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Abstract

The rapid growth of wireless networks, for example, the fifth and sixth generation
(5G/6G) of wireless is increasingly calling for highly-versatile radio frequency (RF)
front-ends capable of sensing the electromagnetic spectrum and dynamically adapting
to changing spectral conditions and user needs. To facilitate their deployment, ultra
compact and highly-reconfigurable RF filters need to be incorporated in their RF
transceivers to facilitate detection of low-power RF signals amid high-power,
dynamically-allocated interferers and adaptive band selection. Acoustic-wave-resonator
(AWR)-based filtering technologies have been the main filtering technology for mobile
RF transceivers due to their ultracompact size and their inherent high unloaded quality
factor (Q) = 2,000-10,000. However, they are limited by static transfer functions (TFs)
and very narrow fractional bandwidths (FBWs) <0.5% that are approximately equal to
0.4-0.8k (k¢ is the electromechanical coupling coefficient). Microwave planar-based
RF filters such as those based on microstrip, stripline and coplanar waveguide (CPW)
resonator technologies exhibit wider FBWs (2-10%) and can tune their TFs in terms of
frequency, bandwidth (BW), and number of bands. However, they suffer from low Q
(=50-100) and despite being tunable their tuning range is limited to 1.5:1 and to

frequencies up to L-band.

This thesis is centered around new design techniques, tuning concepts and
integration approaches for continuously-tunable RF filters using AWRs and highly-
miniaturized planar microwave resonators. Specifically, it introduces new classes of: 1)
quasi-elliptic acoustic-wave lumped-element resonator (AWLR)-based RF filters with
continuously tunable frequency and BW, and multi-configurable tunable modes of
operation (i.e., adapted between multiple bandpass, bandstop, all-pass and all-stop
operational modes) while having enhanced FBWs (i.e.,>0.4-0.8k°) as needed for
effective spectrum management in multi-standard communications; ii) reflective and
quasi-reflectionless multi-band AWR-based bandpass filters (BPFs) to facilitate multi-
band operability and minimize RF signal reflections, improving the signal-to-noise ratio
(SNR), and iii) widely-tunable tune-all planar-based BPFs with ultra-wide centre
frequency (fcen) and BW tunability of almost two octaves within the most crowded part
of the Frequency Range 1 (FR1) spectrum using a new-type of a switchless manifold

two-filter approach.
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Chapter 1: Introduction

1.1 Motivation and Background

Modern wireless communication systems need to support a large number of
services and standards, posing significant challenges in the implementation of radio
frequency (RF) hardware and contributing to the scarcity of available frequency bands
within the electromagnetic (EM) spectrum [1]. Current smartphones need to support
multiple communication standards—ranging from 2G to 5G—while simultaneously
supporting other applications such as Wireless Fidelity (Wi-Fi), Bluetooth, and geo-
localization. The number of RF filters required in their RF front-ends is directly
proportional to the number of services and applications that they need to support with
current 5G smartphones, relying on about 100 off-chip RF-switched filter banks,
making their integration with other chip-based RF components very challenging [2].
This complexity will further increase in 6G as devices must support more bands, wider
bandwidths, and new functions such as integrated sensing, making current RF front-
end architectures untenable and requiring highly reconfigurable, compact, and more

efficiently integrated off-chip RF components.

The increasing complexity of RF systems, combined with the limited
availability of the RF spectrum, is driving the need for spectrum-efficient
communications that optimise the utilisation of frequency bands while reducing
hardware complexity. Technologies such as software-defined radios (SDRs) and
cognitive radios (CRs) have emerged as promising solutions for enhancing spectrum
utilisation [3], [4], [5], [6], [7], [8]. SDRs integrate high-frequency RF hardware with
low-frequency programmable digital software, enabling dynamic access to the RF
spectrum through the adjustment of frequency, bandwidth (BW), and modulation
schemes. By down-converting signals to frequencies that can be processed by digital
circuits, SDRs can effectively improve RF spectrum utilization and simultaneously
reduce system complexity, size, and cost [9]. Moreover, this approach contributes to
sustainability by mitigating the environmental impacts associated with frequent
hardware replacements, which are often driven by the need to adopt new hardware that
meets updated standards and specifications [10]. However, the demand of modern
wireless applications requires SDRs capable of receiving high-frequency signals

across diverse modulation schemes and frequency bands. As digital circuitry alone is



insufficient to manage all necessary RF functions, there is a growing need for
advanced, frequency-agile analog RF components that can perform signal
conditioning at microwave and millimetre-wave frequencies. A key challenge in
current RF front-end design is the reliance on static, application-specific components—
particularly RF filters—which are not easily reconfigurable across different standards
or frequency bands. Traditional approaches that require adding discrete filters for each
new service results in increased system complexity, size, cost, and the rate of hardware

replacement—negatively impacting both scalability and sustainability [9], [10].
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Figure 1.1. Block diagram of: (a) conventional multi-band RF front-end receiver
comprising multiple RF switched filter banks; (b) a highly-miniaturized RF front-end
comprising of tunable RF components.

To address these challenges, the development of versatile and agile RF front-

ends capable of operating across multiple bands and standards is crucial for future
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communication systems, as illustrated in Figure 1.1. Ideally, conventional RF-
switched front-end architectures would be replaced by a single, frequency-agile
receiver chain; however, in practice, modern devices typically require multiple
reconfigurable chains to support simultaneous operation across different services and
MIMO modes. Even so, replacing large banks of fixed filters and dedicated receive
paths with a small number of tunable, wide-coverage chains significantly facilitates
real-time adaptation to the RF environment, ensuring optimal performance as users
transition between frequency bands while simultaneously reducing the size and
complexity of RF transceivers. The deployment of such systems necessitates the
integration of ultra-compact, highly reconfigurable RF filters into the transceivers to
facilitate the detection of low-power signals amid high-power, dynamically allocated

interferers, thereby enabling adaptive band selection [11], [12], [13].

Presently, acoustic-wave-resonators (AWRs), such as surface acoustic wave
(SAW) and bulk acoustic wave (BAW) resonators, are favoured for mobile RF
transceivers due to their exceptional Qs (Q approximating 2,000-10,000), compact
dimensions (measured in millimetres), and low cost (<$0.50 per unit) [14], [15], [16].
However, they are constrained by static TF characteristics and a narrow fractional
bandwidth (FBW) < 0.5%, approximately equal to 0.4-0.8k° (where k7 is the
electromechanical coupling coefficient). In contrast, microwave planar-based RF
filters, such as those based on microstrip, stripline, and coplanar waveguide (CPW)
resonator technologies, exhibit wider FBWs (2-10%) and tunable TFs in terms of
frequency, BW, and number of bands. Nevertheless, these filters suffer from lower O
(approximately 50-100), resulting in in-band high insertion loss (IL) (typically 3-9
dB), and despite being tunable, their tuning range (TR) is limited to 1.5:1 [17], [18],
[19], and [20].

This thesis focuses on innovative design techniques, tuning concepts, and
integration strategies for continuously tunable RF filters using AWRs and highly
miniaturized planar microwave resonators. Specifically, it presents: 1) new classes of
quasi-elliptic acoustic-wave lumped-element resonator (AWLR)-based RF filters with
continuously tunable centre frequency (fc..) and BW, as well as multi-configurable
transfer functions (TFs) (e.g., bandpass, bandstop, all-pass, and all-stop modes), while
offering enhanced FBWs that are greater than 0.4k to 0.8k for effective spectrum

management in multi-standard communication systems; ii) reflective and quasi-



reflectionless multi-band AWR-based bandpass filters (BPFs) that support multi-band
operation, minimize RF signal reflections, and improve signal-to-noise ratio (SNR),
while achieving miniaturization by consolidating multiple frequency bands into a
single component, thereby reducing the need for discrete filters and saving PCB space;
iii)) widely tunable planar-based BPF manifolds featuring ultra-wide tunability—
spanning nearly two octaves within the most congested portion of the Frequency
Range 1 (FR1) spectrum—using a novel switchless two-filter approach, enabling real-
time channel detection, interference mitigation, and dynamic RF spectrum

management for enhanced spectral efficiency.

The following sections provide a comprehensive overview of state-of-the-art
filtering concepts relevant to this thesis. The discussion is organized into the following
key areas: i) AWR-based filters, including multi-functional implementations such as
multi-reconfigurable and multi-band AWR-based filters with reflectionless

characteristics; and ii) widely tunable planar adaptive BPFs.

1.2 Acoustic Wave Resonator (AWR)-Based RF Filters

Acoustic wave devices have been the primary choice for filtering for the RF
front ends of modern mobile transceivers. This preference stems from their
exceptionally high O-factors, compact size, and low cost. The two main subgroups of
filters that have found their way into high volume production are based on SAW and

BAW technologies [15][16].

SAW filtering technologies have been widely adopted since the advent of
mobile phones. A typical structure of a SAW resonator is illustrated in Figure 1.2. It
is based on interdigital transducers (IDTs), which are periodic arrays of metal fingers
deposited on a piezoelectric substrate. Conventional piezoelectric substrates include
quartz, lithium tantalate (LiTaO3), or lithium niobate (LiNbO3). An RF signal initiates
an acoustic wave that travels horizontally across the substrate, perpendicular to the
IDT fingers. SAW resonators consist of input/output IDT electrodes and gratings that
reflect acoustic waves from both sides, thereby minimising energy loss and enhancing
the Q-factor. The IDT finger width and spacing are typically equal to a quarter
wavelength (A/4), resulting in an interdigital electrode and grating period of half a

wavelength (A/2). SAW resonators are extensively used in 4G, Wi-Fi, and bluetooth
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front-ends, duplexers, and receiver filters at frequencies typically below 2.5 GHz.
They exhibit low IL, excellent out-of-band rejection, and a broad BW while having a

very small footprint.

? RF Signal
/o7 ==

Figure 1.2. Typical structure of a one-port SAW resonator [21].

