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Abstract

Radiofrequency-(RF)/microwave analog filters are essential components of tel-
ecommunication and radar systems. Their basic function is to allow the transmission
of some frequency components within a certain spectral range and inhibit, as much
as possible, the other components that are out of this frequency interval. Required
features for these devices are high selectivity, low in-band power insertion loss, low
manufacturing cost, and small physical size. In compliance with these requirements,
transversal signal-interference filters, mostly fabricated in planar technologies, have
become an attractive alternative for moderate-to-ultra-wideband-(UWB) applica-
tions. The term “signal interference” refers here to the philosophy adopted by these
filter architectures in which the input signal is divided into multiple components
that after passing through different electrical paths interfere at the output node.
Thus, constructive signal-energy interactions in the passbands and destructive ones
in the stopbands are produced for the shaping of the desired transfer function.

However, emerging applications, such as software-defined radio (SDR), continue
to challenge the field of RF /microwave filters with even more stringent requirements
to be met. New generations of wireless communication systems also demand high-
frequency transceivers with multi-band and reconfigurable capabilities and, hence,
need for flexible pre-selection filter solutions able to find a reasonable compromise
among all their operational figures of merit.

The purpose of the present Ph.D. Dissertation is the analysis, design, construc-
tion, and characterization of novel filtering topologies based on signal-interference
principles that feature enhanced electrical performance, reduced occupied area, nar-
row-to-wideband operation, and multi-function capability.

This Ph.D. Thesis can be divided into four different parts:

e In the first part, classic filtering techniques are combined with signal-interfer-
ence principles to design novel filter architectures with advanced features in
two senses: the attainment of low-order in-band group-delay profile for high-
selectivity requirements through a new concept of “signal-interference source/
load coupling”, and the achievement of strongly-asymmetric transfer functions
by means of stub-loading techniques.

e The second part addresses the size reduction of classic signal-interference filters
exploiting three different philosophies: the use of lumped-element transversal
networks, the employment of capacitive-loading miniaturization techniques,
and the proposal of discrete-element quadrature-coupler-based transversal fil-



tering sections (TFSs).

e The third part concentrates on extending the applicability of signal-interference
filters to narrow-band designs. This is done through mixed-technology surface-
acoustic-wave (SAW)/microstrip implementations.

e In the fourth part, multi-function microwave devices are developed under
the signal-interference formalism. In particular, Wilkinson-type power di-
viders, impedance transformers, and balanced frequency-selective devices with
single/multi-band filtering capabilities are attained by embedding signal-inter-
ference TFSs into them.

Note that the synthesis methodologies and circuit schemes associated to the mi-

crowave filters proposed in this Ph.D. Thesis will be carefully examined and verified
through the manufacturing and testing of a rich variety of physical prototypes.
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Resumen

Los filtros analdgicos de radiofrecuencia (RF) y microondas son componentes
esenciales de los sistemas de telecomunicacién y radar. Su principal funcién es
permitir la transmision de las componentes de frecuencia de un determinado rango
espectral e inhibir, tanto como sea posible, aquellas componentes que se encuentran
fuera de este intervalo de frecuencias. Dentro de las caracteristicas requeridas para
este tipo de dispositivos se encuentran: alta selectividad, bajas pérdidas de inserciéon
en la banda de paso, bajos costes de fabricacién y pequeno tamano fisico. En
conformidad con estos requesitos, los filtros basados en técnicas de interferencia
transversal de senales, principalmente fabricados en tecnologias planares, se han
convertido en una alternativa atractiva para aplicaciones de banda moderada a ultra
ancha. El término “interferencia transversal de senales” se refiere a la filosofia
adoptada por este tipo de estructuras filtrantes, en las cuales la sefial de entrada se
divide en multiples componentes que después de propagarse por distintos caminos
eléctricos interfieren en el puerto de salida.

Sin embargo, aplicaciones emergentes en el ambito de las telecomunicaciones
tales como la radio definida por software (SDR), continuan desafiando el drea de los
filtros de RF y microondas con prestaciones cada vez mas exigentes de satisfacer.
Las nuevas generaciones de sistemas de comunicaciéon inaldmbrica también exigen
un funcionamiento de tipo multi-banda y reconfigurable y, por lo tanto, necesitan de
soluciones de filtrado flexibles capaces de encontrar un compromiso razonable entre
todos sus parametros operacionales.

El propdsito fundamental de la presente Tesis Doctoral es el anélisis, diseno, con-
struccién y caracterizacion de topologias filtrantes innovadoras basadas en principios
de interferencia transversal de senales de altas prestaciones con tamano reducido,
funcionamiento de banda estrecha a moderada/ancha y capacidad multi-funcional.

Esta Tesis Doctoral se puede dividir en cuatro partes diferenciadas:

e En la primera parte, se combinan técnicas de filtrado clasicas con principios de
interferencia transversal de sefiales para disefiar arquitecturas filtrantes inno-
vadoras que exhiben caracteristicas avanzadas en dos sentidos: la consecucién
de una respuesta de alta selectividad filtrante y perfil de retardo de grupo
de bajo orden mediante un nuevo concepto de “acoplamiento fuente/carga
basado en principios de interferencia transversal de senales” y la obtencién de
funciones de transferencia de gran asimetria espectral mediante la carga de
stubs.
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e La segunda parte propone la reduccion del tamano de filtros basados en in-
terferencia transversal de senales mediante tres filosofias diferentes: el uso
de redes transversales de elementos concentrados, el empleo de técnicas de
miniaturizacién mediante procedimientos de carga capacitiva y la propuesta
de secciones filtrantes transversales de elementos concentrados basadas en el
acoplador direccional de potencia en cuadratura.

e La tercera parte se centra en extender la aplicabilidad de los filtros basados en
interferencia transversal de senales a disenos de banda estrecha. Esto se con-
sigue a través de realizaciones en tecnologia mixta de onda acustica superficial
y microstrip.

e En la cuarta parte, se desarrollan dispositivos de microondas multi-funcionales
basados en principios de interferencia transversal de senales. En particu-
lar, se lleva a cabo el diseno de divisores de potencia Wilkinson, transfor-
madores de impedancia y filtros balanceados con capacidad de filtrado de una
o multiples bandas de paso mediante la incorporacién de secciones de interfer-
encia transversal.

Las metodologias de sintesis y los esquemas de circuitos asociados a los filtros de
microondas propuestos en esta Tesis Doctoral seran cuidadosamente examinados y
verificados por medio de la fabricacién y medida de diversos prototipos experimen-
tales.
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Chapter 1

Introduction

1.1 Overview and motivation

Since the advent of information and communication technologies (ICT), the so-
ciety has witnessed a technological race where ever more sophisticated services are
offered to the end user. Clear evidence of this technological evolution is the current
and the upcoming generation of mobile telecommunications—4™ generation of mo-
bile telecommunications (4G) and 5" generation of mobile telecommunications (5G),
respectively—capable of providing with voice telephony, video calls, mobile web ac-
cess, high-definition mobile TV, video on demand, and cloud computing among
other services, all of them demanding a large amount of bandwidth [1]-[3]. If, in
addition to the cellular communication network, other signals from services such as
TV and radio broadcasting, global positioning system (GPS), and remote sensing
and radar for both civilian and defense applications are radiated to the free space,
the final result is the current saturation of the RF spectrum. For the coexistence
of the aforementioned services, a more efficient use of the electromagnetic (EM)
spectrum is therefore required. This is reflected in the evolution of RF /microwave
architectures and the high-frequency devices integrating them, in which enhanced
electrical performance, flexibility, and size compactness are basic requested features.

Among these components, high-frequency analog filters are essential RF devices
to discriminate between the desired and the unwanted signals. In other words, they
allow the frequency range of interest to be transmitted while rejecting the unwanted
out-of-band spectral components [4], [5]. In general, microwave filters should have
high selectivity with close-to-passband transmission zeros (TZs), low in-band inser-
tion loss, high power rejection levels in the stopbands, and low in-band group-delay
variation in terms of electrical performance. Compact physical dimensions and low
production cost are also demanded in a plurality of RF front-end architectures. Be-
sides, in order to support numerous standards in the same systems, RF transceivers
should feature wide-band and/or multi-band operation, in addition to tunable capa-
bilities. This is, for example, the case for cell phones equipped with Global System
for Mobile communications (GSM) technology operating at 900/1800 MHz, 34 Gen-
eration of mobile telecommunications (3G) technology at 900/2100 MHz, 4G/Long-
Term-Evolution-(LTE) technology at 800/1800/2600 MHz, and IEEE 802.16 wire-
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less technology—also known as Worldwide Interoperability for Microwave Access
(WiMAX)—at 3500 MHz (all these frequencies according to Spanish legislation [6]).

It is in this context that significant effort has been made to meet these stringent
specifications for RF/microwave filters, following two main trends: the invention
of new materials and fabrication processes and the development of innovative and
more efficient filtering topologies. However, despite the enormous amount of research
effort in this area, there are still design limitations for these devices to be overcome.

1.1.1 Brief description of the state-of-the-art

Well-known RF /microwave filter design procedures start with the synthesis of a
lumped-element equivalent low-pass prototype, following a Butterworth or Cheby-
shev approach, which is subsequently transformed into the required high-frequency
filter. This ideal lumped-element circuit is then turned into a physically imple-
mentable structure that often consists of electromagnetically-coupled resonators [7].
This procedure has been widely extended in RF /microwave filter design due in large
part to its systematic methodology. However, the selectivity in this type of filters
for basic responses is rather limited and, consequently, cross-coupling between non-
adjacent resonators is needed in case of high-selectivity requirements. These new
couplings generate TZs at both sides of the passband range at the expense of in-
creased design complexity and higher in-band group-delay variation when the TZs
are placed close to the passband [8]. Other shortcomings of basic coupled-resonator-
based approaches to be remarked are their difficulty to feature wideband filtering
actions, due to physical constraints imposed by the minimum separation between
coupled lines feasible in the fabrication process, and the limitation of the maximum
number of experimentally-proven passbands in multi-band designs to date.

In carrying out the implementation of coupled-resonator-based filters, planar
technologies, such as microstrip or stripline, are conventionally chosen as a low-cost
and compact solution when power-handling capability is not a requisite. Never-
theless, this kind of planar resonators have relatively low unloaded quality factor
(Qu) resulting in the degradation of the overall filtering response in case of multiple-
resonator arrangements at high frequencies. Other classic technologies, such as
those based on waveguide and dielectric resonators, present higher (), and, subse-
quently, are more suitable to realize highly-selective filtering actions. However, the
big size of the resulting filters can be a limiting factor for their inclusion in certain
RF systems. On the basis of the above, novel proposals on materials and fabrica-
tion processes have been devised in recent years in order to keep circuits compact
and improve their electrical performance. Although it is beyond the scope of this
Doctoral Thesis, Monolithic Microwave Integrated Circuits (MMICs), MicroElec-
troMechanical Systems (MEMSs), High-Temperature Superconductors (HTSs), and
Low-Temperature Cofired Ceramics (LTCCs) are among the main technological ad-
vances that have stimulated the field of filter design for different applications [8].
Despite the remarkable electrical performance of all the latter regarding different fig-
ures of merit, it is worth noting that these designs rely heavily on three-dimensional
(3-D) modeling and EM simulation, instead of circuit simulation. Thus, high com-
putational computer-aided-design (CAD) cost and complex manufacturing processes
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are needed for their development.

The other alternative for the realization of advanced microwave filters is the
proposal of novel circuit topologies. To this end, a variety of untypical configura-
tions have been recently reported, among which signal-interference filters are a good
exponent. Inspired by classic digital filter design techniques, their operating prin-
ciple is to split the signal to be processed into several weaker components which,
after traveling by different electrical paths, interfere at the output port. For illus-
tration purposes, Figure 1.1 depicts the flow diagram of an N-channel feed-forward
structure in which most of transversal signal-interference filters are based on. Note
that this transversal-like approach permits each signal component to be individually
processed by the correspondent branch. Subsequently, a large variety of filtering re-
sponses can be synthesized by properly combining those particular channel actions
at the overall output node [9].

Input - Output
S 2 >

Channel 0

Y
A

S50
Channel 1

Y

4
»

S5
Channel N-1

Y

Figure 1.1: Flow diagram of an N-channel feed-forward signal-interference microwave filter.

As an example of this filtering philosophy, the most basic signal-interference
TFS is introduced here. As can be seen in Figure 1.2, it consists of two different
transmission-line segments connected in parallel. This configuration was first intro-
duced in 2005 for the design of high-selectivity wideband bandpass filters (BPFs)
with high power rejection levels in the stopbands [10]. The design parameters are
then determined by enforcing the power transmission maximum condition at the cen-
ter frequency, fo. By properly adjusting the electrical lengths and the characteristic
impedances of both transmission-line segments according to the design equations
and guidelines provided in [10], the locations of the TZs closest to the passband
and the 3-dB relative bandwidth can be controlled. This is illustrated in Figure 1.3
in which, for a given pair of line impedances Z; and Zs and an index m, different
values of the index n vary the passband-width. Moreover, it is worth mentioning
that higher-order filters can be attained when multiple TFSs are cascaded in series.
This leads to a subsequent increase in the attenuation levels in the stopbands and
the sharpness of the cut-off slopes.

The applicability of this filtering configuration was later demonstrated in the
design of dual-band BPFs [11] and its extension to more-than-two-band BPF's [12].
The approach of [12], that reported the physical realization of a six-band planar
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Z,0,

a)

- | —> | —>

Input Z,0, Output

Figure 1.2: Signal-interference TFS based on two in-parallel transmission-line segments.

0.4 06 08 1 1.2 14
Normalized frequency (f/fd)

Figure 1.3: Power transmission response of an ideal synthesized TFS based on two
transmission-line segments connected in parallel for Z; = Zy = 2Zp and m = 1. (n = 1

91(fd) = 90° and eg(fd) = 4500; n=2: 91 (fd) = 90° and eg(fd) = 810° [10])
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BPF, presented a remarkable contribution to the field of multi-band BPFs since only
quad-band filtering responses had been achieved to that moment. Furthermore, this
circuit topology was generalized for any arbitrary number of passbands unlike prior-
art quad-band BPF alternatives based on complex multi-layer and defected-ground
structures (DGSs) [13], [14]. Thus, by means of such a simple circuit network, several
of the general requirements in microwave filters were accomplished: high selectivity
for moderate-to-wideband passbands, stopbands with high power rejection levels,
low in-band power insertion loss due to the avoidance of EM couplings, and multi-
band operation with inter-band transmission nulls.

In addition to this contribution, numerous topologies based on these signal-
interference principles have been proposed over the last decade. The most noticeable
ones, along with their advantages, will be reviewed in Section 1.1.2.

1.1.2 Literature review on signal-interference filters

The framework of this Ph.D. Dissertation is defined within the field of microwave
signal-interference filter design. Thus, this sub-section is intended to provide a short
report of main works published to date concerning this RF filtering philosophy.
Notwithstanding, a thorough review of the available literature is included in every
chapter of this Thesis regarding the subject of interest.

Signal-interference techniques were soon extended from the initial solution of
Figure 1.2 to other configurations with the aim of providing moderate-to-UWB
filtering capabilities, which was one of the bottlenecks in most of basic coupled-line-
based filter schemes. To this aim, this principle was applied to power directional
couplers. Thus, a branch-line directional coupler whose direct and coupled ports are
loaded with stubs was used to synthesize a BPF in [15]. In that work, the cascade
of three TFSs led to a moderate 3-dB relative bandwidth of 10% at 5 GHz despite
it is also suitable for broader bandwidths. Similarly, a stub-loaded rat-race coupler
whose isolated port is taken as the TFS output node was reported in [16]. Note
that in the whole filtering structure of [16] based on three cascaded TFSs of this
version, the adjacent stopbands referred to 60-dB power rejection level have the same
absolute bandwidth (1.3 GHz) as the 1-dB passband centered at fo = 6.5 GHz. This
makes this prototype useful in full-duplex/multi-band communications. Moreover,
this topology was expanded to UWB filtering in [17], where a BPF with a 3-dB
relative bandwidth of 40% at 5 GHz with only two cascaded TFSs was presented.
In line with this work, [18] described a filtering structure shaped by a short-ended
coupled-line coupler connected in parallel to a transmission line, showing a 3-dB
relative bandwidth higher than 100% at 7 GHz and remarkable in-band group-delay
flatness. Also, a novel filtering scheme featuring a 110-% 3-dB relative bandwidth
centered at 6.9 GHz was proposed in [19]. It consists of two planar Marchand
baluns connected through their output ports in a symmetrical arrangement. As a
practical drawback of it, since a high line impedance ratio is required in the coupled-
line couplers forming both baluns, a patterned ground-plane technique was needed.
As a final remarkable example, stub-loaded Bagley-polygon-type four-port power
dividers were utilized as TFSs in [20]. Specifically, an UWB two-stage BPF with a
3-dB relative bandwidth of 70% centered at 4 GHz is implemented and tested as a
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practical demonstrator.

The realizations reported in the preceding paragraph concentrate on the synthesis
of single-band BPFs. However, signal-interference principles have been also applied
to the synthesis of other classes of transfer functions. Thus, the work presented in
[21] was aimed at the design of a sharp-rejection lowpass filter (LPF) with ultra-large
stopband. Its principle consists of cascading several dissimilar TFSs with adjacent
stopbands so as to broaden the overall attenuated band. Its main advantage when
compared to other LPF solutions available in the open literature is the avoidance of
coupled-line stages and patterned ground-planes. It simplifies the circuit simulation
and manufacturing processes. For illustrative purposes, three LPF prototypes with
1-GHz cut-off frequency were built in [21]. The first one, in which the TFSs are
based on uniform-based hybrid rings, exhibits a minimum stopband power rejection
level of 20 dB over a frequency range of 4.6 GHz. In the second approach, the
minimum out-of-band attenuation level is increased up to 40 dB over a frequency
range of 4.2 GHz by allowing heterogeneous line-impedance segments in the TFSs.
Finally, the third approach replaces the hybrid ring configuration forming the TFSs
with branch-line hybrids. It shows a minimum attenuation level in the stopband of
30 dB over 3.3 GHz. In addition, a modified version of the latter was utilized to
realize a BPF prototype exhibiting a 3-dB relative bandwidth of 110% around 640
MHz while keeping the same broad upper attenuated band.

From the point of view of bandstop-type implementations, there have been many
recent contributions as well. By simply modifying the electrical lengths and line
impedances of the well-known bi-path signal-interference TFS of Figure 1.2, sharp-
rejection wideband bandstop filters (BSFs) can be designed, as in [22]. Particularly,
two one-stage BSF prototypes were implemented in [22] showing a relative band-
width of 30% around 1 GHz for minimum 20-dB and 30-dB stopband attenuation
levels, respectively. For the same purpose, a structure based on an open-ended
coupled-line coupler in parallel with a transmission-line segment was used in the
design of a BSF with a minimum 20-dB rejection bandwidth of 100% centered at
2 GHz in [23]. Following this trend, a novel circuit topology which includes open-
loop resonators in the signal-propagation path with larger electrical length of the
bi-path TFS was devised in [24]. It allows to add two additional TZs with respect
to its two in-parallel-transmission-line-type counterpart. This BSF topology was
experimentally proven by an implemented prototype with a 20-dB-referred rejection
relative bandwidth of 41% around 2 GHz. The last example of signal-interference
BSF described in [25] consists of a single TFS in which a U-shaped short-circuited
stepped-impedance resonator (SIR) structure is embedded again in the electrically-
longer path of the conventional approach. By doing so, an attenuation band with
four transmission nulls and sharp cut-off slopes was achieved. Its implemented pro-
totype showed a minimum 20-dB rejection bandwidth of 50% centered at 2.4 GHz.

As previously stated, signal-interference techniques are also suitable for the de-
velopment of multi-band BPFs [11], [12]. In this field, a large variety of dual- and
multi-band configurations have been explored over the last few years. With the pur-
pose of broadening the passband-width of conventional dual-band signal-interference
BPFs, as the ones in [11], stub-loading techniques were adopted in [26]—note that
higher-order transfer functions are achieved through its incorporation—. Its prin-
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ciple is to add open-circuited stubs at the input and output terminals of the entire
structure. As practical example, a two-stage 1.5/2.5 GHz fourth-order dual-band
BPF prototype with 3-dB absolute bandwidth of 690 MHz in both passbands was
built and tested. Another contribution is found in [27], where the generalized branch-
line hybrid is used to perform a 2.1/3.9 dual-band wideband filtering with an abso-
lute bandwidth of 450 MHz for both transmission bands by cascading in series two
TFSs. In [28], the adopted strategy focused on the employment of a stub-loaded
Bagley-polygon four-port power divider as a TFS. In this manner, two passbands
fairly close to each other at 2.75 and 3.25 GHz—3-dB absolute bandwidth of 125
MHz for both—were obtained in a two-stage realization. Moreover, Bagley-polygon-
type-based structures were utilized to develop quad-band bandpass and dual-band
bandstop transfer functions by properly modifying the length of the stubs according
to the design equations in [20]. Lastly, other innovative approaches are the ones
reported in [29], where hybrid couplers arranged in reflection mode are loaded by
double stubs in the input and isolated ports. The short-ended loading stubs trans-
form the inherent bandstop response of the TFSs into two-pole dual-band wideband
bandpass transfer functions, while the open-ended stubs increase the power rejection
levels in the attenuated band between both passbands. The first reported prototype
with the passbands centered at 0.63 and 2.37 GHz and absolute bandwidth of 435
MHz is based on the hybrid-ring-based TFS. The second circuit with the passbands
around 0.68 and 2.32 GHz and 3-dB absolute bandwidth of 675 MHz exploits the
branch-line-hybrid-based TFS. Both prototypes consist of the series-cascade connec-
tion of two TFSs.

The topologies reviewed at this point demonstrate the capability of signal-inter-
ference principles to synthesize a large variety of filtering transfer functions, going
from bandpass to bandstop ones and from single- to multi-band ones. However, they
all exhibit frequency-symmetrical responses with regard to the design frequency fy.
Note that spectral asymmetry can be particularly interesting in multi-channel /multi-
mode communication systems asssociated to different services. For instance, in du-
plexing devices, the inter-channel power-rejection levels inherent to each channel
filter can be increased at one stopband side by means of asymmetrical patterns in
the frequency response. Other scenario is in multi-standard systems where these
passbands might need of distinct absolute bandwidth. This has been partially ad-
dressed so far in signal-interference approaches by replacing the uniform-impedance
lines that shape these TFSs with stepped-impedance lines. Following the theoretical
foundations in [30], a duplexer with the lower and upper channels centered at 1.7
and 2.25 GHz and of absolute bandwidths of 395 and 265 MHz, respectively, were
built. Specifically, an inter-channel rejection level higher than 40 dB is attained at
both output terminals. In the same work, a two-stage 1.3/2.5 GHz dual-band BPF
with 3-dB absolute bandwidths of 400 and 100 MHz, respectively, was also reported.

In addition to passive filtering structures, signal-interference techniques have also
proven their potential in active filtering, widely understood as the presence of active
components in the electrical branches of the circuit to compensate for the effects
of the lossy passive elements in terms of passband insertion loss and frequency se-
lectivity. The theoretical foundations of the active-filter approaches examined here
exploit transversal, recursive, and channelized principles, whose operative differences
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are expounded hereafter. In transversal approaches, the sub-components of the sig-
nal, after being divided at the input node, are individually amplitude-weighted and
time-delayed before they are combined at the output node. Recursive approaches
include feedback loops from the output to the input terminal. This allows to reduce
the number of weighting elements needed for a given degree of filtering selectivity
but compromises circuit stability [31]. Channelized filters, as in [9], [32], and [33],
can be viewed as generalized transversal filters based on frequency-selective ampli-
tude weighting. This results in a reduction in the number of feedforward branches.
As an extension of these works, recursive active filtering structures can be modified
to feature dual-band operation, as demonstrated in [34]. To this aim, the conven-
tional transmission line section in the feedback branch is replaced with a composite
right /left-handed (CRLH) transmission-line segment, that meets the phase condi-
tion needed for the recursive-filter operation in two arbitrary frequencies—788 and
1700 MHz in the built prototype—. As a last example of signal-interference-based
active filters, [35] introduced a novel two-stage recursive BPF in silicon technology,
in which center frequency—around 2 GHz in this case—, bandwidth, and power
transmission gain can be independently tuned. This work also presented a MMIC
reconfigurable three-branch channelized BPF based on a new divider arrangement.

Lastly, due to the latest trends towards the development of highly-flexible RF
transceivers, electronic reconfiguration is highly demanded for microwave filters. Re-
garding spectrally-controllable signal-interference filters, in addition to the tunable
active filter already presented in [35], another contribution based on active recursive
principles exhibiting frequency agility was reported in [36]. In this case, two feedback
branches are employed to separately control the center frequency of the passbands
of a dual-band BPF in the frequency range of 698-831 MHz for the lower passband
and 1630-1730 MHz for the upper transmission band. In accordance with these
advances, an innovative method to suppress the spurious responses and extend the
passband-width of BSF's was presented in [37]. It is sought to generate constructive
interferences at the spurious frequencies and a destructive one at the fundamental
bandstop frequency. As proof-of-concept, a fixed-varactor pure-distributed-element
BSF at 951 MHz where the second and the third spurious were cancelled was pro-
posed. Specifically, it shows a passband-width extended to more than nine times
the fundamental response. In the same work, a varactor-tuned BSF with suppressed
second spurious was developed as a second approach. Its center frequency tunes
from 838.3 MHz to 1308.6 MHz—56% in relative terms—and its passband-width
is broadened 8.9 times the fundamental frequency. Finally, within the field of re-
configurable signal-interference filters, it should be highlighted another completely
different methodology involving the use of p-i-n diodes. Following this technique,
the implementation of a three-state reconfigurable LPF prototype is reported in [38].
This is a two-stage filter whose filtering block is formed by three transmission lines
connected in parallel. Each state—with cut-off frequencies at 2, 3, and 4 GHz—is
obtained by properly switching on/off the constituent transmission lines through the
p-i-n diodes. Similarly, a filtering device based on two cascaded stub-loaded branch-
line-coupler-based TFSs was described in [39]. It exhibits four 3-dB bandwidth
states of 10%, 11%, 19% and 52% respectively, by properly connecting and discon-
necting those loading stubs. [39] also presented another reconfigurable-bandwidth
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BPF based on two cascaded TFSs formed by the generalized Bagley-polygon-type
four-port power divider. It results in four states with 3-dB relative bandwidth of
16%, 29%, 34% and 48% —these two prototypes are synthesized at f;=2 GHz—.

Despite the large variety of signal-interference filters developed up to now, as
evidenced by the previous review, there are still some shortcomings to overcome. To
sum up, some of the main remaining limitations for this class of filtering configura-
tions are as follows:

e The combination of classic filtering techniques with signal-interference ones
can be even further exploited in order to carry out more efficient filtering
actions. Among the unsolved problems on signal-interference filters with sharp-
rejection capabilities, a common lack is the noticeable in-band group-delay
variation. This means that the more selective the filter is, then the larger
the in-band group-delay variation is. This factor is particularly important
on digital communications, sometimes causing an undesired effect known as
inter-symbol interference (ISI) [40]. Concerning multi-band communication
systems, another design aspect to be addressed is the incorporation of spectral
asymmetry in their transfer functions. This is difficult to achieve due to the
fact that the lengths of transmission-line segments forming signal-interference
filters are conventionally set as integer multiples of 90 degrees, leading to
spectral symmetry and periodic frequency responses with regard to the design
frequency, fg, in the interval [0, 2 fy].

e Most of the experimentally-proven signal-interference filters have been devel-
oped in fully-planar technologies. This gives rise to large physical circuit size,
especially for designs aimed at the lower part of the RF spectrum, where a
hybrid or pure-lumped-element implementation would be more appropriate.

e The practical suitability of signal-interference techniques to design very-narrow-
band BPFs remains still unexplored. In such case, the conventional topologies
proposed so far would need excessive lengths for the transmission-line paths
of their TFSs, resulting in an unviable implementation owing to the conse-
quent huge circuit size and the insertion-loss limitations caused by the planar
substrate.

e The design of multi-function microwave devices is a current hot topic that
needs to be explored under the signal-interference formalism. This means
the combination of multiple RF processing functions, such as filtering, power
splitting, power combination, impedance transformation or amplifying, among
others, in the same electrical network. These multi-function components have
benefits in terms of size and optimized electrical performance.

All the aforementioned drawbacks are the motivation of this doctoral research
and will inspire the microwave circuits reported in this Ph.D. Thesis, according to
the objectives established in Section 1.2.
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1.2 Objective

Once the motivation and the state-of-the-art related to the topic of microwave
signal-interference filters have been summed up, the aim of the current Ph.D. Thesis
can be established. This is as follows:

“Analysis, design, construction and characterization of novel advanced
microwave filtering devices based on transversal signal-interference tech-
niques”

This general purpose has been divided into four main sub-objectives, as indicated
below:

1. Proposal of novel microwave filtering circuits exploiting the combi-
nation of classic filtering techniques and signal-interference princi-
ples; specifically, the improvement of the filtering selectivity without sacri-
ficing the in-band group-delay response and the achievement of asymmetric
frequency responses on signal-interference filters for different kinds of filtering
functions, ranging from low-pass to multi-band type, will be approached.

2. Invention of hybrid- and lumped-element-based feedforward signal-
interference filtering networks; here, especial emphasis will be made on
the proposal of size-reduced circuit models suitable to be implemented in the
lower part of the microwave band.

3. Development of very-narrow-band transversal signal-interference fil-
tering sections; in particular, the implementation of signal-interference BPF's
in hybrid transmission-line/SAW-resonator technology will be contemplated.

4. Design of multi-function microwave circuits inspired on transver-
sal signal-interference techniques; this research task will mainly focus on
dual-function passive components with single/multi-band operation and their
application to more-complex high-frequency components.

Throughout the chapters of this Ph.D. Thesis, a considerable effort will be made
in obtaining theoretical design methodologies for the suggested signal-interference
microwave circuits. In addition, several proof-of-concept prototypes will be imple-
mented to experimentally validate the described topologies.

