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FILTRES AVANCES A DEUX BANDES PASSANTES EN LTCC POUR LES
APPLICATIONS MICRO-ONDES

Aref POURZADI

RESUME

L’idée d’utiliser un seul systéme de communication sans fil pour plusieurs bandes de fréquence
simultanément a orienté une partie des recherches sur la communication sans fil vers la con-
ception de composants micro-ondes bi-bandes. Cette double fonctionnalité des composants
entraine une faible consommation d’énergie, une réduction de la taille du systeme et une
diminution efficace des cofits. Cependant, des spécifications telles que le type de circuit, la
plate-forme de mise en ceuvre, la fréquence, les dimensions, les performances, etc. ont créé
des défis séveres dans ce domaine.

Dans plusieurs systemes de communication bi-bandes, 1’un des composants les plus importants
est le filtre passe-bande hyperfréquence (BPF : bandpass filters). Les réseaux de filtrage perme-
ttent aux signaux de passer entre deux fréquences spécifiques et de bloquer les signaux indésir-
ables ou de les atténuer. Dans notre étude, nous nous concentrons sur la conception, la réalisa-
tion physique et la fabrication des filtres a deux bandes passantes de tailles trés compactes en
utilisant la technologie LTCC (Low Temperature Co-fired Ceramic). Parmi les stratégies nor-
males pour fabrication des filtres, I’éléments localisés est utilisé afin d’avoir les circuits plus
petits aux fréquences inférieures a 6 GHz. Dans différentes options pour réalisation 1’éléments
localisés, la technologie LTCC est fortement recommander grice a la possibilité d’intégration
des circuits avec réduction de la taille et des pertes par I’utilisation des diélectriques a faible
perte en multicouches.

Dans un premier temps, nous présentons un nouveau schéma pour un filtre Chebyshev de
deuxieme ordre a deux bandes passantes en LTCC. En utilisant I’analyse en mode pair et im-
pair, le mécanisme de travail du schéma est completement décrit mathématiquement et une
procédure de syntheése directe est présentée pour calculer les valeurs des éléments localisés
correspondants aux fréquences centrales et la largeur de bande a été assignées. Cette procé-
dure de conception s’appuie autant que possible sur les formules analytiques. La nature de la
réponse en fréquence du circuit est établie par la combinaison de quatre pdles, quatre z€ros et
un séquengage spécifique entre eux. Quatre z€ros de transmission sont générés pour bloquer
les fréquences hors bande et rejeter les signaux parasites. Les limitations du schéma et de la
procédure de conception proposés sont completement discutées, et deux annexes sont fournies
pour la procédure de démonstration des formules analytiques. Ensuite, la topologie et la tech-
nique de synthese du filtre sont appliquées a la conception d’un filtre passe-bande a double
bande (D-BPF : dualband bandpass filter) fonctionnant dans les bandes de fréquences 0.9 et
2.45 GHz industrielles, scientifiques et médicales (ISM) et fabriqué en technologie LTCC. Les
résultats de mesure montrent un excellent accord entre la simulation électromagnétique (EM)
et le prototype fabriqué.



En plus, un nouveau schéma d’un filtre a band étroite en LTCC contenant deux poles et deux
transmission z€ro est présenter pour I’application band étroite industriel (SNBPF). La réponse
fréquentielle de passe-bande est établi par les deux poles et deux TZ sont désignés des deux
cotés de la bande passante pour rejeter les signaux parasites. En raison de la symétrie du réseau,
similaire 2 DBPF, I’analyse en mode pair et impair est utilisé afin d’expliqué le mécanisme de
travail. En outre, une procédure de conception est fournie pour appliquer la nouvelle topologie
a différentes fréquences du spectre. Puis, nous démontrons que le simple passe-bande est
généralisé a une réponse en fréquence a double bande (DNBPF) en manipulant le schéma
du filtre SNBPF. Le mécanisme de travail et la méthodologie de conception de DNBPF sont
fournis. Pour valider la théorie des schémas proposés, deux exemples de conception sont
synthétisés et prototypés en LTCC.

A la fin, nous proposons une technique rapide pour la réalisation de valeurs des éléments lo-
calisé dans une layout physique sur LTCC. En fonction du nombre d’éléments, des dimensions
du circuit, du couplage mutuel et des effets parasites, le circuit nécessite des optimisations fas-
tidieuses, et cette étape peut étre tres frustrante pour les concepteurs. Dans cette technique,
en utilisation une stratégie de corrélation entre les simulateurs ADS (Advanced Design Simu-
lator) et HFSS (High Frequency Structure Simulator), le temps de traitement de la réalisation
physique est considérablement réduit en raison de 1’élimination des étapes de réglage. L’ utilité
de cette technique est démontrée par le biais d’un D-BPF entierement synthétisé.

Mots clés: filtre a deux bandes passantes, LTCC, éléments localisés, schéma de circuit,
DNBPF, SNBPF, ADS, HFSS, masque physique, réalisation de circuit



NOVEL DUAL-BAND LTCC BANDPASS FILTERS FOR MICROWAVE
APPLICATIONS

Aref POURZADI

ABSTRACT

The idea of using a single wireless communication system for multiple frequency bands si-
multaneously, has directed part of wireless communication researches towards the design of
dual-band microwave components. This dual functionality of components bring low power
consumption, system size reduction and more efficient in cost minimizing. Beside all of these
advantages, specifications such as type of circuit, Implementation platform, frequency, dimen-
sion, performance and etc. have created stringent challenges in this field.

In many dual-band communication systems, one of the essential components is microwave
dual-band bandpass filter (DBPF). Filtering networks allow signals to pass between two spe-
cific frequencies whereas block unwanted signals or make attenuation. In our study, we focus
on design, physical realization and fabrication of very compact size of dual-band bandpass
filters using low temperature co-fired ceramic technology (LTCC). Among commonly used
strategies for building filters, lumped-elements are used to reach compact circuit size at fre-
quencies less than 6 GHz. Out of different options for realizing lumped-elements, LTCC tech-
nology is highly recommended due to high circuit integration with size and loss reduction
through the use of multilayer of low loss dielectrics.

Initially, we present a new schematic for dual-band LTCC second-order Chebyshev bandpass
filter. Using even and odd mode analysis, working mechanism of the proposed schematic is
fully analyzed mathematically and a direct synthesis procedure is presented to calculate the
values of the schematic elements for given center frequencies and bandwidth. This design
procedure leverages as much as possible, analytical formulas. The nature of the frequency re-
sponse of the circuit is established by combination of four poles and four zeros and specific
sequencing between them. Four transmission zeros are generated to clean out of band frequen-
cies and reject spurious signals. The limitations on the proposed schematic and design proce-
dure are completely discussed and two appendixes are provided for demonstration process of
analytical formulas. Then, the filter topology and synthesis technique are applied for designing
of a dual-band bandpass filter (D-BPF) operating in Industrial, scientific and medical (ISM)
bands 0.9 and 2.45 GHz and fabricated in LTCC technology. The measurement results show
an excellent agreement between the electromagnetic (EM) simulated and fabricated prototype.

Further, a new schematic of LTCC narrow bandpass filter containing two poles and two trans-
mission zeros (TZs) is presented for industrial narrowband applications (SNBPF). The band-
pass frequency response is established by the two poles, and two TZs are appointed in the both
sides of passband to reject spurious signals. Due to symmetry of the network, similar to D-
BPF, even and mode analysis is used to explain working mechanism. Also, a design procedure
is provided to apply the new topology in different frequencies of spectrum. Then, we demon-
strate that the single bandpass is generalized to a dual-band frequency response (DNBPF) by
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manipulating the schematic of SNBPF filter. The working mechanism and design procedure of
the DNBPF are provided. To validate the theory of proposed schematics, two design examples
are synthesized and prototyped in LTCC.

Finally, we propose a fast technique for realization of lumped-elemet values into 3D physical
layout on LTCC. Depending on number of elements, physical dimension, mutual coupling and
parasitic effects, the circuits require time consuming optimizations and this stage can be very
frustrating for designers. In this technique, using correlation strategy between simulators Ad-
vanced Design Simulators (ADS) and High frequency structure simulator (HFSS), processing
time of physical realization is reduced significantly because of elimination of tuning steps. The
usefulness of this technique is demonstrated through a fully synthesized D-BPF.

Keywords: Dual-band bandpass filter, LTCC, lumped-elements, circuit schematic, DNBPF,
SNBPF, ADS, HFSS, Physical layout, Circuit realization
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INTRODUCTION

In recent years, advances in wireless communication systems have continued at a high pace
with increasing use of the electromagnetic spectrum. For example, fifth generation (5G) wire-
less systems will use new frequencies in addition to the legacy ones of the fourth generation
(4G) and Long Term Evolution (LTE) systems. Concurrently, wireless devices offer more
and more applications that rely on wireless communications thereby increasing data rates and
spectrum usage. As these technologies continue to evolve, the need for covering multiple
frequency bands in a single device is bound to continue to increase. Already, current wire-
less devices support wireless local area networks (WLAN) at multiple frequencies, multiple
4G/LTE frequencies, legacy global system mobile communications (GSM) frequencies, world-
wide interoperability for microwave access (WiMax) bands, and other industrial, scientific and
medical (ISM) bands for near field communication (NFC) and wireless charging. To efficiently
accommodate such a wide range of frequencies, high performance dual-band and multi-band

microwave devices are needed.

The term dual-band refers to microwave devices that are able to operate simultaneously at
two separate frequencies. This approach leads to: (i) increased circuit integration, (ii) size
reduction, (iii) cost minimization and (iv) reduced power consumption for wireless systems.
As filters are critical microwave components for wireless devices, Dual-band Bandpass filters
(D-BPFs) are key enablers for dual-band wireless communication systems. D-BPFs allow
two different modulated signals to be extracted simultaneously from other undesired signals
and interferers by attenuating out-of-band signals thereby improving the system’s signal to
noise ratio (SNR). Currently, D-BPFs are the subject of intense and continued research where
issues such as improving selectivity, decreasing size, accommodating wide/narrow fractional

bandwidths and operating frequency selection are being investigated.



Depending on the target application and the desired performance, D-BPFs can be realized us-
ing different topologies and technologies including waveguide, microstrip and other planar
structures and lumped-elements. The choice of a given filter fabrication technology is dictated
by the desired filtering characteristics as well as size and cost constraints. The key filtering
characteristics are center frequency, bandwidth, Q-factor, in-band insertion loss and out-of-
band rejection. Conventional waveguide D-BPFs have the lowest insertion loss and offer better
power handling. However due to their bulkiness and poor integration capability with other
circuit blocks, they are generally not suited for most portable systems particularly those op-
erating at frequencies less than 6 GHz. Compared to waveguide D-BPFs, planar microstrip
structures have the advantage of smaller size and easy integration, although they show higher
insertion loss and lower power handling capability. Despite being less bulky than waveguides,
distributed microstrip filters can still be quite large, particularly at lower frequencies, and may

be impractical for many portable mobile devices.

Lumped-elements, which are passive components having all their dimensions smaller than
operating wavelength, offer yet another option for filter realization with the possibility of de-
signing very compact size D-BPFs for a wide range of microwave applications. In terms of
insertion loss and power handling, lumped elements filters offer similar performance to dis-
tributed microstrip ones. It should be noted however that for higher frequencies, the realiza-
tion lumped-elements becomes more and more difficult because of the required fabrication
tolerances and techniques as well as the limitation imposed by the element’s self-resonance
frequency (SRF). Lumped element D-BPFs can be realized on-chip of off-chip. On-chip real-
ization uses lumped-elements built on the semiconductor substrate and offer the smallest filter
size that can be achieved. However, these substrates tend to have relatively high loss which
leads to low Q-factor for the elements and, hence limiting the achievable filter performance.
Additionally, on-chip lumped element inductors tend to occupy large chip areas, which in-

creases cost. Off-chip lumped element realization can overcome the low Q limitation of the



on-chip technology but with typically larger size components. To achieve both high Q and
small size in off-chip lumped element implementations, the use of 3D circuit fabrication tech-
nologies, such as Low Temperature Co-fired Ceramic (LTCC), is considered as one of the most

viable options.

LTCC is a suitable technology for developing miniaturized advanced filters for applications
where low loss, small size, easy integration, temperature stability and high relative permittivity
are required. A typical LTCC module consist of several dielectric tapes, or layers, connected
by vias and on which good or resistive conductors are printed as well as very high dielec-
tric constant pastes. Resistors, inductors and capacitors can therefore be fabricated using this

technology by combining buried and/or surface structures.

