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MULTIBAND AND CONCURRENT MATCHING
NETWORK DESIGN

Abstract

Multiband network design has become a big issue due to the current improvements
in RF and MW technologies. Since the new wireless protocols come up fast such
as 3G, 4G, 5G etc., the RF and MW hardware must be designed to provide
services to all distinct technologies in simultaneous regimes. To avoid interference,
noise, harmonics, etc., the use of multiband matching or filtering at the front-end
or back-end of RF/MW devices is an inevitable work. Particularly multiband
matching in a multiband system is always necessary to be sure of proper power

transfer between each multiband units.

In this thesis, the multiband matching network design problem is addressed under
the analytical perspective. Therefore, a deep investigation on network theoretical
foundations is performed. In addition, only passive networks are concerned for
providing concurrent operation. One of the well-known semi-analytical network
design methods, which is called real frequency technique, is taken as a main

domain to develop the thesis contributions.

Two main approaches are elaborated. The first approach is the generation of
proper frequency mapping functions and determination of prototype networks to
design multiband matching network. The proposed frequency transformation ap-

proach is useful and practical for multiband filter and matching network designs.

As a second research track of the thesis; a synthesis based approach is aimed to be
developed for generalized multiband matching network designs. A proper integra-
tion of the proposed approach with RFT matching techniques and examination

of the implementation results are provided.

Keywords: Multiband matching, frequency mapping, real frequency tech-

nique, Brune functions, network synthesis

i



COKLUBAND VE E§ ZAMANLI EMPEDANS
UYDURMA DEVRESI TASARIMI

Ozet

RF ve Mikrodalga teknolojilerindeki geligmelerle birlikte ¢cokluband devre tasarimi
onemli bir konu olmustur. 3G, 4G, 5G gibi yeni kablosuz iletigsim protokol-
lerinin hizli bir gekilde ortaya ¢ikmasiyla, RF ve Mikrodalga donanimlarinin tiim
ayr1 teknolojilere es zamanl servis saglayacak sekilde tasarlanmasi gerekmek-
tedir. Enterferans, giiriiltii, harmonikler vb. etkilerden kacinmak icin RF ve
Mikrodalga cihazlarinin girig-sonunda veya cikig-sonunda g¢okluband empedans
uydurma veya filtreleme yapilmasi kacimilmaz bir istir. Ozellikle, cokluband
empedans uydurma, ¢okluband sistemlerdeki ayrik cokluband birimler arasindaki

uygun gii¢ aktarimindan emin olmak i¢in daima gereklidir.

Bu tezde, ¢okluband empedans uydurma devresi tasarim problemi analitik bakisg
acisiyla ele alinmigtir. Bu yiizden, devre teorisinin temelleri tlizerine derin bir
inceleme yapilmigtir. Buna ek olarak, es zamanlh operasyon saglamak ic¢in sadece
pasif devreler diigiiniilmiigtiic. Iyi bilinen yari analitik devre tasarim metod-
lar1 olan reel frekans teknigi tezin katkilarini gelistirmek i¢in temel zemin olarak

alinmigtir.

Iki temel yaklagim tizerine durulmustur. Ik yaklagim, uygun frekans harita-
lama fonksiyonlarinin ve prototip devrelerinin belirlenmesidir. Onerilen frekans
donitistiirme yaklagimi, ¢okluband filtre ve empedans uydurma devre tasarimlari

i¢in kullanigh ve pratiktir.

Tezin ikinci aragtirma yolu olarak, genellestirilmis ¢okluband devrenin empedans
uydurma tasarimlari i¢in sentez tabanli bir yaklagim gelistirilmesi amaclanmigtar.
Onerilen yaklagimin, reel frekans teknikleriyle uygun entegrasyonu ve uygulama

sonuclarinin incelemesi sunulmugtur.

Anahtar kelimeler: Cokluband empedans uydurma, frekans haritalama, reel

frekans teknigi, Brune fonkisyonlari, devre sentezi
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Chapter 1

Introduction

1.1 Motivation for Multiband Matching

Due to fast development in RF and MW technology, there has been a huge de-
mand on multi-standard products, which are capable of providing services to
different technologies such as, EDGE, WCDMA, TD-SCDMA, Bluetooth, GSM,
CDMA2000, HSPA, LTE, IS-95, etc. RF hardware behind these technologies has

to perform at all distinct frequency bands.

One of the solution for this issue is, expanding the bandwidth capabilities of RF
devices to cover all required bands. This is also called UWB systems. UWB
systems may cover unnecessary bands between aimed frequency bands. As an
example if it is needed to provide services only for GSM900 and GSM 1800 bands
but it will be inevitable to cover GPS bands between these two bands. This brings

several disadvantages such as interference, noise, size etc. [1].

Beside of UWB systems, multiband systems can also perform distinct frequency
bands without covering unnecessary bands by employing multiband RF units in
hardware. This provides many benefits such as; size reduction, better harmonic
performance, less cross-talk, less interference etc. [2]. Multiband RF units can
be filters, antennas, amplifiers, etc. Employment of multiband components also
requires incorporation of multiband matching network between each discrete unit

for proper power flow.



In most of applications, multiband systems are demanded to perform simultane-
ously over the entire intended frequency bands. Therefore, multiband matching
networks must also provide concurrent operation. This automatically restrict the

topology of multiband networks with the use of passive elements only.

Although the multiband networks have been evaluated by many scientists of the
field, there has been not much effort given to multiband matching applications.
Moreover, the analytical solution of multiband matching network design problem

has not been completely resolved.

In this thesis, several novel analytical design approaches are developed to establish

a concrete solution to multiband concurrent matching network design problem.

1.2 Impedance Matching Theory

Since the crucial RF components such as; transmitters, receivers, antennas, etc.
come into place of human life, engineers have faced with the problem of impedance
matching. The fundamental concept of impedance matching lies on maximum
power transfer theorem, which is developed by Thevenin. A robust RF network
requires proper power flow between each RF units. Thus at the interface of each

RF unit there must be placed a proper matching network.

The theoretical foundation of impedance matching have begun to development
since 1930s. Foster reactance theorem was one of the breakthrough to give a
mathematical basis of matching network [3]. Bode presented gain-bandwidth
theory for restricted load topologies [4]. This gave the idea of limit of matching
frequency bandwidth for specified load topologies. Fano and Youla gave more
generalized form of gain-bandwidth theory for arbitrary loads [5,6]. Afterwards,
many researcher have investigated on analytical approach to extend their under-

standing of the matching network design problem.

The main goal is transferring maximum power from a complex generator to a

complex load trough a matching network. In addition, the SNR of the whole



system can be improved by employing matching network. As given in the Figure
(1.1), the absorbed power from load is related with the incident and reflected

power at the input of matching network (i.e.|ai|* — [by|* = |bo|* — |aa|?]).

Za
— =
EAD b1« | Lossless two |—» 12 7r
o ‘—’ port
Z1, 51 £ 8x:

Figure 1.1: Lossless two-port with complex terminations.

When Z;; = Z3, (complex conjugate of Zsy), the available power at the input of
lossless matching network is transferred to load in maximum otherwise there will

be some mismatch as;

i — 2
1+ Zg

MM = ’ (1.1)

|22 -2
Zy + 4y,

The reflected power can be also formulated as return loss as

RL = —20log (M M) (1.2)

This is so-called conjugate matching. Even though the conjugate matching can
be obtainable for single frequencies, it is not possible for over a specified band of
interest [7]. However, this is the most common case for matching network design.

To overcome this issue, more circuit elements are incorporated in design.

Several design methodologies can be classified in matching network design prob-

lem [8]:

(a) Single Matching: This is the case when the source is resistive and the load

network is a complex impedance, which is aimed to match to the resistive source



by employing a matching network. This is the most common scenario for antenna

matching problems.

(b) Double Matching: in this case, both source and load impedance are complex
and the matching network is needed to hand impedance matching at the input
and output port of it. This scenario is a generalized case for most of matching

problem.

(c) Active matching: If an active device is in concern for matching problem, then
it can be classified as active matching. This case more complex form of the double

matching problem.

Once the matching problem is defined, the next part is choosing proper net-
work topology for the interested application. The matching network may include
lumped elements, distributed elements, combination of lumped and distributed
elements also called mixed topology or some ad-hoc circuitry may include lattice

structures [9].

The element values should be chosen accordingly with the complex load and
source network. This opens another main aspect of design and there are mainly
two methods exist. First method is the analytical approach and the second is

using computer aided design tools.

The analytical approach requires explicit model for the load and generator net-
works. However, this may not be possible in practical applications. One can get
measurements data of complex load or source network and determine an approx-
imate circuit model. A transfer function can be written in terms of approximate
load /source model and theoretical gain-bandwidth limit is derived by solving a
set of integral equations [4]. This method can be applicable for simple impedance
model but not efficient if the number of elements in approximate impedance model
are increased. Therefore, the analytic approach for matching network design is

not applicable for today’s engineering problems.



On the other hand, computer aided design tools provide a large scale of solutions
for complex matching problems by employing numerical optimization techniques
[10,11]. In these techniques, mainly circuit components of matching circuitry are
optimized over a frequency band of interest to maximize the transferred power.
One of the famous method in this family is Real Frequency Techniques (RFT),
which yields a semi-analytical design procedure to establish realizable driving

point impedance or admittance [12].

1.3 Basic Impedance Matching Network Topologies

Generally, matching networks are assumed to be composed of lossless reactive
components. Several basic network topologies are mostly used for many matching
problems. The main idea is the elimination and equalization of the complex and

real part impedance of load over a frequency band.

1.3.1 Lumped Element Matching

Lossless lumped reactive components are widely used in matching networks. One
of the simple topology is so called L-type network. There are eight different
variations of L-type network, which are composed of a serial, and a shunt LC

component as illustrated in Figure (1.2).

i 6
X2 Zr X2 YA
(a) (b)

Figure 1.2: L-type matching network topologies.

The different configurations are chosen according to the impedance characteristic

of the load network. The X1 and X2 can be either a capacitor or an inductor.



Generally, first element eliminated imaginary part of load impedance and the
second element equalizes the real part of load impedance to the resistive source
network. These topologies are effective only for narrow band matching applica-

tions.

Adding a third element to the L-type network will generate Pi or T-type networks.
These networks provide the adjustment capability of quality factor to designers.
If numbers of elements are increased the bandwidth of matching operation is
inherently increased. In addition, the reactive components store more energy.
Thus, a rule of thumb is concluded as "sufficient bandwidth minimum stored
energy” [13]. The specific choice of network topology is determined according to

the application of interest.

Using lumped components in matching network brings some advantages and dis-

advantages. These are summarized [14] in Table (1.1).

Advantages Disadvantages

Easy footprint Lower sensitivity

Small size Not applicable above 10GHz
Wide bandwidth Lossy

Simple circuit model Not easy to repeat same value
High reactance value Limited power handling

Low cost

Robust against coupling effects

Easy to apply different circuit topologies

Table 1.1: Lumped elements advantages and disadvantages.

1.3.2 Distributed Element Matching

Impedance response of distributed network element varies along with physical
length. Distributed elements with proper termination and length have special
impedance characteristic. Thus, these elements are incorporated in design as a
network component. Mostly distributed elements are designed as transmission
lines or replacement structures of lumped components [15]. Especially trans-

mission lines are extensively used in matching networks. This is so called stub



matching. Open, short termination of series and shunt stubs are used to eliminate
reactive part and equalize real part impedance of the complex load as in lumped
element matching. The quality factors of stubs are higher than their lumped
counterparts. Therefore, narrow-band matching operation can be effectively ob-
tained. Bandwidth of the matching network can be extended by increasing num-
ber of stubs or cascading transmission lines. The advantages and disadvantages

of distributed element matching are summarized [16] in Table (1.2).

Advantages Disadvantages

Easy to adjust reactance value Narrow bandwidth

Reasonable size at high frequencies | Expensive dielectric costs

Easy for PCB applications Big size at low frequencies
Higher sensitivity Limited power handling capacity
Less parasitic High vulnerability to couplings
Easy to produce same elements

Table 1.2: Distributed elements advantages and disadvantages.

1.3.3 Mixed Element Matching

One of the well-established matching network design technique is so called “mixed
matching”. This technique is involved with lumped and distributed elements

together in matching network design. It is very effective in squeezing powers to

desired bands [9].

From the practical point of view, lumped elements are connected to each other
through a transmission line over a printed circuit board. At higher frequencies
these transmission lines creates parasitic effects and they must be included in
design process. Therefore, mixed element circuit topologies are a practical and

robust way of matching network design [17].

Many of study investigates cascaded configuration of lumped elements with an
ideal transmission line called unit elements [18]. Matching network application

with mixed network topology provides better harmonic rejection characteristics.



1.4 Literature Review on Multiband Matching Networks

Multiband matching network design is strongly related with the technology that
the system is involved with. Frequency bands, linearity, phase concerns and
bandwidth or the size of circuit board are some of design prerequisites [19]. Many
methods have been presented in literature to meet some of these requirements. If
there would be a classifications of these methods, it might be the one with made

according to used elements.

1.4.1 Multiband Matching with Lumped Elements

One of these techniques is about using lumped circuit elements. With proper
design structures of LC tuner elements, it is possible to accomplish multiband
characteristics. S. F. Chang et. all [20] have designed a concurrent triple band
gain amplifier. The design employs three resonators to provide matching at 2.4
GHz, 5.8 GHz and 9.0 GHz frequencies. Yiqun Li et all [21] designed a multiband
matching network for GSM cell phone. They also used three sections of resonator
circuitry to match the antenna of a cell phone to resistive generator over GSM900,

DCS1800 and PCS1900 bands.

Several applications are involved with LNAs. One of them is done by H. Hashemi
et. all [22]. They used lumped elements in their design for the minimum size
and concurrent operation concerns. Dual band matching network is established
by applying input and output matching networks in LNA design. Conjugate
matching principle is used. The input matching network consists of a single

parallel LC while the output-matching network includes two resonators.

N. Nallam and S. Chatterjee presented a general technique [23] for synthesis of
concurrent multi-band matching networks with lumped elements. The technique
is based on LP to BP transformation. An LP filter is transformed to a BP filter
and the new structure brings two resonance frequencies. If second transformation

is applied then four different resonance frequencies are occurred. FEven if the



technique is promising; the resulted resonance frequencies are in relation with
previous resonance frequencies in geometric mean. As a result, it is not easy to

make matching in predefined frequencies.

In several lumped matching studies are involved with using PCB waveguide. J.-S.
Lee et all [24] have designed a matching circuit for a mobile phone antenna that
include lumped elements and co-planar waveguide. The idea behind the study
is placing a lumped element band reject matching filter on co-planar wave-guide
with a proper distance from the antenna. This distance is determined according to
the place where the impedance into the antenna is set to short circuit. Resonant
frequencies can be controlled by lumped elements values. Even if it gives good

matching results, using co-planar wave-guide in PCB increases the size of circuit

board.