1.3 Thesis outline

In this section, the detailed thesis plan is expounded. The structure is divided
into five more chapters, apart from this introductory one, according to the research
tasks previously described.

In Chapter 2, the achievement of high-performance features in microwave filters
is addressed through the mixed use of classic filtering and signal-interference princi-
ples. On the one hand, a new method to produce out-of-band TZs and consequently
increase the filter selectivity but without deteriorating the in-band group-delay vari-
ation is introduced. It consists of adding an external signal-interference coupling
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between the input and the output nodes of the original basic filter to create two
signal-propagation paths. This technique is verified by means of the physical re-
alization of low-pass, high-pass, and single/multi-band bandpass filtering circuits.
On the other hand, a principle based on the inclusion of loading stubs in specific
locations of conventional signal-interference TFSs is devised with the aim of obtain-
ing frequency-asymmetrical filtering responses. A dual-band BPF prototype is built
and measured to corroborate its practical usefulness.

In Chapter 3, three different topologies for the design of compact lumped-
element and hybrid distributed/lumped-element circuits are presented, in order to
reduce the circuit size of signal-interference filters in the lower part of the RF spec-
trum. The idea behind the first approach is to replace short-length transmission-line
segments with LC' T-type transversal circuit networks. As a proof of concept, a LPF
and a BPF are designed at the layout level. In the second methodology, the minia-
turization of signal-interference filters is faced up by means of capacitive-loading and
line-meandering techniques. For the verification of the proposed approach, single-
and multi-band BPF prototypes are implemented. In both previous synthesis tech-
niques, the trade-off between frequency-response convergence and level of size reduc-
tion with regard to the conventional counterpart is carefully examined. Finally, in
the third approach, the TFS based on the distributed-element quadrature coupler ar-
ranged in reflection mode is substituted by a pure-lumped-element counterpart. Its
suitability is demonstrated through lumped- and mixed distributed /lumped-element
realizations at the simulation level. The insertion loss and the suppression of spuri-
ous bands in the lumped-element implementation are also shown.

In Chapter 4, the applicability of signal-interference BPFs is extended to
narrow-band specifications. To this aim, on-chip SAW resonators and SAW fil-
ters are embedded into the branches of the classic signal-interference TFS composed
by two transmission lines connected in parallel. The inclusion of these SAW devices
allows to notably shorten the transmission-line segments of the building block with
its subsequent size reduction and lower in-band power insertion loss when compared
to its fully-planar counterpart. Following these premises, three different approaches
are presented. The first one includes a one-port or a two-port SAW resonator in
the TFS, acting as an in-band resonant node, so that the high-@) properties of the
SAW device are substantially transferred to the overall transfer function. The sec-
ond one takes advantage of the abrupt slope existing between the resonance and
the anti-resonance of the one-port SAW resonator itself to conform one of the pass-
band edges. And finally, in the third approach, the inherent bandwidth of the SAW
BPF is broadened by means of constructive signal-energy interactions taking place
within the signal-interference structure. In all three design techniques, the impact
of the spurious modes from the SAW devices in the overall BPF response is carefully
examined with four built prototypes.

In Chapter 5, multi-function signal-interference microwave devices are engi-
neered. Particularly, the incorporation of single- and multi-band filtering actions
through embedded signal-interference TFSs into microwave devices designed to per-
form another type of RF processing function is addressed. Firstly, single/multi-
band filtering operation is added to a planar Wilkinson-type power divider. This
is demonstrated with the implementation of a triple- and quad-band BPF pro-
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totypes in microstrip technology. Moreover, a dual-band Wilkinson-type filtering
power divider is implemented in lumped-element technology, being more convenient
at low microwave frequencies. As an extension to more sophisticated devices, a
two-branch channelized active BPF using this type of dual-function device for its
signal-division/combination blocks is also built and characterized. As second fam-
ily of dual-function microwave devices, impedance transformers exhibiting filtering
capability are also reported. They are corroborated through the development and
testing of single- and dual-band prototypes. Finally, balanced BPFs are addressed
by the incorporation of signal-interference TFSs into the two identical halves of
their symmetrical structure. For illustrative purposes, single- and dual-band exam-
ples are synthesized. As a proof-of-concept, a single-band prototype is fully built
and characterized.

Finally, in Chapter 6 a summary of the results extracted from this Ph.D. Dis-
sertation along with the conclusion is provided. In addition, further research work
is discussed and a list with the international journal and conference papers derived
from this study is attached.
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Chapter 2

Design of mixed
classic/signal-interference
microwave filters

There are several important performance parameters involved in RF /microwave
filter design. In most cases, these parameters are very often interlinked in such a
way that the improvement of one of them implies deteriorating the others. Thus,
the achievement of a particular set of filtering specifications can be hindered by the
existing trade-off among the different electrical characteristics of the filter. Besides,
some of these features are sometimes difficult to attain in certain types of filter con-
figurations. For example, in relation with signal-interference filters, the simultaneous
attainment of low in-band group-delay variation and high selectivity or the achieve-
ment of frequency-asymmetrical transfer functions remain almost unexplored.

As already outlined in Chapter 1, one of the most relevant characteristics of
signal-interference BPFs is their high selectivity. As in the vast majority of mi-
crowave filter topologies, this is obtained at the expense of increasing the in-band
group-delay variation especially at the filter flanks. Nevertheless, this performance
parameter is essential in digital communication systems. When a finite-bandwidth
signal consisting of multiple frequency components passes through a RF /microwave
device, all these components are delayed. If the delay is different for each signal
spectral component, phase distortion is produced which may give rise to intersym-
bol interference (ISI) in the demodulation of the digital information [40]. In other
words, one symbol interferes with the subsequent symbol, making the communica-
tion less reliable. To date, this effect has been mostly counteracted through exter-
nal group-delay equalizers or self-equalizing structures, as subsequently outlined in
Section 2.1, leading to increased circuit complexity.

The other aspect that can act as a limiting factor for the exploitation of signal-
interference filters in modern multi-mode high-frequency systems is their low suit-
ability to synthesize of spectrally-asymmetrical transfer functions especially for multi-
band devices. Due to the fact that most of conventional signal-interference TFSs are
composed by transmission-line segments whose electrical lengths are integer multi-
ples of 90° at the design frequency fy, the resulting frequency responses are spectrally
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symmetrical with regard to fg in the interval [0,2f;] and follow a periodic pattern.
Note that the spectral symmetry along with the periodicity of the frequency response
can be detrimental to comply, for instance, with the frequency specification mask
for channels of multi-standard communication systems. The design of spectrally-
asymmetric filters has been partially addressed in signal-interference approaches by
means of stepped-impedance TFSs so far, as introduced in [30]. However, these
solutions exhibit increased design complexity and reduced power rejection levels in
the attenuated bands when compared to their basic counterparts.

This chapter is therefore intended to overcome the aforementioned limitations
through the combination of classic filtering and signal-interference structures. First,
a method to produce out-of-band transmission nulls and, hence, increase the filtering
selectivity without deteriorating the in-band group-delay variation is presented. It
is based on coupling the input/output nodes of a basic low-order filter, resulting in
a mixed classic/signal-interference filter configuration with two propagation paths.
Secondly, the spectral-asymmetry limitation is approached through the application
of stub-loading techniques over conventional signal-interference bi-path TFSs.

The organization of this chapter is as follows. Firstly, the selectivity-improvement
technique based on the concept of “signal-interference source-load coupling” is in-
troduced in Section 2.1. After describing its theoretical foundations, five different
prototypes are presented showing additional TZs within the rejection bands of their
transfer function. Secondly, the principle to obtain strongly-asymmetrical frequency
responses based on the incorporation of short-circuited stubs in a signal-interference
TFS is expounded in Section 2.2. To validate this technique, an experimental dual-
band BPF circuit is built and tested. Finally, the main conclusions of this chapter
are presented in Section 2.3.

2.1 Filters with selectivity-enhancement based on signal-
interference source-load coupling

As it has been pointed out above, high power rejection levels in the stopbands
and flat in-band group-delay profile in the passband are simultaneously demanded
in microwave filters aimed at digital communication systems for two main reasons:
to efficiently reject the out-of-band interfering and jamming signals and to assure
low phase-distortion levels for in-band processed signals, respectively. In order to
fulfill both requirements, two traditional approaches have been mainly used in the
past. The first one focuses on the design of a filter that only takes into account
the amplitude specifications to be later cascaded with an external equalizer for
group-delay flattering purposes, as expounded in [41]. The second approach (self-
equalized or phase-linear filter) consists of designing the filter with an imposed linear
phase requirement in addition to the amplitude one, as in [42]. However, both
approaches lead to higher complexity in terms of hardware and theoretical synthesis
methodology.

An alternative solution to this problem is based on the technique reported in
[43] and [44] in which new TZs are added to a pre-designed single-band filter. Its
principle is to couple the input/output terminals of a low-order classic filter to
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introduce additional TZs and improve filtering selectivity while preserving the in-
band features. In this section, an advanced version of this method is presented
in order to increase the number of feasible TZs while keeping in-band group-delay
performance. It is firstly applied to low-order filters with narrow-band stopbands
and secondly extended to more challenging filter designs, such as highpass filters
(HPFs) and dual-band BPF's.

2.1.1 Theoretical foundations

The proposed idea to enhance selectivity in a basic filter without altering its
in-band characteristics is to connect an external multi-TZ-generation transversal
cell to its input/output ports as illustrated in Figure 2.1. This multi-TZ-creation
transversal cell is ideally shaped by a coupled-line section that introduces a weak
signal interaction between the input/output accesses of the entire circuit, and two
transmission lines inserted between the coupled-line stage and the input/output
terminals of the basic filter. Thus, two signal-propagation paths are generated in
the overall filter, as follows:

Multi-TZ-Generation
Transversal Cell

s Z,c 0. ‘

Input ——— Path 1 —

: a : asic

Output : £¢¢(¢£ Pdth 2 : Fllter
-——I:I—

Figure 2.1: Proposed filter concept (Zy is the reference impedance, ¢ is the coupling factor,
and 6. and 0; are the electrical lengths).

e Path 1: direct (strong) path associated with the basic filter and the additional
transmission-line segments of the transversal cell at its input/output terminals.

e Path 2: indirect (weak) path generated by the coupled-line stage.

The overall filtering response is then obtained from the feed-forward signal-
interference action at the output node of these two electrical paths, once the signal
components have travelled by them. With regard to the latter aspect, the following
points must be remarked:

e The in-band characteristics of the basic filter in terms of amplitude and group-
delay response are directly transferred to the whole transfer function. Inside
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the passband, the magnitude of the path-1 signal component is much higher
than that of the path-2 one, so that the interference effect becomes negligible.
Thus, only a frequency-constant shifting in the group-delay response, some
minor amplitude ripple, and a small increase in the passband insertion loss
due to the new transmission lines of the transversal cell are expected.

e For the attenuated bands, the magnitude of the two signal components become
comparable. Thus, out-of-band TZs are produced from the signal-energy can-
celations taking place between the two electrical paths. Note that the higher
the values for the 6. and —especially— 6 parameters are, then the greater the
number of TZs that can be set. This is due to a faster frequency-variation
velocity in the phase difference produced between the two signal components
that are interfered. In such a case, more signal-energy suppressions occur in
a narrower frequency span. This adds more degrees of freedom in the amount
of created TZs and their spectral locations when compared to [43] and [44].

Since the overall filter is a symmetrical network—i.e., its physical structure can
be divided into two identical halves with regard to its input/output ports—, even-
and odd-mode analysis can be applied in order to deduce its S-parameters [8]. Note
that this is only possible if the geometry of the low-order filter of the direct path is
also symmetrical. Thus, the overall S-parameters can be derived as follows:

1

S = 5(T5 +T%) (21)

1 e o

with

7¢ — 7,
re, = Zin_20 2.3

70 — 7,
r{ === —— 2.4

where Z7 and Z7 correspond to the even- and odd-mode input impedances of the
overall filter after adding the multi-TZ-generation transversal cell and Zy denotes
the reference impedance. These input impedances can be calculated as a function of
Z; .. and Zp . which refer to the even- and odd-mode impedances at the terminals

of the basic filter:

Zocos 8. [Z5, .. + 120 tanbh] + j 202G sinb. — Z§Z, ;.. sin 6. tan 0y

e — basic (2 5)
in 70 e . e :
Jz¢ sin 0. [Zbasic + 52y tan@l] + ZocosO. + jZy,;. cos 0. tan 0
zo _ Zocos O, |2y, ..+ iZotanbr] + jZoZ5 sinb. — Z§Z7, ;.. sin 6. tan 0, (2.6)
e j% sin 6, [Z,g’asic + jZptan 01] + ZocosO. + jZp,.i. cos O tan 0 '
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where 0. and 0; denote the electrical lengths of the coupled-line stage and the two
additional transmission lines incorporated between them and the terminals of the
basic filter, as illustrated in Figure 2.1. Note that Z§ and Z§ are the even- and
odd-mode characteristic impedances of the coupled-line stage, so that the following
two equations must be satisfied:

Zo = \JZSZ8 (2.7)

Z6 — 2o
c(dB) = —201log <Z8+Zé)> (2.8)

To validate the theoretical analysis previously described, a single signal-interfer-
ence TFS shaped by two transmission lines connected in parallel is adopted as the
basic filter. In particular, its design parameters are chosen according to equations
(1)-(3) in [11] with the purpose of providing a dual-band behavior. These parameter
values for the basic TFS are Z) pasic = 20/2, Z2pasic = 20, 01pasic = 180°, and
02,pasic = 360° at fy. The design values for the multi-TZ-generation transversal cell
are set as Z§ = 6/5Zy, Z§ = 5/6Zp, 0. = 90°, and 0; = 270° at fy. As can be seen
in Figure 2.2, two additional inter-band TZs are generated through the use of the
external transversal cell, therefore enhancing the overall filter selectivity while nearly
preserving the in-band characteristics of the original filter in its dual passbands. As
it will be shown in the next section, this phenomenon is even more noticeable when
the basic filter is a multi-stage arrangement.

Amplitude (dB)

----Basic TFS

— Overall filter|

1 1 \ l I“ 1

0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Normalized frequency (f/fd)

Figure 2.2: Ideal power transmission (|S21|) and reflection (]S11|) responses of a synthesized
enhanced-selectivity dual-band BPF and its basic dual-band TFS.
2.1.2 Experimental results

With the aim of experimentally validating the previously-expounded technique,
five different prototypes are designed here in planar technology. For their implemen-
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tation, two different microstrip substrates have been employed. In particular:

e The substrate CER-10 of Taconic’™ with the following parameters was used
for the manufacturing of prototypes 1, 2, and 3, and the EM simulation
of prototype 5: relative dielectric permittivity e, = 9.8, dielectric thickness
h =1.19 mm, dielectric loss tangent tandp = 0.003, and metal thickness
t =35 pm [45].

e The substrate RO4003C of Rogers’ ™ was employed in the fabrication of proto-
type 4. Its parameters are as follows: relative dielectric permittivity e, = 3.55,
dielectric thickness h = 1.52 mm, dielectric loss tangent tandp = 0.0027, and
metal thickness ¢ = 35 pm [46].

For the design, simulation, and measurement of the prototypes, the logistic media
listed below were used:

e Commercial software package AWR Microwave Office’™ of AWR Corporation:
circuit simulation of all prototypes [47].

e Commercial software package High Frequency Structure Simulator v10.0 (HFSS)
of Ansoftt™: 3-D full-wave EM simulation by the Finite Element Method
(FEM) of prototype 3 [48].

e Commercial software package Sonnet'™ of Sonnet Software, Inc.: 3-D pla-
nar EM simulation by the Shielded-Domain Method of Moments (MoM) of
prototypes 4 and 5 [49].

e HP-8720C network analyzer of Agilent’™: measurements [50].

Prototype 1: Hairpin-type bandpass filter 1

As a first practical example, the engineered approach has been applied to a 2.2-
GHz third-order hairpin-type BPF exhibiting a moderate bandwidth [51]. Figure
2.3 shows the layout and a photograph of the resulting microstrip implementation
referred to a 50-() impedance. As can be seen, the proposed topology has been
slightly modified regarding the scheme of Figure 2.1 so that the weak-coupling sig-
nal path incorporates a detuned coupled line between the input and output nodes
acting as a non-resonating node (NRN). It allows a more-flexible control of the TZs
generated in the bandstop range [52].

The simulated and measured power transmission, reflection, and group-delay
responses of this filter prototype are depicted in Figure 2.4. Note that two set of
measurements are given regarding the whole BPF prototype: one belonging to a
first iteration of the circuit and another in which the prototype has been tuned by
properly adjusting the length of the NRN. As Figure 2.5 illustrates, this length is
essential for the proper generation of the new TZs. As can be seen, the selectivity
in the upper attenuated band is notably enhanced—with two additional TZs—while
the in-band group-delay variation is nearly similar to that of the low-order BPF. The
previously-referred frequency-constant shifting in the overall group-delay profile due
to the additional transmission lines is also observed.
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(b) Photograph (microstrip substrate: CER-10
of Taconic).

Figure 2.3: Layout and photograph of the manufactured microstrip BPF (prototype 1)
[51].
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= = = = Sim. (hairpin)
- — = Sim. (overall)
Meas. (overall)
Meas. (tuned)

Amplitude (dB)

1.5 2 2.5 3 3.5 4 4.5
Frequency (GHz)

(a) |521‘ and |Sl1‘.

Time (nsc)

2.2 24 2.6
Frequency (GHz)

(b) 4.

Figure 2.4: Simulated and measured power transmission (|Sa1|), reflection (]S11]), and
group delay (7,) curves of the manufactured prototype 1, along with the simulated |S2; | and
T4 curves of its basic low-order—third-order hairpin-type—filter prototype [51].
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Amplitude (dB)

Frequency (GHz)

Figure 2.5: Influence of the NRN coupled-side length on the simulated power transmission
response of the built prototype 1.

Prototype 2: Hairpin-type bandpass filter 11

Prototype 2 is an advanced version of the previous circuit. It incorporates an
additional coupling stage with a different NRN. This second stage allows increasing
the number of TZs in the stopband. Note that the impedance of the transmission-line
segments connecting both coupling stages differs from the 50-() reference impedance
to make feasible the attainment of adequate in-band power matching levels. The
layout and a photograph of this microstrip BPF prototype are shown in Figure 2.6.

The simulated and measured results—power transmission, reflection, and group-
delay responses—of prototype 2 are depicted in Figure 2.7. When compared to
prototype 1, the upper stopband shows a new TZ which broadens its bandwidth.
Besides, the maximum in-band group-delay variation remains almost unaltered.

Prototype 3: Stepped-impedance lowpass filter

In order to verify the suitability of this selectivity-improvement technique in
other type of filtering transfer functions, prototype 3 shows its application to a LPF
without TZs. For this circuit, a 3-dB cut-off frequency of 2 GHz has been chosen
and four out-of-band TZs have been generated. The layout and a photograph of
the built microstrip high-selectivity LPF prototype are provided in Figure 2.8. The
transmission lines between the low-order LPF and the coupled-line stage play here
an important role to compensate some spurious effects not contemplated by the
circuit simulator, such as the EM coupling appearing between the line bends. Note
that the characteristic impedances of these lines are different from the 50-§2 reference
impedance for in-band power matching purposes.

Once again, the measured power transmission, reflection, and in-band group-
delay curves represented in Figure 2.9 show a fairly-close agreement with the pre-
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(b) Photograph (microstrip substrate: CER-10 of Taconic).

Figure 2.6: Layout and photograph of the manufactured microstrip BPF (prototype 2)
[51].
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Figure 2.7: Simulated and measured power transmission (|Sa1|), reflection (]S11]), and
group delay (74) curves of the manufactured prototype 2, along with the simulated |S1| and
T4 curves of its basic low-order—third-order hairpin-type—filter prototype [51].
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(b) Photograph (microstrip substrate: CER-10 of Taconic).

Figure 2.8: Layout and photograph of the manufactured microstrip LPF (pototype 3) [51].
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Figure 2.9: Simulated and measured power transmission (]|Sa1]), reflection (|Si1]), and
group delay (7,) curves of the manufactured prototype 3, along with the simulated |S2:| and
T4 curves of its basic low-order—stepped-impedance type—filter prototype [51].

dicted results, hence validating the devised concept.

Prototype 4: Hybrid Il-type highpass filter

Prototype 4 also contributes to the extension of the devised technique to other
transfer functions different from the bandpass type by addressing a HPF design [124].
In this case, the basic filter consists of two short-circuited transmission-line stubs
connected with a lumped capacitor—2.9 pF as capacitance value—. This initial
filter exhibits a 3-dB cut-off frequency of 860 MHz and has no TZs in the stopband
apart from the one located at direct current (DC). The layout and a photograph of
the manufactured prototype after adding the multi-TZ-creation transversal cell are
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Basic
Filter

(b) Photograph (microstrip substrate: RO4003 of Rogers).

Figure 2.10: Layout and photograph of the manufactured microstrip HPF (prototype 4)
[124].

depicted in Figure 2.10.

The simulated and measured S-parameters—|S;1| and [Sa;|—of the overall HPF
circuit, altogether with the simulated results for its basic counterpart, are drawn
in Figure 2.11. As can be seen, the sharpness of the cut-off slope is significantly
increased owing to the three additional TZs. As in the preceding prototypes, the in-
band performance of the basic HPF is preserved—including the maximum variation
of the in-band group delay—. However, some deterioration of the input power
matching and a minor in-band amplitude ripple is observed. They are attributed
to imperfections in the basic HPF design due to the combination of distributed and
lumped components, which make it more sensitive.
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Figure 2.11: Simulated and measured power transmission (]S2;|) and reflection (]S1])
parameters of the manufactured prototype 4, along with the simulated |S2;| and |S11| curves
of its building basic—hybrid lumped/distributed-element—filter prototype [124].

Prototype 5: Three-stage bi-path-TFS-based signal-interference dual-
band bandpass filter

Finally, prototype 5 addresses the design of an enhanced-selectivity dual-band
BPF prototype [124]. The creation of extra TZs in this transfer function is quite de-
manding because they must be generated in a much broader and non-continuous part
of the spectrum—i.e., the attenuated bands at both sides of the dual passbands—.

In this case, the circuit chosen as the basic filter of the entire structure is the one
reported in [11]. It consists of three series-cascaded signal-interference TFSs shaped
by two transmission-line segments connected in parallel. Its ideal synthesized design
parameters are detailed in the caption of Figure 2.12 in [11], where those of the
proposed signal-interference coupling cell are as follows: Zy = 50 €, ¢ = 21.94
dB, 0.(fa) = 360°, 01(fs) = 180°, and fy = 2 GHz. The comparison between the
ideal power transmission and reflection curves of the basic and the overall circuit is
shown in Figure 2.12. As can be seen, ten additional TZs are produced in the whole
attenuated frequency range of the overall circuit.

It should be mentioned that the creation of the TZs is highly sensitive to the ho-
mogeneity of the transmission medium in this particular design. Since the even- and
odd-mode propagation constants in stripline coupled lines are equal, this technology
would be more suitable for this circuit than microstrip one.

The layout of the dual-band BPF is shown in 2.13. Note that, for such a stripline
implementation, the substrate RO4003C has been employed with the spacing be-
tween ground planes being h = 2.38 mm. This is equivalent to bond two microstrip
laminates. Its simulated power transmission and reflection responses are drawn in
Figure 2.14. It also shows the equivalent curves using microstrip lines to empha-
size the aforementioned dependency of the filter behavior to the homogeneity of
the transmission medium. Once again, it is demonstrated that the influence of the
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Figure 2.12: Ideal power transmission (|S21|) and reflection (]S11]) responses of the syn-
thesized overall dual-band BPF and its building basic dual-band BPF [124].
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Figure 2.13: Layout of the devised stripline dual-band BPF (prototype 5) [124]. Non-
redundant dimensions, in mm, are indicated.

signal-interference coupling cell in the in-band frequency response is negligible.

2.2 Filters with frequency-asymmetrical response
based on the stub-loading technique

Since most of the structures based on signal-interference principles are shaped
by transmission-line segments whose electrical lengths are integer multiples of a
quarter wavelength at f;, they exhibit frequency-symmetrical responses. This could
be a shortcoming in multi-standard receivers with multi-band requirements because
different absolute bandwidths are usually needed for their operative bands.
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Figure 2.14: Simulated (circuit and EM simulator) power transmission (]|S21|) and reflec-
tion (|S11]) responses of the synthesized stripline dual-band BPF and power transmission
response of its microstrip counterpart [124].

As already stated, the only contribution to date with the aim of obtaining
spectrally-asymmetrical transfer functions under signal-interference principles was
reported in [30]. Its strategy is to introduce stepped-impedance lines into the
branches of the TFS formed by two transmission lines connected in parallel. How-
ever, such procedure increases the design complexity and normally leads to lower
power rejection levels in the attenuated bands when compared to their homogeneous-
line-impedance counterparts.

For the above reason, a new approach of signal-interference filters exhibiting
strong spectral asymmetry is introduced here. Its principle consists of inserting
short-circuited stubs at strategic points of the electrical paths forming conventional
signal-interference TFSs. Moreover, through the proper design of these stubs, fil-

tering selectivity as well as power rejection levels and bandwidths of the attenuated
bands can be increased.

2.2.1 Theoretical foundations

The engineered method to obtain spectral asymmetry is here applied to the afore-
mentioned in-parallel-two-transmission-line-based TFS with single- and dual-band
behavior [10], [11]. Nevertheless, it can be extended to other class of TFSs, such as
those based on baluns or directional couplers in reflection mode [19], [27]. Its concept
is illustrated in Figure 2.15, where the electrical paths of the TFS are loaded with a
plurality of short-ended stubs. These stubs have three different objectives. Firstly,
they allow to modify the TFS transfer function to incorporate spectral asymmetry
into it; secondly, they permit to create additional TZs; and thirdly, some of these
TZs help to attain sharp-rejection capabilities when located close to the passband
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Figure 2.15: Schematic of the proposed stub-loaded bi-path TFS.

range.

To carry out the design of the stub-loaded TFS, the guidelines below must be
followed:

e Asinitial step, the design parameters—Iline impedances and electrical lengths—
of the transmission-line segments that make up the TFS before its stub load-
ing must meet the theoretical foundations of the conventional approach. This
means that their values are chosen according to the equations provided in [10]
and [11] for single- and dual-band TFSs, respectively.

e The electrical lengths of the loading stubs must be equal to an odd-integer
multiple of 77/2 at the design frequency fy except those connected in the TFS
input/output terminals. This is done to preserve at this frequency the max-
imum power transmission condition in the case of the single-band BPF [10]
and the null power transmission condition in the case of the dual-band BPF
[11], respectively.

e The remaining design parameters must be optimized to fulfill the prefixed
selectivity requirements imposed by the specified filtering mask.

For the purpose of verifying the devised approach, a single- and a dual-band
prototype have been synthesized. Figure 2.16 represents the ideal power transmis-
sion responses for a stub-loaded single-band TFS and its conventional counterpart
described in [10]. Similarly, Figure 2.17 depicts the ideal power transmission curves
for a stub-loaded dual-band TFS and its basic counterpart presented in [11]. Note
that in both cases the design parameters are included in the caption of Figures 2.16
and 2.17, respectively. As can be observed, spectrally-asymmetrical transfer func-
tions are obtained. In addition, a remarkable improvement of the close-to-passband
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selectivity is attained along with increased power rejection levels and bandwidths
for the attenuated bands.

I
N
(&)

Amplitude (dB)
N
o

— — —Basic TFS ]
Stub-loaded TFS

1 1 I NI

0.5 1 1.5 2 25
Normalized frequency (f/f,)

Figure 2.16: Ideal theoretical power transmission (|S2;1]) response of the synthesized stub-
loaded single-band bandpass TFS and its basic counterpart [10]. Design parameters (M = 2,

N=320=50Q) Z =2 =27 =29 =20 = 722 =100 0, 22 = 30 0,
0 (£2) = 0.447x, 02 (£4) = 0.053m, 051 (£4) = 0.9477, 052 (£4) = 37/2, 0S¥ (f4)=0.053,
05 (f)=03 ()=, 03 (fa) = 05 (Ja) = 053 (fa) = /2.

2.2.2 Experimental results

As experimental example, a 50-Q2-referred signal-interference dual-band BPF pro-
totype showing spectral asymmetry is developed in microstrip technology. In relation
with the design, fabrication, and testing processes of this circuit, the following points
must be highlighted:

e The microstrip substrate CER-10 of Taconic™™ is used in the manufacturing
process whose parameters are: relative dielectric permittivity e, = 10, dielec-
tric thickness h = 1.19 mm, dielectric loss tangent tan dp = 0.0025, and metal
thickness t = 35 pum [45]. The ground connections were implemented by means
of 1-mm-diameter metallic via holes.

e The commercial software package AWR Microwave Office’™ of AWR Corpo-
ration is employed for the ideal circuit simulation of the prototype [47].

e The commercial software package Sonnet’™ of Sonnet Software, Inc. is used
for 3-D planar EM simulation of the prototype by the Shielded-Domain MoM
[49].

e An 8713B network analyzer of Agilent’™ is utilized to carry out the measure-

ments [50].
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Figure 2.17: Ideal theoretical power transmission (|S21]) response of the synthesized stub-
loaded dual-band bandpass TFS and its basic counterpart [10]. Design parameters (M = 3,
N =4, Zy=509Q) Z =265Q, Z, =496 Q, 2V =976 Q, 2% = 22 = 2 = 20
Q, 2% =100 Q, 23 =576 Q, 69 (f,) = 05417, 012 (f4) = 0.0537, 6 (f,) = 0.418,
05 (£4) = 0.4297, 052 (£4) = 0.4527, 657 (£4) = 0.0197, 659 (f0) = 1.1, 6D (f.) = 1.128,
05 (fa) = 0 (f2) = 05 (fa) = 05 (fa) = 053 (Fa) = 7/2, 657 (fa) = 1.034r.

