallic box of height 4.5
mm. Fig 3.11(a) shows the top view of the filter marked with dimensional parameters
while figure 3.11(b) shows the bottom view of the filter. As shown in figure 3.11(a), the
non-resonant node inverter is placed in between two half-wavelength resonators at the
point of maximum coupling in order to get maximum variation in the bandwidth. Two
varactor diodes are attached at the ends of the non-resonant node inverter to vary the
bandwidth. Two varactor diodes are attached at the ends of the resonators in order to
tune the center frequency of the filter. Varactor diodes D; — Dy are used for frequency
tuning while varactor diodes D5 — Dg are used for bandwidth tuning as shown in figure
3.11.

The electromagnetic model of the filter is simulated using frequency domain solver of
the CST Microwave Studio. The initial set of NI parameters calculated using circuit model

are utilized and parametric simulations are performed to finalize the filter dimensions for
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(a) Top view

(b) Bottom view

Figure 3.11: CST layout for the designed reconfigurable second order filter in microstrip

Parameter Name Parameter Value

Ly 23 mm

Wi 1.1561 mm

S 0.18 mm

Lo 3.4 mm

Wo 1.1561 mm

S0 0.18 mm

Lo 14.262 mm

Wo 1.1561 mm

Table 3.1: Parameter values for the CST layout of the microstrip example

the desired specifications. Table 3.1 presents the dimensions of the designed filter. The
S-parameters are further exported to Agilent ADS in touchstone format to add spice
parameters for the MACOM MA46H120 varactor diodes. To demonstrate the bandwidth
variation using NI, centre frequency of the filter is set to its starting value of 6.2 GHz by
providing maximum reverse bias voltage to the varactor diodes attached to the resonators
which corresponds to minimum capacitance offered by the varactor diodes. The reverse

bias voltage of the varactor diodes attached to the NI is then varied to vary the bandwidth.
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Figure 3.12: Bandwidth variation at fixed centre frequency fo = 6.2 GHz

Figure 3.12(a) presents the insertion loss as the bandwidth is varied while figure 3.12(b)
presents the corresponding return loss. An increase of 38% is observed with a negligible
variation in the centre frequency from 6.2 GHz to 6.16 GHz. The minimum variation
in centre frequency with significant change in bandwidth gives the NI based bandwidth
tuning mechanism a significant performance advantage over other bandwidth tuning tech-
niques.

Two sets of simulations are then performed in Agilent ADS as shown in figure 3.13
and figure 3.14 in order to demonstrate the utility of the NI inverters in constant absolute
bandwidth filters. In the first set, the filter response is initially maintained at the starting
centre frequency of 6.2 GHz with all the varactor diodes attached to the NI and to the
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resonators set to their minimum capacitance range. This is followed by changing only
the centre frequency of the filter using the varactor diodes attached to the resonators and
the varactor diodes on the NI are kept at their minimum capacitance range by supplying

maximum reverse bias voltage.
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Figure 3.13: Scattering parameter without use of NI (a) Insertion loss (b) Return loss

As shown in figure 3.13, as the centre frequency of the filter is swept from 6.2 GHz
to 5 GHz at an interval of 100 MHz, there is a significant decrease in the bandwidth of
about 19% with insertion loss increasing towards the lower end of the tuning range.

In the second set of simulations, both the centre frequency and bandwidth are tuned

to maintain a constant absolute bandwidth response. The centre frequency is again tuned
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from 6.2 GHz to 5 GHz at an interval of 100 MHz by varying the reverse bias voltage
on the resonators while bandwidth is adjusted by varying the reverse bias voltage on the
varactor diodes attached to the NI.
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Figure 3.14: Scattering parameter with use of NI (a) Insertion loss (b) Return loss

As presented in figure 3.14, constant absolute bandwidth of 315 MHz is maintained
using the NI across the entire centre frequency tuning range of 1.2 GHz. The example

validates the synthesis method proposed and demonstrates the utility of the NI.
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3.5 Dimensional Analysis for Case I (C,, = 0): SIW

Implementation

The proposed idea of using non-resonant node based inverters can be utilized to design
tunable filters in different technologies. This section demonstrates the use of non-resonant
node inverters in designing filters with adjustable bandwidth at a specified centre fre-
quency in substrate integrated waveguide technology (SIW). A detailed dimensional anal-
ysis for SIW based NI is presented in this section for a case where the effect of variable
capacitance attached to non-resonant node inverters is neglected.

A substrate integrated waveguide (SIW) is a waveguide implementation in planar
dielectric substrates and closely mimics actual waveguide behaviour. Substrate integrated
waveguide (SIW) structure comprises of a high frequency dielectric substrate with rows
of vias drilled between the two ground planes on either side of the substrate. SIW offers
functionality of a waveguide with advantages of being cost-effective, lightweight and easy
integration in planar structures [71-91].

In [92], SIW T-ridge pedestal resonators based on a combination of SIW technology
with concepts of ridge waveguide are proposed. These resonators are made up of a rect-
angular or cross-shaped flat conductors on a single or a set of vias, positioned centrally
inside each SIW cavity forming a T-ridge. The proposed T-ridge structure offers increased
separation between the cut-off frequencies of the first two fundamental modes as in case
of a conventional ridge waveguide. These resonators can be utilized to design filters with
wide stopbands.

