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Abstract

This thesis presents the design and fabricatiomnigoes for miniature microwave

bandpass filters using multilayer liquid crystalymoer (LCP) technology.

As a multilayer technology for microwave device§R.is of low cost and light weight. It
also has excellent electrical properties acrosgda Wwequency range. These characteristics
make it promising for the development of next gatien microwave devices for
applications across commercial, defence and adatass. However, very limited work has
been found in the open literature to apply thishtetogy to the design of miniature
bandpass filters, especially at low microwave fesgpies. In addition, the reported work
shows lack of fabrication techniques, which limite size reduction of multilayer LCP

devices.

To address these problems, this thesis developanadd fabrication techniques for
sophisticated LCP structures, such as multilaygaciors, via connections and cavities.
These techniques are then used to support thendelsigovel miniature bandpass filters for
wideband and narrowband applications. For the desifgminiature wideband bandpass
filters, a cascaded approach, which combines hggpad lowpass filters, is presented first
to provide a flexible design solution. This is @lled by another novel ultra-wideband
bandpass filter which produces extra transmissieroes with minimum number of
elements. It does not only have high performandealso a compact structure for high
yield fabrication. For narrowband applications, ttypes of advanced coupled-resonator
filters are developed. One type produces a very gedectivity at the upper passband edge,
and its spurious-free stopband is extremely wid# @nhigh interference attenuation. The
other type, based on novel mixed-couplings appreadeveloped in this thesis, provides a
solution to produce almost the same response aoti@ing matrix prototype. This type is

used to generate arbitrarily-located transmissenoes.

All designs presented in this thesis are simulatsthg CAD design tools and then
validated by measurements of fabricated samplesd@greements between simulations

and measurements are shown in the thesis.
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Chapter 1

Introduction

The RF/microwave spectrum (300 KHz-300 GHz) is ayJé@nited resource which is
shared by many applications, such as communicati@aar, and navigation. However,
since the RF/microwave spectrum is such a limiesburce, the operation frequencies of
these applications are sometimes very close to esbler, especially at the low

RF/Microwave frequency bands, where the bandwilih great demand.

To allow efficient spectrum sharing without intedace among different systems,
RF/microwave filters play an important role. Theg designed to select or limit the signals
within the assigned spectrum. To demonstrate thigortant function of RF/microwave
filters, a simplified architecture of a RF/microveaveceiver is shown in Fig. 1.1. In this
receiver, the filter is used to select the sigrtathe operating frequency and reject the
unwanted signal from other frequencies, so that dperation of this system is not

susceptible to interference from other RF/microwsystems.

g

L [\ » |> :'ﬁ K —#i Baseband ‘—DM

Antenna AF Jo

Low
Filter Noise
Amplifier

Mixer

Fig. 1.1 A simplified communication system

1.1. Background

To provide the desired filtering function, the dgsand implementation of RF/microwave
filters has been an active research area for maaysy G. Matthaei, L. Young and E.M.T.

Jones presented and summarised various types ofi@B¥vave filters in [1.1] in 1964.

In terms of transmission line technologies, conweral RF/microwave filters can be
classified into many groups and some popular onekide: waveguide, coaxial line,

stripline and microstrip filters. Stripline and mostrip filters are generally referred as to
1



planar filters. Waveguide filters have the advaasagf high power-handling capability and
low loss. They can also be tuned by using tuningves to compensate for the fabrication
deviations. However, they are bulky at low frequescand expensive to manufacture.
Coaxial line filters have the capability of prowadi a wideband match and do not need any
transition for measurement purposes, but they cemégrate many novel microwave
structures due to the fabrication complexity anst¢d.2]. Planar filters are currently very
popular in many applications [1.3] due to the cootmaze and low cost. Apart from the
conventional stripline and microstrip configurapmovel structures such as coplanar
waveguide (CPW) filters [1.4] and substrate intégplavaveguide (SIW) filters [1.5] have
also been developed. However, due to the natusenafl size, planar filters usually suffer
from high insertion loss and have low power hargllicapability, compared with
waveguide and coaxial line filters. Nevertheledanar filters are very suitable for some
low power applications in which small size and tigleight are the key criteria. Driven by
these applications, a large variety of design aggres and implementations for planar
filters have been developed [1.3]. The most popdéaign approach for bandpass filters is
the theory of coupled-resonator filter. Initiallgnly direct-coupled filters were designed
and this gave the all pole Chebyshev response. [\ the application of cross couplings,
and especially the development of coupling matmix1.7]-[1.9], coupled-resonator filters
can be designed to have arbitrarily located trassiom zeroes, which can improve the

selectivity of filters and provide high attenuasoat desired frequencies.

1.1.1. Miniature Planar RF/microwave Filters

However, new RF/microwave applications bring nevaliemges to the design of planar
filters. First of all, portable multi-function comumication devices require all internal
RF/microwave components, such as filters, to benaall as possible, so internal space can
be saved for other bigger components such as iesttend application processors.
Unfortunately, most conventional planar filters egtatively large at low frequencies. This
is generally due to the distributed resonators llace usually used. For low frequency
applications, surface acoustic wave (SAW) filtard1.10]-[1.13] are designed to provide
ultra-compact solutions for portable communicata®vices. However they require very
high fabrication accuracy and it's not easy to geteetransmission zeroes in SAW filter

designs. CMOS technology can also be used to desitye filters, such as those in [1.14]-



[1.16], and it provides a very good solution fosid@ing reconfigurable filters. However,

low Q, low linearity and high fabrication cost dhe drawbacks of active filters.

During the past 15 years, with the development mfeh multilayer packaging material,
such as the low temperature co-fired ceramic (LT Gl sizes of microwave devices have
been reduced dramatically [1.17]-[1.25]. These jpabibns cover narrowband filters
[1.17]-[1.21], wideband filters [1.22, 1.23], andpdexers [1.24, 1.25]. Especially in [1.17],
a 3-pole narrowband bandpass filter using highedielc constant LTCC substrates< 54)
for 2.4 GHz wireless local area network (WLAN) apation is reported and has a size of
1.6 mm x 0.8 mm x 0.52 mm, which is almost as samthe SAW filter in [1.13]. In order
to achieve a compact implementation, most of tHéwes are designed using lumped-
elements on LTCC, except the design in [1.23], wlegrarter-wavelength resonators were

used.

In 2002, another multilayer solution liquid cryspalymer was reported for the application
of packaging [1.26] and then characterized for ovi@ve frequencies in 2004 [1.27]. It has
excellent electrical characteristics such as alyjeanstant dielectric constant across a very
wide frequency range, low loss, extremely low waibsorption, and low coefficient of
thermal expansion [1.28]. Initially, due to its ekent characteristics, LCP was mainly
used for millimetre wave application [1.29] andyohe circuit layer was used. Then for
X-band and ultra-wideband (UWB) applications [1,3@] few multilayer filters were
reported in [1.31]-[1.33]. However, even theseefdtonly utilize two circuit layers and one
ground. It can be seen that although various tybdsters for different applications have
been developed using LTCC, much less work has loese using LCP, especially at
frequencies lower than 3 GHz, where many applioatiexist such as WLAN, global

positioning system (GPS) and Universal Mobile Tefemunications System (UMTS).

Table 1.1 summarises the sizes and design speitfisaof some miniature bandpass filters
using different technologies. Since the same fittesign can be easily miniaturised by
using substrates with high dielectric constant,wbuld be fairer to remove the
miniaturization effect obtained from substrates wl@mparing sizes. For this purpose,
guided wavelengtliy is used instead of wavelength throughout thisishéscan be seen

that, in general, the reported LTCC filters haveaken sizes than LCP filters with respect



to guided wavelengths. The main reason for thihésnumber of circuit layers that have

been utilized on LCP is fewer than LTCC.

1.1.2. Liquid Crystal Polymer

The commercially available LCP material can be dbd into two types: core films and

bonding films. Both of them have a low dielectranstant of 3 and a loss tangent of 0.0025

at 10 GHz [1.28]. However, bonding films have a tingl temperature of 280 °C, while

core films melt at 318C. Bonding films are therefore usually used agpnag layers and

core films are copper-clad for circuit pattern @igh Fig. 1.2 shows a multilayer structure

consisting of LCP core films and bonding films.

4

Reported Passband Circuit Size Number of
Miniature | Fabrication | Bandwidth % 3) at Center Metallization Insertion
Bandpass| Technology | (GHz) and g Loss
Filters FBW Frequency Layers
[1.17] ME'}'('?éer 215’2202 0.07 x 0.035 x 0.023 7 <2.3dE
1.7dB
. Dual-band
[.1g] | Multlayer | 55 296 and| 0.07 x 0.062 x 0.011 6 | (24GHY
LTCC 8.75% and 1.6 dB
970 (2.5 GHz)
[1.22] ME';'g"éer 3415";)'9 0.20 x 0.08 x 0.03 11 <1.1dB
Multilayer 3.1-10.6 5
[1.23] LTCC 110% 0.57 x 0.57 x 0.02 (2 Grounds) <0.8dB
Single layer | 9.5-10.5 3.2dB at
[1.31] LCP 10% 0.57 x 0.15 x 0.01 3 9.9 GHz
Multilayer 3.1-10.6 0.35dB at
[1.32] LCP 110% 0.55 x 0.27 x 0.028 3 6.15 GHz
Multilayer 3.1-10.6 0.35 dB at
[1.33] LCP 110% 0.36x 0.207 x 0.014 3 5 85 GHz

Table 1.1 design specifications of some miniature bepass filters
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Fig. 1.2 A Multilayer LCP structure.

In terms of fabrication process, LCP is quite diéf& from LTCC due to the bonding film.
For LTCC, as shown in Fig. 1.3 (a), via holes canphinched and metalized on separate
layers before lamination and co-firing. This makgsossible to fabricate any types of vias,
such as blind vias and buried vias. For LCP sutestyahe bonding film will be melt during
the lamination process, thus if via holes are kas#led before lamination, they will be re-
filled by the bonding film material. For the worksdussed in this thesis, blind vias are used
and a fabrication process as shown in Fig. 1.39hjsed. In the case of buried vias, an

alternative via fabrication technique will be dissad in Chapter 2.

To illustrate the fabrication process of LCP furthé figures are included below as

Fig. 1.4 (a) - (f). Fig. 1.4 (a) shows a layer @R core film after sheet cutting. Depending
on the design, the copper cladding on this layet@P can be completely etched off as
shown in Fig. 1.4 (b), or partially etched using tinasks shown in Fig. 1.4 (c) to obtain
circuit patterns shown in Fig. 1.4 (d). It can lmiced in Fig. 1.4 (b), (c) and (d) that, every
layer of LCP and mask must contain a few holesiéendorners for the purpose of alignment
during fabrication or etching. Then these holes lsarused together with the holes on the
lamination plate in Fig. 1.4 (e) for multilayer LGBrmation, so that all layers can be
aligned precisely. Laser machining can be usedbtaio such holes on LCP film for

accuracy. After putting all the layers togetherhnproper alignment, the whole LCP stack

can be put into a thermal press in Fig. 1.4 (ftifier lamination process.
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Fig. 1.3 Fabrication process for (a) LTCC and (b) ICP

Fig. 1.5 shows a recommended guideline [1.34]Herdontrol of temperature and pressure
during the lamination process. It can be seen tl@P only requires a processing

temperature of 280 °C, which is almost the samé&R4 process, in comparison with

800 °C for LTCC. This can be a great benefit whasspve elements such as thin film
resistive layers have to be embedded into a mydtilaCP package [1.35, 1.36].



.

(@ (b)

(© (d)

(e) ®

Fig. 1.4 (a) A LCP core film before etching (b) A ICP core film after etching (c) A mask for circuit paterning on
LCP (d) A LCP core film after circuit patterning (e) A lamination plate with holes for alignment pins (f)A thermal
press for LCP lamination



apply ramp-up ramp to ZBZ°C
vacuuwm 245 min product must be @ 282°C for 20 minutes

\ 2B
ramp-down

3-4°C/minute

ramp fo 260°C
product must be =250°C

for 30 minutes

temperature hold@100°C for 15 min.

300 ps

pressure

Fig. 1.5 A recommended guideline for the control clemperature and pressure during the lamination procss [31]

1.2. Objectives and Overview of Thesis

Although LCP has excellent electrical properties Ri-/microwave applications, it has
been found that very limited work has been caroetto use it in filter design for different
frequencies and applications, as briefly discusse8ection 1.1.1. The main issues that

have been found are explained below.

» First of all, the number of metal layers which am®olved in the design of
multilayer LCP filters in open literature is lesgh 3, which means there are only
two circuit layers and one ground. This contributeghe relatively large sizes of
LCP filters as listed in Table 1.1 and does noedhe designer sufficient flexibility
when designing a compact multilayer LCP filter.akidition, it has been found that
all of the reported multilayer LCP filters only fevia connections to ground, and
there are no via connections implemented to cortmextircuit layers, for instance,

from top layer to the middle layer.

» Secondly, most reported LCP filters [1.31] - [1.38 for frequencies above 3 GHz
to make the most of its excellent characteristtcsigh frequencies. However, as a
low cost multilayer solution, LCP has the potenttal be used for various

applications below 3 GHz.

Considering the above two issues, the objectivahisfthesis can be summarised as below

and illustrated in Fig. 1.6.



* To reduce the size of LCP filters, a feasible sotuts to deploy more layers in the
design. Meanwhile, via connections among differemcuit layers need to be
introduced to the design. For this purpose, somedost and reliable fabrication
techniques need to be developed to ensure moreslaga be integrated properly
into the design. Since the general fabricationnepke for multilayer LCP circuits
have already been discussed in various publicafib:®2]-[1.36], this thesis will
mainly focus on discussing the newly developedi€alion techniques that can be

used to tackle the challenges in advanced multila@# circuit fabrication.

» To evaluate LCP for low frequency applications, tiesign of miniature and high
performance bandpass filters using multilayer L&€thhology needs to be explored
at frequencies below 3 GHz. Novel circuit modeld #reories should be developed
accordingly to provide optimum solutions for bothdeband and narrowband

applications.
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Fig. 1.6 Two objectives of this thesis

To present the work that has been undertaken ®mabove two objectives, this thesis is
divided into seven chapters. Chapters 2 and 3 edecated to giving details of miniature
wideband filter design with novel design approacied implementations, while chapter 4
and 5 present high order, high performance narrodliidter designs for applications with

and without transmission zeroes, respectively. @ra® shows the application of

multilayer LCP technology for the design of pack&geconfigurable filters. With respect
to the in-house fabrication process, since it istiooiously being improved throughout the
duration of this work along with different filteredigns, it will be discussed in several

chapters. The content of each chapter is summabisiedy.



In Chapter 2, a miniature ultra-wideband (UWB)€filbperating at low microwave
frequency band (0.5-2 GHz) is designed using castddlly-lumped-element
highpass and lowpass filters, and for the firsetimopen literature, a 5-metal-layer
LCP structure is used to design RF/microwave §lté&n element value extraction
process is also proposed to get the accurate vafudifferent lumped-elements so
that the design process relies less on the timswoimg EM optimisation. Both
simulations and measurements will be discussecer&eimproved designs are also
proposed in the chapter. Some detailed in-houseictdlon technique for

lamination and vias will also be discussed.

As a continuation of Chapter 2, Chapter 3 presantgher efficient approach for
the design of UWB filters with finite frequency msmission zeroes. In this
approach, a T-shape highpass circuit is connectguhiallel with a conventional
Chebyshev bandpass filter to produce an extra ipalee passband and two finite
frequency transmission zeroes in the stopband. @oedpwith traditional designs,
with the same number of poles and transmissionszdhe proposed design has
fewer elements and is of compact size. The meamnemesult will also be
presented.

After the development of wideband filters, Chapferdiscusses the design of
miniature bandpass filters with narrow/moderatedwadths using multilayer LCP
technology. The design is based on a conventiomabled series resonator circuit
model but by using purely inductive coupling, suckircuit has a strong lowpass
nature. In this case, the filter response has l $&dectivity on the upper passband
edge. A 4-pole bandpass filter design is preseasean example and the selectivity
of its upper passband edge shows similar perforenaharacteristics to a traditional
5-pole Chebyshev bandpass filter.

Chapter 5 develops a new theory for the applicatbgeneral coupling matrix in
the design of lumped element narrowband filterthe past, a filter implemented
using a conventional coupling matrix may only proeluhe desired frequency
response in a narrow band. To solve this problemeva type of matrix similarity
transformation has been introduced. Then by apglgrset of transformations, a

new coupling matrix can be obtained. This couphmajrix can be used to produce a
10



lumped element model and by applyiAigto T transformations, the model can be
easily implemented on multilayer LCP substrates.démonstrate this, two five-
pole bandpass filters based on N x N and (N+2) *2)Ncoupling matrices,

respectively, are presented in the chapter.

* Chapter 6 demonstrates a novel reconfigurable fittech is implemented as a LCP
package. The filter uses double pole double thneitckes and 4 channels with the
same absolute bandwidth can be obtained. The &lanicof this filter utilises all of

the fabrication techniques that have been develop#ds thesis.

e Chapter 7 concludes the work carried out in thesit and gives suggestions for

future work.
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Chapter 2

Miniature Ultra-wideband Filters Using Cascaded
Highpass and Lowpass Filters and Multilayer LCP
Technology

2.1. Introduction

Bandpass filters are essential components for canuation and radar systems. They are
usually designed to meet critical specificationsg;hsas low passband insertion loss, high
selectivity and high stopband attenuation. For mmact and low cost system, it is also
desired that the filters are of very small size anthpatible with low cost printed circuit

board (PCB) technology, so they can be easily mted into different systems.