Prototype: Dual-band bandpass filter

The built and tested microstrip prototype is a dual-band BPF referred to a 50-£2
reference impedance whose lower and upper passbands exhibit center frequencies
at 0.56 GHz and 1.28 GHz and a 3-dB absolute bandwidths of 185 and 310 MHz,
respectively [54]. The overall filter consists of a mirrored cascade of two replicas of
the dual-band TFS of Figure 2.17. To connect both TFSs, a transmission line with a
characteristic impedance of 60 €2 and A\/4-length at f; = 0.95 GHz is employed. As
already known in signal-interference circuits, the cascade of two TFSs significantly
increases the filtering selectivity and the power rejection levels in the attenuated
bands when compared to a single TFS. Besides, two input/output lines with char-
acteristic impedance of 37.5 Q and electrical length of A\/4 at f; are inserted into
the overall prototype to maximize the in-band power matching levels. The layout
and a photograph of the developed circuit are shown in Figure 2.18.

The ideal-circuit, EM-simulated, and measured power transmission and reflec-
tion curves of the prototype are depicted in Figure 2.19. As can be seen, there
is a reasonable agreement between the simulated and the experimental results, es-
pecially in the lower frequency band with regard to f;. Indeed, a sharp-rejection
dual-band bandpass filtering response showing spectral asymmetry along with mul-
tiple inter-band TZs is attained. However, there are some discrepancies concerning
the appearance of some inter-band transmission peaks and some degradation of the
upper-passband power matching. This is attributed to several effects, such as man-
ufacturing tolerances, unexpected coupling or radiation, etc.
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(b) Photograph (microstrip substrate: CER-10 of Taconic).

Figure 2.18: Layout and photograph of the manufactured stub-loaded microstrip dual-band
BPF [54].
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Figure 2.19: Ideal theoretical, simulated, and measured power transmission (|S21]) and
reflection (|S11]) curves of the manufactured microstrip dual-band BPF prototype [54].
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2.3 Conclusion

This chapter has addressed the design of novel signal-interference filters simul-
taneously exhibiting high selectivity and low in-band group-delay variation as well
as frequency-asymmetrical transfer functions.

First, a novel technique to implement high-selectivity planar filters has been de-
scribed. Given a basic low-order filter whose in-band group-delay profile fulfills the
requirements imposed by a certain phase-distortion specification, its selectivity can
be improved by adding a multi-TZ-generation transversal cell to its input/output ter-
minals. This is done without nearly affecting the in-band amplitude and group-delay
flatness characteristics imposed by the basic filter. Besides, it should be remarked
upon the simplicity of this external transversal cell, which is generally composed of a
coupled-line stage and two additional transmission-line segments between the basic
filter and the coupled-line structure. For practical verification, several single-band
prototypes have been built and tested in microstrip technology, such as two BPFs,
a LPF, and a HPF. Furthermore, its applicability to dual-band filtering responses
has also been corroborated with a stripline prototype simulated at the layout level.

Regarding the attainment of spectrally-asymmetrical transfer functions in signal-
interference filters, this chapter has demonstrated the suitability of the stub-loading
technique for it. Through the incorporation of short-ended stubs in strategic points
of conventional single- and multi-band signal-interference TFSs, higher-selectivity
filtering actions can be synthesized. In addition to spectral asymmetry, both broader
bandwidths and higher power rejection levels in the attenuated bands can be achieved.
This technique has been verified through an implemented dual-band BPF microstrip
prototype with sharp-rejection characteristics that exhibits an upper passband whose
bandwidth is nearly twice that of the lower passband.
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Chapter 3

Design of lumped-element-based

signal-interference microwave
filters

Since the first appearance of signal-interference filters in 2005 [10], they have
been mostly fabricated in planar technologies, such as microstrip and stripline. This
is due to a large extent to compactness and low-insertion-loss advantages in the
resulting circuits, in addition to low production costs associated with the materials
and the manufacturing processes of printed circuit boards (PCBs) [8]. However, the
occupied area by these distributed-element circuits can be excessive in the lower
frequency part of the RF/microwave band. In such spectral region, pure-lumped-
and hybrid lumped/distributed-element realizations would be more appropriate in
terms of size.

On the basis of the above, lumped elements—inductors and capacitors—with
easy integration on PCBs are required [55]. Surface mount devices (SMDs) respond
to this need and are therefore used in the physical circuit realizations developed in
this chapter. Nevertheless, its applicability to RF/microwave filter design is limited
to the end of the ultra high frequency (UHF) band [56]—which covers the radio
spectrum from 0.3 to 3.0 GHz according to International Communication Union
(ITU) nomenclature—.

In addition to the aforementioned size-reduction benefit of the overall filter, the
use of commercially available SMDs is a low-cost solution owing to the high-volume
production by the manufacturers. Besides, lumped-element filters do not present
multiple replicas of the operative bands unlike their distributed-element counterparts
due in part to the frequency-periodic behavior of their building transmission-line el-
ements. Note that these spurious frequencies are usually undesired. Nonetheless,
they present some limitations as well. The electrical behavior of lumped elements is
deteriorated as the frequency increases, owing to the appearance of parasitic effects
that turn these components into RLC networks. These real lumped elements present
relatively low @, so that they can hardly be employed to realize narrow-band BPF's
above 3 GHz. Moreover, the value of the inductors must be very often controlled
to avoid exceeding their self-resonant frequencies (SRFs). And last but not least,
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these circuits that are ideally synthesized as pure lumped-element realizations actu-
ally require short sections of microstrip lines to interconnect them. The microstrip
discontinuities and footprints associated to them must be taken into account in the
optimization process. This is necessary to predict possible effects on the overall
filtering response.

The purpose of this chapter is the proposal of alternative realizations of signal-
interference structures more suitable for the low part of the EM spectrum. Fully-
lumped-element implementations and the hybrid combination of lumped and dis-
tributed elements in the design of signal-interference circuits is addressed with its
subsequent size reduction regarding their classic counterparts. In particular, three
alternatives for the implementation of signal-interference filters with discrete el-
ements are presented here. The first methodology replaces the electrically-short
transmission-line segments that shape a signal-interference TFS with pure LC' com-
ponents. Similarly, the second approach has the purpose of miniaturizing the 90°-
at- fy transmission-line segments making up signal-interference structures through
capacitive-loading techniques, giving rise to hybrid realizations. These two ap-
proaches are suitable for any class of transfer function to be synthesized. Finally, a
lumped-element realization of the TFS based on a power quadrature coupler oper-
ating in reflection mode is presented.

The organization of this chapter is as follows. Firstly, the method to convert
planar signal-interference filters into lumped-element circuits by means of symmet-
ric LC' T-type equivalent networks is described in Section 3.1. The design formulas
for the single-band bandpass TFS based on two in-parallel transmission-line seg-
ments are derived along with the convergence analysis with its distributed-element
counterpart. For practical verification, a LPF and a BPF prototype are designed at
layout level. Secondly, the capacitive-loading technique for miniaturization purposes
is applied to signal-interference filters in Section 3.2. Then, the design equations
for the single- and the multi-cell approach are provided and its electrical conver-
gence is studied. This technique is additionally combined with line-meandering
miniaturization procedures for further size reduction. Its experimental usefulness
is demonstrated through single- and dual-band physical realizations. Moreover, a
reduced-size reconfigurable-bandwidth filter using this technique is also shown. Fi-
nally, the synthesis of single- and dual-band BPFs based on lumped-element power
quadrature couplers—branch-line type—operating in reflection mode is presented
in Section 3.3. The lumped- and mixed lumped/distributed-element versions of an
UWRB single-band BPF prototype designed at the layout level are presented as a
proof of concept. The main conclusions of this work are summarized in Section 3.4.

3.1 Filters based on LC T-type transversal circuit net-
works

It is well known that the traditional synthesis of analog filters begins with
lumped-element ladder structures, according to Butterworth or Chebyshev trans-
fer function profiles, that are eventually transformed into distributed-element net-
works [7]. On the contrary, the design of signal-interference filters does not require a
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preliminar lumped-element equivalent as an initial step, since the final distributed-
element circuit is directly synthesized. Thus, the aim of this sub-section is to present
a methodology for the synthesis of lumped-element analog filters exploiting signal-
interference principles regardless of the class of filtering profile to be attained. Note
that lumped elements have already been successfully used in other types of low-
and intermediate-frequency RF filters. For example, in [57] where lumped-element
reflectionless filters exhibiting lowpass, highpass, bandpass, and stopband behavior
are reported or in [58] where they are incorporated in GaAs MMIC active BPFs.

3.1.1 Theoretical foundations

In the proposed approach, short transmission-line segments are replaced with
symmetrical LC' T-type sections, as illustrated in Figure 3.1. This basic LC' network
is inspired by the equivalent discrete-element model of a lossless differential-length
transmission line and constitutes an artificial transmission-line segment. Note that
such equivalence is perfect at the design frequency f. = f4, so that its behavior
differs from the original transmission line as the spectral distance from f; increases.
Therefore, the electrically-shorter the transmission line is, then the more accurate
the equivalent model is in a given frequency interval around f;. The design values
of L and C for a given transmission-line segment of characteristic impedance Z and
electrical length 6 can be determined as follows:

27 fqsin(0(fa)) 21 foZ

Z,0 @ f, ’_’OBTW_'

— 1+ «— > IC

Figure 3.1: LC T-type equivalent model of a transmission-line segment.

Then, this LC T-type equivalent network is applied to a signal-interference
TFS consisting of two transmission lines connected in parallel. Figure 3.2 de-
picts the scheme of the devised lumped-element realization. As can be seen, the
original transmission-line segments are divided into M and N transmission-line
sub-segments, respectively, each of them being replaced with a LC T-type section
(M,N € R). The design equations for the synthesis of the engineered lumped-
element signal-interference TFS along with a convergence analysis between the
distributed- and the lumped-element approaches (depending on the number of LC
cells) will be shown in this section.

Design equations

As stated before, the perfect equivalence between the basic LC' cell and its asso-
ciated transmission-line sub-segment is established at a certain design frequency fy.
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Input

Figure 3.2: Signal-interference TFS based on two in-parallel transmission-line segments.
(a) Basic approach. (b) Lumped-element model.

The L and C values can thus be derived by making equal the impedance parameters
{Z1} ki—12 € Cof the LC cell and the transmission-line sub-segment at fq because
they are both symmetrical two-port networks. For the overall TFS, the following
design equations are obtained:

_ Z1(1 — cos(b1x(fa))) sin(01(fa))

L ==, fasin(01x(f2)) G = 27 faZy (32)
Vke{1,2,..M} Vle{l1,2,.., N} (3.4)
where it is satisfied that:
M N
; Our (fa) = 01 (fa) ; O (fa) = 02 (fa) (3.5)

In the previous expressions, Z1,Zo € RT and 61,600 € RT (6 > 6; is as-
sumed without loss of generality) are the characteristic impedances and electrical
lengths of the circuit lines of Figure 3.2(a); L11, L1a...L1as, Lo1, Loa...Loy € RT and
Ci1,C12...C101, Ca1, Caa...Con € RT are the inductances and capacitances of the LC
cells of Figure 3.2(b), whereas 011, 012...01a71, 021, 022...02 € RT refer to the electrical
lengths of their equivalent transmission-line subsegments; f € R™ denotes the real
frequency variable.

Through the design formulas provided in (3.2)—(3.5) the values for the lumped-
element components shaping the signal-interference TFS based on two in-parallel
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transmission lines can be derived. Note that such design formulas are applicable to
any class of transfer function synthesized by this particular bi-path TFS, covering
single-band BPF's [10], dual-band BPFs [11], multi-band BPF's [12], and single-band
BSFs [22]. This requires obtaining the values Z1, Zs, 61, and 6, according to the
synthesis formulas provided in these works. For example, in the case of single-
band signal-interference BPFs, the following equations from [10] must be taken into
account:

1 1 1
Z + 72 = 70 (3.6)
o) =" e gy = T 3.7)

where Zj is the reference impedance and m,n € N. These equations, as well as those
of other works, allow some degrees of freedom in the final realization by means of
lumped elements. They can be used to adjust the 3-dB relative bandwidth and the
location of the TZs of the resulting bandpass filtering response.

Convergence analysis

Once the equivalence between the distributed- and the lumped-element TFSs is
established, it is worth analyzing the convergence between their frequency responses.
Figure 3.3 represents the power transmission and reflection curves of a synthesized
distributed-element TFS and two solutions for its lumped-element approximation
[59]. The three examples have as values for the design parameters Zy = 50 Q and
fa =1 GHz. They are as follows:

e Response 1: distributed-element TFS with Z; = Zy = 275 = 100 Q, m = 1,
and n = 1.

e Response 2: lumped-element TEFS made up of an LC cell with L = 6.59 nH
and C' = 1.12 pF for all the equivalent \;/8-length line segments of its two
signal paths (i.e., M =2 and N = 10).

e Response 3: lumped-element TFS made up of an LC cell with L = 3.17 nH
and C' = 0.61 pF for all the equivalent \;/16-length line segments of its two
signal paths (i.e., M =4 and N = 20).

As observed, there is fair agreement between the S-parameters of the lumped-
element TFS and those of its distributed-element equivalents within a wide frequency
range around the design frequency f;. As expected, the accuracy of this model is
higher as more LC networks are employed.

3.1.2 Simulation results

For practical validation, two examples have been designed at the layout level.
The first prototype is a single-stage LPF and the second one is a three-stage BPF.
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Figure 3.3: Ideal power transmission (|S2;1|) and reflection (]S11]) responses of a synthe-
sized example of a distributed-element TFS and two equivalent lumped-element realizations:
convergence analysis [59].

Starting with the synthesis of an approximate ideal design, both prototypes are
optimized in order to fulfill the imposed requirements. It should be remarked upon
that the practical suitability of this technique is also demonstrated in Chapter 5 in
which a lumped-element Wilkinson-type power divider exhibiting dual-band filtering
behavior is built and tested according to the design equations (3.2)—(3.5).

A microstrip substrate type TLC-30 from Taconic!™ was selected to inter-

connect the lumped elements in both circuits here presented, whose parameters
are: relative dielectric permittivity €, = 3, dielectric thickness h = 1.52 mm, dielec-
tric loss tangent tandp = 0.003, and metal thickness ¢ = 35 pym [60]. The ground
connections were implemented by means of 1-mm-diameter metallic via holes.

Concerning the simulation and optimization processes of these filters, the com-
mercial software package AWR Microwave Office’™ of AWR Corporation was em-
ployed [47].

Prototype 1: Quasi-elliptical-type lowpass filter

The first example is a single-TFS quasi-elliptical-type LPF prototype [59]. Its
cut-off frequency is 300 MHz and a minimum in-band power matching level of 20
dB was imposed. Also, a 20-dB power rejection level for stopband frequencies above
350 MHz was enforced.

The layout of the designed filter is drawn in Figure 3.4. As can be seen, M =1
and N = 4 are chosen as design parameters. Before finding the values of the induc-
tances and capacitances of the LC T-type networks, the values of Z1, Zs, 61, and 605
were obtained according to the synthesis formulas provided in [22]. An optimization
process is then carried out for the purpose of fulfilling the prefixed specifications.
This optimization process is repeated once the commercial values of the available
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lumped inductors and capacitors together with the microstrip transmission-line seg-
ments and discontinuities, such as tees and bends, are taken into account. The

commercially available lumped components chosen for this prototype are listed in
Table 3.1.

ICZI CZ2 C23 C24

21 L_’] L22 I LZZ L23 L23 24 I 24

Input - H EHE EH= = Output
: I cm : L,, ICIIIJH

Figure 3.4: Layout of the final design of the lumped-element single-TFS LPF [59].

Table 3.1: Lumped-element components of the single-TFS LPF in Figure 3.4 based on LC
T-type networks.

Lumped-element components for Prototype 1

Component | Ideal value | Real value Product Code RS Code™
L1 93.4 nH 91 nH 36502A91NJTDG 532-3392
Ch1 4.2 pF 3.9 pF GRM1885C1H3R9BZ01D 723-5884
Lot 0.24 nH 0.2 nH 36401EON2ATDF 701-6771
Ca 4.1 pF 5.6 pF GRM1885C1H5R6BZ01D | 723-5938
Lao 35.9 nH 33 nH 36501E33NJTDG 532-2513
Caa 10.5 pF 10 nH GRM1885C1H100FA01D | 723-5770
Log 35.9 nH 33 nH 36501E33NJTDG 532-2513
Cas 10.5 pF 10 pF GRM1885C1H100FA01D | 723-5770
Loy 0.24 nH 0.2 nH 36401EON2ATDF 701-6771
Cay 4.1 pF 5.6 pF GRM1885C1H5R6BZ01D 723-5938

*http://es.rs-online.com/web/

Figure 3.5 represents the power transmission and reflection frequency responses
for the real simulated realization—i.e., considering commercial lumped elements—
and its ideal pure-lumped-element counterpart. As can be seen, the specifications
of the attenuation mask are perfectly met for both designs. Two TZs are generated
close to the passband owing to perfect destructive signal-energy cancelations taking
place at these frequencies between the TFS electrical paths.

Prototype 2: Quasi-elliptical-type bandpass filter

The second practical example is a multi-stage quasi-elliptical-type BPF proto-
type [59] whose center frequency and 3-dB absolute bandwidth are set as 250 MHz
and 135 MHz, respectively—resulting in a 3-dB relative bandwidth of 55%—. In this
case, a minimum in-band power matching level of 20 dB is enforced. In addition,
power rejection levels higher than 25 dB for those frequencies above 350 MHz are
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Figure 3.5: Power transmission (]|Ss1|) and reflection (]S11]) responses with the attenuation
mask of the designed LPF: ideal and real models [59].

imposed.

The three TFSs forming the overall filter have M = 1 and N = 1 as design
parameters according to the lumped-element model of Figure 3.2. These TFSs
are cascaded in series by transmission-line segments which have also been replaced
by a LC T-type networks, where L. and C, denote its inductive and capacitive
Note that the first and the third TFSs are identical—
and different from the second one—leading to a network with physical symmetry.
Similar to prototype 1, a final optimization process to satisfy the specifications of
the attenuation mask is required in both ideal and real designs.

The layout of the real design of the BPF is illustrated in Figure 3.6. The ideal and
commercial values of the inductors and capacitors forming this design are included
in Table 3.2. Its power transmission and reflection curves are depicted in Figure 3.7.
As expected, higher in-band insertion-loss levels when compared to prototype 1 are
obtained due to the larger number of employed lumped elements—15 components
in prototype 1 and 24 components in prototype 2—. However, the specifications are
fulfilled for both the ideal and real cases. Moreover, two out-of-band transmission
nulls are generated in the lower stopband.

parameters, respectively.

Figure 3.6: Layout of the real design of the lumped-element three-TFS BPF [59].
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Table 3.2: Lumped-element components of the BPF in Figure 3.6 based on LC T-type
networks.

Lumped-element components for Prototype 2

Component | Ideal value | Real value Product Code RS Code™
4 30.9 nH 24 nH 36501 E24NJTDG 532-2478
CHy 11.5 pF 12 pF GRM1885C1H120FA01D 723-5799
L3, 167.8 nH 180 nH 36501JR18JTDG 532-3061
CH 40.6 pF 27 pF GRM1885C1H270FA01D 723-5862
It 38.2 nH 43 nH 36501E43NJTDG 532-2563
C{’l 11.4 pF 10 pF GRM1885C1H100FA01D 723-5770
L, 92.7 nH 120 nH 36501JR12JTDG 532-3033
Ccy 40 pF 24 pF GRM2165C1H240JZ01D 723-6259
L. 58.9 nH 56 nH 36501E56NJTDG 532-2591
C. 9.2 pF 9.1 pF GQM1885C1HI9R1CBO1D 647-7412

*http://es.rs-online.com/web/
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Figure 3.7: Power transmission (]S21|) and reflection (]S11]) responses with the attenuation
mask of the designed BPF: ideal and real models [59].

45



DESIGN OF LUMPED-ELEMENT-BASED SIGNAL-INTERFERENCE MICROWAVE FILTERS

3.2 Filters based on capacitive-loading and line-mean-
dering techniques

Signal-interference filters present a design simplicity—building blocks made up of
simple transmission-line segments directly interconnected and without EM couplings
in most cases—that makes them perfect candidates for being miniaturized through
traditional techniques employed in RF/microwave planar devices. Notable among
these methodologies are the capacitive-loading and line-meandering techniques.

Since the proposal of capacitive-loading techniques in [61] with the objective of
miniaturizing branch-line and rat-race hybrid couplers—with a resulting 80% size
reduction in the reported prototypes—, its use has been extended to a plurality of
planar microwave components. In line with this approach, some of the most signif-
icant exponents available in the technical literature are presented below. To begin
with, [62] proposed the design of capacitively-loaded Wilkinson-type power dividers
in asymmetric coplanar stripline (ACPS) technology and [63] addressed miniatur-
ized branch-line hybrids with suppression of spurious frequencies. In both cases,
the lumped loading capacitors are substituted by low-impedance short microstrip
lines. Despite the remarkable performance of both approaches, it must be noted
that they are less demanding structures than signal-interference filters in terms of
frequency bandwidth to be covered. On the other hand, capacitive-loading tech-
niques have already been demonstrated in RF filter design. In particular, a new
method to downsize coupled-resonator filters exhibiting moderate bandwidth was
presented in [64]. For such a case, both reactive loading—by lumped or distributed
elements—and capacitive loading—by distributed elements—techniques were uti-
lized. The suggested circuit in [65] is capable of featuring tunable bandpass filtering
actions using varactors—instead of fixed capacitors—to load and couple the building
slow-wave transmission lines. Following this trend, in [66], a capacitor connected in
series between the feeding lines and the stubs of a dual-behavior resonator (DBR)
allows to reduce the physical size in 70% when compared to its fully-distributed-
element counterpart. Another example of such miniaturization technique, applied
to filtering structures, can be found in [67] where a single-pole single-throw (SPST)
switchable BPF was developed in MMIC technology. In the filter design process,
capacitively-loaded short-ended hairpin resonators are utilized so as to be realized
in a chip size and then make it suitable for most multi-band multi-mode mobile
applications. And finally, as a more complex example, the 3-D miniaturized helical
filter reported in [68] must be highlighted. The physical size of the helical resonator
in the building block is reduced by capacitive loading as well. This is done by creat-
ing a gap between the helical conductor and the cavity upper wall. This capacitive
gap can be controlled by a piezoelectric actuator so that the resulting frequency
response can be tuned. With regard to line-meandering techniques, they have also
become popular in recent years. As an example, by replacing straight transmission
lines by meandered ones, rat-race and branch-line couplers exhibiting size-reduction
factors of 87.4% and 75.4%, respectively, were reported in [69]. In this context, a
must-read comparative study of the different miniaturization techniques applied to
a microstrip 180° hybrid ring junction can be found in [70].

The current study is therefore intended to complement all previous works with
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the application of these size-reduction techniques to signal-interference circuits. Such
miniaturization is done through capacitively-loaded realizations as primary method-
ology. Line-meandering techniques are subsequently applied for further circuit-area
saving as long as the physical lengths of the resulting microstrip lines are large
enough to avoid potential couplings between them after applying the capacitive-
loading procedure.

3.2.1 Theoretical foundations

According to [61], a transmission-line segment whose electrical length is 90°
at the design frequency f; can be converted into a shorter transmission line with
higher characteristic impedance loaded by two shunt lumped capacitors as depicted
in Figure 3.8. The accuracy of this hybrid cell is however limited as 6, is reduced
(. < 90°), showing a spectral-narrowing effect of its transfer function that is es-
pecially remarkable above f;. Note also that the smallest-size equivalent approach
is constrained by the maximum realizable line impedance by the manufacturing
process—approximately 120 € in microstrip technology [71]—. The values of Z,.
and C' can be derived as follows:

Z cos 0,
Z, = = .
sin 6, ¢ 2 faZ (3:8)

Z, 90° Tl:IT
—>

@f T

Figure 3.8: Capacitive-loaded equivalent model of a quarter-wavelength transmission-line
segment.

Given the fact that signal-interference filters are mostly shaped by directly-
connected transmission-line segments whose electrical lengths are 90°-multiples at
fa, the method described here focuses on splitting them into quarter-wavelength
line sub-segments for subsequent miniaturization purposes. Besides, in order to im-
prove the accuracy of such a model, each 90° transmission-line sub-segment can be
approached by N capacitively-loaded cells. The design formulas for the multi-cell
approximation and a convergence study between the single/multi-cell approach and
the conventional one are provided below.

Design equations

Figure 3.9 depicts the generalized capacitively-loaded multi-cell approximation
of a 90°-electrically-long transmission-line segment. The Z. and C values can be
obtained by making equal the admittance parameters of the capacitively-loaded
cell and its transmission-line sub-segment counterpart at the design frequency fy,
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since they are both symmetrical two-port networks. For the whole transmission-line
segment, the following design equations are derived:

_ Zsin(90°/N) 1 cos (0./N)  cos(90°/N) (3.9)
~ sin(6./N) -~ 2nfy \ Z.sin(0./N)  Zsin (90°/N) '
#l #2 #N
; VT ) E——
Z,0./N Z,0. /N Z,60. /N

Z o T rrr. T T
—>

@f L

Figure 3.9: Generalization of the equivalent model of Figure 3.8 to N capacitively-loaded
transmission-line cells.

The capacitively-loaded multi-cell approximation can be applied to any 90°-
electrically-long transmission-line segment forming a signal-interference filter re-
gardless of its topology—TFSs based on two transmission lines connected in parallel,
hybrid couplers operating in reflection mode, etc—and its type of transfer function—
bandpass, bandstop, etc—.

Convergence analysis

For theoretical verification, a convergence analysis of the single- and the multi-
cell miniaturized approach is presented here [72]. Starting with the single-cell ap-
proximation N = 1, Figure 3.10 shows the power transmission and reflection curves
of two examples of lossless signal-interference filters for their classic—i.e., fully-
distributed-element design or 6. = 90°—and capacitively-loaded miniaturized de-
signs (0, = 75°, 60°, and 45°). These synthesized examples are as follows:

e Figure 3.10(a): single-band BPF shaped by the hybrid-ring-based TFS of Fig-
ure 3.11 [16].

e Figure 3.10(b): dual-band BPF formed by the generalized branch-line-coupler-
based TFS of Figure 3.12 [27].

As illustrated in Figure 3.10, the miniaturized versions exhibit spectrally-narrow-
er responses when compared to those of the original designs. As expected, higher
levels of miniaturization—smaller values of §.—amplify this undesired effect. There-
fore, there is usually a trade-off between miniaturization level and frequency accu-
racy of the capacitively-loading-based transformation.

The latter can be overcome by adopting the capacitively-loaded multi-cell equiv-
alent model at fz. Thus, Figure 3.13 shows the power transmission and reflection
responses of the classic dual-band BPF example shown in Figure 3.10(b) and the
generalized capacitively-loaded counterparts for N = 1 and 2 (0, = 45°). As pre-
dicted, the multi-cell approach substantially improves the spectral convergence, but
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(a) Single-band BPF example.
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(b) Dualband BPF example.

Figure 3.10: Classic signal-interference filter designs (8. = 90°) and their capacitively-
loaded miniaturized equivalents with the approach of Figure 3.8 (cases . = 75°, 60°, and
45°).
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Figure 3.11: Schematic of the hybrid-ring-based TFS (Z, = 50 Q, Z; = 33.5 Q, and Z =
45 Q) [16].
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Figure 3.12: Schematic of the generalized-branch-line-coupler-based TFS (Z,; = 30 Q, Z,o
=950, 2, =350, Zy =75, Zn =49 Q, and Z, = 35.7 Q [27).

50



3.2 FILTERS BASED ON CAPACITIVE-LOADING AND LINE-MEANDERING TECHNIQUES

Amplitude (dB)

al A 0,=45° (N=1)
———9.=45° (N=2)

wlly Oy T T TN Ty

1 1.2 1.4 1.6 1.8
Normalized frequency (f/fd)

Figure 3.13: Classic signal-interference dual-band BPF filter design (6. = 90°) of Figure
3.12 and their capacitively-loaded miniaturized equivalents with N = 1 (approach of Figure
3.8) and N = 2 (generalized approach of Figure 3.9).

at the expense of adding more lumped capacitors. Note that this could lead to
increased insertion loss in a fabricated prototype.

3.2.2 Experimental results

To experimentally validate the capacitive-loading miniaturization technique, three
prototypes are presented here. They are the two previous synthesized examples in
addition to a reconfigurable-bandwidth BPF based on Bagley-polygon-type four-
port power-divider TFSs. With regard to the design, simulation, manufacturing,
and testing processes of these circuits, the following points must be remarked:

e The microstrip substrate RO4003C of Rogers’™ is used in the manufactur-
ing process whose parameters are: relative dielectric permittivity &, = 3.55,
dielectric thickness h = 1.52 mm, dielectric loss tangent tandp = 0.0027, and
metal thickness t = 35 um [46]. The ground connections were implemented by
means of 0.8-mm-diameter metallic via holes.

e Surface-mounted ceramic capacitors with 0805 package size from Johanson
Tech. Part. R15S are employed [73].

e The commercial software package Advanced Design Systems'™ of Keysight
Technologies is used for the circuit simulation and 2.5-D EM simulation by
the Frequency-Domain MoM of all prototypes [74].

e E8361A network analyzer of Agilent!™

[75].

is employed to take the measurements
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Prototype 1: Single-band bandpass filter

The first practical example is a 50-CQ2-referred single-band signal-interference BPF
prototype at f; = 1 GHz consisting of two identical copies of the TFS drawn in
Figure 3.11 after applying the single-cell miniaturization technique—6, = 45° is
chosen for this case—and meandering the resulting distributed-element lines [72].
The capacitive-loading and line-meandering techniques are also applied to the inter-
TFS cascading and the input-matching lines, both of them having a characteristic
impedance of 32.5 Q and electrical length of 90° at f; for the original version. The
resulting miniaturized filter occupies a 4x smaller physical area than its classic
counterpart and shows an insertion loss increase of only 0.2 dB—if a finite @ of 350
is assumed for all capacitors in the simulations.

A photograph of the fabricated filter prototype and the size comparison between
the miniaturized and the fully-distributed-element layouts are shown in Figure 3.14.
The approximate 75% size reduction can be noticed from it.
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Figure 3.14: Photograph of the built miniaturized single-band BPF prototype and its
layout size comparison with its classic counterpart [72].