SAW technology’s low fabrication cost is attributed to wafer-level processing,
which involves a single deposition and patterning of IDT metal electrodes. This
approach enables the production of filters for diverse frequency bands on a single
wafer or chip. The precise adjustment of the spacing between the IDT fingers allows
for the tuning of the frequency, making SAW technology highly adaptable to various
applications. However, SAW resonators face limitations at higher frequencies,
including a reduction in Q-factor and the shrinkage of electrode dimensions to the sub-
micron scale, which increases manufacturing complexity. Additionally, as the IDT
finger width and spacing approach sub-micron levels, SAW devices become more
susceptible to temperature variations, electrostatic discharge, and reduced power

handling capability.

BAW filtering technologies address many of the limitations of SAW including
operation at frequencies higher than 2 GHz. In a BAW device, the acoustic wave
propagates perpendicular to the substrate. As illustrated in Figure 1.3, a thin film
piezoelectric layer is deposited between the top and bottom metal electrodes. The
thickness extension (TE) resonance frequency, the primary acoustic mode for BAW
devices, is determined by the thickness of the piezoelectric layer (which is equivalent

to A/2) and the mass of the electrodes.
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Figure 1.3. BAW resonator structure [22].

Unlike SAW devices, BAW devices confine mechanical energy between the
electrodes, resulting in superior performance in the GHz frequency range. Power
handling in BAW devices is defined by the maximum temperature that the material
comprising the resonator can withstand, enabling it to handle higher power compared
to SAW technology. The most significant advantage of BAW technology is the ability
to achieve frequencies up to 6 GHz without substantial manufacturing challenges.
However, BAW technology faces certain limitations. It incurs higher manufacturing
costs compared to SAW technology due to the complex manufacturing process and
additional processing steps required for depositing and patterning the piezoelectric
layers. Additionally, BAW technologies encounter difficulties in accommodating
resonators and filters with distinct frequency bands on a single wafer, as the resonance
frequency is predominantly determined by the uniform thickness of the deposited

piezoelectric layer across the wafer.

Despite the advantages of SAW and BAW filter technologies, their response is
often constrained by static TF characteristics and relatively narrow FBWs, typically
within the range of 0.4—0.8% as shown in Figure 1.4 [23]. Furthermore, most of the
SAW/BAW implementations are restricted to bandpass type TFs. Recent research
efforts are exploring methods to overcome these limitations. One approach entails the
utilisation of scandium-doped aluminium nitride (AlIScN), which can augment & to
nearly 25%, thereby facilitating wider BWs. Another promising approach exploits
shear-horizontal (SH) modes on lithium niobate substrates to achieve broader FBWs
[26], [24], [27], [28], as demonstrated in Figure 1.5. However, these improvements
frequently entail trade-offs, such as diminished Q-factors (ranging from 173 to 500),

in-band amplitude fluctuations (such as ripples and spurs), as shown in Figure 1.5, and
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compromised temperature stability [28], [29], [30], and [31]. Furthermore, hybrid
implementations that co-integrate AWRs with microstrip transmission lines, lumped-
element (LE) inductors/capacitors, or other transmission-line-based elements have
demonstrated wider passbands (with FBWs > 0.4—0.8%/), as illustrated in Figure 1.6.
However, their in-band IL is significantly influenced by the relatively low to moderate
Q-factors of the microwave elements, typically ranging from 50 to 200. Additionally,
their physical dimensions are constrained by the inherently large dimensions of the
microstrip elements, and they exhibit only static response [25], [32], [33], [34], [35],
[36].

In conclusion, while AWR technologies—encompassing both SAW and BAW
resonators, as well as their emerging variants—continue to deliver excellent
performance for fixed-band RF filters, current implementations offer limited potential
for meeting the goals of this research. Although recent advances have demonstrated
wider FBWs through material engineering, modal optimisation, or hybrid integration,
these enhancements are typically accompanied by significant trade-offs in Q-factor,
IL, temperature stability, and spurious-free dynamic behaviour. Moreover, the TF
characteristics of existing AWR-based filters remain fundamentally static, preventing
real-time adaptability. Consequently, despite their maturity and widespread
commercial adoption, state-of-the-art AWR solutions do not yet provide the

reconfigurability, or spectral agility required for next-generation agile RF front-ends.
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Figure 1.4. Relationship between electromechanical coupling and filter FBW for three

types of filter configurations [23].
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Figure 1.5. Measured transmission characteristics (S21) of SAW bandpass filters
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1.3 Multi-Functional AWR-Based Filters

Conventional acoustic filters are limited by their static frequency and BW
characteristics. These limitations become more pronounced with the growing adoption
of carrier aggregation—where multiple frequency bands must be used simultaneously
to achieve higher data rates—and the continuous introduction of new operating bands
across modern wireless standards. A potential solution to these challenges is the use
of multi-configurable acoustic filters. Their flexibility allows them to operate across
multiple frequency bands and are particularly valuable in crowded RF spectral
environments, where interference can severely degrade the desired signal quality. As
illustrated in Figure 1.1(b), a reconfigurable RF front-end receiver can dynamically
respond to changing signal conditions. The reconfigurable filter plays a critical role
by adapting its frequency response to pass the desired signal while suppressing
interference. A conceptual illustration of a reconfigurable BPF response is
demonstrated in Figure 1.7. Specifically, Fig. 1.7(a) shows a BPF response that covers
a wide frequency band and suppresses distant interfering signals, Fig. 1.7(b) illustrates
feen tuning to avoid nearby interference, and Fig. 1.7(c) depicts BW narrowing to

mitigate interference on both sides of the desired signal, preserving signal integrity.
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Figure 1.7. Conceptual illustration of a reconfigurable BPF with continuously tunable
characteristics: (a) Bandpass response with an interfering signal distant from the
passband; (b) Tuning the f... to avoid interference emerging on the right side of the
passband; (c) Narrowing the BW to mitigate interference appearing on both sides of
the passband.

1.3.1 Reconfigurable AWR-based filters

Recent studies have explored the development of reconfigurable AWR-based

filters. For example, several research efforts have focused on intrinsically switched



ferroelectric thin-film bulk acoustic resonators (FBARs) [37],[34], [39], [40], [38],
and [41]. The reconfigurable filter examples discussed in [37], and [42] are based on
ferroelectric barium strontium titanate (BST) FBARs, which intrinsically switch their
response, as illustrated in Figure 1.8. In another example, presented in [34], the BPF
supports BW reconfiguration with three different FBW states of 3%, 2.5%, and 2%,
as shown in Figure 1.9, and also enables an OFF state with 13 dB isolation (IS).
Additionally, [38] presents a triple-band switchable filter bank operating at 1.85, 1.96,
and 2.04 GHz, with IL around 10 dB and OFF-state IS exceeding 27 dB, as depicted
in Figure 1.10. This design cascades three RF switched bandpass filters. In these
approaches, reconfiguration is achieved by varying the direct current (DC) bias
applied to the ferroelectric substrate within the FBARs, enabling resonance control.
However, these filters typically suffer from high IL (up to 10 dB) and rely on a
relatively complex fabrication process, as they require multiple resonators operating
at different frequencies. Furthermore, they require high DC biasing voltages (70-125

V) and are only suitable for discrete tuning.
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Figure 1.8. Photograph of the 1.5 stage BST FBAR filters. (a) Transmission responses
for the measured and simulated 1.5 stage BST FBAR filter in its ON and OFF states
[37].
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Figure 1.9. BW-switchable ferroelectric BAW filters: (a) Photograph of the
manufactured BST FBAR filter with three BW states; (b) RF measured transmission
response [34].

Aluminum nitride (AIN) contour-mode resonators (CMRs) have emerged as
promising components for reconfigurable acoustic filters [39], [43]. These devices
integrate micro-electromechanical systems (MEMS) switching technology to
modulate the coupling between electrodes and the piezoelectric material, enabling
switchable and tunable resonator responses. As illustrated in Figure 1.11, the resonator
exhibits a fe.. of 476.815 MHz. By mass-loading the resonator through actuating the
fingers, the fc.. shifts to 476.688 MHz, demonstrating discrete tuning of the resonator’s
operational frequency. This approach enables discrete tuning of the resonator’s
operational frequency and suffers from high IL~30 dB and limited TR. Furthermore,
[43] demonstrates the use of intrinsically-switchable AlGaN/GaN resonators to

achieve f... tuning. Nevertheless, these resonators have a very high IL of about 60 dB.
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Figure 1.10. BST FBAR filter bank: (a) Photograph of a fabricated multiband 2.5-
stage BST FBAR filter bank; (b) Transmission responses of the measured 2.5-stage
triple-band filter bank when the filters are turned ON individually [38].
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Figure 1.11. Contour-mode resonators: (a) Optical photograph of the fabricated
resonator; (b) Measured response demonstrating fine-tuning of the resonator through
mass loading by actuating between 0 and 6 fingers on each side of the transducer [39].

Another research approch has focused on developing reconfigurable SAW
resonators and tunable filters using vanadium dioxide (VO:) switches. Specifically,
the concept in [44] demonstrates a SAW resonator with monolithically integrated VO-
switches, achieving frequency tuning from 700 to 720 MHz while maintaining a O
above 350, as depicted in Figure 1.12. This concept only allows for two discrete feen
tuning. In [45], the VO switches are used to develop switchable dual-band SAW
filters through both hybrid and monolithic integration, resulting in a filter bank capable
of switching its passbands ON and OFF, enabling single-band, dual-band, or OFF-
state responses, as illustrated in Figure 1.13. In [46], the phase-change behaviour of
VO:—transitioning between insulating and conductive states—is exploited to
dynamically reconfigure the SAW filter BW. This approach enables varying the k7,
which allows the reconfiguration across different BW states, as illustrated by the two-
state BW reconfigurable filter in Figure 1.14, where the FBW changed from 4.0% to
4.5%. Nevertheless, the presented reconfigurable SAW resonator-based BPFs using
VO; switches support only discrete reconfigurability and they are limited by narrow
FBW between 0.4- 0.8k as in every conventional AWR-based BPF and suffer in-
band response fluctuations. Moreover, implementation requires complex

manufacturing techniques.
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Figure 1.12. f.., switchable three-pole SAW filter using VO: switches: (a) Photograph
of the fabricated tunable three-pole filter with a close-up view of the monolithically
integrated VO. switches; (b) Measured transmission response [44].
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Figure 1.13. Measured S-parameter response of the five-pole switched dual-band
filter when: (a) both channels are on; (b) both channels are off; (c) only high channel
is on; and (d) only low channel is on [45].
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Figure 1.14. Two-state PCM-based BW-reconfigurable acoustic-wave filter: (a)
Manufactured filter prototype; (b) Measured response of the filter integrated with VO-
switches [46].