Conventionally, a bandpass filter is usually fahied on a single layer of substrate, and
consists of distributed transmission line resorsatord edge couplings. Various examples
of this type of filters, including coupled half-walength resonator filters, combline filters,
interdigital filters and so on, have been summadrige[2.1] and [2.2]. However, since
distributed transmission line resonators are ofjdasizes at low frequencies, they are

usually not suitable for the design of compacefst

During the past 10 years, the development of nowdtilayer packaging material has made
it possible to design planar bandpass filters Br@ format, which reduces the size of a
filter dramatically. As a popular multilayer techogy, low temperature co-fired ceramic
(LTCC) has been widely used in the design of mayer microwave circuits [2.3]-[2.7]. It

not only has a very low dielectric loss, but alseelatively high dielectric constant. These
properties make it a very promising solution foe thesign of filters with small sizes and

high performance.

Multilayer substrate also brings broadside cougimgto the design of ultra-wideband
bandpass filters. On a single layer of substrates usually difficult to design wideband
filters due to the fact that only weak edge cowgdirare available. With multilayer

substrates, strong broadside couplings can beyeagilemented and this makes multilayer
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substrates particularly suitable for the desigwimfeband/ultra-wideband filters. However,
filters in [2.3]-[2.6] are of narrow/moderate bandths. In [2.7], an ultra-wideband filter
was presented, but it relies on extremely highi€altion accuracy due to the use of quarter-
wavelength coupled lines with 710n line widths and 35m gaps. In a multilayer design,
such accuracy sometimes could not be achieved duthet registration error among
different layers. Furthermore, LTCC requires ov@d 8C processing temperature and thus

particular procedures have to be taken to integititer RF modules.

Besides LTCC, organic substrate is also an optonhie design of compact filters, such as
the very recent Rogers Experimental Polymer (RXfjanic substrate [2.8, 2.9]. RXP
substrate has a low dielectric constant betweemd3sb at 1 GHz and very low processing
temperature of 220 °C, which is very suitable fér iRodules integration [2.8]. However,
as a newly developed technology, RXP substratesnarevidely available yet and the

design in [2.9] did not show superior performanteamparison with LTCC filters.

Another multilayer candidate, liquid crystal polym{&CP), has also been popular due to
its superior electrical properties up to millimeteave frequencies [2.10, 2.11]. It has very
stable dielectric constant of 3 and loss tangen®.0025 over a wide frequency range.
These properties make LCP a very suitable soludborthe design of compact wideband
filters [2.12]-[2.15]. Compared with LTCC, LCP hamich lower processing temperature of
280 °C. Although LCP has lower dielectric constdrgn LTCC, which makes it more
challenging for RF/Microwave circuit miniaturizatipit makes LCP circuit design less
sensitive to fabrication tolerances than LTCC. althh some cheaper PCB laminates can
be used for miniature filter designs as in [2.16TP offers much higher flexibility on
circuit thickness and a very strong coupling carableieved with a separation as small as
25 um. This is very important for the design of lfsequency wideband filters that requires
large capacitances. Furthermore, for LCP substraiesiit layers (core films) and prepreg
layers (bonding films) have almost the same charestics, such as thermal expansion
coefficient, dielectric constant and water absorptiwhich can be a great benefit for

practical applications.

Although UWB LCP filters operating at frequenciestveeen 3.1 and 10.6 GHz have been
reported in [2.12]-[2.15], to the author’s knowledgniniature wideband bandpass LCP
filters for low RF/Microwave frequencies haven't doe investigated and the large
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wavelengths at these frequencies make it very egithg to reduce the size and maintain a
good performance at the same time. For UWB LCRr§lt compact design with a size
smaller than 10 mm x 5 mm has been reported ir8[2thus the first objective of this
work is to develop a wideband bandpass filter wita same size but covering a much
lower frequency band from 0.5 to 2 GHz to achidveuh 80% size reduction.

To achieve this, implementing the filter on morgeles is a feasible solution. However, in
the open literature, LCP microwave filters haveyonéen implemented with two circuit
layers and a ground plane [2.12]-[2.15]. A reasonthis is due to the less mature LCP
fabrication process. When more circuit layers awlved, registration errors occurr during
the lamination process and make it very difficaliachieve the designed specifications for
a multilayer LCP filter. Thus, developing a relialfabrication process for LCP multilayer

circuits is another objective of this work.

For the above two objectives, the design and fabao of an ultra-wideband filter with a
passband from 0.5 to 2 GHz will be presented is thapter. Section 2.2 will introduce
some multilayer lumped-elements which will be usedthe development of compact
bandpass filters across the whole thesis. A vaktia&ion process for these elements will
be discussed as well. Based on these lumped-elsmaritighpass filter with a cutoff
frequency of 0.5 GHz and a lowpass with 2 GHz asighed in Section 2.3. These two
filters are then cascaded as an ultra-widebanddzesdfilter. Section 2.4 discusses a newly
developed fabrication technique for multilayer LEIRcuits. Then a fabricated sample for
the above ultra-wideband filter is presented wishmieasured response. To further improve
the performance, two modified designs will also discussed. This is followed by a

conclusion in Section 2.5.

2.2. Lumped-Elements on Multilayer LCP Substrates

Conventionally, distributed transmission line restomns were usually used for the design of
microwave planar filters. However, since the dimens of distributed resonators are
proportional to the wavelength, they are not sugtdbr the design of miniature bandpass
filters at low frequencies. In this work, lumpedauasi-lumped-elements implemented on
multilayer LCP substrates are characterised and fegethe design of compact bandpass

filters.
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2.2.1. Multilayer Capacitors and Inductors

Capacitor is usually the most size-consuming paraiconventional single layer filter
design, where only weak edge coupling, such as ithain interdigital capacitor in
Fig. 2.1 (a), is adopted. This becomes a more serjmoblem for the design of low
frequency filters, in which large capacitances aeeded. With the development of
multilayer substrate, strong broadside couplingcstire as shown in Fig. 2.1 (b) can be
easily implemented, which reduces the size of theacitive elements dramatically. To
make the most of multilayer substrates, multildy@adside-coupled capacitors [2.17][2.18]
are adopted for this work. As shown in Fig. 2.1, (b 4-layer structure works as three
capacitors paralleled between two ports, which résgzally can reduce the size by 67%
compared to the structure in Fig. 2.1(b). Furthee seduction can be achieved by using
more layers with the cost of fabrication complexity addition, with commercially
available LCP thin films, the separation betweeergwwo metal layers can be as small as
25 um, which provides much stronger coupling thaohsstructures on normal thick
substrate.

Fig. 2.2 shows the microstrip inductors [2.19] thélt be used in this work. The meander
line can be used to implement small series indeetdretween any two ports while the
spiral line, with a connection via, are very suiéator achieving large inductances between

any two layers in a multilayer circuit.
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Fig. 2.1 (a) Inter-digital capacitor on a single Iger substrate (b) Conventional broadside-couplingtsucture (b)
Multilayer broadside-coupling structure

P1 P2

Fig. 2.2 Meander and spiral lines as inductors

2.2.2. Value Extractions for Lumped-Elements

Before putting these elements together to forniter fiit would be ideal if these elements
have accurate values as required by the circutbfyqee, so that even the initially designed

filter can produce desired response, and the desyghe can rely less on the time

consuming EM optimisation.

Although many closed-form formulas are availabld2ri7] to calculate the capacitances

and inductances of some microstrip elements, they anly suitable for the initial

estimation. To have a more accurate control ofefleenent capacitance/inductance in the
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design flow, a value extraction process for miagipsumped-elements is detailed here to

obtain a connection between the microstrip elemamtistheir capacitances or inductances.

Firstly, any one of those multilayer structuresir&ig. 2.1 and Fig. 2.2 can be considered
as a two-port network between P1 and P2. Thenwlgport network is represented a¥ a
or Z element, depending of if the structure is capaeitir inductive, respectively, as shown
in Fig. 2.3.

e : Y
R—1 A ] |
@
L R Z=R+jwl

(b)

Fig. 2.3 (a) Admittance representation for a capatir (b) Impedance representation for an inductor

For the above models, theNBCD parameters can be represented using equationd@.1)
(2.2). It can be seen that the admittaicend impedanc& can actually be obtained from
the value oB parameter. The problem of value extractions timwsfinding the accuratB
parameter. By using any EM full wave simulator,situsually convenient to get very
accurateS parameters, and thg parameter can then be calculated using (2.3). tHaéy,
the inductance or capacitance of a multilayer stingccan be accurately extracted using
(2.4) and (2.5) or (2.6) and (2.7), respectivelyial@y factors (Q) can also be estimated
using (2.8) or (2.9). After such an extraction,diegck can be applied to the physical

structure until the required value is obtained sTgnocess is summarised in Fig. 2.4.

o[ 7] e
& ol=lo 1 @2
5 Ll 511)(;;1522) — 512551] 23)
Y=%=G+ij (2.4)
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_Im(Y)

C (2.5)

w
Z=B=R+jwl (2.6)

w
0, - &€ _Im) _m(1/B) 09

G  Re(Y) Re(1/B)
_wL Im(Z) Im(B)
W=px= Re(Z) ~ Re(B) (2.9)

It should be mentioned that with the existence wfugd plane, there will always be

coupling between these elements and ground. Thassipc couplings are not considered
in the above value extraction. Although they coalsb be extracted simply by replacing
theY andZ model in Fig. 2.3 with & model, it is not necessary here. Firstly, allludge
multilayer elements are implemented on LCP sulestrath a low dielectric constant.
Considering a relatively large separation betwéemtand the ground, the coupling will be
relatively weak. Secondly, all of these elements @rvery small sizes. These small sizes
together with a weak coupling strength would ondynerate a capacitance, which is much

smaller than the main element values representédedyandZ elements in Fig. 2.3.

Capacitor / Inductor Model

LCP Physical Implementation

S Parameters from EM Simulator

Feedback [ABCD] Matrix

Extracted Value

Fig. 2.4 Value extraction for multilayer capacitorsor inductors
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2.3. An Ultra-Wideband Bandpass Filter using Cascaded Hjhpass and

Lowpass Filters

In this section, an ultra-wideband bandpass fikgh a passband from 0.5 GHz to 2 GHz
will be designed using cascaded highpass (HP) awgdss (LP) filters. The filter has a
lumped-element circuit model as shown in Fig. 2band its element values are listed in
Table 2.1. Fig. 2.5 (b) shows the circuit simulatresult [20]. Since the cutoff frequencies
of these two filters are chosen separately, thegdesethod of this work can be readily
applied to designs for other frequencies. In addjtivith a properly designed LP section, a
wide upper stopband can be easily achieved, whithoer demonstrated in the following
sections. Furthermore, compared with the resondi@ssd bandpass filter, this cascaded

type of bandpass filter can provide small anddlaiup delay [2.13].

The physical implementation of the filter will berte on multilayer LCP substrates with a
total thickness of 0.6 mm. The relative dielectiomstant and loss tangent for the LCP are

3 and 0.0025, respectively.
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Fig. 2.5 (a) The circuit model for an ultra-widebandbandpass filter (b) Simulation results of the circit model
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C1 ] Cz L, C3
5.5 pF 14.3 nH 1.33 pF 2.48 nH 1.19 pk

Table 2.1 Component Values for the circuit model

2.3.1. A Miniature Highpass Filter with a cutoff frequency of 0.5 GHz

Since size reduction is the main challenge of wuosk, the first consideration of choosing
an appropriate prototype is the total number ofmelets in the prototype. Potentially, the
less number of elements, the smaller the footpifite filter implementation, though there

may be some trade-off for the selectivity and stombrejection.

Based on this, for the HP filter,T& network, shown as “HP” in Fig. 2.5(a) is chosen to
produce a Chebyshev highpass response with 0.5a08te#f. For the Chebyshev highpass
filter, since there is always a transmission zeayoaled at DC, this simple highpass
prototype can produce a sharp passband edge f@.3h@&Hz cutoff frequency, as shown
above in Fig. 2.5(b).

To implement the relatively large capacitaen Fig. 2.5(a), a 4-layer broadside-coupled
capacitor as shown in Fig. 2.1 (a) with planar dimens in Fig. 2.6 (a) is chosen. The
separatiord between every two layers is chosen to be 0.05 mma &irong coupling. The
sizes of the via and via patches are chosen foptingose of easy fabrication. The initial
values ofW andL are obtained according to the metal-insulator-im@t&M) capacitance
formula of (2.10), where n is the number of layerSince this only gives an initial
estimation, then by varying th& andL, more accurate capacitor values can be extracted
using the method as presented in Section 2.2.2. Ei§ (b) shows the extracted
capacitances for variol andL combinations at the cutoff frequency 0.5 GHz anchn

be seen that the = 2.6 mm andV = 1.1 mm combination can be chosen to implement th
C, in the circuit prototype. Fig. 2.6 (c) shows tlaacitances and Q factors of the selected
combination at different frequencies, for a sulistiass tangent tan= 0.0025 and the

conductor conductivity = 5.8 x 107 S/m.

_&WL(n—1)

¢ d

(2.10)
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Fig. 2.6 (a) Planar dimensions for multilayer capator (b) Extracted capacitances for different dimensbins at
cutoff frequency 0.5GHz (c) Extracted capacitanceand Q factors at different frequencies wither = 3, h = 0.6 mm,
tand = 0.0025 ands = 5.8 x 107 S/m.

For the large inductandg, high impedance lines in a spiral shape shouldidel for a

compact design, although this will decrease thed @@ inductor. Since the inductbg is

shunt to ground, the value extraction process nedie changed to a one-port model as

shown in Fig. 2.7. TheMj is the parameter to be used for value extractientd the short-

circuit condition, according to network analysi?.1(1) and (2.12) can then be used to

calculate the inductance. For this work, a spina lwith the dimensions as shown in
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Fig.2.8 (a) has been chosen. The grounding viaaHasgth of 0.6 mm, which is also the
total thickness of the substrate. The dimensionhefcentral via and via patch are firstly
chosen to be a value for easy fabrication, and themncreasing the number of turns,
different inductances can be achieved. Fig. 2.8s{ljws the extracted inductances for
different number of turns and dimensions at theftdtequency 0.5 GHz. It can be seen
that the one with 3 turns of 0.15-mm-wide line dddoe used for this work. Fig. 2.8 (c)

shows the inductances and Q factors of the seletiedl inductor at different frequencies
near the cutoff frequency. It can be seen that @vetpwith the multilayer capacitor, spiral

inductor has particularly low Q. For wideband aggiion, this is usually not an issue, but

for narrowband filters, this low Q might resultlarge insertion loss.

=

L R
D AN e [ i

Fig. 2.7 One port model for shunt inductor

1 1 (2.11)
YT Rvjer M
L Im(1/Yy,) (2.12)
w
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Fig. 2.8 (a)Planar dimensions for spiral inductor (B Extracted inductances for spiral inductor with different
number of turns at cutoff frequency 0.5GHz (c) Extrated inductances and Q factors at different frequecies with
er=3,h=0.6 mm, tad = 0.0025 ands = 5.8 x 107 S/m.

By using these elements, a highpass filter with@& can be built with a 3-D structure as
shown in Fig. 2.9 (a), which has a topology forreaB footprint while minimizing parasitic
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coupling between adjacent elements. Excluding ¢leel 1ine, the highpass filter has a size
of 6.2 mm x 4.1 mm as shown in Fig. 2.9 (b). Fi &) shows the full-wave EM
simulated result [2.21] of the proposed structemmpared with the response of the ideal
circuit prototype from Fig. 2.5 (a). It can be sdbhat the simulated and theoretiG&i21
responses are almost identical over a very widgugacy range from DC up to 6 GHz,
which is 12 times of the cutoff frequency. Simiarthe simulatedS11 or return loss
response is nearly below -15 dB over the wide pass$bas predicted by the theory; despite
more ripples appear in the simulated response.erTadditional ripples mainly result from
the parasitic parameters of the microstrip quasided elements and the spurious
resonances at around 7 GHz in the simulation driw@ed to the self-resonance of the
capacitor and inductor. Nevertheless, the desiggedsi-lumped elements and their

modelling equivalent circuit work well for this weband filter design.
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Fig. 2.9 (a) 3-D structure of the highpass filterr{ot on scale), (b)its planar dimensions and (c) ifsill wave
simulation result compared with ideal circuit respong.
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2.3.2. A Miniature Lowpass Filter with a cutoff frequency of 2 GHz

For the lowpass filter, a simplH network can also be used to produce the lowpass
response with minimum number of elements. Howeube selectivity of such a
conventional Chebyshev lowpass filter would be vpopr compared with the highpass
filter because its transmission zero is at thenitdifrequency which is far away from the
desired cutoff frequency of 2 GHz. Thus, for thepmse of getting roughly symmetric
passband edges at both sides, an elliptic-fundbampass prototype, shown as “LP” in
Fig. 2.5(a), is chosen for the design of lowpadterfito produce a finite-frequency
transmission zero near the upper side edge ofdksband, as shown in Fig. 2.5 (b). This
finite-frequency transmission zero results from plaeallel resonant circuit consisting lof
andC,.

For the implementation of this lowpass filter, isthr L,, with a very small value, can be
simply implemented with a meander high impedange &s shown in Fig. 2.10 (a). The
extracted inductance values for different sizesséu@vn in Fig. 2.10 (b). The inductance
and quality factor against frequencies Wr= 0.2 mm and. = 2.1 mm are displayed in
Fig. 2.10 (c).

To realizeC,, a 3-layer small size capacitor can be used. kXtracted values are shown in
Fig. 2.11 (a) and (b), whek andL are the dimensions as denoted in Fig. 2.6Garan

be implemented with a conventional 2-layer broaglsidupled structure, with the second
layer connected to ground. Its value extractiordasie in a similar way to the shunt

inductor in Fig. 2.7 usiny1; parameter.