The ideal theoretical, simulated, and measured power transmission, reflection,
and in-band group-delay curves of the miniaturized prototype are compared to
those of its classic counterpart in Figures 3.15 and 3.16, respectively. Note that
the spectral-narrowing phenomenon in the measured results of the miniaturized ap-
proach is more critical than in the theoretical and the simulated ones due to the
tolerances of the capacitors (£0.1 and £0.25 pF depending on the capacitor value).
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Besides, higher passband insertion loss is measured. This is attributed to the real
Q@ of the lumped capacitors, being lower than the one estimated for the simulation
process, and to radiation effects not taken into account by the circuit simulator. In
addition, some narrow-band transmission peaks appear in the attenuated band. This
is a common phenomenon in signal-interference planar filters that stems from non-
perfect zero-pole cancelations [76]. Nevertheless, the agreement obtained between
predicted and experimental results is close enough to validate this miniaturization
technique.

Prototype 2: Dual-band bandpass filter

The second prototype is a 50-(2-referred signal-interference dual-band BPF made
up of a single TFS as the one in Figure 3.12. As a fair compromise between minia-
turization level and frequency-response convergence, the multi-cell case is chosen
with 6. = 45° and N = 2 as design parameters at f; = 1.4 GHz [77]. Note that the
size-reduction technique has been applied to all transmission-line segments forming
this prototype. A size reduction of 55.4% is achieved in this physical realization
with respect to its fully-distributed-element counterpart and increased insertion loss
of 0.7 and 1 dB is obtained for the lower and upper passband, respectively. This
in-band insertion-loss levels are higher than in prototype 1 due to the larger number
of lumped capacitors employed in this circuit (50 capacitors versus 29 capacitors).

A photograph of the manufactured filter prototype and the size comparison be-
tween the miniaturized and the fully-distributed-element layout are shown in Figure
3.17. Note that, unlike prototype 1, line-meandering techniques are not applied
to this circuit (to avoid potential couplings) because the physical lengths of the
transmission-line segments are too short.

Figure 3.18 shows the theoretical, simulated, and measured power transmission
and reflection responses for this prototype. As observed, the agreement attained
between simulated and measured results is close enough to validate this miniatur-
ization technique for dual-band transfer functions. The frequency-narrowing effect
is more noticeable in the measurements due to the tolerances of the capacitors.
Higher in-band insertion-loss levels are appreciated specially in the upper band as
a consequence of a potential underestimation of the ) of the capacitors and to
higher-than-predicted radiation-loss effects.

Prototype 3: Reconfigurable-bandwidth single-band bandpass filter

As the third example, the miniaturization of a reconfigurable-bandwidth BPF is
addressed. It is formed by two inter-cascaded TFSs that are based on the Bagley-
polygon four-port power divider arranged in reflection mode, as reported in [78]. Its
classic schematic is shown in Figure 3.19. Up to three different bandwidth states
are attained through its switchable stubs. In this circuit, the miniaturization design
parameters are 6, = 45° at f; = 2 GHz and N = 1. However, such a miniaturization
technique is not applied to the first 90°-length-at-f; transmission-line segment of
these four stubs. This was done to avoid adding extra value to the capacitor in the
confluent microstrip cross when the stubs are disconnected.
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Figure 3.15: Ideal, circuit-simulated, and measured power transmission (|Ss;|) and reflec-
tion (]|S11]) curves of the devised miniaturized single-band BPF prototype compared with
those simulated for the classic design [72].
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Figure 3.16: In-band group-delay (74) curves of the devised miniaturized single-band BPF
prototype compared with that simulated for the classic design [72].
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Figure 3.17: Photograph of the built miniaturized dual-band BPF prototype and its layout
size comparison with its classic counterpart [77].
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Figure 3.18: Ideal, circuit-simulated, and measured power transmission (]|Sa1|) and reflec-
tion (]S11]) curves of the devised miniaturized dual-band BPF prototype [77].
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Figure 3.19: Schematic of the switchable-bandwidth BPF composed by two inter-cascaded
Bagley-polygon-four-port-power-divider-based TFSs (Z; = 100 Q, Zy = 100 Q, Zs14 = 40
Q, ZSQA = 60 Q, ZslB =50 Q, ZSQB = 100 Q, and Zcon =20 Q) [77]

The layout of this switchable BPF prototype is depicted in Figure 3.20. Note
that apart from 23 lumped capacitors, associated to the miniaturized implementa-
tion, four RF reflective Single-Pole Single-Throw (SPST) switches were utilized to
switch on/off the four stubs. Particularly, the model AMT2551011 from AMTL was
selected, which offers a maximum insertion loss of 1 dB and a minimum isolation
of 40 dB over the DC-20-GHz frequency range. The S-parameters provided by the
manufacturer were used in the EM simulation.

Figure 3.21 represents the power transmission and reflection curves for the ideal
and the EM-simulated designs for three different bandwidth states of prototype 3.
Once again, the passband-widths for these three states are narrowed in the minia-
turized circuit. Note also that, as a benefit, the undesired out-of-band narrow-band
transmission peaks are suppressed in the EM simulation since finite-Q) components
are considered. The 3-dB relative bandwidths for states 1, 2, and 3 in the miniatur-
ized design are 51.4%, 30.8%, and 19.2%, respectively.

3.3 Filters based on lumped-element quadrature-power-
coupler-type TFSs

As already known, lumped-element and mixed distributed/lumped-element re-
alizations are more appropriate for the lower part of the microwave spectrum and
for some relevant technologies such as MMICs, where transmission lines become
bulky and difficult to integrate. Under these premises, the approaches presented in
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Figure 3.20: Layout size comparison of the miniaturized reconfigurable-bandwidth BPF

prototype with its classic counterpart [77].
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Figure 3.21: Ideal (dashed line) and EM-simulated (solid line) power transmission (|Sa2;|)
and reflection (|S11]) curves of the devised miniaturized prototype 3 compared with those
simulated for the classic design. State 1: stubs 1A, 2A, and 2B are ON, stub 1B is OFF.
State 2: stub 1B is ON, stubs 1A, 2A, and 2B are OFF. State 3: all stubs are OFF. [77].
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Sections 3.1 and 3.2 are intended to replace the transmission-line segments forming
signal-interference TFSs with their equivalent lumped-element circuit at f; and then
verify their impact on the overall frequency response. The aim of this section is to
present a novel lumped-element realization for the TFS constituted by a quadra-
ture power coupler operating in reflection mode. Unlike the approaches in previous
sections, the discrete-element version does not substitute transmission-line segments
but replaces the TFS as a whole.

3.3.1 Concept

Over the last few years, the use of conventional distributed-element quadrature
power couplers in reflection mode—e.g. branch-line type as illustrated in Figure
3.22(a)—to carry out filtering actions under signal-interference principles has been
widely extended. For example, in [15] for the design of BPF prototypes, in [79]
with BPF circuits in the W-band—the frequency range between 75 and 110 GHz
according to the radar-frequency letter band nomenclature [56]—, and in [27] to
perform dual-band bandpass filtering actions. These designs take the isolated port
as the output node of the TFS whereas the direct and the coupled ports are loaded
with stubs. Thus, two signal-propagation paths are created and constructive and
destructive interferences can be generated between them depending on the desired
filtering profile. In this sub-section, a lumped-element version of this filter concept
is reported. With this aim, the distributed-element branch-line power coupler has
been replaced with one of the lumped-element realizations provided in [80]. This is
illustrated in Figure 3.22(b). Note that the open-circuited transmission-line stubs
loading the direct and the coupled ports are substituted by the ground-ended series
connection of an inductor and a capacitor.

To verify the suitability of this approach, two synthesis examples using the en-
gineered lumped-element TF'S structure are presented hereafter.

Synthesis example I: Ultra-wideband bandpass filter

The first synthesis example is an UWB single-band BPF prototype [81]. Its
center frequency and 3-dB absolute bandwidth are about 200 and 250 MHz, respec-
tively, giving rise to a 3-dB relative bandwidth of 125%. Moreover, an input/output
power matching level of 10 dB is set. The overall filter consists of four identical
TFSs, as the one of Figure 3.22(b), that have been cascaded in series by means of
LC TI-type networks. As well known, the cascade of several signal-interference TFSs
increases notably the out-of-band power attenuation levels in the overall filtering re-
sponse. Besides, a capacitive II-type network is added to the input and output nodes
of the whole circuit in order to comply with the specified in-band power matching
levels. The topologies of the matching and cascading Il-type networks are detailed
in Figure 3.23.

The values of the discrete components for this ideal synthesized UWB BPF ex-
ample are listed in Table 3.3. The power transmission and reflection curves of the
whole filter, along with those of its single building TFS, are depicted in Figure
3.24. As observed, a quasi-equirriple-passband transfer function is attained exhibit-
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Figure 3.22: TFSs based on quadrature power couplers.
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Figure 3.23: Input/output matching and inter-stage cascading sections of the ideal synthe-
sized UWB BPF example [81].

ing eight poles and some TZs at both sides of the band of interest. Note that such
selectivity performance with high levels of out-of-band power rejection levels is dif-
ficult to achieve in conventional lumped-element filter realizations, such as ladder
networks [7].

Table 3.3: Lumped-element components of the ideal synthesized UWB BPF example.

Lumped-element components for Synthesis example I

Component Value
L. 11.1 nH
Cea 18.6 pF
Ce2 0.1 pF
Ly 70.9 nH
Ch 180 pF
Lo 70.9 nH
Co 180 pF
Crm1 180 pF
Cma2 2.3 pF
L 31 nH
C, 15.5 pF

Synthesis example II: Dual-band bandpass filter

As a second example, a dual-band BPF with strong spectral asymmetry between
passbands is synthesized [81]. In this case, the center frequencies are 135 and 345
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Figure 3.24: Power transmission (]|Sa1]) and reflection (|S11|) responses of the ideal syn-
thesized UWB BPF example and |Sa1| response of its building TFS [81].
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Figure 3.25: Input/output matching and inter-stage cascading sections of the ideal synthe-
sized dual-band BPF example [81].

MHz and the 3-dB absolute bandwidths of 130 and 200 MHz for the lower and the
upper passband, respectively. This results in 3-dB relative bandwidths of 96% and
58%. Moreover, the in-band power matching level of the lower passband is enforced
to be greater than 14 dB. Regarding the structure of the overall filter, it is shaped by
two equal TFSs. For the same reason as in the previous synthesis example—in-band
power matching and out-of-band attenuation improvement—, a LC' II-type network
as cascading stage and two LC' II-type networks at the input/output accesses of the
overall filter are employed. Their topologies are drawn in Figure 3.25.
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The values of the lumped-element components for this ideal synthesized dual-
band BPF example are listed in Table 3.4. In a comparative way, Figure 3.26
plots the power transmission and reflection responses of the two-stage filter and
its single TF'S. Once again, through the cascade, the low-order dual-band profile is
converted into an improved-selectivity total transfer function exhibiting equirriple—
lower band—and maximally-flat—upper band—fourth-order dual passbands and a
sharp-rejection inter-band stopband. This advantage makes a real difference when
compared to dual-band BPFs based on frequency transformations, in which the type
of transfer function of both passbands is usually imposed to be the same from the
synthesized equivalent normalized mono-band filtering profile, as described in [82].

Table 3.4: Lumped-element components of the ideal synthesized dual-band BPF example.

Lumped-element components for Synthesis example I1

Component Value
L 32.7 nH
Ccl 23.6 pF
Ce2 0.5 pF
L1 88.9 nH
Ch 100 pF
Lo 88.9 nH
C> 100 pF
L 18.3 nH
Cm 3.5 pF
Ls 37 nH
Cs 11.5 pF
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Figure 3.26: Power transmission (|Sa1]) and reflection (|S11|) responses of the ideal syn-
thesized dual-band BPF example and |Ss;| response of its building TFS [81].
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3.3.2 Simulation results

For practical validation, two prototypes have been designed at the layout level.
They correspond to different implementations of the previously-synthesized UWB
BPF. While the prototype 1 employs lumped capacitors and inductors, in prototype
2 high-impedance transmission-line segments substitute the lumped inductors. Note
that this hybrid realization is more suitable for higher frequencies since the operative
frequency range is not limited by the SRF's of on-chip inductors.

To interconnect the discrete components, the organic-ceramic microstrip sub-
strate type TLC-30 from Taconic!™ was selected, whose parameters are: relative
dielectric permittivity ¢, = 3, dielectric thickness h = 1.52 mm, dielectric loss tan-
gent tandp = 0.003, and metal thickness ¢ = 35 um [60]. The ground connections
were implemented by means of 1-mm-diameter metallic via holes.

Concerning the design and simulation processes of these circuits, the commercial
software package AWR Microwave Office’™ of AWR Corporation has been utilized
[47].

Prototype 1: Lumped-element ultra-wideband bandpass filter

The first prototype is the fully-lumped-element implementation of the UWB
BPF composed of four equal TFSs that are shaped by the power quadrature coupler
in reflection mode [81]. Once the non-ideal effects of the commercial components,
such as dissipative loss, microstrip substrate, and lumped-element auto-resonances
are taken into account, the component values in Table 3.3 must be optimized in
order to fulfill the desired specifications. The commercial components selected for
this design are listed in Table 3.5. Its layout is depicted in Figure 3.27(a).

Table 3.5: Lumped-element components of the designed UWB BPF.

Lumped-element components for Prototype 1

Component Value Product Code RS Code”
L. 19.5 nH 36501J9N5IJTDG 532-2771
Cea 20 pF GRM2165C1H200JZ01D 723-6231
Cea 0.1 pF 04023J0R1ABSTR 698-2706
L1 72 nH T44761772A 737-3434
Ci 180 pF GRM2165C1H188JA01D 723-6221
Lo 72 nH T44761772A 737-3434
Co 180 pF | GRM2165C1H188JA01D 723-6221
Cm1 180 pF GRM2165C1H188JA01D 723-6221
Cm2 2.2 pF GRM2165C1H2R2CD01D 723-6234
L, 30 nH LQW15AN30NGO0D 107-514
Cs 16 pF GRM1885C1H160JA01D 723-5818

*http://es.rs-online.com/web/
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Prototype 2: Hybrid ultra-wideband bandpass filter

As already mentioned, prototype 2 consists in a hybrid version of the UWB BPF
where high-impedance transmission-line segments are used instead of lumped induc-
tors [81]. Note that the capacitive values in this design remain the ones indicated
in Table 3.5. Figure 3.27(b) shows its layout. As can be seen, line-meandering tech-
niques have been applied to the high-impedance transmission lines to reduce the
total area of the circuit [69].
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Figure 3.27: Layouts of the designed UWB BPFs. (a) Prototype 1: lumped-element
realization. (b) Prototype 2: mixed distributed/lumped-element realization [81].

The power transmission and reflection curves of both prototypes (1 and 2) are de-
picted in Figure 3.28(a). Both designs nearly fulfill the pre-fixed specifications. Nev-
ertheless, it is worth noting the better performance of the mixed lumped /distributed-
element prototype in terms of in-band power insertion loss and close-to-passband
selectivity because of the use of distributed-element-based inductors. This is achived
at the expense of increased occupied area. In contrast, as can be seen in Fig-
ure 3.28(b) which covers a broader spectral range, the latter presents an spuri-
ous band around 2.4 GHz, whose attenuation level reaches up to 20 dB. This is
caused by the frequency periodicity intrinsic to the behavior of the transmission
lines. This comparison reveals a trade-off between pure lumped-element and mixed
distributed /lumped-element realizations to be considered.

3.4 Conclusion

This chapter has proposed three new classes of lumped-element-based signal-
interference filters. Note that the use of lumped elements extends the applicability
of signal-interference structures to the low and intermediate microwave frequency
ranges in which the area occupied by their pure distributed-element counterparts
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Figure 3.28: Simulated power transmission (|Ss1|) and reflection (|S11
signed UWB BPF—Prototypes 1 and 2— [81].
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can become excessive. Besides, through feed-forward signal-energy interactions be-
tween the propagation paths of the transversal sections, filtering profiles with high
selectivity—including out-of-band TZs—are attained. Note that in case that in-
band insertion loss is a major concern, mixed distributed/lumped-element building
blocks can be employed at the expense of larger size.

Firstly, a new methodology to convert distributed-element analog signal-interfer-
ence filters into pure lumped-element ones has been presented. Its principle is to
split the transmission-line segments shaping the signal-interference TFSs into sub-
segments that are later substituted by transversal LC' T-type networks. This method
can be generalized to a large variety of signal-interference TFSs (since most of them
do not contain coupled-line stages) and any type of filtering profile. The design for-
mulas for the transversal signal-interference filtering section based on two in-parallel
transmission-line segments have been provided. The trade-off between frequency ac-
curacy and number of LC sections and its associated increased insertion loss has been
examined. For practical validation, a LPF and a BPF prototype have been designed
at the layout level.

Secondly, the miniaturization of signal-interference planar filters through capaci-
tive-loading techniques has been demonstrated. Similarly to the first technique, the
transmission-line segments that shape the signal-interference TFS are divided into
quarter-wavelength-at- f; transmission-line sub-segments. They are then replaced
with a shorter transmission line with higher characteristic impedance loaded by two
short-circuited lumped capacitors. Once again, the method is applicable to any
filtering profile and most of signal-interference TFSs. Here, the detailed analysis
of the in-parallel transmission-line-based TFS has been expounded. Note that this
technique can be more appropriate for higher frequencies than the previous ap-
proach since there are no lumped inductors limiting the operating frequency range,
aside from less insertion losses. Besides, a capacitively-loaded multi-cell approxima-
tion with the purpose of improving the model accuracy has been reported. Such
a capacitive-loading technique combined with the line-meandering one allows to
reach up to a 4 X size reduction. In order to experimentally validate this con-
cept, a wide-band single-band BPF and a dual-band BPF prototype have been fully
built and tested. In addition, simulated results at the layout level of a three-state
reconfigurable-bandwidth BPF prototype have been presented.

Finally, new lumped-element signal-interference filters that are inspired on the
TFS formed by the power quadrature coupler in reflection-type configuration have
been proposed. Unlike the two previous solutions, the aim of this method is to
replace directly the whole distributed-element TFS with a lumped-element one. Two
multi-stage synthesis examples—single- and dual-band passband type—using such
TFS structure have been presented. For validation, two different implementations at
the layout level of the single-band BPF—lumped- and mixed lumped/distributed-
element realizations—have been designed confirming its viability.

68



Chapter 4

Design of hybrid

SAW /microstrip
signal-interference microwave

filters

Over the last few years, the new generation of mobile communication systems
demand RF transceivers capable of working in compliance with multiple standards
and containing diverse functionalities [83]. In this context, the BPF's integrated in
the RF front-ends must show increased filtering selectivity and low in-band insertion
loss in addition to small physical size. Acoustic wave (AW) resonators, such as those
exploiting SAW or bulk acoustic wave (BAW) phenomena, are the most widely used
technology for those filters. This is mainly due to their high ()—in the order of
1000—and their very compact physical dimensions—typical commercial chip size of
3 mm X 3 mm X 1 mm—occupying a tiny fraction of the volume of their cavity—
and ceramic-type counterparts, in which @ is inversely proportional to size [84]-[85].
Note that the SAW technology is a mature and low-cost technology—fabricated on
wafers—which provides high performance up to about 1.5 GHz. On the other hand,
BAW resonators offer higher @@ with lower insertion loss in the frequency range from
1.5 to 6 GHz, making them a complementary solution to SAW filtering [86].

There are three main architectures traditionally employed to design SAW-resona-
tor-based filters: ladder, lattice, and self-cascaded topologies [84], [87]-[89]. They
all provide remarkable performance in terms of passband insertion loss, filtering
selectivity, and reduced size. Nevertheless, their fractional bandwidth (FBW) is
directly related to the electromechanical coupling coefficient (k?) of the constituent
SAW resonators, as illustrated in Figure 1 in [87]. Typical values for this FBW are
limited to the range 0.4k?-0.8k?, depending on the selected topology. Thus, since
commercially available SAW resonators commonly exhibit &7 values from 0.05% to
0.1%, the applicability of such classic SAW-based circuit architectures is constrained
to practical RF filter implementations with FBWs less than 0.1%. New advances
in piezoelectric materials, which allow to reach k? values up to ~ 25% such as in
[90] and in [91], and the cascade connection of multiple AW filters with adjacent
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passbands, as expounded in [92], have enabled to enlarge the bandwidth of AW-
resonator-based BPFs. However, this has been done at the expense of () degradation
for both techniques, the increase of temperature dependency in the RF performance
in the first methodology, and the passband-flatness deterioration in the second one,
which is really sensitive to fabrication tolerances and variations of the material
properties. Other recently-reported alternatives effectively combine conventional
microwave elements and AW resonators. Following this trend, two SAW-resonator-
based II-type sections are cascaded and connected to the input/output ports of
a high-order filtering network through microstrip coupled-line sections in [93]. In
yet another approach, multi-stage filters whose filtering cells are shaped by a SAW
resonator in parallel with one or two transmission lines are reported in [94]. These
design techniques give rise to FBWs of 10-17% and 44-47%, respectively. Note
that both prototypes present much higher passband insertion loss than traditional
approaches, since microwave elements with relatively low @ are included—@, of
microstrip lines is typically in the order of 200-250 [71]—, and occupy a larger
area because these transmission lines are quarter-wavelength multiples at the design
frequency, fg. Also, it is worth noting that most of the filters reported to date
require AW resonators of different frequencies and impedances—related to the k?—,
which therefore need for accurate fabrication and manufacturing processes because
heterogenous AW-resonator arrangements present problems regarding the control of
their natural frequencies.

This chapter is thus intended to propose new hybrid-SAW /microstrip BPFs op-
erating under signal-interference principles that exhibit broader bandwidths than
pure-SAW filters and low in-band insertion loss. Taking advantage of the interest-
ing electrical features of SAW devices—both resonators and filters—, three novel
methods for the design of narrow-band BPFs merging microstrip transmission lines
and commercially-available surface-mounted SAW devices are proposed hereafter.
In the first methodology, one- and two-port SAW resonators that operate as res-
onating nodes are inserted into a conventional signal-interference TFS transferring
part of the high-@Q properties of these resonators to the entire filter. In the second
approach, one-port SAW resonators, behaving as non-resonating nodes, are strate-
gically embedded into both branches of a bi-path signal-interference TFS. It takes
benefit from the abrupt spectral transition existing between the resonance and the
anti-resonance frequency of the resonators to create a very-sharp cut-off slope whilst
the overall passband is shaped by the constructive signal-interference effect taking
place between both signal-propagation paths. Lastly, an original method to broaden
the bandwidth of commercial SAW RF BPF's is presented. It consists of inserting the
very-narrow-band SAW BPF in one of the branches of the bi-path signal-interference
TF'S so that a wider overall bandpass filtering action can be attained through con-
structive feed-forward signal-energy interactions. Worthy of special mention is the
fact that the FBW of the three devised BPF approaches is no longer limited by
the k? of the constituent SAW resonators. Furthermore, unlike conventional all-
AW BPFs, these new filter configurations utilize one single type of SAW element
in their entire structure, alleviating the influence of the fabrication and assembly
processes over the electrical performance. Moreover, if a BPF intended to theoret-
ically exhibit the same narrow-band characteristics were designed utilizing classic
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signal-interference TFSs [10], the lengths of its transmission lines would be much
larger leading to huge overall circuit size. Besides, the insertion loss corresponding
to the planar substrate would make its physical realization unviable, in addition to
the presence of multiple closely-spaced replicas of the passband, inherent to such
frequency-periodic structures. These approaches therefore extend the applicability
of signal-interference filters to very-narrow-band designs.

The organization of this chapter is detailed hereafter. Firstly, the technique
based on the inclusion of in-band one-port or two-port SAW resonators in one of
the constituent electrical paths of the signal-interference TFS is presented in Sec-
tion 4.1. Its operative principle is illustrated through four synthesis examples: two
ideally-synthesized TFSs with embedded one-port SAW resonators and two TFSs in-
cluding two-port SAW resonators. For higher-order filters, multi-stage realizations
are introduced. Besides, lumped-element approaches in which the transmission-
line segments are replaced with LC T-type transversal networks are expounded for
circuit-area saving purposes. For practical validation, a three-stage narrow-band
BPF prototype is developed at the layout level. Secondly, the approach that incor-
porates one-port SAW resonators acting as non-resonating nodes in both electrical
paths of the signal-interference TFS is introduced in Section 4.2. The exploitation
of the abrupt frequency transition existing between the resonance and the anti-
resonance frequencies of the SAW resonators to generate a very-sharp passband
edge is demonstrated by means of several new synthesis examples. Its extension to
multi-stage arrangements is also described. A two-stage BPF prototype based on
the proposed TFSs is manufactured and measured in order to validate the concept.
As a final synthesis procedure, the inclusion of SAW RF filters in the bi-path signal-
interference TFS with the purpose of bandwidth enlargement is described in Section
4.3. For theoretical demonstration, a set of examples following this novel technique
are synthesized. To corroborate its practical viability, a two- and a three-stage
BPF prototype are experimentally developed and tested. Note that the philosophy
adopted in all these designs, which merge SAW resonators and microwave elements,
is different from previous studies based on coupled-resonator structures, as in [93]
and [95]. At the end of this chapter, the most relevant conclusions of the reported
hybridized SAW /microstrip signal-interference BPFs are expounded in Section 4.4.

4.1 Filters based on TFSs with embedded in-band one-
and two-port SAW resonators as resonating nodes

As stated above, a new procedure aimed at extending the applicability of signal-
interference BPFs to narrow-band designs is presented in this section. Its principle
is to embed a high-Q) resonator—either a one-port or a two-port SAW resonator—
into one of the electrical paths shaping a conventional multi-path signal-interference
TFS, so that the high-Q) characteristics of the resonator are partially transferred to
the overall filter. Adjustable bandwidth and out-of-band TZs can be produced to
attain very-narrow-band filtering actions in more compact dimensions than in classic
signal-interference TFSs. For high-selectivity requisites, multi-stage series-cascaded
arrangements are also expounded. Moreover, lumped-element realizations that are

71



DESIGN OF HYBRID SAW/MICROSTRIP SIGNAL-INTERFERENCE MICROWAVE FILTERS

more suitable for the lower part of the microwave spectrum are proposed.

4.1.1 Concept

In order to describe the operational principle of this first devised approach,
two synthesis examples of filtering profiles along with design rules to adjust their
bandwidth are detailed hereafter.

Synthesis example I: TFS with one-port SAW resonator

The bi-path signal-interference TFS with an embedded one-port SAW resonator
is depicted in Figure 4.1. Here, Z and 6 denote the characteristic impedance and
electrical length of these transmission-line segments making up the TFS, whereas
Zy corresponds to the reference impedance. The Butterworth-Van Dyke (BVD)
equivalent circuit model of the one-port AW resonators [96] is adopted for synthesis
purposes. This simplified BVD lumped-element model, represented in Figure 4.1(a),
consists of two parallel branches—namely, the motional and the static capacitance
arms—and accurately predicts the frequency behavior of one-port AW resonators
around the design frequency [97]. The spectral profile of the one-port SAW element
contains a series (fs) and a parallel (f),) resonance frequency, which can be calculated
as follows:

1 1

= - f =
27/ Ly, Cr P o /L ( CmCo )
m Cm+CO

Because the impedance is minimized at fs, this frequency is named resonance
frequency, while f, is the anti-resonance frequency since the motional impedance
is maximum at this value. If such BVD model is incorporated into one of the
branches, the resulting TFS is shaped by a pure transmission-line path exhibiting
moderate-(@) performance and a mixed-technology SAW /microstrip path with higher
effective ). According to the signal-interference philosophy, the overall filtering
action stems from the signal-energy interaction between both paths: constructive
interferences within the passband region and destructive interferences throughout
the rejected bands. Moreover, several TFSs can be cascaded in series for higher-
order filter realizations, as shown in Figure 4.1(a). For design purposes, the following
considerations must be taken into account:

[s (4.1)

e The high-@Q properties of the SAW resonator are reasonably transferred to the
overall bandpass filtering action.

e The bandwidth of the SAW resonator can be notably increased by means of
constructive interferences.

o T7s—T7, and TZo—can be created at both passband sides through destruc-
tive interactions between both electrical paths. This occurs at those frequen-
cies at which the transmission admittance parameter (Y1) of one transversal
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Figure 4.1: Detail and operating principle of the first type of hybrid-technology SAW /mi-

crostrip TFS.
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path is canceled by that of the other. The TZ locations can be easily controlled
by properly adjusting the transmission-line parameters.

For theoretical demonstration, Figure 4.2 plots examples of ideal synthesized
power transmission responses of a TFS with an embedded 433.2-MHz one-port SAW
resonator, where the design frequency fy is chosen equal to f,. It specifically shows
how the bandwidth of the TFS can be effectively controlled by reallocating the TZs
through different pairs of electrical lengths—values of 61(fy) and 03(fy)—, while
keeping static the values of their line impedances. In this example, the BVD model of
a one-port SAW resonator from RFM has been utilized with the following extracted
component values: R,, = 26.46 2, L,, = 67.145 uH, C,, = 2.00385 {F, and Cy = 2.3
pF.

Amplitude (dB)

-35 'y
| ! —_ 0o — o]

0 ¥ ——18,,I, TFS (8,(f,)=35°, 0,(f )=64°)
a0 b ‘ 1

. --=-[8,,l, TFS (0,(f,)=55°, 0,(f )=60°)
45T A BN 1S,,I, SAW I

|
-50 . : 1
0.425 0.43 0.435 0.44 0.445

Frequency (GHz)

Figure 4.2: Examples of ideal synthesized power transmission (|S21]) response of the TFS
of Figure 4.1(a) and its embedded one-port SAW resonator: bandwidth control of the TFS
as a function of 6, (fy) and 62(fq) (Zo =50 Q, Z1 = 0.8Z), and Zy = 2Z)).

Synthesis example II: TFS with two-port SAW resonator

As second synthesis example, a TFS incorporating a two-port SAW resonator
in one of its branches is shown in Figure 4.3. Note that two-port SAW resonators
exhibit a frequency profile with only one resonance frequency so that its lumped-
element equivalent model differs from that of the one-port resonators. The operating
principle of this second BPF approach is similar to that of the first synthesized
example, although an additional transmission-line path can be added in order to
broaden the overall bandwidth.