In an alternative approach, AWRs are integrated with LEs in hybrid AWLR-
based filter configurations. These configurations offer high-Q passbands and enhanced
functionality in terms of response reconfigurability, overcoming the limitations of
conventional acoustic wave filters. AWLR-based filters enable the realisation of BPFs
with FBWs larger than the 0.4-0.8%7 limit of conventional AWR-based BPFs.
Furthermore, they utilise AWRs with identical characteristics. Notably, this approach
also facilitates the realisation of bandstop responses, which are generally not feasible
in traditional AWR-based filters. Representative examples have been demonstrated,
including: 1) BPFs with continuously tunable BW and out-of-band IS, as demonstrated
in [52]. This concept has been extended to support dual-band responses with tunable
BW [47], as illustrated in Figure 1.15. The presented filter example achieves tunable
BWs between 0.16 and 0.49 MHz (0.5-1.5k#) representing an FBW enhancement of
1.8-3.8x over conventional AWR-based designs, with IL ranging from 3.3 to 1.2 dB
and Qs exceeding 3,500. ii) BSFs with continuously tunable BW, as demonstrated in
Figure 1.16, [48] The prototype achieves a tunable FBW range of 0.55-2.2k/ with
stopband attenuation between 25 and 40 dB and Q-factors above 8,000. This concept
was further developed in [11] to support enhanced functionality, where a dual-band
BSF with tunable BW and an all-pass (AP) response was demonstrated. As shown in
Figure 1.17, the demonstrated prototype exhibits two stopbands centred at 418 MHz
and 434 MHz with tunable FBWs between 0.6 and 1.947, as well as an AP state. iii)

RF filters with reconfigurable TFs. For instance, the reconfiguration of the bandpass-
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to-sandstop (BP-to-BS) filter response is presented in [49] and illustrated in Figure
1.18, where RF switches reconfigure the response between dual-band bandpass (BP)
and bandstop (BS) modes (418 MHz and 434 MHz, with FBW > k7). Additional
configurations include BS-to-AP [11], as shown in Figure 1.17(c), and BP-to-AS as
demonstrated in Figure 1.19, [50]. The latter employs a BST FBAR-based AWLR
resonator, providing a BP response at 2.1 GHz that can be reconfigured to an AS
response by biasing off the BST FBAR. A single-to-multi-band filter in Figure 1.20,
[12], achieves single-, dual-, and triple-band responses by integrating multiple parallel
filtering channels using PIN diodes. The filter’s size scales proportionally to the
number of passbands. Finally, an absorptive BSF with tunable IS is demonstrated in

[51] and shown in Figure 1.21, enabling variable stopband IS between 17 and 65 dB.

Despite these advancements, the majority of AWLR-based filters with BW
tuning still rely on mechanical tuning mechanisms (e.g., trimmer capacitors or
inductors). Furthermore, current reconfigurable AWLR-based filters lack continuous
tunability of centre frequencies and are limited in their functionality, as each of the

presented filters allows for a limited reconfiguration level.
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Figure 1.15. AWLR-based BPF with continuously tunable BW: (a) Manufactured
prototype; (b) Measured RF power transmission response for various tunable BW
states [47].
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Figure 1.16. AWLR-based BSF with continuously tunable BW: (a) Manufactured

prototype; (b) Measured transmission response showing continuously tunable
stopband BW [48].
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Figure 1.17. Dual-band AWLR-based BSF with tunable BW: (a) Manufactured
prototype; (b) Symmetric BW tuning of both stopbands; (c) Intrinsic RF switching of
each band individually and simultaneously (all-pass response shown in red trace) [11].
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Figure 1.19. AWLR-based BS-to-AP filter: (a) Manufactured prototype; (b) Measured
BP-to-AS response [50].
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Figure 1.21. AWLR-based BSF with equi-ripple absorptive stopband: (a)
Manufactured prototype; (b) Measured response showing variable stopband IL [51].

Table 1.1 presents a concise summary of the state-of-the-art AWR-based
reconfigurable filters. The filters described in [37], [41], [34], [42], and [38] are based
on BST FBAR technology and support ON/OFF switching by varying the applied DC
bias. However, they require high DC voltages (70-125 V) and require a relatively
complex manufacturing process. These filters only exhibit discrete reconfiguration
states. Specifically, [37], [41], and [42] enable BP-to-AS reconfiguration, [34]
supports two switchable BW states, while [38] provides switchable operating bands.
These approaches lack the ability to continuously tune the filtering response. The
resonator concepts in [39] and [43] also enable BP-to-AS reconfiguration but suffer
from high IL of approximately 30 dB. Approaches in [44], [45], and [46] utilize VO,
switches for discrete reconfiguration. [44] presents a switchable BPF with two feex
states; [45] demonstrates a dual-band BPF with switchable bands; and [46] and [53]
showcase BPFs with switchable BWs. These designs primarily support discrete tuning

and require complex manufacturing processes.
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Table 1.1. State-of-the-art reconfigurable AWR-based filters.

Ref.| Resonator Technology Rec. modes Reconfiguration FBW
2
method (xk,)
[37]| m- network / BST FBAR BP / AS Switchable BST FBAR| < 0.8
[41]| n- network / BST FBAR BP/ AS Switchable BST FBAR| 0.43
34]|  Ladder/FBAR BP (S. BW)/As  |>Witchable BSTFBAR %3530'
[42] Ladde-lattice FBAR BP/AS Switchable BST FBAR| 0.50
[38] Ladder/ BST FBAR BP (8. bands) Switchable BST FBAR| <0.8
[39] AIN Resonator BP / AS MEMS switches N/ A
[43] AlGaN Resonator BP / AS MEMS switches N/ A
(44] VO, Switched SAW/ S.f_ VO, switches N/ A
Ladder
VO, Switched SAW/ VO, switches
. N/ A
[45] Ladder BP (S. bands) /
itched SA VO, switch
(46] VO, Switched SAW/ BP (S. BW) » switches <08
Ladder
[53] SAW/ ladder BP (S. BW) PCM VO, switches N/A
[52] AWLR/SAW BP (M. Tun. BW) M. Tun. 01'55%'
BP (M. Tun. BW & 1S) M. Tun. 0.93-
[47] AWLR/ SAW /AP 168
[48] AWLR/ SAW BS (M. Tun. BW) M. Tun. 0.55-2.2
[11] AWLR/SAW BS (M. Tun. BW) M. Tun. 0.27-1.9
[49] AWLR/ SAW BP/ BS RE switches 11'236/
[50] AWLR/FBAR BP/ AS Switchable BST FBAR| 0.333
[50] AWLR/FBAR BS /AP Switchable BST FBAR| 0.31
[54] AWLR/SAW BS (M. Tun. IS) / AP Varactor 2.7-3.3
[51] AWLR/SAW BS (M. Tun. IS) M. Tun. 0.34
[12] AWLR/SAW BP (S. bands) BIN diodes 0.8- 0.9

(T.W.: This work, C. E. Tun.: Continuous electronically tunable, M. Tun.: Manual tuning, S.:
Switchable, BP: Bandpass, BS: Bandstop, AS: All-stop, AP: All-pass, IS: Isolation)

In contrast, AWLR-based filters in [52] and [47] demonstrate continuously tunable
BW for BPFs, while [48] and [11] present BSFs with tunable BW. However, all of
these rely on mechanical tuning methods. The concept in [49] employs RF switches
to achieve BP-to-BS reconfiguration. Meanwhile, [50] leverages the intrinsic
switching behaviour of BST FBARs to realize BP-to-AS and BS-to-AP
reconfigurations, but without continuous tuning capabilities. References [54] and [51]
enable BSF responses with continuously tunable IS using varactor diodes and
mechanical trimmers, respectively. The design in [12] supports switchable band

responses via in-parallel cascaded filter branches using PIN diodes. Despite these
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advancements, none of the reported works demonstrate BPFs with continuously
tunable BW using electronic tuning (e.g., varactor diodes), and none provide AWR-
based filters with continuously tunable f.... Most implementations are limited in terms
of reconfiguration states. In light of these limitations, Chapter 2: of this thesis
introduces novel AWLR-based filter concepts with enhanced functionality, both
theoretically and experimentally. Specifically, it demonstrates: 1) A new class of
highly-selective quasi-elliptic BPFs, realized by cascading multi-resonant AWLR
stages. These filters offer enhanced FBW (>0.4-0.8%/) and continuous BW tuning via
electronically reconfigurable varactors. ii) A unique class of multi-configurable and
continuously tunable AWLR-based quasi-elliptic filters that demonstrate: 1)
continuous fee, tuning, 2) continuous BW tuning with enhanced FBW by modifying
the impedance inverters and 3) AP and AS mode reconfigurability. iii) An advanced
multi-resonant, multi-configurable quasi-elliptic AWLR-based filter exhibiting: 1) BP
and BS responses with tunable f.., and BW, 2) AP and AS mode reconfigurability with
high IS levels and 3) enhanced FBW (>0.4— 0.8%7).

1.3.2 Multi-band bandpass filters with reflectionless characteristics

Multi-band transceivers, capable of operating across various frequency bands
and supporting diverse waveforms and signalling schemes, are increasingly being
researched. These transceivers aim to minimize cost, reduce power consumption, and
maximize integration by reusing hardware across different standards [9], [55]. At the
same time, there is growing interest in reflectionless or absorptive high-frequency
filters to enhance the operational robustness of RF front-end chains. Unlike
conventional reflective-type filters, which reflect unwanted signals back to the source,
these filters dissipate non-transmitted input-signal energy within their own structure,
particularly in the stopband regions. This significantly mitigates detrimental signal
reflections that could otherwise impair the performance of adjacent active stages [56].
To enhance the operational characteristics of multi-band transceivers, compact, low
IL (i.e., high-Q), and reflectionless multi-band RF filters are essential. Their
integration can reduce the need for bulky filter banks, improve the SNR, and enable

scalability for future applications.
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Figure 1.22. Absorptive microstrip BPF: (b) Manufactured prototype; (c) Measured
results [57].