Problem Statement

As has been discussed above, D-BPFs handle signal selections in two different frequency pass-
bands concurrently. In this thesis, we seek to address the lack of design methodology that
(1) allow for the arbitrary selection of filters’ passbands, (ii) achieve the highest size reduc-
tion possible and (iii) provide the best out-of-band rejection. Additionally, the sought design
methodology must be able to cover both narrow and wideband applications. Finally, we will
investigate techniques to address the problem of the lengthy simulation time faced when the
physical realization phase of D-BPFs is undertaken by transitioning from circuit representation

to 3D structures and using electromagnetic field simulation.

Research Objectives

The overall objective of this research work is to develop an efficient end-to-end solution for

the accurate and rapid design and physical realization of compact lumped element D-BPFs



with selectable center frequencies and bandwidths. To reach this objective, the following sub-

objectives will be pursued:

Develop novel, wide, and narrowband lumped circuit element topologies that offer dual

band behavior and which can be analytically analyzed.

Develop design procedures that use the proposed topologies of D-BPFs to synthesize of the
filter’s elements based on the desired center frequencies, controllable fractional bandwidths

(FBW), and placement of transmission zeros.

Develop an efficient technique to translate a lumped element filter’s circuit design into and

LTCC physical layouts in the shortest possible.

Methodology

Our methodology is built on the following three main steps with additional sub-steps or itera-

tions as needed:

Designs and simulations: First, novel lumped-element networks generating concurrent
dual-band frequency responses are investigated. The circuit topologies and the working
mechanisms are analyzed analytically and through circuit simulation. Second, based on
the analytical results, direct design and synthesis procedures are developed to calculate the
lumped-elements values for given filtering characteristics. Third, the developed design
processes are applied to the practical design of DBPFs for selected applications at the
circuit level using Matlab and Advanced Design Systems (ADS). Fourth, the circuit designs
are translated into physical layouts in the form of 3D LTCC structures and electromagnetic

field simulations are performed to finalize the designs using ANSYS HFSS software.

Fabrication: The obtained simulation results are validated by fabricating the designed

physical layouts on LTCC dielectrics. Several green tapes are prepared and then via punch-



ing and conductors are printed on each tape. In the last stage, all LTCC sheets are stacked

under water pressure and the final layout is fired in the oven for 24 hours.

Test and validation: The fabricated D-BPFs are tested using a vector network analyzer

and the measured S-parameters are compared to those obtained by 3D field simulation.

Content and contribution

The remainder of the thesis is presented in the paper-based format of ETS dissertation. Thus,

each chapter presents one journal paper, which embodies the contributions made. The literature

review and the state of the art relevant to each aspect of the research work are included in the

introduction of each paper.

Chapter 1 presents a novel topology of a DPBF as well as a new design methodology design
methodology that allows to directly synthesize the filter elements’ values based on the
desired specification. Both of these contributions are demonstrated and validated through
the implementation of compact dual-band LTCC second order Chebyshev bandpass filters.
The related paper has been published in the IEEE Transactions on Microwave Theory and

Techniques Journal Pourzadi et al. (2019).

Chapter 2 presents a the generalization of the direct synthesis technique to cover both
single- and dual- narrow band- pass filters in LTCC. The related paper submitted to IEEE

Transactions on Circuits and Systems I: Regular Papers Journal.

Chapter 3 presents a fast technique for the realization of lumped-element circuit compo-
nents of given values through 3D LTCC structures that shortens the required 3D electro-
magnetic field simulation time. The related paper is submitted to IEEE Transactions on

Components, Packaging and Manufacturing Technology Journal.



e Chapter 4 summarizes the main contributions presented in this thesis and gives recommen-

dations and suggestions for future work.
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Abstract

A new lumped element circuit model suitable for dual-band bandpass filter (D-BPF) response
is proposed. Using even/odd mode analysis, analytical equations are developed and used for
the development of a direct synthesis design procedure. The proposed procedure is applied to
the design and realization of a D-BPF prototype in LTCC technology covering two ISM bands
of 0.9 and 2.45 GHz. This filter has been successfully measured with an insertion loss of less
than 2 dB, return loss better than 18 dB for both bands and out of band attenuation higher than
20 dB.

Introduction

Most current wireless devices that support more than one frequency band do so using mul-
tiple single-band microwave components. This leads to increased part-count, cost and size
which can be addressed through dual-band, and eventually multi-band structures. Over the
last couple of decades, an important research effort has been deployed towards the devel-
opment of dual-band microwave devices using different types of resonators Miyake et al.
(1997); Liu et al. (2010); Rezaee & Attari (2014); Avrillon et al. (2003); Zheng et al. (2014);
Mousavi & Kouki (2014); Schindler & Tajima (1989); Cao et al. (2014); Liu et al. (2015).

The three commonly used strategies for building resonators include: cavities Liu et al. (2010);



Rezaee & Attari (2014), distributed coupled-line or split ring resonators in planar microstrip
technology Avrillon et al. (2003); Zheng et al. (2014) and lumped-elements in Monolothic Mi-
crowave Integrated Circuit (MMIC) or Low Temperature Co-fired Ceramic (LTCC) technolo-
gies Mousavi & Kouki (2014); Schindler & Tajima (1989). At lower frequencies, the major
drawback of cativities and distributed microstrip printed structures is their relatively large size
which limits integration and circuit size reduction. Lumped element resonators offer signifi-
cantly smaller size become a desirable option at these frequencies and can be the solution of
choice if their losses can be minimized. Out of the two options for realizing lumped elements,
MMIC and LTCC, the latter is more attractive. Indeed, LTCC technology offers the poten-
tial for high circuit integration with size and loss reduction through the use of multi-layers of

low-loss dielectrics and high conductivity metals such as silver and gold Imanaka (2005).

Several works have been reported (D-BPFs) in LTCC technology, see for example Chen et al.
(2009); Wang et al. (2013); Chin et al. (2010); Dai et al. (2013); Oshima et al. (2010); Zhou
et al. (2011); Tang et al. (2006); Tang & You (2006); Lin et al. (2006); Joshi & Chappell
(2006); TAMURA et al. (2010). All of these works report compact 3D D-BPFs with various
degrees of performance and size reduction. Out of these, the D-BPFs in Chen et al. (2009);
Wang et al. (2013) are designed based on cavity structures, not lumped LC elements, and
are therefore limited to very high frequencies, such as mm-wave frequencies. In Chin et al.
(2010); Dati et al. (2013) the desired filter response cannot be precisely specified due to the
lack of a suitable theoretical methodology with closed-form expressions. In Oshima et al.
(2010); Zhou et al. (2011) the design techniques proposed and used are suitable for ultra-
wideband applications and cannot be readily applied to narrow BPFs. In Tang et al. (2006);
Tang & You (2006); Lin et al. (2006); Joshi & Chappell (2006); TAMURA et al. (2010) the
limited number of out of band transmission zeros leads to poor rejection of spurious signals.
In Lin et al. (2014); Xu et al. (2016¢), out of band transmission zeros are added however the
design procedure leads to have high capacitance and inductance values in some cases, which

in turn results in fabrication challenges as well as reduced self-resonance frequency (SRF).



In this paper, we propose a new D-BPF based on a lumped-element network containing four
poles and four zeros. We show, through an even/odd mode analysis of the proposed network,
that this network has an intrinsic dual-band frequency response. We also propose a synthesis
technique that uses closed-form expressions to control the placement of poles and zeros, and
therefore control the dual band response of the network. The resulting synthesis procedure
yields an initial D-BPF filter design that is finalized through minor turning. By adding a parallel
capacitor, the configuration of D-BPF is modified for improving the out of band rejection. The
use of the proposed synthesis technique and modified configuration is illustrated through the

design of a 3D D-BPF with four transmission zeros covering two ISM bands.

The rest of this paper is organized as follows: Section 1.1 introduces the main core of pro-
posed D-BPF and describes its working mechanism. Section 1.2 presents the design process
and details the synthesis technique for calculating circuit element values for a D-BPFE. Sec-
tion 1.3 illustrates the use of the proposed network in the design of a prototype of D-BPFE.
Section 1.4 presents the modified configuration of proposed D-BPF with improved stopband
rejection. Simulation and fabrication results are described in section 1.5. Concluding remarks

are presented in Section 1.6.

1.1 Proposed Network and Working Mechanism

Fig. 1.1 shows the schematic of the proposed D-BPF which consists of five major sections:
(i) a pair of shunt LC resonators [Cy,L;], (ii) inductive coupling between this pair of parallel
resonators [Lm], (iii) a pair of series LC resonators [C>, L], (iv) inductive coupling between
this pair of series resonators [Lm;| and (v) coupling capacitors [C.]. According to network
theory Jia Sheng Hong (1996), the complex schematic in Fig. 1.1 can be simplified to the
alternative form shown in Fig. 1.2. The properties of both configurations are the same however
the second, because of symmetry, is more convenient for even/odd mode analysis. Under
even/odd excitations, Fig. 1.2 can be decomposed into two hybrid resonators (Fig. 1.3. a, b)
Yang et al. (2010); Tamura et al. (2011) which have the same circuit topology but different

inductance values.
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Figure 1.1 Schematic of the proposed D-BPF

Figure 1.2 An alternative form of the proposed D-BPF

Calculating the input admittance under odd excitation, i.e., the circuit of Fig. 1.3.a, gives:

o joCclo*X? — 0*Y° +1]

Y2 = 1.1
"= O X7 1 CeCLILY — 2 [V7 + CoL] + 1 (.D

Where X = C\GLILS, Y = G LS +C L)+ LY, LS = Ly — Lmy and L{ = Ly — Lm;. Equating

(1.1) to zero reveals the existence of four zeros and four poles among which only the two
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Figure 1.3 a) Odd mode circuit model, and b) even mode circuit model

A_A
A A

positive zeros and two positive poles are of interest and will be considered. The zeros, @7,

o
!,

are given by (1.2), while the two poles are given by (1.3) @7 ,, @7 _, below of this page.

The subscripts ‘z” and ‘p’ indicate zeros and poles respectively, and ‘+’ and ‘-’ refer to the sign
inside the square roots in (1.2) and (1.3). Repeating the above analysis under even excitation,

1.e., the circuit of Fig. 1.3.b, the input admittance is found to be:

(
o _opfo — C2L3+C1L7+C2LT+\/(Cng—i—ClLT+C2L‘1’)2—4C1C2L‘1’L§
) =2nfr, = 2C\GL713
(1.2)
w00 —2mfo — CLYHCILY LY\ (CLS+CL L +Co L) —4Ci G LIS
= = 201G IS
(
0 ¢ 2
oo — OLYH(C1HCOLH+CoL 1 (CLY (O CO) L+ CLY) P ~4(Cr+Ce) LIS
[7 + 2(Cy +Cc)C2L(1)Lg
2
00 —omf — CLYH(C1HCOL+CoL — (CLYH(C1HCO) LY +CLg) P —4(CrH+Ce) GLYLS
L P,— - 2(C1+Cc)C2L{1’Lg
(1.3)

where X¢ = C1GLILS, Y = G LS +C L] + oL, LS = Ly +Lmy, and L = Ly + Lm; . Similarly,

(1.4) has four zeros and four poles among which the positive zeros and the positive poles are of
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interest. The zeros, @7 ,, @7 ,, are given by (1.5), while the two poles are given by (1.6) @, .,

e
Op 4+
Ye = JoCclw*X — 0Y¢ +1] (1.4)
W, =21, = CLEACIL+C L+ (LS +CL LS +CoLs P —4C LS LS
Z,+ L+ OIS
(1.5)
w¢ =2mfe — \/C2L§+C1LT+C2Lf—\/(C2L§+C1LT+C2L?)2_4C1 CLeLS
e 2GS
.
e _ogfe . — GLS+(Cy +CC)LC{+C2L‘;+\/(C2L§+(C1 +CC)L?+C2L‘1’)2_4(C1 OGS
wp  =2nfy = e
0° =2nf¢ — GL3+(C +Cc)Lf+C2L§—\/(C2L§+(C1 OO+ O P —4(Cr+CO)OLE LS
\ P, - ﬂ:f = Z(Cl +CC)C2L?L§

(1.6)

In total, we have four zero frequencies, f; ., Zf_, Ze 4, and fz‘j -, and four pole frequencies,

b Jp—» [y and f) . These frequencies will determine the nature of the frequency re-
sponse of the circuit of Fig. 1.2 depending on their sequencing and the spacing between them.
The exact order of these frequencies will be determined by the various element values of the
circuit. Mathematically, this means that here exist 8! possible sequences for these frequen-
cies. However, irrespective of element values, we prove in Appendix A that the following
conditions must always hold: f) _ < f2_ < f) <[l [, < [fi_ <[y <[fii fp_<[p-s

o <[y fio<[fi_,and f{, < f7.. Consequently, the number of different possible se-
quences reduces to only 576 states. Furthermore, by excluding those sequences that poles are
placed between zeros, only one leads to a frequency response suitable for D-BPF application
which is:
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Fig.1.4 shows, the admittance curves are plotted by typical element values to show how the
selected sequence creates a dual-band response. As illustrated in this figure, the bandwidth and
frequency ratios of the proposed D-BPF can be independently controlled by proper selection
of the pairs of frequency zeros, namely, (f;_, f7_), and (f;, f;. ), provided with realizable
lumped element values. The return loss level can be independently controlled for only one of
the two passbands. In the next section a design procedure is proposed to explain how each

of these four zero frequencies can be positioned independently which leads to a dual-band

bandpass filter with the desired frequency response.