To illustrate such a concept, two examples of filtering profiles associated to this
TFS are considered. Both of them utilize a two-port SAW resonator model inspired
by a commercial one from RFMR® (branch RP1308) at f, = 433.2 MHz with

74



4.1 FILTERS BASED ON TFSS WITH EMBEDDED IN-BAND ONE- AND TWO-PORT SAW
RESONATORS AS RESONATING NODES

Z,0, Two-port SAW resonator

5 ; —-
3 R L C
Inp_ut> | gliput AMA—0 %.

T C{) Co
7,0, v 2,6, L I
. "’1 v
-------- L EERREEEE
,,,,,,,,,,,,,,,,,,,,,, Z?’QJ
Input i Output
— TFS =" TFS H=—/1— ee* —{ TFS [—
chgc chec
#1 #2 #N

Figure 4.3: Schematic of the second type of hybrid-technology SAW /microstrip TFS (build-
ing TFS, BVD model of the two-port SAW resonator, and N-stage-series-cascaded BPF).

the following parameters: R, = 99.5 Q, L,, = 476.4175 uH, C,, = 0.28332 fF, and
Co = 1.9 pF. These two examples are based on the bi-path TFS that exhibits a 3-dB
relative bandwidth of ~0.14% and frequency-asymmetrical selectivity. Their power
transmission and reflection coefficients are depicted in Figure 4.4. As observed,
the TZs can be shifted between the lower and the upper stopband by properly
modifying the values of the characteristic impedances and electrical lengths of the
corresponding transmission lines. The achievement of sharp-rejection slopes at either
one of the other side of the TFS passband can be of particular interest in the design
of duplexers, where higher attenuation levels are required in the stopbands where
the other channels are located for inter-channel isolation purposes.

4.1.2 Multi-TFS-cascaded designs

As it was pointed out previously in Figures 4.1 and 4.3, higher-selectivity fil-
tering actions can be attained by cascading in series several similar and dissimilar
TFSs. This allows higher out-of-band power rejection levels and improved passband
amplitude flatness to be obtained. These advantages are corroborated with the de-
velopment of multi-stage arrangements using the two proposed TFSs, as detailed
below.

Synthesis example I: Multi-stage arrangements with one-port-SAW-reso-
nator-based TFSs

According to the bi-path signal-interference TFS with embedded one-port SAW
resonator in Figure 4.1(a), Figures 4.5 and 4.6 depict the results of some examples
of ideal synthesized multi-section BPFs. Note that these designs employ a BVD
model corresponding to a 433.9-MHz one-port SAW resonator from EPCOS® with
the following parameters: R,, = 18 Q, L,, = 79.82 uH, C,,, = 1.685 fF, and Cy = 2.3
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Figure 4.4: Power transmission (]|S2;1|) and reflection (|S11]) curves for two examples of
the ideal synthesized TFS of Figure 4.3—transversal path 3 is ignored—and its embedded
two-port SAW resonator. (a) Sharper rejection at the lower stopband (Z) = 47y, Zs = 42y,
01(fq) = 42.6°, and 02(f;) = 182.4°). (b) Sharper rejection at the upper stopband (Z; =
4Zo, Zz = 082520, Ql(fd) = 50.80, and gg(fd) = 1780)

pF.

e Figure 4.5 plots the power transmission and reflection parameters of an ideal
synthesized three-stage narrow-band BPF design consisting of the series-cas-
cade connection of three identical TFSs with embedded one-port SAW res-
onators, as the one in Figure 4.1. For comparison purposes, the power trans-
mission curves of the building TFS and the one-port SAW resonator are also
drawn. As observed, the sharpness of the passband edges increases notably
when cascading three identical TFSs, exhibiting in-band equiripple-type be-
havior and a minimum in-band power matching level of 20 dB while maintain-
ing the TZ allocation.

e Figure 4.6 presents the control of the bandwidth of this three-stage BPF design
by simply adjusting the electrical length 6. As can be seen, an 8°-variation
of this parameter modifies the 3-dB relative bandwidth from 0.77% to 0.35%
while preserving the TZ generation at both passband sides.

Synthesis example II: Multi-stage arrangements with two-port-SAW-reso-
nator-based TFSs

By adopting the three-path signal-interference TFS with an embedded two-port
SAW resonator presented in Figure 4.3, a two-stage filter exhibiting a 3-dB relative
bandwidth of 0.92% is synthesized. It employs the aforementioned 433.2-MHz two-
port SAW resonator model with the following parameters: R, = 99.5 Q, L,, =
476.4175 puH, C,, = 0.28332 {fF, and Cyp = 1.9 pF.

The power transmission and reflection responses of the ideally-synthesized two-
stage filter are plotted in Figure 4.7, along with the power transmission coefficients

76



4.1 FILTERS BASED ON TFSS WITH EMBEDDED IN-BAND ONE- AND TWO-PORT SAW

RESONATORS AS RESONATING NODES

OF—== e T T T T T T TN T T T T T T T T T T T T
A s,
/ ide -
10r e :
@ / ./
- | \
8 -20 S\ I -\. /'I i
S VI [N
s E——
E -30 IN _I821I,f|lter g
l .
‘Il - - ISﬂI, filter
I i
oL S A N IS,,I, TFS
I
/N R N | [ |S21|, SAW
-50 : : ; ' ‘
420 425 430 435 440 445 450
Frequency (MHz)

Figure 4.5: Power transmission (|S21|) and reflection (]S11]) responses of an ideal synthe-
sized three-stage BPF shaped by the series-cascade connection of three identical TFSs as
in Figure 4.1. The power transmission parameters of the one-port SAW resonator and the
single TFS are also depicted. Design parameter values: Zy = 272y, Zy = 0.82y, Z. = 0.7Z,
Gl(fd) = 320, 92(fd) = 340, and Hc(fd) = 19°.
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of the single TFS and the two-port SAW resonator. Note that this filter presents
a three-pole quasi-elliptic-type profile with perfect equiripple passband. Moreover,
the bandwidth of its building TFS is 6.5 times larger than that of the examples in
Figure 4.4—bi-path TFS case—.
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Figure 4.7: Power transmission (|S21|) and reflection (]S11]) responses of an ideal synthe-
sized two-stage BPF shaped by the series-cascade connection of two identical TFSs as in
Figure 4.3—transversal path 3 is considered—. The power transmission parameters of the
two-port SAW resonator and the single TFS are also depicted. Design parameter values:
Zy =3.94Zy, Zy = 42y, Z3 = Zy, Z. = 1.27y, 01(fq) = 39°, 02(fa) = 185.7°, O3(fq4) = 89°,
and 0.(fq) = 115°.

4.1.3 Lumped-element designs

The examples reported in this section are high-order BPF designs based on
the cascade connection of several TFSs in case of high-order filtering specifications.
However, as well-known, the transmission-line segments of these multi-stage imple-
mentations can become bulky elements at low regions of the microwave band. The
solution to this problem is to use an equivalent lumped-element realization for these
lines with approximately similar electrical performance but reduced circuit size, as
discussed in Chapter 3.

By following this approach, Figure 4.8 compares the power transmission and
reflection responses of the three-stage transmission-line-based BPF of Figure 4.5
with those of its associated lumped-element implementation based on LC T-type
cells according to the technique in Section 3.1. As can be seen, the agreement
obtained between the distributed and the lumped-element versions of this filter is
fairly close throughout the represented spectral range, hence confirming the viability
of signal-interference structures combining discrete elements and SAW resonators—
even when considering the basic single-cell lumped-element model of the transmission
lines.
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Figure 4.8: Power transmission (|S2;1|) and reflection (]|S11|) responses of the three-stage
BPF design of Figure 4.1(a) and its lumped-element approximation. Design parameter
values—Zy = 50 Q is assumed—for path 1: L; = 10.52 nH and C; = 1.94 pF; path 2:
Lo =4.49 nH and C5 = 5.13 pF; cascading network: L. = 2.15 nH and C,. = 3.41 pF.

4.1.4 Experimental results

For practical verification, a multi-stage narrow-band BPF prototype made up of
three series-cascaded identical TFSs—as the one in Figure 4.1(a)—has been devel-
oped. It uses microstrip technology and the on-chip one-port SAW resonator model
RO3101E-1 from RFM® with fs = 433.9 MHz [98], [99]. The microstrip substrate
employed in such a design is RO4003C of Rogers’™ with the following parameters:
relative dielectric permittivity €, = 3.55, dielectric thickness h = 1.52 mm, dielectric
loss tangent tandp = 0.0027, and metal thickness ¢t = 35 pm [46].

Regarding the design, simulation and optimization process of this filter, the
commercial software package AWR Microwave Office™ of AWR Corporation was
utilized [47]. In order to obtain the simulated filtering response as close as possible
to the expected real results, the measured S-parameters of the commercial one-
port SAW resonator RO3101E-1 which were obtained through a previous Through-
Reflect-Line(TRL)-based characterization are used in such circuit simulations [100].
This is done to take into account the potential undesired effects produced by the
spurious modes of this type of resonators, which are not contemplated by the single-
mode BVD equivalent model.

Prototype: Narrow-band bandpass filter

The narrow-band 50-Q-referred BPF prototype was ideally synthesized to show
a 3-dB absolute bandwidth of 2.35 MHz around 434.66 MHz—resulting in a 3-dB
relative bandwidth of 0.54%—. The resulting values for the design parameters of its
three identical TFSs are Z; = 100 2, Zy = 40 Q, 61 (fs) = 33°, and 02 (fs) = 34°.
Two cascading transmission-line segments with Z. = 30  and 6. (f;) = 17° are
used. The layout of the prototype and a photograph of the assembled circuit for

79



DESIGN OF HYBRID SAW/MICROSTRIP SIGNAL-INTERFERENCE MICROWAVE FILTERS

the TRL calibration setup to characterize the commercial chip of one-port SAW
resonator are shown in Figure 4.9.
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Figure 4.9: Layout—mnon-redundant dimensions, in mm, are indicated—of the three-stage
SAW /microstrip BPF prototype based on the TFS of Figure 4.1(a) and photograph of the
manufactured circuit for TRL-based characterization of the one-port SAW resonator [98].

Figure 4.10(a) represents the power transmission and reflection coefficients of
the developed BPF prototype for three different scenarios: firstly, considering ideal
transmission lines and the BVD equivalent model of the SAW resonator; secondly,
replacing the ideal transmission lines with microstrip ones along with the SAW-
resonator BVD model; and thirdly, employing microstrip lines and the measured
S-parameters of the commercial one-port SAW resonator. As shown, the engineered
approach to design signal-interference narrow-band BPFs is reasonably validated
despite some undesired effects. They are due to the spurious modes of the real
one-port SAW resonator that are manifest in the overall filtering response. These
unwanted effects taking place inside the SAW resonator, such as reflections from
the edges of the metallic fingers of its interdigital transducer, are perceptible in
the overall filtering response as spurious transmission peaks in the stopband and,
more disturbingly, as ultra-narrow-band notches in the passband. For illustration
purposes, the correspondence between the SAW spurious modes and the unwanted
effects in the filtering profile is shown in Figure 4.10(b) in both amplitude and phase
terms of the power transmission parameter of the resonator covering the passband
frequency range.

Nonetheless, the obtained results reflect a 3-dB relative bandwidth of 0.46%,
power in-band insertion loss below 0.64 dB, and in-band power matching levels
higher than 12.3 dB when the measured S-parameters of the SAW resonator are
considered. This translates into a minimum @,, of 5900—assuming conductor and di-
electric losses—for an equivalent third-order BPF showing the same behavior, which
is not possible to realize in practice through fully-microstrip implementations—@,,
is limited to about 100-200 in microstrip technology [71]—. Moreover, as explained
before, this bandwidth is also unachievable in classic all-SAW filter structures, since
their passband width is limited by the electromechanical coupling coefficient k7 of
the SAW resonators—k? = 1 — (fs/f,)* = 0.1% in this example—.
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Figure 4.10: Example of narrow-band BPF and one-port SAW-resonator responses. (a)
Power transmission (|S21|) and reflection (|.S11|) parameters of the three-stage BPF design—
ideal transmission lines with one-port SAW-resonator BVD model, microstrip lines with
commercial one-port SAW-resonator BVD model, and microstrip lines with commercial
one-port SAW-resonator measurements—. (b) Amplitude/phase transmission (S21) curves
of the assembled one-port SAW resonator and comparison with its BVD model [98].
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4.2 Filters based on TFSs with embedded one-port SAW
resonator as non-resonating node

In this second section, alternative planar signal-interference TFSs with embedded
one-port SAW resonators that operate as non-resonating nodes are presented for
narrow-band BPF design. Their operational foundations consist of exploiting the
abrupt spectral transition existing between the resonance (fs) and the anti-resonance
(fp) frequencies of the one-port SAW resonator to create a very sharp cut-off slope.
Once again, the overall filtering bandwidth can be adjusted by adequately modifying
the design parameters of the constituent transmission-line segments. Its application
to multi-stage high-order BPF design and a comparison with its traditional fully-
planar signal-interference TFS counterpart are also expounded.

4.2.1 Concept

The circuit architecture of the second type of mixed-technology SAW /microstrip
TFSs is shown in Figure 4.11(a). It consists of two in-parallel transmission-line paths
with embedded one-port SAW resonators into both of them, whose equivalent BVD
model is also detailed in Figure 4.11(a). Here, Z corresponds to the characteristic
impedance and 6 denotes the electrical length of the constituent transmission lines,
respectively. Its operative principle is represented in Figure 4.11(b), in which three
aspects must be highlighted:

e The utilized one-port SAW resonators work as non-resonating nodes. This
means that the ultra-abrupt spectral transition appearing between the reso-
nance (f;) and the antiresonance (f)) frequencies is used to create a very sharp
passband edge instead of being exploited to shape the filter passband. This is
done to reduce the effect of the upper spurious modes of the one-port SAW
resonator—which are the most critical ones—on the overall TFS transmission
band in a practical realization (as it was observed in the TFS of Section 4.1, in
which they damage the in-band frequency response). Nonetheless, the latter
is achieved at the expense of slightly-increased in-band power insertion loss,
since the high-Q features of the one-port SAW resonators are only partially
transferred to the overall TFS.

e The whole passband action is shaped by the constructive feed-forward signal-
energy interaction taking place between both signal-propagation paths of the
TFS within this spectral range. Therefore, its bandwidth can be flexibly varied
by means of the transmission-line parameters of the TFS.

e Two additional TZs—TZ; and TZs, as illustrated in Figure 4.11(b)—are ob-
tained from perfect signal-energy suppressions occurring within the TF'S, lead-
ing to increased power attenuation levels in the stopbands. They are spectrally
located at those frequency values at which the transmission admittance param-
eters (Ya1) of both electrical paths are mutually canceled. Thus, the spectral
locations of TZ; and TZs can also be adjusted through the transmission-line
variables of the TFS.
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(a) Schematic (building TFS, BVD model of the one-port SAW resonator, and N-stage-series-
cascaded BPF).
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Figure 4.11: Detail and operating principle of the second type of hybrid-technology SAW/
microstrip TFS.
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For illustrative purpose, Figure 4.12 shows some examples of narrow-band filter-
ing profiles synthesized with the TFS of Figure 4.11(a) along with that of the SAW
resonator. In particular, Figure 4.12(a) demonstrates the flexibility of this TFS
regarding the reallocation of the TZ, which can be controlled by only one design
parameter—61 (fy) in this example—. All cases employ the BVD equivalent model
of a one-port SAW resonator from RFM® with fs = fqg = 433.9 MHz, R,, = 26.46
Q, Ly = 67.145 pH, Cs = 2.00385 fF, and C, = 2.3 pF. It should be mentioned
that the bandwidth can be additionally controlled by inserting external impedance
transformers at the input/output terminals of the TFS.

4.2.2 Multi-TFS-cascaded designs

With the purpose of obtaining greater levels of filtering selectivity, increased
in-band amplitude flatness, and higher out-of-band power rejection levels in the at-
tenuated bands with regard to those of a single TFS, similar and dissimilar TFSs
can be cascaded in series through transmission-line segments. This is illustrated in
Figure 4.11(a). Following this design strategy, Figures 4.13 and 4.14 plot some exam-
ples of ideal synthesized multi-section BPFs. Note that the same parameter values
for the BVD equivalent model of the one-port SAW resonator as in the example of
Figure 4.12 are considered. These examples are as follows:

e Figure 4.13 represents the power transmission and reflection parameters of
two- and three-stage BPF designs formed by identical replicas of a TFS with
an embedded one-port SAW resonators into both branches. For comparison
purposes, the parameters of the single TFS and the one-port SAW resonator
are also depicted. As can be seen, each TFS contributes with one pole to the
overall quasi-elliptic BPF transfer functions, which exhibit in-band equiripple-
type behavior and a minimum in-band power matching level of 20 dB in both
examples. It must be further noted that the overall BPF response preserves the
same TZs as its building TFS, whose multiplicity is increased by the number
of inter-cascaded TF'Ss.

e Figure 4.14 shows the filtering profile of a BPF example composed of two
dissimilar TFSs—TFS 1 and TFS 2—. By doing so, N**-order quasi-elliptic-
type bandpass filtering responses exhibiting up to 2IV +1 TZs can be achieved.
A larger variety of attenuation masks can be satisfied by this high-order BPF
configuration, while preserving the in-band amplitude flatness.

4.2.3 Comparison with the classic signal-interference TFS

As mentioned in the introduction of this chapter, the combination of SAW
resonators and microstrip elements enables to extend the applicability of signal-
interference structures to very-narrow-band BPF design. This is because traditional
fully-planar counterparts, as in [12], would require extremely lengthy transmission-
line segments with the subsequent prohibitive insertion losses. It is therefore instruc-
tive to compare the frequency response obtained with both approaches. Thus, a BPF
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Figure 4.12: Examples of ideal synthesized power transmission (|S21|) and reflection (]S11])
responses of the TFS of Figure 4.11(a) and its SAW device: bandwidth control of the TFS
as a function of gl(fd) (Zl = 2Z0, ZQ = 1.220, Zg = ]..4Z(), Z4 = 1.220, 92(fd) = 700,
93(fd) = 5007 and 94(fd) = 300).

85



DESIGN OF HYBRID SAW/MICROSTRIP SIGNAL-INTERFERENCE MICROWAVE FILTERS

Amplitude (dB)

\ \\ ll .'. ----2TFSs (Zc=0'920)
B e 3 TFSs (Z,=1.15Z,) ||
_90 \' | 1 l. 1 1 L LT
420 425 430 435 440

Frequency (MHz)

(a) |S21.

Amplitude (dB)

_35 1 1
420 425 430 435 440
Frequency (MHz)
(b) [S11]-

Figure 4.13: Examples of ideal synthesized power transmission (|S2;|) and reflection (].S11|)
responses of multi-TFS-series-cascaded BPFs—TFS of Figure 4.11(a)—and its embedded
SAW device and building TFS: identical TFSs (Zy = 2Zy, Zy = 1.227Zy, Z3 = 1.4Z,,
Z4 = ]..2Z0, Hl(fd) = 350, 02(fd) = 7()0, eg(fd) = 500, 04(fd) = 300, and Hp(fd) = 850).
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Figure 4.14: Ideal synthesized power transmission (]Ss1|) and reflection (]S11]) responses of
two-TFS-series-cascaded BPFs—TFS of Figure 4.11(a)—and its embedded SAW device and
bulldlng TFS: dissimilar TFSs (TFS 1: Z1 = 2.1Z(], ZQ = 1.142(), Zg = 1.4Z0, Z4 = ]..].Z(),
91(fd) = 350, 92(fd) = 7007 HS(fd) = 5007 and 94(fd) = 300; TFS 2: Z1 = 2.062()7 ZQ =
1.220, Z3 = 1.4Z0, Z4 = 1.2Z0, 91(fd) = 3407 eg(fd) = 700, 93(fd) = 4507 and 04(fd) = 350;
inter-TFS cascading line: Z,. = 1.6Zy, and 6.(f4) = 65°).
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shaped by the series cascade of three replicas of the bi-path signal-interference TFS
expounded in [12] is synthesized to exhibit the same center frequency—fy = 431.85
MHz—, 3-dB absolute bandwidth—equal to 2.1 MHz, resulting in a 3-dB relative
bandwidth of 0.5%—, and impedance level —Zy = 50 (Q)—as its equivalent approach
of Figure 4.13. The values of the design parameters of the BPF example based on
the classic TFS are as follows:

e TFS—as the one of Figure 1 and according to equations (1) and (2) in [12]—:
Z1 = 0.583Z0, Zs = 1.4Z0, 61(fo) = 9090°, and 0s(fo) = 9270°.

e Inter-TFS cascading line: Z. = Zy and 6.(fy) = 180°.

Figure 4.15 depicts the ideal power transmission responses of both third-order
BPFs, which are respectively based on the mixed-tecnology TFS of Figure 4.11(a)
and its conventional TFS counterpart of [12]. Regarding the ideal implementa-
tions, in addition to the obvious size-reduction advantage, it can be observed that
the new approach features broader stopband bandwidths and higher out-of-band
power-rejection levels by avoiding the spectral periodic replicas of the passband.
This benefit comes from the incorporation of the SAW elements, which “breaks”
the spectrally-periodic behavior of the structure. Besides, Figure 4.15 depicts the
simulated power transmission profiles of the microstrip implementations of both de-
signs, when a substrate RO4003C from Rogers' ™ —relative dielectric permittivity
g, = 3.55,, dielectric thickness h = 1.52 mm, dielectric loss tangent tan dp = 0.0027,
and metal thickness ¢ = 35 um [46]—is utilized. Whilst the filtering behavior is
reasonably kept in the mixed-technology approach, it is completely distorted in the
classic-TFS-based BPF owing to the prohibitive losses inherent to its excessively-
long transmission-line sections. This means that such very-narrow-band BPF designs
are unfeasible in practice for traditional signal-interference architectures, which are
more suitable for moderate-to-UWB specifications, due to substrate loss limitations
of the planar technology—more advanced technologies, such as superconductors, are
not considered [101], [102]—.

4.2.4 Experimental results

For practical validation, a two-stage 50-{) narrow-band BPF prototype with
mixed SAW /microstrip technology has been designed, fabricated, and tested. Con-
cerning the design, simulation, optimization, and testing processes of the circuit, the
following aspects must be highlighted:

e The microstrip substrate RO4003C of Rogers’™ was selected whose parame-
ters are: relative dielectric permittivity e, = 3.55, dielectric thickness h = 1.52
mm, dielectric loss tangent tandp = 0.0027, and metal thickness ¢ = 35 pm,
[46].

e The commercial on-chip one-port SAW resonator model RO3101E-1 from RFM®
with f, = 433.9 MHz was employed [99]. The S-parameters of this SAW res-
onator were considered in the simulations thanks to a previous TRL-based
characterization performed for it.
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Figure 4.15: Comparison between the power transmission responses (|Sa1|) of the three-
stage BPF example of Figure 4.13 and its fully-planar classic counterpart of [12] for ideal
transmission lines and microstrip lines of the planar substrate Rogers RO4003C.

e The commercial software package Advanced Design Systems'™ of Keysight
Technologies was employed to carry out the circuit simulations [74].

e The commercial software package High Frequency Structure Simulator v10.0
(HFSS) of Ansoft™ was used to perform 3D full-wave EM simulation by the
FEM [48].

e An E8361A network analyzer of Agilent'™ was used for the measurements
[75].

Prototype: Narrow-band bandpass filter

The 50-Q-referred second-order mixed microstrip/SAW-resonator-type narrow-
band BPF prototype is synthesized to show a center frequency equal to 432.6 MHz,
a 3-dB relative bandwidth of 0.5%, and in-band input/output power matching levels
higher than 20 dB as ideal specifications. The chosen values for the design parame-
ters of the two identical TFSs are Z; = 100 ), Zy = 64.7 Q), Z3 = 68 2, Z4 = 60.9 2,
01(fa) = 33.5°, O2(fq) = 69.7°, 03(f4) = 50°, and 04(f;) = 24°. The two cascading
lines have Z. = 50 2 and 6.(fy) = 60° as selected values, all of these at fs = 433.9
MHz. The layout and a photograph of the manufactured filter prototype are shown
in Figure 4.16.

The ideal, simulated, and measured power transmission and reflection coeffi-
cients of the developed prototype are compared in Figure 4.17. As observed, the
principle is clearly demonstrated although some unpredicted effects appear in the
measured results. They consist of some narrow-band transmission peaks in the
stopband region and some deterioration of the in-band amplitude flatness. This
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(a) Layout (non-redundant dimensions, in mm, are indicated).

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 4.16: Layout and photograph of the manufactured two-stage SAW /microstrip BPF
prototype based on the TFS of Figure 4.11(a) [103].
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undesired phenomena is caused by the spurious modes of the on-chip commercial
SAW resonators that creates abrupt amplitude/phase changes at these frequencies,
as illustrated in Figure 4.17(b). Nevertheless, a minimum in-band insertion loss of
1.88 dB, in-band input power matching higher than 1.88 dB, and a 3-dB relative
bandwidth of 0.49% are attained. This leads to an effective @, of 1350 for an equiv-
alent two-pole BPF with the same behavior, that is much better than that of a fully
microstrip design—@),, below 200—. As mentioned before, the resulting bandwidth
—about 5kZ in this example—could not be attained by pure SAW filter schemes—
limited to approximately k? = 1—(fs/f,)? = 0.1% for the chosen commercial on-chip
SAW resonator—.

4.3 Filters based on TFSs with embedded in-band SAW
bandpass filter

Lastly, a technique to increase the bandwidth of on-chip SAW RF BPFs is re-
ported in this section. Through the insertion of a SAW BPF in one of the branches
of the bi-path signal-interference TFS, a broader filtering action than that offered
by the SAW BPF itself is attained. Such bandwidth enlargement comes from con-
structive signal-energy interactions taking place between the TFS electrical paths
in the overall passband range. TZs are also created through signal-energy suppres-
sions, leading to highly-selective bandpass filtering response in multi-TFS-cascaded
structures. They also exhibit advantages in terms of lower in-band insertion loss,
broader attenuated bands, and smaller physical size when compared to their fully
distributed-element counterparts.

4.3.1 Concept

The operational principle of the third class of hybrid-SAW /microstrip TFS con-
sists of inserting a narrow-band bandpass circuit in only one of the electrical paths of
a two-path feed-forward signal-interference TFS as depicted in Figure 4.18. Here, Z
and 6 correspond to the characteristic impedance and electrical length, respectively,
of the transmission-line segments of the TFS. The SAW BPF acts as a multi-resonant
node in this case, so it contributes to shape the overall transmission band and can
be located in the middle or in the edge of the resulting passband. This increased
flexibility is explained by the influence of the spurious modes of the SAW BPF that
is less prominent than for the SAW resonators in the approaches of Sections 4.1 and
4.2, in which very deep in-band notches were created.

Concerning the functional principle of this novel TFS, the following aspects must
be remarked:

e The overall BPF passband is obtained by means of the constructive effect tak-
ing place between the two signal components coming from its two transversal
paths at the output node, resulting in a broadening-passband phenomenon
around the frequency range of the building SAW BPF. This is translated into
a significant reduction of the lengths of the transmission-line segments forming
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(b) BVD-model and measured power transmission responses of its constitutive one-port on-
chip SAW resonator (the photograph of the assembled circuit for its TRL-characterisation is
included).

Figure 4.17: Ideal, simulated and measured power transmission (|.S21|) and reflection (].S11|)
responses of the manufactured narrow-band BPF prototype based on the TFS of Figure
4.11(a) along with the ideal and measured power transmission curve of its embedded SAW
element [103].
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Figure 4.18: Detail and operating principle of the third type of hybrid-technology SAW /mi-
crostrip TFS.
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the SAW /microstrip TFS when compared to its traditional fully-distributed-
element TFS counterpart to achieve the same bandwidth, as it will be shown
in 4.3.3.

e Two TZs—TZ; and TZs in Figure 4.18(b)—are generated from a perfect
signal-energy cancelation occurring between the two feed-forward electrical
paths of the TFS at these frequencies. By doing so, sharp-rejection capabil-
ity can be attained in its transfer function. Note that, as in the previous
TFSs, these TZs are generated at those spectral positions where the overall
transmission admittance parameter Ys; of the TFS becomes zero or tends to
infinity.

e Regarding the location of the TZs, they can be easily controlled by adequately
adjusting the design parameters of the constitutive transmission-line segments,
so that different passband specifications can be met.

e Passbands with symmetrical or asymmetrical out-of-band rejection levels can
be created by appropriately controlling the transmission-line design parame-
ters.

For theoretical demonstration, two different examples of synthesized TFSs based
on the circuit scheme of Figure 4.18(a) are represented in Figure 4.19. In both cases,
a Zg-level third-order Butterworth-type response with center frequency f; = 916
MHz and 3-dB bandwidth of 11.5 MHz—resulting in a 3-dB relative bandwidth
of 1.26%—was employed as narrow-band BPF, playing the same role as the SAW
BPF—note that this Butterworth-type filter exhibits the same center frequency and
bandwidth as the on-chip commercial SAW BPF utilized in the practical realizations
of Section 4.3.4—. As aresult, a quasi-elliptic-type third-order filtering profile with a
bandwidth that is significantly broader than that of the embedded Butterworth-type
BPF is attained. Note also that, although it is demonstrated how the passband-
width of this type of TFSs can be flexibly controlled through the impedance-line
variables, a wide variety of bandpass filtering profiles can be synthesized if all design
variables are adjusted. Among them, it is worth highlighting transfer functions with
strong spectral asymmetry as in Figure 4.20, which are highly demanded for the
channel BPFs of duplexers. In this case, the narrow-band BPF is located closer to
the particular TFS passband edge at which a more-abrupt cut-off slope is obtained.
This feature will be exploited in the physical implementations of Section 4.3.4, where
the SAW BPF is located at one edge of the overall transmission band of the entire
multi-TFS-cascaded BPF prototype.