Based on these elements, the 3-D structure forldwpass section can be obtained as
shown in Fig. 2.12 (a). Care should be taken toemeha small size of filter while

minimizing unwanted cross couplings by adjusting geparation of the quasi-lumped
elements implemented. However, since the meandkrciar is on top of the multilayer

capacitor, the coupling between them decreasegfteetive inductance of the meander
line. In this case, the planar dimensions are #ligidjusted and shown in Fig. 2.12 (b). It
should be mentioned that this additional paragiipacitance together with the existing
inductance could cause resonance. However, thei@uali parasitic capacitance is much
smaller than those main capacitances in the deSigis. means that the resonance would
only be produced at a much higher frequency out$idgpassband. Fig. 2.12 (c) shows the
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full wave simulation result compared to the circteisponse. It can be seen that the
proposed structure matches well with the circuspomse from very low frequency up to 6
GHz and the resonance at 7 GHz is caused by th8osdd parasitic capacitance between
the inductorL, and capacitorC, mentioned above. This has shown that although the
resonance caused by extra parasitic capacitancadd woot affect the passband
performance, it does limit the bandwidth of thepsiand. To move this resonance to even
higher frequency, a feasible solution is to uséianer track for the inductdr, with the

cost of lower quality factor.
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2.4. Fabrication and Measurement

2.4.1. Multilayer Structure and Lamination

Commercially available LCP substrates can be gépetaided into two types: core film
and bonding film. Both of them have the same dteleconstant and loss tangent [2.22].
However, the bonding film has a melting temperatafr280 °C, which is lower than that of
315 °C for the core film. Thus, for multilayer aiit construction, core films are usually
used as circuit boards, which can be double-sideeét using normal inexpensive PCB
etching process, while every bonding film is usedaa adhesive layer between two core
films. Fig. 2.13 shows a five-metal-layer constioctwhich is used to implement this work.
Metal layers 1 - 4 are all double-sided etched Onufn core films to implement the

multilayer circuit structure while layer 5 works giund plane.

A S0um Core Film

2
E S0um Bonding Film

3
C S0um Core Film

4
D S0um Bonding Film
E 100um Core Film
F S0um Bonding Film
G 100um Core Film
H 50um Bonding Film
i 100um Core Film

Fig. 2.13 Multilayer LCP structure for the implementation of filters in this chapter

For multilayer LCP circuits, there is a common &svhich is the registration error during
lamination. To reduce this error, in addition te thormal lamination guidelines in [2.22],

the following methods can be used.

1) In general, the less number of layers, the bétie registration. For the structure in
Fig. 2.13, since it is only important to get a goedistration among the first three layers A,
B and C, which consist of all the circuit metaltipa, they can be laminated together first.

Then a second lamination can be done to completstthcture.
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2) During the heating process, the high pressuB®6fpsi should only be applied after
the material has reached 260 °C for half an hotlre@ise, the circuit metallization can be
easily pushed away during the heating procesgti pressure is applied at the beginning.
When the material has been at 260 °C for half am,hostead of increasing the pressure to
300 psi as a fast transition, the author recommehasthe pressure should ramped up

slowly with a rate of 60 psi/min.

3) The LCP bonding films are thermoplastic adhegsivaterials, so pressure drop
during the cooling process can cause large regj@trarror. Thus the lamination pressure
of 300 psi should be kept until the temperaturaisut 100 °C then reduced slowly to O

with a rate of 60 psi/min.

2.4.2. Via Fabrication on LCP substrates

When multilayer structure is involved, the fabrioat complexity would be increased.
Especially in the case of multilayer broadside-d¢edgapacitor as shown in Fig. 1 (b), the
fabrication of connection via becomes very impdrtéor achieving good agreement

between fabrication and simulation.

For multilayer LTCC circuits, via holes can be k&d on separate layers and filled with
conductive paste before lamination and co-firingwdver, this cannot be done for LCP.
LCP bonding films will be melted during the lamiioet and this would refill the via holes
and push the paste out. For this work, two kindviaffabrication techniques based on

through-hole plating for LCP have been investigated

1) The first three layers A, B and C in Fig. 2.%8ich contains all of the 4 circuit
metal layers, can be laminated first and via htdeshe multilayer capacitors can be drilled
as through holes. By using through-hole platingntégue, the inner wall of the vias can be
wholly plated by highly conductive paste. Beforengothe second lamination, to prevent
the processed vias on the first three layers eéfilly the bonding material from layer D in
Fig. 2.13 under high lamination pressure, via halgh slightly bigger diameter should be
drilled on the layer D at the same positions. Taeecond lamination can be done to finish
the circuit lamination. This method can also bedulse the fabrication of buried vias in

some circuits.
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2) Via holes can also be processed after the whaoleation is done. In this way, via
holes for the multilayer capacitor in Fig. 2.9 ()l be drilled as blind holes. Then high

conductivity paste can be applied to the via htdesnetallization.

For the first method, the through holes are easheddrilled and plated, but the final

interconnection depends on the robustness of ditegimetallization. The second method
provides good connection, but as a trade-off,quines more accurate fabrication control to
get the blind holes. In this work, the second metisoused and all the machining work are

done using C®laser for precise fabrication.

To further improve the connection, all of the mlaijter interconnection vias similar to

those in Fig. 2.14 (a) are modified to the struetur Fig. 2.14 (b), where the stepped vias
are used. In this way, the contact area betweemttidle layer via patch and the plating
paste will be much larger and will not only reply the thickness of the metal layer. This

will make much more reliable contacts and redueecttnductive loss.

@) (b)

Fig. 2.14 (a) Conventional and (b) Modified via stucture

2.4.3. Fabricated Sample and Measured Results

Based on the designs in Section 2.3, a filter wiD structure shown in Fig. 2.15 can be
formed. The size of filter is just 9 mm x 4 mm x60mm, which is
0.234l4 x 0.1044 x 0.01G4 and /g is the guided wavelength on a 0.6 mm thickness
substrate with dielectric constant 3, at the ceinguency of 1.25 GHz.

Ground

Fig. 2.15 3-D structure of the proposed design
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The filter is then fabricated and measured on alelewackard 8510B network analyser.
Fig. 2.16 (a) is a photograph of the fabricatetkfiunder a microscope. The stepped vias
can be easily seen. Fig. 2.16 (b) shows the medswsult compared to the circuit
simulation. Apart from some mismatching problenthe passband, there is only a small
frequency shift at the higher cutoff, which is dodabrication tolerance. Nevertheless, the
measurement is in a good agreement with the cigiitlation up to 6.5 GHz, which is
about 5 times of the centre frequency. The insertiss is smaller than 0.7 dB between
0.5 GHz and 2 GHz and the group delay variatiowithin 0.3 ns between 0.6 GHz to
1.9 GHz, which is 87% of the passband.
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Fig. 2.16 (a) Photography of the fabricated widebahbandpass filter using multilayer LCP technology. If)
Measured result compared with circuit simulation.
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2.4.4. Improved Designs

Although the design in Fig. 2.16 (a) realises thguired passband performance with good
selectivity at both sides of the passband, the upfmband attenuation is only slightly
better than 10 dB. To improve this, one could iaseethe order of the low pass filter. This
method enhances both the passband and stopbamshsesphence both the passband edge
selectivity and stopband rejection can be improwad. 2. 17 (a) and (b) show a circuit

model of a higher order elliptic-function lowpasttef and its simulated response,
respectively.
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Fig. 2.17 (a) A modified lowpass filter design (€= 1.29 pF, L, = 3.7 nH, G = 0.7845 pF, G= 1.947 pF, G=3.39 pF
L,=1.48 nH, G= 0.4632pF), (b) multilayer implementation and (c) etuit model and full wave EM simulation
results
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However, this will introduce more passive elements the design, which would not only
increase the size but also the insertion loss. A®rapromise, the circuit prototype in
Fig. 2.18 (a) is adopted as an improved design. faoed to the original circuit in
Fig. 2.5 (a), this design adds only one more inmlutt= 0.85 nHto each of the shunt
branches and this works together with the shunbaé&g as a series resonator to the
ground, which can produce another transmission zerthe stopband and keep the
passband response almost unchanged as shown irtirthét simulation result in
Fig. 2.18 (b). With this extra transmission zel® stopband attenuation is improved from
10 dB to 18 dB up to 5.7 GHz, while the spuriouaddoes not occur until 6 GHz, which
is about 5 times of the centre frequency.
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Fig. 2.18 (a) A modified circuit model and (b) Its gicuit simulation result

Another advantage of this improved prototype is #asy to implement the extra inductors

on the original microstrip layout. It only changdse 4th layer with a pair of high
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impedance lines as shown in Fig. 2.19(a). The &ital is 10 mm x 4 mm x 0.6 mm, which
is 0.0654 x 0.02G64 x 0.0044, andiq is the guided wavelength on a 0.6 mm thickness
substrate with dielectric constant 3, at the cefrequency of 1.25 GHz. This improved
design has also been fabricated and the layouln®sa the same as that shown in
Fig. 2.16 (a). The filter is measured on a HewRettkard 8510B network analyser and the
result is shown in Fig. 2.19(b). It can be seen tiwa passband has better than 13 dB return
loss and 0.7 dB insertion loss. The upper stopb@a®l been improved with better than
17 dB attenuation up to 6 GHz and 10 dB attenuaismchieved until 7 GHz. The
measured group delay also matches the simulatittmamariation within 0.3 ns. Compared
to the circuit simulation result, there is a littrequency shift in the higher cutoff and the
stopband attenuation has been decreased slightlytaldabrication tolerance. From the
measured result of the two filters in this workcéin be seen that due to the smaller size of
the elements, the lowpass filter that controls tipper side of the passband is more
sensitive to the fabrication tolerances. This erglavhy both measured results show slight

frequency shifting at the higher cutoff.
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Fig. 2.19 (a) 3D structure of the improved design jbMeasured and circuit simulated response of the impved
design
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2.5. Conclusion

In this chapter, two compact high performance ulirdeband filters have been designed
and fabricated using the promising multilayer L@ehinology. With the presented design
approach, the values of microstrip lumped elemeats be accurately extracted and the
whole filter can be then designed efficiently wigss EM optimisation. In addition, both
designs are very compact and of high performanogh Blters have very wide spurious-
free stopband up to 6 GHz. Transmission zeroes baga generated by the filter topology

to improve the selectivity and stopband attenuation

Another contribution of the work in this chaptertigat a five-metal-layer LCP filter is
presented for the first time, as all previous desio open literature only use maximally 3
metal layers. This brings new challenges to theidabon of multilayer LCP devices. To
tackle this, new fabrication technique has beereld@ed to reduce the registration error.
Stepped via connections are also developed invitbi& to provide reliable connections.
The agreement between measured and simulatedsrgsoles the usefulness of these

fabrication techniques.

However, further size reduction can still be achaein future. In this design, via hole sizes
are relatively large as it is needed for the stdppa connection. This also results in very
large via patches. To reduce the size of vias, laser machining technique and via hole
plating technique would be needed. In additiohalgh the second fabricated filter can
produce two transmission zeros, it is still a thindler bandpass filter. To improve the
performance further, efficient high order prototgpeeed to be developed, which will be

introduced in the next chapter.
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Chapter 3
A Miniature Ultra-wideband Filters Using a Novel and
Efficient Circuit Model

3.1. Introduction

In previous chapter, a compact and high performaitca-wideband (UWB) filter has been
designed using multilayer LCP technology. The numlmé total elements in the designs
are listed in Table 3.1. It can be seen that afihduoth designs does not deploy too many
elements, the number of reflection zeroes was 8nilthough the design in Fig. 2.18 (a)
was introduced as an improved design to produceexra transmission zero, as a

compromise, it did not increase the number of oifbe zeroes.

Design in Fig. 2.5 Design in Fig.
(a) 2.18 (a)
Highpass Filter 3 3
Lowpass Filter 4 6
In Total 7 9
Number of Transmission Zeros 1 2
Number of Reflection Zeros (Poles) 3 3

Table 3.1 Number of elements in circuit models for th designs in Chapter 2

In this chapter, a novel circuit model, to the bafsthe author’'s knowledge, for an ultra-
wideband filter will be introduced to produce atbetperformance than the design in
Fig.2.18 (a), but still use the same number of comepts. As a collaboration project with
the Department of Microelectronics& Radio Enginegri Saint Petersburg
ElectroTechnical University, this work is desigrfed the 3.1-10.6 GHz band, which was
released by the U.S. Federal Communications Cononis@CC) in 2002 for the

unlicensed use for indoor and handheld ultra-widdi@&WB) systems [3.1]. However, the

design approach can be easily applied to desigmdiat other frequencies.

For this UWB band, lots of designs have been regom open literature. In [3.2, 3.3],

multi-mode resonators were introduced to the desijtUWB bandpass filters, where

44



multiple resonating modes are produced by one egeorstructure. This can reduce the
number of resonators needed to design a UWB fikdcrostrip and co-planar hybrid
structures, where cross coupling can be easilyamphted, are used to design compact
UWB filter with finite frequency transmission zes¢3.4, 3.5]. Optimum stub filters,
introduced in [3.6] and [3.7], have also been usedesign UWB filters in [3.8] and [3.9].
This type of filters had no redundant connectioedi, and this makes it possible to design a

high order filter with less number of stubs.

Although the above designs use different waysdoce the number of elements needed for
the design of UWB filters, they are all based ostrdduted elements. In this chapter, a
novel lumped-element circuit model will be develdpe design compact UWB filters. The
circuit model is efficient and can produce 4 rdilmt and 2 transmission zeroes. In
addition, the filter has a very simple multilayé&usture, which is very suitable for low cost
mass production for practical applications. In #&cB8.2, the novel circuit model will be
introduced and its synthesis is also detailed. fpmarison between this design and other
conventional designs will be made in Section 3e/eBal samples of this design have been
fabricated and their measurements are shown inoBe8t4. This is then followed by a

conclusion and suggestion for future work in Set8cb.

3.2. A Novel Circuit Model for Bandpass Filters

To produce a UWB bandpass response with less th@ndB return loss and a 3 dB
bandwidth from 3.1 GHz to 10.6 GHz, a multilayemjped element circuit model is used in
this work, as shown in Fig. 3.1 (a) and its simolatresponse [3.10] is shown in
Fig. 3.1 (b).
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Fig. 3.1 (a) Proposed circuit model (b) Theoreticaircuit simulation response forL,=1.813 nH,C, = 0.0716 pF,
L,=2.119 nH,C;= 0.499 pFL,=1.449 nH, andC,=0.459 pF

The idea of this design comes from a traditionaiped element bandpass design as shown
in Fig. 3.2 (a) [3.7]. This circuit is obtained elitly from a Chebyshev lowpass prototype
through frequency and element transformation. then well know that, by introducing a
cross coupling capacitd, in Fig. 3.2 (b) [3.7], a transmission zero canpbeduced. To
make the most of this topolog@, is replaced by a T network as shown in Fig. 3)2 (c

Compared with the simple cross coupled circuit.(®), this topology does not only gives
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an extra pole in the passband near the passbanel &dg also provides a second
transmission zero at 14.3 GHz in the stopband, lwbiges a high selectivity on the upper
passband edge and a wide stopband with 31 dB atienutheoretically, as shown in
Fig. 3.2 (d).

To calculate the element values needed for thigyde$he circuit topology in Fig. 3.2 (c)
can be transformed into a simplified circuit modsl shown in Fig. 3.3 (a). The dash-
circled T section is then transformed to the dastied IT section in Fig. 3.3 (b), by using
T andlII circuit equivalence. Then it could be seen from. B.3 (b) that the circuit can
eventually be simplified, by combining tle andZp, Z, andZs, respectively, to a singlg
shape circuit, of which th&BCD parameters an8l parameters can be easily calculated.

With the S21parameter, by equating it to zero, the locatidnthe transmission zeroes can
be obtained, which are represented by (3.1) ariy).(B.can be seen that, the locations of
the transmission zeroes are only determined byl thetwork and the series LC resonator
formed byL; andC;. This actually means that in this circuit, theghiat branche&, andZs

are producing the transmission zeroes below repteddy (3.1) and (3.2).
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Fig. 3.2 (a) A Chebyshev bandpass filter (b) A comntional cross-coupled bandpass filter (c) the pragsed filter
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It should be mentioned that this type of paralletanance for producing transmission
zeroes is also similar to the phase cancellatiohnigue as has been used in [3.11], where
distributed transmission lines are adopted for designs and they are not suitable for

miniature circuit design.

To obtain the values for all the LC components, Cbls [3.10] is used for optimisation.
By using (3.1) and (3.2) and a trial value Ear Lo, and Cy can be calculated. Then all the
other values in the schematic can be chosen to $ievitar values as a conventional cross

coupled bandpass filter in Fig. 3.2 (b). Table 3hbws the value before and after

optimisation.
Co(pF) | Lo(nH) | Ci(pF) | La(nH) | Co(pF) | La(nH)
Initial 0.091 1.75 0.045 1.9 0.45 15
Optimized| 0.0716 1.813 0.3988 2.119 0.459 1.449

Table 3.2 Initial and optimized values

3.3. A Comparision with Other Conventional Designs

To indicate the advantages and drawbacks of thegydeit can be compared with a few

conventional design techniques.

1) Chebyshev filters, in T dil forms, can be easily designed using g - paramgiesbtain
required passband return loss, number of poleegudl ripple bandwidths. However, such
a conventional design won’t produce transmissionoe® In addition, for a 4-pole
Chebyshev bandpass filter, although it only coasi$t8 elements, it requires asymmetrical
circuit model and may need the two ports impeddadse different [3.12], which may be

not convenient for practical applications.
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2) Coupled resonator theory [3.13] is another atasgethod and very useful for designing
bandpass filters with transmission zeroes. Howdhes,design method is more suitable for
narrow band design. In terms of the number of eféme 4-pole coupled resonator filter
with 2 transmission zeroes in the upper stopbangmead 4LC resonators (8 elements), 3
inter-resonator coupling elements, 2 cross coupdlements and at least 2 input/output

matching elements, while the proposed design syghper uses 9 elements in total.

However, the novel circuit model in this work alkas its drawback. Classic design
techniques as mentioned above are very flexibletlagyl can be used to design a filter with
any number of poles theoretically. The proposedigdess a 4-pole filter with 2
transmission zeroes. If a higher order responsegsired, a cascaded design can be easily
formed. However, it would also be interesting teastigate the possibility of designing this

type of higher order bandpass filter directly itufe.

3.4. Implementation and Measurement

The proposed filter design is implemented on mays8r LCP substrates. The fabrication
process has been detailed in Chapter 2. Sincefahe main objectives of this design is to
provide a simple UWB filter structure which candet low cost and high yield mass

production, the implementation has been designée @s simple as possible.