—~

m

o . "

~ First Frequency ;'
A .g Band

Y S1&Y
m

Frequency (GHz)

Figure 1.4 Illustrates typical admittance curves versus frequency for the selected
sequence and shows clearly the placement of poles and zeros

1.2 D-BPF Synthesis Procedure

With the topology fixed and the proper frequency sequence identified, we now proceed with
the synthesis procedure. The design procedure contains three steps consisting of finding the

zero frequencies, the pole frequencies and the elements values as follows.
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In the first step, the frequencies of the four zeros f7_ Ji 4, andf? . are calculated
based on the chebyshev response which is outlined in Dancila & Huynen (2011). We start
with the assigned center frequencies(f,1, fc2), the desired bandwidths (BW;,BW5) and in-
band return losses (RL1,RL;). Since only one of the retun loss levels can be independently
set to the desired value, in this case RL;, an initial value is assigned to RL, and it is

final value is dependent on RL. fc1 and fc> can be approximated by averaging the zero

frequencies as

(4 0
7~ T

fa =~ TZ_ (1.8)
e + 0
for o B _TEE 5 Jor (1.9)

and the coupling coefficients are calculated by the following equations

K~ == (1.10)

)’

U
where K; is corresponded to BW; , fc; and g elements, see (1.12) Dancila & Huynen
(2011):

(1.11)

BW, 1
=t — (1.12)
fei \ 8182

K;

i indicate number of passbands. Using a nonlinear optimization technique for solving

(1.10) and (1.11) subject to the constraints of (1.8) and (1.9) leads to the optimal values

offé_, Zf_,f;+, and fz‘f+.

In the second step, the frequencies of the four poles f7 _, f7 _, f} 1, fp 4 are calculated.
Using the obtained zero frequencies in the first step, we generate a set of additional equa-

tions as detailed in Appendix B where the even pole frequencies f; _ and f) | can be
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determined in terms of zero frequencies and the two odd pole frequencies f _ and f7 ..

Therefore, f; _ and f7 , constitute degrees of freedom in our synthesis procedure.

1 0 0 0 (4 0 0 (4 1
The selection of f) _ and f) |, mustrespect fy _ < f7_and f7_ < f7, <[, inorder

to satisfy (1.7). By choosing f, _ and f, ., the terms 7, (09)?,(0)?, (wg)* and Q are

calculated from equations (1.13)-(1.17), respectively:

o o 2
[ N 0))
Y= (o5 x ) ’_)2 ~1 (1.13)
(o) o) )
T
(09)* = b (1.14)

where

T =(1+7)[(@) )+ (o )] — (@) — (@)

(R
(0f)? = (;30)2 (1.15)
(08)? = (@2, )%+ (0 _)* — (o) — (@) (1.16)
(09)°
e A (1.17)
(wg)?

The value of @{ is obtained by solving the below fourth order equation as demonstrated
in Appendix B:

(1+ ) (00 = wl(0f )* +(@f )0 +y(ef 0 )>=0 (118

2

Among the four roots of (1.18) we retain only the real positive root that satisfies the
following condition:
;o Jelen (1.19)
5 i f-
If no solution to (1.18) that satisfied (1.19) is found, another set of fo,, and fl‘; - values

must be chosen and equations (1.13)-(1.19) re-solved. As long as condition (1.19) is
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satisfied, we can have many set of acceptable values for f; _ and f) .. However, each
pair of selected f7 _ and f; | leads to different values for the D-BPF elements. Once a

suitable value for @y is found, we solve for @; and @y :

2
(w§,+wze,—)
(w2)?

(0f)* = (1.20)

(0f)* = (0f )2+ (0f ) = (wf)* — (f)* (1.21)

and we compute f7 . and f7 _ using (1.22) and (1.23).

(0f)>+ (1+7)(0¢)* + (0)*) + \/ (0F)?+ (1 +7) (@) + (05)) —4(1+7) (wfax)?

2(1+7)
(1.22)
w, =2nf, =
1.23
(@5 + (1490 + ag) — (0 + (1108 + o) 40 tpager
2(1+47)

Once the values of all pole and zero frequencies are computed, the third step is to compute
the values of the lumped-elements. We show in Appendix B the details of how this can be
carried out. Starting with C; = G,y (1.66) and given that y has been computed by (1.17)
either C; or C; can be used as a third degree of freedom, in addition to f7 | and f7 _ .
The choice of the C; or C; should be made according to fabrication technology in terms

of realizable capacitance values, i.e., maximum value with proper SRF.

With C; or C; chosen, the remaining parameters, C., L1, Lm, L, and Lm, are computed

using equations (1.24) to (1.28), respectively.

CC:CN/ (1.24)
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s 125
L~ - (w12>2_(w;)2] (1.26)
B <wie>2+<w;>2] 2
L= 2 <wte>2_<w10>2] -

The frequency response of synthesized network can now be calculated using the obtained

element values and (1.29)-(1.30):

S = S22 = 20tk (1.29)
(Y, +Y0) (Y +Yo) '
Yo(Yo —Y¢
Sp1 = 51 = 1o Ti) (1.30)

(Y5 +Y0) (Y, +Yo)

The above detailed synthesis steps of the D-BPF design are summarized in Fig. 1.5 in
the form of a chart. It is worth noting the following limitations on the proposed design

procedure:

a. The use of lumped elements constrains the D-BPF design to frequencies less than

the lowest SRF of the inductors and capacitors.

b. The feasibility of the D-BPF design depends on the realizability of the lumped el-
ement values in the technology chosen. This becomes more important for wider

spacing between the passbands.

c. The two passbands can be adjusted with close spacing if the calculated values of f7 _

and f, | meet (1.7).



18

No

As design specifications, assign the desired center
frequencies f., . fr, . the bandwidths B, . BW,, and
return losses RL,. RL, for both bands. Obtain the
coupling coefficients K, . K, using (12) based on a
second-order Chebvshev bandpass response.

1

. 4

Compute /7_, f7_. fZ.and f?_by solving a system
equation include of (8) to (11) using a nonlinear
optimization technique.

I
L 4

Choose/update two values for f7 andf’. as
degrees of freedom, and compute y, & , @} , o}
and Q from (13)to (17).

v

Solve fourth order equation (18) and obtain the
related roots. Does one of these roots (1) have
real value (ii) Satisfy the condition (19)?

Yes l

Find &} . o} from (20), (21). and determine 1, _.
/. from (22), (23).

|
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As third degree of freedom select a value for ¢,
or C,and find the other one from ¢, -c,». Obtain
the values of remained lumped-elements ., L, ,
Lmy , L, and Lm, from (24) to (28).

|
L J

Figure out D-BPF as shown in Fig.2.

Figure 1.5 Chart of synthesis steps for D-BPF
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1.3 D-BPF Design

This section illustrates the application of the proposed synthesis procedure to the design and

prototyping of a dual-band second order Chebyshev ISM bandpass filter operating at 890 - 940

MHz and 2.38 - 2.52 GHz. Other design examples, not proptotyped are also given to illustrate

the use of the proposed technique. Following the steps outlined above we proceed as follows:

a.

Based on the desired frequency bands, we have f.; =915 MHz, f., = 2450 MHz, BW| =
50 MHz, and BW, = 140 MHz.

In addition, by requiring a return loss of 20dB at both bands, the filter’s g; elements are
found to be: go = 1, g1 = 0.6923, g» = 0.5585 and g3 = 1.2396. Using these obtained
values in (1.12), we find K; = 0.0879 and K| = 0.0919.

Next, equations (1.8)-(1.11) are used in a nonlinear optimization algorithm in Matlab to
compute the values of zero frequencies, which are found to be: fzf _ =0.875 GHz, f;’_ =

0.955 GHz, f7, =2.337 GHz and f7, = 2.563 GHz.

The second step consists of finding the four pole frequencies. As degrees of freedom,
»— and f7 | are selected to be 0.8749 GHz and 2.336 GHz, which respect the conditions
oo < [fi_and f7_ < f7 . < f7,. Then, using equations (1.13)-(1.17) and solving the

fourth order equation (1.18), we obtain two roots: ¢ = 10.43 rad/s and @®{ = 5.919

rad/s. Of these two solutions, only @{ = 10.43 rad/s satisfies (1.19). Using (1.20)-(1.21)

we compute ®; and @; which are then used in (1.22) and (1.23) to compute the two

remaining poles, namely f; ~ = 0.801 GHz and f;, | = 2.129 GHz.

The third step consists of computing the values of all lumped elements of the filter. As
the third degree of freedom, we need to select a value for C, . The selection of this
value should take into account the fabrication process and its limitations. Additionally, it
should ensure a sufficiently high SRF frequency for the targeted design. Based on these
considerations and our LTCC process characteristics, we chose the value of C; to be 1.8

pE. Based on (B-16), C; = Gy, and the value of y from (1.17), C; is found to be 2.54 pF.
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The values of the remaining elements are calculated from (1.24)-(1.28) and yield: C, =

1.1037 pF, L; = 6.051 nH, Lm; = 0.52 nH, L, = 4.66 nH, and Lm; = 0.434 nH.

O K - T
&

-10 H %, Closed—Form
. 3 ;' ------ Tuned Values
o ;
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Figure 1.6 Simulated S-parameters of D-BPF, solid line: Closed-Form and dashed line:
Tuned values

With the obtained element values, we can compute the frequency response using (1.29)-
(1.30). Fig. 1.6 shows the computed frequency response of the synthesized D-BPF in
solid lines. As can be seen, the center frequencies are slightly shifted from the desired
values and the return loss is not as expected. These are due to the approximations in
equations (1.8)-(1.11) and can be easily corrected with a slight tuning of the element
values as shown in dashed lines in Fig. 1.6. Table 1.1 lists the original and tuned values

of the filter elements.

Repeating the above procedure, two additional designs have been carried out with one
for closely spaced passbands and one for widely spaced passbands. The specifications,
element values and frequency responses of the both filters are shown in Table 1.2, Fig. 1.7

and Fig. 1.8, respectively.



Table 1.1

Network parameters

Closed-Form

Tuned values

Comparison Between for the D-BPF Prototype

G2 (pF) 1.8 1.5
C (ppF) 2.54 2.51
Ly (nH) 6.051 5.33
L, (nH) 4.66 4.56
Lm; (nH) 0.52 0.52
Lmy, (nH) 0.434 0.454
C. (pF) 1.1037 1.53
Table 1.2 Design Examples
Design Examples 1
fcl ch fcl ch
2 GHz 3 GHz 0.5 GHz 8 GHz
FBW, FBW, FBW, FBW,
. . 0.1 0.03 0.07 0.04
Specification
RL, RL, RL, RL,
30dB 17 dB 30dB 15 dB
G Lm (65} Lmy
0.6 pF 0.154 nH 3.8 pF 0.74 nH
G Lm; Ci Lmy
6.25 pF 0.176 nH 5.16 pF 0.028 nH
Tuned Values Ly C. Ly C.
0.8 nH 7.62 pF 3.61 nH 4.54 pF
L, =15.71nH L, =047 nH

1.4 Modified Configuration of the Proposed D-BPF

21

As can be seen from Fig. 1.6, the out of band rejection of the filter may not sufficient for

some applications. In the order to improve this, we propose to add a parallel capacitor, C;, to

the designed filter as suggested in Yeung & Wu (2003) and shown in Fig. 1.9. By creating a

feedback path, this capacitor generates four transmission zeros as can be understood from the

new admittance matrix:
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Figure 1.8 Simulated S-parameter of the design example 2
10Cz + —joCz +
Y] = JOCz + Y11 JOCz +yi12 (131)
—JjoCz+y21  joCz+yxn
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Figure 1.9 Schematic of modified D-BPF with four transmission zeros

where yi1, y12, ¥21, and yj are the elements of admittance matrix for the tuned D-BPF as
designed in the previous section. The location of transmission zeros can be obtained by solving
[v12] = @Cz graphically as shown in Fig. 1.10. The intersection points of |yj»| curve and
the straight line of wCz determine the frequencies of the transmission zeros, which can be
controlled by changing the value of Cz. Using the values of the tuned filter in Table 1.1 and the
procedure of Fig. 1.10, we chose Cz = 0.2 pF. Fig. 1.11 shows the simulated S-parameters of

the modified D-BPF showing good out of band rejection.