This dissertation utilizes the T-ridge SIW structure to design a SIW based non-
resonant node inverter (STW-NT) which is capable of varying the bandwidth of the filter at
a specified centre frequency. As the use of T-ridge pedestal resonator reduces the dimen-
sions of the filter structure, the SIW-NI based variable bandwidth filters designed in this
thesis utilize the T-ridge pedestal topology to implement resonators also. The dimensional
analysis is performed using an electromagnetic simulator to study the effect of varying the
dimensions of the SIW-based NI on the coupling coefficient between the resonators and
its corresponding effect on the centre frequency of the resonators. The setup is as shown
in figure 3.15. Two T-ridge pedestal SIW resonators Rsrw having a resonant frequency
of 5.1 GHz are taken for the study. A smaller dimension T-ridge pedestal SIW resonator
Ngsrw is placed in between the two resonators as shown in fig. 3.15(b). The Ngw is
specifically placed at the iris between the two resonators Rgry which is the point of max-
imum coupling between them. The dimensions of smaller SIW resonator Ngry is chosen
such that it resonates at a frequency that is much higher than the resonant frequency of
the resonators Rgry. The out of band resonator Ngry together with susceptive gaps S
forms the STW based non-resonant node inverter (SIW-NTI). Rogers RO 4003 C substrate
with dielectric constant of 3.38 and height of 0.508 mm is chosen for the study. Two cases
are taken for dimensional analysis. For the first case, a variable capacitor is attached to
the via D of Ngrw and is set to an open state, Cyqr = 0 pF, as shown in figure 3.16. For
the second case, the effect of C)q, is included as shown in figure 3.20.

For the first case, dimensions of the setup of figure 3.15 are a= 22.99 mm, b= 11.99
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(a) Top view
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Figure 3.15: CST layout for dimensional analysis without variable capacitance (Cvar)

Figure 3.16: CST layout for the dimensional analysis without variable capacitance (Cvar)-Bottom view

mm, ag=>5.5 mm, Dp=0.8 mm, d;=1 mm, d=1 mm, p;=0.57 mm, p=1.57 mm, W=1.6

mm, L=1.6 mm, D=0.8 mm and S=0.48 mm. CST Eigenmode solver is used to perform
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the dimensional analysis.

3.5.1 Effect of varying width (W)

To study the effect of varying the width W, the length L of Ngrw is kept fixed at 1.6 mm
and the width W of Ngyy is varied from 1.6 mm to 4.8 mm with a step size of 0.8 mm.
The spacing S between Ngrp and resonators is varied from 0.48 mm to 0.98 mm with
an interval of 0.1 mm. As the width of Ngry is increased for a fixed length of 1.6 mm,
the coupling coefficient tends to decrease for an increase in the spacing value S as shown
by the graph of fig. 3.17. The reason for the decrease in the value of k is because as the

width is increased, the separation between resonators increases resulting in the shielding
of fields.
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Figure 3.17: Coupling coefficient (k) vs spacing (S) for different patch width (W)

3.5.2 Effect of varying length (L)

For this case, the width W of Ngrw is kept constant at 1.6 mm and the length L is varied
from 1.6 mm to 4.8 mm with a step size of 0.8 mm. The spacing S between the resonators
and Ngrw is varied from 0.48 mm to 0.98 mm with a step size of 0.1 mm. As the length of
Ngw is increased, keeping the width constant, the coupling coefficient k£ tends to decrease
as the spacing S is increased as shown by graph of figure 3.18. In addition, there is no
significant difference in the coupling coefficient k£ values for different lengths of Ngry at
a specific spacing value S and fixed width W. For a change in the parameter length,
the separation between resonators (given by S) is not affected and hence the coupling

coefficient value remains almost constant when the width is kept fixed.
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Figure 3.18: Coupling coefficient (k) vs spacing (S) for different patch length (L)

3.6 Dimensional Analysis for Case II (C,, # 0): SIW

Implementation

For the second case, a similar setup as used in the previous section comprising of two
T-ridge pedestal SIW resonators Rgyyy, both having resonant frequencies of 5.1 GHz are
taken for the study. A smaller dimension T-ridge pedestal SIW resonator Ngry is placed
in between the two resonators at the iris junction separating them. As mentioned earlier,
Ngrw is kept at the iris junction as it is the point of maximum coupling between the
resonators and hence will result in maximum variation in the bandwidth. The resonators
Rgrw are lightly coupled to the feed lines Lp. The setup is as shown in figure 3.19. A
variable capacitance Cyq, is attached between the bottom ground plane and the via of the
Ngrw as shown in figure 3.20.

It was established in the previous section that for fixed width W and fixed spacing S
from the resonator, a change in the length L of the Ngr does not change the coupling
coefficient k significantly. Utilizing this fact, two Ngy with same width W and different
length parameter L are chosen for this study. The purpose of using two Ngrw is to
analyse the effect of changing the dimensions of Ngry on the capacitance range required
for changing the inter-resonator coupling coefficient. The two Ngry with dimensions
1.6x3.2 mm and 1.6x4.8 mm are kept at the iris junction at a fixed separation of S=0.68
mm from the resonators. The lines Lg represent the feed lines with feed pins of diameter
Dy which couple inductively to the resonators. The dimensions of figure 3.19 (a) and (b)
are a=— 22.99 mm, b= 11.99 mm, ag=5.5 mm,Dr=0.8 mm, d;=1 mm, d=1 mm, p;=0.57
mm, p=1.57 mm, W=1.6 mm, L=1.6 mm, D=0.8 mm, S=0.48 mm, Lrp= 6.2 mm, Wr=
1.2 mm and Dp= 0.8 mm.