1.4.2 Multiband Matching with Tunable Varactors and Inductors

Another technique for matching network design is that using tunable varactor
or inductor as matching elements. A study is presented by W. C. Edmund Neo
et all [25]. Including varactors in matching network provides a re-configurable
structure. Two control voltages at input and output of the amplifier perform the

tuning of matching network. A center-tap voltage controls each varactor.

Another study is presented by C.-S. Lee and C.-L. Yang [26]. They attached a
tunable matching network before a UWB antenna to tune the operation frequency
with one single control. The design is good at suppressing unwanted frequencies.
The matching network is a T-type structure and includes two capacitors and
one tunable inductor that include a varactor. Tuning operation is provided by
applying a bias voltage to varactor. Although matching performance is promising,

there is not concurrent operation.



1.4.3 Multiband Matching with Switches

Several matching network design are involved with switches. Using switches
makes impedance matching automatically re-configurable. These switches are
generally used for putting several varactors, inductors or separated passive net-
works into use or withdrawing from operation. One example of these kind
of matching structure is presented by X. Yu and N. M. Neihart [27]. A re-
configurable multimode LNA design is presented. Design included switchable
multi-tap transformers as input matching circuitry. This provides multi-mode
operation. The transformer includes several multi-tap inductors and several par-
asitic capacities realized by MOSFETs. The switch configuration of MOSFETSs
determines the input impedance of the LNA and generates new resonance frequen-
cies at the overall characteristic of the LNA. Unfortunately, parasitic capacities
cannot be controlled at lower frequencies therefore, the matching at low frequen-

cies is poor.

Another study [28] presents a multi-band multi-mode antenna matching tuner.
This module consists of a tunable antenna matching network, a detector, a micro-
controller combined with an ADC and a driver. The working principle is based
on detection of phase mismatch at the input of matching network and changing
the varactor capacitance values in tunable matching module to ensure the perfor-
mance requirements. The micro-controller hosts the automatic tuning algorithm,
ensures protocol synchronization and controls power management of the tuner
system. Even if the system gives good transducer power gain but it is expensive

and complicated. However, concurrent operation is very restricted.

One of MOS-HBT switched matching network design study is done by M. Kay-
nak et all [29]. They designed a multi-band, Class A, power amplifier. Multiband
characteristic of the amplifier was obtained by using MOS based switching net-
work. They did not use varactors in their design due to high frequency operation.
Matching network is composed of four elements L.C ladder structure with switches.

Switches are used to control capacitance values by taking in and out the different
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capacitors. This design is strongly depended on measured load impedance value

and requires certain adjustment time. Thus, concurrency is not provided.

R. Malmqvist at all [30] designed RF MEMS and MMIC based re-configurable
matching networks for adaptive multiband RF front-ends. The matching network
consists of two shunt connected MEMS switches and four MIM capacitors. The
resonance frequency can be changed by using the MEMS switches. After the
load data measurement, the MEMS switches are positioned for desired frequency

band. This study does not also provide concurrent application.

1.4.4 Multiband Matching with Transmission Lines

Lumped elements have several poor characteristic as summarized in Table (1.1).
However, transmission lines have many superior properties as listed in Table
(1.2). Therefore, in several studies on multiband matching network design em-
ploys transmission lines circuitry in their design. Yongle Wu et all [31] presented
a dual frequency transformer for two arbitrary complex frequency-dependent
impedance. Transmission lines with different characteristic impedance are used
in the cascaded configuration in the matching networks design at each arm of the

divider.

In several studies, transmission lines are incorporated at input and output impedance
matching network design of amplifiers. R. Fagotti et all [32] presented a hex-band
GaN power amplifier employing cascaded transmission lines. They chose this ap-
proach since re-configurable structure cannot be driven in concurrent mode. They
derived the formulation for multi section transmission lines, which has a spe-
cific characteristic impedance and length, overall system is terminated with load
impedance, which is a function of the frequency, and the goal of the transformer
is to match this frequency-dependent termination to the system impedance at
an assigned number of design frequencies. They defined reflection coefficients in
between each section. Then they include electrical length finally they conclude

the generic form of i*® section impedance which is dependent on next impedance
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of transmission line, frequency and electrical length. They set the number of
section and matching frequency then for each frequency they solved the electrical
length by setting reflection coefficient to zero. They solve this by using Gauss-
Newton method based algorithm. Eventually they get a good gain at output by
using this matching method at eight different frequencies. The method needs
complex computational steps when the number of transmission line sections and
the number of matching frequencies are increased. Another matching network de-
sign example with transmission lines is presented by A. Fukuda et all [33]. They
used multi-section transformer for dealing with multiband operation of power am-
plifiers. Designed matching network is composed of a combination of T-shaped
transmission line network and a shunt tank block. The reactance of the shunt
blocks are tuned to assigned resonance frequencies. This characteristic of the

T-shaped network is not clarified.

F. Chiadini and V. Fiumara [34] present another example of transmission line
impedance transformer for matching application. They presented a method to
multi-section quarter-wave transformer. They optimize the delivered power be-
tween each section in order to determine the characteristic impedance and the
frequency of the section. The presented method is useful when load and source

impedance are real.

1.4.5 Multiband Matching with ICs

Several researchers studied on adaptive impedance matching using IC unit. There
are many publications. The main drawback of this kind of work is not being con-
current. One of the examples is presented by H. Song at all [35]. They introduced
an adaptive antenna tuner module that operated from 850MHz to 2GHz. The
idea is sensing the mismatch signal and re-configuring the matching network. The
re-configurable matching network is in PI configuration and consists of one fixed

value inductor and several switchable capacitors. Matching performance of this
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system is very promising. However, it does not offer concurrent operation and it

is a costly solution.

1.4.6 Multiband Matching with Mixed Networks

Using distributed structure in matching network design is also another design
aspect. There are many studies in this tack. While in several studies only dis-
tributed elements are used, in some of them incorporates mixed structures such
as lumped and distributed elements in the design of matching network. Zhebin
Wang and Chan-Wang Parket [36] designed a novel multiband matching network.
They proposed a novel configuration that employs a multi-section transformer.
Based on the proposed structure, a triple-band PA prototype was also presented.
Each section of the transformer matches one of the required operation bands with-
out deviation in the matching in other matched bands. The matching network
includes transmission lines and shunt subs in cascade configuration. The idea
behind the matching network is setting each unit, which includes a fixed char-
acteristic impedance transmission line and a shunt stubs, to the characteristic
impedance at specified frequency. It gives good results at resonance frequencies

but does not clarify the bandwidth requirements.

Distributed structures can be used as parasitic elements in multiband design
technology. One of the examples is presented by H. Rhyu at all [37]. They try to
design an internal cell phone antenna, which covers GSM 900, DCS and US-PCS
bands. The antenna mainly consists of three parts: a radiating patch, which is
connected to a feed line, and a parasitic open stub in parallel configuration to
the feed line. The quarter-wavelength parasitic open stub acts as a band reject
filter to shift the resonance frequency of the antenna without any modification in
radiating patch. However, there is still in difficulty to realize the wide bandwidth

in lower resonance frequencies.

Making desired filtering between two defined terminals with distributed elements

is a popular approach in this field. In one study, P. Sarkar at all [38] presented
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a dual band filter, which incorporates a UWB structure with dual notch band
open stubs. This study gives a good projection for creating multiband response
by inserting notch bands at overall response. However, there is not a systematic

approach in the presented study.

Technological evolution will always bring new generations, many devices will be
in need to support old, and new technologies in same time since human compre-
hension is slower. There are some ways to design a multiband matching network.
Many of them has been purposed to solve today technology. However future
technologies will be performing at the higher frequency bands for many reasons.
Because of that, developing new matching concept for future application is the

main aspect for my thesis.

1.5 Thesis Objectives

Multiband matching network design has been evaluated in many studies. Most
of study provides operational based solutions. Several studies shows glimpse of
analytical solutions [19] at least for filter design problems. In current literature,
there are two main approaches for multiband filter or matching network design
problems. The first approach uses frequency mapping functions to produce a
multiband gain response. There have been presented many mapping functions
to design multiband networks especially for filters [39]. There are a few studies
for multiband matching network design issue. These methods require complex

computational steps for the generation of mapping functions.

One track of this thesis is to evaluate a generalized multiband mapping function
for matching and filter network design problems. The well-known LP to BP
transformation is applied sequentially to produce multiband network responses.
A new generalized form of multiband frequency mapping function, which is based

on sequential application of LP to BP transformation, is proposed.
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The second solution is using a complete network model of lossless two-port and
including Finite Transmission Zeros (FTZs) in network impedance function to
create multiband response. Even if this solution is one of the most straightfor-
ward way to shape the the gain response, create notches and pass bands on overall
characteristic, there is a big synthesis issue exist for the synthesis of FTZs as re-
alizable network. Generally, negative elements come up in the synthesis routine
of F'TZs. Even if it is possible to eliminate these negative elements as coupled
coil equivalencies, it may not applicable for RF filter or matching network design
problem due to difficulties of design and realization of high frequency transform-
ers. In literature, several studies have been presented for the solution of this
issue. However, there is still not a solution for generalized problems especially for

matching problems.

Therefore, the second track of this thesis is on the realizable ladder synthesis of
multiband matching networks, which have F'TZs in their impedance or admittance
functions. Several circuit transformation techniques or manipulations on the net-
work element extraction order is employed to eliminate the unrealizable element
in this track. In addition, a new parametric representation of Brune function [40]
is proposed. By employing the presented parametric construction algorithm of
driving point impedance of multiband network, it is possible to achieve multiband

ladders without use of coupled coils.

1.6 Thesis Organization

In Chapter 1, an introduction to matching problem, including brief information
is presented. The motivation of the multiband matching network design problem
is stated. Main solution tracks are classified and current literature is reviewed.

The main objectives of the thesis are mentioned.
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In Chapter 2, the parametric representation of lossless two-port network is pre-
sented under the multiband network design perspective. Real Frequency Tech-
niques (RFT) is summarized since the proposed methods in the thesis are inte-

grated with the general RFT optimization philosophy.

In Chapter 3, the frequency transformation based approach is investigated. The
generalized multiband frequency transformation is proposed. Generation of pro-
totype network is explained. The synthesis procedure is introduced. The incor-
poration algorithm of the proposed technique with RFT is underlined. Several

multiband matching and filter design examples are provided.

In Chapter 4, the synthesis based approach is presented. The parametric charac-
terization of multiband network is explained. The network synthesis of FTZs is
introduced. The attempts for transformer-free network synthesis in literature are
mainly mentioned. Network transformations for the elimination of unrealizable
elements are obtained thorough a multiband matching network design example. A
parametric design approach for multiband ladder network synthesis is presented.

The application of the proposed technique on a low pass filter is provided.

In Chapter 5, the applications of the proposed methods on multiband RF network

are presented.

In Chapter 6, several concluding remarks and suggestions for prospective research

are stated.
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Chapter 2

Multiband Matching of Complex Terminations

2.1 Multiband Matching Problem

In general, matching network design problem is related with the power transfer
between two terminations through a lossless two-port network over a specified
frequency band as illustrated in Figure (2.1). The power transfer characteristic
is generally considered as Transducer Power Gain (TPG) [8], which is a ratio of
delivered power to available power as given in (2.1). The lossless two-port can be
a filter if both terminations are resistive and matched or a matching network if

one or both terminations are complex.

Lossless two 71

IR

ZF ZE

Figure 2.1: Matching network design problem with lossless two-port and complex
terminations.

(2.1)
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where Zp(w) is the input driving point impedance of matching network and Zg(w)

is the complex impedance of generator.

The TPG characteristic of the matching network depends on designer preferences.
In most of studies however, it is aimed to be broadband or wideband form. Re-
cently multiband characteristic is investigated by many scientist. This is more
challenging issue since it has to cover lower and upper limits of several frequency
bands as in broadband applications and also has to have notch bands at desired
frequencies. An illustrative TPG characteristic of multiband matching network

is given in Figure (2.2).

FTPG(w)

vg

Wz Wgzl Wz Wiz Wiy Wzs Wil Wz Wy

Figure 2.2: General multiband TPG characteristic.

As it can be interpreted from the figure above, there has to be FTZs at the TPG
characteristics of the matching network. By changing the locations of these FTZs,
the TPG characteristic can be controlled. In this regard, a complete analytical
representation of the matching network is required. This may be driving point
impedance or admittance of the lossless two-port. Even if the analytical repre-
sentation can be established it is also necessary to employ an efficient matching
network design technique to optimize the network function for most generalized
multiband matching problems. In this regard, in the following section the match-

ing network design techniques are briefly discussed.
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2.2 Real Frequency Multiband Matching

Matching network design problem has been approached from many different
points. Various formulations of lossless two-port network are incorporated. As
mentioned before, one of the first attempt was made by Bode [4]. He established a
gain-bandwidth limitation for resistive generator and a restrictive load topology.
Later Fano extended the theory for arbitrary load networks [5]. Nevertheless, it
is always necessary to establish a network model for the load. However, this may
not be possible for practical applications. As an example, in the most of antenna
matching problem, it may not be possible to give an explicit network topology
for the antenna. Even if there might be approximate models for load network, it

might not be easy and efficient.

It is always possible to incorporate Computer Aided Design (CAD) tools to opti-
mize the element values of a pre-assigned matching network [10]. However, these
tools require an initial start value of the network elements. This might be sup-
plied by ad-hoc choices and can give acceptable designs if number of elements in
matching network is reasonable [41,42]. However, if the number of elements is
increased then the optimization gets more difficult and it cannot converge to a
global optimum. In practice CAD tools are efficient for final fine tuning of the

element values.

As a conclusion, purely numeric methods or analytical theory can give solution
for simple matching problems. Therefore, there is a need for special techniques
to bypass both analytical theory and CAD tools. This technique should produce
analytically best possible component values for an arbitrarily chosen matching
network topology and should be applicable for all matching problems regardless

the number of element values and load or generator networks topology.

Thankfully, in 1977 Carlin [12] established such a method named Real Frequency
Technique, which resolves the issues of analytical theory and CAD tools. Carlin

used measured data of the load or generator network instead of modeling them
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with explicit network topologies. It has been proved that Carlin’s technique
gives better solution rather than obtained with analytical theory [43-45]. RFT is
evolved by many researcher of the field [46-51] and generalized for all matching

problems.

RFT utilizes realizable positive real functions in parametric representation and
optimizes over a frequency band to approach a target performance characteristic.
In literature, RF'T generally is used for broadband matching network problems
[44,46,49]. However RFT can be employed for multiband matching problem as
well. Since the analytical representation of driving point impedance or admittance
functions are already used in RFT, the F'TZs of the multiband TPG form can also
be incorporated into RF'T routine. By incorporating a multiband optimization

process in RF'T, multiband matching problem can be solved.