1.5 Electromagnetic Simulation and Fabrication Results

The realization of the synthesized D-BPF requires that the circuit model be transformed into
a physical layout for the targeted fabrication technology. In this work, we use 5 layers of
Dupont 9K7 LTCC with dielectric constant of 7.1 and a loss tangent of 0.001. Given the
capacitance and inductance values needed, we chose to implement capacitors using multi-layer
parallel plates and inductors using spirals on LTCC. The mutual inductances, (Lm, Lm;), can
be realized using power exchange between individual inductors Brzezina & Roy (2014) by
proximity effect as represented in Fig. 1.1. This approach is viable for low coupling (low

mutual inductance). Alternatively, mutual inductances can be realized using physical inductors
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as represented in Fig. 1.2. This approach is more appropriate for higher coupling and larger

bandwidths. It is this latter approach that we opted for in our design.
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Figure 1.10  Plot of intersection between |y;2| and the straight lines of wCz
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Figure 1.11 Simulated S-parameter of modified D-BPF circuit model with Cz = 0.2 pF




Figure 1.12 3D configuration and geometric parameters of modified D-BPF.
Dimensions are all in millimeter L;=0.7, L,=1.34, [3=0.33, L4=0.4, Ls=1.5, Ls=0.4,
17=0.88, Lg=0.6, Lo=1.1, L19=2.1, L11=3.6, L1,=1.06, L13=1.3, L14=2.4, L15=0.8,
L16=1.38, L17=1.4, L13=0.2, L19=0.4, Lyo=1, Ly1=1.2, L1>=0.6, Ly3=2.2, L74=0.6,
Lr5=1.45, L=0.8, Ly7=1, L3=0.7, L9=0.66
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Using the 3D field simulator HFSS, we synthesize the various elements following the technique
outlined in Brzezina (2009) and then interconnect them to form the entire filter. An optimiza-
tion of the overall dimension is then carried in simulation to obtain the final filter layout as
shown in Fig. 1.12. This filter was fabricated using 8 um thick silver and silver filled 136 um
diameter vias and 5 layers of green tape. Fig. 1.13 illustrates the fabricated circuit. The final

dimensions of the fired filter are 7.2 x6.88 x 0.56 mm? with a total fired thickness of 0.56 mm.

Figure 1.13  Photo of fabricated LTCC D-BPF

Fig. 1.14, shows the EM-simulated and measured S-parameters of the designed LTCC D-BPF.
Excellent agreement is found between the two. The measured in-band insertion loss is less
than 2 dB, for the first band, and less than 1.5 dB, for the second band. The measured return
loss is better than 18 dB, for the first band, and better than 22 dB, for the second band. The
fact the filter show slightly better performance at the upper band is a result of the designed
lumped elements having their maximum Q-factor at the upper band frequencies. Finally, the

measurements show that the four transmission zeros are located at 0.72, 1.1, 1.9 and 2.92 GHz.



Table 1.3 Performance Comparison of the Proposed Filter with Similar Published
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Designs
fe1 /ﬁz RL, /RL2 1Ly /1L2 EFBW, | EBW- No. No. Closed- Highest
Ref (GHz) (dB) (dB) lé *| of TZ | of | Form Value | Structure
(%) elements| Equation | of Elements
Miyake 0919 | min:10 | max: 2 _ 2 —_ No _ Lumped-
et al. (1997) elements
Stepped-
Chen et al. 2.4/5.8 min:15 max: 3 52/18 1 — No — impedance
(2009) stub
Stepped-
Wangetal- |5 4575 13/20 22/12 9.8/11.9 4 — No — impedance
(2013) stub
Dai et al. 4.02/8.2 min:16 max: 3 55/58 4 — No — Coupled-
(2013) resonator
Oshima 2.5/5.27 14/14 1.4/1.8 16/10.4 3 — Yes — Coupled-
et al. (2010) resonator
Zhowetal | 5 475 5 13/13 1.5/2.1 13.7/8.71 3 — Yes — Coupled-
(2011) resonator
Tang & You | 4559 2016 14/1.1 17.5/20 3 13 Yes 103nH | Lumped-
(2006) elements
Lin et al 245/52 | 12/168 223 12.2/5.7 4 15 Yes 622 pF | Lumped-
(2006) elements
Joshi & Chap- .
OSMERNPY hoy1e | 16155 | 07125 | 222118 6 15 Yes 25 | bumped
pell elements
(2006)
Kapitanov: Lumped-
apitanova 213 min:18 2.33.6 7.5/5 1 25 Yes - distributed
et al. (2009)
TL
Yatsenko 2.4/5 17/10 1.5/1.2 — 2 13 No — Lumped-
et al. (2007) elements
Turgaliev 2.35/5.4 12/13 2.5/1.4 5/12.84 0 — No — Cavity-
etal. (2013) CSRR
V. Tur- Capaci-
- - 17/16 1.4/2.1 13.4/9.5 2 — No — tively
galiev & Hein| () 746/1.793 e S loaded
(2015) cavity
. Lumped-
This Work | 0.9/2.45 18/22 215 5.46/5.71 4 13 Yes 533nH | (DS

As it is known, physical inductors and capacitors do not operate like ideal elements at fre-

quencies higher than their SRE. Therefore, the SRF of the D-BPF elements will determine the

bandwidth of the upper stopband. Additionally, parasitic coupling due to tight integration may

also impact the upper stopband.

Finally, table 1.3 including comparison performance of dual-band LTCC filters is provided.
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1.6 Conclusion

In this paper, a novel second order lumped-element D-BPF was proposed, designed, fabricated
and tested. The proposed filter topology provides four poles and four zeros whose sequence
and placement were explained. A design procedure using closed-form equations to calculate
the values of the network element for desired center frequencies and bandwidth was presented.
The addition of a parallel capacitor to the original filter topology was used to increase the out of
band rejection by generating four transmission zeros in the frequency response. The proposed
filter topology and synthesis technique were applied to the design of a D-BPF for the two
ISM bands, 0.9 and 2.45 GHz in LTCC technology. A prototype of this filter was successfully
simulated and measured with excellent agreement between simulation and measurement. Other
implementations based on the same circuit topology can be carried in LTCC or other fabrication

technology with the possibility of realizing higher Q components.

Measurment
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Figure 1.14 Simulated and measured frequency responses of proposed D-BPF
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Appendix A

In this appendix, the mathematical proofs for the following conditions are presented: f7 _ <

0
Z,—

0
Z,+

For simplicity, the derived chain of equations (1.2), (1.3), (1.5) and (1.6), for odd/even

modes, are investigated simultaneously and rewritten to (1.32) to (1.35).

. 1 [ Xi+V/X? -4y
i ‘ 1.32
fer 27:\/ 2y (1.32)

. 1 [ xi—/X?—ayi
l

— ‘ 1.
f=5a 2y (1.33)

where X! = CZLE +C; L"1 +GLE Y = CZL"lLé. The superscripts i indicates o/e. The

investigation of (1.32) to (1.35) demonstrates the validity of above sequences as follow:

fi _ i (Xl + CcLll) + \/(Xl + CcLll) .—.4(Y’ +Ccc2L’1Ll2) (134)
P+ 0m \ 2(Y1 + CeGoLi L)
1 (X0 Celh) — (X o) — 4(Yi 4 CeCoL L)

fh-= 37\ — (1.35)

a. Compare (1.32) with (1.33) and (1.34) with (1.35). Due to the positive and negative

internal signs under the square roots, it is clear that f{, < fz"’ , and f;',’, < fl’;’ 4

b. The Limit of (1.35) as C, goes to zero is fz’;_ and this limit as C, goes to infinity is

zero. Thus, we have 0 < f;;ﬁ < fé,.
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c. The Limit of (1.34) as C, goes to zero is fzi, ., and this limit as C, goes to infinity
is equal to f} , = (27) ' (CoL5) . This shows that f; , has a value between f; |
and (27) (G L,) 702,

Subtracting the term of 4C,C,(L})? from (X%)? —4Y" in the right side of (1.32), leads
to (2)~(CoL5) 7% which means that f! | is greater than (27) ! (CoL5) 0. See

(1.36).

i =l (i 05 _ i i i
Am fp+ = (27)" (CoLy) ™ < fp 4 < A Fp+ = For (1.36)

Also, subtracting the term of 4C;C; (L’.l)2 from in right side of (1.33), leads to the
following equation (277) ' (C,L5) %> which means f _ is smaller than [} when

C. approaches infinity. See (1.37).

fio < Jim f = (2m) " (GoLy) 0 (1.37)

From (1.36) and (1.37), we can conclude that

. T » Y . ) i
le,— gcgg}flla,+ = (27)" (GL) < f;;,+ < Clclglof;)’—i_ = le7+ (1.38)

By combining the obtained results in steps 1 to 3, the following sequence fli,_ <

T < fhi <[l isdemonstrated.

b fi_<fl_and [, <[],
The investigation of sequences between f7_ with f7_ and f7, with f7, with is started

by the numerators of (1.1) and (1.4) which are

Ng, (0) = 0*X° — 0*Y° + 1 (1.39)

NE (@) = 0*X° — 0’V + 1 (1.40)
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where X? = C|CoLILS, Y° = CoLS + C1LS + LY, X° = C1CoLSLS, and Y° = oL +

CiLS + G LS. (1.39) and (1.40) are converted to the standard form of a second degree
function as follows:

N, (R) = R®X° —RY’ + 1 (1.41)
Ng, (R) = R*X® —RY° +1 (1.42)
where R = @2 . Each of (1.41) and (1.42) have two roots, R{ and R are roots of (1.41),

R{ and RS are roots of (1.42). These roots are associated with frequencies f7_, f7_, f7 .,

Z,—?
and f7, by the formulas (1.43) to (1.46)

1
¢ =V (1.43)
1
0 = E\/R_? (1.44)
4 _ 1 e
Y R (1.45)
0 _ 1 0
7+ — g\/ Rz (146)

According to the (1.43) to (1.46), if we demonstrate R{ < R{ and RS < Rf, consequently

the sequences f;_ < f?_, fZ, < f?, are proven.

As it is known, the graph of any second order equation has general parabola shape. When
Ny,, and Ny, are plotted as a function of R, the roots R{, R{, RS, and R pass the R-axis,

see Fig. 1.15. There are two reasons why R{ < R{ always is valid.

a. the R-coordinate of the vertex point in (1.41) is located at Ry, which is:

1 1 1
Ry = 1.47
V0L * 20,15 * 2C1L3 (147)




and the R-coordinate of the vertex point in (1.42) is located at Ry, which is

NYin(R)

DD D
—_ i
: (RV ’NYin(RV )
| | - | | - | | | |
-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

R

Figure 1.15 Plot of quadratic functions Ny,,(R) and Ny, (R)

1 1 1
R =
v 2c¢ﬁ*_mzL§+2c¢g

(1.48)

Obviously, the value of Ry, cannot be less than the value of Ry,.

Secondly, we know that the derivative of a function at any point gives the slope of
the tangent line at the same point. By taking derivative of Ny, respect to R at point
R = 0, the slope of Ny;, is given by

_ dNg,(R=0)
dR

o

m = —(GLS+CL+ L) (1.49)

Also the slope of Ny, at R = 0 point is calculated by

e

e dNg, (R=0)

= QL+ GL +OL) (1.50)

By comparing (1.49) and (1.50), the term |m°| < |m°| is valid.
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Based on the above discussion, it is clear that R < R{ is always valid. Since the sec-
ond order equation is a symmetric graph respect to vertex point, easily it is concluded

that RS < RS.

c. fp-</[p_andf; <f5.
The above terms can be demonstrates similar to the process which has been done in the

section A-2. It is mentioned that the terms C;L{ and CL{ is substituted with the terms

(C1+Cc)L{ and (C; + C¢)L] in all equation from section A-2.