To achieve this objective, the schematic in Fig@. @) has been re-arranged to the one in
Fig. 3.4 (a), where the series capacigin the main path has been split into two capasitor
with values of (2 *C;), so that it results in a symmetric circuit toppjo Then the circuit
model can be implemented as a two-layer structsresteown in Fig. 3.4 (b) and its
dimentions are in Fig. 3.4 (c) and (d). It can kersthat, with such a symmetric circuit
model in Fig. 3.4 (a), the series capaciigiin the series path would no longer needed to be
implemented with connection vias as shown in Fi§. Bhis simplifies the circuit structure

and also reduces the fabrication cost for massygtah.
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Fig. 3.5 A two-layer broadside-coupled capacitor

However, there is also a drawback for this typeinoplementation. For the proposed
structure in Fig. 3.4 (a), a total capacitancedok (C,) has to be implemented in a broad-
side coupled way, while originally onl@; needs to be implemented. This would lead to a

larger coupling area with a lower self-resonangdency.

For the very small value @, any poor fabrication tolerance can lead to addrgquency
shift for the transmission zeroes. As shown in Bid. (c) and (d), the copper patch on the
2nd layer for capacito€y is much smaller than the one on the top layers Thn lead to

less capacitance change in case of alignment aetuwisg the lamination process.

Fig. 3.6 shows the full wave EM simulation resuttained from a commercial simulator
[3.14] compared with the ideal circuit responserfrbig. 3.1 (b). The EM simulation result
is in a good agreement with the circuit responsthénpassband. However, owing to some
parasitic effects of the quasi-lumped elements é@mgnted, only one transmission zero is
observed in the upper stopband, which results irdR3topband attenuation instead of
31 dB from Fig. 3.1 (b).
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Fig. 3.6 Full wave EM simulation (solid lines) compagd with circuit simulation (dashed lines)
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The proposed circuit is fabricated as shown in Bi@.(a). The size of the filter excluding
the 50 Ohm feed line is 5.6 mm x 5.6 mm x 0.4 mrictvis 0.24 x 0.2Z4 x 0.014,,
where/q is the guided wavelength at the UWB centre frequesf 6.85 GHz. Compared
with the previous miniature LCP UWB filter in [3.]J15t occupies 30% less planar area

with similar performance.

The circuit is connected with Anritsu 3680 Test tkie and measured on a HP8510
Network Analyser. The measured result compared s¥ttulation is shown in Fig. 3.7 (b),
from which it can be seen that the measurementagséth simulation very well. It has
less than 0.3 dB mid-band insertion loss, 15 dBrreloss and 21 dB out-of-band rejection.
It also produces very flat group delay as showf&ig 3.7 (c), and the variation between
4GHz and 10GHz, which is about 80% of the wholespagd, is within 0.1nS. In addition,
for this design, 3 samples have been fabricated raedsured. They are all in good
agreement with the simulation as shown in Fig. @8 demonstrate a high yield of the

fabrication of the filter.
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3.5. Conclusion and Suggestions for Future Work

As an extension of the work in Chapter 2, this ¢hamtroduces a different circuit model
for the design of lumped-element UWB filter. Thecait model has only 9 elements but it
is capable of producing 4 reflection and 2 transiais zeroes, while in previous chapter, a

filter with 3 reflection and 2 transmission zeroegds 10 elements.

The multilayer implementation of the filter is algery interesting. It eliminates the need of
connection vias between two circuit layers. Thiadke to a simple fabrication. The
measurements of all fabricated samples are in ggoeement with the simulation, which
indicates that the proposed design is a very gaatlidate for mass production for

practical UWB systems.

However, as a preliminary study for this novel gitcmodel, only a 4-pole design is
presented. Some further work can be done to deawkystematic approach to design high

performance and compact UWB filters with frequeresponse of higher orders.
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Chapter 4
Miniature Bandpass Filters with Moderate /Narrow Bandwidths and

Excellent Stopband Performance

4.1. Introduction

In previous chapters, the design and fabricatiorulob-wideband (UWB) filters using

multilayer LCP technologies were discussed. Howeasra popular low cost multilayer
solution for compact microwave devices, liquid tayspolymer (LCP) has not been
involved in the design of bandpass filters with mi@de/narrow bandwidths. In particular at
a low RF band such as the very high frequency (VbHf)d, where it is essential to reduce

the size of planar RF components.

For such moderate/narrow-band applications, itoisamly required the bandpass filter to
have very good passband performance, such as leevtion loss, but also a very good
stopband performance, such as high selectivity tlearmpassband edges, wide stopband

with high attenuation to suppress the interferdrmm other systems.

In order to design narrowband filters, coupled negor circuits and their derivations are
the most popular candidates. The development di syme of filters started with direct-
coupled-resonator filters to produce the all-padedpass response [4.1]. Then the theory
was applied to different types of resonators angplings in [4.2]-[4.7]. Recently, with the
development of advanced material and fabricati@hrtelogies, novel coupled resonator
filters have been designed. In [4.8] and [4.9],stidde integrated waveguide (SIW) cavities
and high temperature superconductors are usedatdsgly, to reduce the insertion loss of
filters. In [4.10] and [4.11], MMIC and CMOS tecHaogies make it possible to implement
advanced filters in a very small format. Multilaylaw temperature co-fired ceramic
(LTCC) filters are designed in [4.12] and [4.13] aslow cost and high performance

solution.

LCP, another multi-layer solution has a numberdfamtages over LTCC, which include:
low-cost and low processing temperature. This makedesirable to investigate the
performance of LCP for applications requiring mademarrow bandwidths. There have

been to the author’s knowledge, previous multilay€P designs presented [4.14, 4.15],
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however these are for ultra-wideband applicatioRsrthermore in [4.16], a second order
narrowband bandpass filter was designed on LCP;nbufabrication and measurement
were done to investigate the real performance, asdhsertion loss and fabricated quality
(Q) factors of LCP filters with narrow/moderate Hamdths.

In this chapter, a multilayer LCP bandpass filtentced at 250MHz, with a fractional
bandwidth (FBW) of 20%, is presented. Section 42cdbes the synthesis procedure of
the proposed design and its physical implementatiomultilayer LCP substrates. Section
4.3 gives a short comparison between this desighaher conventional topologies to
demonstrate its superior stopband performanceiddet4 shows the LCP implementation
of this design. A fabricated LCP sample and its snead response are presented in Section

4.5. This is followed by a short conclusion in $&T?.6.

4.2. Filter Synthesis

For this work, a 4th order bandpass filter is desty with a centre frequency of
250 MHz and equal rippl€BW of 20%. The passband return loss is better thardB®
which is equivalent to passband ripple of 0.043 Tds specification and its corresponding

Chebyshev lowpass prototype element values aegllistTable 4.1.

FBW Z wo Passband Ripple g0 gl g2 g3 g4 g5
20% | 5@ | 250 MHz 0.043 dB 1] 0.9314 1.2920 1.5775 0.7628 2102

Table 4.1 Element Values for # order Chebyshev lowpass prototype filters

Cy Ly Cy Ly Cy Ly G Ly
o— ] | —rrrr] L —rrr ] e

Ko K> K>3 Ky K5

Fig. 4.1 A 4" order coupled-series-resonator bandpass filter

The design starts with a conventional 4-pole calyskeries-resonator filter in Fig. 4.1,
whereK;;+1 denotes the impedance inverters between any tyezextt series resonators.
To calculate all the parametets, is chosen to be 45nH first, th&y and K1 can be
calculated using (4.1)-(4.4) [4.18]. For coupledeseresonators, capacitive or inductive T-
shape impedance inverters, as shown in Fig. 4.2rdp), respectively, can be used to

replace the ideal frequency-independent inveradtlpugh these practical inverters would
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only have the same performance as ideal inverteoma frequency only, which will be
discussed in later sections.

1
C, = )
ZoFBW wqL
Ky, = L2 %ok (4.2)
9oI1
1 .
I(j,j+1 = FBW(U()LO ,_] = 1, 2, 3 (43)
9igj+1
ZoFBW w,L
K5 = 207 BW Wolo (4.4)
9aZs
-thﬂ 'CI}iJ+1 ~Ljj+1 ~Ljj+1
o 1l Il O
T Gt g Ljjr
O O O O

(@) (b)
Fig. 4.2 T-shape impedance inverters: (a) capacitivand (b) inductive

4.2.1.Series Resonators with T-shape Inductive Inverters

Normally, it is preferable to use inductive T-shapeerters with series resonators as
shown in Fig. 4.3 (a). In this schematic, invertptaced between any two adjacent
resonators are of the form of Fig. 4.2 (b) andrte@ment values can be easily calculated
using (4.5) [4.18]. However, inverters at the inpat output could not be implemented in
the same way, as there is no reactance to absentetiative inductance/capacitance at the
input and output. To solve this problem, for theuninverter for instance, it could be
assumed that the T network in Fig. 4.4 (b) is thaivalent circuit of Fig. 4.4 (a). By
equating the real part of the input impedadgdooking into the left, (4.6) can be obtained.
To remove the difficulty of obtainingo; directly, L, can be introduced and (4.7) can be
used to replacé in (4.6). ThenLy: can be obtained using (4.8). Then by equating the
imaginary part, which should be zefo,; could be obtained using (4.9). At this stage,

choosel,, to be 30nH and then all the element values arevkn®y absorbing all the
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negative inductances into adjacent series resaatdiiter schematic in Fig. 4.3 (b) can be
obtained. It should be mentioned that by reviewhé)-(4.9), it could be seen that all the
calculations are done at the centre frequengynly. This explains why these inverters
have identical performance as ideal inverters aingle frequency and are usually for
narrowband applications. Thus an optimisation sthde applied to obtain the desired
performance, such as -20 dB return loss, overadively wide frequency range. Table 4.2
shows the calculated and optimised values of thed.C components in the circuit. All of
these values are relatively small for filters opiegaat such a frequency and can be easily
implemented on multilayer substrates. The simutatesults of the schematic before and
after optimisation are shown in Fig. 4.5 (a). Hoem\by reviewing the schematic, it can be
seen that all the shunt coupling inductors worlexsa highpass elements. This is proved
in Fig. 4.5 (b) by comparing the performance of fitter in Fig. 4.3 (b) with that of an
ideal 4" order Chebyshev bandpass filter. It could be sieatnthe filter in Fig. 4.3 (b) gives
a faster roll-off at the lower passband edge wslivever at the upper edge.

Kj 1 .
Ljjy1 = ’a+0 forj=1to3 (4.5)
Koi |Zo?® 4+ wo?(Lsg + Lo1)?
o1 =_J ;0 01 (4.6)
(O Z0
Lso = Lyo— Loy (4-7)
Koi 1Z0% + w2,
Loy :ﬂ\/ ° 3 = (4'8)
Wy Zo

_ Zy?Loy + wo?(Lro — Lo1)Lo1Lro

4.9
Zo® + wo?Lyo” (49

le
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Ly -Lyg Cy Ly -Ljz -Ljz Cy Ly -Lzz -Lzz Cy Ly -L3y -Lzyy Cy Lg -Lgy Ly

Zy Lp 5 % % Lsy, Lys Zy
O 0]

(a)

Ly Cy L; Cy L; Cy L; Cy Ly Lgs
O —— e s 0
Zy Loy L Ly; Ly Lys Zy
O O
(b)

Fig. 4.3 A 4" order bandpass filter using series resonators an@-shape inductive inverters. (a) Initial Circuit. (b)
Circuit after absorbing negative inductances.

Lst) =Ls]
O— [
Zy Kos ﬁl Zy Ly H
Z in Z in
O— — @]
(a) (b)

Fig. 4.4 (a) Input coupling inverter and (b) its eqiivalent implementation

Go Li=Ly Lo=Ls Lm=Los | Lo=las | Li=La Las
Calculated 9.006 pF 21.8 nH 30.49 nH 5.9 niH 24.1 ||1H8.204 nH 6.304 nH
After Optimization | 9.006 pF 23.64nH  32.04nH 6.984 | 23.02 nH | 7.89 nH 6.38 nH
Table 4.2 The values of the 4-pole coupled-seriegsonator filter with inductive inverters
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Fig. 4.5 A 4" order bandpass filter using series resonators ant-shape inductive inverters. (a) Its simulation

results before and after optimization (c) Its seledtity in comparison with a conventional 4-pole Chebghev
bandpass filter

4.2.2.Series Resonators with T Shape Capacitive Inverters

The above design approach is quite straight forweschegative inductances can be
easily absorbed considering the series connectidmwever, it would be interesting to test
if T shape capacitive inverters could be used. I&nyito Fig. 4.3 (a), T-shape capacitive
inverters are used to replace the ideal invertess6 (a) and (4.10) from [4.18] can be used
to calculate the initial coupling elements valu@hen using the same way as in Fig. 4.4,

(4.11)-(4.12) to calculate the values of input edats and the output elements will have the
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same values due to symmetry. However, considedntQ), for a bandpass filter with a
narrow/moderate bandwidth;;+1 would be small and thus the value of the coupling
capacitorCjj+; would be very large. Such large capacitance fgcdlf to implement even
on multilayer substrates as they would have a ls@ge size, which means they will have
very low self-resonant frequency (SRF). Up to tosnt, filter designers would think that
series resonators only naturally work well with Aape inductive inverters other than

capacitive inverters.

To solve this problem, the following procedure dam applied to the schematic in
Fig.4.6 (a). Firstly, every resonator capac{fgrcan be split into two series capacitors, each
with a value of (2 xCp). They can then be used to absorb the negativactapces from
the original T-shape inverter and new T networks lba formed. T tdl transformations
can then be applied to these new T networks in&ig(a). (4.13)-(4.15) together with Fig.
4.7 (b) illustrate the calculations for the TIiaransformation. After this transformation, a
schematic in Fig. 4.7 (c) is obtained. Choosig = 8.65pF, all the calculated and
optimized element values are listed in Table 4i§. #8 (a) shows the simulated response

for the circuit in Fig. 4.7 (c) before and aftetiogsation.

1 :
Cj,j+1 = a)OK—W fOI'] =1to3 (410)
CroZ 1
Cor = —— — (4.11)
K()l 1 + 0)0 CTO ZO
Cor’ (1 + wo%Cro°Zy?
Coy = 01" (1 + wo“Cro"Zy") (4.12)

2 2
Co1r — Cro + wo2Cry“Co1Zy

Again, by reviewing the schematic in Fig. 4.7 (it)could be seen that all the shunt
capacitors work as extra low pass elements. Thgased by comparing the response of
the proposed schematic with that of an idéabdder Chebyshev bandpass filter in Fig. 4.8
(b). The proposed schematic shows excellent seilgctit the upper passband edge and the
stopband attenuation is over 70 dB at 0.4 GHz,eMhik cost is slower than expected roll-

off at the lower passband edge.
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o—ii = =~ = = —o
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[e; O
(b)
Fig. 4.6 A 4" order bandpass filter using series resonators an@-shape capacitive inverters
717y + 2175 + 7,74
. = (4.13)
Zy
VAV AVAR VA
b= (4.14)
Zy
Lily+ 21725+ ZyZ4
.= (4.15)

Z3

66



2C) Lo 11 2C, -Gyl -Gy 2C, 11 L, 2C, 26, Ly | Cygijry I L, 2C,
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Fig. 4.7 (a) T toIl transformation (b) Equivalent block view (c) The fnal schematic for the proposed filter

Cso1= Ceo= Cpo= Cp= Cp12=
LO Cs4E Cssz CSZS CD5 CD4 CD34 Cp23
Calculated | 45nH 16.98pF 7.58pH  5.48pF 3.02pF  8.49pF 13.2pF O7p#
After L
optimization 42.8nH | 16.05pF 7.47pH 5.33pF 3.50pF 9.33pF 14.13m&.46pF

Table 4.3 The element values of the 4-pole coupledries-resonator filter with inductive inverters
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Fig. 4.8 A 4" order bandpass filter using series resonators anchpacitive inverters. (a) Its simulation results béore
and after optimization (b) Its selectivity in comparison with a conventional 4-pole Chebyshev bandpas#dr

4.3. A Short Comparison with Other Conventional Designs

It has been shown in Fig. 4.8(b) above that the@@sed design shows better selectivity at
upper passband edge than conventiorf3l ofder Chebyshev bandpass filter design.
Furthermore, as reflected by thevalues in Table 4.1,"4order and any other even order
Chebyshev bandpass filters do not have a symnfetrit. For instance, in Table 4.4 #

gs, indicating that the filter requires different irtpand output port impedances, which is
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not convenient. However, as has been shown in4=fg(c), the proposed filter has a very
symmetric form, which can be an advantage in mppti@tions, as no extra impedance

matching network is needed.

To further highlight the advantages of this desigs,performance is compared with a

conventional 5-pole Chebyshev bandpass filter gn &i9. It can be seen that the proposed
4-pole filter has a much greater selectivity on tigeper passband edge than the
conventional 4-pole Chebyshev bandpass filter andimost as good as the 5-pole one.
When the frequency is above 500 MHz, it even giyesater stopband attenuation than a
conventional 5-pole Chebyshev design. As a traflettod proposed design does not have
as good selectivity as other filters for the lowsrssband edge. This indicates that in
applications where upper passband edge selectiniystopband attenuation is critical, the
design in this chapter could be a very suitabledickate to replace higher order

conventional bandpass filters. With less numberesbnators, this design will bring the

benefit of less insertion loss and smaller size.