The objective of the multiband matching is, finding a lossless two-port network
that maximizes the TPG level at the multiple pass bands and minimizes at the
multiple notch bands. Depending on the terminal impedance in Figure (2.1), the
problem can be double matching, single matching or active matching as mentioned

in Chapter 1.
Real frequency techniques have been grouped in four categories by Yarman as
in [52];
e Real Frequency Line Segment Technique (RFLST)
e Real Frequency Direct Computational Technique (REDCT)
e Real Frequency Parametric Approach
e Simplified Real Frequency Technique (SRFT)
RFLST [12,44, 53, 54] method employs a piecewise liner approximation of the

back-end impedance of matching network and provides a good estimate to the

analytical gain-bandwidth limit.
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RFDCT [43,55,56] is similar with RFLST but instead of using linear approxima-
tion, it employs even part of back-end impedance with unknown coefficients to
be optimized. The complete form of complex back-end driving point impedance
can be constructed uniquely from its even part by employing Gewertz procedure.
This technique provides a good insight to double matching problems. The main
drawback is the need for Hurwitz factorization to determine the denominator
polynomial of back-end impedance and using Gewertz procedure to construct

impedance at the each step of the optimization routine.

Real Frequency Parametric Approach and SRFT are most evolved methods in
the RFT family. In the context of this thesis, it has been preferred to use these
two methods for specific matching problems. In the following sections two main
RFT approaches will be outlined under the consideration of multiband matching

problem.

2.2.1 Real Frequency Parametric Approach

This technique [45,57-61] is established by Fettwise to resolve the issues comes
with RFLST and RFDCT. In this method, the parametric representation of
Brune functions are incorporated in design as back-end or front-end driving point
impedance of the matching network. Since the explicit equations of the impedance
or admittance is obtained, the matching problem is reduced to only optimization
of the poles of the back-end impedance or admittance function over a band of
interest. There is no need for a linear piecewise modeling or neither Hurwitz
factorization and Gewertz procedures to employ. Consider the single matching

problem as illustrated in Figure (2.3);

The back-end impedance function Z(p) can be written as [58];

n B
Z(p)=By+ % L= 2.2
W) =Bt 2 o = D) 22
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Figure 2.3: Single matching problem.

Here the By is non-zero real constant, and B; are non-zero complex constants and

pi are complex LHP (Left-Hand Plane) poles.
A realizable driving point impedance Z(p) in (2.2) is called Brune function or
positive real function and must fulfill the following properties [40];
e The degree of numerator and denominator polynomial of Z(p) is differs by
one.
e Z(p) is real for real values of p.
e Both numerator and denominator polynomials are Hurwitz.

e All residues at poles must be positive.

The even part of the back-end impedance Z(p) can be written as;

Bzt - 20120 _ S -

Here the d(p) polynomial must be a strictly Hurwitz and the f(p) is a real monic
polynomial. Since the poles of Z(p) and the roots of d(p) are same then d(p) can

be written as;

d(p) = Du ] (0 = pi) (2.4)
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Here D, is a real non-zero constant. Regarding the zeros of d(p) polynomial,

which must be all distinct and complex poles, have to be in conjugate form as [9];

pi = —a; + jp;
b i=1,2,m (2.5)
p; =~ = jbi

Here p, = {—ap} for odd n where a; > 0 and

n

57 n 18 even

2" (2.6)
5 n 18 odd

No =

The complex coefficients B; are derived as;

N F(—n, 0, deg(f) <
By =— f(p;)f( 2 , i=1,2,...nBy= el < (2.7)
piD? kH1 (pk — p7) Vb2, deg(f)=n

By setting p = jw, the real and imaginary parts of Z(p) = R(w) + j X (w) can be
derived as [9];

& iBi L B;
Rw)=-% p—2+Boa X(w)=-wy

_— 2.8
i=1 w2 + p; i=1 w? + p? (2.8)

Thus, the positive real impedance Z(p) is defined fully in terms of f(p) and d(p)

polynomials in parametric form.

Here the zeros of f(p) polynomial correspond to the zeros of the TPG function.
Signal transmission stops at the locations of these zeros. The functional form of

f(p) imposes the special circuit topologies [8] such as;

o If fpo(p) = p¥; it correspond a network with multiple zeros at DC.

o If f,(p) = ]_w[ (p* + w?); it correspond a network with finite zeros.
r=1
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o If f,(p) = ﬁ (o, — p); it correspond a network with pure real RHP (Right-

Hand Plane) zeros.

ng
o If firmp(p) = (—=1)" [ (62 — p?) it correspond a network with pure real
r=1
LHP zeros then it means there are its mirror image complex RHP zeros
nRr

pairs in network; forup(p) = [ [(6. — p)? + 52].
r=1
o If fycrup(p) = nljl [(5r - p)2 + 53] [(@« + p)2 + 53}7

It correspond a network with complex LHP zeros with its mirror image.Then, the

general form of f(p) may be given as;

f(®) = foc(®) fu) fo(D) friLap(®) fricLap(p) formp(p). The proper generic form
of f(p) is given by

fp)=p" ﬁ @ +w) [TO2 =) [T (6 = p)° + 8] [ +p)° + 8] (2.9)

The full form of f(p) corresponds to a highly complicated network structure which
may be impractical to realize. In practice however, generally lossless reciprocal
ladder forms are in concern whose f(p) polynomial is composed of only first two

terms of the above equation, which is;

1) = [ 02 +w?) (2.10)

The outlined parametric representation provides full description of the lossless
two-port in terms of its poles and transmission zeros. Thus Z(p) can be written
in terms of {a, B;,n, Bo}. The TPG of the matching network in Figure (2.3) can

be written as ;

AR (w) Ry, (w)
(R (w) + Ry, (w))* + (X (w) + X; (w))*

TPG (w) = (2.11)
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Here R(w) and X (w) are the real and imaginary part of Z(w) as given in (2.8).
The Rp(w) and X (w) are the real and imaginary part impedance of complex
load termination. If TPG(w) is optimized to approach to a multiband gain form
To(w) as illustrated in Figure (2.2) then the objective function to be minimized
can be

Ny

(= _[TPG(wy,0;) — To(w))? (2.12)

k=0
Here the N, is number of breaking point frequency.

The 0; = {a;, 5;}, j =1,2, .. nare the optimization parameters, which are the

real and imaginary parts of the zeros of d(p) as given in (2.5).

Therefore, Real Frequency Parametric Approach utilizes a preassigned network
complexity and the roots of the impedance denominator are taken as the un-
knowns of the matching problem to be optimized for an intended TPG charac-

teristic, which can be arbitrary over the frequency band of interest.

Once the optimized back-end impedance Z(p) is obtained, then by employing
Darlington sense pole zero extraction routines the synthesis of the impedance can

be established.

2.2.2 Simplified Real Frequency Technique (SRFT)

The complete description of back-end or front-end impedance of lossless two-
port leads to establish a scattering parameters based formulations for matching
problem, which is so called Simplified Real Frequency Technique (SRFT) [9, 62—
64]. In SRFT, Belevitch canonic form of scattering polynomials is employed.
This method provides better numeric stability and convergence in optimization.
SRF'T is very suitable for the design of matching network between cascaded units
[8]. One disadvantage is that SRFT also uses Hurwitz factorization within the
optimization process [9]. Consider the double matching problem illustrated in

Figure (2.4).
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Figure 2.4: Double matching problem.

The normalized scattering parameters of lossless two-port can be expressed as;

h(p) L f(=p)
511(]7) B g(p)’ SlQ(p) == g(p) (2.13)
521(p) = M Sz2<p) = :Fh(_p)

g(p 9(p)

Here the p is the complex frequency variable, the h(p) is an arbitrary polynomial
and the g(p) is a strictly Hurwitz polynomial. The ¢(p) is a real monic polynomial
whose zeros are also transmission zeros of the lossless two-port network. If the
network consists of transmission zeros only at DC, infinity and finite frequencies,

then the f(p) polynomial can be given as;

1) = aop* T 0 + w?) (2.14)

i=1
Here the k£ and n, represent the number of transmission zeros at DC and at finite
frequencies respectively. The parameter is an arbitrary real constant.

The f(p) polynomial also characterize the topology of the network.

If f(p) = 1 which correspond to a low pass ladder structure which consists of

shunt capacitors and series inductors.

If f(p) = p* , then the network is in a high pass ladder topology which includes

shunt inductors and series capacitors.
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If f(p) = I_Z[ (p* + w?) then the network must possess series/shunt resonators or

i=1
Brune/Type-C sections [65].
The following losslessness condition must be held [8] between these polynomials

as;

9(p)g(—=p) = h(p)h(—p) + f(p)f(—p) (2.15)

Which also imposes the relation between polynomial degrees as;

deg(h) <n, deg(f)<n, n=deg(yg) (2.16)

In SRFT, once the location of transmission zeros, so the zeros of f(p) polynomial,
which also corresponds to the complexity of the lossless two-port is set then aux-
iliary h(p) polynomial is initiated in ad-hoc basis, then by using the losslessness
condition in (2.15) and employing Hurwitz factorization the strictly Hurwitz g(p)
polynomial is generated. Since the f(p),g(p) and h(p) are polynomials are deter-
mined, then the TPG function of the filter can be computed at real frequencies

as
1— [Se]?)[Sar[*(1 — [SL?)
11— 51561711 — S55.)°

TPG(w) = ( (2.17)
Here the S; and S5 represent the unit normalized input and output reflection
coefficients of the lossless two-port when it is terminated with the complex load
impedance 7, and Zg respectively. The Sg and S, are the reflection coefficients

of generator and the load networks respectively. The explicit relations are given

as [9];
5%,8 S2.8
Si=Sut TG Sty g g
— 5, _
 Ze-1 -1 119G (2.18)
G_ZG-f—l’ L_ZL+1

Through a numeric optimization routine the coefficients of h(p) polynomial are

iterated, g(p) polynomial and TPG function in (2.17) are calculated at each step.
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By employing an objective function as;

0= j [T PG(wj, hi) — Ty(w;)]” (2.19)

Jj=0

and minimizing this over an interested frequency band the suitable h(p) and g(p)
polynomials can be achieved. Here the NN; represents number of breaking point
frequencies. The Tj(w,) is the target gain characteristic which can be chosen as
arbitrary form. However if multiband matching problem is in concern then it is
suitable to choose the T(w,) characteristic according to the band specifications
of pass bands and notch bands of multiband TPG form as illustrated in Figure
(2.2).

As a conclusion, real frequency techniques are excellent tools for matching network
design applications. They provide very strong analytical basis to characterization
of the matching network and says a lot for performance optimization of matching
network for arbitrary complex terminations. The analytical solution of the multi-
band matching problem can be evaluated by using these techniques as well. By
employing one of these two RFT method and choosing a multiband target gain
form as illustrated in Figure (2.2), the parametric form of multiband matching

network can be achieved.

However, RF'T tools does not provide a synthesis routine. Therefore, even if a
multiband matching network function can be achieved in terms of explicit driving
point impedance or unit normalized scattering polynomials, it may not be possible
to synthesize it. In the proceeding sections of the thesis multiband matching
network design problem is investigated both design and the synthesis perspectives

by integrating novel methods with RF'T routines.
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Chapter 3

Multiband Matching with A Generalized Frequency

Transformations

3.1 Introduction

Using frequency transformations or frequency mapping functions is one of the
most preferred way to design multiband networks especially multiband filters in
literature [19,66-76]. This method provides a strong analytical basis for the
solution of multiband design. In this method, special mapping functions are em-
ployed to generate multiband networks via application of the mapping functions
on a pre-assigned prototype network. The characteristic of the prototype network

is preserved but bandwidths are scaled [39].

In this method, it is most critical to define a suitable mapping function for the
concerned application. The mapping function is used as a frequency variable to
transform the prototype network to its multiband correspondence. Therefore,
it should be defined in terms of gain characteristic of the concerned multiband
application. For this manner, several multiband mapping functions are proposed
in literature. In one of the major study [77], the finite transmission zeros at stop
band are generated with a presented dual band mapping function. This tech-
nique results with coupled cavity structures. In [78], a multi-resonance mapping
function which is based on Foster reactance function, is presented. The reactance

function of multiband matching network is generated by employing a proposed
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mapping function. The presented technique is not suitable for multiband match-
ing applications since the bandwidths of each resonance are only depend on the
element tolerances. In [39], a multiband mapping function, which requires an
intermediate unsymmetrical transformation, is presented. The mapping function
is suitable to generated arbitrary number of pass bands but it requires complex
computational steps. In this track, several other publications are presented with

various frequencies mapping function for various network topologies [79-82].

Although multiband frequency mapping functions are well-addressed issue in cur-
rent literature, there is still not an easy to apply and simple multiband mapping
function which provide arbitrary number of pass bands mapping operations. It is
always preferred to define multiband mapping function with the assigned multi-
band frequency specifications without use of interval steps or complex compu-
tational phases. A direct relation should be established between the intended

multiband characteristic with the prototype network.

In this thesis, a novel multiband mapping function is proposed for the use of multi-
band filters or matching network design. The proceeding sections are organized

to introduce the evaluation phases of the proposed mapping function.

3.2 Sequential Frequency Transformations for Multiband Mapping

Multiband mapping functions can be generated via employing sequential lower
degree transformations such as the well-known Low Pass to Band Pass (LPtoBP)
transformation [80]. If the LPtoBP transformation is applied in sequentially, it
provides even number of pass bands at the each application of the LPtoBP trans-
formation. This procedure does not provide odd number pass bands. In addition,
each sequential step must be related with each other with proper mathematical

equations to control the resultant multiband mapping function.

In the sequential mapping technique, to produce multiband network, the first

step is constructing the proper mapping function for the concerned application
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then the second steps is employing an LP network prototype to apply the multi-
band mapping functions on. This prototype network can be a transfer function
based filter network such as Chebyshev, Elliptical, Butterworth, etc. In addition,
it is possible to employ an arbitrary LP network. The third step is the appli-
cation of the mapping function to the elements of the prototype LP network to
transform the reactances to their multiband correspondences. Because of element
mapping, the multiband network is composed of LC resonators in series/shunt

configurations.

In literature there are several attempts have been done to establish concrete
formulations for specific multiband operations such as dual band, quad band, etc.
In this thesis, it has been also shown that to generate multiband response with
odd number of pass bands special mathematical manipulations must be employed
beside with sequential application of transformation. In following sections, several
novel formulations are given for dual band, quad band and even for triple band

mapping functions.

3.2.1 Dual Band Frequency Transformation

The dual band application of the sequential mapping scheme is illustrated in
Figure (3.1), a normalized LP gain function in domain is mapped to a band pass
response in w’ domain then eventually mapped to real frequency domain w via

two sequential LPtoBP transformation [81].