1.8 Appendix B

In this appendix the design formulas of proposed D-BPF are proved. The general form of
equations (1.1) and (1.2) is expressed as (1.51). And with simple manipulation (1.51) can be

converted to (1.52). Where

joCclo*(C1GLILY) — 0 (G L) + Ci L + G L) + 1]

iiz: 4 iyi iri 2 i i i i (1.51)
0} [CICZLILZ —I—Ccchle] - [C2L2 +C L +GLy —|—CcLl] +1
. 2 2 2 2 2
yi __ J0Cclot =00 + o) + o) + ) o] (1.52)
a)4(1+g—f)—a)2[w;'12+(1+g—f)a)§2+a)}§2]+a);lza)§2
i i 1
ol =2mf = : (1.53)
\/CaLh
o =2nfi = (1.54)

C\L
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Wp =21 fi = , (1.55)
\/C]L’2
i 2 i2 i 2 2 %) N 2 2
; : ©),” + 0 + 0" +1\/ (0], + 0" + 0f") — 40" o
(@) ) =2m(fl ) = —"—T"—F \/( o k) s Th(1.56)
P2 i2 P2 ) %) N 2 2
' ' 0, + 0 + 0" —\/ (0, + 0" +0,") —40;" o,
(@ ) =2m(fi_)=—"—"—F \/( o k) s Th (157
(w;;7+)2 = 27r(f127+)2 =
w22+(1+%)‘°§2+“’§e2+\/(w22+(1+€—f)w§2+w;g2) _4(1+g_?)w§2w,hz (1.58)
C
21+ §)
(o), ) =2n(f}, )=
2 (1.59)

9 ) ) . . N . .
o), + (14 €)ool + of _\/(w;l2+(1+g—f)mé2+wk2) —4(1+ &) 0’0
C
21+ %)

The zeros and poles of (1.52) are presented in (1.56) to (1.59). Since (ozi,+, (DZ’"_, a)I’;7+, and a)I’;7_

are the roots of a fourth order polynomial equations, the following conditions are satisfied:

(0 ) (0! )= (w))*(w})? (1.60)

Z



1+y
where 7 is
=C
From (1.60) and (1.62), it is obtained
2 2
o, o
r=—% 51
wp>+a) T
And from (1.53) and (1.55), it can be obtained
. C1 . (J!)Si2
G o

Ifi=o0,from (1.61) and (1.63) we have:

:_ (4o, +op) —of, —of
Y

0

Ifi=e, (1.60) gives
62 62
e wz,—i-wz,—
Wy = 2
e
wy,

By considering i = e and substituting (1.68) in (1.61) yields

2 2 2 2 4 2 2
e e e e e (4 (4
of — et @ +0f_wf -] -0, 0
=

2
e
wS
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(1.61)

(1.62)

(1.63)

(1.64)

(1.65)

(1.66)

(1.67)

(1.68)

(1.69)
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Substituting (1.69) in (1.66) yields

2

(1 w) () =y ((08,) + (@ )7) (@) +y(ef o) =0 (170

the formulas (1.53) to (1.55) are rewritten when i = ¢ and i = o as follows

1 1
ol =21 f° = o =2nf = (1.71)
y fs C2(L2 —Lmz) y fs C2(L2 —|—Lm2)
O =27 — : of = 21 f¢ = ! (1.72)
C1(L1 —Lml) Cl(Ll —|—Lm1)
0l =21 f3 = ! 0f =21 s = ! (1.73)
C (Lz—Lmz) C (L2 —|—Lm2)

From (1.72), L1 and Lm; can be derived as follows

1 1 1
L= 1.74
e w;ﬁwgzl (79
1 1 1
Lmy = — 1.75
np 2C1 a)zz wzzl ( )

Similarly, L, and Lm; can be obtained from (1.71)

1 1 1
L, = 1.76
> 20, L)gz * wg’z} (1.76)

1 1 1
Ly = — 1.77
"7 a0 [(0552 60?2} (47

Since, the network parameters are positive, by considering (1.75), the below term should be

satisfied
0 0
f_so< z7+f7—

(1.78)
VA A
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Abstract

In this paper, the design of a new compact second-order lumped-element narrow bandpass fil-
ter (SNBPF) with a narrow 10 dB fractional bandwidth (FBW) (less than 3%) is presented.
Using even and odd mode analyses, the working mechanism of the SNBPF circuit model is
explained and an analytical design procedure is provided to obtain the element values. To re-
ject spurious signals, two transmission zeros (TZs) are generated in both sides of the center
frequency. Manipulating SNBPF circuit model, a single narrow frequency response is gener-
alized to dual-narrowband frequency responses (DNBPF). Performing the same analysis, the
working mechanism and design procedure of the DNBPF topology are fully described. To
demonstrate the theory of both narrow bandpass filters (NBPFs), two design examples are
provided. To reach a very compact size and enough flexibility to build inductive couplings,
physical layouts are realized in the form of 3-D configuration using low-temperature cofired

ceramic (LTCC) technology.

Introduction

Narrowband standards such as the global positioning system (GPS)Liu et al. (2010), per-
sonal communication services (PCS)Kim et al. (1999) and wireless communication services

(WCS)Chetouah et al. (2016) are commonly referred with respect to the industrial applications
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of the single narrow bandpass filters (SNBPFs). These filters would allow narrow-bandwidth
modulated signals to be extracted from multiple interfering signals and improve system sig-
nal to noise ratio (SNR). Over the past few years, several classes of narrow bandpass fil-
ters have been developed with various features. Typical reported strategies for the SNBPFs
realizations include the following: substrate integrated waveguides (SIW)He et al. (2014),
cavity resonatorsLorente et al. (2013), parallel coupled lines, split ring resonators and high-
temperature superconductors (HTS) using planar microstrip technology Shao & Lin (2015);
Liu et al. (2016); Li et al. (2006), active SNBPFs implemented in CMOSSu & Tzuang (2012)
and realized lumped-element structures in LTCC Brzezina et al. (2009); Xu et al. (2016b).
The properties of existing reported strategies have been summarized, as shown in table 2.1.
Utilization of active SNBPFs is limited due to the power consumption. SIWs and filters us-
ing microstrip technology have a relatively bulkier size at low frequencies, which limits their
integration with other blocks. Lumped-element topologies are highly recommended for filters

operating at less than SGHz in order to reach a very compact size.

Table 2.1 Properties OF The Proposed SNBPFs Design Strategies

Easy Power
Size Integration | Selectivity | Consumption | Loss
SIW bulky yes medium no medium
Lumped-
element | compact yes medium no medium
Waveguide | bulky poor high no low
HTS medium yes high no low
Microstrip | medium yes medium no medium
Cmos compact yes medium yes low

Among various options for realizing lumped-elements, monolithic microwave integrated cir-
cuits (MMIC), surface mount devices (SMD) and LTCC, the last is more attractive. The 3-D
layout realization in LTCC provides a very compact size, apart from other features such as low

loss at high frequencies, integration capabilities in 3-D environment and low cost.
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In the literature, several design methods of LTCC bandpass filters (BPFs) have been reported
with various degrees of performance and FWB. In Choi et al. (2003), using half-wavelength
coupled resonators leads to a bulky size for a designed circuit at microwave frequencies. In
Deng et al. (2005) and Yang et al. (2010), the limited number of TZs degrade due to band
rejection. In Xu e al. (2016b), the passband frequency responses are obtained based on a
direct synthesis method, but the very narrow FBW is not supported by the proposed circuit. In
Zhang et al. (2014) and Dai et al. (2014), the desired frequency responses cannot be precisely

specified, due to the proposed optimization design methodologies.

In this paper, a new topology of a lumped-element LTCC bandpass filter for applications with
small FBW is introduced. Existing three coupled inductors in the input of proposed circuit
model lead to an increase in the loaded Q-factor of the circuit at the given resonant frequency
which concludes narrowband frequency responses. Through an even/odd modes analysis, the
proposed SNBPF is supported by a straightforward design procedure that uses closed-form
synthesis equations to control even/odd mode poles. This analytical solution provides flexi-
bility, allowing the application of the new topology in different frequencies of spectrum and,
therefore, creates a narrow bandpass response of the network. To reject out-of-band spurious

signals, two TZs are appointed in both sides of the passband.

Further, it is demonstrated that the single bandpass is generalized to dual-band frequency re-
sponses through manipulation of the proposed SNBPF circuit model. In the light of increasing
demand for multiband wireless communication systems, some researches have been conducted
on LTCC filters with dual-band frequency responses, (see Lin et al. (2014); Xu et al. (2013);
Oshima et al. (2010); Chen et al. (2009); Chen (2005); Pourzadi et al. (2019)). Similar to
the SNBPF, a direct synthesis method with closed-form equations is provided to synthesize a
dual-narrow bandpass filter (DNBPF). In the new DNBPEF, existing independent poles are asset,
for they have independent and controllable external quality factors at both bands. The center
frequencies can be adjusted, whereas wide or tight frequency separation between passbands is

possible.
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Figure 2.1

(a) Circuit model of the proposed SNBPF. (b) Circuit model of the SNBPF
under even mode excitation. (c) Circuit model of the SNBPF under odd mode excitation
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2.1 Design of LTCC SNBPF

2.1.1 Circuit Model of SNBPF

Fig.2.1(a) shows the circuit model of the SNBPF, which contains four major parts, namely,
input inductance [L,], shunt resonator [Cj,L;], series resonator [C»,L,] and input inductive
couplings [Lmj,Lm;]. Due to the symmetry of the circuit model, even and odd mode analysis
can be used. Under even/odd modes excitations, Fig.2.1(a) is decomposed into Fig.2.1(b) and
Fig.2.1(c), respectively. The input impedance of the equivalent circuit under even excitation is

calculated as follows:

jo [(Lm} —LiL,)Ci@*+2L,]

yA—
me 2— a)2C1L|

2.1)

The Z;,. resonates when 2 — @*C;L; = 0. Equating DEN (Z;,,.) to zero gives two poles out of

which only the positive pole is considered. This pole f7 is equated as shown in (2.2).

1 2
P— 2.2
fe 27 C1L1 ( )

The terms p and e indicate pole and even mode. Similar to the above analysis, under odd

excitation, the input impedance of the equivalent circuit can be obtained by (2.3).

J20C;(joLmy)*  joLm?

Zino = jOOL, —
ino =T T 202G, L, L

(2.3)

Repeatedly, Z;,, resonates when DEN (Z;;,,) is equal to zero. Equating 2 — ®2CrL, =0 gives

two poles out of which the positive one is of interest. The pole f% is found to be as follows:
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1 1

fo = 27 /2G5 L,

(2.4)

The term o indicates odd mode. f and f} determine the nature of the frequency, response
of the circuit of Fig.2.1a. Fig.2.2 illustrates a typical example for even/odd impedance curves
versus frequency to show how the placements of the poles create a narrow bandpass frequency

response.

100 \

[}

[

|IZ |&|Z |(dB)

— | | | | | |
48.5 1 1.5 2 2.5 3 35 4
Frequency(GHz)

Figure 2.2 Input impedances of even and odd modes

2.1.2 Design Procedure of SNBPF

A second-order Chebyshev bandpass frequency response Dancila & Huynen (2011) is applied
to calculate the two poles, f2 and fJ. We start with the assigned center frequency f., the
desired bandwidth BW and the in-band return loss RL. The values of the coupling coefficient
Kjs and the external quality factor Q, correspond to the BW, f,. and g; elements by the following

equations Dancila & Huynen (2011):
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_BW |1

Ku — - (2.5)
L A VPP
and
gog1/fe
= 2.6
Qe =—p; (2.6)
fc can be calculated by averaging the pole frequencies, as
p | P
ﬂ:ﬁ;ﬂ 2.7)
and Ky, corresponds to f2 and f% by formula Hong & Lancaster (2004):
P\2 (P2

Using a nonlinear optimization technique for solving (2.7) and (2.8), one obtains optimal values
of f7 and f!. In equations (2.2) and (2.4), the arbitrary values of C; and C, constitutes degrees
of freedom in our design procedure and, then, are used to calculate of L; and L,. Noting that the
values of Cy, C», L1 and L, must be adjusted according to fabrication restrictions. To calculate
the values of the remained parameters Lm, Lm; and L,, we continue with the the frequency

responses of the proposed SNBPF which are given by:

ZineZino - Z(%

S11=8»n=
H 2 (Zine + ZO) + (Zino + ZO)

(2.9)
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ZO (Zine - Zina)

2.10
(Zine + ZO) + (Zino + ZO) ( )

Si2=2581=

where Zy = 50 is the port impedance. Solving S = S21 = 0 proves existence of two TZs,

which are excited by the following equation:

C CzL%Lm% 0)4 —
(2.11)
2C; (L Lm3 + LyLm?) @* + Lm? = 0
in the frequencies of
—b+ \/b2—4C1C2(L1Lm2Lm1)2 i
W1z = .
177\ 2C,C L2 L2 (-12)
—b— \/ b2 — 4C C (L LmoLm, )?
Wz = 2 2 (213)

where b= —C, (Lle% +L2Lm%), 07 =27 fiz and w7z =27 f>7. fi, and f>, are corresponded

to f, as

2 —

fiz= J: > 4 (2.14)
2f.

fr = 2 L 2.15)

where 7y indicates the value of frequency spacing between TZs, fi, and f>, . From (2.14)

and (2.15), the values of fi, and f>, are calculated by inserting the assigned value of y and
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then solving (2.12) and (2.13), we can find the values of Lm; and Lm;,. With the obtained
element values and using the given Q, for the desired passband, we can compute L,. Q. can

be approximated by the following equationXu et al. (2016a):

.z P (f2) + £z (FF)]

Q. ~ 7 (2.16)
where
0 4
T (f7) = —%(;) 2.17)
and
d 74
Tsn(fg’):—%(;) (2.18)

where Ts11(fY) and Tg1(f}) are the group delays of S| at the frequencies of f and f7,
respectively. Using a graphical solution, we sweep L, to find a suitable value for satisfying the
required Q.. The above-detailed synthesis steps of SNBPF design are summarized in Fig.2.3,

in the form of a chart.