4.3.2 Multi-TFS-cascaded designs

As demonstrated in Section 4.2.2 for the second class of mixed-technology SAW/
microstrip TFS, multi-stage arrangements can be considered for improved-selectivity
BPF development as in Figure 4.18(a). Those TFSs are cascaded in series through
simple transmission-line segments. This statement is corroborated in Figure 4.21.
It depicts the ideal power transmission and reflection curves of specific examples of
two- and three-stage BPFs, along with the same parameters for its building TFS
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Figure 4.19: Examples of ideal synthesized power transmission (]S21]) and reflection (]S11])
responses of the TFS of Figure 4.18(a) and its embedded narrow-band BPF: bandwidth
control of the TFS as a function of impedance-line parameters (01 (f;) = 181° and 02(fq) =
Os(fa) = 95°).
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Figure 4.20: Examples of ideal synthesized power transmission (|Sa1|) responses of the TFS
of Figure 4.18(a) and its embedded narrow-band BPF: TFS with strong spectral asymmetry.

and embedded narrow-band BPF. In particular, for both multi-stage BPFs, the
TFS with larger passband-width of Figure 4.19 was selected. It is worth stressing
the remarkable increase of the out-of-band attenuation levels and sharpness of cut-
off slopes when compared to those of the isolated TFS, while keeping a minimum
in-band input power matching level of 20 dB. In addition, dissimilar TFSs could also
be used for the synthesis of quasi-elliptic-type bandpass filtering responses featuring
up to 2N different TZs.

4.3.3 Comparison with the classic signal-interference TFS

To corroborate the advantages of this new SAW /microstrip filtering topology,
the TFS example synthesized in Section 4.3.1—in particular the narrower-band case
of Figure 4.19(a)—is compared with its equivalent traditional fully-planar TFS in
[12] in this section. With this purpose, the classic TF'S was synthesized to exhibit the
same passband specifications as the former. Particularly, its center frequency is set
as fo = 904 MHz and its bandwidth equal to 141 MHz—15.6% in relative terms—.
The values for the design parameters of the traditional TFS counterpart are then
as follows—according to Figure 1 and equations (1) and (2) in [12]—: Z; = 2.24Z),
ZQ = 0.6920, 91 (f()) = 4500, and 92<f0) = 630°.

The ideal power transmission and reflection curves of both TFSs are plotted in
Figure 4.22. As in the hybrid TFS of Figure 4.15, the new TFS approach outper-
forms the classic one in terms of in-band amplitude flatness, abruptness of filter
flanks, stopband bandwidths, and out-of-band power attenuation levels. This is
again achieved for shorter transmission-line segments in the SAW /microstrip TFS.
It results in the size reduction of a real implementation, which becomes even more
noticeable in smaller-FBW BPF designs.
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Figure 4.21: Examples of ideal synthesized power transmission (]S21]) and reflection (]S11])
responses of multi-TFS-series-cascaded BPFs—TFS of Figure 4.18(a)—and its narrow-band
BPF: identical TFSs (Z; = 3.820, Zo = Z3 = 5.2Z0, 61(fa) = 181°, 05(f4) = 05(fa) = 95°,
and 6.(fq) = 0°).
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Figure 4.22: Comparison between the ideal power transmission (|S21|) and reflection (].S11])
responses of a synthesized example of the TFS in Figure 4.18(a)—marrower-band case of
Figure 4.19—and its classic fully-planar counterpart in [12] for ideal transmission lines and
microstrip lines implemented in the substrate Rogers RO4003C.

4.3.4 Experimental results

The proposed technique for the bandwidth enlargement of on-chip SAW RF fil-
ters is experimentally confirmed here through the development and testing of two 50-
Q-referred mixed-technology microstrip/SAW signal-interference BPF prototypes—
two-stage and three-stage designs—. With regard to the design, simulation, man-
ufacturing, and measurement processes of the developed prototypes, the following
points must be emphasized:

e The microstrip substrate RO4003C of Rogers'™ was chosen with the fol-
lowing parameters: relative dielectric permittivity e, = 3.55, dielectric thick-
ness h = 1.52 mm, dielectric loss tangent tan ép = 0.0027, and metal thickness
t =35 pm [46].

e The commercially available on-chip SAW BPF model B3718 from EPCOS®
exhibiting a center frequency of 916 MHz and a 3-dB absolute bandwidth
equal to 11.5 MHz—which leads to a 3-dB relative bandwidth of 1.26%—is
embedded into the TFSs of both prototypes [105].

e The commercial software package High Frequency Structure Simulator v10.0
(HFSS) of Ansoft™™ was used to carry out the 3D full-wave EM simulations
by the FEM of the prototype [48].

e An E8361A network analyzer of Agilent’™ was utilized for the measurements
[75].
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Prototype 1: Two-stage narrow-band bandpass filter

The first proposed prototype is a 50-{2 second-order signal-interference BPF con-
stituted by two identical series-cascaded TFSs [106]. It is designed to ideally exhibit
a center frequency of 878 MHz and a 3-dB absolute bandwidth of 80.1 MHz—9.1%
in relative terms—. To meet these specifications, the obtained values for the elec-
trical variables—after a post-design optimization—are as follows (Zy = 50 Q and
fa = 916 MHz): Zy = 175 Q, Zy = Z3 = 102 Q, Z. = 25 Q, 01(fy) = 173°,
02(fa) = 03(fa) = 65.5°, and 0.(f4) = 22°. The layout and a photograph of the built
SAW /microstrip BPF prototype 1 are shown in Figure 4.23.

The power transmission and reflection coefficients of the enhanced-bandwidth
filter—assuming ideal transmission lines—along with the measurements provided by
the manufacturer for the on-chip SAW BPF inserted into both TFSs are plotted in
Figure 4.24. As can be seen, the passband of the SAW BPF was situated at the upper
side of the overall filtering response for two main reasons: firstly, in order to preserve
the sharp-rejection characteristics of the SAW BPF in the upper passband region;
and secondly, to prevent the conceived BPF from the upper spurious modes—above
fa = 916 MHz—which are more critical than the lower ones. Notwithstanding, the
influence of the SAW BPF is clearly visible on the whole transfer function in terms
of an amplitude ripple and the presence of some undesired ultra-narrow notches
caused by its lower spurious modes. Note also the appearance of two TZs produced
by pure signal-energy cancelations within the TFS.

Figure 4.25 presents the simulated and measured power transmission, reflection,
and in-band group-delay profiles of the manufactured prototpye. As shown, there
is a close agreement between predicted and experimental results, except from some
increase in the insertion-loss levels. This can be attributed to several reasons, such
as higher-than-expected radiation loss caused by the very thin transmission lines
of the circuit or a greater insertion loss level in the soldered SAW BPF chips than
the one that was measured by the manufacturer to extract its S-parameters. The
resulting RF performance parameters measured in the built prototype are as follows:
center frequency of 890 MHz, 3-dB absolute bandwidth equal to 56.9 MHz—giving
rise to a 3-dB relative bandwidth of 6.39%—which is 5x higher than the one of the
on-chip SAW BPF itself—or, subsequently, 3x higher than the k?—considering that
the FBW of the SAW BPF is ~0.6%, minimum passband insertion loss of 2.2 dB,
and in-band input/output power matching levels higher than 9.7 dB.

Prototype 2: Three-stage narrow-band bandpass filter

The second manufactured prototype expounded in this section corresponds to a
50-2 third-order signal-interference BPF shaped by the series-cascaded connection of
three equal TFSs [103]. It is aimed at showing an ideal center frequency of 870 MHz
and a 3-dB absolute bandwidth of 95 MHz—resulting in a 3-dB relative bandwidth
of 10.9%—. Once the single TFS was synthesized as a low-order approximation of
the overall transfer function, the entire three-stage BPF was optimized to maximize
as much as possible the in-band power matching levels. The final values for the
design parameters are set as follows (Zy = 50  and f; = 916 MHz): Z; = 160
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(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 4.23: Layout and photograph of the manufactured two-stage SAW /microstrip BPF
prototype 1 based on the TFS of Figure 4.18(a) [106].
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Figure 4.24: Simulated power transmission (|S21]) and reflection (]|Sa1]) responses of the
manufactured two-stage SAW/ transmission-line BPF circuit prototype 1 based on the TFS
of Figure 4.18(a) assuming ideal transmission-line sections. The measured power transmis-
sion and reflection parameters of its constitutive on-chip SAW BPF chip are also shown
[106].

Q, ZQ == Zg = 100 Q, Zc = 35 Q, el(fd) == 1740, 92(fd) == Hg(fd) == 720, and
0.(f4) = 20°. The layout and a photograph of the built SAW /microstrip BPF
prototype 2 are shown in Figure 4.26.

The power transmission and reflection curves of the designed BPF, along with
the measured ones available from the manufacturer for the commercial on-chip SAW
BPF embedded into its constitutive TFS, are plotted in Figure 4.27. As can be
seen, the SAW BPF was located at the upper side of the overall passband to further
increase the cut-off slope sharpness in the upper region of the whole transmission
band. Furthermore, the noticeable enlargement of the bandwidth with regard to
the one inherent to the original SAW BPF must be appreciated. Nevertheless, the
effect of the SAW BPF in the entire BPF transmission band is still perceptible in the
form of an unusual amplitude ripple and an undesired very-narrow in-band notch
produced by the first lower spurious mode. In addition, as in the previous prototype,
stopband TZs are also generated owing to destructive signal-interaction phenomena
occurring within the TFS.

The simulated and measured power transmission and reflection profiles of this
prototype are depicted in Figure 4.28. As shown, the agreement attained between the
simulated and experimental results is reasonably close for demonstration purposes,
although some increase of the in-band power insertion loss level is also visible here.
Its origins are the same as those explained for the previous prototype. The main
measured performances of the built BPF are as follows: 874.4-MHz center frequency,
3-dB absolute bandwidth of 88.3 MHz—translated into a 3-dB relative bandwidth of
10.1%—which is 7.7 times higher than that of the constituent on-chip SAW BPF—
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Figure 4.25: EM simulated and measured power transmission (|S21]), reflection (|S11]), and
in-band group-delay (7,) responses of the manufactured two-stage SAW/ transmission-line
BPF circuit prototype based on the TFS of Figure 4.18(a) [106].
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(a) Layout (non-redundant dimensions, in mm, are indicated).

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 4.26: Layout and photograph of the manufactured three-stage SAW /microstrip BPF
prototype 2 based on the TFS of Figure 4.18(a) [103].
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Figure 4.27: Simulated power transmission (|S21|) and reflection (]|S11]) responses of the
manufactured three-stage SAW /transmission-line BPF circuit prototype 2 based on the TFS
of Figure 4.18(a) assuming ideal transmission-line sections and measured power transmission
parameter of its constitutive on-chip SAW BPF chip [103].

3-dB FBW 4.8 times larger than the AW resonator k7 considering that the FBW of
the SAW BPF is 0.6k?—, minimum in-band power insertion loss levels of 2.4 dB,
and in-band input power matching levels above 10.1 dB—except for the in-band
notch frequency where it is 7.7 dB—.

4.4 Conclusion

This chapter has reported a new family of analog narrow-band BPF designs
which merge microstrip and SAW technology—either SAW resonators or SAW RF
BPFs—. Its aim is to extend the suitability of feed-forward signal-interference filters,
which have been mostly exploited in moderate-to-UWB designs, to narrow-band
designs. Moreover, these new configurations can achieve larger bandwidth than
traditional pure-SAW-resonator-based filter architectures.

The first technique is based on inserting one-port or two-port SAW resonators,
acting as resonating-nodes into one of the branches of a multi-path TFS so that the
high-@Q properties of those resonators are substantially transferred to the transfer
function of the TFS. In the second approach, a one-port SAW resonator is embedded
into both signal-propagation paths of a bi-path TFS as non-resonating node. The
purpose here is to take advantage of the ultra-abrupt spectral transition existing
between the resonance and the antiresonance frequency of the SAW resonator to
shape a very sharp upper cut-off slope in the overall transfer function. In the third
configuration, by inserting SAW BPFs into one branch of the two-path TFS, a
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Figure 4.28: Simulated (EM) and measured power transmission (|S21|) and reflection (].S21|)
responses of the manufactured three-stage SAW /transmission-line BPF circuit prototype 2
based on the TFS of Figure 4.18(a) [103].

passband wider than that of the single SAW BPF itself can be obtained. These three
design procedures prove the potential of mixing SAW devices and transmission lines
under signal-interference principles for enhanced-performance BPF design. In all of
them, the resulting bandwidth and TZs allocation can be easily controlled through
the variables of the constituent transmission-line segments. Note also that several
replicas of the TFS—similar or dissimilar ones—can be cascaded in series to realize
higher-order filtering structures by increasing the out-of-band power rejection levels
in the stopbands.

For practical validation, a three-stage narrow-band BPF prototype with embed-
dded 433.9-MHz one-port SAW resonator has been developed at the layout level
under the principle of the first technique. Its 3-dB relative bandwidth is 0.46% at
434.66 MHz, which is ~5 x greater than k? of its embedded SAW element. With
regard to the the second approach, a two-stage narrow-band BPF prototype incor-
porating 433.9-MHz one-port SAW resonators has been developed and tested. It
exhibits a 3-dB relative bandwidth of 0.49% at 432.6 MHz, which is &5 x higher
than the k2. Finally, followign the third technique, two- and three-stage narrow-
band BPF prototypes with embedded 916-MHz SAW BPFs have been built and
measured. They have a 3-dB relative bandwidth of 6.39% at 890 MHz and 10.1% at
874.4 MHz, respectively, which are 5 and 7.7 X higher than that of its building SAW
BPF. Despite the negative effects associated to the spurious modes of the SAW de-
vices that appear as a key limiting factor, the usefulness of these techniques has been
fairly demonstrated. Note that such narrow bandwidths are unachievable through
fully-microstrip signal-interference BPF realizations owing to the necessity of larger
transmission lines and, subsequently, higher in-band insertion losses, in addition to

105



DESIGN OF HYBRID SAW/MICROSTRIP SIGNAL-INTERFERENCE MICROWAVE FILTERS

the unwanted presence of multiple spurious bands. Additional practical benefits of
these BPFs are their inherent 50-€2 matching—avoiding the necessity of external
impedance-scaling networks—and the use of SAW elements of the same character-
istics, which make them more robust to manufacturing and assembly tolerances.
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Chapter 5

Design of multi-function
signal-interference microwave
filtering devices

Traditionally, the design of RF /microwave chains has been conceived as the cas-
cade connection of different “mono-function” components [107]. This means that
microwave devices have been separately engineered to provide a single RF pro-
cessing action, under specific performance requirements and for a certain reference
impedance—typically equal to 50 22—, to be then interconnected through matching
and transition networks. Thus, the combined transfer characteristic comes from the
aggregation of each individual response. This classic philosophy presents neverthe-
less some drawbacks to be commented, as follows:

e When combining mono-function building blocks, they interact between them
altering the overall performance. Note that the final solution often requires
several post-design iterations in which the incorporation of inter-block RF
interfaces—e.g., matching networks—is considered.

e Higher losses are introduced owing to the aggregation of multiple interconnec-
tion elements.

e The interconnection networks can have a negative influence in the operational
bandwidth of the whole system in case they are not spectrally-broad enough.

e The physical area occupied by the full RF chain can be excessive for modern
systems with stringent size requirements.

In the light of the above, a new philosophy based on the development of multi-
function RF/microwave devices has lately acquired popularity. This means the
incorporation of several high-frequency processing actions in a single module. Note
also that this co-design approach could give rise to improved electrical performance
and compactness. This can be of great interest especially for the RF front-ends
of current wireless communication multi-standard systems with flexible multi-band
operation [108], [109]. There are numerous examples of these multi-function circuits
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so far, such as the bandpass filtering low-noise amplifier reported in [110] and the
filtering patch antenna described in [111].

This chapter therefore concentrates on the development of multi-function high-
frequency circuits operating under signal-interference principles. To this aim, signal-
interference TFSs are inserted into the branches of mono-function circuits to provide
them with single/multi-band filtering capability. In particular, three types of dual-
function devices are proposed: Wilkinson-type power dividers, impedance trans-
formers, and balanced BPFs, all of them exhibiting sharp-rejection filtering actions
for moderate-to-UWB specifications and single/multi-band designs.

The organization of this chapter is as follows: firstly, the operating principle
and the theoretical foundations of the new single/multi-band Wilkison-type filtering
power divider is described in Section 5.1. For practical validation, four different
prototypes are built and tested. They are a microstrip tri-band, a microstrip quad-
band, and a lumped-element dual-band filtering power divider, and as well as a
channelized active BPF that utilizes a single-band circuit of this type for its signal-
division/combination blocks. Secondly, similar to the previous case, the theoretical
foundations together with the design equations for the engineered single/multi-band
filtering impedance transformer are provided in Section 5.2. In this case, to validate
the concept, a single-band example is synthesized to demonstrate the influence of the
TFS in the impedance-matching process. As practical proof of concept, a dual-band
and a UWB single-band prototype are fabricated and measured. Thirdly, balanced
BPF's based on embedded signal-interference TFSs exhibiting high common-mode
rejection are presented in Section 5.3, along with corresponding single— and dual-
band synthesis examples. A single-band balanced BPF is manufactured and charac-
terized for demonstration purposes. Finally, the main conclusions of this work are
summarized in Section 5.4.

5.1 Single- and multi-band Wilkinson-type filtering po-
wer dividers

Wilkinson-type single-band power dividers, either in its traditional version [112]
or in more sophisticated approaches with frequency reconfigurability [113], are key
components in a wide range of RF/microwave systems. This is due to the high-
isolation levels attainable between their output terminals, which makes them per-
fect candidates for signal-division/combination blocks in a rich variety of subsys-
tems such as Doherty power amplifiers [114], feeding networks for array antennas
[115], and channelized filters [117]. This widespread use is the reason for explor-
ing Wilkinson-type power dividers capable of simultaneously featuring single- and
multi-band filtering operation, since many other higher-level RF subsystems could
take advantage of it.

Regarding Wilkinson-type power dividers operating in multiple frequency bands,
there have been many approaches reported to date. They are commonly based on
planar technologies but following distinct design strategies. A brief review of them is
reported here. As first example, [115] and [116] presented dual-band power splitters
that make use of CRLH transmission-line segments. Another different strategy was
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expounded in [118], in which tri-band power dividers were developed using three-
section transmission-line transformers. The philosophy adopted in [119] inserts open-
and short-ended stubs in the branches of the power divider so as to obtain dual-band
operation, whereas this behavior was attained in [120]-[122] by means of coupled-line
arrangements. This study allows identifying some limitations associated with the
reported multi-band Wilkinson-type power dividers. They are as follows:

e Most of these solutions can hardly be extrapolated to devices with an arbitrary
number of operative frequencies.

e Some of the electrical characteristics of these approaches, such as the loca-
tion of the multiple bands and their associated bandwidths, are not easily
adjustable.

e They all exhibit narrow-band behavior.

e They lack filtering capability between their operating frequencies in order to
reject undesired signals.

e Prior-art design alternatives incorporating coupled-line sections can not be
extrapolated to pure-lumped-element realizations, which are more suitable for
the lower part of the microwave spectrum or other technologies such as MMIC,
as explained in Chapter 3.

As already mentioned, this section introduces a new class of Wilkinson-type
power-distribution circuits with single/multi-band filtering capability due to the in-
sertion of transversal signal-interference cells into their branches. More specifically,
the two-path in-parallel-transmission-line signal-interference cell is chosen [12], al-
though this family of multi-frequency power dividers can be generalized to any type
of signal-interference TFS; e.g., those exhibiting spectrally-asymmetrical behavior
based on stepped-impedance lines or stub-loaded approaches [30], [123]. This work
is completed with the theoretical design framework not only for distributed-element
realizations but also for its equivalent lumped-element counterpart. The demonstra-
tion of multi-stage and frequency-asymmetrical designs, as well as its application to
more sophisticated RF devices such as a channelized active BPFs, is also shown.

5.1.1 Theoretical foundations

The circuit detail of the devised single/multi-band Wilkinson-type filtering power
divider, particularized in this case for a TFS consisting of two in-parallel transmis-
sion-line segments, is shown in Figure 5.1. Its underlying principle is to replace the
transmission-line arms of the classic Wilkinson power divider with TFSs referred
to the same impedance levels. Thus, single/multi-band operation along with the
filtering behavior intrinsic to the signal-interaction transversal cell can be achieved
simultaneously.
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Figure 5.1: Detail of the single/multi-band Wilkinson-type filtering power divider and its
building signal-interference TFS. (a) Filtering power divider. (b) Signal-interference TFS.

Design equations

By taking port 1 as the input terminal of the devised filtering power divider
and nodes 2 and 3 as its output ports as shown in Figure 5.1(a), design formulas
for its electrical variables can be deduced. They enable the synthesis of an N-band
power-distribution/filtering profile with power-division ratio between ports 3 and 2
of k%:1 (i.e., P, = P1/(1 + k%) and P3 = k?Py/(1 + k?)). These design equations
for the electrical lengths 6; and 6, at the design frequency f4, line impedances Z;
and Zo, isolation resistor R, and generated operational frequencies f1, fa,..., fn,
respectively, are as follows (Zp is the impedance level):

01(f) = N x 90°  0a(f2) = (N +2) x 90° (5.1)

1 1 1

Branch 1 (port 2) Z — ?2 = m
0

1 1 1 k3
Branch 2 (port 3): 7z zVNiie (5.3)

R:Z()(kz;l) (5.4)

2pfa
N+1’

{fl,fg,...,fN}:{ p:1,2,...,N} (55)

It should be mentioned that, similarly to the conventional Wilkinson power di-
vider, external quarter-wavelength transformers at the output terminals 2 and 3
with line impedances of Zyvk and Zy/ V'k, respectively, must be added for un-
balanced single-band designs to attain perfect power matching at all ports at the
design frequency fy. In the case of multi-band devices showing unequal power divi-
sion between the output ports, multi-section wide-band transformers—whose power-
matching range must cover all the operating frequencies—instead of the latter can
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be employed to obtain the required impedance conversion at all the operative fre-
quencies [4]. Note that multi-band transformers can also be employed for the same
goal with size-compactness advantage—for instance, a signal-interference cell as the
one depicted in Figure 5.1(b) to increase filtering selectivity, whose characteristic
impedances Z,,1 and Z,,2 must meet the condition 1/Z,,; — 1/Z,,2 to be equal
to 1/(ZoV'k) and Vk/Zy, respectively (i.e., one degree of freedom concerning the
control of the bandwidth is available in each transformer)—.

For illustrative purposes, Figures 5.2, 5.3, and 5.4 present the S-parameters in
amplitude of three examples of single- (case N = 1), triple- (cases N = 3), and
sextuple-band (case N = 6) Wilkinson-type filtering power splitters with unequal
and equal power-division ratios, respectively. In the multi-band cases, the phase
responses associated to the power transmission coefficients are also plotted. Note
in the two latter figures that the required +90° phase value is achieved at all the
operative frequencies so that perfect output power isolation and power matching at
all ports are simultaneously obtained.

Amplitude (dB)

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Normalized frequency (f/fd)

Figure 5.2: S-parameters of an ideal synthesized single-band Wilkinson-type filtering power
divider with asymmetrical power-division ratio between ports 3 and 2 of 4:1—k = 2—.
Design values for Branch 1 (port 2): Zy = Zo\/5/2, Zo = Zo\/10, 61(fs) = 90°, and
02(f4) = 270°. Design values for Branch 2 (port 3): Z; = (Zo/2)\/5/8, Zo = Zo+/5/8,
01(fq) = 90°, and 05(fy) = 270°. R = 5Z;/2 and 90°-at-f; electrical-length transformers at
terminals 2 and 3 with impedances of Zyv/2 and Z, / V2, respectively, are included.

Besides, similarly to any type of signal-interference filters—such as those reported
in [12], [23], and [30]—, the electrical characteristics of the synthesized dual-function
response can be controlled by properly adjusting the design parameters of the con-
stituent transmission lines. As an example, in Figure 5.5 the operative bandwidths
for the passbands of a triple-band frequency response with symmetrical power divi-
sion, N = 3, and k = 1, is controlled by modifying the Z5 value as long as equations
(5.1)-(5.5) are fulfilled. As can be seen, the higher the values for the line-impedance
variables are, then the broader the bandwidths of all passbands become. A more
detailed demonstration of the flexibility offered by this type of circuits for the syn-
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Figure 5.3: S-parameters—amplitude and phase responses for So; = S31—of an ideal syn-
thesized triple-band Wilkinson-type filtering power divider with symmetrical power-division
ratio between ports 2 and 3—k = 1—. Design values for both branches: Z; = Zy/v/2,
Zy = Zo\/2, 01(fa) = 270°, Oo(f4) = 540°, and R = 2Z,.
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Figure 5.4: S-parameters—amplitude and phase responses for Sy; = S3;—of an ideal
synthesized sextuple-band Wilkinson-type filtering power divider with symmetrical power-
division ratio between ports 2 and 3—k = 1—. Design values for both branches: 7; =
Zo/N?2, Zy = ZyV/2, 01(f4) = 540°, Oo(fq) = 720°, and R = 2Z,.
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thesis of more general responses is presented in Section 5.1.1 with the realization of
multi-stage and frequency-asymmetrical power-distribution/filtering functions.

Amplitude (dB)
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Figure 5.5: Bandwidth control of the ideal synthesized triple-band Wilkinson-type filter-
ing power splitter—power transmission and isolation responses—with symmetrical power
division—k = 1—and according to the design equations (5.1)-(5.5).

Lumped-element approximation

As highlighted in the introduction of this section, one of the major advantages
of this kind of single/multi-band Wilkinson-type filtering power-distribution circuits
when compared to previous transmission-line-based approaches, such as those in
[120] and [121], is the absence of coupled-line stages. This feature allows pure-
lumped-element realizations to be accomplished with the purpose of reducing circuit
size, which can become prohibitive for distributed-element implementations in the
lower part of the microwave band—below 1 GHz—, according to the philosophy
expounded in Chapter 3. This is particularly critical for multi-band prototypes
with a high number of operative frequencies, owing to incurred higher circuit size,
as inferred from equation (5.1).

With this aim, the lumped-element realization proposed in Section 3.1 is applied
to these structures. As was expounded in Chapter 3, this technique is based on par-
titioning a transmission-line segment, whose characteristic impedance and electrical
length are Z and 0, respectively, into M equal-length sub-segments which can be
modeled as LC' T-type sub-cells. This is illustrated in Figure 5.6. Thus, by imposing
a perfect correspondence at f; between the impedance parameters Z;;(i,j = 1,2)
of the transmission-line sub-segment and its associated LC sub-cell as symmetrical
two-port networks, the following design equations are derived:

_ Z(1 = cos(0(fa)/M)) _ sin(6(fa)/M)
27 fasin(6(fa)/M) 2m faZ

(5.6)
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Figure 5.6: LC T-type equivalent model of a transmission line.

It is worth remembering that the exact equivalence between the transmission line
and its LC' counterpart is obtained at the design frequency fg, so if a more accurate
convergence outside this fixed frequency fy is needed—for instance, in order to cover
the broad spectral range of a multi-band circuit—, a higher M value is required.

As a supporting example, Figure 5.7 compares the power transmission and the
output isolation parameters drawn in Figure 5.3 corresponding to the triple-band
design and those of their equivalent lumped-element approximation for 6(f;) = 90°,
and M = 2 and 6. The resulting normalized lumped-element values (L, = Lfq/Zy
and C,, = Cf;Zy) after using (5.6) are as follows:

e Transmission-line electrical path of Z; = Zy/v/2 and 01(fs) = 270°: L, =
0.0466 and Cyy = 0.16 (M = 2) and Ly,; = 0.0148 and Cyy = 0.06 (M = 6).

e Transmission-line electrical path of Zo = Zpv/2 and O2(fd) = 450°: Lpa =
0.0932 and C,92 = 0.08 (M = 2) and L, = 0.0296 and C,,3 = 0.029 (M = 6).

Figure 5.7 corroborates the aforementioned trade-off between frequency response
convergence and number of LC' sub-cells, M, in the equivalent model. As observed,
the highest agreement between the distributed circuit and its lumped-element equiv-
alent is obtained for M = 6 in the represented spectral range.

Multi-stage and frequency-asymmetrical designs

As well known, signal-interference filters improve their filtering selectivity by
means of multi-TFS-cascade arrangements. This can be extrapolated to the pro-
posed Wilkinson-type filtering power dividers by inserting higher-order signal-inter-
ference filters into the divider arms that are formed by several cascaded transversal
filtering cells instead of a single one. Figure 5.8 illustrates this principle in which
the TFSs are assumed to be different with the purpose of simplifying the optimiza-
tion process of the whole component. Moreover, resistors must be added between
both branches at these connecting points between the TFSs and the cascading lines
of characteristic impedance Z,, and electrical length 6, that shape each branch.
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Figure 5.7: Power transmission (|S21|) and isolation (|S32|) responses of the ideal synthe-
sized triple-band Wilkinson-type filtering power divider and its lumped-element approxima-
tion (8(f4) =90°, M =2 and 6).

Through the latter, high power matching and output-isolation levels can be attained
simultaneously at all its ports.

Figure 5.8: Schematic of two-stage 3-dB Wilkinson-type filtering power divider.

The S-parameters in amplitude for an ideal single-band example with a 3-dB
relative bandwidth of 22% synthesized according to the circuit of Figure 5.8 are
depicted in Figure 5.9. Although the equations and guidelines expounded in Sec-
tion 5.1.1 were first considered in the design process, a final optimization of the
whole device was necessary. Thus, a minimum input power matching and an output
isolation level of 20 dB was set as optimization goal, whilst power matching levels
for the output ports 2 and 3 above 15 dB were enforced. The resulting increase
in filtering selectivity with regard to the single-stage device is remarkable. A 3-dB
signal division throughout its full passband is also attained in accordance with the
expected dual-function behavior.