T2} T(w") Ti{w) s
-,
0. N .9 N Bsy
Lk w' o W
o 1L1,.."._ “'J._! W Wa t Wi Wy
Nz

Figure 3.1: Low-pass to dual band frequency mapping scheme.
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After several mathematical manipulations a direct form of low pass to dual band

(LPtoDB) transformation function is established as given in (3.1)

O B 1 w2 — wgg B BQBSQ w
2(w) = 2 P
By — Bgs W By — Bga \ w? — wyy (3.1)

Wo2 = \/W1wy = \Jwows, By =wy—wy, Bsy= w3 — wy

Where B, is the total bandwidth of dual band response and represents the differ-
ence between upper cut of frequency of second band and lower cut of frequency
of first band as interpreted from the Figure (3.1). The Bgs is the bandwidth of
notch band between two pass bands as given in (3.1). The wyy is the geometric
center frequency. The relation between the direct LPtoDB mapping function €2,
and the real frequency variable w is given in Figure (3.2). This is so called dual

band frequency mapping diagram.

| i St

T2 wy | Wi

I
| |
| |

T(w) | :
| |
| |

| w
W Wa +‘W3 Wy
Wio2

Figure 3.2: LP to DB frequency mapping diagram.
For the sake of simplicity, here an auxiliary variable {2y, is defined as;

) = (1) (32)

w
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By incorporating (3.2) into (3.1), the direct LPtoDB mapping function in (3.1)

can be simplified as;

1 ByBgs 1

Q R — ] _
2(w) By — BS2 02(w> By — Bsz Q02(111)

(3.3)

After determination of cut of frequencies and by employing the LPtoDB mapping
function in (3.3), any dual band mapping function can be generated for any
specified application such as dual band filters or matching networks. The relation
between the cut off frequencies in (3.1) restricts the independency of frequency
assignment with three. Therefore any three set of those four cut off frequencies

can be chosen arbitrary.

3.2.2 Quad Band Frequency Transformation

A quad band frequency mapping function can be generated by applying the LP-
toBP transformation on an LP gain response in three sequential steps as illus-
trated in Figure (3.3)a. Therefore, each application of LPtoBP transformation
produces even number of passbands. The mapping function in Figure (3.3)b sug-
gests that LP prototype gain response is mapped to a shifted and scaled version

of preserved LP response via an asymptote.

T 1 ()
+1
s  ,
B+ w
W W 1
T T(w
{ I)E; o ( ) B,
E‘t: H |7 Ba
Wo W |
L W' i kil
TS TG I TS WEW WV VA W;‘t%fofj WE W Wa

Figure 3.3: (a): Low-pass to quad-band transformation scheme; (b): Low-pass to
quad-band frequency mapping diagram.
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The direct form of the low pass to quad band (LPtoQB) transformation function

is given as;

() 1 w? — wj, 1 w
w) = —
* (B, — Bgs) By w (By — Bgs) By \w? — wl,
ByBss 1

" By—Bg, 1 [w?—wd g w ; (3.4)
By w A\ w? —wd,

Woq = \/wlwg = \/w2w7 = \/w3w6 = \/w4w5

As a result of the sequential mapping process, there is a certain relation presents
between cut off frequencies of quad band response. Here the new auxiliary variable

is defined as;

i) = (5 (35)

w

By incorporating the equations in (3.4) and (3.5) the simplified LPtoQB mapping

function is given as;

1 1 1
W(w) = —————Qu(w) —
4( ) (BQ - 352)34 04( ) (BQ - 352)34 Q04("60)
_ ByBgy 1 (3.6)
By — Bgy 1 B 1
2 Qos(w) — By Qon ()

3.2.3 'Triple Band Frequency Transformation

Even the sequential application of LPtoBP frequency transformation produces
even number of pass bands as mentioned in Section 3.2.1 and Section 3.2.2, it
is possible to generate a triple band mapping function by merging the different
mapping functions. As a novel mathematical formulation of this thesis content,

the following Low Pass to Triple Band (LPtoTB) mapping function is introduced
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as;

Bgy 1 1
Qs(w) = Qu(w) + = Qoa(w
3( ) 4< ) (B2—BS2)QO4(U)) (B2—BS2)B4 04( )
_ ByBg 1 (3.7)
By — Bgs 1 0 1
- — By——
By 04(w) 4904(w)

Here the LPtoQB mapping function €24 in (3.5) and the auxiliary variable {24 in
(3.4) are used to derive LPtoTB mapping function. After several mathematical
manipulation steps a more elaborated equation of LPtoTB mapping function is

given as;

Q(w) = 1 w? — wy _ 1 w
3 N (BQ - BSQ)B3 w (BQ - BSQ)Bg w? — ’U)gg
B>Bg, 1 (3.8)

" By—Bg, 1 [w?—wl ) w
(s e
B; ( w P P = ws

To simplify the equation in (3.8), another auxiliary variable is defined as;

) = (1) (39)

w

By substituting the relation in (3.9) and (3.8), the simplified version of LPtoTB

mapping function is generated as;

1 1 1
Qs(w) = ————Qpa(w) —
3( ) (Bz - 352)33 03( ) (Bz - 352)33 Qos(w)
_ ByBg 1 (3.10)
By=Bss Ly v op 1
33 03 (w) Wopo 3 QOB (’(U)

The mapping diagram for LPtoTB mapping function is given in Figure (3.4).

The LPtoTB mapping diagram in above figure also suggests a generalized version
of sequential mapping function for arbitrary number of pass band is possible if

an appropriate mathematical statement is achieved.

35



Qs Qs(W)
+1 et B e -————
| I !
T(QSJ W : “-'3“' [lz':' 1\l-’i. 1 Ws Wg W
VA A |
| I [ I
-1 R T S NN N D R A |
| a7 I
RN
T, 1
: L : I
W
Wi Wi W “L Wi Ws Wy

Figure 3.4: Low-pass to triple band frequency mapping diagram.

3.3 The Proposed Generalized Multiband Mapping Function

Along with the survey of sequential LPtoBP mapping similar mathematical ex-
pressions are resulted as given in (3.1), (3.6), and (3.10). All these mapping func-
tion provide a direct transformation from low pass prototype to correspondence
multiband network. Therefore, there is no need for intermediate steps to produce
intended multiband form. In addition, these mapping functions inherently keep
the constraints of LPtoBP mapping. Therefore, they are all different version of
sequential LPtoBP mapping process. The associated mapping diagrams of each
mapping functions are also in similar form. Each asymptote at these mapping
diagrams maps the LP gain form to a band pass form as a scaled and shifted
version. The locations of these asymptotes are also determined by the corner

frequencies of the multiband gain form.

Therefore to have a multiband gain form with arbitrary number of pass bands
there should be a suitable multiband mapping function with a multiband map-
ping diagram whose asymptotes are properly placed to map the LP gain form to

intended multiband characteristic.

For this propose, consider the following mapping diagram in Figure (3.5). As

shown in the figure each the normalized LP gain in 2y domain is mapped to a
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multiband gain form by through a multiband mapping diagram.
FON(W)
N
_|_]_ U N —— —_—— e e o ———
| 1 I
TN | wy wy; Jiws S W /1w
) W | Py

Figure 3.5: Low pass to multiband frequency mapping diagram.

After deep examination of the sequential mapping functions given in (3.1), (3.6),
and (3.10), to generate such a mapping function, the following generalized multi-

band mapping function is introduced as;

Qn(w) = a1Qon (w) —

CLQQON(U)) — 1

azQon (w) —
ot = (221,

—GNQON(UJ) (3.11)

Here the parameter N represents the assigned number of pass band of multiband
mapping, and the wyy parameter is the geometric center frequency as similar
within the other mapping functions. The constraints for other sequential mapping

functions are also valid for the generalized multiband mapping function as;

Wo = /W1 WaN = /WaWaN—1..., (3.12)

W <wy < ... <<wp < ... <<Won-—1 < W2nN

This mapping function maps the LP gain form to an arbitrary multiband gain

form thus it is named as LPtoMB mapping function. The number of independent
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corner frequencies is N + 1 out of 2N corner frequencies. By selecting any N + 1
corner frequencies, the multiband mapping function is constructed in terms of ay
parameters which are related with the derivative of the asymptotes. Also as it can
be interpreted from the multiband mapping diagram, at the corner frequencies,
the multiband mapping function |Qx(w)| = 1. Therefore, by using this relation
there will be number of 2N equations with N unknown parameters. By choosing
any N set of 2N equations, the unknown ay parameters can be calculated via

employing a numeric equation solver [83].

Consider the dual band case with assigned arbitrary cut off frequencies are w; =
1, we = 1.5, wy = 2 and the last corner is calculated by using the relation in (3.12)

as wy = 3. The mapping function is constructed as;

w? — w2
Qo2(w) = (TO?> . wey = JWrwy = 1.732,

QQ(U)) = alﬁoz(w) — m

(3.13)

By setting |Qy(w)| = 1 at the four corner frequencies and choosing the any two

equations such as;

a U}12 -3 . 1 1 a ’UJ32 -3 o 1 —1
! w1 a (11)12—3) o ! W3 a (UJ32—3> N
2 2
(3.14)

The unknown parameters are found as a; = 0.667, a, = 1.5. The dual band

mapping function is derived as;

1

Qo (w) = 0.667Q2(w) — 1500

(3.15)

After the dual band mapping function is generated it is applied on an 11** degree
equal ripple Chebyshev LP prototype [84] and the dual band gain response is

achieved as given in Figure (3.6).
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Figure 3.6: Gain response of dual band characteristic produced with LP to MB.

For the triple band mapping function, here the arbitrary cut off frequencies are
assigned as; w; = 0.85, wy = 1.15, wg = 3, w3 = 1.5 and the left corner frequencies
are found as wy = 1.7, ws = 2.2174 by using the equation in (3.12). The mapping

function is constructed with unknown the ay parameters as;

Qo (w) = w? — wi, B 4
03(w) = — ) we = Jwwg = 1.5969
1 3.16
Qg(w) = alQo3(UJ) — 1 ( )
0 _ -
a23%03 (w) 15 003 (w)

To calculate the unknown parameters, the same routine is performed as follows;

12 (w)] = |10 () — L 1317

CLQQog (w) —

a3QO3<w) w={w1,w2,w3,w4,ws,We }
By employing a numeric solver the unknown parameters are found as; a; = 0.7797,

as = 0.7455, a3 = 3.7486. The triple band mapping function is achieved as;

Q3(w) = 0.7797Qp3(w) — ! 1 (3.18)

07455003 (0) = 3 e O (an)
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This mapping function is also applied on a 9th degree equal ripple Chebyshev LLP
prototype [84] and the triple band gain characteristic is given in Figure (3.7).

0
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Figure 3.7: Gain response of triple band characteristic produced with LP to MB.

In this method the selectivity of the multiband filter is inherently depend on
the chosen LP prototype network and also assigned cut-off frequencies of the
multiband response. Higher degree LP prototype will provide more selective
multiband filters with same cut-off frequencies. The cut-off frequencies of the
multiband filter can be chosen arbitrarily under the constraint in (3.12). If a
lower degree LP prototype is chosen, and the pass-bands are placed closely with
each other, this may cause signal cross-talk due to limited attenuation between

pass-bands [80].

3.4 Determination of Prototype Network

The prototype network to be applied on should be normalized to obtain desired
multiband response in this procedure. The band characteristic of the prototype
network is preserved as previously stated. The prototype network in this context
chosen as low pass form. This can be a transfer function based filters such as low

pass Chebyshev, Butterworth, Elliptical etc. or an arbitrary low pass network.
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Also as a sub-track of this thesis, band pass prototype networks have been incor-
porated for dual band network design problem. Through the following sections,

the prototype networks are investigated.

3.4.1 Low Pass Prototype Based Approach

Normalized low pass networks can be generated in two ways. First, one can
select a low pass Chebyshev, Elliptical, Butterworth etc. transfer function with
assigned complexity then apply the determined multiband mapping function on
to generate multiband network. Second, an arbitrary low pass network can be

used. Such a network can be generated with RFT methods easily.

3.4.1.1 Employment of Transfer Function Based Low Pass Prototype

The transfer function of filter is a frequency dependent expression. It describes
the power transfer characteristic between input and output port of the filter.
By incorporating the multiband frequency mapping function as a new frequency
mapping function in the transfer function , it is possible to produce multiband

transfer function T(Qx) — T'(w) as illustrated in Figure (3.8).

1T(Q) I(w)
A,
On W
. Wy Wa Wi Wy Won.] Wy

Figure 3.8: LP to MB transformation scheme.

If the LP prototype filter function is a Chebyshev equal ripple form the application

of multiband mapping is achieved as;

1

T(Qy) =
( N) 1+52Tn2(QN>

(3.19)
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Where T,,(2y) is the Chebyshev polynomial of order n, the Q is the multiband

mapping function in (3.11).

If a Butterworth LP prototype is chosen then the multiband transfer function is
derived as;
1

T(N) = ——5=5
1+ £20%

(3.20)

Similarly, if an Elliptical LP prototype is taken then the multiband transfer func-

tion is stated as;
1

1+ 2R, 2 ()

T(Qy) = (3.21)

Where the R, parameter is elliptical rational function of order n.

3.4.1.2 Generation of Low Pass Prototype with RFT

The parametric representation of lossless two-port network is investigated in
Chapter 2. By using this representation and employing Real Frequency Para-
metric Approach in Section 2.2.1 or SRFT in Section 2.2.2 from the perspective
of matching network design for matched terminals, it is possible to generate low
pass network with normalized response. In this case the TPG function in (2.11)

to be optimized is written as;

4R (2
TPG (Qy) = Jf( v) . (3.22)
(R (Q2n))" + (X ()
Same way the TPG function in (2.17) is written as;
TPG () = |Sa1 ()] (3.23)

The RFT routine is followed as summarized in Chapter 2.
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3.4.2 Band Pass Prototype Based Approach

Instead of using a low pass prototype network and applying two sequential LP-
toBP to produce a dual band characteristic, one can use a normalized band pass
prototype gain form to map dual band response via a single LPtoBP transfor-
mation. For this reason, first the parametric form of BP network has to be
defined in terms of either parametric representation of driving point impedance
or scattering polynomials. This approach is used only for dual band network de-
sign case, however it can be extended other multiband mapping function as well.
SRF'T method is employed to construct parametric form of normalized band pass

prototype network.