To analyse the two cases of Ngry discussed in this work, firstly, scattering parameters
So1 and S7; are obtained for a range of capacitance values using CST Frequency domain

solver. The purpose of obtaining S9; and Sj; parameters is to derive the odd (fodd)
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Figure 3.19: CST layout for dimensional analysis with variable capacitance (Cvar)

Figure 3.20: CST layout for the dimensional analysis with variable capacitance (Cvar)-Bottom view
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and even mode (feven) frequencies for a specified value of variable capacitance Cigy.
With the help of odd mode and even mode frequencies, coupling coefficient k& can be
derived for a range of capacitance values. Further, by studying the variation in even mode
frequency, the capacitance range required to bring a specified variation in bandwidth can
be estimated.

For the first case of Ngri with dimensions 1.6x3.2 mm, keeping spacing S constant
at 0.68 mm, as the variable capacitance Cyg, is varied from 0 pF to 10 pF, the coupling
coefficient k increases from 0.031 to 0.047 as shown in figure 3.21. Figure 3.22 shows the
scattering parameters So; and Si; for the same case. A bandwidth increase of approxi-
mately 51% is observed as the variable capacitance C.q, is increased from 0 pF to 10 pF.
It can be observed from fig. 3.22 that an out of band resonance peak moves towards the
passband. This out of band peak is due to the resonant frequency of Ngry. As the vari-
able capacitance C,q, attached to Ngry is increased, the out of band resonant frequency
of Ngrw moves closer to the resonant frequency of the resonators. The out of band peak
shows its presence because of the fact that an ideal capacitor is utilized to implement Clyq
to bring a change in the resonant frequency of Ngr. The use of an ideal capacitor does
not consider the losses due to the quality factor of practical varactor diodes. As described
in the previous section 3.3.1, with the use of varactor diodes in practical applications,
considerable reduction in the out of band peak can be observed.

For the second case of Ngry with dimensions 1.6x4.8 mm, keeping spacing .S constant
at 0.68 mm, as the capacitance is varied from 0 pF to 2.3 pF, the coupling coefficient
increases from 0.031 to 0.05 as shown in figure 3.23. Figure 3.24 describes the scattering
parameters for the same case. A bandwidth increase of approximately 60% is observed
as capacitance is increased from 0 pF to 2.3 pF. It can be observed from figure 3.24 that
an out of band resonance peak moves towards the passband. As mentioned earlier, this
out of band peak is due to the resonant frequency of Ngry as variable capacitance Cyq,
attached to the Ngy is varied. As described in the previous section 3.3.1, with the use of
varactor diodes in practical applications, considerable reduction in the out of band peak

can be achieved.
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Figure 3.21: Coupling coefficient(k) vs variable capacitance (Cvar) for 1.6x3.2 mm NI
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Figure 3.22: S-parameter simulation results vs variable capacitance for 1.6x3.2 mm NI
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Figure 3.23: Coupling coefficient(k) vs variable capacitance (Cvar) for 1.6x4.8 mm NI
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Figure 3.24: S-parameter simulation results vs variable capacitance for 1.6x4.8 mm NI

For comparison between the two cases, it is to be mentioned that the distance S of the
Ngyw from the resonator is kept constant at 0.68 mm. The initial value of the variable
capacitance Cgr is taken to be 0 pF which is an open state for both the cases. As
mentioned earlier, since the length parameter L does not change the coupling coefficient
k significantly for a fixed width W and spacing S, the initial bandwidth at Cyg-= 0 pF
is approximately 165 MHz for both the cases of dimensions of 1.6x3.2 mm and 1.6x4.8
mm. To attain a specific bandwidth variation, Ngj with dimensions of 1.6x3.2 mm
require more capacitance as compared to one with dimensions 1.6x4.8 mm. The overall
bandwidth variation attained is larger in larger dimension Ngyy with dimensions 1.6x4.8
mm.

The dimensions of the Ngj together with susceptive gaps S play a role in realizing a
desired coupling coefficient k for the value of the variable capacitor Cy,, attached to the
Ngrw. Depending upon the coupling coefficient value required, dimensions of Ngr and
gap size S can be synthesized for nominal variable capacitance Cyq, (offered by chosen

varactor diodes) using an EM simulator. The presented dimensional analysis is utilized
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to design a bandwidth tunable filter at a specified centre frequency as described in the

next section.

3.7 Design Steps and Numerical Example: SIW

Implementation

A detailed dimensional analysis of SIW based NI is presented in the previous section.
This section utilizes the results of the previous sections and design steps for SIW based
non-resonant node inverters (SIW-NI) are listed. The design steps are then subsequently
followed to design a second order T-ridge pedestal resonator based SIW filter with band-

width control.

3.7.1 Design steps for NI based in SIW

The following design steps can be summarized for tunable filters using SIW based non-

resonant node inverter:

1. The coupling coefficient and external quality factor are calculated using general

design equations presented in [50] for a N order filter.

2. Dimensional analysis is performed using an electromagnetic simulator as discussed
in section 3.6 on dimensional analysis. For the desired coupling coefficient &, at the
specified centre frequency of the filter fy, patch width W, patch via D, patch length
L and spacing S are fixed with respect to the nominal variable capacitance (Chqr)

offered by the chosen type of varactor diodes using an EM simulator.