2.1.3 Simulation and Experimental Results of SNBPF

Using the above synthesis procedure, this section illustrates the design and prototyping of a
second-order Chebysheve WCS narrow bandpass filter operating at 2.2925-2.3325 GHz. Based
on the desired frequency band, we have f. = 2.3125 GHz and BW = 40 MHz. By requiring a
return loss of 20 dB at Passband, the filter’s g; are found to be gg = 1, g1 = 0.6923, g» = 0.5585
and g3 = 1.2396. Using the values of g; elements, f. and BW, in (2.5) and (2.6), we obtain
Ky = 2.78% and Q, =40. Then, (2.7) and (2.8) are used in a nonlinear optimization algorithm
in MATLAB to calculate the values of the pole frequencies, which are found to be f¥ = 2.345

GHz and f} = 2.28 GHz. As the degrees of freedom, the values of C; and C, are selected to
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As design specifications, assign the desired center frequency £,
the bandwidth BW and return loss RZ . Obtain g elements,
coupling coefficient K,, and external quality O, factor based on

second order Chebyshev bandpass response.

Obtain f”and f7 by solving a system equation include of (5)

and (6) using a nonlinear optimization technique.

Choose proper values for C,andC,, then obtain L, and L, from
(2) and (4).

Assign the value of frequency spacing y between TZs and then
calculate f;_and £, from (14)and (15). Next, solve (12) and (13)
m MATLAB to obtain Lm, and Lm, .

Using (16) sweep L, to meet the givenQ, . Figure out the
proposed SNBPF as shown in Fig.1 (a).

Figure 2.3 Flowchart of synthesis steps for the proposed SNBPF design

be 1.6 pF and 1.9 pF, and from (2.2) and (2.4), the values of L and L, are calculated to be

5.76 nH and 1.28 nH, respectively. The fabrication process and it’s limitations should be taken
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to account for the values of these elements. In addition, high self resonance frequency (SRF)
and high quality factorMousavi & Kouki (2015) should be considered for the targeted design.
Selecting 7y to be 520 MHz and using (2.14) and (2.15), we compute f, = 2050 MHz and f;, =
2570 MHz, which are then used in (2.12) and (2.13) to calculate the values of Lm; and Lm,.
Solving (2.12) and (2.13), Lm and Lm, are found to be 0.793 nH and 0.379 nH, respectively.
The remaining parameter L, is computed through the graphical solution. As shown in Fig.2.4,
L, is swept from 0.1 to 5 nH and Q, is calculated using (2.16). It can be realized that the ideal
value of L, is 2.5 nH to meet the given Q,=40. Fig.2.5 plots the obtained frequency responses
of the designed SNBPF circuit model. Using the 3-D field simulator HFSS, the calculated
values of the lumped-elements are synthesized following the technique presented in Brzezina
et al. (2009) and then integrated to form the entire filter on LTCC. Regarding the required
capacitance and inductance values, we choose to implement capacitors based on multilayer
parallel plates and inductors using curved line configurations. An optimization of the overall
dimensions are performed to obtain the final physical layout, as shown in Fig.2.6. The SNBPF
is fabricated on LTCC Ferro A6M, with the dielectric constant of 5.7, and the loss tangent of
0.001. The LTCC wafer is consists of seven ceramic sheets, two sheets with the thickness of
2 mil and five sheets with the thickness of 5 mil, along with three metal layers. The material
of the conductors is silver with a thickness of 0.008 mm and the diameter of vias is 0.137 mm.
The top view of the fabricated circuit is shown in Fig.2.7. The final dimensions of the fired
filter are 6.2 mmx 4.14 mm with the total fired thickness of 0.736 mm. As shown in Fig.2.8,
there is a good agreement between EM simulation and the measurement results. The insertion
loss is about 2 dB and the return loss is greater than 18 dB. The two TZs appear at both sides of
the passband and are located at 2 GHz and 2.71 GHz frequencies. Finally, Table 2.2 includes

the comparison performances of bandpass LTCC filters with various FW Bs.
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Figure 2.5 Theoretical and simulation results of the proposed SNBPF circuit model
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2 mil
2 mil
5 mil

5 mil

5 mil
5 mil

5 mil

Figure 2.6  3-D view of proposed NBPF. The dimensions are determined as follows (in
millimeters):L1 =0.35,L.2=0.6,L.3=0.2,L4=1.09,L.5=09,L6=0.75,L.7=04, L8 =
1.55,1L.9=0.35,L10=04,L11=15,L12=3.74,L13=1,L14=0.74,L15=0.5, L16 =

0.73,L17=1,L18=2.3,L19=1

2.2 Design OF LTCC DNBPF

2.2.1 Circuit Model of DNBPF

The single narrow bandpass frequency response is generalized to the dual-band frequency re-

sponse through a small manipulation in the topology of the proposed SNBPF. Schematic of
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Figure 2.7 Photograph of fabricated SNBPF
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Figure 2.8 EM simulated and measured frequency responses of SNBPF

DNBPF is introduced by replacing the series capacitors C, of Fig.2.1(a) by a shunt grounded
form. Fig.2.9(a) shows the circuit model of the DNBPF. Similar to previous designs, we use the

even/odd mode excitations for analysis and working mechanism investigations. The even/odd
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mode equivalent circuits of the proposed DNBPF are illustrated in Fig.2.9(b) and Fig.2.9(c).

The input impedances Z;,, and Z;,, are derived as:

Table 2.2 Performance Comparison of the the SNBPF with Previous Designed LTCC

Filters
Center | Return| Insertion Number Design )
Ref Frequency| Loss Loss | FWB of Method Size
(GHz) | @B)| @B) | *| Tz
Xu
etal 2.6 -20 2.47 102 3 synthesis 2x1.7x2mm?
(2016b) '
Choi
et al. 28.7 <-20 3 4.5 No synthesis 9.7x2.2x0.42mm?>
(2003)
Deng
et al. 2.95 <-20 1.4 7.3 No synthesis 3.5%3.5%0.4mm?>
(2005)
Yang
etal 245 -14 2.5 8 1 optimization | 0.75x0.76x0.67mm?>
(2010)
Zhang
etal 24 -15 24 125 4 optimization | 2.63x2.61x0.5mm?>
(2014) '
Dai
et al. 2.45 -15 2.5 10.8 4 optimization | 2.48x2.02x0.6mm?>
(2014) '
This 2.31 -18 2 2 synthesis 6.2x4.14x0.73mm>
work ' 2.78 ' ' '
. '(L)3C2Lm2 'a)3C1Lm2
Zine :Ja)L,,+2]_w2C2L22 = e (2.19)
; 2 2
Zing = jooL, — 12 _ JOLm; (2.20)

L,

Ly
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Zine Will resonate when 2 — 02C>L, = 0 and 2 — @*C;L; = 0 . Therefore, the proposed NDBPF

has four poles which only positives are desired. These poles are determined by

1 2
P 221
fle 2rn N CiL ( )

1 2

= (2.22)
277: C2L2

fZe

Equating S12 =0 in (2.8) proves that the DNBPF generates one TZ located at given frequency

1| 2(LyLm3 + LoLm?)
2r \| CiLiLm3 + CoL3Lm?

fo= (2.23)

2.2.2 Design Procedure of DNBPF

Center frequency of first passband fi., and of second passband f,., the external quality factor
of first passband Q., and of second passband Q. and transmission zero f, are assigned as the
design specifications of the DNBPF. As degrees of freedom, we select proper values for C; and
(>, and then using the given center frequencies and equations (2.21) and (2.22), the values of
L and L, are obtained. It should be noted that f|. and f;. are approximated as fi.~ fli and
Jre= f{; in (2.21) and (2.22). The shape and selectivity of the two passbands are controlled by

the values of Q1, and Qy,, which are calculated from Hong & Lancaster (2004).

Qe = A?;'B T ficTsii(fic) (2.24)
Q1 = Jac = T focTsi1(fac) (2.25)

Af3dB
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Figure 2.9 (a) Circuit model of the proposed DNBPF. (b) Circuit model of DNBPF
under even mode excitation. (c¢) Circuit model of DNBPF under odd mode excitation
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where 7511 (fic) and 7511 (foc) are the group delays of S;; at the center frequencies. The re-
maining unknown values L, , Lm; and Lm; are calculated by solving the system equation in-
cluding (2.23) to (2.25). One solution to solve this system equation is to use specific nonlinear
programming solver FMINCON in MATLAB. FMINCON find the minimum of error function
by fitting different values L, , Lm; and Lm; in (2.23) to (2.25). The total error function is
defined as

min(er) =e; ey +e3 (2.26)
where
e1 = |given(Q1.) — calculated(Q1,)| (2.27)
and
er = |given(Qr.) — calculated(Q7,)| (2.28)
and
e3 = |given(Qs,) — calculated (Q3,)| (2.29)

Note that due to approximations fi.~fT, and f.~f3, in the proposed design procedure, a
central slight shifting is expected in the center frequencies. With small tuning of C; and G,
values, both bands can be adjusted at the desired frequencies, but the nonlinear solving process
is affected by the new values of C| and C,. Furthermore, one has to recalculate L, Lm; and
Lmj using updated C; and C; to meet the given values of Q. and Q,,. The synthesis steps of

the DNBPF design procedure are summarized in Fig.2.10, in the form of a chart.

2.2.3 Simulation and Experimental Results of DNBPF

This section illustrates a designed and prototyped of DNBPF operating at PCS(1.905-1.910)
GHz / WCS(2.305-2.320) GHz to validate the theory explained in the previous section. Based
on the desired frequencies and the given external quality factors, we have fj. = 1.9075 GHz,
fae =2.3125 GHz, Q1. = 18, Oy, = 22 and TZ is assigned to be 2.1 GHz. To follow the design
procedure, we need to select the values of C; and C,. Selecting C; = 2.6 pF and C, = 4.7 pF and
using (2.21) and (2.22), then L; and L, are calculated to be 5.36 nH and 2.02 nH. By solving the
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As design specifications, assign the desired center frequencies
( fie» foe) and external quality factors (Q,, , 0,, ).

Consider f,, » f{Zand f, ~ f , Choose proper values for C,
and C, . Then, use (19) and (20) to obtain L, and L, .

By solving a system equation include of (21) to (23) using a
nonlinear optimization technique (FMINCON) in MATLAB, we
obtain Lm,, Lmyand L .

Tune the values of C, and C, to compensate central shifting at both

bands. Recalculate Lm,, Lm,and L, usmg updated C,andC, .