3.4.2.1 A Parametric Study for Generation of Band Pass Prototype

A band pass prototype network can be synthesized as cascaded configuration of
low pass and high pass network with unity terminations [80]. This can be ap-
proached as a two cascaded resistively terminated matching application. SRFT
is one of the most effective method for cascaded matching network design appli-
cations as mentioned in Chapter 2. To establish parametric representation of BP
prototype network, the LP part and HP part networks are separately initiated in
SRF'T routine. The following algorithm is presented for the unity terminated LP

network part:

e The coefficients of the h(p) polynomial is arbitrarily initiated.

e For LP case, there should be no zero at DC and finite frequencies thus

f(p)=1.

e The strictly Hurwitz polynomial ¢g(p)is calculated via Hurwitz factorization

as mentioned in Chapter 2.

e The TPG function in (2.17) is optimized for unity termination over the

normalized frequency w = [0 1] by using the objective function (2.19).
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The optimization routine results with the coefficients of h(p) polynomial. The
f(p) =1 and the strictly Hurwitz polynomial g(p) is generated by employing
Hurwitz factorization as mentioned before. For the HP network part the only
difference is the f(p) = p* where defines the number of transmission zeros at
DC. The same steps are also followed but the TPG is optimized over normalized
w = [w; oo] where w; < 1. The unity terminated normalized LP and HP

network parts are united in cascaded configuration as illustrated in Figure (3.9).

/r’v”\fv—]- Transformerless Transformerless L
EA) Lossless L.oss.less | 10 §
Low Pass : High Pass | <

Netw otk | [ Network

| Z(p)r'.p |Z(p)Hp

_—— — — —_— —_— — —_— —_— —_— —_——_— —

Figure 3.9: Normalized BP prototype network.

The scattering transfer matrix of the BP network can be given as [8];

= +1 (3.24)

Here the o parameter is a unimodular constant. The scattering transfer matrix

of the LP and HP parts are given as;

1| wg(=p) h(p) 1| pagn(=p) ha(p)

Filp) pubi(~p) a(p) | A pnlin(=p) - gn(p)
(3.25)

Ti(p) =

Here T;(p) and T},(p) represent the LP and the HP parts respectively. Therefore

the following expression is given for the cascaded network as;

T(p) = Ti(p)Tn(p) (3.26)
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The scattering polynomials of the BP network is derived as;

1(P)gn(p) + phi(—p)hn(p)
1((P)gn(p) + pgi(=p)ha(p) (3.27)

f(p) = filp)gn(p), 1= pupn

= 2
OO
I I
> <

After the construction of the LP and HP parts alone, the scattering polynomials
of the cascaded structure are re-optimized over normalized frequency w = [w; 1].
The outputs of the optimization are the optimized coefficients of the h;(p) and
hn(p) polynomials. By applying SRFT routine the g¢;(p) and gx(p) polynomi-
als are calculated, thus the prototype BP network parametrically is defined. By
employing Darlington sense synthesis routine the prototype network can be syn-

thesized [8].

3.5 Synthesis of Transformed Multiband Network

After the multiband mapping function is constructed via the given instruction
in Section 3.3, the reactance mapping of the prototype network is performed by
application of the proposed generalized mapping function in (3.11) onto each ele-
ment of the prototype network. Each reactive element is mapped to its multiband
correspondence by employing the multiband mapping function as a new frequency
variable. Then one-port synthesis of the each reactive element is obtained. Since
the prototype network is assumed to be lossless, there exists only capacitors and

inductors as frequency dependent variable impedance.

For inductors, the transformed impedance is obtained as;

Zu (O (w)) = jQ(w)L (3.28)
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For the capacitors, the transformed admittance is given as;

Yo(Qn(w)) = jn(w)C

(3.29)

Where, Qx(w) is given in (3.11). One-port synthesis of the reactances can be

performed via well-known network synthesis routine [8]. After the each elements

of the prototype network are mapped to their multiband correspond aces and

synthesized, then the multiband network can be obtained by cascading the trans-

formed reactances as same configuration in the prototype network. For the dual

band mapping function given below;

The dual band transformed impedance of each inductors derived as;

Z1(a(w)) = j2(w) L

. 1

—_ ja,lL’lU + . 1 + " ay N 1

w wW—

ar Lwg, LTI
Jw 3
1 1
Jwta JwCy +
U)LQ I
1 ag
Li=aL, C)= L Cy=—, Ly=
1= a1L, 1 a Lu?, 2= 7 2 a2w§2
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In similar way, the dual band transformed admittance of the capacitance is derived

as;

Yo(Qa(w)) = j(w)C

. 1
= ja;Cw + ' 1 + s . I
/LU_
a1 Cwi, e w C
. . AWy (3.32)
:ij’1 + X + 1 5
'LULl ij2+ :
U)CQ C
1 ag
Ci=aC, L= o Lyo=—=, (Cy=
I ! a;Cwi, 2T C 2 aswiy

One-port synthesis of the dual band transformed impedance in (3.31) and admit-
tance in (3.32) are given in Figure (3.10)a and in Figure (3.10)b respectively.

. C Lz
C:
(a)

Figure 3.10: (a) Transformed inductor for dual band mapping, (b) transformed
capacitor for dual band mapping.
For triple band mapping function as given;

2 2

w ) w? — wi,
a2

Q(w) =a ( (3.33)
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The triple band element mapping for each inductor is performed as;

Z1(3(w)) = jQ3(w) L

. 1 1
= jwa L + 1 + . 1 1
JU——s U+t 1
a1 L, L jw—s  Jwazl + 1
azLwi,
1 1
J 1 ]U]CQ + wl + 1
2 ij3 + -
I JwCs
1 az

Li=al, Ci=——nr, Ly=—s, Cy=-—,

! a1t ! ale%f’ 2 Clgwgg 2 L
Ly =asL, C3 =

3= as 3 as L,

The triple band element mapping for each capacitor is also given as;

Yo(Qs(w)) = js(w)C

. 1 1
:jwa1c+ . 1 + s + 1 + 1
> IV C 1
n Gy ¢ Jw JwazC +
2wy ; 1
]w C 2
1 1 a0
JOSE Ly + - =T 1
Jwt2 JwCs3 + —
c JwLs
1 as
Ci=a:C, L1 =——, Co=—5, Ly=—,
Lo T e Cw, 2T au, T C
— Lo =
Cs G3C, 3 ang(ZB

One-port synthesis of the expressions in (3.33) and in (3.34) are given in Figure

(3.11)a and in Figure (3.11)b respectively.

Therefore the multiband mapping function directly determines the topology of

the multiband network and element values.
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Figure 3.11: (a) Transformed inductor for triple band mapping, (b) transformed
capacitor for triple band mapping.

3.6 Multiband Filter Design Applications

Multiband filters can be designed with the proposed mapping functions. The
required steps to be employed are introduced in Section 3.3 and Section 3.4. In
this section, several filter design examples are presented to validate the proposed

mapping functions and the synthesis routine of the multiband networks.

3.6.1 Dual Band Filter Design

A dual band filter is aimed to design with the proposed multiband mapping
function. The three normalized cut off frequencies are assigned as; w; = 0.8,
wy = 1.1, and wy = 2.5, the last cut off frequency is calculated by using (3.12) as
wz = 1.8182,. The mapping function is established by using (3.11) as;

w2 - w2
Qoo (w) = (T”) W = Jaqwy = 1.4142,

. (3.36)
(W) = a3 Qp(w) — ————
2(w) = 418202 (w) 120 (W)
Then the unknown parameters are found by setting |Qy(w)| = 1 at the four

corner frequencies as previously mentioned in Section 3.3. The mapping function

is obtained as;
1

Qs (w) = 101850 (w) — ———————
2(w) 2() = 0 (w)

(3.37)
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3rd degree equal ripple Chebsyev prototype network is chosen to apply the map-
ping function in (3.37). The TPG response of the resulted dual band filter is
given in Figure (3.12).

| \

0.8F

—~06"
Z

=04}

02+

0

0 08 1.1 1.8182 25
Frequency (w) [GHz]

Figure 3.12: Gain response of dual band characteristic produced with LP to MB.

The de-normalized LP prototype network is given as in Figure (3.13).

L1 L3

=ee [

L1= +4.263e-09 H L3= +4.263e-00H
C2= +2.806e-12 F R4= +50,00 2

Il

Figure 3.13: LP prototype network for dual band mapping.

The reactance mappings are performed by using the explicit formulations in (3.31)
and in (3.32). The synthesized dual band filter is obtained as in Figure (3.14).
As it can be seen in the figure, the number of resonator is related with the degree

of the mapping.
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Figure 3.14: Dual Band Filter Network (L1=L3=4.3419nH, 1.2=1.4=2.6506nH,
L5=4.4315nH, L6=7.2594nH, C1=C3=2.9169pF, C2=C4=4.7783pF,
C5=2.858pF, C6=1.7447pF).

3.6.2 Triple Band Filter Design

In this design, a triple band filter is concerned. The number of independent cut off
frequencies is four according to the given explanation in Section 3.3. Here these
cut off frequencies are determined as; w; = 0.3, wy = 0.5, wg = 1.8, w3 = 0.66
and the remaining corner frequencies are calculated as w, = 0.8182, w5 = 1.08 by
using geometric center relation in (3.12). Then the triple band mapping function

is obtained with unknown the ay parameters as;

(o) — (5~ W B B
03(w) = " , wos = wjwg = 0.7348

1 3.38
Qs(w) = a1Qp3(w) — T (3.38)
CL3903(U))

(Ingg ("LU) —

The unknown parameters are determined by setting |2y (w)| = 1 at the six corner
frequencies as previously mentioned in Section 3.3. The resulted triple band

mapping function is given as;

1

Q3(w) = 0.9275Q03(w) — (3.39)

1

1.8065005(w) ~ fmssoy
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This mapping function is applied on a normalized 3rd degree equal ripple Cheb-
syev prototype network The TPG response of the resulted triple band filter is
given in Figure (3.15).

T(w)
=

Ay

Frequency (w) [GHz]

Figure 3.15: Gain response of triple band characteristic produced with LP to MB.

The de-normalized LP prototype network is given as in Figure (3.16);

o~
II'-.J
(5]

Figure 3.16: LP prototype network for triple band mapping (Rs = 502, C1 = C3
= 4.794pF, L2 = 8.874nH, RL = 5012).

The reactance mappings are also performed by using the explicit formulations
in (3.34) and in (3.35). The synthesized triple band filter is given as in Figure
(3.17);
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Figure 3.17: Triple Band Filter Network (L1=8.23nH, L.2=38.49nH, 1.3=9.1nH,
L4=1L8=10.55nH, L5=L7=9.55nH, L6=19=2.26nH, C1=5.699pF, C2=1.219pF,
C3 = 5.157pF, C4 = C8=4.45pF, C5 = C7 = 4.91pF, C6 = C9 = 20.79pF).

3.7 Incorporation of Frequency Mapping with RFT

In the design of multiband matching network with multiband mapping func-
tions, RF'T methods are utilized. An arbitrary LP prototype network is initiated
through RFT routine and optimized under the multiband mapping functions.
The result of the optimization is the driving point impedance or scattering poly-
nomials of a new LP prototype network. This network is aimed to be best LP
prototype network to produce multiband TPG characteristic for the matching

problem after the assigned multiband mapping function applied on.

Therefore the course of multiband matching network design is simplified only to an
optimization problem of an arbitrary LP network instead of explicit determination
of a multiband network and its optimization jungle. Here is the SRFT is used
for the sake of better convergence in optimization [9]. Here the single matching

problem is concerned without any loss of generality as illustrated in Figure (3.18).

Since the lossless two-port is need to be LP then polynomial f(p) is assigned
as f(p) = 1. The coefficients of the h(p) polynomial is arbitrarily initiated then

strictly Hurwitz polynomial g(p) is generated by employing Hurwitz factorization.
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Figure 3.18: Single matching problem.

The coefficients of the h(p) polynomial is optimized under the defined multiband

mapping function to maximize the multiband TPG of the network as given;

11— S1SG*|1 — SoSp

By employing any unconstrained optimization routine the coefficient of the h(p)

polynomial is iterated to minimize the objective function defined as;

5= j [T PG (., hi) — To(Qn )] (3.41)

j=0

Here the target gain Ty(€2y) is chosen as ideal multiband gain form as illustrated

in Figure (2.2).

3.7.1 The Design Algorithm

The outlined procedure is given in an algorithmic order as follows,

e Construct the multiband mapping function as introduced in Section 3.3.

e Generate the arbitrary LP network by employing SRF'T routine as given in
Section 2.2.2.

e Arbitrarily initiate the coefficients of the polynomial and include in an op-

timization routine to minimize the objective function given in (3.40).
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e The TPG function in 2.17 is optimized for unity termination over the nor-

malized frequency w = [0 1] by using the objective function 2.19.

e The output of the optimization is used to obtain scattering polynomial
representation of the optimized LP prototype network. By using these
polynomials synthesize the LP network [8].

e Employ the multiband reactance mapping on the each reactive component

of the optimized LP network to generate multiband matching network.

This algorithm can be easily implemented in software. In the following sections,

several matching examples are presented as an application of this algorithm.

3.8 Multiband Matching Network Design Examples

The integration of the multiband frequency mapping technique and the RFT
method has been resolved. Therefore, in this section several multiband matching

network designs are presented.

3.8.1 Dual Band Matching Network Design

In this section, a multiband Sierpinski antenna [85] is taken as complex load of
single matching problem and performed dual band matching to a resistive 50¢2
generator. The Sierpinski antenna load and its simulated reflectance characteristic
are given in Figure (3.19) and in Figure (3.20) respectively.

'

Figure 3.19: Triple band Sierpinski antenna.

95



Antenna Reflection

Real part
1 = - - Imaginar part

-1 I L I L I
0.5 1 1.5 2 25 3 35

Frequency [GHz]

Figure 3.20: Simulated reflection coefficients of Sierpinski antenna.

The algorithm in Section 3.7.1 is employed. Therefore, the dual band mapping
function is generated with the normalized assigned cut off frequencies as; w; =
1.596, wy = 1.881 and wy = 2.735 the last cut off frequency is calculated by using
(3.12) as w3 = 2.32. The mapping function is established by using (3.11) as;

w2 — w2
Qo2(w) = (TOQ> . Wee = Jwiw, = 2.089,

. (3.42)
(W) = a3 Qp(w) — ————
2(w) = a1 (w) 1202 (w)
Then the unknown parameters are found by setting |Qy(w)| = 1 at the four

corner frequencies as previously mentioned in Section 3.3. The mapping function

is obtained as; and choosing the any two equations such as;

1

Do (w) = 1.43Q02(w) — m

(3.43)

The second step of the algorithm is initiated with 3rd degree arbitrary LP function
produced with SREFT routine. The coefficients of the h(p) polynomial of the
LP prototype network are optimized by using the dual band mapping function
(3.43) in optimization. The scattering polynomial of the optimized LP prototype

network is achieved as;
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h(p) = —0.0071p? — 0.3243p* + 0.0929p

(3.44)
g(p) = 0.0071p> + 0.344p* + 0.8347p + 1

Once the scattering polynomials are obtained then the dual band matching net-
work is generated via element mapping as mentioned in Section 3.5. The resulted

network is given in Figure (3.21).

mjvl.n. c2 e {’w;";v“ C4 14
J\J\f\,-—i }—u—f‘“ O
Rg I
OE C6 U
C I.?j
L5 % +C5 JL6
C D]

Figure 3.21: Transformed dual band matching network; (Rg=5012,
L1=0.028nH, L2=0.24nH, L3=1.18nH, L4=10.25nH, L5= 1.7302nH, L6=
15.046nH, C1=207.6pF, C2=23.88pF, C3=4.9pF, C4=0.57pF, C5= 3.35pF, C6=
0.385pF).