3. Finally, for the complete design of tunable filters with NI inverters, generalized
group delay tuning method specified in [70] can be utilized to fine tune the filter

using simulations.

3.7.2 Numerical Example

Using the analysis presented in the previous section, a second order bandwidth tunable
filter is designed. The specifications for the filter are as follows:

Fractional Bandwidth A=4%

Order N = 2

Passband Ripple = 0.1 dB chebyshev

Centre frequency fo = 5.12 GHz.

The resonators are designed using T-ridge pedestal topology in SIW at the specified
centre frequency. Following the proposed design procedure:

1. The coupling coefficient k and external quality factor @ values are calculated as
k =0.05523 and @ = 21.075.

2. MACOM MA46H120 varactor diodes are chosen for the implementation of the vari-
able capacitor Cy,r. Rogers RO 4003C substrate with dielectric constant of 3.38



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. NRN INVERTERS (NIS) 71

and height of 0.508 mm is chosen for the implementation of SIW based NI. For the
desired value of k£ as in step 1, at the specified centre frequency fy, considering the
nominal capacitance value offered by MACOM varactor diodes, width W=1.6 mm,
length L=4.8 mm, patch via D=0.8 mm and spacing S=1.225 mm are synthesized

using an EM simulator.

3. Finally, for the complete design, generalized group delay tuning method specified

in [70] is used to fine tune the filter using simulations.

Rogers RO 4003 C substrate with dielectric constant of 3.38 and height of 0.508 mm
is chosen for the implementation of the second order filter. Figure 3.25(a) shows the top
layer of the filter while figure 3.25(b) shows the middle layer. Figure 3.26 shows the bot-
tom layer. The dimensions of the filter are presented in table 3.2. To perform simulations,
the filter is designed with the centre frequency of 5.12 GHz with 4% fractional bandwidth
corresponding to the nominal capacitance of 0.14 pF as offered by the MACOM varactor
diode D;. As mentioned in the design steps, in order to utilize the complete tuning range,
the varactor diodes are set to their nominal capacitance value in the simulation analysis
to maintain the required value of coupling coefficient. The varactor diode Dy is simulated
as a variable capacitance in simulations. Figure 3.27(a) shows the Sy; response when the
variable capacitance representing diode Dy is varied from 0 pF to 1.8 pF. An overall band-
width increase of 31% (62 MHz) from 200 MHz to 262 MHz is achieved. Figure 3.27(b)
shows the corresponding Si; plot for the designed filter. The presented example estab-
lishes the fact that by using SIW based NI, bandwidth variable filters can be designed.

Parameter Name Parameter Value
a 22.99 mm
b 11.99 mm

aRr 5.5 mm
Dpg 0.8 mm
dq 1 mm
d 1 mm
D1 0.57 mm
D 1.57 mm
w 1.6 mm
L 1.6 mm
D 0.8 mm
S 0.48 mm
Lp 6.2 mm
Wg 1.2 mm
Dp 0.8 mm

Table 3.2: Parameter values for the CST layout of the SIW example
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Figure 3.25: CST layout for the second order filter in SIW using NI
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Figure 3.26: CST layout for the second order filter in SIW using NI-Bottom view
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Figure 3.27: Simulated results for the designed second order filter with bandwidth control

3.8 Conclusion

This chapter presents a design technique utilizing non-resonant node inverters (NI) to
design filters with bandwidth control. The idea of using NI in coupled resonator filters
are illustrated in microstrip and SIW technologies. A circuit model and a synthesis method
is developed for microstrip filters based on NI. A detailed dimensional analysis of NI is
presented and results are compared with the circuit model. A design procedure is proposed
for tunable microstrip filters based on NI. The developed model and theory is validated
by a design example of a reconfigurable second order microstrip filter based on NI. The
proposed technique is further illustrated in SIW technology. Dimensional analysis of NI

in T-ridge pedestal SIW resonator based topology is presented and a design procedure is
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proposed. The proposed design procedure is validated with the help of a design example
of a second order T-ridge SIW filter with bandwidth control. In chapter 4, the developed
theory for microstrip filters is utilized to design filter prototypes and measured results are

discussed.
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Chapter 4
Filter Design and Measurements

This chapter presents the design and measurement results for second and third order filter
prototypes implemented in microstrip technology using non-resonant node inverters (NT).
The theoretical models and electromagnetic simulation experimental setup presented in
the previous chapter are utilized extensively to construct filters with constant bandwidth.
The chapter presents the construction steps followed by a discussion of the measurement

results of the filter prototypes.

4.1 Second Order Filter Using NI

4.1.1 Second order filter design

Using the synthesis design steps presented in section 3.4.1, a second order filter with
tunable centre frequency and constant bandwidth is designed. The specifications for the
second order filter are a fractional BW of 4% on a chebyshev function with 0.1 dB ripple.
The centre frequency of the filter is 4.7 GHz.

1. Using design step 1, values for the coupling coefficient and external quality factor
are calculated as k12 = 0.05523 and Q. = 21.075.

2. Using design step 2 and utilizing the susceptance slope parameter for a half-wavelength
open circuited resonator as $=0.0314 mho, the inverter constant B = 0.0017342 is

calculated.

3. Choosing admittance parameter Yy=0.02 mhos (corresponding to 50 ohm), utilizing
design equation 3.16, B’ = 0.0060 is synthesized.