Alternative designs of absorptive or reflectionless BPFs have been reported.
Notable examples include the input quasi-reflectionless BPFs described in [57] and
[59], each with certain drawbacks. For example, the design in in Figure 1.22, [57]
relies on power-distribution circuits such as directional couplers, which increase
circuit size. The approach in [59] requires a higher number of components to achieve
high selectivity. Input quasi-reflectionless filters based on a complementary-diplexer
approach have also been demonstrated using both LE and microstrip technologies
[60]. Complementary-diplexer-architecture-based reflectionless BPFs [56], [58]
achieve input and symmetric quasi-reflectionless responses. The design in [58], shown
in Figure 1.23, includes a main bandpass section along with nearly complementary BS
sections at the input and output ports, terminated with resistors that dissipate non-

transmitted input signal energy, enabling quasi-absorptive functionality.
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Figure 1.23. Symmetrical quasi-absorptive microstrip BPF: (a) manufactured
prototype; (b) simulated and measured RF response [58].
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The BPFs presented in [61] and [62] introduce low-reflection single- and multi-
passband filters using shunt lossy stubs to absorb stopband energy rather than reflect
it back to the source. Balanced-circuit-based BPFs [63] are implemented by combining
two identical BPFs with quadrature hybrids, which route reflected signals to resistively
terminated ports for absorption. Symmetric reflectionless filters based on even/odd-
mode subcircuit compensation have also been proposed [64]. Nevertheless, none of
these designs fully meet the stringent requirements for compactness, low IL, and high
Q-factor demanded by modern wireless communication transceivers —requirements
that acoustic filters are well-positioned to fulfill. Moreover, designs typically exhibit
large physical footprints due to the use of low-Q resonators, with O values ranging

from 20 to 150, and most support only single-band responses.
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Figure 1.24. AWR-based multiplexer: (a) Quadplexer circuit topology; (b) simulated
and measured responses [58].
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Figure 1.25. Double-Ladder dual-band filter using BAW resonators: (a) Generic
configuration; (b) Simulated example using measured BAW resonators [65].
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Figure 1.26. Symmetrical Quasi-Reflectionless SAW-Based BPFs: (a) manufactured
two-stage prototype; (b) RF-measured/simulated S-parameters [66].

For high-QO and compact-size implementations, AWR-based filters are
preferred. However, most AWR-based filters exhibit single-band TFs, which results
in large filter banks when multi-band operation is required in RF transceivers [38],
[67], as shown in Figure 1.10 and Figure 1.24. In an alternative approach a double-
ladder dual-band filter topology based on BAW resonators, is reported in [65] and
illustrated in Figure 1.25. This approach suffers from poor out-of-band rejection,
typically around 10 dB. Furthermore, the AWR-based multi-band filters explored in
[38], [67], and [65] reflect unwanted RF signal energy in their stopbands, which can
cause instabilities in adjacent active stages. The AWLR-based filter concepts in [11],
[47], [68] can realize dual-band BP and BS TFs, as shown in Figure 1.17 and Figure
1.18. Despite demonstrating high levels of TF versatility (e.g., bands tuned in terms
of BW or are intrinsically switchable [49]), these implementations are based on: 1)
multi-resonant multi-stage configurations that require a large number of LE inverters,
whose losses degrade in-band IL and out-of-band rejection; ii) multiple RF-switched
BPF paths [12] whose size scales with the number of bands (see Figure 1.20); and iii)
they exhibit reflective characteristics. In another approach, AWLR-based BPFs with
quasi-reflectionless characteristics have been demonstrated in [66], [69]; However,
these are limited to a single-band mode of operation as demonstrated in Figure 1.26.
Furthermore, none of the aforementioned designs has successfully enabled a compact,
multi-band response—i.e., using fewer LE components per AWLR stage—while

achieving reflectionless characteristics.
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Considering the aforementioned limitations, Chapter 3: introduces a unique
class of AWLR-based multi-band BPFs that offer reflective and symmetrical quasi-
reflectionless responses, compact physical size, improved out-of-band IS, and lower

IL compared to previously reported AWLR BPFs [11], [47], [68], and [12].
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1.4 Widely Tunable Bandpass Filters

Ultrawideband spectrum sensing is an essential requirement for mission critical
communication systems where low power RF signals need to be identified within the
presence of high power and dynamically allocated interferers. Widely tunable and
highly-versatile RF filters have the potential to enhance the sensitivity of these systems
[1]. Although significant research has focused on developing widely tunable filters,
most of the existing electronically-tunable BPFs technologies that have been
developed today exhibit limited functionality. They are primarily tunable in terms of
Jeen, often within narrow ranges—for example, fce, tuning ratios (TR) of only 1.2—-1.5:1
were shown in [17], [18], [19], [71], [72] and such an example case is illustrated in
Figure 1.27. Fully tunable filters that support both fc., and BW reconfigurability have
been demonstrated in [73], [74], [20], [75], [76], [77], [78], and [70], with an example
shown in Figure 1.28. However, these filters still exhibit limited TRs, with f.., and
BW TR typically below < 2:1. Furthermore, their operational frequencies are generally
restricted to 1-3 GHz [19], [79], [80], [81], [82], [83], [84], making them insufficient
for covering the full 5G+ FR1 band (0.41-7.125 GHz).

The maximum TR of a BPF is limited by the capacitance ratio of the varactor
technology and its relation to the total capacitance of the resonator. To overcome this
limitation, manifolds comprising multiple RF-switched filters are recently being
considered as for example the ones in [85], [86], [87]. An example of an RF-switched
BPF manifold with an extended fc., TR from 0.5 to 2.4 GHz (TR: 4.4:1) is shown in
Figure 1.29. State-of-the-art BPF manifolds are typically based on lossy RF switches
or PIN diodes that increase the RF front-end complexity and power consumption,
introduce additional loss to each of the filtering channels (e.g., 1.8 dB for Silicon-on-
insulator (SOI) switches [88]) and have limited TF adaptivity. For example, in [85],
[86], [87], only fcen tuning is achieved—through two or three RF-switched fc.,-tunable
BPFs within the manifold—while BW tuning is not supported. These manifolds are
fairly large in size, their BW can’t be tuned, and their operational frequencies are
limited to 2.4 GHz. Furthermore, these manifolds are restricted in operation to a single

band at a time.

The research presented in this thesis—particularly in Chapter 4: —introduces,
for the first time, a novel RF-switchless integration scheme for BPF manifolds. It

utilizes two fully tunable BPFs—i.e., with multi-configurable TF parameters,
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including fe.n tuning, BW tuning, and an intrinsic RF switch-off capability—
interconnected with two low-pass/high-pass RF diplexer junctions. Moreover, the
proposed BPF manifold, compared to the state-of-the-art, is the only RF-switchless
manifold to date that covers the highest operational frequency ( 1.9 — 7.3 GHz) while
exhibiting ultra-wide f.., and BW tuning, and supporting the largest number of

operating modes, namely single-band, dual-band, and AS modes of operation.
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Figure 1.27. fcc,-tunable filters: (a) Manufactured interdigital BPF with measured
tunable fc., from 0.72 to 1.22 GHz (TR: 1.69:1) [17]; (b) Manufactured hairpin BPF
with measured tunable f.., from 1.5 to 1.9 GHz (TR: 1.26:1) [18].
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Figure 1.28. Reconfigurable BPF with both f.., and BW tuning: (a) Manufactured
prototype; (b) Measured fc., tuning response; (c) Measured BW tuning response [70].
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1.5 Thesis Outline

Considering the previously discussed limitations in RF filter technologies for
future spectrum-efficient communication systems, this thesis introduces innovative
filter design concepts that enhance the performance and functionality of existing
AWR-based reconfigurable and widely tunable RF filters. Specifically, it presents
novel concepts for AWLR-based filters with multi-configurable and continuously
tunable capabilities, including fc., tuning, BW tuning, and other reconfigurable TF
characteristics. Notably, this is the first time AWR-based filters with continuous fc.»
tuning are introduced for both BPF and BSF modes. Moreover, the thesis introduces
anew class of reflective and quasi-reflectionless multi-band quasi-elliptic AWR-based
BPFs designed to reduce size, minimize the number of LEs and reduce out-of-band
reflections, thereby enhancing both performance and integration in the RF front-end.
Furthermore, the thesis demonstrates state-of-the-art widely tunable RF BPF concepts,
particularly addressing the challenges associated with achieving ultra-wideband feen
tuning. For the first time, a novel RF-switchless integration scheme for BPF manifolds
is proposed. This manifold exhibits ultra-wide and highly versatile TF characteristics,

supporting multiple modes of operation.
The rest of this thesis is structured as follows:

e Chapter 2 presents new types of AWR-based filter designs, featuring
multi-configurable and continuously-tunable responses. First, a new
class of AWR-based BPFs with continuously tunable FBW is
introduced. These BPFs achieve highly selective quasi-elliptic TFs, with
enhanced and tunable FBW. Second, novel architectures for multi-
configurable and continuously tunable AWR-based BPFs are explored.
A key advancement in this concept is the introduction of a novel tuning
mechanism that enables continuous f.., tuning of AWR-based BPFs for
the first time. Additionally, the concept allows for continuous BW tuning
and the ability to intrinsically switch the TF response to achieve AP and
AS modes. The final contribution of this chapter is a novel and more
advanced class of multi-configurable quasi-elliptic AWLR-based filters
with continuously tunable characteristics. These filters can intrinsically

switch between different operation modes, namely: i) BP, ii) BS, iii) AP,
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and iv) AS responses. Additionally, they exhibit continuous tuning of
both the f... and BW when operating in BP and BS modes. The
theoretical foundations are demonstrated via coupling matrix models.
The contributions of this chapter are presented in [89], [90], [91], and
[92].

Chapter 3 introduces a novel architecture for AWR-based multi-band
BPFs featuring quasi-elliptic TFs. The proposed design enables the
realization of highly selective multiple passbands with enhanced FBWs
> 0.4k7— 0.8k7, all within a compact form factor. It also supports
reconfigurable reflective and quasi-reflective characteristics. The
architecture is based on high-Q, multi-resonant AWLR bandpass stages
interconnected in series via LE impedance inverters. Additionally, a
method for achieving symmetric quasi-reflectionless characteristics is
presented by integrating resistively terminated BS-type AWLR stages.
This chapter outlines a comprehensive design methodology and presents
a practical realization scheme for the proposed filter architecture. The
contributions of this chapter are reported in [93] and [94].