As already mentioned, other class of signal-interference transversal cells can also
be applied for the same purpose. For example, those reported in [18] and [30] so as
to respectively feature power distribution with UWB single-band filtering—relative
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Amplitude (dB)

0.8 1 1.2
Normalized frequency (f/fd)

Figure 5.9: S-parameters in magnitude of the ideal synthesized two-stage bandpass 3-dB
Wilkinson-type filtering power divider. Design values for TFS A: Z14 = 1.1227Zy, Zo4 =
2.026Zy, 614(fa) = 90°, and O24(f4) = 270°. Design values for TFS B: Z15 = 0.4862,
Zop = 0.846Zy, 015(fa) = 90°, and 635(fq) = 270°. Cascading line: Z,, = 2.236Z; and
O (fa) = 90°. Resistor: R = 2Z.

bandwidth greater than 100%—and dual-band filtering with strong spectral asym-
metry between the dual passbands. In the former, the presence of coupled-line
stages could hinder its extrapolation to pure-lumped-element-based implementa-
tions. In the latter, the arbitrary selection of the dual-band center frequencies and
bandwidths could be constrained by the mandatory requisite of reasonable output-
isolation and power-matching levels for all ports. For verification, Figure 5.11 plots
the S-parameters in amplitude for an ideal synthesized 3-dB two-band Wilkinson-
type filtering power divider with spectral asymmetry between passbands. This is
attained through the insertion of the stepped-impedance-line TFS of Figure 5.10
into the arms of Figure 5.1(a)—the resulting design equations can be deduced by
mixing equations (5.1)-(5.5) with those of the proposed circuit in Figure 1 of [30]—.
As shown in Figure 5.11, the obtained results confirm the viability of the devised
dual-function approach to meet a general set of specifications.

7,20 7,20, 7,20,
—1 —1
Za, /\ Zu,
0, 0,
—> > —>
InI')ut Z,0, Output

Figure 5.10: Schematic of stepped-impedance-line signal-interference TFS.
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1.2
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Figure 5.11: S-parameters in magnitude of the ideal synthesized spectrally-asymmetrical
dual-band 3-dB Wilkinson-type filtering power divider. Design parameter values for the
stepped-impedance-line TFS: Z, = (3v/2/5)Z0, Zy = 112y/(5v/2), Zo = Zo\/2, 0u(f4) =
69.12°, 0,(fq) = 35°, and 65(f4) = 180°. Resistor: R = 27.

5.1.2 Experimental results

With the purpose of proving the practical viability of this novel type of signal-
interference single/multi-band Wilkinson-type filtering power divider architecture,
three different 50-Q)-referred prototypes have been designed, constructed, and mea-
sured. They consists of a triple- and a quad-band microstrip circuit, and a dual-band
circuit in lumped-element-based technology. Moreover, its usefulness as building
blocks of more sophisticated RF/microwave components is corroborated through
the fabrication and characterization of a two-branch channelized active BPF with
enhanced selectivity.

For their implementation, it must be highlighted that:

e The microstrip substrate RO4003C Rogers’™ with the following parameters
was used: relative dielectric permittivity e, = 3.55,, dielectric thickness h =
1.52 mm, dielectric loss tangent tandp = 0.0027, and metal thickness t = 35

m, [46]. Ground connections were implemented by means of 1-mm-diameter
metallic via holes.

Regarding the design, simulation, and testing processes of these circuits, the
following logistic media were utilized:

e Commercial software package Advanced Design Systems'™ of Keysight Tech-
nologies: circuit simulation and 2.5-D EM simulation by the Frequency-Domain
MoM of all prototypes [74].

e E8361A network analyzer of Agilent’™: measurements [75].
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Prototype 1: Tri-band microstrip filter /divider

As first practical prototype, a triple-band Wilkinson-type power divider within
the frequency range 1.3-4.7 GHz with symmetrical power division—i.e., k = 1—
has been designed, fabricated, and characterized [124]. The values for the design
parameters of the multi-band TFS embedded into both branches of the power divider
are as follows (Zy = 50 Q, fqg = 3 GHz): Z; = 35.35 Q, Zy = 70.71 Q, 61(fq) =
270°, and 62(fq) = 450°. An additional transmission-line segment of characteristic
impedance of 70.71 Q and electrical length of 90° at the design frequency f; was
attached at the input/output ports of the multi-band filtering cells to make easier
their connection between elements in the whole power divider. These connecting
lines must not be confused with the external quarter-wavelength transformers needed
at the output ports of the power splitter for asymmetrical power-division realizations,
as it was outlined in Section 5.1.1. Moreover, the mandatory offset condition of £90°
between the phase transmission responses of the two branches of the power divider
at their multi-band operational frequencies is satisfied. These lines also cause a
slight variation of the output-power-isolation and power-matching levels for those
operative frequencies which are more separated from f;. Thus, the output-power-
isolation and power-matching requisites at all ports can be met at the same time.
For this ideal design, the triple-band operative frequencies are exactly 1.6, 3, and 4.4
GHz, which give rise to transmission bands with 3-dB absolute bandwidths of 430,
406, and 430 MHz, respectively. The layout and a photograph of the built prototype
are shown in Figure 5.12. A 100-(2 isolation resistor model ERA-3AEB101V from
Panasonic was utilized between the output ports.

The ideal theoretical, simulated, and measured S-parameters in magnitude of the
triple-band Wilkinson-type power-distribution circuit are depicted in Figure 5.13. As
observed, apart from some narrowing effect and in-band insertion-loss increase of the
third passband—due to factors such as the added sub-miniature version A (SMA)
connectors or more-than-expected radiation loss—, the agreement obtained between
predicted and experimental results is close enough to validate this configuration of
multi-band Wilkinson-type filtering power divider.

Prototype 2: Quad-band microstrip filter/divider

The second design example is a microstrip filtering/power-division circuit with
four-band response within the spectral range 1-5 GHz—i.e., f; = 3 GHz—and sym-
metrical power distribution between its outputs ports—i.e., k = 1— [125]. After
applying the formulas (5.1)-(5.5) for Zy = 50 Q, f; = 3 GHz, N =4, and k = 1
(Zy = 27y is assumed for the degree of freedom to meet a certain bandwidth spec-
ification, as it was detailed in Section 5.1.1), the following values are obtained for
the design parameters of the signal-interference TFS to be embedded into its arms:
Zy = 3535 Q, Zy = 70.71 Q, 01(fy) = 360°, 62(fy) = 540°, and R = 100 Q.
To make the connection process of the quad-band filtering sections at their input
nodes and with the 100-§2 resistor at their output terminals easier, two additional
transmission-line segments with characteristic impedance Z, = 70.71 2 and electri-
cal length of 6.(f;) = 90° were inserted at these points—these lines are different from
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100 O
. (1.60.8)

3.35

(a) Layout (non-redundant dimensions, in mm, are indicated).

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 5.12: Layout and photograph of the manufactured triple-band Wilkinson-type fil-
tering power divider (prototype 1) [124].

120



5.1 SINGLE- AND MULTI-BAND WILKINSON-TYPE FILTERING POWER DIVIDERS

-10

-15

Amplitude (dB)

1 T 1 1

1 1.5 2 25 3 3.5 4 4.5 5
Frequency (GHz)

(a) |Sgl| and |S32‘.

Amplitude (dB)

(]
Ik
iy
Ly
I

v

1 1.5 2 25 3 3.5 4 4.5 5
Frequency (GHz)

(b) |S11| and |522‘.

Figure 5.13: Ideal theoretical, EM-simulated, and measured S-parameters in magnitude of

the manufactured microstrip triple-band Wilkinson-type filtering power divider prototype
[124].
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the external transformers required at the output ports in case of asymmetrical power
distribution, as explained before—. Note that these lines preserve the required off-
set condition of +90° between the phase transmission responses of both branches at
their multiple operative frequencies. Once again, these lines produce an unwanted
small spectral deviation of the operative frequencies—that could be counteracted
through the technique in [30]—and a slight variation of the output-power-isolation
and power-matching levels. Nevertheless, reasonable levels for the power isolation
and matching parameters at all ports can be achieved at the same time. For this
ideal design, the center frequencies of the lower-to-upper passbands are 1.32, 2.44,
3.56, and 4.68 GHz and their 3-dB absolute bandwidths are 360, 332, 332, and 360
MHz, respectively. The layout and a photograph of the manufactured microstrip
quad-band Wilkinson-type filter /power-divider prototype are shown in Figure 5.14.
A 100-Q resistor model ERA-3AEB101V from Panasonic was employed to isolate
the output ports.

100 O
» (1.60.8)

3.35

(a) Layout (non-redundant dimensions, in mm, are indicated).

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 5.14: Layout and photograph of the manufactured quad-band Wilkinson-type fil-
tering power divider (prototype 2) [125].

The ideal theoretical, simulated, and measured S-parameters in magnitude of the
quad-band Wilkinson-type filtering power-distribution circuit are depicted in Figure
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5.15. As in prototype 1, some discrepancies are observed between the simulated and
measured results in terms of power insertion-loss increase and a transfer-function
spectral narrowing that is more noticeable in the upper passbands. This is due to
higher-than-expected radiation-loss levels and the effect of the SMA connectors used
for circuit characterization. Nevertheless, the agreement obtained between predicted
and experimental results is again close enough to verify the concept.

Prototype 3: Dual-band lumped-element filter/divider

As third proof-of-concept prototype, the development of a lumped-element filter-
ing/power-splitting circuit showing a symmetrical power-division action—i.e., k =
1—Dbetween its two output nodes has been carried out. Its transfer function between
the input access and each output port was synthesized to exhibit a dual-passband
filtering profile within the spectral interval of 0.2-0.6 GHz—i.e., f; = 0.4 GHz—
. Firstly, the fully distributed-element realization was obtained after applying the
equations (5.1)-(5.5) for Zp =50 Q, f4 =04 GHz, N =2, and k =12, = 1.92;
is assumed for the degree of freedom in this case—. Then, the lumped-element
approach is adopted by considering the replacement of each quarter-wavelength-at- f;
transmission-line segment with two LC T-type sections, so as to avoid an excessive
number of components. Thus, the ideal values for their inductors and capacitors
were calculated by using (5.6) for 6(f;) = 90° and M = 2. As in the two previous
examples, two transmission-line segments with characteristic impedance Z, = 70.71
Q) and electrical length 0.(f;) = 90° were added at the input/output terminals of
the signal-interference sections to alleviate the inter-connection complexity. The
obtained theoretical values for the L and C elements forming the ideal dual-band
filtering/power-dividing device are as follows:

e Embedded signal-interference TFS: four T-type LC cells of L1 = 5.51 nH
and C; = 841 pF (transmission-line electrical path of Z; = 33.46 Q and
01(fq) = 180°) and eight T-type LC cells of Ly = 10.46 nH and Cy = 4.43 pF
(transmission-line electrical path of Z; = 63.5 2 and 6;(f;) = 360°).

e Inter-connecting lines (Z. = 70.71 Q and 0.(fq) = 90°): two T-type LC cells
of L, =11.65 nH and C, = 3.98 pF.

For this ideal lumped-element design, the center frequencies of the lower and
upper passbands are 0.282 and 0.513 GHz, whereas their 3-dB absolute bandwidths
are 65 and 58 MHz, respectively.

Because a large amount of discrete elements are involved in this circuit, its
design process was more tedious. Once the ideal design is synthesized, a new post-
design iteration is necessary to take into account the available nominal values for
commercial lumped components and their measured S-parameters files given by the
manufacturers, as well as the effect of the microstrip footprints—short-line sections
to solder the discrete elements—and the metallic via holes for grounding. It is
worth mentioning that, when possible, pairs of adjacent inductors were grouped
into one to further reduce the number of required discrete elements. The layout
and a photograph of the manufactured lumped-element dual-band Wilkinson-type
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Figure 5.15: Ideal theoretical, EM-simulated, and measured S-parameters in magnitude

of the manufactured microstrip quad-band Wilkinson-type filtering power divider prototype
[125].
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filter /power-divider prototype are shown in Figure 5.16. The values of the associated
commercial components selected for its lumped elements are listed in Table 5.1.

Table 5.1: Components for the manufactured lumped-element dual-band filter /divider pro-
totype

Element | Value Manufacturer Part Number Qmin at fa°
Ly 5.6 nH Coilcraft 0805HQ-5N6XJLB 53.2
L 12 nH Coilcraft 0805HQ-12NXJLB 55.8
Lo 12 nH Coilcraft 0805HQ-12NXJLB 55.8
L 22 nH Coilcraft 0805HT-22NTJLB 49.6
L¢ 16 nH Coilcraft 0805HQ-16NXJLB 70.5
L. 20 nH Coilcraft 0805HQ-20NXJLB 69.1
Ch 6.8 pF | Johanson Tech. R15C6R& 1000
Cy 3.6 pF | Johanson Tech. R15C3R6 1000
C. 2.7 pF | Johanson Tech. R15C2R7 1000
R 100 Q Panasonic ERAGAEB101V

“Qmin at fa (fa = 0.4 GHz): minimum quality factor (exact values extracted for the inductors
from the S-parameter files given by the manufacturer and estimated values in the case of the
capacitors from the curves available in the datasheet).

Figure 5.17 depicts the ideal theoretical, simulated, and measured S-parameters
of the lumped-element dual-band filter/power-divider circuit. Its measured am-
plitude and phase imbalance responses between the output terminals 2 and 3 are
expected to be more critical in this case due to the large number of soldered discrete
components and associated assembly tolerances. Again, the agreement obtained be-
tween the simulation and the measurements is sufficiently close to verify the suitabil-
ity of the devised dual-functionality circuit for discrete-element-based realizations.
Some minor discrepancies appear consisting in a small frequency shift of the overall
transfer function to the lower spectral region and a bandwidth reduction for the
upper band. The latter is a common effect in multi-band signal-interference cir-
cuits, that can be attributed to the frequency-dependency of the losses, which have
a stronger influence on the signal-combination action taking place at the higher
frequency side [12].

Prototype 4: Channelized active bandpass filter

The aim of this final design example is to prove the potential of the devised
filtering/power-splitting configuration to improve the operational features and re-
duce the occupied size of more sophisticated RF /microwave filtering devices. Specif-
ically, it shows the application of the dual-function circuit described in this section
as filtering signal-splitter/combiner in a two-branch channelized active BPF. Note
that such circuit could also be viewed as a two-channel balanced microwave amplifier
with added filtering capability.

As reviewed in Chapter 1, microwave channelized active BPFs were first pro-
posed by C. Rauscher in [32] as an evolution of RF transversal active BPFs—such
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(a) Layout (non-redundant dimensions, in mm, are indicated).

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 5.16: Layout and photograph of the manufactured lumped-element dual-band
Wilkinson-type filtering power divider (prototype 3) [125].
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Figure 5.17: Ideal theoretical, EM-simulated, and measured S-parameters in magnitude of

the manufactured lumped-element dual-band Wilkinson-type filtering power divider proto-
type [125].
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as those reported in [31] and [58]—with the purpose of attaining high-selectivity
requirements without drastically raising the number of passive resonators—as well
known, they can become bulky and lossy in fully-integrated platforms such as mono-
lithic microwave integrated circuits (MMICs)—. This is done through a multi-path
transversal network with diverse low-order filtering channels, each of them with dif-
ferent phase transmission responses, in which the selectivity enhancement stems from
the inter-channel interference taking place at the output node of the whole struc-
ture. This interference must be constructive in the passband range and destructive
in the out-of-band region to increase the stopband rejection levels and sharpness of
the cut-off slopes through the generation of TZs.

An analytical methodology for the synthesis of channelized active BPFs in their
two-branch version was reported in [117]. It consists of the combination of two
channels with the same amplitude transmission response, as illustrated in the block
diagram of Figure 5.18(a). The difference between their phase transmission re-
sponses is created by an extra transmission-line segment that acts as frequency-
dependent delay block in one of its channels. The characteristic impedance of this
line must be equal to the reference impedance level Zy and its electrical length
0 (fo) = 2nm (n € N), where fy is the passband center frequency. Note that as a
higher n value is selected, sharper cut-off slopes and more TZs are produced but at
the expense of increased circuit size and lower power rejection enhancement in some
spectral parts of the attenuated band. The idea behind this work is to substitute
the classic 3-dB Wilkinson circuits that feature the power division/combination pro-
cesses by the filtering counterparts described in this section, as depicted in Figure
17(a). Thus, the referred long delay line is no longer needed. Through this tech-
nique, a selectivity enhancement when compared to the classic approach—due to the
interference action taking place inside the filtering divider/combiner—and reduced
circuit size are simultaneously attained. This operating principle is illustrated in
Figure 5.18(Db).

For theoretical validation, Figure 5.19 shows the power transmission curve of
an ideal synthesized Zjp-impedance-referred two-branch channelized BPF exhibiting
a 3-dB relative bandwidth of 12.5% when considering 3-dB single-band Wilkinson-
type filter /power-distribution circuits (i.e., N = 1, k = 1, and f; = fo) for Zy = 27,
and including the inter-connection lines of characteristic impedance Z, = Zyv/2 and
electrical length 6.(fq) = 90°. The specifications of the low-order (second-order)
passive BPF of the parallel-coupled-line type [126] to be embedded into its channels
was obtained by applying the design methodology of [117], resulting in a relative
bandwidth of 5% referred to a ripple level of 0.026 dB. With the purpose of providing
a comparison, the ideal power transmission response of the low-order filter and the
new and conventional two-branch channelized BPFs for n = 2 and 3, respectively,
are also depicted. Benefits to be highlighted for the new channelized approach are
higher attenuation levels in most of the stopband range and the avoidance of the
long delay line—length of 47 and 67 at fy for n = 2 and 3, respectively—of the
transversal direction.

The ideal synthesized two-branch channelized BPF exploiting the new approach
has been designed, manufactured, and tested for a center frequency fo =3 GHz. A
photograph of the developed prototype and the layout of the single-band Wilkinson-
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Figure 5.18: Two-branch channelized active BPF.
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Figure 5.19: Ideal power transmission (|Ss2;|) response of the ideal synthesized channelized
BPF based on the new and classic—n = 2 and 3—approaches along with the ideal transfer
function of its low-order passive BPF.
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type filter/power-divider device implementing its signal-splitting/combining stages
are shown in Figure 5.20. For the isolation stages, a low-noise amplifier with low
reverse power transmission—model RF3376 from RFMD [127]—and II-type resistive
attenuators of 4 dB at their input/output terminals were utilized.

Filtering
divider

stage

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 5.20: Layout of the single-band filter/power-dividing stage and photograph of the
manufactured two-branch channelized active BPF (prototype 4) [125].

The measured power transmission, reflection, and reverse-isolation curves of the
built two-branch channelized active BPF prototype and the power transmission
curve of its constituent low-order filter are represented in Figure 5.21. As observed,
a very similar behavior to that of the ideal design of Figure 5.19 is obtained, fully
validating the concept.
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Figure 5.21: Measured power transmission (|S21]), reflection (].S11]), and reverse-isolation
(|S12]) curves of the manufactured channelized BPF prototype along with the measured
power transmission response of its low-order coupled-line-type filter [125].

5.1.3 Comparison with state-of-the-art multi-band Wilkinson-type
power dividers

Table 5.2 compares the new proposed multi-band Wilkinson-type power dividers
with the most significant state-of-the-art approaches that have been recently re-
ported [116], [118]-[122]. As can be seen, the implementation with the highest
number of operative frequencies—four in total-—has been realized using this new
approach. As already stated, main benefits of it are its filtering capability and
generation of multiple out-of-band TZs in order to isolate the operative frequen-
cies unlike coupled-line-based designs. In addition, FBWs higher than 20% can be
attained, which is more difficult to realize in coupled-line implementations. How-
ever, the design in [119] based on stub-loading techniques has a comparable FBW of
22.2%, whereas the one in [116] exhibits a much larger one of 94.2%. Nevertheless,
when compared to the approach in [119], the new solution presents higher selectiv-
ity. On the other hand, the design in [116] relies on CRLH transmission-lines that
leads to an increased design complexity. Indeed, the final implementation of the
CRLH device is obtained by means of an optimization process in an EM simulator
unlike the multi-band divider based on signal-interference techniques where design
equations are provided. It is the latter along with its generalization to an arbitrary
number of operative frequencies that make this approach a good candidate for a
plurality of applications.
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5.2 Single- and multi-band filtering impedance trans-
formers

Impedance-matching networks are widely-used devices in RF /microwave sys-
tems. Their aim is to match a given impedance level to another prescribed one at
a single frequency or over a frequency band, whose bandwidth depends on the final
application. For example, the maximum power-transfer achievement between two
blocks, the return loss optimization between an antenna and a low-noise amplifier,
and the achievement of low-noise characteristics in active circuits [4].

A classic exponent of impedance-matching network is the quarter-wavelength
transformer. Such a simple component allows to match any pair of real source and
load impedances at a single frequency. Note also that it can be combined with
other series or shunt reactive elements in case a complex load impedance needs to
be matched. Moreover, it can be extended to multi-section designs for applications
demanding more bandwidth than that attainable with a single quarter-wavelength
stage.

In this section, dual-function microwave devices simultaneously providing filter-
ing and impedance transformation between two different real impedances are pre-
sented. This means more flexibility when compared to classic resonator-based filters
in which a transfer function is synthesized, under Butterworth or Chebyshev poly-
nomials, but between two imposed equal real-valued source and load impedances—
normally equal to 50 Q@—. Thus, the intrinsic power-matching action within the
passband range can only be set for these specific impedance values, once the filter
impedance level is fixed. With the aim of extending its applicability, [128] presents
the generalization of this synthesis method to an arbitrary complex load impedance.

This section therefore concentrates on the development of impedance trans-
formers with single/multi-band filtering capability between two real impedances for
single- and multi-section versions by exploiting signal-interference principles. Specif-
ically, quarter-wavelength transformers are replaced with signal-interference TFSs
that are shaped by two in-parallel transmission-line segments. Owing to the feed-
forward signal-energy iteration taking place between the two TFS electrical paths,
high-selectivity filtering actions can be attained while preserving the impedance-
transformation functionality.

5.2.1 Theoretical foundations

The concept behind the engineered generalized TFS that replaces a single trans-
former between arbitrary source (R;,) and load (Ry) real impedances is shown in
Figure 5.22. As already said, this TF'S is based on two transmission-line segments
connected in parallel, whose design parameters are chosen according to [10] and [12]
for single- and multi-band designs, respectively.
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Figure 5.22: Signal-interference TFS for generalized input/output impedances.

Design equations

The design equations for the characteristic impedances Z; and Zs and the elec-
trical lengths 6; and 6y of the impedance-transforming TFS have been derived in
order to provide perfect matching between the external impedances R;, and Ry, with
spectral symmetry with regard to the design frequency, f;. They are as follows:

e For the single-band case of [10]:

Hl(fd) =N x 90° eg(fd) = (4N + M) x 90° (5.7)

1 1 1
+ me =/ RinRp, (5.8)

Z Z72 B Zref

e For the multi-band case of [12]:

Hl(fd> = N x 90° Hg(fd) = (N + 2) x 90° (5.9)
1 1 1
7 Zrer Zref =/ Rin R, (5.10)
_ 2P fy _
{f17f277fN}_{N+17 P_17277N} (511)

Here, M, N € N and fi, f2, ..., fv are the center frequencies of the passbands.
Note that multi-band responses can also be obtained for high values of the M and
N indexes of equation (5.7) in the single-band case, whereas single-band transfer
functions can be synthesized for N =1 in the multi-band case with equation (5.9).

In order to illustrate the principle of such a dual-function device, Figure 5.23 plots
the power transmission and the input-power-matching curves of two ideal synthesized
examples of a triple-band TF'S for R;, = Zy and R;, = 2Zy when the characteristic
impedance Z5 of equation (5.10) is equal to Z,.r/2 and 3Z,.f/2, respectively. As can
be seen, perfect power matching at those center frequencies given by equation (5.11)
and simultaneous triple-band filtering actions with inter-band TZs are achieved.
Moreover, it is demonstrated that broader passband widths are obtained as higher
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values for the line impedance variables are considered. This is a common feature to
its classic (i.e., 50-§2 referred) signal-interference filter counterpart.
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Figure 5.23: Power transmission (]|S21]) and reflection (|S11|) responses of the ideal syn-
thesized triple-band signal-interference TFSs for R;, = Zy and Ry, = 2Z,.

Multi-stage designs

When higher-order designs are required, a multi-section arrangement can be
taken into account satisfying higher in-band power matching and out-of-band re-
jection levels. This design strategy is detailed in Figure 5.24, where the different
TFSs must be properly scaled in impedance for the purpose of allowing the transi-
tion between R;, and Ry . Specifically, if the multiple TFSs were directly connected
without cascading lines, the following design equations would be satisfied:

Rin RL
(1) Z(Z) Y4 )
ref ref ref
@ @
TFS/——/] TFS/——/]—---- — TFS
ch’ Ocl ZcZ’ Hc2
#l #2 #K

Figure 5.24: Multi-stage filtering impedance transformer with signal-interference TFSs

e For an odd K:

VA A

ref ref K
: e 75 = \/RinRy, (5.12)
zef :"Lef el
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e For an even K:

K-1
Zyey . Zyes e [Bin (5.13)
Zfef Zfef ngf RL

If the cascading lines were incorporated as illustrated in Figure 5.24, their elec-
trical lengths should be an integer multiple of 90° at the design frequency f; to
preserve the spectral symmetry of the overall transfer function with regard to fy.
Note that in the case that these lines are odd multiples of 90°, their line impedances
should be included in equations (5.12) and (5.13). Notwithstanding, an optimization
process of the characteristic impedances of the whole network is necessary in order
to improve the filtering selectivity and the power matching levels in all the operating
bands, as proven in the following subsections.

5.2.2 Experimental results

To prove the practical viability of the devised technique, two different 50-2-
referred prototypes have been synthesized, built, and characterized. They are a dual-
band signal-interference filtering/impedance-transformation circuit and an UWB
single-band prototype in microstrip technology, which both feature impedance-trans-
formation ratios of 2:1. Concerning its manufacturing, it must be remarked that:

e The microstrip substrate RO4003C Rogers’™ with the following parameters
was used: relative dielectric permittivity e, = 3.55,, dielectric thickness h =
1.52 mm, dielectric loss tangent tandp = 0.0027, and metal thickness t = 35
pum [46]. Ground connections were implemented by means of 1-mm-diameter
metallic via holes.

e Commercial resistors PAT series from Vishay Thin Film are utilized as load
resistance [129].

With relation to the design, simulation, and testing process, the following logistic
media was employed:

e Commercial software package Advanced Design Systems' ™ of Keysight Tech-
nologies: circuit simulation of both prototypes [74].

e Commercial software package High Frequency Structure Simulator v10.0 (HFSS)
of Ansoftt™: 3-D full-wave EM simulation by the FEM of both prototypes
[48].

e E8361A network analyzer of Agilent’ ™: measurements [75].

Prototype 1: dual-band filtering impedance transformer

The first prototype is a dual-band filtering impedance transformer with an input
impedance R, = Zp=50 2 and a load impedance Zj, = 2Zy = 100 2 [130]. It was
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ideally synthesized to show two passbands whose center frequencies are 2.05 and 3.95
GHz—i.e., f; = 3 GHz—and their absolute bandwidths are 250 MHz with regard
to a 20-dB input power-matching level —resulting in 12.2% and 6.3%, respectively,
in relative terms.

In order to obtain an impedance transformation along with a highly-selective
filtering action, the whole circuit was designed through the series-cascade connection
of two dissimilar TFSs by means of a connecting line, as described in Section 5.2.1.
Although the equations previously derived were considered in the design process,
a final optimization of the full circuit structure was done to increase the in-band
power-matching levels. Thus, the final design parameters of the ideal circuit—with
N = 2 in equation (5.9)—are as follows:

e TFS 1: Zl = 28.9 Q, 22 =63.4 Q, 01(fd) = 1800, and Hg(fd) = 360°.
e TFS 2: Z; =45.3 Q, Zy = 106.7 2, 61(f;) = 180°, and 62(f4) = 360°.

e Cascading line: Z. = 65.7 , and 0.(fy) = 180°.

The input power-matching and the power transmission curves between the two
impedances R;, and Ry, of the ideal synthesized dual-band filtering impedance trans-
former are drawn in Figure 5.25. As can be seen, the frequency specification mask is
fulfilled and a third-order quasi-equirriple-type behavior is obtained in the bands of
interest. It must be emphasized the presence of inter-band TZs at both sides of each
passband and the attainment of sharp-rejection characteristic, which is an inherent
feature of signal-interference filtering structures.

Amplitude (dB)

1 \\ ,, ........... Mask

0.4 0.6 0.8 1 1.2 1.4 1.6
Normalized frequency (f/f d)

Figure 5.25: Power transmission (|S21]) and reflection (|S11|) responses—for Ry, = 50
and Ry = 25 —and prefixed input-power-matching mask of the ideal synthesized dual-
band filtering impedance transformer [130].
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The layout and a photograph of the built microstrip prototype of the dual-band
filtering impedance transformer are presented in Figure 5.26. The simulated—both
circuit-model and EM predictions—and the measured input-power-matching coef-
ficients, in addition to its circuit-model simulated transfer function, are compared
in Figure 5.27. As demonstrated, a fairly-close agreement between theoretical and
experimental results is obtained, hence validating the practical suitability of the
proposed technique.

59.8 62.9
TFS 2
0.34]
Via
100 Q hple
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\
207 [
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(a) Layout (non-redundant dimensions, in mm, are indicated).

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 5.26: Layout and photograph of the manufactured microstrip dual-band filtering
impedance transformer (prototype 1) [130].

Prototype 2: Ultra-wideband single-band filtering impedance transformer

As a second prototype, an UWB single-band filtering impedance transformer for
an input impedance R;, = Zy = 50 Q and a load impedance Z; = Zy/2 = 25 Q is
developed. In this case, the center frequency and the 20-dB-input-power-matching-
level-referred absolute bandwidth for the ideal synthesized circuit were chosen to be
3 GHz—i.e., f; = 3 GHz—and 1.1 GHz—resulting in a 36.7% bandwidth in relative
terms—, respectively.