4. Using design equation 3.11, § = 73.3° is calculated. An equivalent model of NI as
shown in figure 3.2(d) with parameters (B, 6,Y)) is derived with this step.

5. For practical implementation of the filter in microstrip technology, NI model of
figure 3.2(b) with parameters (B’,0',Y], Byar) is to be derived from figure 3.2(d)
using equivalance of figure 3.2(c). As shown in figure 3.2(c), synthesized electrical
length 6 is the sum of node length 6’ and initial variable susceptance Bye, = woChar

offered by varactor diodes. Utilizing the values of the derived parameters in the

75
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earlier steps and choosing Y = 0.02 mhos, design parameters ¢’ and C\q, required
for different coupling coefficient k are plotted using equation 3.22. The graph of
figure 4.1, gives values of ¢ and initial capacitance Cyq, offered by the varactor
diodes which can be utilized to implement the required k12 = 0.05523. MA46H120
varactor diodes(C't ~ 0.14 — 1 pF, Rs = 0.8 ohms) from MACOM technology are
chosen to implement the variable capacitances (Cyq,) attached to the NI. For the
initial capacitance of Cye = 0.14 pF, as offered by chosen MA46H120 varactor
diodes, the calculated susceptance B’ of 0.006 mho results in ' = 55° in order to
realize coupling coefficient k12 = 0.05523. The value of B’ is optimized to 0.0068
mho and 6’ = 35° is selected to implement the NI using figure 4.1. The optimized
susceptance value of B’ corresponds to the reduced gap between the resonator and
the NI and hence results in shorter length of NI which further helps in reducing
the board space. With this step, the design of an equivalent NI inverter to be

implemented in a half-wavelength microstrip resonator based second order filter is
complete.

0.12

0.11

—¢' =10

— =20 :
9'=30 -

—¢' =40 |

L —n' =50 |

001 1 1 1 1 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Variable capacitance (Cvar) in pF

0.03

0.02

Figure 4.1: NI parameters for the second order filter (B’ = 0.0068)

The layout of the filter is shown in figure 4.2. The filter is fabricated on Rogers RO 4003C
substrate with relative dielectric constant €, = 3.38 and loss tangent tand of 0.0027. The
substrate thickness is 0.508 mm. In order to utilize the complete tuning range of the
varactor diodes, all the varactors used in the filter designs, either on the resonators or on
NI are set to their minimum initial capacitance value in the simulation analysis performed.
The calculated parameter values using circuit model are utilized and extensive parameter
sweeps are performed to calculate the filter dimensions for the desired filter response.
The finalized filter design parameters are L1 = 24 mm, W; = 1.17537 mm, S; = 0.2 mm,
Ly = 16.86 mm, Wy = 1.17537 mm, Ly = 3.55 mm, Wy = 1.17537 mm and Sy = 0.48
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mm. The dimensions of the filter is 16x44 mm. The electromagnetic model of the filter is
developed in CST while ADS is used to add the spice parameters of the varactor diodes
to the exported EM model from CST, in order to consider all the parasitic effects and
losses.

A spatial biasing mechanism, specifically suitable to bias the tuning elements in a circuit

L
P = -

—VVI
<35 L,

>V

(b)

Figure 4.2: Second order filter layout (a) top view (b) bottom view

that employs half-wavelength planar resonators, is utilized for this design. Authors in [93]
proposed biasing the half-wavelength resonators at the central null point by connecting
bias lines from the top of the substrate. Since the electric fields are minimum at the central
point of a half-wavelength resonator, there is no requirement of a DC-blocking circuitry.
This work utilizes via holes of 0.4 mm drilled at the central null point of the resonators
as well as NI transmission line and DC bias lines are connected from the bottom of the
substrate. Figure 4.2(b) shows vias from the top going to the bottom layer where small
windows are created by etching the copper from the substrate to connect the DC bias lines
Vb1, Vpe and Vps. The biasing mechanism eliminates the use of complicated DC biasing
circuitry comprising of fixed DC capacitance, DC pads and RF chokes and reduces the
board space required for the biasing circuit.

MA46H120 varactor diodes(Ct ~ 0.14 — 1 pF, Rs = 0.8 ohms) from MACOM technology
solutions are utilized to implement all the diodes Dy, Do, D3, Dy, D5 and Dg [94]. A bias

resistance of 10 Kilo-ohms is used to connect DC power supply. The central vias on the
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resonators and on the NI act as RF chokes because of their inductive nature. The 10

Kilo-ohms resistance act as an additional RF choke.

4.1.2 Second order filter measurements
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Figure 4.3: Second order filter measurement plot

The centre frequency of the filter is tuned from 4 to 4.7 GHz by utilizing diodes
connected to the resonators D; — Dy4. Diodes D1 — Dy are provided a DC bias voltage
through Vp1 — Vpg in the range 0-12 V. A constant absolute bandwidth of 200 MHz is

maintained across the entire frequency tuning range by controlling the inter-resonator
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Figure 4.4: Second order filter measurement results for bandwidth variation at 4.7 GHz

Figure 4.5: Fabricated second order filter
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coupling using diodes D5 — Dg connected to the non-resonant node inverter (NI). Diodes
D5 — Dg are biased through voltage Vps between 0-12 V . The measured insertion loss
is in the range 8.60-3.45 dB. Figure 4.3(a) shows the insertion loss (S2;) measurement
plots while figure 4.3(b) shows the return loss (S11) measurement plots. The insertion
loss is dominated by the varactor Q as shown in figure 4.3(a). An approximate 200 MHz
constant bandwidth is maintained across the entire centre frequency tuning range by
varying voltage Vps as shown in figure 4.3.