Chapter 4 introduces a novel, tune-all, manifold BPF concept with multi-
octave feen and BW tuning capabilities. The manifold is based on two
independently tunable BPFs uniquely integrated using two high-
pass/low-pass RF diplexer-based filtering junctions. This diplexer-based
integration enables the manifold to support both single-band and dual-
band BPF responses with independently tunable characteristics—
marking a significant advancement over conventional RF-switched
manifolds, which are limited to single-band operation. To further
optimize performance, a technique for minimizing IL is introduced,
based on using varactors and high-Q static DC block capacitors. The
proposed manifold exhibits ultra-wide and highly versatile TF
characteristics, supporting three distinct modes of operation: i) single-
band BPF, ii) dual-band BPF, and iii) all-reject mode. The manifold
enables wide f.., tunability across a broad portion of the FR1 frequency

range. The contributions of this chapter are presented in [95] and [96].
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Chapter 5 summarizes the key contributions of this thesis and lays the
groundwork for future developments in this field providing insight into

future possibilities for highly versatile RF filters.



Chapter 2: AWR-Based Filters with Multi-Configurable

and Analog Tuning Characteristics

2.1 Introduction

This chapter explores the development of AWR-based filter designs with multi-
configurable and continuously tunable characteristics. Section 2.2 introduces a new
class of highly selective quasi-elliptic AWLR-based BPF with electronically
reconfigurable FBW. Section 2.3 presents AWLR-based BPFs that materialize
continuously tunable f.... To the best of the authors’ knowledge, this is the first time
that continuous fc., tuning capability in demonstrated AWR-based BPFs. These BPFs
also support continuously tunable BW and multi-configurable operational modes,
enabling intrinsic switching between BP, AP, and AS modes. Section 2.4 introduces a
new class of quasi-elliptic AWLR-based BP-to-BS filters. These filters can
intrinsically switch between BP and BS modes without the need for RF switches—
unlike state-of-the-art designs that rely on physical RF switches [49], [97], [98]. The
proposed architecture uniquely facilitates continuous tuning of both fc., and BW across
two distinct BP and BS modes. To the best of the authors’ knowledge, this is the first
demonstration of continuous fe, tuning in AWR-based BS filters. This capability
allows AWR-based BP and BS filters to dynamically adapt to varying RF
environments—an essential feature for advanced RF transceivers to support dynamic
signal acquisition and effective noise mitigation. Furthermore, the filters can
reconfigure their TF into additional AP and AS modes, enhancing their overall
versatility. These multi-configurable and continuously tunable capabilities are realized
within the same filter volume. The content of this chapter has been published in [89],

[90], [91], and [92].

31



2.2 Highly Selective AWLR-Based BPFs with Tunable BW

This section reports on a new class of quasi-elliptic AWLR-based BPFs with
electronically-reconfigurable FBW. They are based on cascaded series- and parallel-
type multi-resonant AWLR stages whose TF characteristics are tuned by
electronically-reconfigurable varactors. As opposed to conventional AWR-based
filters, they facilitate the realization of highly-selective quasi-elliptic TFs with
enhanced (i.e., FBW> 0.4-0.8k7) and continuously-tunable FBW while exhibiting
high effective quality factor (Qcp). Furthermore, these filtering architectures are based
on identical AWRSs as opposed to classical AWR-based implementation schemes using

resonators with closely spaced frequencies with tight fabrication requirements.
2.2.1 Theoretical foundations

The generalized circuit diagram of the proposed multi-stage AWLR-based
multi-configurable and continuously-tunable BPF concept is illustrated in Figure
2.1(a). It is based on the cascade of two series-type multi-resonant stages (coupled to
the RF ports via impedance inverters (Zex))and N-2 parallel-type multi-resonant stages
that are cascaded by N-3 impedance inverters (Z2,—Z;x). In this manner, highly-
selective quasi-elliptic TFs with N poles, 2N transmission zero (TZs) can be obtained.
By reconfiguring the resonant characteristics of the LE resonators in each stage, the
TZs can be either placed symmetrically or asymmetrically around the passband [see
Figure 2.1(a)] allowing, the ability to tailor the roll-off and out-of-band rejection. This
is also shown in the conceptual examples of two different two-stage BPFs that are
either comprised of one-series-type and one parallel-type stage or two parallel-type
stages as illustrated in Figure 2.1(b), (c). The SAW resonators are represented by their
Butterworth-Van Dyke (BVD) model. To better illustrate the operating principles of
the multi-stage AWLR BPF concept various design examples of the multi-resonant
stages and their use in high-order BPFs are considered next. The circuit details of the
series-type multi-resonant AWLR stage are illustrated in Figure 2.2(a). One AWR
(series resonant frequency: wy, parallel resonant frequency: w.) is cascaded in parallel
with a series-type LE resonator (resonant frequency w,=1/(C.L,)"?) that decouples w,
from w;. In this manner, a quasi-elliptic response that has one-pole and two-TZ can be
obtained [see Figure 2.2(a)]. The location of the pole and TZs can be specified using
(2.1), and (2.2).
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Figure 2.1. Quasi-elliptic AWLR-based BPF that exhibits N poles and 2N TZs: (a)
Generalized circuit diagram and example TFs; (b) Circuit schematic and example
response of a filter comprising one series-type and one parallel-type stages; (c¢) Circuit
schematic and example response of a filter comprising two parallel-type stages [90].
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Figure 2.2. (a) Simulated power transmission |Sz1| of a SAW resonator (Cy = 1.85 fF,
Ly =1632 uH, Ryy=11.3 Q, Cy=2.18 pF, 49 = 9.38’, k’ = 0.12%, f;= 916.4 MHz)
and a series-type AWLR multi-resonant stage; (b) Power transmission response |Sazi|
of the series-type multi-resonant stage that exhibits one pole and two TZs. The TZs
can be controlled by altering w, [90].

It should be noted that the TZs can be reconfigured around the pole by altering
o, that resonates at a frequency 0.45 times lower than wy as shown in Figure 2.2(b).
The circuit schematic and the theoretical S-parameters of the parallel-type multi-
resonant stage are depicted in Figure 2.3. It is made up of an AWR that is connected
in parallel with an inductor Ly and is cascaded in series with a parallel LE resonator
(resonant frequency w,=1/(C,-L,)""?). The LE resonator resonates at @, 1.2x higher
than w,; and together with its neighbouring elements acts as an impedance inverter. In
this manner, a quasi-elliptic response having one-pole and two TZs can be created [see

Figure 2.3(a)] whose frequencies can be specified using (2.3), and (2.4). Moreover,
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the resulting TZs can be tuned around the transmission pole by altering w,, as shown
in Figure 2.3(a). The parallel-type multi-resonant stage can be designed for arbitrary
FBW states by appropriately adjusting the inductance ratio (L,/Lo) as illustrated in
Figure 2.3(b).

Considering the operating principles of the multi-resonant stages, highly-
selective TFs can be designed. Specifically, Figure 2.4, illustrates how a four-
pole/eight-TZ quasi-elliptic TF with enhanced FBW can be obtained by cascading two
series-type (stage #1, stage #4) and two-parallel type multi-resonant stages (stage #2,
stage #3). Their poles and TZs can be specified using (2.1) to (2.4). In these equations,
C, denotes the capacitance of the series-type resonator, L, denotes the inductance of
the series-type resonator, while Cy and Ly represent the motional capacitance and
inductance of the AWR resonator, and Cy is the parasitic capacitance of the AWR, as
shown in Figure 2.2(a). The cascading of the multi-resonant stages makes the
placement of the poles and the TZs in the overall BPF governed by the individual
multi-resonant stages. This allows flexibility in reconfiguring the response; for
example, the TZs can be reconfigured to show different roll-off rates around the
passband by controlling the resonance of the LE resonators of each constituent stage
as demonstrated in Figure 2.5. Unlike the conventional ladder-type AWR based filter
designs, the proposed configuration enables the design of passbands with arbitrary
FBWs (>0.4-0.8k7) as shown in Figure 2.6 where FBWs of 1-2.65k/ are illustrated.
They are achieved by adjusting L,/Lo along with Cpp1, Cpp2, Z23 and Z,. In these
examples, inverters Z23 and Z, are replaced with their n-type LE equivalents using the
following: L= Z/wcen, C= 1/(Z-cen) and @cen =210 fcen, Where feen 1s the centre frequency

and Z is the inverter impedance.
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Figure 2.3. Power transmission |S2i| and reflection |S11] responses of the parallel-type

AWLR multi-resonant stage: (a) TZs control around the pole by tuning w,; (b) BW
control by altering (Lp/Lg) [90].
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Figure 2.4. (a) Circuit schematic of the quasi-elliptic four-pole/ eight-TZ AWLR BPF
that comprises four multi-resonant AWLR stages; (b) Theoretical power transmission
IS21] and reflection |S11] of the BPF and its constituent stages (Stage #1, Stage #2, Stage
#3, and Stage #4) obtained with linear circuit simulations [90].
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Figure 2.5. Theoretical power transmission |Szi| response of the four-stage quasi-
elliptic BPF for alternative locations of TZs (by altering w,;, ®,2, wp;, and wp2)
demonstrating the reconfigurability of the TF in the out-of-band.
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Figure 2.6. Theoretical power transmission |Szi| response of the four-stage quasi-
elliptic BPF for alternative levels of FBW by altering the inductance ratio Lp/Ly and
the impedance inverter values. For the case of: 1) Lp/Ls=0.546, Cppi= Cpp2=0.51 pF,
Cpr=2.77 pF, Cp2=2.69 pF, Cex=1.32 pF, Lex=17 nH, C23= 0.63 pF, L23=33.2 nH, i1)
Lp/Ly=0.39, Cppi= Cpp:=0.89 pF, C,=2.02 pF, C,2=2.08 pF, Cox=1.94 pF, Lo=14.5
nH, C2;= 0.66 pF, L23=22.4 nH, ii) LP/L()=O.34, Cpp]= Cpp2=0.51 pF, Cp]=1.934 pF,
C,2=1.888 pF, Cex=1.32 pF, Lx=17.06 nH, Cz3= 0.626 pF, L>3=29.9 nH. (The rest of
the design parameters are: L,;=Lp> = 7.6 nH, L,; = L,» =25 nH, C,;/= C,»=2.15 pF)
[90].