For this prototype, three dissimilar TFSs were cascaded, by means of two extra
connecting lines. After applying the design guidelines of Section 5.2.1 and optimizing
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Figure 5.27: Simulated—circuit-model and EM— and measured power reflection responses
(1S11]) and simulated—circuit-model—power transmission response (|Sa1|) of the manufac-

tured microstrip dual-band filtering impedance transformer (prototype 1)—R;, = 50 2 and
Ry =25 Q—, [130].

all the parameters of the circuit, the following values were obtained for its electrical
variables—replacing N = M =1 in equation (5.7)—:

[ ] TFS 1: Zl =103 Q, Z2 =97 Q, Hl(fd) = 900, and Gg(fd) = 450°.

o TFS 2: Z; = 89.7 Q, Zo = 48.8 Q, 01(f4) = 90°, and 6a(f;) = 450°.

e TFS 3: Zl = 55.7 Q, ZQ =46.6 Q, Gl(fd) = 900, and eg(fd) = 450°.
e Cascading line 1: Z,; = 39.5 Q and 6.1 (fq) = 270°.
e Cascading line 2: Z.o = 27.1 Q and 0.2(fq) = 270°.

The input-power-reflection and power-transmission curves of the ideal synthe-
sized UWB single-band filtering impedance transformer are plotted in Figure 5.28.
As can be seen, the fixed power-matching requirements are satisfied. Once again, a
sharp-rejection transfer function with multiple out-of-band TZs is attained, exhibit-
ing a sixth-order quasi-equiripple-type passband in this case.

The layout and a photograph of the developed microstrip prototype of UWB
single-band filtering impedance transformer are shown in Figure 5.29. The simulated
—circuit-model and EM predictions—and the measured input-power-matching pro-
files, along with its circuit-model-based simulated power transmission response, are
represented in Figure 5.30. In this case, as expected from the EM simulated results,
the power-matching levels of the measured circuit suffer some deterioration in the
passband. This can be caused by the the high number of poles within the passband
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Figure 5.28: Power transmission (|S21]) and reflection (|S11]) response—for R;, = 50 §2
and Ry = 25 Q—and prefixed input-power-matching mask of the ideal synthesized UWB
single-band filtering impedance transformer [130].

range, that makes its response more sensitive to undesired effects not contemplated
by the circuit-model simulator and to manufacturing tolerances.

5.3 Single- and dual-band balanced bandpass filters

Although originally developed for low-frequency analog and digital devices, bal-
anced circuits have gained a relevant significance in a wide range of RF /microwave
applications in recent years. This comes as a result of the rapid development of
mobile and wireless communication systems with more stringent requirements to be
met. The key advantage of balanced circuits when compared to their single-ended
counterparts is their higher immunity to electromagnetic interference (EMI) sources.
These include external noise, crosstalk, coupled noise from adjacent circuitry, and
environmental noise, among others [131]. Over the last years, a considerable effort
has been specially put into the area of planar filter design based on balanced struc-
tures, coping with wideband-to-UWB requirements for single/dual-band operation
[132]. In this context, high-selectivity and sharp-rejection capabilities when oper-
ating in the differential mode of operation, and high power rejection levels in the
common mode of operation over the frequency band of interest are highly desired.

Numerous approaches regarding the design of single-band balanced BPFs have
been proposed so far. For instance, one design methodology is the series-cascade
connection of stub-loaded branch-line couplers to realize UWB filtering as presented
in [133] and [134]. This type of configurations was slightly modified by embedding
open-coupled-line stages into the arms of the couplers in [135] with the purpose of
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(a) Layout (non-redundant dimensions, in mm, are indicated).

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 5.29: Layout and photograph of the manufactured microstrip UWB single-band
filtering impedance transformer (prototype 2) [130].
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Figure 5.30: Simulated—circuit-model and EM— and measured reflection responses (|.S11|)
and simulated—circuit-model—power transmission response (]Ss1]) of the manufactured mi-
crostrip UWB single-band filtering impedance transformer (prototype 2)—R;, = 50 Q and
Ry =25 Q— [130].

broadening the narrow stopbands that exist between the periodic replicas of their
passbands. Yet another approach reported in [136] was the use of T-shaped struc-
tures that results in wider common-mode suppression and higher circuit compact-
ness. But, nonetheless, the prevailing trend towards the design of single-band BPF's
consists of multi-mode-resonator schemes. In this direction, balanced BPFs that
show good performance in terms of TZ generation under differential-mode opera-
tion and high common-mode rejection have been addressed by using ring-resonator
building blocks in [137]-[139]. In addition, balanced BPFs shaped by SIRs have
been presented in [140]-[141] with high attenuation levels in the common mode of
operation in the desired frequency band, but without close-to-band TZs in their
differential-mode transfer functions. Also, single-band balanced BPFs based on
transversal circuit networks have been recently suggested. Thus, UWB balanced
BPF's were implemented in microstrip technology by means of 180° phase shifters
and 360°-at- f; transmission-line segments in [142]. In this line of work, double-sided
parallel-stripline (DSPSL) balanced BPFs were fabricated with their subsequent size
reduction as described in [143] and [144]. Nonetheless, the last three approaches
exhibit moderate common-mode rejection—i.e., attenuation levels for the common-
mode in the range 10-20 dB—within the spectral range of the differential-mode
passband.

To a minor extent, some of the aforementioned techniques applied to single-
band configurations have been also exploited in dual-band designs. For instance,
topologies based on coupled-line sections were realized in [145] and [146] obtaining
wideband common-mode suppression. On the other hand, the incorporation of SIRs
into balanced structures has proven to have benefits in terms of high common-mode
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rejection in both single- and double-layer substrates as shown in [147] and [148].
However, it must be remarked that these designs can hardly be extrapolated to
BPF's with more than two passbands and, in some cases, are sensitive to fabrication
tolerances owing to its physical conformation with coupled-line stages and lumped
elements.

This section is therefore aimed at the design of single/dual-band balanced BPFs
by embedding signal-interference TFSs into the two identical parts of a balanced
circuit. This is translated into the simultaneous attainment of high-selectivity and
sharp-rejection capabilities in the differential-mode transfer function and high in-
band attenuation levels for their common mode of operation. Note that the engi-
neered approach outperforms most of the related prior-art configurations in terms
of in-band common-mode rejection levels. Besides, low in-band insertion-loss levels
under differential-mode operation and higher robustness to fabrication deviations
owing to the absence of coupled-line stages are observed. In particular, the well-
known bi-path signal-interference TFS of [10] and [12] is utilized for demonstration
purposes.

5.3.1 Theoretical foundations

In a balanced circuit, complementary signals—those that share the same ampli-
tude with a 180° phase difference—are transmitted by a pair of terminals. Thus, a
balanced filter can be seen as a differential two-port or single-ended four-port net-
work as illustrated in Figure 5.31, where nodes 1 and 2 are paired as the differential
input port and nodes 3 and 4 constitute the differential output port.

O-0 ®-00

Balanced
Filter

@—-Q oo

Figure 5.31: Balanced filter: differential two-port or single-ended four-port network.

Therefore, the full characterization of balanced filters cannot be made by single-
ended S-parameters. It needs for the so-called mixed-mode S-parameters [149].
The transformation between single-ended and mixed-mode S-parameters is given
according to the following equations:

g 1 [Séé = (S11 — S12 — So1 + S22)  Si2 = (S13 — S1a — Saz + 524)} (5.14)
W2 |30 = (931 + Sso — Su1 + Saz) S35 = (a3 — Sza — Saz + Saa) '

Sy = 1 |:Sclli = (Sll + S12 — So1 — 522) Séz = (513 4+ S14 — Soz — 524):| (5 15)
¢ 2|93 = (S31+ S32 — Sa1 — Sa2)  S%2 = (533 + Sza — Sug — Saa) :
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Scd = (S11 — S12 + So1 — S22) Scd = (S13 — S14 + S23 — S24)]

1
_ - 5.16
2 |S2] = (931 — S32+ Sa1 — Sg2) 52 = (S33 — S34+ Syz3 — Sua)| (5.16)

g _ L[S =(Su+ S+ 5+ Sn) Sp2=(S1s+ Sua+ S2s+ 5)] (5.17)
“T 2 521 (831 + Sz + Sa1 + Sa2) 52 = (833 + 534 + Sa3 + Saa)| '

where Sgcll and S Cllcll are the power transmission and reflection responses under differen-
tial-mode operation, and S2! and S!! are those for its common mode of operation.
The other sub-matrices S,;. and S.4 represent the conversion from differential-mode
to common-mode operation and vice versa.

Signal-interference balanced filter

The engineered balanced circuit consists of two identical halves that are formed
by a signal-interference TFS and two shunt 90°-at- f; transmission-line segments with
characteristic impedances equal to Zs; and Zss, as illustrated in Figure 5.32. Note
that for further increasing in-band power matching levels, two additional 90°-at- fy
transmission-line segments with characteristic impedances Z,,1 and Z,,» are con-
nected to the input/output ports of the whole balanced filter. Moreover, any class
of signal-interference TFS can be utilized as building block in this design method-

ology.

@ Z ,90° mz,90°@
~—|:I—I— TFS —I—:I—‘

Zsl’ ZsZ’

90° 90°
,,,,,,,, I}Plancof
Symmetry

Zsl’ ZSZ’

@ 90° 90° @
’—|:|—I— TFS —I—ZI—'
Z,,90° Z,,90°

Figure 5.32: Engineered balanced BPF with embedded signal-interference TFS (the values
of the electrical lengths are calculated at the design frequency fy).

The functional principles of the balanced BPF illustrated in Figure 5.32 can be
summarized as follows:

e The in-band characteristics of the whole balanced BPF under differential-mode
operation are practically those inherited to the embedded signal-interference
TFS. The filtering action is then defined by the in-band constructive and
out-of-band destructive signal-energy interactions taking place between the
different electrical paths of the signal-interference TFS.
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e In the differential mode of operation, a virtual ground is created in the plane
of symmetry. This allows to cancel the signal power transmission at the even
harmonics of fj. This is a substantial improvement in terms of filtering capabil-
ity when compared to the transfer function of the building signal-interference
TFS.

e When operating in common mode, a TZ is created at f; owing to the virtually-
open-circuited stubs. It should be remarked that such stubs can be physically-
short-circuited to enhance the common-mode power rejection levels.

Figure 5.33 presents an illustrative example of the proposed balanced BPF con-
cept. In particular, it shows the power transmission and reflection responses in
the differential and common modes of operation for a synthesis example of an ideal
single-band balanced BPF along with those of its signal-interference TFS. This build-
ing TFS is formed by two different in-parallel transmission-line segments—as the
signal-interference TFS of Figure 1 in [10]—where the values of its design parame-
ters have been chosen as follows (Zj is the reference impedance): Z; = Zs = 2%
and m = n = 1. Loading stubs with characteristic impedances Zg; = Zso = 27Zy/3
are selected. Moreover, with the aim of further increasing the in-band power at-
tenuation levels under common-mode operation, a physical ground is placed at the
connection point of the stubs with a characteristic impedance Z4;. As observed in
Figure 5.33, a signal-interference filtering action that exhibits higher selectivity than
that of its embedded signal-interference TF'S is obtained for differential mode.
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Figure 5.33: Ideal power transmission (|S21]) and reflection (]S11]) responses of the differ-
ential and common modes of a synthesized example of the balanced BPF circuit in Figure
5.32 and |Sa1| and |S11] coefficients of its embedded signal-interference TFS.
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Multi-TFS-cascaded designs

As already mentioned in this Ph.D. Thesis, the series-cascade connection of mul-
tiple TFSs leads to increased sharpness of the cut-off slopes, amplitude flatness,
and out-of-band power rejection levels of the overall filter transfer function. This
technique can also be applied to balanced filter configurations. As an example, a
two-stage design is presented in Figure 5.34, where a T-shaped inter-TFS cascading
network shaped by three 90°-at- f; transmission-line segments—whose characteristic
impedances are Z.,s. and Zgz—is utilized. It must be remarked that these TFSs are
designed to be different—i.e., showing a spectral offset of their passbands—. Its pur-
pose is to generate more out-of-band TZs at distinct frequency locations within the
interval [0,2f,] and, hence, further extend the stopband bandwidths and rejection
levels in the differential mode of operation.

® Z,,90° Z..90° Z.,90° Z,,90° @
-~ {TFS, [y TFS, -~
Zs]A’ ZSZA’ Zs\?’ Zs]B’ Zs2b”
90° 90° 909 90° 90°
,,,,,,,, 1,,,,,,,,},,,,,,,I,,,,,,,{,,,,,,,,},,ﬂ%ﬂg?}”
Symmetry
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Figure 5.34: Two-TFS series-cascaded balanced BPF with embedded signal-interference
TFS.

To better illustrate the aforementioned selectivity-enhancement technique in
signal-interference differential-mode BPFs, two synthesis examples are shown here-
after for a given reference impedance Zj.

The first synthesis example consists of a single-band balanced BPF. It was syn-
thesized to exhibit 25-dB-input-power-matching-level-referred relative bandwidth of
14.5% around f; in the differential mode of operation and a 64.3-dB attenuation-
level-referred relative bandwidth of 48.5% in the common mode of operation. The
optimized values for its design parameters are chosen as follows:

e TFS A: bi-path signal-interference TFS of Figure 2 in [12] with Z;4 = 0.5Z),
Z2A = Zo, 01A(fd) = 900, and 92A(fd) = 270°.

e TFS B: bi-path signal-interference TF'S of Figure 1 in [10] with Z;5 = 2.106Z,
ZQB = 1.920, elB(fd) = 900, and QQB(fd) = 450°.

e Loading stubs: Zga4 = Zga = Zgap = 0.57Zy and Zyop = 1.4Zy. Stubs 1A
and 2B are physically short-circuited.

e Cascading network: Z.usc = 2.1Zy and Zs3 = 0.52).

e Matching input/output lines: Z,,1 = Zn2 = 0.88%).
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Figure 5.35 shows the ideal power transmission and reflection responses in the
differential and common modes of operation for the synthesized single-band bal-
anced BPF along with the power transmission coefficients of its constituent signal-
interference TFSs. As shown, the use of dissimilar TFSs gives rise to six close-to-
passband TZs. Note also that, as previously mentioned, there is no signal transmis-
sion in the even harmonic frequencies of f;. Besides, a minimum 28.5-dB out-of-
band power rejection level for the stopbands is achieved for its differential mode of
operation.

The second synthesis example corresponds to a dual-band balanced BPF'. It was
designed to show two passbands whose center frequencies are 0.7f; and 1.3f; and
their 15-dB-input-power-matching-level-referred relative bandwidths are equal to
12.5% and 6.7%, respectively, in its differential-mode transfer function. A minimum
common-mode power-attenuation level of 33 dB is obtained over the spectral range
from 0.61f; to 1.39f;. The optimized values for its design parameters are as follows:

e TFS A: bi-path signal-interference TFS of Figure 2 in [12] with Z14 = 0.5Z),
ZQA = 0.720, HlA(fd) = 1800, and HQA(fd) = 360°.

e TFS B: bi-path signal-interference TFS of Figure 2 in [12] with Z;5 = 0.758Z,
ZQB = 1.8162{), alB(fd) = 1800, and GQB(fd) = 360°.

e Loading stubs: Zsga4 = 1.4672y, Zy4 = 0.722y, Zs1p = 0.6627y, and Zeop =
0.5227.

e Cascading network: Z..sc = Zg and Zg3 = 0.56Z. Stub 3 is physically short-
circuited.

e Matching input/output lines: Z,,1 = 1.208Zy and Z,,2 = 0.65Z).

The ideal power transmission and reflection responses of the synthesized dual-
band balanced BPF for the differential and the common modes of operation, along
with the power transmission coeflicients of its constituent signal-interference TFSs,
are depicted in Figure 5.36. As can be seen, two TZs are created at the lower and
upper sides of the lower and upper passbands, respectively, whereas inter-band TZs
are also generated at f3. As previously expounded, additional TZs located at DC
and 2fy are created. Also, out-of-band power rejection levels above 15 dB for the
lower and upper stopbands are obtained.

5.3.2 Experimental results

To prove the practical viability of the proposed balanced BPF design methodol-
ogy based on embedded signal-interference TFSs, a 50-Q2-referred single-band BPF
prototype has been synthesized, manufactured, and characterized. In relation to the
design, fabrication, and testing processes of this circuit, it must be remarked that:

e The microstrip substrate RO4003C Rogers’™ with the following parameters
was utilized: relative dielectric permittivity e, = 3.55, dielectric thickness h =

1.52 mm, dielectric loss tangent tandp = 0.0027, and metal thickness t = 35
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Figure 5.35: Ideal power transmission (]S21]) and reflection (]S11]) responses of an example
two-TFS single-band balanced BPF in differential and common modes and |S2;| coefficients
of its building signal-interference TFSs.
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(b) Overall balanced BPF in common mode (|S57| and |ST{]).

Figure 5.36: Ideal power transmission (|Sa1|) and reflection (|S11]) responses of example of
synthesized two-TFS balanced dual-band BPF in differential and common modes and |Sa; |
coefficients of its building signal-interference TF'Ss.
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pm [46]. Ground connections were implemented by means of 0.8-mm-diameter
metallic via holes.

e The commercial software package Advanced Design Systems'™ of Keysight
Technologies was employed for the circuit and 2.5-D EM simulation by the
Frequency-Domain MoM of the prototype [74].

e An E8361A network analyzer of Agilent'™ was utilized to carry out the mea-
surements [75].

Prototype: Single-band balanced bandpass filter

The built prototype is the physical implementation of the previously-synthesized
example of the two-stage single-band balanced BPF in Figure 5.35 for Zy = 50 2
and fg = 2 GHz [150]. Its differential-mode transfer function was designed to ideally
exhibit a 3-dB absolute bandwidth of 420 MHz—i.e., 23.6% in relative terms—and a
25-dB-input-power-matching-level-referred absolute bandwidth of 290 MHz, whereas
a 64.3-dB-attenuation-level-referred absolute bandwidth of 970 MHz around 2 GHz
is enforced for its common mode of operation. The layout and a photograph of the
manufactured microstrip single-band balanced BPF prototype are shown in Figure
5.37.

The simulated—circuit model and EM predictions—and measured power trans-
mission and reflection parameters of the manufactured prototype for the differential
and the common modes of operation are depicted in Figure 5.38. As can be seen,
a reasonable agreement is reached between EM simulated and experimental results,
except for a slight frequency shift—measured center frequency of 1.93 GHz—and
some deterioration of the in-band power matching levels that are higher than 9.4
dB in the differential mode of operation. These discrepancies can be attributed to
some undesired effects that are not contemplated by the circuit simulator, such as
substrate dispersion, unexpected radiation, and fabrication tolerances. A 3-dB ab-
solute bandwidth of 338 MHz—i.e., 17.5% in relative terms—and out-of-band power
rejection levels greater than 21.6 and 20.8 dB for the lower and the upper stopbands,
respectively, are achieved. Moreover, multiple TZs are produced in the differential-
mode transfer function. In addition, power attenuation levels higher than 49 dB
are obtained in the frequency range from 1.32 to 2.20 GHz in the common mode of
operation. It is worth mentioning that such high common-mode power-attenuation
levels in the frequency band where the differential-mode passband is located are
greater than those reached by most of the related prototypes that are available in
the technical literature—in particular, they are comparable to the levels measured in
the prototypes based on SIRs in [140] and [141], but showing the additional benefit
of close-to-passband TZ generation in the differential mode of operation—.

To complete the full characterization of the manufactured prototype, the sim-
ulated and measured group-delay responses over the frequency range from 1.5 to
2.5 GHz in the differential mode of operation are compared in Figure 5.39. As ob-
served, a fairly-close agreement is obtained between both curves. Besides, Figure
5.40 plots the common-to-differential-mode (|S5¢|) and the differential-to-common-
mode (|S9|) conversion parameters in transmission, which are respectively lower
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(a) Layout (non-redundant dimensions, in mm, are indicated).

(b) Photograph (microstrip substrate: RO4003C of Rogers).

Figure 5.37: Layout and photograph of the manufactured microstrip balanced single-band
BPF prototype [150].
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Figure 5.38: Ideal, simulated (circuit and EM model), and measured power transmission
(|S21]) and reflection (]S11]) responses of the manufactured microstrip balanced single-band
BPF prototype [150].
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Figure 5.39: Ideal, simulated (circuit and EM model) and measured group-delay (75¢)

responses of the manufactured microstrip balanced single-band BPF prototype in differential
mode [150].
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Figure 5.40: Simulated and measured common-to-differential-mode (|S5¢|) and differential-
to-common-mode (|S$|) power transmission responses of the manufactured microstrip bal-
anced single-band BPF prototype [150].

than 25.7 and 33.1 dB for the band of interest.

5.4 Conclusion

This chapter has presented novel classes of RF/microwave dual-function planar
circuits based on signal-interference techniques. Through the strategic incorporation
of signal-interference TFSs into conventional mono-function circuits, high-selectivity
filtering actions with multiple TZs can be attained while featuring the processing ac-
tion inherent to the original device itself. Unlike previously reported multi-function

153



DESIGN OF MULTI-FUNCTION SIGNAL-INTERFERENCE MICROWAVE FILTERING DEVICES

devices with filtering capability, this philosophy is generalized for any number of
operative frequencies from moderate-to-UWB specifications. Although a signal-
interference TFS shaped by two in-parallel transmission-line segments is adopted in
the realizations of this study, other classes of signal-interference TFSs can be utilized,
such as stepped-impedance-line-based ones for frequency-asymmetrical multi-band
designs. Moreover, since coupled-line stages are avoided, pure-lumped-element real-
izations can be used in order to reduce its physical size. In particular, this technique
is applied to three types of microwave devices: Wilkinson-type filtering power di-
viders, filtering impedance transformers, and balanced filters.

Concerning Wilkinson-type power dividers with single/multi-band filtering ca-
pability, the design equations and guidelines for its theoretical synthesis have been
provided. Besides, they have been generalized to multi-stage arrangements and even
frequency-asymmetrical designs. For practical validation, triple- and quad-band mi-
crostrip prototypes and a dual-band lumped-element-based prototype for the spec-
tral ranges 1-5 GHz and 0.2-0.6 GHz, respectively, have been synthesized, built, and
tested. The potential of the suggested filtering power dividers has been exploited in
more-sophisticated RF /microwave filtering components through the realization of a
modified two-branch channelized active BPF. By using this filtering/power-divider
structure for its single-band signal-division/combination stages, a more efficient im-
plementation presenting greater selectivity and smaller size than its conventional
counterpart is attained.

In relation to filtering/impedance-transforming circuits, the analytical formulas
and guidelines for the synthesis of single- and multi-band realizations have been
expounded. The extension of such technique to multi-stage designs is also provided.
Furthermore, a dual-band prototype in the frequency range from 1.5 to 4.5 GHz and
an UWB single-band prototype in the spectral range from 2 to 4 GHz have been
successfully designed, built, and characterized in order to demonstrate its practical
viability.

Finally, balanced BPFs based on embedded signal-interference TFSs have been
also demonstrated. The design guidelines for its theoretical synthesis have been
expounded along with two design examples for single- and dual-band cases, both
formed by two dissimilar TFSs. Aside from the high-selectivity and sharp-rejection
capabilities attained in the differential mode of operation, high in-band power-
attenuation levels in the common mode of operation have been proved. Note that
the use of dissimilar TFSs allows to broaden the bandwidth of the rejected bands in
the differential-mode transfer function through the generation of a higher number of
TZs at distinct spectral locations. Besides, this type of balanced signal-interference
filters presents a significant advantage when compared to traditional single-ended
signal-interference ones for further selectivity enhancement. This is because the sig-
nal propagation is canceled at the even harmonic frequencies of f;. As a proof of
concept, a two-stage balanced single-band BPF centered at about 2 GHz was built
in microstrip technology and tested. Note that it exhibits higher common-mode
power-rejection levels than most of the related prior-art circuits.
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Chapter 6

Conclusions

This chapter summarizes the major contributions and results derived from this
Ph.D. Dissertation in Section 6.1. It also includes a description of the future research
lines in Section 6.2. The chapter concludes with a list of the publications obtained
from the main contributions of this Ph.D. Thesis in Section 6.3.

6.1 Concluding remarks

This Doctoral Thesis have accomplished the synthesis and realization of ad-
vanced microwave filtering devices based on signal-interference principles. The main
contributions and conclusions derived from the research activities carried out within
the framework of this Thesis are recapitulated in this section.

In the first part, two design aspects not usually contemplated in signal-interfer-
ence filters have been addressed through the combination of common classic filtering
techniques with such structures. They are the improvement of filter selectivity
without nearly deteriorating the in-band group-delay variation and the attainment
of spectrally-asymmetrical transfer functions. For the former, an engineered multi-
TZ-generation transversal cell is added to the input/output terminals of a basic
filter, giving rise to two signal-propagation paths. By doing so, several TZs are
created in the stopband regions, whereas the in-band characteristics—amplitude
and group-delay variation—are almost preserved. Note that this approach has been
tested for diverse filtering profiles. With regard to obtaining frequency responses
with spectral asymmetry, stub-loading procedures have been adopted. It has been
demonstrated that the incorporation of short-circuited stubs in strategic points of
the signal-interference TFSs results in spectrally-asymmetrical transfer functions
exhibiting broader bandwidth and greater rejection levels for their attenuated bands.
These enhancements make signal-interference filter architectures more suitable for
their use in digital communication systems for the first case and for multi-standard
communication systems for the second one.

The second part of this work has concentrated on the proposal of fully-lumped-
and hybrid distributed /lumped-element realizations of signal-interference filters in
order to reduce their physical size. With this aim, three different design approaches
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have been devised: 1) the replacement of electrically-short transmission-line seg-
ments with LC T-type transversal networks, 2) the miniaturization of 90°-electrical-
ly-long-at- f; transmission-line segments by means of capacitive-loading techniques,
and 3) the development of lumped-element quadrature-coupler-based signal-interfer-
ence TFSs. All three approaches attain a remarkable size reduction when compared
to their fully-distributed-element counterparts, which is a feature highly-demanded
in RF systems operating in the lower part of the microwave band.

The third part has presented a new family of mixed-technology SAW /microstrip
signal-interference BPFs. As a result, the suitability of signal-interference filters—
conceived for moderate-to-ultra-narrow-band designs in the first instance—is ex-
tended to narrow-band bandpass filtering specifications. Its principle is to em-
bed SAW resonators or SAW RF filters into the branches of conventional signal-
interference TFSs, so that the high-Q features of the SAW device are substan-
tially or partially transferred to the overall BPF. It should be noticed that such
narrow-band bandwidths are unachievable by means of fully-distributed-element
signal-interference implementations due to large occupied area and the significant
insertion losses associated with the planar substrate.

Lastly, signal-interference dual-function microwave devices have been success-
fully developed in the fourth part. By exploiting the incorporation of bi-path signal-
interference TFSs, Wilkinson-type power dividers, impedance transformers, and bal-
anced filters with added single/multi-band filtering capabilities have been conceived.
Thus, highly-selective filtering actions with multiple TZs and the processing action
inherent to the original device can be simultaneously attained. Note that, unlike
most of prior-art multi-function microwave devices exhibiting filtering actions, this
methodology has been generalized for an arbitrary number of passbands.

Moreover, it must be highlighted the high experimental content of this Ph.D. Dis-
sertation with the design, manufacturing, and characterization of seventeen physical
prototypes in PCB technology for a variety of frequency ranges. In addition, other
six prototypes have been simulated at the layout level. They all show a good com-
promise between predicted and measured results, fully validating the approaches
described in this work as well as the theoretical foundations behind them.

6.2 Future research lines

This Ph.D. Dissertation have addressed some existing limitations of conventional
signal-interference RF/microwave filters. Nevertheless, new research lines can be
envisaged from the results obtained in this work. Here is a brief summary of these
lines:

e Up to now, the majority of microwave filters based on signal-interference prin-
ciples have been manufactured in conventional planar technologies. However,
with the advent of the new generation of mobile communications (5G) and
other millimeter-wave systems, the demand for millimeter-wave filters is being
relaunched. The physical implementation of signal-interference filter struc-
tures in other types of technologies more suitable for high frequencies, such as
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substrate integrated waveguide (SIW), needs therefore to be explored.

e With regard to the multi-TZ-generation transversal cell of Chapter 2 aimed
at enhancing the selectivity of a given basic filter without damaging its in-
band group-delay variation, its realization could be addressed through lumped-
element approaches. Note that, in some of the manufactured prototypes, the
area occupied by the coupled-line stage is even larger than that of the original
filter. Thus, such investigation could lead to more-compact designs.

e The lumped-element equivalent circuits devised in Chapter 3 aimed at reducing
the size of bi-path signal-interference TFSs at low microwave frequencies could
be extended to other classes of signal-interference TFSs. For example, those
based on hybrid couplers arranged in reflection mode and for bandstop-type
response.

e The incorporation of lumped elements into signal-interference TFSs could be
exploited for tuning purposes by replacing the fixed capacitors with electroni-
cally-controllable ones.

e In relation with the narrow-band signal-interference BPFs of Chapter 4 based
on the combined use of SAW /microstrip technology, another family of high-Q
resonators could be employed. Thus, the undesired effect of the SAW-resonator
spurious modes over the overall frequency response—leading to the appearance
of deep in-band notches—could be avoided.

e Chapter 5 has corroborated the practical usefulness of signal-interference trans-
versal filtering networks for the achievement of dual-function microwave de-
vices. Moreover, the potential of this type of structures has been already
proven on more-complex devices such as a channelized active BPF. This opens
the door to its application to many other microwave devices with the purpose
of providing them with single/multi-band filtering capabilities. For example,
balanced-to-unbalanced circuits or Butler matrices with added filtering func-
tionality.

6.3 List of publications

The scientific contributions developed in this Ph.D. Thesis have been published
in several international journals and conferences. Some of these publications have
been already cited in previous chapters. In total, this Doctoral Thesis has resulted
in 2 international journals, 11 international conferences—another work has been
recently submitted—and 1 workshop that are subsequently listed, in chronological
order, in Sections 6.3.1, 6.3.2, and 6.3.3. Moreover, 1 additional international journal
and 2 additional international conferences somehow related to the content of this
Ph.D. Thesis are enumerated in Section 6.3.4
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R. Gémez-Garcia, R. Loeches-Sanchez, D. Psychogiou, and D. Peroulis,
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