The TPG of the dual band matching network is given in Figure (3.22).

081

0.5 1 1.5 2 25 3 3.5
Frequency [GHz]

Figure 3.22: TPG response of synthesized dual-band matching network.

The return loss characteristics of matched and unmatched case are given in Figure

(3.23).
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Figure 3.23: Return Loss characteristic of matched and unmatched antenna.

As it can be interpreted from the figures there are certain improvement at the

return loss characteristic of the antenna at the assigned pass bands.

3.8.2 Quad Band Matching Network Design

A quad band matching network design for a UWB PIFA antenna is performed
in this section. The single matching problem is concerned. It is aimed to design
a quad band matching network between resistive 50§2 generator and the PIFA

antenna [86]. The layout of the antenna is given in Figure (3.24).

i

Figure 3.24: PIFA antenna.

The antenna has a UWB characteristic however, in this design, several pass band
of the antenna will be suppressed by the matching network. The algorithm in
Section 3.7.1 is followed. In the design specifications, five cut off frequencies are

assigned as w; = 0.95, wy = 1.05, wy = 1.2626, wy = 1.3, and wg = 2.1, the
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remaining cut off frequencies are calculated as ws = 1.5346, wg = 1.58, w; = 1.9

then the quad mapping function is derived by employing (3.11) as;

w? — wi,
Qos(w) = ) wu= Jwrws = 1.4134,
1
94(11)) = &1904(11]) —

- (3.45)

CLQQ()4('LU) — 1
a3§204(w) —

a4QO4(w)

The unknown parameters are calculated and the resulted mapping function is

generated as;

: (3.46)

0.50568 204 (w) — T

A second degree arbitrary LP prototype network is initiated in SRF'T routine
and optimized to match those four pass bands under the quad band mapping
function. The scattering polynomials of the optimized LP prototype network are

achieved as;
h(p) = —0.0599p? + 0.0432p;

(3.47)
g(p) = 0.0599p? + 0.3488p + 1;

The synthesis of the network function is performed as previous examples. The

resulted quad band matching network is given in Figure (3.25).

The TPG characteristic of the quad band matching network and the matched
and unmatched case return loss performances are presented in Figure (3.26) and

in Figure (3.27) respectively.

As it can be seen in the figures, the quad-band matching response for the PIFA
antenna has been achieved. The proposed method is applied to improve the return
loss performance over the specified bands and also suppressing the determined

notch bands.
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Figure 3.25: Synthesized quad-band matching network; (Rs = 502, L1 = 8.16nH,
L2 = 1.074nH, L3 = 1.85nH, L4 = 14.07nH, L5 = 5nH, L6 = 38nH, L7 = 22n1,
L8=2.9nH, C1 = 1.55pF, C2=11.8pF, C3 = 6.85pF, C4 = 0.9pF, C5 = 2.54pF,
C6 = 0.335pF, C7 = 0.577pF, C8 = 4.4pF).

TPG

BRI

0.5 1 1.5
Frequency [GHz]

Figure 3.26: TPG response of synthesized quad-band matching network.

By using the obtained results of the proposed mapping functions it is possible to

design matching networks over an arbitrary number of pass bands.

The integration of the proposed method with RFT methods provide a strong

analytical basis in addition to that of numerical advantages.
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Figure 3.27: Return loss characteristic of matched and unmatched PIFA.

3.9 Concluding Remarks

In this chapter of the thesis, a generalized mapping function, which is based on
sequential LPtoBP mapping is proposed. This function is evaluated by deep
investigation of the sequential mapping functions. The mapping function is in-
corporated in multiband filter and matching network design applications. Several
examples are presented in this track. It has been shown that, this method pro-

vides a strong analytical tool to design and synthesis of the multiband networks.

The given procedure for filter and matching network cases are clear and proved
with numerical examples and simulations. By employing this method, multiband
network with arbitrary number of pass bands can be designed, optimized and

synthesized.

One disadvantage of this method is, the cut off frequencies have to distribute
around a geometric center frequency. Therefore the number of independent cut
off frequency is restricted by N +1 where N is the number of pass band. Moreover
when the number of pass band is increased, the multiband network is become
unpractical for lumped network realizations. However different network topologies

can be also synthesized [39,77] such as; distributed, cavity, etc.
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In the following section the second objective of the thesis is elaborated for more

practical multiband matching network realizations.
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Chapter 4

Multiband Matching with Synthesis Approach

4.1 Introduction

In the design of multiband matching networks, second objective for analytical
solution incorporates explicit network functions in terms of either impedance

functions or scattering transfer matrixes.

The parametric representation of impedance of a lossless two-port network is well
established [46,57] in literature. An impedance function can be defined in terms

of its transmission zeros and zeros of the denominator polynomial.

As mentioned in Section 2.1, a lossless two-port multiband network has to acquire
FTZs (Finite Transmission Zeros) to control the attenuation characteristic of TPG
at the specified frequencies. FTZs can be synthesized as LC resonance sections in
series or shunt configuration at series or shunt arm. A well-known extraction of
FTZs is known as Brune sections [65]. However in the synthesis of Brune sections,
generally a negative unrealizable network element occurs [65,87]. It is possible
to eliminate these negative elements by using coupled coil equivalencies of Brune
sections. However, couple coils are not easy to implement at high frequencies.
Several equivalent models are proposed to realize these coupled coils via microstrip

lines. However they require several complex modeling steps [88-90].

Multiband realizable network synthesis in ladder form without coupled coils is

always most preferred way to overcome the synthesis issue of FTZs. However this
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problem has not been completely resolved in literature especially for matching

networks.

In this chapter of the thesis, theoretical background of the multiband network
synthesis is elaborated. Several research attempts are introduced for the coupled
coil free synthesis of multiband networks such as network transformations. As a
semi-analytical solution, an integrated parametric design technique is proposed
for the design and synthesis of multiband realizable ladder networks consisting of
FTZs. The proposed representation of multiband network provides a construction
algorithm of the driving point impedance of multiband ladders which allows to

achieve multiband ladders without coupled coils.

4.2 Parametric Characterization of Multiband Matching Network

Referring to the general multiband transducer power gain response in Figure (2.2),
in a multiband matching problem, the impedance function of the lossless two-
port must possess F'TZs at the stopbands to provide matching over multiple pass
bands. Considering the single matching problem illustrated in Figure (2.3) the
back-end driving point impedance of the matching network can be fully defined
in terms of the roots of the denominator polynomial and the f(p) polynomial
which defines the transmission zeros of the network. For the practical multiband

matching problem, the f(p) polynomial is defined as;

1) = " [ 0P + w?) (4.1)

Here the ng4. and n, are the number of transmission zeros at DC and finite

frequencies. The number of transmission zeros are infinity is derived as;

Noo = N — Nge — 2Ny (4.2)
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Where n is the degree of denominator polynomial of impedance function in (2.4).
The outlined definition for multiband networks fully characterizes the network
and provides the driving point impedance of lossless two-port. However it does

not provide a projection on the synthesis of the impedance.

4.3 Synthesis of Multiband Ladder Network

Once the proper driving point impedance function is formed then the element
extraction from impedance can be performed by employing one of the well-known
technique which is called zero shifting technique [91]. Each transmission zero

corresponds to a network structure.

Each transmission zeros at DC is extracted as either a capacitor on series arm or

a shunt inductor as illustrated in Figure (4.1).

o

Figure 4.1: Transmision zero extraction at w=0.

Each transmission zeros at infinity is extracted as either an inductor on series

arm or a shunt capacitor as illustrated in Figure (4.2).

1
T

Figure 4.2: Transmision zero extraction at w= co.

Y Y vy o

o

Transmission zeros at finite frequencies are extracted as a partial series/shunt
reactive component and a series/shunt resonator in series or shunt configuration

[65]. Also one of the well-known extractions is called Brune section as shown in

Figure (4.3).

Brune section extraction is well elaborated in classical network synthesis litera-

ture [65]. The extraction cycle of FTZs may inherently result in a negative valued
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Figure 4.3: Transmision zero extraction at F'TZs.

inductor La or Le in the ladder realization of in Figure (4.3)a. For a physically
realizable circuit, such negative valued non-realizable elements in a ladder real-
ization can be eliminated by use of the coupled coil equivalence shown in Figure
(4.3)b. Realization with coupled coils is however possible only at low frequencies
and for high frequency applications in general a coupled coil free realization is
preferred. On the other hand, the distributed implementation of Brune sections

is possible with several approximate structures such as Ikono loop [89].

Moreover, proper usage of network transformations, such as Norton transforma-

tions are employed to eliminate unrealizable elements for several applications [92].

In the following example, a triple band matching network in ladder topology de-
sign is presented. A successive application of Norton transformation is performed

to obtain ladder network topology with all positive valued network elements.

4.3.1 Application of Norton Transformation for Multiband Matching
Ladders

In the design of multiband matching network, the triple band Sierpinski antenna

in Figure (3.19) is chosen as complex load to be matched.

The antenna load data is already provided in Figure (3.20). The unmatched re-
turn loss characteristic of the antenna suggests that the antenna has triple band
characteristic without using any matching circuitry. The aim of the matching

network design is, improving the power transfer capability of the antenna over its
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predetermined bands. Therefore the location of finite transmission zeros in the
matching network is assigned according to the unmatched return loss character-
istic of the antenna. Using only finite transmission zeros at the stop bands of the

antenna may provide desired improvements in triple band TPG characteristic.

This is naturally a single matching problem. Therefore, RF'T Parametric Ap-
proach is utilized. Here, four finite transmission zeros are assigned to construct
the f(p) polynomial in (2.10). These are the normalized frequencies w; = 0.1,
wy = 1.2, wy = 2.3, and wy = 4.5 corresponding to 0.1GHz, 1.2GHz, 2.3GHz
and 4.5GHz respectively. An eight-degree back-end driving-point impedance is
optimized over the frequency bands of GSM900, GSM1800 and 4G-LTE, which
are around 900MHz, 1800MHz and 2600MHZ respectively.

The back-end driving point impedance Z(p) = a(p)/b(p) of the matching net-
work is then generated by optimization. The output of the optimization is the
poles of the impedance function. The coefficients of the generated numerator and

denominator polynomials of the impedance are as given in (4.3).

a(p) = 1.0952p® + 0.0438p™ 4 31.6489p° + 0.6259p° + 174.6918p*
4 1.8199p° 4 199.9627p% + 0.2539p + 1.6143

b(p) = p® + 6.8842p" + 25.3579p° + 67.2876p° + 131.1482p*
+ 171.7883p% + 133.3896p* + 47.5184p + 1.6143

(4.3)

The triple band TPG characteristic of the matching network is given in Figure
(4.4). The return loss performances of matched and unmatched cases of the

antenna is given in Figure (4.5).

The resultant impedance is synthesized by employing classical transmission zero
extraction routine [65]. The triple band matching with normalized element values

is presented in Figure (4.6).

As it can be seen in the matching network in Figure (4.6), the negative valued

inductances are occurs as a result of Brune section extractions [65]. It is possible
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Figure 4.4: TPG response of the triple band matching network.
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Figure 4.5: Return loss responses of the matched and unmatched cases of the

antenna.
to use coupled coil equivalences of the Brune sections in Figure (4.3)b and remove

the negative inductors as presented in Figure (4.7). However, as mentioned before,

it is not easy to implement such transformers.
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Figure 4.6: The normalized matching network of triple band antenna (Lal =
0.8H, Lbl = 3.5H, Cb1l = 28.44F, Lcl = -0.65H, La2 = -0.076H, Lb2 = 1.03H,
Ch2 = 0.677F, Lc2 = 82mH, La3 = -0.2H, Lb3 = 44.2H, Cb3 = 4.3mF, Lc3 =
0.2mH, La4 = -12mH, Lb4 = 0.16H, Cb4 = 0.3F, Lc4 = 13mH, R0 = 1Q).

=

Figure 4.7: Coupled coil equivalent of the triple band denormalized matching
network (L11 = 6.39nH, L21 = 27.98nH, Cbl = 90.53pF, M1 = 27.9nH, L12
= 6.9nH, 122 = 8.8nH, Cb2 = 2.158pF, M2 = 7.8nH, L13 = 6.39nH, 123 =
27.98nH, Cb3 = 0.014pF, M3 = 399.2nH, L14 = 6.39nH, L24 = 27.98nH, Ch4 =
0.994pF, M4 = 1.2nH, RO = 500).

Another way to remove the negative elements is, using several successive appli-
cation of Norton Transformations [15] on network elements in Figure (4.6). The

resultant simplified matching network is achieved in ladder form as given in Figure

(4.8).

For the elimination of negative valued elements in a ladder network, several al-
ternative trial error based approaches are available in the literature. In [87] it has
been suggested that, before extraction of FTZs, a partial L/C component should
be extracted. This may yield all positive valued network elements.Another ap-
proach in [93] states that, changing the extraction order of transmission zeros

may result with realizable ladder networks.
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Figure 4.8: Alternative synthesize of matching network. (L1 = 0.5868nH, L2
= 6.313nH, L3 = 20.4nH, L4 = 352nH, L5 = 0.5627nH, L6 = 1.258nH, L7 =
0.1035nH, C1 = 92.7pF, C2 = 3.74pF, C3 = 0.014pF, C4 = 0.984pF, RO = 5012).

All these methods are based on trial-error adjustment and do not ensure coupled
coil free realizations. In the following section, a parametric approach is proposed

for eliminating negative elements and obtaining transformer-less network.

4.4 A Parametric Approach for Transformer-less Network Synthesis

In this section, a parametric design procedure is proposed to synthesize driv-
ing point impedance with realizable circuit elements without transformers. By
employing the proposed technique, the negative elements are eliminated by the
cascading Brune sections while extracting FTZs. The driving point impedance of
lossless two-port is composed of a Foster part and a minimum impedance part.
The constructed impedance is optimized by employing Real Frequency Technique
(RFT) routine while keeping Foster part out of the optimization. The synthesis
procedure of the optimized impedance starts with extraction of dummy Foster
reactance then the minimum impedance part. It has been shown that the nega-
tive elements of Brune sections are eliminated by the positive values parts of the

neighboring Brune sections.
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A given non-minimum impedance can be separated as Foster part and a minimum
impedance part as in (4.4). The minimum part and Foster part impedances are

given in (4.5) and in (4.6) respectively.