Figure 2.10 Flowchart of synthesis steps for DNBPF design

system equation including (2.23) to (2.25) in MATLAB, the remaining parameters are obtained
L, =2.96nH, Lm; = 1.121 nH and Lm; = 0.562 nH. With the obtained element values, we can
compute the frequency responses using (2.9) and (2.10). Dashed lines in Fig.2.11 illustrate the
frequency response of the DNBPF circuit model. As can be seen, there is a slight shifting at
center frequencies and they are not displayed as expected. These are due to the approximations
fle~ flpe and fo.~ fé’e and can be easily corrected with a slight tuning of the element values
C1= 2.67 pF and o= 4.81 pF. The values of L,, Lm; and Lm; need to be recalculated to
meet the given external quality factors due to updated capacitors. The frequency responses are
computed with the updated element values: C;=2.67 pF, C,=4.81 pF, L1=5.36 nH, L,=2.02
nH, L,= 2.564 nH, Lm;= 1.32 nH and Lm= 0.613 nH, as shown in solid lines in Fig.2.11.
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Figure 2.11 Simulated frequency responses of DNBPF circuit model

Table 2.3 Performance Comparison of the DNBPF with Previous Designed dual-band

LTCC Filters
Center Return Insertion
Frequency Loss Loss
(GHz) (dB) (dB) | FWB|/FWBy | Number | Design
Reference fie/ fac RL;/RL;, ILy /1L, % of TZ Method Size
L(lgoef 4‘;" 2.45/5.25 121168 | 223 12.2/5.7 2 synthesis 2mm x 1.25mm x 0.9mm
Xu et al. .
201%) 59.78/61.56 | -15/-15 | 3.6/3.55 2.12.2 2 synthesis S
Oshima .
et al. (2010) 3.96/7.92 <-12 2.5 40/40 3 synthesis 7.5mm x 3.8mm X 0.386mm
C}zr(‘)g;)“l' 30.3/39.3 -17 48 6/6 4 synthesis | 4.12mm x 3.92mm x 0.832mm
((23(})‘82) 24 247/522 | 3.15/3.9 8.1/5.7 2 synthesis | 2.69mm x 1.77mm x 0.13mm
Pourzadi 0.915/2.45 -18/-22 215 5.46/5.71 4 synthesis | 7.2mm x 6.88mm x 0.56mm
et al. (2019)
This work | 1.9075/2.3125 | <-17 18 0.26/0.64 1 synthesis | 9.3mm x 4.16mm x 0.736mm

Fig.2.12 illustrates a 3-D view of the simulated DNBPF in the HFSS. The thicknesses and
numbers of LTCC sheets are the same as those we have used for the design of SNBPF. Fig.2.13
shows the photograph of the fabricated circuit. The final dimensions of the fired filter are 9.3
mm X 4.16 mm x 0.736 mm. The results of the EM simulations and the measurements, are
depicted in Fig.2.14. The dashed and solid lines demonstrate the frequency responses of the

EM simulations and measurements respectively. The measured insertion losses are around 1.8
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dB and the return losses are better than 17dB at both bands. Finally, the measurements show
that the transmission zero is located at 2.12 GHz. Finally, in Table 2.3, the performances of

several designed dual-band LTCC filters are compared.

2 mil
2 mul
5 mul
5 mil

5 mul

5 mil

5 mil

Lle

Figure 2.12  3-D view of proposed DNBPFE. The dimensions are determined as follows
(in millimeter):L1 =1.55,L.2=1,L.3=0.8,L4=0.6,L5=1,L6=1,L7=3,L.8=1,L9=
1,L10=0.5,L11=3.14,L12=04,L13=1.25,L14=0.5,L15=1.44,L16 =09

Conclusion

In this paper, direct synthesis of new single- and dual-band bandpass filters with small FWBs
was presented. Using even and odd modes analysis, the nature of frequency responses and the

working mechanisms for both topologies were explained. The design procedures used closed-
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Figure 2.13 Photograph of fabricated DNBPF
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Figure 2.14 EM simulated and measured frequency responses of DNBPF

form equations to calculate the values of network elements for the given center frequencies
and bandwidth. The proposed filter topologies and synthesis techniques were applied to the

design of an SNBPF and a DNBPF using LTCC technology. The prototypes of these filters
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were successfully simulated and measured with excellent agreement between the simulation

results and the measurement results.
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Abstract

We propose a methodology for the fast translation of ideal lumped-element values to the form
of a 3D physical layout using low-temperature co-fired ceramic (LTCC) dielectric. we explain
how this approach is implemented without requiring complex formulas and use a simulation-
based process which leads to consume less optimization/tuning processing time. The proposed
methodology is applied to the design of a dual-band bandpass filter (D-BPF) operating at cen-
ter frequencies 2.4 GHz, and 5.2 GHz and its layout is realized in the form of 3D physical
layout. The two commercial simulators, advanced design systems (ADS) and high-frequency
structure simulator (HFSS), are used to simulate ideal lumped-element schematics and perform

electromagnetic (EM) simulations on the LTCC layout, respectively.

Introduction

In radio frequency engineering, the physical realization of microwave devices are selected
based on features such as operating frequency, size, cost, bandwidth, and loss. Circuits such
as filter, couplers, and baluns, can be structured according to one of three commonly used
approaches, including distributed transmission lines Zhu & Abbosh (2016); Pourzadi et al.
(2012), cavities Zhou et al. (2018); Shen et al. (2013), and lumped-elements Tang (2007); Feng

et al. (2017). The major drawback of transmission lines and cavities is their bulkiness at lower
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frequencies, which creates difficulties in size reduction and integration. Lumped-elements are
recommended especially when they are realized in a 3D configuration of low-temperature co-
fired ceramics (LTCC) technology. This technology offers a good platform for designing very

compact sized devices and multichip modules (McM).

As reported in the literature, many successful lumped-element designs Shafique & Robertson
(2011); Shen et al. (2009); Mousavi & Kouki (2015); Brzezina et al. (2009); Brzezina & Roy
(2014); Zheng & Sheng (2017); Zhou et al. (2016); Lee et al. (2012); Brzezina & Roy (2014)
have been fabricated in LTCC. In these references, ideal schematics are analyzed, working
mechanisms investigated and then element values are transformed into the physical layouts us-
ing an electromagnetic (EM) solver. In the conventional methodology for physical realization,
each lumped-element, is designed individually in an EM simulator software. The designed
physical elements are combined to form the entire 3D LTCC layout of the proposed circuit,
and then the overall dimensions are optimized to obtain the expected frequency responses in
the EM simulator. In Brzezina et al. (2009), an improved methodology was introduced, which
is a hybrid of 3D physical and ideal circuit elements. Hybrid technique is more time-efficient
than conventional approach but still includes guesswork in parametric tuning steps. Depending
on circuit complexity, the number of elements and operating frequency, tuning steps in both
implementation strategies (conventional and hybrid) can be very time-consuming, due to com-
pensation of parasitic effects and mutual coupling between elements. In fact, parasitic effects
and mutual couplings can change the inductance and capacitance values of elements, or in the
worst case scenario, they can add redundant elements to the proposed ideal model. Also, exist-
ing elements with dependent values to each other in the schematic, such as coupled inductors,

generate more implementation difficulties Brzezina & Roy (2014).

In this paper, we present a direct methodology by using a correlation strategy between HFSS
and ADS simulator softwares. In this technique, the processing time of physical realization is
reduced significantly due to the elimination of dimension tuning the steps. This facilitates a bet-
ter understanding of the existing parasitic effects and provides less efforts to obtain the desired

experimental results that are much closer to the ideal model. The usefulness of the proposed
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technique is demonstrated through a practical design example, which is a recently published
schematic of a lumped-element Dual-Band bandpass filter (D-BPF) Pourzadi et al. (2019). To
prove the validity of this technique, a physical prototype operating at center frequencies 2.4-5.2

GHz is fabricated in LTCC.

This remainder of the paper is be organized as follows: section 1 describes details of the
proposed technique. In, section 2, a design study is defined and the implementation steps
related to transforming element values to physical layout are explained using HFSS and ADS
simulators. The final simulation and fabrication results are presented in section 3. Concluding

remarks are given in section 4.

3.1 Proposed Physical Realization Methodology of Lumped-Elements In LTCC

Fig.3.1 compares the three realization methodologies of LTCC physical layouts in the form of
charts, including (a) conventional approach, (b) hybrid methodology and (c) the proposed strat-
egy in this paper, the correlation between HFSS and ADS. As shown in Fig. 3.1, the highlighted
steps, the simulation of the ideal schematic and the design of each lumped-element individu-
ally are common in the three techniques. In the conventional approach, each lumped-element
is designed in an EM simulator and sized based on the given inductance or capacitance values,
the high Q-factor and the self-resonance frequency (SRF). The designed physical elements are
integrated into one structure to form the complete 3D LTCC layout, and then EM simulations
are performed on the structure. The final LTCC layout needs time-consuming parametric tun-
ings on dimensions to obtain the desired results. This approach works for structures with a
small number of elements. For the hybrid method, the first two steps are similar to those of
the conventional approach. In the integrated layout, some of the physical elements are replaced
with ideal values and then the EM parametric tuning is performed on the hybrid layout to adjust
the dimension of the physical elements. Once the response is as expected, the ideal element
models are replaced with their physical prototypes and a second round of EM physical tuning

is performed on the entire 3D LTCC layout. Hybrid method reduces the overall time spent
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optimizing rather than the conventional approach, but the increasing number of elements, (see

Mousavi & Kouki (2014)) still degrades the functionality of this method.

In our proposed methodology, tuning steps are eliminated. Hence, the time spent in the trans-
formation into physical layout and the efforts required to have a perfect response are both
reduced significantly. Also, it provides more convenience and flexibility with respect to imple-
mentation of lumped-elements with dependent values, such as coupled inductors. The parasitic
effects and mutual couplings are compensated during the simulation steps and accounted in the

final results. The outlined steps of the flowchart are explained as follows:

a. The ideal schematic, which we name as schematic I, is simulated in ADS and the S-

parameters simulation results are obtained.

b. Each lumped capacitor and inductor is modeled individually in the HFSS, and the varia-
tion curves of L, C and Q-factor versus frequency are obtained using equations 3.1 to 3.3

Brzezina et al. (2009).

. Im(le>
L= o 3.1
_ Im(Y1y)
C= . (3.2)
Im(le)
= 3.3
Q Re(le) ( )

The elements are sized physically to meet the given inductance or capacitance values at
the operating frequency while simultaneously providing the maximum value of the Q-
factor and a high SRF. High Q-factor is demanded in circuit design as it has a substantial

influence on the in-band insertion loss.

c. Interconnect the designed physical elements with their initial dimensions to form the en-
tire 3D LTCC layout in the HFSS. It is required to have a preliminary idea about number
of stack layers and the placement configuration of elements. With the completion of the
first round of EM simulation in the HFSS, as we had expected, there are dissimilarities

between the obtained EM and the ideal model (schematic I) S-parameters in the ADS.
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This step entails finding the values of elements which are corresponded to the initial 3D
LTCC layout. Fig .3.2 illustrates the simulation procedures for this step in the ADS envi-
ronment. The obtained EM s-parameters S1; and Sy, (in previous step) are imported into
the ADS in the form of an S2P file. The elements of the ideal model (schematic I) are
replaced with the variable elements and the new network is named schematic II. Then,
using Optim and Goal tools, the optimization process is set up. In the Optim window,
the type of optimizer and the number of iterations are selected. In the Goal window, we

and add

define two expressions as final targets, which are [SEM — S11| and [SEM — SIL|,
limit criteria O for both expressions to stop the solver. The superscripts EM and II indi-
cate imported EM and schematic II S-parameters, respectively. Running the optimization
solver, the optimizer computes element variables in each iteration to meet the limit crite-
ria of the defined expressions in the Goal windows. The optimizer compares the obtained
frequency responses of schematic Il with the imported S2P file and then modifies the val-
ues of elements in next iteration to minimize the design goal errors. Note that assigning
reasonable concentrations on element values would reduce the convergence time of the

optimizer.

In the previous step, the values of schematic II were computed such that the frequency
responses of the network was matched perfectly with the EM frequency responses of the
initial 3D LTCC layout. In this step, the target is to modify the values of schematic II
elements and, consequently, the physical dimensions of elements of the initial 3D LTCC
layout to meet the frequency responses of schematic I. We proceed with this approach
with the following strategy. In the ADS environment, we select one of the elements of
schematic II and replace its value with the value of the same element from schematic 1.
Then, s-parameter simulation is performed on the modified schematic II. Note that in the
modified network, the rest of elements are the same as we had computed in the step 4.
Next, in the HFSS, the dimensions of corresponding element are resized such that the
EM frequency responses follow the frequency responses of the modified schematic II.
Repeating the above mentioned details, all the remaining elements of modified schematic

IT are replaced with the values of schematic I, in turn. Consequently the physical elements
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of the 3D LTCC layout are resized, which leads to an excellent agreement between the

simulation results of layout and schematic I.

3.2 Circuit Realization Example

This section illustrates the application of the proposed methodology to the transformation of

an ideal circuit model of a dual-band bandpass filter (D-BPF), presented in reference Pourzadi

et al. (2019), into a 3D LTCC layout. Using the synthesis procedure of Pourzadi et al. (2019),

the element values of the circuit model are computed to design and create a prototype D-BPF

operating at center frequencies 2.45 GHz and 5.2 GHz. Following the steps outlined in the

previous section, we proceed to realize the element values into a physical layout in LTCC, as

follows.