0
-20
-40
)
T -60
S
> -80
=
& -100
=
120 —s21 =2
/ Proposed 4-Pole Bandpass Filter
/ Chebyshev 5 pole Filter
160

0 0.2 0.4 0.6 0.8 1
Frequency (GHz)

Fig. 4.9 A comparision between the proposed™order bandpass filter and a conventional 8 order Chebyshev
bandpass filter

4.4. TheLCP Implementation of the Proposed Design

Based on the circuit model in Fig. 4.7 (c), the titayler LCP design shown in Fig. 4.10 (a)
is produced as a compact implementation. The ray#il LCP structure has a total

thickness of 0.4mm, with dielectric constant amgsleangent of 3 and 0.0025 respectively.
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The structure consists of four copper layers fer ¢hcuit patterns and one for the ground
as shown in Fig. 4.10 (b). The separation betwearyetwo adjacent circuit layers is
50 um to provide a high capacitance density fomtiodtilayer capacitors. The metal layers

are made of copper and have a conductivity of 518" 8/M.

Based on the element values extraction processeasmied in [4.15], the multilayer LCP
filter is designed and then optimised to obtain tegquired performance. The final

dimensions of different stages of the design atailee in Fig. 4.11 (a)-(c).

Fig. 4.12 (a) shows the full wave EM simulation1®. result of the lossless LCP structure
in comparison with the circuit simulation [4.20ktdt of the circuit model. It can be seen
that multilayer structure can produce an almosttidal response to the ideal circuit model
upto 0.5 GHz.

Since all of the multilayer elements that are baisgd in this design are low Q elements,
the insertion loss of the proposed design can besae. Fig. 4.12 (b) shows the full wave
EM simulation result of the candidate structurehwébnductor and dielectric loss. The
passband return loss is around -20 dB, and thebamdt insertion loss is about -2.9 dB. For
such a coupled-resonator circuit, the passban@meaice is mainly degraded by the loss
of the resonators when a current is passing throligim. For multilayer lumped elements
on LCP, as discussed previously in Chapter 2, thef Qapacitors is around 300, while

inductors using 0.1 -0.4mm line widths may only évav Q between 30 and 50. Thus it
would be expected that by increasing the Q of ésemator inductors, the insertion loss of
the filter can be largely improved. For this 4-pbler, by increasing the Q of the resonator
inductors to 200, the insertion loss can be deeck&s -1.1 dB. The cost of this is larger
inductor size and lower SRF, which would degradestiopband performance. Fig. 4.12 (c)
shows the wideband simulation result of the progddéer and it can be seen that the
design shows a very wide harmonic free stopbantbu34 GHz, which is 9.4 times the

centre frequency. The out of band rejection isdpdttan 70 dB between 0.4 GHz and 2.2
GHz.
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Fig. 4.10 (a) 3D structure of the proposed multilayelL CP bandpass filter and its (b) multilayer stack-up
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4.5. Fabrication and Measurement

A sample for the proposed design has been fabdcateshown in Fig. 4.13 (a), using the
manufacturing techniques developed in [4.15]. Ediclg the 50 Ohnfeed line, the filter
has a size of 56.7 mm x 13.75 mm x 0.4 mm, whianlg 0.0744 x 0.0184 x 0.00052,
where g4 is the guided wavelength at the centre frequerfc250 MHz. The sample is
measured on a HP8510B network analyzer with SMAneotors. The measured
narrowband and wideband S-parameters are showigidA3 (b) and (c), respectively.
The stopband performance is excellent and the $2ibwn to -70 dB, which is already
around the noise floor. The 2nd harmonic only apped about 9.5 times the centre
frequency and is below -36 dB. The measured besaim insertion loss is -3.1 dB, which
is only 0.2 dB higher than EM simulation. In genethe measurement is in a very good
agreement with the EM simulation, apart from abbtMHz frequency shifting, which is

due to fabrication tolerance.
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Fig. 4.13 (a) A photograph of the fabricated filter(b) Its measured narrow band performance (c) Widebad
performance

75



4.6. Conclusion

In this chapter, a compact bandpass filter with ematé/narrow bandwidth using multilayer
LCP technology has been designed and fabricatethéofirst time. Although based on the
conventional coupled-resonator theory, this desgplores the unusual combination of
series resonators and T-shape capacitive inveais Il transformations have been used
during the design to make the circuit easy to immaet on a multilayer substrate. A
comparison between this design and other convaaitidesigns has also been made and
shows the superior upper stopband performance efptbposed design. This shows a

promising future for the proposed design in prattikF/microwave applications.

The design has also been fabricated using multilag# technology, which gives a very
small foot print for the proposed design. The messuesult of the fabricated sample
agrees very well with the EM simulation result. farthe work in this chapter, promising
feedback about the possibility of using multilaygCP technology for the design and
fabrication of narrowband/moderate-band filters basn obtained. However, although the
design in this chapter has excellent selectivitthatupper passband edge, it would be more
desirable in some applications that finite freqyetransmission zeroes can be generated

near the passband. This will be investigated imte chapter.
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Chapter 5
Miniature Bandpass Filters with Transmission Zeroes using Mixed

Couplings

5.1. Introduction

In Chapter 4, a compact coupled-resonator filters vd@signed and fabricated using
multilayer LCP technology. Although the filter hadperior stopband performance, it lacks
finite frequency transmission zeroes near the @assbSince introducing such zeroes can
significantly improve the selectivity of the filtewhich was discussed in Chapter 2 and 3, it
is desired that compact filters with narrow/moderaandwidths can have cross couplings

to generate transmission zeroes near the passband.

In open literature, various types of cross-coupilkeers have been developed. These filters
include the very popular cascaded trisection (&T),[5.2] and cascaded quadruplet (CQ)
filters [5.3, 5.4]. With the development of cougjirmatrix synthesis in [5.5]-[5.6],
arbitrarily defined transmission zeroes can be pced. To produce the maximum number
of transmission zeros for an™brder filter, (N+2) x (N+2) coupling matrices atteen
introduced in [5.7] to include the source and lo#d the coupling diagram. This gives the
fully canonical structure and N finite frequencartsmission zeroes can be produced for an

N-pole bandpass filter.

However, a filter implemented using a conventiac@lpling matrix may only produce the
desired frequency response in a narrow bandwidkils Theans although the passband
return loss can be optimised to meet the spedificathe selectivity, the whole shape of
S21, and the stopband attenuation can be veryreliffefrom the ideal coupling matrix
prototype, which is a circuit model using ideal guency-independent inverters. This
problem is detailed below.

The procedure of designing a narrowband bandplss dsing a coupling matrix is shown
in Fig. 5.1. With the coupling matrix, a circuit rsting of ideal series/parallel LC
resonators and frequency-independent impedancdtadoe inverters is formed as the
starting point; this is referred to as coupling mxaprototype in this chapter. This circuit

accurately produces the pre-defined arbitrary nesp@and is called “Circuit 1” in Fig. 5.1.
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Then the resonators and inverters in this couptiadyix prototype are replaced by practical
microwave resonator models and frequency dependeetters, respectively. This forms
the “Circuit 2” in Fig. 5.1. It should be mention#uhat, although “Circuit 2” in Fig. 5.1 has
the form of lumped element, it actually could beoither forms, such as a filter model
consists of half wavelength transmission lines adde coupling models. Eventually this
“Circuit 2" is translated to waveguide, coaxialdior microstrip structure in commercially

available full wave EM simulation tools and is thte “Circuit 3” in Fig. 5.1.

o—] —o
Coupling Matrix
Prototype J] :B[ Cy Ly J2 :B2
(Circuit 1)
o—| —o

|

Circuit Model with |
Practical Inverters == —

(Circuit 2) |

|

1

Physical
Implementation
(Circuit 3)

Fig. 5.1 The design flow of coupled resonator filts using multilayer lumped-elements

In the above design flow, “Circuit 1" should be thétimate design target and all
implementations should be aimed to match it. Howetleere is only a very narrowband
match between “Circuit 1" and “Circuit 2", which due to the resonators and couplings
that are used. Furthermore, in most cases, obtpihie match between “Circuit 2” and
“Circuit 3” in this design flow is more emphasizedpublications, while “Circuit 1” is only
used for initial analysis and then ignored. Evellyyanly a very narrowband agreement is

obtained between “Circuit 1” and “Circuit 3".

To produce a coupling matrix that can be used sigdecoupled-resonator bandpass filters
with wideband response match between “Circuit 1d &ircuit 2”, new approaches have
been investigated in open literature. [5.8] sthptgproducing the transversal circuit, which
can be then transformed to other topologies. Theromeh in [5.9] is developed by
assuming all the main couplings are inductive grac#ive, and then the resultant coupling
matrix can take into account the frequency-deperylesf the impedance/admittance

inverters. However, the transformation methods5i8][ are complicated and it would be
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more preferable that filter design can be carrietdbmsed on the general coupling matrix
synthesis procedures as detailed in [5.5]-[5.7]e hethod in [5.9] actually produces a
different type of matrix from [5.5]-[5.7] as it gnlconsists of capacitive couplings or
inductive couplings. In Chapter 4, it was alreadyved that filters using such type of pure
couplings will have very different frequency resperfrom the original coupled-resonator
filter prototype. In addition, none of these pappresent physical implementations and

measured responses of filters with finite-frequetmapsmission zeroes.

To tackle this issue, a novel systematic desigmagmih will be discussed in this chapter.
Section 5.2 will introduce a new type of similaritansformation, which can be used to
change signs of couplings in a coupling matrix. T hevill be proved in Section 5.3 that, if
a frequency-dependent capacitive coupling is coetbiwith an inductive coupling, the
frequency response will be very close to that af ideal frequency-independent couplings.
This type of mixed-coupling actually forms a bridgetween ideal inverters and practical
inverters, and it is the key of matching “Circuitdnd “Circuit 2” in a wide bandwidth. By
combining the conclusions from Section 5.2 and 5.&an be seen that by applying a set of
similarity transformations to a coupling matrixmere desired coupling matrix with equal
number of inductive and capacitive couplings carptmuced. Then this leads to a cross
coupled lumped-element circuit with the best pdesWideband response match with the
original coupling matrix prototype. Section 5.4 rthapplies these theories to direct-
coupled-resonator filters to show the differencesMeen coupling matrix prototype and
common filter implementations. To demonstrate tppliaations of these theories to the
design of cross-coupled filters, a bandpass filbersed on an NxN coupling matrix, is
designed and fabricated using multilayer LCP tetdgypoas an example in Section 5.5.
Section 5.6 will then show how this approach camglied to an (N+2) x (N+2) coupling
matrix to produce maximum number of transmissiomee for an N-pole bandpass filter.
The general design procedure is summarised in @eéti7. This is then followed by a

conclusion for this chapter.

5.2. A Special Type of Similarity Transformation for Coupling Matrices

For coupled-resonator filter design, once the djpation of a filter is given, a coupling
matrix can be produced using the synthesis methegepted in [5.5] and [5.6]. This matrix

is then reduced to a simplified and easy-to-implene®upling matrix, such as the folded
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configuration in Fig. 5.2 (a) and (b), or other M such as the CUL-DE-SAC
configuration in [5.10]. During this simplificationa type of matrix similarity
transformation, called matrix rotation is used #&ribes not change the frequency response
represented by the coupling matrix as proved it(pb.However, such rotation does not

change the signs of the entries in a coupling matri

1 2 3 4 5
1 M1 My 0 0 Mms
2 M2 Mo3 Ma4 Mas
3 M3 Ma4 0
4 M4 Mys
5 s
(@)
Port 1 ‘ /1\
o
mys, 2
|
Port 2 ‘ @

(b)
Fig. 5.2 (a) A simplified coupling matrix for a 5" order bandpass filter and (b) its coupling diagran
M, = T My - Ty (5.1)
In general, the similarity transformation for a pbng matrix M., has the form of (5.1),
whereTy is an orthogonal matrix ard, the new coupling matrix. To change the signs of

non-diagonal elements M., a special type of orthogonal matrix is used amawg in
Fig.5.3.
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1 1 0 0 0 0 0 0

2 0 1 0 0 0 0 0

0 0 1 0 0 0 0

k 0 0 0 -1 0 0 0

0 0 0 0 1 0 0

N-1 0 0 0 0 0 1 0
N 0 0 0 0 0 0 1

Fig. 5.3 A special orthogonal matrix T
It can be seen thdi is almost the same as the identity maltrexcept that the elememiy
is -1. The inversed matrik,* = Ty. When such a similarity transformation is appliedhe
coupling matrixM .1, elements in roik, m7%;, and column k%, of the new matriM, are
changed according to (5.2)-(5.4).

My = —My, L #k (5.2)
my, = —my, i #k (5.3)
Mg = My (5.4)

It should be mentioned that, unlike the similaritansformation in [5.10], the special
orthogonal matrixTx being used here is not a rotation matrix, thus thimilarity
transformation is not a matrix rotation processt ibican be called a matrix reflection
[5.11]. It can be seen that after such a similaréysformation with the special orthogonal
matrix Tk, signs of all elements in row k and column k abanged except that, the
diagonal elemeniny , which represents the frequency offset of thematr k, is not
affected. If a coupling diagram is used, such alarity transformation changes the signs
of couplings associated with the resonator k. &i§.shows the new coupling diagram after
applying such a similarity transformation on thesgking diagram in Fig. 5.2 (b) with a

transformation matriX, in Fig. 5.4.
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1 3 4 5
1 1 0 0 0
2 0 -1 0 0 0
3 0 0 1 0 0
4 0 0 0 1 0
5 0 0 0 0 1

Fig. 5.4 An orthogonal matrix T

~_ Yo =My —
Port1l, > {1} { 2 A -M3
o N
L -mos, \*
mis i 7 1=y (3)
| / | —
. P L /
Port2| {5} {4 ¥~ May
4 — Mys

Fig. 5.5 New coupling diagram after applying T, to the diagram in Fig 5.2. (b

5.3,  Non-ideal Inverters

The theory of couple-resonator filter is usually used to design narravebéilter as have
been mentioned in Chapter. This is because practicanicrowave resonators an
impedance/admittance inverters h the required performances only withi very limited
bandwidth. In a coupledistributec-resonator filter, both the resonators and coupleg
based on narrowband assumps. In a couple-lumpec-resonator filter,although the
lumped element renatorsbehave like ideal lump+~element resonators over a much wi
bandwidtl than distributed resonators, lumpelement T orrx inverter: in Fig. 5.6 are
frequenc-dependen Although they have frequenc-invariant phase sh, their
characteristic impedancespend on the frequency, as shown by (5.5) and (5.12]. In
this case, to design a coug-lumpec-resonator filter with wideband matching with f
coupling matrix prototype, the n-ideal effect from the lumped element inverters $th

be minimized
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Capacitive Coupling Inductive Coupling

|||— 1

Fig. 5.6Lumped element admittance inverters

Ul = wC (5.5)

1
I/l = oL (5.6)

Considering the two port network as shown in Fig/, 3wo admittance inverters are
separated by a shunt parallel resonator. Sheof such a network is represented by (5.7),
which is obtained from network analysis. In an Idease, the two inverters have
frequency-independent valu& and B,, respectively. Then by substituting (5.8), which
represents the resonator’s frequency response(5nif9, (5.9) can be obtained. It can be
seen that the only frequency dependency ofSP&for such a network come froivk(w),

which is the impedance of the resonator.

Z J]:B] Gy Ly JZZBZ Zy

Fig. 5.7 A two port network consisting of two admittance inveters and a resonator

-2
1S21 ()| = . 1 (5.7)
L@ "ar) 1
J1 Zy J2 )2
1
YR((U) = j(wCy — w_LO) (5.8)
_ -2

B, Zy BB, B
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However, there is no such frequency-independermrtav in reality. By replacing; andJ,
with the capacitive or inductive inverters from Fig7, four different combinations can be
obtained as listed in Table 5.1, where the valli€%,0C,, L, andL, are listed in Table 5.2.

Combination N N
1 J1 = 0wl J2 = wG;y
-1 -1
2 1= oL, 2= oL,
-1
3 J1=wC 2= w—Lz
-1
4 L= w_L1 J2 = 0wy

Table 5.1 Different combinations of inverters

Cl Cz L1 I—2
B; B, -1 -1
Wo Wo woB; woB;

Table 5.2 The values of coupling elements
Since 3 and 4 in Table 5.1 actually give the sainé lf frequency dependency, only
combinations 1, 2 and 3 are substituted into (|@y then (5.10), (5.11) and (5.12) are

obtained respectively.

-2 -2
Cl ZO (,()chcz CZ Bl ZO a)z BIBZ BZ
1S21 (@) 2 2 5.11
w)| = = .
21 ﬂﬂ'M'szL +2 &+YR((‘)).(‘)2. 1 +& ( )
L, T 7, w2 T B, YT Z, wo? BB, B,

-2
_1 YR ((l)) . -
wZC L, " Z, C

1S21 ()] =

2+(_w2C1L2)
1
(5.12)
_ -2
By wo® Y@ 1 B w?

Bl (,()2 ZO B1B2 BZ (4)02
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It can be seen thafz(wo) is zero at the resonant frequenay. Thus (5.10)-(5.12) are all
identical to (5.9) no matter what valugsandB, are. For an input and output matched case,
B; is equal toB,, and thenSy| is 1 at the resonant frequeney. So for a narrow band

analysis, all of the above cases give similar fezqy response.

However, if a wideband analysis is carried out, tbsult is very different. As frequency

moves away fronwo, it can be seen that the middle term of the denatar of (5.9),

YRZ—(“’)-ﬁ, gets bigger and bigger, whil%a and% have values between 0.5 and 2. Thus
0 1P2 1

2

for this wideband analysis, (5.9) — (5.12) can ibgp$fied to (5. 13) — (5.16), respectively.

So far only two constangé and% have been ignored, and they are much smaller than
1

2

YR((D) 1
Zy B1B;

. This means the error caused by the above siwgiifin is negligible.
Furthermore, the above simplification does not geatiie frequency dependency of (5.9) —
(5.12) and this will ensure that (5.13) — (5.16i de confidently used for the wideband
analysis. It can be seen that (5.16) has the batsthmvith (5.9), and its frequency response
only depends orYg(w), while (5.14) and (5.15) have extra dependencies exhibit
highpass and lowpass properties, respectively.Fgyplots the§2] of (5.9)-(5.12) against

normalized frequencies.