The filter has the added functionality of a fixed centre frequency and variable bandwidth.
The 3 dB bandwidth is tuned for a centre frequency of 4.7 GHz. Figure 4.4(a) shows
S11 plots while figure 4.4(b) shows the S9; plots for a -3 dB bandwidth variation from
180 MHZ to 250 MHz. A deviation of 28 % in bandwidth is achieved with insertion loss
minimizing from -4.4 dB to -3.74 dB while return loss improving from -12 dB to -25 dB
as the bandwidth is tuned from 180 MHz to 250 MHz. As the bandwidth is tuned, there
is negligible change in the filter centre frequency. Figure 4.5 shows the fabricated second
order filter.

4.2 Third Order Filter Without EX-Q Tuning Using NI

4.2.1 Third order filter design

Using the synthesis design steps presented in section 3.4.1, a third order filter is designed
at a centre frequency fy of 4.6 GHz with fractional bandwidth of 5% on a Chebyshev
function with 0.1 dB ripple.

1. Using design step 1, the following values are calculated kj2 = 0.04595, ko3 = 0.04595,
Qe = 20.632.

2. Using design step 2 and utilizing susceptance slope parameter 8 = 0.0314 mhos, pi-
admittance inverter constants Bis = 0.001422 and Bssz = 0.001422 are calculated.

3. Choosing Yy = 0.02 mhos (corresponding to 50 ohm line), utilizing design equation
3.16, By = 0.0055 and Bj; = 0.0055 are calculated.

4. Using design equation 3.11, parameters 010 = 74.62° and 6o3 = 74.62° are calculated.

5. As discussed previously, synthesized electrical length 6 is sum of node length 6" and
initial variable susceptance By, = woCyqr offered by the varactor diodes. Utilizing
the values of the derived parameters in the earlier steps and choosing Y = 0.02
mhos (corresponding to 50 ohm), design parameters 6’ and C,,, required for the
coupling coefficient k are plotted using equation 3.22 as shown in the graph of figure
4.6. The graph of figure 4.6 gives values of #' and initial capacitance Cq, offered
by varactor diodes which can be utilized to implement the required k1o = 0.04595.
Skyworks SMV 1405 varactor diodes (Ct ~ 0.63 — 2.67 pF, Rs = 0.8 ohms) from
Skyworks are utilized to implement variable capacitances Cyq; attached to the NI.
For initial capacitance of Cysr = 0.63 pF offered by Skyworks SMV 1405 varactor
diodes, 0}, = 20° and 055 = 20° is selected to implement the NI using figure 4.6.
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With this step, the design of an equivalent NI inverter to be implemented in a

half-wavelength microstrip resonator based third order filter is complete.

The layout of the filter is shown in figure 4.7. The filter is fabricated on Rogers RO 4003C
substrate with relative dielectric constant €, = 3.38 and loss tangent tand of 0.0027. The
substrate thickness is 0.508 mm. In order to utilize the complete tuning range of the
varactor diodes, all the varactors in the filter design, either on the resonators or on the
NI are simulated at their minimum initial capacitance value. The calculated parameter
values using circuit model are utilized and parameter sweeps are performed to calculate
the filter dimensions for the desired filter response. The finalized filter design parameters
are Ly = 28 mm, W; = 1.1558 mm, S; = 0.2 mm, Ls = 16.86 mm, Wy = 1.155 mm,
Ly = Ly =2 mm, Wy = W, = 1.15 mm and Sy = S3 = 0.2568 mm. The dimensions
of the filter are 18x44 mm. The electromagnetic model of the filter is developed in CST
while ADS is used to add the spice parameters of the varactor diodes in order to consider

all the parasitic effects and losses.

0.12

0.11

—¢' =10 |

0.03 — =20
- / _ o
0.02} =30

L — =40 |

OOl L L L L L L
04 045 05 055 06 065 07 075 08
Variable capacitance (Cvar) in pF

Figure 4.6: NI parameters for the third order filter B’ = 0.0055

MA46H120 varactor diodes (Ct ~ 0.14—1 pF, Rs = 0.8 ohms) from MACOM technol-
ogy solutions are utilized to implement diodes D1, Do, D3, Dy, D5 and Dg while Skyworks
SMV 1405 varactor diodes (Ct ~ 0.63—2.67 pF, Rs = 0.8 ohms) are utilized to implement
diodes D7 — D1q [95]. Spatial biasing with 0.4 mm vias and bias resistance of 10 Kilo-ohms
is used to connect the DC power supply. The central vias on the resonators and on the
NI act as RF chokes because of their inductive nature. The 10 Kilo-ohms resistance act
as an additional RF choke.
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Figure 4.7: Third order filter (a) top view (b) bottom view

4.2.2 Third order filter measurements

The centre frequency of the filter is tuned from 3.54 to 4.54 GHz utilizing diodes D; —
Dg by providing the bias voltage Vp1 — Vps in the range 0-12 V. Figure 4.8(a) shows
the S2; measurement plots while 4.8(b) shows the Sj; measurement plots. A constant
absolute bandwidth of 210 MHz is maintained across the entire frequency tuning range by
controlling the inter-resonator coupling using diodes D7 — D operating through Vps—Vps
between 0-20 V. The measured insertion loss is in the range 11.319 - 4.94 dB. The insertion
loss is dominated by the varactor Q.