To evaluate the performance of the filter in the presence of lossy elements, finite
Q is considered for the TF example in Figure 2.7 where Qu is the O factor of the
AWRs and Qrr is the O-factor of the auxiliary LEs (21 total). As shown, Q:£ has
minimal effect on the in-band IL and the passband preserves the high-O SAW
resonator characteristics. On the other hand, low Q;r primarily affects the out-of-band
attenuation levels. However, even with Q. as low as 62.5, the attenuation levels are
higher than 60 dB. The multi-stage AWLR-based BPF concept can be readily scaled
to the realization of high order TFs. This is shown in Figure 2.9 for the case of a six-
stage BPF design that is comprised of two series-type stages and four parallel-type
stages and exhibits six-poles and twelve-TZs. The BW tuning concept for the devised
multi-stage AWLR BPF concept is illustrated in Figure 2.8 for the example case of a
four-pole/eight-TZ BPF. It is performed by altering the TZs around the passband.
Specifically, by decreasing w,; and w2, (achieved by lowering C,;2) the TZs
associated with the series stages (located on the upper edge of passband) are brought
closer to the fc.,. Likewise, by increasing w,; and w,> (achieved by lowering C,; 2), the

TZs of the parallel stages (located at the lower edge of passband) are brought closer to
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feen. In this manner, the FBW can be tuned to narrower stages. As shown in Figure 2.8,
when tuning the FBW to narrower states, the IS levels close to the passband decrease

whereas the IS BW widens due to some of the TZs having moved to distant

frequencies.
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Figure 2.7. Theoretical power transmission |S2i| response of the four-stage four-
pole/eight-TZ BPF as a function of Qi and Qr£[90].
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Figure 2.8. Theoretical power transmission |S2i| response of the four-stage four-
pole/eight-TZ BPF. Continuous BW tuning is obtained by varying the location of the
TZs [90].
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Figure 2.9. Circuit schematic of the six-stage six-pole/twelve-TZ BPF alongside with
its ideally-simulated S-parameters [90].

2.2.2 Experimental validation

To validate the proposed AWLR-based quasi-elliptic BPF concept, a four-stage
(N=4) BPF prototype exhibiting four-poles and eight-TZ has been designed,
manufactured and tested. The prototype was implemented at 916.6 MHz using
commercially-available SAW resonators from Murata Inc. and LE components from
Coilcraft Inc. [99] and Johanshon [100]. RF tuning is performed using Skywork
Varactors [101]. The design was performed on Roger 4003C substrate (dielectric
thickness H = 0.813 mm, permittivity £=3.55), using the software package Keysight
Advanced Design System (ADS) and following the design guidelines in Section 2.3.1.
RF characterization was performed by means of S-parameters using a Keysight
N5244A network analyzer. Photograph of the manufactured four-stage AWLR BPF
prototype is shown in Figure 2.10 alongside the details of the utilized surface mount
devices (SMDs)-based components, the circuit diagram of this prototype is shown in
Figure 2.4(a). In Figure 2.11, the measured RF response of the prototype is obtained
by altering the DC biasing on the varactor diodes between 0 V and 30 V. It can be
observed that continuous BW tuning is obtained between 0.63—1.32 MHz (i.e.,
FBW=0.573 - 1.32k7) which corresponds to a TR of 2.31:1. For all tuning stages, the
minimum IL was measured between 2.2 and 3.9 dB (effective O (Qef) = 6,000- 7,700)
and the out-of-band IS levels were between 27 and 55 dB. An EM simulated state is
also provided and appears to be in a good agreement successfully verifying the

proposed filter concept.
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Figure 2.10. Manufactured prototype of four-stage quasi-elliptic AWLR prototype
[90].
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Figure 2.11. RF-measured S-parameters of the four-stage quasi-elliptic AWLR BPF
prototype with continuously tunable FBW. An EM-simulated state is also included for
comparison purposes [90].
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2.3 AWR-Based BPFs With Multi-configurable and Continuously
Tunable TF Capabilities

This section presents the potential to materialize fc., tunable quasi-elliptic AWR
based-BPFs using a new class of tunable multi-branch multi-resonant AWLR stage.
The proposed AWLR concept enables multi-configurability within the TF of the filter
leading to multiple independently-tunable and unique TF characteristics. They
include: 1) continuous f..,-tunability, ii) continuous BW tuning, iii) an AP mode of
operation, and iv) an AS mode of operation. Furthermore, these filtering architectures
are designed in a simple manner, utilizing AWLRs with identical characteristics—
unlike traditional AWR-based filter topologies such as ladder or lattice structures,
which require multiple AWRs with customized characteristics. This adds complexity
to the design, as custom AWRs are time-consuming to develop and involve complex

manufacturing processes.
2.3.1 Theorical foundations
2.3.1.1 Generalized concept

The block diagram and conceptual TF of the devised multi-resonant-AWLR
concept with multi-configurable and continuously-tunable TF capabilities are
visualized in Figure 2.12. It allows for: 1) continuous f..,-tunability [Figure 2.12(b)],
i1) continuous FBW tuning [Figure 2.12(c)], iii) an AP mode of operation [Figure
2.12(c)], and iv) an AS mode of operation [Figure 2.12(d)]. The multi-resonant AWLR
module consists of one high-Q resonator module (Ry;) that comprises a high-Q one-
port-type AWR (Chwi, Lui, Rui are the motional capacitance, inductance and resistance,
while Cy; is the parasitic capacitance) and a low-Q LE resonator (R;: L;, C;) that
resonates at the series resonant frequency of the AWR f;; which coincides with the fc.,
of the passband. The Ru; and R; are cascaded in-parallel with a low-Q LE resonator
(Rv: Li, Cr) through an impedance inverter Zg; and exhibits one pole and two TZs. By
reconfiguring the resonant characteristics of R. and R;, and altering the impedance of
Zgi, multiple-reconfiguration can be obtained, as shown in Figure 2.12(b-e).
Specifically: 1) continuous fc., tuning is obtained by altering the resonant frequency of
Ry, i1) continuous BW tuning is implemented by varying Zg;, iii) the AP mode and the

AS mode are facilitated by reconfiguring Zg; and the resonant frequency of R..
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Figure 2.12. Multi-resonant AWLR module with multi-configurable and
continuously-tunable TF characteristics: (a) Block diagram; (b) BPF response shaped
by one pole and two TZs, showcasing continuous tuning of the f.., achieved by altering
f1; (c) Continuous BW control; (d) AP mode; (¢) AS mode [91].

Benefiting from the ability to intrinsically-switch ON and OFF the AWLR
module by altering Zg; and f;, multiple (i.e., k) AWLR modules can be interconnected
in parallel within a multi-branch AWLR stage, as shown in the generalized multi-
branch AWLR stage in Figure 2.13(a). This interconnection of AWLR modules is used
to increase the fc., TR in a progressive manner by sliding the passband of the multi-
branch AWLR stage between the passbands of each AWLR module [Figure 2.13(b)].
This is achieved by altering fis, Zgis, and by tuning the resonant frequency of Ry to
continuously tune fc., [Figure 2.13(c)]. For high order TFs, N multi-branch AWLR
stages need to be cascaded with N+1 impedance inverters (N-1 inter-stage inverters
Z12-Zn,y and two external couplings inverters Z.. as shown in Figure 2.13(d) to

obtain a tunable quasi-elliptic-type BPF TF that comprises N poles and 2N TZs as
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shown in Figure 2.13(e). To better illustrate the operating and tuning principles of the

multi-stage AWLR BPFs concept, various design examples are discussed next.
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Figure 2.13. Multi-configurable multi-branch AWLR stage with extended
continuously tunable TF characteristics and generalized higher-order BPF TFs and
showcases of conceptual responses: (a) Generalized block diagram of a multi-branch
AWLR stage with £ AWLR modules; (b) Switching between the AWLR modules
through Zgi.« and Ry to facilitate discrete fe., tuning; (c) Extended continuous f.n
tuning by tuning Rr and module switching; (d) Generalized higher order BPF block
diagram; (e) Conceptual BPF response shaped by N poles and 2N TZs [91].
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2.3.1.2 Multi-resonant-AWLR stage

The design and tuning principles of the multi-resonant AWLR stage are
discussed here, which will be used to create higher-order TFs, as exemplified in later

examples presented in Figure 2.17 to Figure 2.19.

i) Single branch AWLR stage: The details of a single branch AWLR stage are
shown in Figure 2.12 and Figure 2.14. It consists of one one-port type AWR—shaped
by two tightly-coupled resonances, namely the series resonance: fs;=1/21(Ch*Las)"
and the anti-resonance fo;=1/21(Lyi* Crsi* Co/(CuitCoi))V? (see Figure 2.14(a))— that is
connected in parallel with R;. In this manner, the two resonances get decoupled and
inverted through Zg; and the overall TF of the AWLR is shaped by one pole and two
TZs as shown in Figure 2.14(a) (a) for a passband centered at 1 GHz. Whereas the
pole of the overall TF appears at f;;, the location of the TZs depends on the resonant
frequency fi=12n((Ci+Co;)+L;)"? of R;. Specifically, when Cp;, C;, L; resonate at
fi=1/2m((C+Cpy)*L;)""> which coincides with fy;, the TZs are symmetrically-located
around the transmission pole (as also discussed in for a simpler version of an AWLR

in [47]).

ii) Tuning fcen: By loading the two-resonator configuration in Figure 2.14(a)
with an additional LE resonator Rr (as shown in Figure 2.12(a)) that resonates at
f1=12n(Cr*L1)"?, the fien of the passband can be tuned by altering f; as illustrated in
Figure 2.14(b). Specifically, when f; < fi1, Rr loads Zg1 capacitively and moves the
passband to lower frequencies. On the other hand, when f; > fi, Ry loads Zg
inductively and moves the passband to higher frequencies. As such, by altering f;
between 0.6-3.6f;1, the fc.. of the passband can be continuously tuned between 999.6
MHz and 1000.3 MHz. In this case, the location of the pole and TZs can be specified
using (2.6), and (2.7).