Z(p) = ——= = Zposter(P) + Zmin(D) (4.4)

ZFoster(p) = oop_l_ - + Zp +’LU

a(p) _ ap* + a1+ +ap+ag
b(p) bipt + bi—ipt =t 4 ...+ bip + by

Zmin(p) = (4.6)

In the above equations, k., is the residue of the pole at infinity kg is the residue of
the pole at zero and k; is the residues at the complex conjugate poles located at
p = jw;. All the residues ko, ko and k; of must be real and non-negative [8]. If
Foster function describes an impedance function of a inductor then the values of
inductor is L = k... Then the resultant non-minimum impedance can be defined

parametrically as;

Z(p) = np) _ o, ap) _ pheob(p) +a(p)

= = p 50 =
d(p) b(p) b(p) (4.7)
P N+ A+ g

N dmpm + dm—lpm_1 + ...+ dlp + do

The minimum impedance part of the impedance is well defined in literature [94].
If the topology of the network is determined then the minimum impedance can

be generated.

The synthesis is obtained in two parts. First the Foster reactance part is extracted
then the minimum part is extracted. The extraction of Foster reactance is utilized

by extracting a zero at infinity as;

L=ky=-2 (4.8)



The remainder minimum part impedance is generated as;

Zonlp) = 3} = DD (49)

Once minimum driving point impedance of a lossless network is obtained, a ladder
realization can be obtained by employing classical Darlington sense synthesis. The

FTZs can be extracted as Brune section [65].

As mentioned before the extraction cycle of FTZs as Brune section is inherently
result in a negative valued inductor La or Lc in the ladder realization of Figure
(4.3). From practical observations the proposed procedure also enforces the La

to be the negative and Lc to be positive.

In the outlined procedure, such negative valued non-realizable elements in a ladder
realization are omitted by positive valued inductor of cascading section. The
first negative inductor of the Brune section is eliminated by the dummy Foster

reactance part as illustrated in Figure (4.9).

L—inf L—al L-cl L—aﬂ L c2

—_ — :W'ﬁ__“__rm

L-bl L b2 1 3 §

| |
'I'(_..bl ‘|'(_.b2
[o

Figure 4.9: Synthesis of the non-minimum impedance.

Each adjacent inductor at series arm is summed with the following inductor.
The results of summations are supposed to be positive as it is claimed. From
practical observations, the L;,; should be chosen as bigger than absolute value
of the summation of the negative inductors of the minimum part impedance
(i.e.Ling > |La1 + L2 + ...|). The following example is obtained by using this
method.
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A sixth degree driving point impedance function is generated by following the
procedure in [8]. The impedance function is formed with three normalized FTZs
at w; = 1.2, wy = 1.5 and w3 = 2. A dummy Foster reactance L,y = 1.9227
is introduced to the generated impedance. As mentioned in Section 2.2.1, the
impedance function is optimized over normalized frequencies [ 0 1 | in RFT rou-
tine. The coefficients of numerator and denominator polynomials of the resultant

impedance function are given as in Table (4.1).

n(p) | d(p)
1.9227 | 0

2.4193 | 1.0000
5.7703 | 1.2580
4.8692 | 2.6030
5.2819 | 2.0283
2.7092 | 1.8430
1.4346 | 0.7526
0.2877 | 0.2877

Table 4.1: The coefficients of the impedance numerator and denominator poly-
nomials.

As given in Table (4.1), the degree of numerator and the denominator differs
by one. It is an obvious result of the construction routine of the non-minimum
impedance function mentioned in above. The transducer power gain response of

the designed LP filter is given in Figure (4.10).

0

-50 ¢

-100 F

TPG indB

-150 F

=200
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Figure 4.10: TPG response of the designed LP filter with three F'T%Zs.
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The impedance is synthesized by following the procedure described above. The

resultant network is given in Figure (4.11).

I;\-rivrg\ Jﬁﬂ Lei La2 Le2 Laz L

Lot

CblT Cbz‘l‘ Cbil'

Figure 4.11: Synthesis of the impedance of the normalized LP filter with three
FTZs (Linf = 1.9227H, Lal =-0.754522H, Lbl = 1.22308H, Cbl = 0.567785F,
Lel = 1.96954H, La2 =-0.347927H, Lb2 = 0.431688H, Cb2 = 1.02955F, Lc2
= 1.79317H, La3 = -0.172111H, Lb3 = 0.245385H, Cb3 = 1.01881F, Lc3 =
0.57638H, RO = 192).

R0§

As it can be seen in the figure, Linf + Lal > 0, Lcl + La2 > 0, Le2 + La3 > 0.

Thus the network is composed of only realizable positive valued components.

Beside of obtaining positive realizable ladder network topology, this method also
yields freedom of choosing FTZs locations on filter response. Thus the stop
band characteristic of filter can be controlled in comparison with classical transfer

function based LP filter design tools [95].

4.5 Concluding Remarks

The synthesis based characterization and design of multiband network offers ad-
vantages in analytical way to control the characteristic of the response. It has
been observed that, the practical realization with ladder form with all positive
element values can be achieved by proper application of circuit transformations
such as that of Norton transformations and partial extraction approaches, and

modifying the extraction order in a synthesis approach.

74



An improvement in the extraction and the characterization of multiband network
can be achieved by following the parametric characterization approach as pro-
posed and discussed in this chapter. A better control and systematic cancellation

of negative valued elements for the purpose of ladder type topologies are achieved.

In the literature, several alternative techniques are proposed to handle this issue
by establishing and introducing some additional constraints on the Brune function

to be synthesized.

In this track; Darlington, gave sufficient conditions for physical realizability of the
above-mentioned circuits without mutual induction [96]. Fujisawa [97], Watan-
abe [98], Nish [99], Meinguet and Belevitch [100] studied on realizable two-port
network functions. Ozaki and Ishii gave realization condition on distributed net-
works [101]. Yang and Yao etc. [102] applied this conditions on distributed match-
ing network. They use numeric iteration methods to generate the impedance
function to satisfy the conditions. Yildiz, Aksen and Yarman [103] applied Fu-
jisawa conditions on lumped matching network design. They use also numeric

search routines to satisfy the conditions.

T. Fujisawa established several constraints on the driving point impedance/ad-
mittance of lossless two-ports which include F'TZs, to obtain as realizable low-pass
ladders [97]. Once his constraints are satisfied then driving point impedance can
be extracted as a mid-series or mid shunt LP ladders without negative elements

so mutual inductance.

As a future work, Fujisawa’s constraints can be implemented for arbitrary impedance
or admittance functions through a parametric design algorithm. This may pro-
vide multiband matching ladders without coupled coils via proper integration of

real frequency techniques.
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Chapter 5

Practical Designs and Implementations

In this chapter several multiband RF networks are demonstrated. The imple-
mented networks are designed by employing the two objectives of the thesis.
The multiband network design problem is investigated from analytical point of
view through the thesis. Therefore, the proposed approaches can be applicable
for both filter and matching network designs. The following multiband network
implementations are given to validate the efficiency of the proposed theoretical

contributions on multiband network design.

5.1 Dual Band Filter Design and Implementation

A dual band filter design and realization is presented for the commercial bands
of GSM900 and GSM1800/UMTS applications. The parameters of DB mapping
function are chosen to cover these two bands. First pass-band is 0.85GHz-1.15GHz
and second band is 1.7GHz-2.3GHz.

If we apply the new MB mapping function for the assigned band characteristic

then the mapping function is derived as;

’LU2 o w2
QOQ(U)) = (TOQ) ) W2 = /W1We4 — 1398

Q2 (w)| = |a1Q02(w) —

as QOZ (w) w={w1,w2,w3, w4}
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The two sets of equations are solved and the unknown parameters are calculated

as a; = 1.111, ay = 1.285.
Eventually the mapping function is derived as;

1

(5.2)

The prototype network is generated by following the procedure in Section 3.4.1.2.

Therefore the optimized impedance of LP prototype is given as;

_ 1.0767p® + 2.5372p? + 2.1118p + 1
 1.2284p* + 2.8947p3 + 3.0474p? + 2.6444p + 1

Z(p) (5-3)

The synthesis of the impedance of LP prototype is given in Figure (5.1) as;

L: L:

Rs

p— O —— (3

EQY R:

Figure 5.1: Optimized LP prototype network (L1 = 9.079nH, .2 = 11.96nH, C1
= 5.371pF, C2 = 1.351pF, Rs = RL = 5012).

Since the LP prototype network is synthesized then DB filter can be achieved
by using the given dual band transformed resonator sections in Section 3.5. The

resulted DB filter network is given in Figure (5.2).
The TPG response of the DB filter is given in Figure (5.3).

Since all lumped realization would not be practical due to the parasitics and
losses of commercially passive elements, for the realization of the filter, mixed

element implementation is considered. The DB filter in Figure (5.1) is performed
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Figure 5.2: Transformed dual band filter network (L1 = 10.09nH, C1 = 1.284pF,
L2 = 4.115nH, C2 = 3.149pF, L3 = 5.32nH, C3 = 2.435pF, L4 = 2.171nH, C4
= 5.968pF, L5 = 13.29nH, C5 = 0.975pF, L6 = 5.423nH, C6 = 2.389pF, L7 =
21.16nH, C7 = 0.612pF, L8 = 8.633nH, C8 = 1.501pF).

T{w)

1.5 2 25

Frequency [GHz]
b

Figure 5.3: TPG response of designed DB filter.

by using microstrip equivalences of some network elements. Some lumped res-
onator elements are transformed into distributed correspondences (i.e. inductors
are into serial transmission lines; shunt capacitors are into open stubs) [15]. The
performance results are obtained as close as possible to ideal lumped circuit via
tuning the converted element parameters and finally optimizing the overall per-
formance. The microstrip implementation of the DB filter is demonstrated in
Figure (5.4). The filter is printed on FR4 substrate. Its relative permittivity is

4.4 and thickness is 1.6mm.
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Figure 5.4: Implemented microstrip DB filter.

The performance of the implemented filter is measured by using Rohde&Schwarz

ZVB14 network analyzer.

Comparison of TPG and return loss responses of the lumped model, distributed
model and implemented filter are given in Figure (5.5) and Figure (5.6) respec-

tively.

Ideal model filter
—— Implemented filter
——Mixed model filter

0.5 1 1.5 2 2.5 3
Frequency [GHz]

Figure 5.5: TPG response of the dual band filter.

As seen in the figures, performances of the designed and the realized filters are

consistent with each other.

In this application, a DB filter design and implementation is presented. Real
frequency design approach is incorporated with DB filter design problem using

the generated DB mapping function. The approach is based on the employment
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Figure 5.6: Return Loss response of the dual band filter.

of the proposed frequency mapping technique in Chapter 3. The prototype LP
network is designed with parametric representation of back-end impedance func-
tion as mentioned in Section 3.4.1.2. This give us more freedom of determination
of filter complexity and band characteristic. The impedance of the prototype LP
filter is optimized in RFT routine under the DB mapping function. The opti-
mized LP prototype is used to achieve DB filter by applying using dual band
reactance mapping presented in Section 3.5. The DB filter design is devoted
for GSM900 and GSM1800/UMTS bands. The band characteristic is chosen to
cover these two bands. Hence DB mapping function is constructed under this
definition. Implementation of designed filter is made with microstrip elements.
Lumped model of designed filter is transformed in distributed domain. Measure-
ment results are presented. There is a good match between simulation and the

measurement results.

The presented results show that the dual band filter design can be succeeded
by employing the proposed mapping functions and Real Frequency Technique.
The shift between the response of the ideal dual band filter and the implemented
filter is due to conversion approximations from lumped to distributed elements,

dielectric losses, assembly imperfections and measurement inaccuracy.
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To compare the results obtained from the implemented filter with the several

different studies, the following table is given.

Reference | Topology | Number of resonator | Pass band RL[dB] | Pass band IL[dB]
[77] Cavity 12 -20 <1

This study | Lumped 8 -15 <1.5

[73] Stripline | 8 -15 5<

[72] Microstrip | 8 -20 3<

Table 5.1: Comparison of the dual band filter with other studies.

As it can be seen form the table, the proposed approach provide lumped real-
izations. Therefore the size of the circuit board is much less than other imple-
mentations. The complexity and the performance of the filter is in a comparable

range.

5.2 Dual Band Stop Filter Design and Implementation

A Dual Band Stop (DBS) frequency transformation is proposed in Appendix A.
The presented mapping function is employed for a dual band stop filter application

104].

The aim of the design is suppressing the GSM900 and GSM1800/UMTS bands.
Therefore, the first notch band is between 0.7GHz-1.1GHz and the second notch
band is between 1.655GHz-2.6GHz. The DBS mapping function is derived by
using (A.3) as;

Q(w) = 1 (5.4)

The generated mapping function is applied on a third degree LP Chebyshev filter
prototype network given in Figure (5.7).
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Figure 5.7: The LP prototype network (Rs = 502, C1 = C3 = 2.71066pF, L2 =
8.778H, RL = 5012).

The next step of the design is applying the mapping function in (5.4) to transform
the each reactive elements of the LP prototype network to their corresponding

resonator equivalencies.

The explicit resonator blocks of DBS mapped inductor and capacitor are already
given in Appendix A. Thus the DBS filter network is achieved by employing these
resonator blocks, as given in Figure (5.8). The TPG performance of the DBS filter
is given in Figure (5.9).

Figure 5.8: The DBS filter (L1=6.945nH, L.2=4.021nH, L.3=6.49nH, L4=11.21nH,
L5=6.945nH, L6=4.021nH, C1=2.004pF, (C2=3.46pF, (C3=2.145pF,
C4=1.242pF, C5=2.004pF, C6=3.46pF).
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Figure 5.9: Gain performance of the designed DBS filter.

The application of the DBS filter in Figure (5.8) is performed by successive trans-
formation of several lumped elements to their approximate microstrip correspon-
dences [15]. Several lumped elements are provided from commercially available
libraries. Therefore, the application of the DBS filter is in mixed element topol-
ogy. After several fine-tuning steps of the network elements to approach the ideal
response of the theoretical filter, the filter layout is obtained as given in Figure
(5.10). FRA4 substrate is chosen to print the filter on. The substrate dielectric

permittivity is 4.6 and the thickness is 1.6mm.

output

Figure 5.10: The mixed implementation layout of the DBS filter [104].

83



The element values used in the circuit are given on Table (5.2).

Component Name | Values

L2, L4 4.7nH, Johansontechnology JTT402

C2, C4 3.0pF, ATC 600L3R0O

Ch 1.2pF, ATC 600L1R2

L5 10nH, Johansontechnology JT1402

C6 1.6pF, ATC 600S1R6

TL1, L2 Transmission line W=1.5mm; L=>5.7mm
TL3,TL4 Transmission line W=0.5mm; L=6.7mm
Rstb1, Rstb2 Radial stub, Wi=0.5mm, L=6.96mm, Angle=75 deg
TL6 Transmission line W=0.5mm; L=13.5mm
PCB FRA4, 1.6mm, ¢,=4.6, Loss tan=0.02

L2, L4 4.7nH, Johansontechnology JT1402

Table 5.2: Component values of the prototyped filter.