The filter has the added functionality of variable bandwidth at a fixed centre frequency.
The 3 dB bandwidth is tuned for a fixed centre frequency of 5.2 GHz. Figure 4.9 shows
S11 plots for a bandwidth variation from 207.6 MHZ to 281.81 MHz. A deviation of 26

% in bandwidth is achieved with improvement in both return loss and insertion loss. For
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the bandwidth tuning as discussed, the varactor diodes on the resonators were removed
specifically to study the change in the filter centre frequency while tuning the bandwidth.
It can be observed from figure 4.9 that as the bandwidth is tuned, there is negligible
change in the filter centre frequency giving independent control of the bandwidth. Figure
4.10 shows the fabricated third order filter.

551 I I I I I I I I I I I I I I I I I I I
314 334 354 374 394 414 434 454 474 494 514

Frequency(GHz)

(a) Third order filter S21 (dB) vs frequency (GHz) measurements

0

-5

314 334 354 374 394 414 434 454 474 494 514
Frequency(GHz)

(b) Third order filter S11 (dB) vs frequency (GHz) measurements

Figure 4.8: Third order filter measurements
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Figure 4.9: Third order filter bandwidth variation at the centre frequency of 5.2 GHz

Figure 4.10: Fabricated third order filter

4.3 Third Order Filter With EX-Q Tuning Using NI

4.3.1 Third order filter with EX-Q design

As shown in figure 4.8(a) and 4.8(b), both insertion loss and return loss degrades towards
the lower end of the tuning range, though a constant absolute bandwidth is maintained
using non-resonant node based inverters (NI). To further investigate the possibility of
maintaining a constant return loss and insertion loss response of the filter, the following
analysis is performed.

From the coupled resonator filter theory, the external quality factor for filters at the source

and the load end is given by

8081 _ 8n8n+1
e = 4 ]_
Q ; 2 (4.1)

where gy, g1, g, and g, ,; are lowpass prototype element values and A is the fractional
bandwidth given as,

wo — W1 CBW
A = = 4.2
wo Jo (4.2

C'BW refers to the constant absolute bandwidth and fy refers to the centre frequency of

the operation of the filter. Considering source end and writing equation 4.1 using equation
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®)

Figure 4.11: Third order filter with Q. tuning layout (a) Top layout (b) Bottom layout
4.2

_ 8o81%o
Q. = % (43)

External quality factor Q). can also be written as,

Qe =
Jg1/Re(Y1,) I

In the above equation, Jy; is the input inverter constant between the source port and the
first resonator, 3 refers to the susceptance slope parameter while Re(Y7) refers to the real
part of the terminating port admittance.

To vary the centre frequency of the filter, as the capacitance offered by the varactor diodes
attached to the resonators is increased, the centre frequency fy of the filter is decreased.
From equation 4.3, it can be observed that Q. x fy while Q. o< 1/CBW. Towards the
lower end of the frequency tuning range, as the centre frequency fy is decreased, to main-
tain a constant absolute bandwidth (CBW), Q. needs to be decreased. From equation 4.4,
it can be further observed that decreased @), corresponds to increased external coupling

Jo1. To summarize, towards the lower end of the tuning range, to maintain a constant
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absolute bandwidth, there is a need to increase the external coupling between the source
port and the first resonator. Similarly, there is a need to increase the external coupling
between the load port and the last resonator. In order to increase the external coupling,
additional external ). tuning circuitry is attached to the designed third order filter as
shown by the red dashed box in figure 4.11. The Q. tuning circuitry comprises of a fixed
DC block capacitor Cy and varactor diode. The DC block capacitor has capacitance
Cy = 39 pF and the varactor diodes MA46H120 (Ct ~ 0.14 — 1 pF, Rs = 0.8 ohms) from
MACOM are utilized to implement diode D11. Due to the voltage and current distribution
on the feed lines, the variable capacitance offered by the varactor diodes D;; makes the
feed lines appear longer as the capacitance is increased. Towards lower end of the tuning
range, by increasing the capacitance offered by varactor diodes D1 connected to the feed

lines, external coupling can be varied resulting in improved in-band response of the filter.

4.3.2 Third order filter with EX-Q measurements

The additional external quality factor tuning circuit makes the feed lines appear longer
due to the initial capacitance offered by the varactor diodes D;; and hence a change
in the centre frequency fy of the filter to 4.75 GHz is observed. The centre frequency
of the filter is tuned from 4.05 to 4.75 GHz utilizing diodes D; — Dg by providing the
bias voltage Vp1 — Vps in the range 0-20 V. A constant absolute bandwidth of 210 MHz
is maintained across the entire centre frequency tuning range by controlling the inter-
resonator coupling using diodes D7 — D1g operating through voltages Vps — Vps between
0-25 V. The measured insertion loss is in the range 8.9-5.6 dB as shown by figure 4.12(a).
The insertion loss is dominated by the varactor Q. Figure 4.12(b) shows the return loss
measurement plots and a constant return loss of -10 dB is maintained across the entire
tuning range, as shown in figure 4.12(b).

The wideband measurement plots for the filter are shown in figure 4.13. It can be
observed that the presence of the out of band resonance peak observed in simulation
results in section 3.3.1 is attenuated. The losses due to quality factor of the varactor
diodes and substrate losses attenuates the out of band peak and does not effect the in-
band response.