S X |l—— 1
| Zl(w)l YR(Q)) . 1 (5 3)
Z, BB
S | 2 5.14
| 21(0)) ~ YR(a))_ 1 ( . )
Zy  w2C.C,
1531 (@)] 2 (5.15)
21 w =~ .
YRZ(((:)) . szle
1S30(@)] 2 2 (5.16)
w =~ = .
2 Ya(w) =Ly~ [Yr(w) 1
Zy G Z, BB,

87



-20

-40

—4- |deal Inverters

S21 Magnitude (dB)

-8~ Capacitive+Capacitive
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—*%- Mixed

-80
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Fig. 5.8 p21| of different combinations of inverters

It can be seen from Fig. 5.8 that by combining @auctive coupling with a capacitive
coupling, the frequency response is almost ideinticathe combinations of two ideal
frequency-independent inverters over a wide banthwidlhis then forms the basis of using
mixed frequency-dependent couplings to designrélteiith a wideband match with
coupling matrix prototypes. It also implies thatemha direct-coupled-resonator filter is
designed, if purely inductive/capacitive couplirage used, the implemented filter will then
have a very different wideband response from thglioeg matrix prototype using ideal

inverters. This is illustrated in the next section.

5.4. Direct Coupled Resonator Filters with Wideband Respnse
Matching with Coupling Matrix Prototype

Fig. 5.9 (a) shows a normalized N x N coupling mafor a 5-pole direct-coupled
resonator filter with a centre frequency of 0.25z5Hactional bandwidth (FBW) of 20%,
and passband ripple of 0.043 dB. Then by applyireggde-normalization in (5.17) [5.12],
the coupling matrix for &BW of 20% is obtained in Fig. 5.9 (b). All of the duplings
between any two adjacent resonators are positideraplemented as capacitive couplings.
By using the similarity transformation in Section25 this coupling matrix can be
reconfigured to have zero to four negative cougindror instance, by using a
transformation matriX ,, couplingsM;, andM,; can be changed to negative. Then by using

another matrixr ;, My, is changed back to positive, leaving oWy negative.

Mj,j+1 = mj'j+1 -FBW (517)
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2 3 4 5
1 m=0.8655 0 0 0
2 0 my:=0.6355 0 0
3 0 mMs,=0.6355 0
4 0 my:=0.8655
5 : 0

@

2 3 4 5
1 M;=0.1731 0 0 0
2 0 M. =0.1271 0 0
3 0 M;=0.1271 0
4 0 M4s=0.1731
5 0

(b)
Fig. 5.9 A coupling matrix for a fifth order direct- coupled-resonator filter (a) normalized (b) de-nornalized
So depending on the number of negative couplings, different coupling combinations
can be obtained. Although with ideal inverters, ddlithese reconfigured coupling matrix
prototypes produce the same response. However, refiacing the ideal inverters with
lumped-element capacitive/inductive inverters fréig. 5.6, these filters produce very
different wideband response, as shown in Fig. $a)@nd (b). Some of them have better
selectivity at the lower passband edges, whilerstiaé the higher edges. As indicated in
Section 5.3, it can be expected that if two of ¢tepling are implemented as inductive
inverters while the other two capacitive, the |S#1{he filter may have almost identical
response with the filter using ideal inverters. sTis verified in Fig. 5.10 (a), as the
response of the filter with two capacitive coup8ngverlaps the ideal coupling matrix
prototype. From another point of view, by usindet&nt couplings, the reflection zeros are
produced at different frequencies, as shown in %0 (b). These different distributions of

reflection zeros lead to different selectivity aspband edges.
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Fig. 5.10 (a) S21 and (b) S11 for different couplaconfigurations

It can also be seen that if all the couplings amplemented as capacitive inverters, these
capacitive inverters together with the shunt resasagive the filter a very strong highpass
nature, similar to (5.14), thus a high selectivn be obtained at the lower passband edge.
If all the inverters are inductive, then the filteas a very strong lowpass nature, similar to
(5.15), which gives the filter a very good seleityivon the upper passband edge. It should
be mentioned that if the resonators are implemeinied series way, then capacitive
impedance inverters will give the filter a lowpasdure while inductive gives highpass, as

have been discussed in Chapter 4.
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5.5. A Five-pole Coupled Resonator Filter with Two Finie Frequency

Transmission zeroes.

In this section, theories presented in Sectiorah@®5.3 will be used to design a fifth order
coupled-resonator filter with two finite frequencgnsmission zeroes. This is demonstrated
with an N x N coupling matrix. The filter has a trenfrequency ofy, = 250 MHz and
FBW = 20%. The passband ripple is 0.043 dB andttasmission zeroes are located at
215 MHz and 290 MHz, which correspond to -1.5 arfs] tespectively, in the lowpass
domain according to the bandpass to lowpass tranat®n [5.13]. Fig.5.11 (a) shows the
normalized coupling matrix obtained by using thetbgsis and matrix reduction method in
[5.10]. Some online tools, such as in [5.14] coaldo be used for producing such a
coupling matrix. Then by applying the de-normalizat(5.17), the coupling matrix for a

FBW of 20% is obtained in Fig. 5.11 (b). The externaupling coefficient
Qe01= Qess= 4.971.

1 2 3 4 5
1 0 -0.8445 0 0 0
2 0 -0.5825 0 0.2136
3 0 0.7544 0
4 0 0.8170
5 . 0
(@)
1 2 3 4 5
1 0 -0.1689 0 0 0
2 0 -0.1165 0 0.0427p2
3 0 0.1509 0
4 0 0.1634
5 . 0
(b)

Fig. 5.11The original NxN coupling matrix (a) normalized (b)de-normalized

5.5.1. Synthesis
It can be seen that the matrix in Fig. 5.11 (b¢ady has an equal number of inductive and

capacitive couplings. However, to further demonstthe theory from Section 5.2 and 5.3,
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and illustrate the differences &21among different configurations, this matrix can be
transformed to have purely capacitive main cougliagd one inductive cross coupling by
applying a transformation matrik,, or purely inductive main couplings and one capaei
cross coupling by applyings. When frequency-independent inverters are usedf Hiese
three configurations give the same frequency respoBy replacing these ideal inverters
with practical inverters from Fig. 5.6 and perfosome schematic optimizations [5.20] to
obtain the required passband ripple, 8l andS11of these different configurations are
plotted in Fig. 5.12 (a) and (b), respectivelycdh be seen that the circuit model with equal
number of inductive and capacitive main couplings the best frequency response match
with the coupling matrix prototype (they are ovpdang each other in Fig. 5.12 (a) and (b)).
It should be mentioned that, although the two gpnfations with purely capacitive or
inductive couplings could be optimised to move trensmission zeroes to the correct
positions, it then wouldn’t be able to give the sapassband ripple or bandwidth. The
overall shape of the S21 wouldn’t be the same @asadlipling matrix prototype, either. This
is basically because the positions of the passpates determine the shape of the S21. It
also shows that although there is an extra crosplic for the matrix in Fig. 5.11, it does
not have obvious effect on the shape of S21. Ehizecause the positions of the passband
poles, in Fig. 5.12 (a) are more determined bynmatws and main couplings, while the

cross coupling has more effect on the locatiorntsamfsmission zeroes.
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Fig. 5.12 (a) S21and (b) S1: of different configurations

Up to this point, although it has been found thatem couplings should be used to obta
good agreement between practiLC circuit models and coupling matrix prototype, it
still difficult to implement theL.C circuit on commercially available substrates du¢hi
inductive couplings. The value of coupling industean be calculated us (5.18), where
bj andbj., are slope parameter5.12]. Considering the -normalization (5.17), for a sm:
FBW, the value oM;;:1 is small and thus coupling inductors are of largkigs accordin
to (5.18). For the matrix in Fig. 11 (b) and centrdfrequency of 250MHz, thiL;j+1 is
between 88nH and 129nH. To implement such largeegaltwo methods could be us
One is reducing the width of the metal track and #ould reduce the Q of the induct
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Another way is to increase the length of the tragth the cost of decreasing the self-

resonant frequency (SRF). None of the above twhaoustis desired.

-1
wLj i1 =Jjje1 = Mjjea- /bj "bjiq (5.18)

To solve this problem, the negative inductartg;:; from the inductive inverter is firstly
combined with adjacent resonator inductors, théhta T transformation is applied to the
circuit. All of the resultant series inductoks;, Lsi+1) and shunt inductot, i+1) have
realisable values. ThiH to T transformation is valid for the whole freqaogrrange and
does not change the response of the circuit mddes. process is shown in Fig. 5.13 (a)
and (b).

=—Ci

Ly

(b)

L)‘Z

Fig. 5.14Circuit with two inductive couplings adjacent to eah other
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In Fig. 5.11 (b), since two inductive couplinfs, andM,3 are adjacent to each other, to
absorb the negative inductances from inverdgraindJ,s, the resonator inductar, has to

be split to two inductors and théhto T transformations can be applied at both sidss,
illustrated in Fig. 5.14. Then this would introdue extra element in the circuit, which is
not desired from the miniaturisation perspectiV®. produce an optimal circuit model with
the least number of elements for a miniature impgletation, some further similarity
transformations, as explained in Section 5.2, shtel done to separate the two inductive

couplings. The matrix in Fig. 5.15 can be obtaiaed chosen for the final implementation.

2 3 4 5
1 -0.1689 0 0 0
2 0 0.1165 0 0.0427p
3 0 0.1509 0
4 0 -0.1634
5 0

Fig. 5.15 The final coupling matrix after separatingtwo adjacent inductive couplings

The corresponding final circuit model is shown ig.F.16 after absorbing all the negative
elements and applyinfl to T transformations to inductive couplings. Timgut/output
matching is done by using an L-shape matching edb.12], other than &l section to
reduce the number of elements. It should be noticatiafter the absorbing proce€s,is

no longer the original resonator capacitor as thlesorbed adjacent negative capacitance
from the inverters or L-matching sections. An opziation of values of the circuit is then
carried out to ultimately match the response ofdbepling matrix. The values of circuit
elements before and after optimisation are listedable 5.3. It should be clarified that by
using such a mixed coupling approach, it does redmthat no optimisation is needed at
the circuit model level. For other coupling configtions, an ultimate match could not be
possible even with optimisations as already shawhig. 5.12 (a) and (b). So this mixed-
coupling approach differs from others by the faettit provides the possibility to almost
fully match the response set by the coupling matkig. 5.17 shows the simulated
responses of the circuit model in Fig. 5.16 andidleal coupling matrix prototype. It could
be seen that the circuit model in Fig. 5.16 whilgenerated from a coupling matrix using
mixed couplings, has almost the same responseeaddhl coupling matrix prototype. The

locations of reflection and transmission zeroes araost the same. Considering the
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bandwidth of 75 MHz between the two transmissiores, the circuit model in Fig. 5.17
actually matches an ideal coupling matrix prototgger aFBW of 30%. Up to this point, a
good agreement between “Circuit 1” and “Circuitf@m Fig. 5.1 has been obtained.

28
[
Cs  Lsf Ls2 c23 C34 Ls4 Ls5 | Cs
o C1 '-P12;£ C2 c3__L3 [T C4__ Lp45 (F c5 o
T 9 T 777§ T Y

Fig. 5.16The circuit model for physical implementation

Ci c2 C3 C4 C5 C23 C34 Cs

Calculated | 20.721pF 22.717dF 19.795pF 22.94ppF 61pB| 3.148pF| 4.077pF  10.989pF

After I
optimization 19.61pF 22.29pF 20.96pk 22.30pF 18.67pF  3.10@pF 16pM| 9.937pF

Ls1 Ls2 L3 Ls4 Ls5 Lpl12 Lp45 C25

Calculated | 12.833nH  12.833nH 15nH 12.893nH  12.898rH608nH| 2.518nH  1.154pH

.Af.ter. 13.061nH| 13.061nH 15nH 13.09nkH  13.09MH  2.494nH r##3 1.076pF
optimization

Table 53 Element values before and after optimization for tle circuit in Fig. 5.17

0

m
B,
S
> -80
=
c
% -— DB(|S(2,1)]) —e-DB(|S(2,1)))
S Coupling Matrix Prototype Circuit Model after Optimization
--k- DB(|S(1,1)]) -%-DB(|S(1.1)])
Coupling Matrix Prototype Circuit Model after Optimization
-160
0.1 0.2 0.3 0.4

Frequency (GHz)

Fig. 5.17 Circuit simulation response versus couplgnmatrix prototype response
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5.5.2. Implementation and Fabrication

The circuit in Fig. 5.16 is then implemented aompact LCP module consisting of three
circuit and one ground layers as shown in Fig. 5Ti& dielectric constant of LCP is 3.0
and loss tangent 0.0025. The thickness of the whdule is 0.4mm while separations

between every two adjacent circuit layers are 50 um

CA e R

Metal Layer 2
B 50pum Bonding Film

D 50um Bonding Film

F 50um Bonding Film

Ground

Fig. 5.18 Multilayer LCP structure for the implementation

Fig. 5.19 3-D structure of the proposed filter

Then all of the capacitors and inductors are imglet@d on this multilayer structure and

the filter is shown in Fig. 5.19. The initial phgal dimensions of each inductor and
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capacitor are obtained by using the element vattraaion process from Chapter 2, then a
tuning/optimisation process can be carried out litaio a good match with the circuit
model. The dimensions of the filter are 0.0294x 0.0303; x 0.000524
(22.6 mm x 23.25 mm x 0.4 mm), whefg is the guided wavelength at the centre
frequency of 250 MHz. In terms of guided wavelesgtthis is relatively small compared
with other published multilayer filters [5.15]-[8LL Its final full wave simulation
result [5.19] is compared with the circuit modeahsalation result [5.20] and is shown in
Fig. 5.20 (a). It can be seen that the circuit nhadd~ig. 5.16 and the multilayer LCP
module in Fig. 5.19 produce almost identical resgoftfom 0.1GHz to 0.4GHz. This then
produces a match between the “Circuit 2” and “Gtr& of the design flow in Fig. 5.1.
Considering the result in Fig. 5.17, it could besrsg¢hat “Circuit 17, “Circuit 2" and

“Circuit 3" now all have similar response over &atwely wide bandwidth.

The above filter example is fabricated using thdtilayer LCP fabrication process from
Chapter 2. From Table 5.3, it can be seen thadifferences between the values before and
after optimisation are very small. This also sug¢géisat the fabrication errors should be
well controlled to ensure the fabricated sampleshae designed performances. For this
reason, all the multilayer capacitors appearechis design are implemented with three
metal layers as in Fig. 5.21 (a) and the middledgatch is designed to be slightly larger
than the first and third layers in Fig. 5.21 (h).dase of some registration errors/shifts
among these layers, the structure in Fig. 5.24ard)(b) can be less sensitive to such errors

and maintain the designed capacitance value.
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Fig. 5.20 (a) EM simulation results compared with iccuit model results (b) EM Simulation results including
conductive and dielectric loss.
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s/

(b)
Fig. 5.21 (a) A modified 3-layer capacitor and (b)ts planar structure (dashed-lines are for the middd layer)

Fig. 5.22 (a) shows a fabricated sample for therfivith two transmission zeroes and its
measured response in Fig. 5.22 (b) is obtainednoAglent N5224A VNA. The centre
frequency, bandwidth and locations of transmissieroes of the fabricated sample are
almost identical to the simulation result. Howevhigher insertion loss is observed.
According to the simulation, the midband insertioss is -3.2 dB, while the fabricated
sample shows -5.1 dB. This is mainly due to thenmaish in the passband, the extra loss
from the via paste and the lower Q of inductorsrfifabrication. This somehow indicates a
trade-off with such a design. Since there are snyngements involved, thus fabrication
tolerance should be tightly controlled during therication process, otherwise all the little
differences in elements values can largely degthelgassband performance. Considering
it's a design for narrow band applications, regestoss from the vias and tracks should be

minimized to reduce the insertion loss.
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Fig. 5.22 (a) A photo of the fabricated filter with two transmission zens, (b) its measured wideband resjnse and
(c) narrowband response
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5.6. A Five-pole Coupled Resonator Filter with Five Finie Frequency

Transmission zeroes

For an N x N coupling matrix, the maximum numberfioite frequency transmission
zeroes that can be generated for an N-pole bandifiasss (N-2) [5.5, 5.6]. Then in order
to produce the more finite frequency transmissieroes, (N+2) x (N+2) coupling matrix
was introduced in [5.7], where source and loadimekided in the coupling matrix. This
makes it possible to generate N finite frequenagpgmission zeroes for an N-pole bandpass
filter. A coupling diagram for a fifth order bandysafilter using (N+2) x (N+2) coupling
matrix is shown in Fig. 5.23 (a).

When such a (N+2) x (N+2) coupling matrix is invedly theories from Section 5.2 and 5.3
are still applicable. To demonstrate this, a fititlder bandpass filter with five finite
frequency transmission zeroes is presented heefiliér has the same centre frequency,
FBW and passband ripple as the one in Section 5.3rdtsmission zeroes are located
asymmetrically outside the passband. Their locatiare 201 MHz, 213 MHz, 285 MHz,
314 MHz and 350 MHz, which corresponds to -2.26,-1.3, 2.3 and 3.43 in the lowpass
domain. By using the synthesis method from [5/7, hormalized (N+2) x (N+2) coupling

matrix is obtained and shown in Fig. 5.23 (b).

To get an equal number of capacitive and induatinaen couplings, two transformations
are applied to the original coupling matrix by usimansformation matriX, andT3. Then
the coupling matrix in Fig. 5.23 (c) is obtainetl.should emphasize that in the case of
(N+2) x (N+2) coupling matrix, the signs of the it@nd output couplings should be taken
into account. This is why the input coupling, and output couplingns, are left to have
different signs in Fig. 5.23 (c) in order to have @erall equal number of capacitive and
inductive main couplings. By using the same degigitess as for the filter in Section 5.5,
this coupling matrix is implemented as the ciramiddel in Fig. 5.24 and the elements
values for the circuit model, before and after mjgation, are listed in Table 5.4. The
circuit model after optimisation has almost idealtirequency response as the coupling
matrix prototype as shown in Fig. 5.25. The 3-Ducture of physical implementation is
shown in Fig.5.26 (a), with the full wave EM simtida results [5.19] in Fig. 5.26 (b) and

(c). In summary both of the circuit model and thB 8nplementation match well with the
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coupling matrix prototype from 0.15 GHz to 0.4 GHwhich corresponds to a FBW of
100%. The dimensions of the filter are 0.0282x 0.03273 x 0.000524
(21.7 mm x 25.1 mm x 0.4 mm), whelgis the guided wavelength at the centre frequency
of 250MHz.