Manufactured mixed element prototype of the filter is given in Figure (5.11).

Figure 5.11: Manufactured mixed element prototype of the DBS filter.

The implemented filter is measured with Rohde&Schwarz ZVB14 network ana-

lyzer. The measured TPG and return loss responses of the implemented filter, its

mixed model in Figure (5.10) and ideal filter in Figure (5.8) are given in Figure

(5.12) and Figure (5.13) respectively.

The performances of the ideal filter, its mixed model and implemented filter are

consistent with each-other. The difference between ideal and mixed model is due
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Figure 5.12: TPG responses results of the ideal lumped element filter, its mixed
element model and the manufactured prototype of the DBS filter.
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Figure 5.13: Return loss responses results of the ideal lumped element filter, its
mixed element model and the manufactured prototype of the DBS filter.

to approximations when performing conversions of the ideal lumped elements to
their microstrip correspondences. In addition, the lumped elements in mixed
model are determined as most compatible, commercially available counterparts.
This also contributes the difference between the performances of ideal and mixed
models. The shift between the mixed model and the implemented filter is caused

by the component tolerances, measurement inaccuracies, also assembly imperfec-

tions.
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In this implementation example, the proposed DBS mapping function in Ap-
pendix A.1 is verified. After assignment of the corner frequencies of the DBS
filter, the DBS mapping function is determined by using the formula given in
Appendix A.1. The DBS mapping function is applied on an 3rd degree equiripple
Chebyshev filter. The elements of the LP prototype filter is transformed to their
DBS correspondences resonator blocks which are already provided in Appendix
A.1. The lumped model of the DBS filter is achieved by replacing the elements
of the LP prototype with the explicit resonator blocks counterparts. The ele-
ment values are also calculated by using the given formulations in Appendix A.1.
The implementation of filter is performed by using the its compatible possible
mixed model. The filter is printed on FR4 substrate and measurement results are

provided.

The following table is given to compare the results obtained from this implemen-

tation with the several other studies.

Reference | Topology | Number of resonator | Pass band RL[dB] | Pass band IL[dB]

[105] Cavity 4 <-20 <1
This study | Lumped 6 <-20 <5
[106] Microstrip | 4 <-20 <2
[107] Cavity 8 <-20 <2

Table 5.3: Comparison of the dual band stop filter with other studies.

This table suggests that, the performance of the filter is acceptable. The insertion
loss performance of the implemented filter above 2.4GHz is high due to dielectric

losses since the circuit is printed on FR4 substrate.

5.3 Triple Band Filter Design and Implementation

A triple band filter design is performed in this section. The proposed procedure
in Section 3.3 is employed. Due to independency constraint on the number of
arbitrary selectable corner frequencies, only four corner frequencies are allowed
to be chosen arbitrarily. These normalized corner frequencies are assigned as;

wy = 0.45, wy = 0.75, wy = 0.99, wg = 2.7 the left corners are calculated by using

86



(3.12) and found as; wy = 1.2273, w5 = 1.62. The unknown ay parameters of the

mapping function are achieved by solving the any three set of those six equation

as below;

Q = —= = =1.1023

03(w) < w ) » Wo3 = /W1We
1 (5.5)
1Q23(w)| = |a1Q03(w) — 1 -1
CLQQog(UJ) -
a3QO3(w) w={w1,w2,ws,w4,Wws5,wWwe }

The unknown parameters are calculated as; a; = 0.6183, ay = 1.2043, a3 =

2.8913. Therfore the triple band mapping function is constructed as;

1

1

1.2043Q0p3(w) — 2.891303(w)

The next step of the design is choosing an low pass prototype network. Here a

3rd degree LP Chebyshev prototype filter is taken as given in Figure (5.14).

— AN — Y Y YT
L2

Rs . )
N >3
E@ —= —— R

Figure 5.14: 3rd degree equal ripple Chebyshev LP prototype network (Rs=50¢2,
C1=15.98pF, L.2=29.58nH, C3=15.98pF, RL=5012).

Since the triple band mapping function and the LP prototype network are deter-
mined, the next step of the design is, applying the mapping function in (5.6) to
each reactive component of the LP prototype network.on the each reactive com-
ponent of the LP prototype network and performing required element mappings.
The explicit triple band mapping of reactances are already given in Section 3.5.

Thus the triple band filter is synthesized by replacing the reactive components of
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the LP prototype network with their corresponding resonator blocks. The final-
ized lumped model of the triple band band filter is given in Figure (5.15). The
TPG characteristic of the filter is presented in Figure (5.16).

Figure 5.15: Transformed triple band filter network (L1=5.5nH, L.2=25.674nH,
L3=6.07nH, L4=7.024nH, L5=6.36nH, L6=1.5nH, L.7=6.36nH, L8 = 7.024nH, L.9
= 1.5nH, C1 = 3.8pF, C2 = 0.812pF, C3 = 3.44pF, C4 = 2.97pF, C5=3.28pF,
C6=13.96pF, C7=3.28pF, C8=2.97pF, C9=13.96pF, RL=Rs=5012).

Gain Plot of Triple Band Filter
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Figure 5.16: Gain response of the triple band filter.

The realizable model of the triple band filter is generated by performing EM
simulation in ADS design environment. First the soldering pads and traces are
drawn for assembling the lumped components. This structure inevitable brings
extra parasitic capacitances and inductances. This causes degeneration on the

performance of the filter. Therefore, to approach the response of the filter to
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its ideal model, a certain fine tuning and acquisition is performed. The lumped
components are chosen best possible commercially available counterparts. The
C5 and C7 capacitances are replaced with distributed correspondings. Eventually,
all circuit components are re-optimized for final production. The layout of the
triple band filter is given in Figure (5.17). The component values and physical

information of the distributed elements are given in Table (5.4).
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Figure 5.17: Layout of the implemented triple band filter.

Component Name | Values

C1, C6 0.6pF

L1, L6 ,L8, L9 10nH

C2, C71 5.6pF

L2, L7 3.9nH

Stubl, Stub2 L=7mm, Ang=60 Deg, Wi=0.5
C3 3.0pF

L3 5.1nH

C4 3.6pF

L4 3.3nH

Ch 0.8pF

L5 23nH

PCB FR4, 1.6mm, €,=4.8

Table 5.4: Element values of the manifactured triple band filter.

The lumped capacitors are provided from Murata brand 402 case GJM15 series
and the lumped are provided from Coilcraft brand 603 case 06CS series. The
images of the manufactured triple band filter and the measurement set-up are

given in Figure (5.18)a and Figure (5.18)b respectively.
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Figure 5.18: (a) Prototyped filter; (b) Measurement setup.

The manufactured filter is measured with by using Rohde&Schwarz ZVB14 net-
work analyzer. The TPG and return loss responses of the measured filter and its

ideal model filter are given in Figure (5.19) and Figure (5.20) respectively.

]

m -

TPG [d

Ideal model filter
——Implemented filter

l 1.5 2 25 3 35 4
Frequency [GHz]

Figure 5.19: TPG response of the triple band filter.

The measured performance of the triple band filter is consistent with the perfor-
mance of the its ideal lumped model. The shifts are due to approximations when

converting lumped component to their distributed equivalencies, the tolerances
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Figure 5.20: Return loss response of the triple band filter.

of lumped components, dielectric losses at high frequencies and measurement

Inaccuracies.

In this application, a triple band filter design and implementation is elaborated
with using the proposed mapping function in Chapter 2. A 3rd degree Chebyshev
LP prototype network is used to obtain triple band filter via the application of
the constructed triple band mapping function on the elements of the LP filter.
The explicit network topologies under the application of triple mapping function
on ideal inductor and capacitor are taken from the obtained results in Section
3.3. After the determination of the triple band mapping function in accordance
with the demanded band specification, the final triple band network is provided
by incorporation of the triple band transformed resonator sections. The element
values of the resonators are determined via given equations in Section 3.5. The
implementation of the designed triple filter is obtained with mixed elements.
Two lumped elements of designed ideal triple band filter are transformed into

distributed equivalencies and several lumped elements are approximated to the
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best possible commercially available values. The measurement results are pre-
sented. The performance characteristics of the designed ideal lumped filter and

its manufactured prototype are consistent with each other.
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Chapter 6

Conclusions

This thesis is arranged on the design of multiband concurrent lossless two-ports
for impedance matching applications. The design technique employs only passive
components due to concern on concurrent operations. The semi-analytical match-
ing network design techniques which are called real frequency techniques are used
for multiband matching problems. These techniques are efficient tools for the
design of broadband matching applications. To implement RFT approaches for
the design of multiband matching problem, new techniques are required to inves-
tigate. In this thesis, it is aimed to develop and formulate the design problem of

multiband matching, based on semi-analytical techniques.

In Chapter 1, major multiband design approaches are summarized. Real fre-

quency techniques of network theoretical foundations are discussed in Chapter

2.

In Chapter 3, a generalized multiband mapping function is introduced. The
development steps and engagement of multiband mapping function with RFT
algorithm are discussed for the design of multiband filter and matching networks.
It has been shown that any arbitrary number of matching pass bands can be
created by involving the proposed technique in multiband network design. In this
discussion, a special emphasis is laid on the prototype network generation. Here,
a parametric approach for bandpass prototype network generation is presented.

Several multiband filter and matching network design examples are presented
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to validate the proposed mapping functions and their performance for practical
applications. As an extension of the proposed mapping technique, a dual band

stop mapping function is also proposed.

The second part of the study deals with the synthesis based design of multiband
ladders. In Chapter 4, the deriving point impedance and FTZs based characteri-
zation of the network function of multiband structure is discussed. The synthesis
of Brune function (positive real function) is through FTZs extractions and as-
sociated negative values are impressed. The known parametric characterization
of multiband network and associated synthesis routines are elaborated. A spe-
cial emphasis is given to the removal of unrealizable elements of Brune sections,
through appropriate network transformations or ad-hoc techniques. Examples
are presented to display the application of the proposed approaches. A triple

band matching example is elaborated with Norton transformations.

In Chapter 5, the application of the developed approaches to several filter design
problems are given. In this context a dual band pass, dual band stop and triple

band filter design, implementation and measurement works are presented.

Through the investigation and discussion of this study, we proposed transforma-
tion based and synthesis based RFT design approaches for multiband filter and
matching network designs. The result of the algorithms are tested by implemen-

tations and simulations.

Even though successful results have been achieved, still further effort must be
given to the improvements and developments of practical transformer-free multi-
band ladder networks. In the multiband frequency transformation approach, it
is obvious that, the degree of complexity of the multiband network is increased
by the number of assigned pass bands. Therefore, the realization with lumped
resonators seems impractical for complex multiband designs. This issue can be
elaborated by incorporation of different synthesis routines such as coupled cavity

resonators, coupled distributed topologies etc.
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On the other hand, in the synthesis based approach, although replacement tech-
niques provide feasible and practical multiband designs, the development of con-
straints on Brune function and practical topologies are required for better the
control of multiband characteristic of practical structures. As a future work to
improve the design with practical realizations forms, the analytical functional

constraints such as those of T. Fujisawa can be incorporated to practical designs.
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Appendix A

Analysis of DBS Transformation

A.1 Dual Band Stop Frequency Transformation

The dual band stop frequency transformation is obtained by transforming a nor-
malized LP prototype gain transfer characteristic in 2 domain to a band stop
gain characteristic in w’ domain by performing the low pass to band stop trans-

formation given in (A.1).

Then the dual band stop (DBS) gain characteristic in w domain is achieved by
applying a low pass to band pass transformation on the previously generated

band stop gain characteristic as illustrated in Figure (A.1)

By normalizing the band stop response in w’ domain by setting w’;, = 1, the dual

band stop transformation is as given in (A.2).

(W)  w?—w?
Q/ — — — _
W= =g Browem (A.2)

Wy = /W1Wy, BP = w3z— W2
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Figure A.1: The DBS transformation scheme [104].

These two sequential transformation process can be performed only one-step,
which allows a direct transformation from low pass to dual band stop character-

istic as given;

1

Qw) =

1 w? — wd 1
BT—BP w BT—BP wz—wg
BTBP w

The final form of DBS transformation Q(w) provides a direct frequency mapping
from low pass to dual band stop gain characteristic. The frequency mapping

diagram of the DBS transformation is illustrated as given in Figure (A.2).

The { Bp, By, wy } parameters characterize the nonlinear mapping diagram. These
parameters are also related with the corner frequencies of the DBS response as
given in (A.2). The center frequencies of each notch band are expressed with the
w,1,W,o parameters as illustrated in the DBS mapping diagram. The following

relation must be satisfied between corner frequencies;

Wy = /W Wy = \/WaWs; Wy < Wy < Wy < Wy (A.4)

This relation inherently determines the number of arbitrary selectable corner
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Figure A.2: The DBS mapping diagram [104].

frequencies. Under this relation only three corner frequencies are independent.

The remaining corner frequency must be calculated by using the expression in

(A4).

Consider the normalized independent corner frequencies are chosen as w; = 1,
wy = 1.5, wy = 2 the remaining corner is calculated by using (A.4) and it is found
as; wy = 3. The parameters to define mapping function is calculated as; By = 2,
Bp = 0.5 and wy = 1.732. Then the DBS mapping function is generated by using
the relation (A.3) as;

This mapping function is applied on a 9th degree LP Chebyshev transfer function
and the resulted DBS TPG response is achieved as given in Figure (A.3).

The lumped synthesis of a DBS filter is provided by successive application of
the DBS mapping function on the each reactive components of the LP prototype

network. The reactance functions of the DBS transformed inductor and inductor
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Figure A.3: DBS response generated with DBS mapping function.

are derived as;

2= i0u)L = — JL 1
BT—BP< w >_BT—BP w® — wl
BTBP( w )
B 1
JwCy + —— ! (A6)
wly ijz—l—.l
JwCo
Ly =" :C1 =1 1 Ly = 2L Cy = Vg -
o  Br-Bp
“T BBy T BiBp
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Y pu— -Q p—
¢ = jHw)C 1 w? — w? 1
BT—BP w BT—BP wz—wg
BTBP w
1 1
Jwly + — o 1
JWt JwCy + =
JwLs

C . _ . _ . _1
Cl = /a1w(2) 7L1 = al/C' 702 = a207 L2 = /C’agwg

Above DBS transformed impedance of inductor and admittance of capacitance

is synthesized by employing one-port synthesis theorem [91] as given in Figure

(A4).

C2
1 1.2

(b)

Figure A.4: (a) DBS transformed inductor (b) DBS transformed capacitor.

Therefore, by using the described procedure, any DBS filter can be analytically
generated and synthesized by lumped resonators provided in Figure (A.4)
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