The filter has the added functionality of a fixed centre frequency and a variable band-
width. The 3 dB bandwidth is tuned for a centre frequency of 4.65 GHz. Figure 4.14
shows S711 plots for a bandwidth variation from 170 MHz to 230 MHz. A constant return
loss of -10 dB is maintained using the external (). tuning circuit as the bandwidth of the
filter is varied. The fabricated filter is shown in figure 4.15.

4.4 Conclusion

In this chapter, the theory developed to design microstrip filters using NI is utilized
to design filter prototypes. The fabricated filters with integrated varactor diodes are
measured using a vector network analyzer (VNA). The measured results validates the
developed design technique. In the following chapter, final conclusions of the dissertation

are presented with recommendations for the future work.
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(a) S21 (dB) vs frequency (GHz) measurements with Q. tuning
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(b) S11 (dB) vs frequency (GHz) measurements with Q. tuning

Figure 4.12: Measurement plots for the third order filter with Q. tuning
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(a) S21 (dB) vs frequency (GHz) measurements with Q. tuning
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(b) S11 (dB) vs frequency (GHz) measurements with Q. tuning

Figure 4.13: Measurement plots for the third order filter with Q. tuning (wideband measurements)
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Figure 4.14: Third order filter with Q. tuning bandwidth variation at 4.65 GHz

Figure 4.15: Fabricated third order filter with Q. tuning
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Chapter 5

Conclusion

In this dissertation, the functionality of non-resonant nodes are investigated and extended
for the purpose of controlling the inter-resonator couplings. A novel tunable non-resonant
inverter (NI) is presented to design filters with bandwidth control. Systematic design
procedures are illustrated with examples in order to design tunable filters based on NI in
microstrip and substrate integrated waveguide technologies.

A complete synthesis method is proposed for microstrip implementation of tunable
filters with NI. The synthesis method provides filter dimensional parameters for a required
filter specification. Design steps are proposed and followed to design three reconfigurable
microstrip filters. A second order filter based on NI with constant absolute bandwidth
of 200 MHz across centre frequency tuning range of 700 MHz is designed and measured
with acceptable ranges of insertion and return losses. A third order filter based on NI
with constant absolute bandwidth of 210 MHz with centre frequency tuning range of 1
GHz is designed and measured with acceptable ranges of insertion and return losses. A
third order filter based on NI with a circuitry to maintain constant return loss is designed
and measured. The filter maintains a constant bandwidth of 210 MHz across centre
frequency tuning range of 700 MHz with constant return loss of -10 dB. The proposed
NT is further illustrated in substrate integrated waveguide (SIW) technology. A T-ridge
pedestal resonator SIW based filter topology is chosen for implementation. Design steps
are proposed and a second order T-ridge pedestal SIW filter with bandwidth control is
designed and simulated. A bandwidth increase of 31% (200 MHz-262 MHz) is observed
at centre frequency of 5.1 GHz, validating the design technique.

The proposed technique offers significant advantages as compared to other design tech-
niques. Most of the reconfigurable filter designs in the present state-of-the-art follow a
design through optimization process. The filter dimensional parameters are fixed through
optimization iterations for a given filter specification. For a different filter specification,
the optimization cycle needs to be followed again. In this dissertation, an attempt is
made to provide filter designers with analytical tools in terms of design equations and
design charts in order to have an estimate of dimensional requirements to design tunable
filters based on NI. This beforehand information would help in reducing the design ef-
fort, computational costs and design time. The designed and measured filter prototypes

demonstrate the advantage of negligible frequency deviation as the bandwidth is tuned.

90
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The bandwidth control circuitry is completely separated from frequency tuning circuitry
which minimizes the losses due to the loading of resonators. In addition, with the use
of spatial biasing the need for additional biasing circuitry is eliminated, thus, simplifying
the complexity of the design.

The proposed design technique depicts a limitation of an out of band resonance peak.
This out of band resonance peak is observed in simulated filters in both microstrip and
substrate integrated waveguide (SIW) technologies. The out of band resonance peak is
due to the non-resonant node and the ideal capacitor used to simulate the effect of the
tuning varactor diodes. However, a significant variation in bandwidth can be achieved
by keeping the out of band resonance peak far away from the passband as demonstrated
in simulated results. In the same manner, a constant absolute bandwidth can be easily
maintained across the entire centre frequency tuning range by keeping the resonance peak
far away from filter passband. In the final measurements performed for the prototypes
of the designed filters, it is observed that the effect of the out of band peak is negligible
because of the losses due to the quality factor of the varactor diodes and substrate losses.
The design technique is validated through measured results and can be integrated in
practical filter designs.

Future expansion of the current work may include the following:

1. Research efforts can be made in the direction of completely eliminating the out of

band resonance peak.

2. The presented filter designs can be expanded to introduce transmission zeros in the

stopband for better roll off characteristics.

3. The functionality of the NI can be explored to design filters with adjustable trans-

mission zeros.

4. The proposed NI can be investigated to change the cross couplings i.e. couplings

between non-adjacent resonators.

5. Integration of NI based filters in tunable filter banks or tunable multiplexers can be

explored.

6. The NI based filter designed in T-ridge SIW topology can be further expanded for

simultaneous frequency and bandwidth tuning.

7. Implementation of the proposed NI in different technologies like coaxial, waveguide

etc. can be investigated.
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