S 1 2 3 4 5 L
S -0.9992 0 0 0 0 0.0134
1 | -0.9992 | -0.0085 0.8336 0 0 0.084 0.0400
2 0 0.8336 | 0.0084| 0.5344 -0.2697 -0.25 0
3 0 0 0.5344 | 0.4160; 0.706( 0 0
4 0 0 -0.2697| 0.7060, -0.1438 0.802 0
5 0 0.0849 | -0.2599 0 0.8029 -0.01§ 0.9988
L | 0.0134 | 0.0400 0 0 0 0.9988

(b)

S 1 2 3 4 5 L
S -0.9992 0 0 0 0 0.0134
1| -0.9992 | -0.0085 -0.8336 0 0 0.084 0.0400
2 0 -0.8336| 0.0084| 0.5344 0.2697  0.25¢ 0
3 0 0 0.5344 | 0.4160; -0.706D 0 0
4 0 0 0.2697| -0.706Q -0.1438 0.802 0
5 0 0.0849 | 0.2599 0 0.8029 -0.01§ 0.9988
L | 0.0134 | 0.0400 0 0 0 0.9988 0

(©)

Fig. 5.23 (a) Coupling Diagram for a (N+2)x(N+2) caqpling matrix (b) Original Coupling Matrix and (c)
transformed matrix for implementation
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Fig. 5.24 The final circuit model for the (N+2)x( N-2) coupling matrix
0 - - = -
% -40
@
e
= -&-DB(|S(1,1)))
g} Circuit Model after Optimization
& 4 DB(|S(2,1)])
= -80 Circuit Model after Optimization
-6 DB(IS(1.1)])
Coupling Matrix Prototype
- DB(IS(2,1)))
Coupling Matrix Prototype
-120
0.1 0.2 0.3 0.4 0.5 0.6
Frequency (GHz)
Fig. 5.25 Circuit simulation response versus couplgnmatrix prototype response
C1l C2 C3 C4 C5 C23 C45 Cs56
Calculated | 26.274pK 21.274gF 22.035pF 21.96fpF 728/B| 2.827pF 4.373pH  10.925pF
After 25.607pF| 21.481pH 22.533pF 22.16pF 15.718pF 2.79Bp#.118pF | 10.384pH
optimization oUrP aop 2o +Of PP e it L
Lsl Ls2 Ls3 Ls4 L5 Lpl2 Lp34 LsO01
Calculated | 16.906nH 12.181nH 13.166pH 13.166nH 15rH3.3826nH| 2.1307nH  37.09nHi
After
S 17.264nH| 12.439nH 12.905nH 12.905nH 15nH 3.2329nk26ANnH| 41.23nH
optimization
CSL Cl6 C15 C25 C24
Calculated | 0.1706pH 0.332pF  0.4593pF  1.405pF 1R6}/p
After
L 0.1535pF| 0.374pF| 0.1837pF 1.3466pF 1.282pF
optimization

Table 5.4 Element values for the circuit model in Fig5.25.
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Fig. 5.26 (a)3-D structure of the proposed filter (b) Full wave B/ simulation versus circuit model simulation (c) Simuétion
including loss
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5.7. General Design Procedure

In Section 5.5 and 5.6, two examples have beerepted to demonstrate the application of
theories from Section 5.2 and 5.3. From these txeonples, a general design procedure for

such type of lumped element coupled-resonator fils® be summarised as below:
1) Obtain the coupling matrix and reduce it to laéd form or other simplified forms.

2) Transform the reduced matrix into a form whicks lequal number of capacitive and
inductive main couplings if the order of the filierodd; if the order is even, the designer
can transform the matrix to have one extra capa&citr inductive main coupling,

depending on which one gives a “better” responserading to the specification.

3) For filters with narrow or moderate bandwidtlagy two inductive main couplings
should be separated by a capacitive coupling. Foleland bandwidths, this is not

necessary.

4) Replace all the ideal inverters in the couplmgtrix prototype with lumped element
capacitive/inductive inverters; for the input/outmoupling, an L-shape matching section

can be used.

5) Simplify the circuit model by absorbing all theegative elements into adjacent
resonators and then appiyto T transformation if necessary to obtain redlieavalues for

the inductive coupling.
6) Perform an optimisation process to obtain tlggired performances [5.20].
7) Transform the circuit model into a desired nhajter physical implementation.

5.8. Conclusion

In this chapter, a novel systematic approach ferdésign of miniature coupled-resonator
bandpass filter has been introduced. The approsdbased on a new type of matrix
similarity transformation to give equal number afpacitive and inductive main couplings
to the filter. Then it is proved in the chapterttdath equal number of capacitive and
inductive main couplings, the filter can have alimdentical frequency response with the

ideal coupling matrix prototype using frequencyeapdndent inverters.
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With these theories presented, a bridge is buitiveen ideal frequency-independent
inverters and practical frequency-dependent lunglethent inverters. Thus it is possible,
for the first time, to design coupled-resonatotefs with wideband response match with
coupling matrix prototypes using frequency-depebhdamped element inverters. More
importantly, theories presented in this chapter lmamused to design filters with any order

and transmission zeroes can be pre-defined atamplbcations.

To demonstrate how these theories can be appli¢detalesign of miniature filters, two
bandpass filters are designed to cover both N »ndN(&l+2) x (N+2) matrices. A detailed
design procedure is summarised in the chapter a@weditctransformations have been
introduced to make sure that synthesized filtereh@alisable values for all the elements. It
is also the first time that, such filters with rawmoderate bandwidths and finite frequency
transmission zeroes are designed and fabricatad usiltilayer LCP technology. Thus this
chapter together with Chapter 4 complete the deweémt of multilayer LCP filters for

narrow/moderate bandwidth applications.

For higher frequency applications, the proposedgdespproach may also be useful.
However, fabrication and loss might be the two malallenges, as the spiral lines for
inductors have to be much thinner to provide a laglf-resonant frequency. This would
decrease the Q and increase the insertion lossntfraly, the idea presented in this paper is
also applicable to coupled-distributed-resonatterfdesign and this should be investigated

in future and might be a solution for high frequeapplications.
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Chapter 6
A Low Loss Implementation of a Channel-Reconfigurable Filter in a

Multilayer LCP Package

6.1. Introduction

In previous chapters, the design and fabricatiobasfdpass filters using multilayer LCP
technology have been discussed. Both wideband ambw band filters have been
presented, which proves that multilayer LCP tecbgwlis a promising solution for the
design of miniature bandpass filters. However,dhsran increasing demand for compact
reconfigurable filters, so it would be interestit@ implement reconfigurable filters on

multilayer LCP substrates.

During the past a few years, various types of edeatally reconfigurable filters have been
developed for novel software-defined and cognitikedio systems. In terms of
reconfigurable components, varactors [6.1]-[6.3],IN P diodes [6.4]-[6.6] and
microelectromechanical systems (MEMS) switches|{&®], are usually used. In [1] thin-
film barium—strontium—titanate (BST) varactors améegrated into a traditional planar
combline filter and a tuning range of 16% is achakvFor improved selectivity and high
attenuation in the stopband, a tunable comblinerfivith source-load coupling is reported
in [6.2]. Apart from combline filter, tunable filte based on novel compact dual-mode
resonators are investigated in [6.3] and 41% oinymange is reported. For PIN diodes,
they can be used to implement a filter with reagufable bandwidths as in [6.4], both
reconfigurable bandwidths and central frequenaid$.5] and switchable notch band in an
ultra-wideband (UWB) bandpass filter as in [6.6].

However, for some cognitive radio and radar appbcs, where a large number of
states/channels are needed, the above work haslsomagions. Varactors can be used to
perform continuous tuning to obtain lots of chasnélut they have low linearity and high
loss. PIN diodes have very fast switching speedlagt linearity but to achieve lots of
states, a large number of PIN diodes are usuabiger which increases the cost and loss.
To solve this, the work in [6.7]-[6.10] is aimedratlising large number of channels using
different approaches. [6.7]-[6.9] adopt MEMS swédicapacitor banks and large numbers
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of channels are achieved, such as a 4-bit, 16-ehdiiter reported in [6.9]. These channels
are adjacent to each other and thus the filter svarka similar fashion to a continuously
tuned filter. Recently, a novel approach of chawaebnfigurable filter was reported in
[6.10] using more widely used PIN diodes, instebdl&MS switches, for high linearity,
fast and more reliable switching. The filter is é@&sn cascaded bi-modal optimum stub
filters [6.11, 6.12], and by using 4 stages andaving each stage between lowpass mode
and highpass mode as shown in Fig. 6.1, the migodgter can realise 16 narrow channels
to cover the frequency range from DC to 2.5 GHz.tdtel, 22 diodes are used to

connect/disconnect the stubs with ground.

Lowpass Lowpass Lowpass
Mode Mode Mode
D ——  Bi-Modal ~—— Bi-Modal ——ees  Bi-Modal _—G
Input T T e T " 77 Output
npu | Highpass : | Highpass : : Highpass : HtPu
. Mode i Mode 1 Mode
_______ I _______ I o ___ |
Stage 1 Stage 2 Stage N

Fig. 6.1 Reconfigurable filter by using cascaded bnodal optimum stub filters [10].

Although the idea proposed in [6.10] is promising €hannel-reconfigurable filters, it is
worth further development to improve the perforneaad solve existing problems. First
of all, to implement a bi-modal stage which canadwehas either an open-stub/lowpass, or
short-stub/highpass filter, PIN diodes in [6.10f aall placed at the end of stubs to
connect/disconnect them with grounding vias. Theenstubs, the more PIN diodes. In this
case, the cost and loss of the filter will be iased when more stubs and greater selectivity
are needed. In particular, all of the pin diodes @aced at the end of each stub, which is
the point with high RF current density when the RliNde is switched on. This generates
high insertion loss for the filter especially what the PIN diodes are switched on. In
addition, since the loss from PIN diodes are uguptbportional to the frequency, it is

highly desirable that fewer PIN diodes should bedusr a higher frequency application.

In addition to the above high loss and high cosbjams, there is also an issue to correctly
design such a filter in [6.10]. With such a largecaint of PIN diodes, it is challenging and

time consuming to compensate for their non-idefdog$, so that those bi-modal optimum
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stub filters can have a periodic response overde Wwand. The dispersion from microstrip

transmission lines makes this a more serious mattteigher frequency.

To address these concerns, this work is carriedtmutevelop a low cost and low loss
implementation, which can tackle the problems abamd improve performance of the
filter. In section 6.2, the reconfiguration appmbaand design of bi-modal stages are
discussed. The fabrication and measured resuliisding S and nonlinearity parameters of
the filter as a multilayer LCP package is presemte8ection 6.3. This is followed by a

summary and suggestion of future work in Sectidn 6.

6.2. A Channel-Reconfigurable Filter

6.2.1.0pen and Short Stub Filters

In [6.11] and [6.12], a type of filter as shownHig. 6.2 (a) and (b) has been reported.
This type of filter consists of a cascade of opeshwrt stubs of electrical lengtly at the
cutoff frequencyf., separated by connection lines of electrical ler@fi. Usually, for a
distributed filter with 3 stubs, it only generatshird order filter response. However, for
the type in Fig. 6.2 (a) and (b), it can actualnegrate a fifth order frequency response, as
the connection lines are not redundant and con&ibuthe order of the filter [6.12]. This

gives the filter a fast rate of cutoff. In this senit is called an optimum filter.

|> Z12, 26 Zi2, 26; Q
Z1 Z2 Zi
65‘ 96 6(;
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. L =
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Fig. 6.2 (a) Optimum open stub filter with a highpashandpass response (b) Optimum short stub filter wh a
lowpass/bandstop response.
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Fig. 6.3 (a) Optimum open stub filter (b) Optimum shot stub filter (c) bi-modal operation

Another important characteristic for the optimumbsfilter is its capability of producing a
periodic response. For the open-stub filter, at foaguencies, it can be regarded as a
highpass filter. As the frequency increases, ittstgenerating its harmonic passbands, as
shown in Fig. 6.3(a). If all of the open stubs ig.F6.2(a) are changed to short stubs as
shown in Fig. 6.2(b), all of the passbands in Bi§(a) become stopbands aride versa

as shown in Fig. 6.3(b). This “inversion” is summad in Fig. 6.3 (c), where red lines and
blue lines denote open and short stubs respectiltebhould be mentioned that although
optimum open and short stub filter produces pecidéindpass response, in this chapter
they are still referred as lowpass and highpatsdil which is based on their low frequency

responses.
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6.2.2. A Cascade of Bi-Modal Optimum Stub Filters

Considering a 3-stage cascaded filter examplegn -4, each stage can work as either an
open stub or short stub filter. Theoretically, Batent frequency responses can be obtained.
If it is required that each frequency response adgtains one passband with the same
absolute bandwidtB,, then two conditions must be satisfied. Firstiyg N-th stage should
be designed to have a bandwidf’2 times as wide as the first stage. Secondly, fohea
stage the bandwidth of the passband (excludindnitigpass or lowpass passband) should
be equal to the stopband. If these two conditiorsnget, as shown in Fig. 6.5 (a), (b) and
(c), then 8 channels with an equal bandwidth caaltained. This is highlighted as in Fig.
6.5 (d). It should be mentioned that to eliminallettte harmonic passbands outside the
operating frequency range, a lowpass filter oughbe added for practical applications.
Since this work is to demonstrating the idea otflig is not considered here.

: Stage 1 Stage 2 Stage 3 i
fe 2fe e

Fig. 6.4 A Cascade of two bi-modal stagek: {s lowpass cutoff frequency when stage 1 is in apstub mode)
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Fig. 6.5 Frequency responses of (a) the first stag(b) second stage and (c) third stage; (d) 8 chaels by cascading
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6.2.3. Reconfiguration Approach
In this chapter, a cascade of bi-modal stagesdn@&:6 is used to implement the channel-

reconfigurable filter. Compared with the work in16], there are several improvements.

Firstly, instead of switching a stub filter betweepen and short stub mode using PIN
diodes, this work uses two filters in one bi-moskalge as shown in Fig. 6.6 to remove PIN
diodes from the filter. This does not only reduee insertion loss, but also make it possible
to design the two filters separately without theedhedf compensating for the non-ideal
effect from PIN diodes. In such a way, both filteesn be optimised to give the required

response and form a desired bi-modal stage.

Secondly, double pole double throw switches (DPRF@ inserted between any two
adjacent stages in order to choose the requirteesdt flom each stage. In such a way, an N-
stage filter can produceXifferent responses. Since these DPDT switchesusmally
made of PIN diodes internally, to quantify the nemtihe PIN diodes that are actually used
in this implementation, every DPDT switch can bplaeed by 4 PIN diodes. In this case,
16 diodes are needed for a 4-stage filter; whilgia0] 22 diodes are used for a 4-stage
design. More importantly, with the implementatidealissed here, the total number of PIN
diodes needed is not related to the number of siitibis makes it possible to use high order
filters in each stage without using more diodestitarmore, using the approach in Fig. 6.6,
there will be 8 diodes switched on for every coafgjion. However, in [6.10], it is a value
between 0 and 22, which means there will be onégumation suffering from all the loss
from PIN diodes. As a summary, Table 6.1 and &t2di the number of PIN diodes needed
for the implementation in this work, and the numloérPIN diodes that needs to be

switched on, respectively, in comparison with tig@lementation in [6.10].

| Tz [ o T | e f
4 ] FYI ~
nput Short Stub :f E Short Stub :’f E Short Stub Output

“ Filter hu:'_ ) _'__:' Filter o _ﬁ' Filter

Stagel Stage 2 Stage N

Fig. 6.6 A Cascade of Bi-modal Stages using DPDWitches
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Number of PIN Diodes 2-bit 3-bit 4-bit 5-bif
Proposed Design 8 12 16 20

Design in [6.10] 9 15 22 30
Table 6.1 The number of PIN diodes needed

Number of PIN Diodes 2-bit 3-bit 4-bit 5-bit
Proposed Design 4 6 8 10
Design in [6.10] 9 15 22 30

Table 6.2 The maximum number of PIN diodes switchedro

Although the implementation in Fig. 6.6 has manyaadages in comparison with [6.10],
its main drawback is that it requires (2 x N) fitdor an N-stage design. This will increase

the overall size of the reconfigurable filter.

6.2.4 Stripline Implementaion of a 2-Stage Channel-Recoigurable Filter using
Multilayer LCP technology

To demonstrate the reconfiguration approach, aa@estthannel-reconfigurable filter is

designed to cover the frequency range from DC @H&. The lowpass cutoff frequencies

for the 2 stages are set to 1 GHz and 2 GHz, réspBg as shown in Fig. 6.7 (a) and (b).

To maintain similar selectivity for each channbk humber of stubs is increased by one if
the passband bandwidth is doubled, as suggestdd.i0]. To demonstrate this in a

straightforward manner, the two stages in this wark chosen to be 2-stub and 3-stub
respectively, which is for the consideration oftbacceptable selectivity and small filter

size.