iii) Tuning FBW and reconfiguring TZs: FBW tunability can be obtained in
a continuous manner by altering the impedance of Zgi. For example, as shown in
Figure 2.14(c) by varying Zg1 from 35- 70 Q, the FBW can be tuned between 0.36-
1.2k7. As noticed, it can be made wider than the 0.4- 0.847 limit of conventional
AWR-based BPFs based on ladder and lattice configurations [23]. Moreover, the TZs
can be tuned to be symmetrically or asymmetrically allocated around the pole by

altering f1, as illustrated in Figure 2.15(a).
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Figure 2.14. (a) Simulated |S21| of a SAW resonator (f;1= 1000 MHz, L= 25.72 uH,
Cu1=1/(Lan* 47 f1%), Co1= 1.09 pF, k= 0.12%, Qs1=o0) and a multi-resonant AWLR
fs1 stage that comprises one Ru1 and one impedance inverter Zg1 and exhibits one pole
and two TZs; (b) S-parameters of a multi-resonant stage comprising one Rui, one Ry
and one Zg1 demonstrating that fc., tuning is controlled by f;; (c) Alternative FBWs
obtained by altering the Zgi values: i) BW=1.44 MHz (Z£1=70 Q), ii)) BW= 0.8 MHz
(Ze1= 50 Q), 111)) BW=0.43 MHz (Zg1=35 Q) when: f;=fi=f;1. In these examples, L;=2
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nH, L1=2.6 nH [91].

47



-10
= -20
=
@ -30
-40
-50 :
990 992.5 995 997.5 1000 1002.5 1005 1007.5 1010
Frequency (MHz)
(a)
0 ra¥
_ Vs,
m
Z
o -101
2 [T E
s S
< -20
_30 1 1 1
985 990 995 1000 1005 1010 1015
Frequency (MHz)
(b)
o rMmTrT - - - N~ === == -
N 0555,
m
Z
o -10 | §
©
2
€ 20t 1S4l i
< 20
_30 1 1 1 1

985 990 995 1000 1005 1010 1015
Frequency (MHz)

()
Figure 2.15. Simulated response of the multi-resonant AWLR stage for different
operational modes: (a) TZs control around the transmission pole achieved by altering
fiwhen Zg1=70 Q and f;= fs1; (b) AP mode achieved by setting f1=2.16f;1, Zgi=100 Q
and f1=fs1; (c) AS mode obtained by setting fi= 0.78f;1, Ze1=10 Q and f;=f;1. In these
examples, L;=2 nH, L;=2.6 nH [91].
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iv) Reconfigurable AP and AS modes: The multi-resonant AWLR stage also
allows for two additional reconfigurable TF states, namely an AP and an AS response
that can be obtained by readily reconfiguring the resonant frequency of R; and the
impedance of Zgi. Specifically, an AP response can be created by setting fi= 2.16f
and Zg1= 100 Q as shown in Figure 2.15(b). Likewise, the AS mode of operation can
be materialized by setting f1=0.78f;1 and Zgi= 10 Q as illustrated in Figure 2.15(¢c); in
both cases f; is fixed at f;1. The loading resonator Ry enables continuous fce, tuning,
while the switching ON/OFF is achieved by altering R and Zg. It should be noted that
the maximum fc., TR of the AWLR is limited by the maximum TR of Rr which is

bounded by the available capacitance ratio of semiconductor varactors.

v) Increasing f... TR: By leveraging the switch ON/OFF capability of the
AWLR module, a multi-branch AWLR architecture can be considered to increase the
feen TR as shown in Figure 2.13. A specific example of a two-branch configuration is
provided in Figure 2.16(a) to best explain the tuning enhancement principles. In this
case, AWLR modules AWLR# and AWLRy, (i.e., k=2 in Figure 2.13(a)) are used.
They are based on two commercially available AWRs with the following
characteristics: (for i=1 and 2: Ly;=25.72 pH, Cpi=1.09 pF, 0»=9,500, fs1= 999.6
MHz, and f»= 1000.7 MHz). By reconfiguring Zg1, Zr2, fi and f5, the passband of the
multi-branch AWLR can be altered between the passbands of AWLRy (i.e.,
Jeenr=11=999.6 MHz) and AWLR# (i.e., feen= f2=1000.7 MHz) as shown in Figure
2.16(a). The red traces correspond to the case when AWLRy; is switched ON and when
AWLR, is intrinsically switched OFF whereas the black traces correspond to the case
where AWLRy is intrinsically switched OFF and when AWLRy is switched ON. To
achieve continuous f.., tuning between f;1 and f;», the resonant frequency f; needs to be
tuned while altering the Zg; and fi of each AWLRy as shown in Figure 2.16(b).
Specifically, by intrinsically-switching ON and OFF AWLR#, AWLR# and by
altering f; from 0.8 to 3.6f;, fcen can be tuned between 998.55 MHz and 1000.6 MHz

which is 2x larger than in the case of the single-branch configuration in Figure 2.14(b).
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It should be noted that for continuously-tunable TF, the fis of the AWR need to be
appropriately selected so that there is an overlap between the passbands of each
AWLR. R; and Ry are implemented by tunable LE resonators using commercially
available varactors with a wide capacitance TR— higher capacitance tuning results in
a broader tuning of the response, thereby enabling effective tuning of the AWLR

characteristics.

When selecting the varactor model, a varactor that provides a wide capacitance
TR alongside a good Q-factor needs to be used. For instance, the MACOM
MA46H072 varactor demonstrates a total capacitance TR of C7=1- 8 pF and possesses
a O-factor of 3,000 at 4V 50 MHz, according to the datasheet in [102]. The average
capacitance is chosen (Cy= 2.83 pF=C;=C)) as the initial reference for selecting the
appropriate inductors. Utilizing the formula f=1/2n(L-C)"?, the desired L. inductance
of Ry is calculated to be L.=1/((2n+f;)*Cr), and the desired L; inductance of R; is
calculated to be L=1/((2nf;;)*C;). Both f; and f; can be experimentally adjusted by
varying the applied reverse-voltage on the corresponding varactor diode representing
Ciand C;. The impedance inverter Zg; is represented by its n-type first-order high-pass
circuit equivalent, with inductance Lz= Zgi/(2n-f;i) and capacitance Cgi= 1/(2nf5i ZEi).
Tuning of Zg can be achieved by varying the applied reverse voltage on the

corresponding varactor diode representing Cg;.
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Figure 2.16. Linear simulation of a multi-branch AWLR stage comprising two-
AWLR modules (AWLR#1, AWLR#): (a) Discrete f... tuning by intrinsic switching
ON/OFF each of the AWLR modules (AWLR4#s) achieved by altering f1, f> and Zg1,
Zpa. Case 1: AWLRy#1 ON and AWLR# OFF: fi=f;, £=2.16f;, ZE1=50 Q, Zp=100 Q,
Case 2: AWLR#1 OFF and AWLRy ON, f1=2.16f;, fo=fs, Ze1=100 Q, Z£=50 Q when
f1=fs, where f; = (fs1°fs2)/%; (b) Utilizing the intrinsic switch capability of AWLRs to
extended the fc., tuning and continuously tuning it by altering f;. (The rest of design
parameters are L;=2.6 nH, L;=2 nH) [91].

2.3.1.3 High-order multi-configurable TFs

N"-order TFs can be realized by coupling N multi-resonant stages using N+1
impedance inverters (N-1 inter-stage inverters Zi2-Zy.1, v and two external coupling
inverters Ze., as shown in Figure 2.13(d)). The block diagram of an example two-
stage/three-branch BPF configuration (i.e., N=2, k&=3) is provided in Figure 2.17(a). In
this case, two three-branch AWLR stages are cascaded in series with Zi» and are

coupled to the RF ports using Z... Each three-branch AWLR comprises three AWLR
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modules namely AWLRy#1, AWLR# and AWLRy; that are shaped by AWRs with
Lyi=25.72 pH, Cpi=1.09 pF, Oui=9,500 and £;1=999.6 MHz, £,»=1000.7 MHz and
f3=1001.7 MHz. The overall BPF has a quasi-elliptic TF shaped by two-poles and
four-TZ, as shown in Figure 2.17(b) for the case when AWLR# is ON and AWLRy;
and AWLRy; are intrinsically switched OFF. Figure 2.18(a) illustrates the intrinsic
switching ON alteration between AWLR#, AWLRy#, and AWLRy; that is achieved
by varying fi, />, f3, and Zg1, Zr2, Zg3. Figure 2.18(b) shows how continuous f., tuning
between 999.15 and 1002.35 MHz can be achieved by varying f; from 0.8 to 3.6f;
[where f; = (fs1f+2f53)"3] and by intrinsically switching ON/OFF AWLR#, AWLRy and
AWLRg;3. In Figure 2.19(a), BW tuning between 0.55 and 1.99 MHz (i.e., FBW=0.46—
1.66k#) is illustrated when AWLR# is ON and AWLRy1, AWLRy; are OFF. These
states are acquired by increasing Zg» values from 35 to 70 Q. Lastly, Figure 2.19(b),
(c) shows how an AP mode and an AS mode of operation can be obtained by altering

fis and Zg;s respectively.