Fig.3.3a shows the schematic (schematic I) of the D-BPF, which consists of 13 elements
with the computed values of C. = 0.68 pF, C; = 0.2 pF, C; = 1.69 pF, C; = 1 pF, L| —
Lm; =1.04nH, Ly — Lmy = 1.5 nH, Lm; = 0.02 nH, Lm, = 0.29 nH. Fig. 3.3b illustrates

the simulated s-parameters of the Schematic I in the ADS.

Using HFSS, each of the elements are individually sized to meet given inductance or
capacitance at 2.4GHz frequency. At this point, we have no idea about the final configu-
ration of the D-BPF including number of dielectric sheets and placement of the elements
in the layout. Thus, simplest forms of realizations are selected to find initial physical di-
mensions. We chose to realize capacitors and inductors using multilayer parallel plates
and straight lines respectively. The elements are simulated using two sheets of LTCC
Ferro A6M dielectric, with the thickness of each 93.98 um, dielectric constant of 5.9 and
the loss tangent of 0.002. Figs. 3.4 shows the characteristic variations of the elements
versus frequency, simulated in the HFSS, and Table 3.1 lists the physical dimensions, the
Q-factor and the SRF values. It should be noted that the simulation characteristics of the
element Lm; are not provided, due to its small value (0.02 nH) and are physically realized

by a single via.
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We interconnect the elements designed in step 2 to form the entire D-BPF in the HFSS,

as shown in Fig.3.5. The filter is simulated using five layers of green tapes with an overall

thickness of 469.9 um, 8-um thick silver and silver-filled 136-um-diameter vias. First

round of EM simulation are performed on the layout and the S-parameters are obtained.

Solid lines in Fig. 3.6 illustrates the frequency responses of the proposed D-BPF layout,

with initial physical dimensions. Note that, the interconnections between elements which

are not included in the ideal schematic, generate parasitic effects and unwanted mutual

couplings. In addition to these negative impacts, the dielectric and conductor losses cause

disagreements between the frequency responses of the final LTCC layout and the ideal

circuit m

odel.

Table 3.1

List of designed elements and their characteristics.

Element

Li—Lm
=1.04 nH

Ly —Lmy
=1.5nH

Lmy

=0.29 nH

Ci
=1.69 pF

G
=1pF

C;
=0.2 pF

Ce
= 0.68 pF

SRF
(GHz)

13.4

9.33

51

6.61

8.64

44.61

10.68

Q-Factor

106

102

97

50

55

63.7

58

Dimension
(mm)

lr1=2.6

l;p=3.7

leZ -
0.75

Ioy = 1.4

lco=1.1

lcc =0.9

WL =0.2

W, =0.2

WL =02

Wer =
1.4

Weo =
1.1

WCC =
0.9

Table 3.2 Comparison table of Schematic I and Schematic II element values.

Elements

L1 — Lm1
(nH)

L2 — LmQ
(nH)

Lmy
(nH)

Lm 1
(nH)

C
(pF)

6))
(pF)

C;
(pF)

(plg)

Schematic I

1.04

1.5

0.29

0.02

1.69 1

0.2

0.68

Schematic 11

0.63

1.87

0.41

0.038

4.15

0.94

0.39

1.06
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Figure 3.3 a) Schematic I Pourzadi ef al. (2019) b) Simulated frequency responses of
Schematic I in ADS

d. Performing EM simulation on the initial D-BPF layout in the HFSS, the obtained s-
M and S%M are extracted in the form of touchstone file. Then, we select

parameters S’fl
two port s-parameter item in the ADS and import the touchstone data. Next, in the ADS
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Figure 3.4 Simulated characteristics of elements in the HFSS a) simulated inductances
of L1, L and Lmj; versus frequency b) simulated Q-factors of L, L, and Lm; versus
frequency c) simulated capacitances of Cy, C3, C; and C,. versus frequency d) simulated
Q-factors of Cy, C2, C; and C, versus frequency e) top view and 3D view of straight line
inductor f) top view and 3D view of parallel plate capacitor
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Figure 3.5 3D and top views of structured initial EM circuit in HFSS. Dimensions are in
millimeters, L1=1.4, L2=1.1, L3=1.1, L4=2.3, L.5=0.9, L6=1.5, L7=0.5, L8=0.5, L9=0.9,
L10=1.4,L11=1.1,L12=1.4, L13=1.1, L14=0.75, L15=1.3, width of lines=0.2
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Figure 3.6 Simulated frequency responses, solid line: initial EM circuit and Dashed
line: Schematic II

environment we set up the optimization controller, select type of optimizer to gradient
with maximum 6000 iterations, and define goal expressions |SEM — S/ | and [SEM — ST .
The optimizer starts calculation process of Schematic II elements and provides an error
criterion in the form of number for estimation of differences between the computed fre-
quency responses of Schematic II and touchstone file. In this D-BPF layout realization,
the optimization process is converged to the minimum value of error number 25 after 6000
iterations. Fig.3.6 shows an excellent agreement between the S-parameters of Schematic
IT and D-BPF LTCC layout which demonstrates the Schematic II is an accurate circuit
model for the initial layout. Table 3.2 lists the element values of Schematic I and II.
It should be mentioned that due to existing mutual couplings, loss effects and intercon-
nections, the optimizer cannot provide error number close to 0 but convergence to small

values guarantees good agreement between the final results.
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e. In this step, the target is to modify the dimensions of the elements of D-BPF to obtain
the final filter layout. To proceed with this approach, HFSS and ADS are used simulta-
neously. As shown in Fig.3.7a, C; in the schematic II is replaced with the corresponding
element from Schematic I, to 1.69 pF. S-parameter simulation on the Schematic II is then
carried in ADS, whereas the values of the other elements remain as detailed in Table 2.2.
Dashed lines in Fig.3.7b illustrate the frequency responses of modified Schematic II. In
the HFSS, the physical dimensions of element relevant with C; is resized such that the
EM S-parameters, solid lines, follow the simulated frequency responses of the modified
Schematic II (dashed lines, as shown in Fig. 3.7b). Next, we fix the value of Cj in the
Schematic II to 1.69pF and replace the second element L; — Lm; to 1.04 nH, as depicted in
Fig.3.8a. Fig.3.8b compares the S-parameters between the two EM-simulated and mod-
ified network. The same trend is repeated, in turn, for the all elements of Schematic
IT and the simulation results are provided, (see Figs.3.9 to 3.13). Finally, this approach
leads to an excellent agreement in the frequency responses between the D-BPF layout and

Schematic I, as shown in Fig. 3.13b.

3.3 Fabrication and Simulation Results

This section presents prototyping of synthesized D-BPF in the targeted fabrication technology,
LTCC Ferro A6M. Fig.3.14 shows the D-BPF layout with the modified dimensions of elements
modeled in the HFSS, and a photograph of the fabricated D-BPF layout is shown in Fig.3.15.
The final dimensions of the fired filter are 2.5mm X 3.5mm x 2.5mm. Fig.3.16 shows the
EM-simulated and measured S-parameters of the LTCC D-BPF. The agreement between the
two is found to be excellent. The D-BPF displays a 2 dB measured insertion loss for the
first band, 1 dB insertion loss for the second band and more than -15 dB return loss for both
bands. As can be seen in the Fig.3.16, the center frequencies as well as the transmission zeros
are slightly shifted from the desired values due to fabrication tolerance. The filter shows less
insertion loss at the second passband, which is a result of a higher value of the Q-factor for

the lumped-elements at upper frequencies. It is worth noting that the physical capacitors and
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Figure 3.7 a) The value of C; from Schematic II is replaced with the corresponding
value from schematic I; b) Simulated frequency responses in the HFSS and ADS

inductors do not operate like ideal lumped-elements at frequencies higher than their SRF. Thus,
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corresponding values from Schematic I; b) Simulated frequency responses in the HFSS
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with the corresponding values from Schematic I; b) Simulated frequency responses in the

HFSS and ADS
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Figure 3.11 a) The values of Cy, Ly — Lm, Ly — Lmj, C; and C, from schematic II are
replaced with the corresponding values from Schematic I; b) Simulated frequency
responses in the HFSS and ADS
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the simulated s-parameters of layout do not follow the same pattern of those curves which are

obtained from ideal schematic simulations.

Figure 3.14 Top view of modified D-BPF layout, dimensions are in millimeter, L1=1.4,
L2=2.3,L3=1.1, L4=1.3,L5=1.1, L6=1.7, L7=0.5, L8=0.4, L.9=0.5, L10=0.7, L11=0.9,
L12=0.7, L13=1.4, L14=0.4, L15=1.56, width of lines=0.2

3.4 Conclusion

This paper has presented a fast realization methodology for transforming ideal lumped-elements
into a physical 3D LTCC layout. The entire physical realization process is explained in five
steps, which eventually leads to an excellent agreement between the S-parameters of the ideal
schematic and the layout. In this methodology, elements are designed individually and com-
bined entirely in the HFSS, and then, using a correlation strategy between HFSS and ADS the
final sizes are obtained. The main advantage of this technique is elimination of optimization
and the dimension tuning of physical elements, which reduces the time of layout realization
significantly. The proposed methodology is validated through a practical example. Schematic
of a dual-band bandpass filter operating at center frequencies of 2.4-5.2 GHz was layouted and

fabricated on an LTCC ferro A6M dielectric. LTCC was selected as a good platform for cir-
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Figure 3.16 Simulated and measured frequency responses of designed D-BPF

cuit realization due to its significant properties. The EM-simulated and measured s-parameter

results validates the proposed technique.






CONCLUSION AND RECOMMENDATIONS

The size of filters and dual-band functionality can make a significant impact on dual-band wire-
less communication by replacing bulky conventional and two parallel single filters. Also, ex-
istence of synthesis procedures make easier physical circuit realizations for various demanded
microwave applications. Some features like low in-band insertion loss, good out of band rejec-

tions and acceptable return loss must be included as design considerations.

In response to the above needs, we developed novel miniaturized dual-band second order and
narrowband filter architectures in the context of lumped-element LTCC bandpass filters. In ad-
dition to high performance, we investigated the circuit realization methodologies and presented

the relevant design closed-form equations.

In the first part of this research, a novel topology of lumped-element dual-band bandpass fil-
ter was introduced. The working mechanism and nature of existing dual-band response were
explained mathematically. With the aid of developed design procedure and closed-form equa-
tions, three design example operating at frequencies 0.9-2.4GHz, 2-3GHz and 0.8-5 GHz were
presented and the values of elements calculated. The design procedure was validated by fab-
ricating 0.9-2.4GHz prototype in 5 layers LTCC dielectric. The simulation and measurement
results were provided and compared. The measured in-band insertion loss was less than 2 dB,
for the first band, and less than 1.5 dB, for the second band. The measured return loss was
better than 18dB, for the first band, and better than 22 dB, for the second band. Good out of
band rejection were obtained due to the presence of four transmission zeros located at 0.72,

1.1, 1.9 and 2.92 GHz.

In the second part, we introduced the new schematics of single- and dual-band bandpass filters
for narrowband applications, realized in LTCC. Similar to the first part, the design procedures
were provided for various filtering specifications. The single- and dual-band filters improve

out of band rejection by generating two and one transmission zeros respectively. A design
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example of single bandpass filter operating at frequency 2.2925-2.3325 GHz were provided
and fabricated in 7 layers LTCC dielectric. The filter shows 2 dB in-band insertion loss and
return loss better than 18 dB. The two transmission zeros appear at both sides of passband and
located at 2 and 2.71 GHz frequencies. A design prototype of dual-narrow bandpass filter was
designed whereas the passbands were centered at 1.905-1.910 GHz and 2.305-2.320 GHz and
realized in 7 layers LTCC dielectric respectively. The measured insertion losses are around 1.8
dB and return losses are better than 17dB at both bands. The filter generates one transmission

zeros between two passband at 2.1GHz frequency.

In the third part, a methodology was presented for transforming of lumped-element values
from schematics into physical layouts. The methodology eliminated time consuming electro-
magnetic simulations- optimizations and provided a fast solution for obtaining the final results.
The methodology was started by designing elements individually, and then the elements were
interconnected in the final layout, and was terminated using a correlation strategy between

HFSS and ADS simulation softwares.

For the future works, we can find some research opportunities to extend this thesis. More
investigations on the presented schematics are recommended whether they can be expanded
and applied to higher order dual-band filters. Another interesting research field is design of
switchable dual-band bandpass filter . Also, some research works are recommended inten-
sively whether the structure of proposed schematics can be re-designed for tunable filtering ap-
plications with two independently passband frequencies. The performance of lumped-elements
networks are limited by SRF and low Q-factor at higher frequencies. Exploring possible tech-
niques to increase SRF values and Q-factor of lumed-element components can be considered

as one interesting research area.
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