The synthesis of optimum stub filter was detailed[6.11] and [6.12] but are briefly
discussed here for quick reference. Consideringptréodic response in Fig. 6.3 (a) of
optimum stub filter, Formula (6.1) is obtained bgkimg the passband and stopband having
the same bandwidth. It can then be found thatvhich is the electrical length of the stubs
in Fig. 6.2, should be 45 degrees at the lowpassffcuequency. Then the characteristic
impedance of the n-th stuB, can be obtained using (6.2), which is from Richard
transformation [6.13], an@, is the required shunt capacitance in the equiv&&ebyshev
n-network lowpass circuit. By usinr§BCD parameter matching, formula (6.3) can be used
to calculate the characteristic impedance of theneotion linezZ, ,+1 between stub n and

n+1, andLnn+1iS the required series inductance in the equival@mbyshewr-network
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lowpass circuit. In this work, the 2-stub filter siign uses a third-order 0.1 dB ripple
Chebyshev lowpass prototype with element valueg, of g3 = 1.0316,g, = 1.1474, and
0o = g4 = 1.0; while the 3-stub filter design deploys fthfiorder 0.1 dB ripple Chebyshev
lowpass prototype whose element valuesgaregs = 1.1468g, = g4 = 1.3712g3 = 1.9750,
andgo=gs = 1.0.

Although (6.1)-(6.3) give a close approximation tbe optimum stub filter design, the
original parameters obtained by using these forennked to be slightly tuned to meet the 3
dB bandwidth specifications. The original and firdésign parameters are listed in
Table 6.3. Fig. 6.7 shows frequency responsedtef inodels obtained using the original

and tuned design parameters.

T — 26, = 26, (6.1)
—j(we - Cp) = —jZ, - coth, (6.2)
Jrwo- Ln(n+1) =j- Zn(n+1) - sin(26,) (6.3)
Zl Z12 ZZ
Original 48.5 57.4
2-Stub
Optimised 46.0 62.0
Original 43.6 65.6 25.3
3-Stub
Optimised 48.4 58.0 32.2

Table 6.3 Original and optimized design parameters.
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Fig. 6.7 Frequency responses of circuit models ugiithe original and tuned design parameters. (a) 2-sb filter. (b)
3-stub filter.

Since it is very important to maintain the periagtyiof the frequency responses as shown
in Fig. 6.5, stripline is chosen to implement thepgmum stub filters instead of microstrip,
which was used in [6.10]. This can eliminate thepdrsion issue with microstrip, thus

making it possible to obtain high order harmonicdesires frequencies.

Due to the distributed line elements, the wholefilwill have a large footprint if no

miniaturization is used. To minimise the footpriat, the stubs and connection lines are
implemented as meander lines. All these meandes lare simulated separately until they
demonstrate the required electrical length anduieeqy response. They are then formed
together in a special topology to minimise unwardesss coupling among closely located

transmission-line elements. Fig. 6.8(a) shows thevizw for the miniature 2-open-stub
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stripline filter, as an example. It has planar disiens of 13.6 mm x 14.3 mm as shown in
Fig. 6.8 (b) and its full wave simulation result18] is shown in Fig. 6.8 (c), from which it
can be seen that very good periodicity has beerewsth especially in comparison to a
microstrip implementation. The frequency responkéhe stripline configuration shows
good periodicity up to 12 GHz, whereas the micipstne even cannot produce a good

response after the first harmonic due to dispersion

The other filters in this design can be implemented similar way, and then the whole
reconfigurable filter has a form as shown in Fi§. @&).

A
o Ny
/ 7
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= 2.5 ==

T i I T
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- -~ Microstrip S21
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Fig. 6.8 stripline 2-open-stub filter (a) 3D view bthe stripline filter (b) Dimensions of the filter (b) Full-wave
Simulation result of the stripline filter compared with dispersive microstrip filter.
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Fig. 6.9 (a) The whole reconfigurable filter with 2bi-modal stages and DPDT switches (b) S21 of thecdannels
from full wave EM simulation

6.3. Fabrication and Measurement

With multilayer LCP technology, stripline structarean be easily fabricated by the method
shown in Fig. 6.10. Compared to traditional thickstrate based stripline structures, LCP
technology gives more flexibility in terms of sutagée thickness. To connect the top and
bottom ground layers together, connection viasdaiteed by CQ laser and then plated by

high conductivity paste using through-hole platieghnique for LCP [6.15].
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Fig. 6.10 Stripline circuit using multilayer LCP technology

As an example, Fig. 6.11 (a) is a photograph ofriplime 2-open-stub filter fabricated
using multilayer LCP technology. The copper traftksthe filter, as referring to Fig. 6.10,
are on the middle layer. Within the multilayer laaiion process, a stack-up of 1 mm
thickness is made to implement the stripline stmecias shown in Fig. 6.10, resulting in a
compact and light-weight filter. Fig. 6.11 (b) sk®tihhe measured response of the fabricated
2-open-stub filter, compared with simulated respotiscan be seen that, apart from some
mismatch problems, which are due to fabricatioertoice, the periodic response of the
stripline filter has been well maintained up toGHdz.
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Fig. 6.11 A fabricated sample of the 2-open-stub fér

The fabricated reconfigurable filter is shown irgF6.12 (a) and it has a planar size of
4.3 cm x 3.6 cm. The embedded filter layout is Eimio Fig. 6.9 (a). Then, by using high
precision CQ laser, a window can be opened and thus the DPOlswan be easily
integrated into the LCP package, as shown in EiR ). Measured S21 is shown in Fig.
6.12 (c). Table 6.4 lists the 3 dB cutoff frequescand mid passband insertion loss of each
channel. It can be seen that due to non-dispersigline configuration, all of the 4
channels have roughly the same absolute bandwiitice the absolute bandwidth is
constant, the fractional bandwidth is then reduebde the insertion loss increased from
the state 1 to state 4. Nevertheless, the losti@f i reasonably small. The DPDT switch
being used in this work is the MA-Com MASWSS0128dutband DPDT GaAs MMIC

switch.
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Fig. 6.12 (a) Multilayer LCP stripline circuit with integrated MMIC switch (b) Fabricated reconfigurable filter (c)
Measured S21 of the 4 channels.

123



State 1 State 2 State 3 State|4
Mid-band Passband
Insertion Loss (dB) 0.8 1.0 1.4 1.7
3-dB bandwidth (GHZ) 0-1.02 0.98-2.01 2.00-3/05 0234

Table 6.4 Measured insertion loss and 3dB bandwidthf different channels

Third-order intercept point (IP3) testing of thealdnfilter has also been carried out in this
work. The setup of this test is shown in Fig. 6 Bere in order to obtain a 0 dBm power
level, two broadband amplifiers were used. The dayenerated from signal sources have a
frequency difference okf = f,-f;. Fig. 6.14 (a) shows the measured result of tiRealtRthe
centre frequency of each channel. For the 1-dB cesson point test, the filter can handle
an input power of at least 25 dBm, which is suéfitti for most applications, without any

power compression. Fig. 10(b) shows the measurgglibpower when the input power is

increased from -10 dBm to 25 dBm for the Statesaraexample.

Siﬁ’:f 1 Power
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Source Power
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Fig. 6.13 Setup for IP3 measurement
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Fig. 6.14 (a) IP3 measurement for 4 channels with bawidths shown in Table 6.4 (b) compression point
measurement for State 2.

6.4. Conclusion

In this chapter, an improved implementation of ctesswitchable reconfigurable filter
consisting of bi-modal filtering stages has beewoppsed. Compared with previous
implementations, this work significantly reduces thumber of PIN diodes needed, which
reduces both the cost and loss of the reconfigerditier. Furthermore, with a new
reconfiguration scheme, every bi-modal stage ctsmsita highpass filter and a lowpass
filter. These two filters can be designed and o separately to obtain the required
periodic response. To eliminate the dispersion abthin periodic responses, all these
filters are implemented with stripline technolodyow-cost and light-weight multilayer
LCP circuit technology and advanced £8&ser machining are used for the fabrication and
the whole filter is implemented as a compact LCEkpge. As a preliminary investigation,
this work has shown that the proposed design falisiag electronically reconfigurable

channel filters is attractive for further developrtse
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Chapter 7

Conclusions and Future Work

7.1. Conclusions

This thesis presented some recent developmentseoteisign and fabrication of miniature
bandpass filters for low frequency applicationsngsimultilayer LCP technology. These
developments aimed to tackle two problems which é&edted prior to the work in this

thesis.

The first one has been related to fabrication oftilayer LCP devices. Prior to the work
presented in Chapter 2, multilayer LCP filters pen literature only deploy two circuit
layers and one ground. No via connections had lieemd to provide inter-connections
between different circuit layers. Secondly, LCPtefé had only been designed at
frequencies above 3 GHz and there had been a meedplore the potential of LCP

substrates for low frequency applications.

In total, 5 technical chapters, Chapter 2 to Chraptdhave been included in this thesis to
solve the above two problems. Since the fabricatibmultilayer LCP devices has been
continuously improved at different stages of therkwoarried out in this thesis, various
fabrication techniques have been discussed in €hdht5 and 6, to address the first
problem above. For the second problem, ChaptedZaare devoted to present novel ultra-
wideband miniature filters operating at low freqcies, while Chapter 4 and 5 have
discussed approaches for the design of bandp#&assiith narrow/moderate bandwidths.
Then Chapter 6 presented a packaged reconfiguféiiele which demonstrates another
potential application of multilayer LCP technolodyig. 7.1 illustrates the relations among
these 5 chapters. The technical contributions femnh chapter are summarised in the

following paragraphs.
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Fig. 7.1 Relations among the 5 technical chapters

In Chapter 2, two miniature ultra-wideband bandgdtss for the 0.5-2 GHz band were
presented. Both filters were designed by cascadimped-element highpass and lowpass
filters. A value extraction process was introdugedhis chapter to accurately control the
capacitance/inductance of multilayer lumped-elementhis value extraction process
significantly accelerates the design flow. Most artpntly, in this chapter, 5 metal layers
were used for the implementation of filters, whitdd not been done prior to this work.
With such a 5-metal-layer structure, the sizeshesé two filters are 80% smaller than
previous work in open literature [7.1]. Reliabldffi@ation techniques for both lamination
and via connection were also developed and the unsdgesults of fabricated samples
validate the fabrication techniques as well as dbsign approaches. This work simply
shows that multilayer LCP filters can be much serathan existing LCP filters in the open
literature and for the first time as small as LT@@rs in terms of guided wavelength by
using more layers in the design. The newly develoga fabrication techniques for LCP

have shown that LCP designs with 5-metal-layersbmaccurately fabricated, which will
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ensure a promising future for the design and faktioa of multilayer LCP devices. Some
of the work in this chapter leads to the publicaid [7.2] and [7.3].

Chapter 3 continued the investigation of the desigultra-wideband bandpass filters. Due
to the collaboration with the Department of Micextonics & Radio Engineering, Saint
Petersburg ElectroTechnical University, the filpresented in this Chapter was designed
for the 3.1-10.6 GHz UWB band. A novel and effi¢gieimcuit model was developed in this
chapter. This model had fewer elements compare @ahventional filter prototypes and
leaded to a very compact and simple multilayer Li@PBlementation. Measured results
showed very high vyield of the fabrication of thikefr. Thus the filter presented in this
chapter can be regarded as a promising candidaterdatical application. Although the
mature LTCC technology can have similar yield, LT@€vices are usually not as low
weight and the technology itself is not as low costsidering the fabrication facility
needed for the lamination and co-firing (at 8@). Furthermore, compared with the work
in [7.4], this design has similar performance, wfie size is 30% smaller. This work was

summarized and published in [7.5].

With the work in Chapter 2 and 3, two sets of desigproaches have been developed for
the design of miniature wideband multilayer LCRefié. The cascaded filter topology in
Chapter 2 is very flexible and can be easily medifio meet other specifications, such as
the number of poles and operating frequencies. cliteelit model in Chapter 3 is more

efficient and easier to implement. It will suit dipptions, where high yield is required.

Chapter 4 then starts the development of desigrhadetogies for miniature bandpass
filters with narrow/moderate bandwidths. Consistorigeries LC resonators and capacitive
inverters, a 4-pole direct-coupled bandpass fiigerdesigned and shows a superior
selectivity at the upper passband edge. To prodeabzable element values, T i
transformations were introduced to the design. Gegbwith conventional designs, this 4-
pole filter has found to have a similar selectivitya 5-pole Chebyshev design. In addition,
due to the use of lumped-element and multilayer E&ication, the second harmonic was
pushed away from the passband. This gave the fltespurious-free stopband with a
bandwidth up to 9 times of the centre frequencytif&smore, this design approach can be
used for filters with any number of poles and titterf topology will always be symmetric
unlike conventional Chebyshev filters, which haggrametric topology when the number
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of poles is odd. In short, this design approaaxisemely useful for applications where the
upper passband edge selectivity is critical. Theéewstopband also reduces the cost of the
whole system as a lowpass mask filter might nonbeded. Some of the work in this

chapter was published in [7.6].

With the capability of producing finite frequenawamsmission zeroes, the work in Chapter
5 can be regarded as a more advanced design apgavaminiature bandpass filters with
narrow/moderate bandwidths. By using a new typenafrix similarity transformation, a
bridge was built between ideal frequency-indepehdeverters and practical frequency-
dependent lumped element inverters. This eventualige it possible to design coupled-
resonator filters with wideband response match wihipling matrix prototypes using
frequency-dependent lumped element inverters. Mioygortantly, theories presented in
this chapter can be used to design filters with @aer and transmission zeroes can be pre-
defined at arbitrary locations. To minimise therfedtion tolerance, modified multilayer
capacitors was also presented in this chapterehemgl, the work in this chapter is a very
important development for the theory of couplingtmxa It builds a bridge between ideal
coupling matrix models and physical filter implerteions. The multilayer lumped
element LCP implementation presented in this chiaptalso very special considering its
circuit transformation process and can also be tedopy other technologies such as
CMOS and LTCC. Some of the work in this chaptedézhto the publication [7.7].

As it can be seen here, Chapter 4 and 5 also mevdo different solutions for the design
of miniature bandpass filters with narrow/moderbgadwidths. The design approach in
Chapter 4 is simple and straight forward, and iy \&iitable for applications where good
selectivity and wide stopband is needed. If iteguired to provide high attenuation at
specific frequencies in the stopband, then theaggtr in Chapter 5 can be used to generate

finite frequency transmission zeroes.

Chapter 6 presented a reconfigurable filter whicks wmplemented as a multilayer LCP
package. By using double pole double throw switches-dispersive stripline structures
and periodic frequency responses from optimum 8tidss, this reconfigurable filter was
of low insertion loss and easy to design. In additicavity structures were fabricated on
LCP, which completes the development of fabricattenhniques for multilayer LCP
devices. This shows that various multilayer strreguwvhich exists on LTCC can now be
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implemented on LCP as well and it demonstrates gbtential of LCP as the next
generation multilayer solution for low cost and @&t microwave devices. The work in
this chapter was published in [7.8].

Table 7.1 lists the sizes and design specificatadrsome of the miniature filters presented

in this thesis.
) Size Passband Stopband )
Design Other Properties
(AgX Ag X Ag) FBW FBW
) 0.058 x 0.026 % 0.004
Fig. 2.15 120% 360% )
5 Metal Layers Cascaded Design and
Chapter 2 )
] 0.065 x 0.026 x 0.004 Flexible Approach
Fig. 2.19(a) 120% 400%

5 Metal Layers

Efficient Circuit Model,
0.2 x 0.2 x0.014

Chapter 3| Fig. 3.4(a) 110% >200% Easy Implementation,
3 Metal Layers

and High Yield
) 0.074 x 0.018 x 0.0005 Good Selectivity and
Chapter 4| Fig. 4.10(a 20% >1000% ]
5 Metal Layers Wide Stopband
) 0.0294 x 0.0303 % 0.00057
Fig.5.19 20% >300% o ]
4 Metal Layers Arbitrarily Defined
Chapter 5 T
] 0.0282 x 0.0327 x 0.00052 Transmission Zeroes
Fig. 5.26(a) 20% >200%

4 Metal Layers

Table 7.1 Sizes and design specifications of sonilefs presented in this thesis.

In general, with the aim of investigate the desagid fabrication techniques for multilayer
microwave LCP filters, this thesis has shown thathwiewly developed fabrication
techniques, multilayer LCP filters can be as compex its competitor LTCC filters.
Considering its low fabrication cost and low mamtfiae temperature, it is more
compatible with existing low cost PCB technologprhLTCC. This gives LCP a bright
future in applications such as consumer commumicatystems, where cost is one of the
key specifications. Furthermore, LCP has the adgmf low weight and has a certain
degree of flexibility, which will attract applicais such as satellite system, where weight
and space is critical. The design approaches pexsen this thesis also have many
advantages over existing approaches. The desiGhapter 2 is very flexible while the one
in Chapter 3 is highly efficient. Designs in Chap#® and 5 are very interesting
developments of conventional coupled resonatar§iland shows how ideal circuit models

can be transformed to suit different design reqoémsts.
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7.2. Future Work

Based on the work presented in this thesis, sotuesfuvork could be done.

* Most filters presented in this thesis use compagttil@yer capacitors. However,
due to the low relative dielectric constant of L& capacitance density is still not
high enough. To reduce the size of these capagcitoaserials with high relative
dielectric constant could be embedded into muktitayCP devices to implement
large capacitance. This might require some devedmpnof the fabrication

technique for LCP at the same time.

» The filter in Chapter 3 is particularly interestidge to its capability of producing 4
reflection and 2 transmission zeroes with 9 comptseHowever, it would be
useful if a systematic approach could be developedenerate efficient circuit

models with frequency response of higher order.

» Chapter 4 presented a filter with a superior stagbperformance. To produce a
more compact implement, the filter, which actudls a symmetric form, could be

designed in a folded way. This would also makagier to add cross couplings.

 The theory in Chapter 5 is extremely useful andedsf from other approach by
being able to generate a lumped-element model tomtae response of a coupling
matrix prototype in a relatively wide bandwidth. Wwever, the filter examples only
demonstrated this for a FBW of 20%. Thus futurekaaould be done to investigate
whether the theory could be applied to designs #8kV of 40% or even higher.

» The packaged reconfigurable filter in Chapter 6 hektively large size in
comparison with other filters presented in thisstbe To reduce the size, one
feasible way would be introducing double-striplisteucture into the design. This
means that two stripline structures can be arramgedvertical way to share one
common ground. Then it would be able to desigerslton top of each other with a
ground in between for shielding purpose. This piéin could lead to 50% of size

reduction in future.
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