Zox RFout
ZE1 ZE ZE3
RH2
AWLRM AWLR,, AWLR#S AWLR,, AWLR#Z AWLR#3
a
0

[N
o

-40 F

Amplitude (dB)

12,72,

994 996 998 1000 1002 1004 1006
Frequency (MHz)

(b)

Figure 2.17. Frequency-tunable quasi-elliptic BPF using two-stage/three-branch
AWLR modules (i.e., AWLR#, AWLR#», AWLR#): (a) Circuit schematic; (b)
Simulated S-parameters obtained through linear circuit simulation with AWLR#»
intrinsically switched ON and AWLR#, AWLRys intrinsically switched OFF:
S1=1=2.16fs, fo=Fs, ZE1=ZE3=100 Q, Zp2=55 Q, f1=f;, demonstrating a two-pole/four-TZ
AWLR BPF (N=2, k=3 in Figure 2.13). (The remaining design parameters are: L= 2.6
nH, L;=2 nH, Z=33 Q, Z:,=20 Q) [91].
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Figure 2.18. Frequency-tunable quasi-elliptic BPF using two-stage/three-branch
AWLRs (Figure 2.17(a)): (a) Intrinsic switching-OFF alteration between AWLRus
achieved by varying fis, and Zgss when fi= f;; The cases shown are: i) Case 1 (red
traces): feen=999.6 MHz, when AWLR# ON and AWLRy and AWLRy OFF obtained
by setting fi= f;, and fo= f3= 2.16f,and Zg1= 55 Q, and Zg= Zgz= 100 Q, ii) Case 2
(black traces): fees=1000.7 MHz, when AWLR4# is ON and AWLR# and AWLRy; are
OFF obtained by setting fo= f;, and fi=f3 = 2.16f;, and Zg= 55 Q, and Zg1=Zg3= 100
Q, iii) Case 3 (blue traces), fce,—=1001.7 MHz, correspond to the case where AWLRy3
ON and AWLR# and AWLRy OFF obtained by setting 3= f;, and fi=f= 2.16f;,and
Zp3=55 Q, and Zpi=Zp>= 100 Q; (b) Continuous fc., tuning achieved by varying f; and
extended by intrinsically switching ON/OFF AWLRg;s [91].

53



- =Z5,=70 Q, FBW=1.66k?||
— 27,50 Q, FBW=0.91k?2
...... Z:,=35 Q, FBW=0.46k2

RE

Amplitude (dB)

990 995 1000 1005
Frequency (MHz)
(a)
0 Fa\
18,

)

° L 4
o -10

©

2

=

E

<

)
o
=
| O
| —
|
|
hY

_30 1 1 1 1 1 1
985 990 995 1000 1005 1010 1015 1020

Frequency (MHz)

(b)
OF-—-—- e T e e e S E
1S 441

o -10 F .
c
(0]
©
2-20F |
5
€
<

&
o
R

%

985 990 995 1000 1005 1010 1015
Frequency (MHz)

()

Figure 2.19. Simulated S-parameters obtained through linear circuit simulations of
the two-stage/ three-branch AWLR based BPF in Figure 2.17(a) demonstrating: (a)
Alternative FBWs when AWLR; is intrinsically switched ON and AWLR41, AWLRy3
areintrinsically switched OFF, achieved by altering the Zg» values resulting in: 1) BW=
1.99 MHz (Zg2= 35 Q); ii)) BW= 1.1 MHz (Zg>= 50 Q); iii)) BW= 0.55 MHz (Zg= 70
Q); (b) AP mode obtained by setting fi= o= 3=2.16f;, Zei=Zp2=Ze3= 100 Q and f1=f;;
(c) AS mode by setting f1=f>=13=0.78f;, Zp1=Zp2=Zp3=15 Q and f1=£; [91].
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2.3.1.4 Finite Q effect on the filter’s performance

To evaluate the RF performance of the two-pole/four-TZ, three-branch,
AWLR-based BPF in a practical realization scenario, a more realistic AWR BVD
model is considered for Ruy; [Figure 2.20]. Losses are incorporated in both the
impedance inverters (implemented by their m-type first-order, high-pass, circuit
equivalent) and the resonators R; and Rr. Specifically, the effect of Ou; (unloaded Q-
factor of the AWRS), Oy (effective O-factor of the AWRSs incorporating RF electrical
losses represented by Ry note that when R,=0 Q, Os=0ni=9500, and when Ry=3 Q,
0«=8080), and Qrr (Q-factor assigned to the LE resonators and LE inverters) are

considered.

To illustrate the finite Q effect when R; is 1) a resonating node represented by an
LC resonator (Case 1) and ii) a non-resonating node represented by an inductor (Case
2), the S-parameters of the two-pole/four-TZ, three-branch, AWLR-based BPF are
plotted in Figure 2.21(b). It can be observed that when considering lossless LEs
[Ore=o], both Case 1 and Case 2 exhibit the same in-band characteristics. However,
the TZs in Case 2 are further away from the passband. Lowering Oz makes Case 2 to
have a wider FBW and TZs with higher attenuation when compared to Case 1. Case 1
and Case 2 exhibit almost the same IL levels when lowering Qrr; however, Case 1

showcases a higher effective Qcs.

e
T COi

Figure 2.20. A more realistic BVD model of the AWRs, incorporating Ry; to represent
the RF electrical losses in a realistic resonator.
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Figure 2.21. Simulated S-parameters of the two-pole/four-TZ, three-branch, AWLR
based BPF in Figure 2.17(a) when AWLRy; is intrinsically switched ON and AWLRu,
and AWLRy; are intrinsically switched OFF. They are obtained by setting /o= f;, and
Si= 3= 2.16f5, Zp= 50 Q, Zp1= Zgz= 100 Q, and f = f;. The finite O-factor effect is
demonstrated when: 1) R; is represented by an LC resonator (black curves), and ii) R;
is represented by an inductor (blue curves) [91].

To demonstrate the Q;r effect on the continuous f.., tuning performance, two
tuning scenarios are considered: i) lossless scenario in Figure 2.22(a) with Qrg= o
and Ouni=0si= 9,500 for the AWRSs. ii) lossy scenario in Figure 2.22(b) with Qrz= 100
for all of the LE resonators and inverters, and Qui= 9,500, Oy = 8,080 for the AWRs.
As shown, by altering f; from 0.73 to 4.26f;, in the lossless case, fees 1S continuously
tunable from 1000.1 MHz to 1001.3 MHz. However, when loss is added, the f... TR
narrows, ranging from 1000.32 to 1001.23 MHz. In the lossy scenario, tuning f.., away
from f;; results in degradation of the FBW at both edges of the passband, leading to a
reduced TR for the f.., compared to the lossless scenario [91]. To elaborate further on
the finite Q; effect on the continuous f.., tuning capability, two additional lossy feen
tuning examples are considered in Figure 2.23: 1) in the first lossy scenario, Qui =
9,500, Osi = 8,080, and Qrr= 250, the BW is 0.96 MHz (i.e., FBW = 0.8k7), and feen
tunes from 1000.27 to 1001.29 MHz, TR:100.1 ii) in the second lossy scenario, Qi =
9,500, Osi = 8,080, and Qrr= 100, the BW is 0.9 MHz (i.e., FBW = 0.76k/), and feen
tunes from 1000.33 to 1001.23 MHz, TR:100.89. With lower Q;r, the FBW narrows,
and the fc., TR is reduced.
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Figure 2.22. Simulated S-parameters of the two-pole/four-TZ three-branch AWLR-
based BPF in Figure 2.17(a) when AWLRy; is intrinsically switched ON and AWLRu,
AWLRy; are intrinsically switched OFF. They are obtained by setting fo= f;, and fi=
f3=2.16f;, Zpx=40 Q, Zg1= Zg3= 100 Q, and f7 = f;, demonstrating fc., tuning by varying
f1 for: (a) lossless (Qui= 9500, Qre = <, and Rs= 0 Q); (b) lossy (Qumi = 9500, Qsi =
8080 [Ry= 3 Q], and Q1= 100) [91].
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Figure 2.23. Simulated S-parameters of the two-pole/four-TZ, three-branch, AWLR
based BPF in Figure 2.17(a) when AWLRy; is intrinsically switched ON and AWLRu,
and AWLRy; are intrinsically switched OFF. They are obtained by setting /o= f;, and
fi=13=2.16f;, Zpo=40 Q, Zpi= Zpz= 100 Q, and f; = f;. The TF demonstrates fc., tuning
by varying f; for various lossy cases: 1) Os= 8080, Orr= 250 and; i1) Os; = 8080, and
Qre=100 [91].

2.3.1.5 FBW effect on f.., tuning

To evaluate the effect of the passband BW on the f.., tuning performance, two
different example cases are considered and are provided in Figure 2.24 for a BW of
1.07 MHz and 1.55 MHz (designed at 1000.7 MHz). It is observed that when the BW
is set to 1.07 MHz (Case 2), the fce, tunes from 1000.15 MHz to 1001.25 MHz,
resulting in a feen TR of 100.11%:1. When the BW is increased to 1.55 MHz (Case 1),
the feen tunes from 999.95 MHz to 1001.4 MHz, yielding a TR of 100.14%:1. Hence,
it can be concluded that wider BW passbands can have wider f... TR. As an additional
advantage to be highlighted, the FBW isn’t limited by the &/ limit as in conventional
ladder, or lattice-based AWR BPFs [23].
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2.3.1.6 FoM effect on TF performance

The performance of the AWRs is characterized by their k2 and Qus, through a
Figure of Merit: (FoM)=k/ .Qum: which is constant as discussed in [103], [104].
Consequently, in conventional ladder/lattice AWR BPFs, increasing the & with the
purpose of increasing FBW, comes at the expense of Qi and thus excess loss in the
passband. On the contrary, in the case of the proposed multi-configurable AWLR BPF
concept, enhanced FBW (i.e. > than the &/ limit) and lower IL can be obtained for
smaller & as shown in the example cases in Figure 2.25 for the case of a two-pole/four-
TZ, three-branch, AWLR-based BPF (Figure 2.17(a)). Specifically, the examples
demonstrate the effect of altering AWRS’ k¢ for a FoM=k~.0Q=10, while maintaining
a fixed FBW for the BPF. As evidenced, an advantage the proposed architecture is to
relax the AWR technology requirements for high &, in addition to facilitating feen

tuning alongside multiple levels of TF reconfigurability.

Transmission (dB)

994 996 998 1000 1002 1004 1006 1008
Frequency (MHz)

Figure 2.24. Simulated S-parameters of the two-pole/four-TZ, three-branch, AWLR
stage based BPF (Figure 2.17(a)) illustrating the influence of FBW on the frequency
TR. This analysis is carried out with AWLR intrinsically switched ON and AWLRy1,
and AWLRy3; OFF for: 1) Case 1| (BW=1.55 MHz) obtained by setting: =1, fi=f3=
2.16fs, Zgx= 60 Q, Zp1= Zgs= 100 Q, ii) Case 2 (BW=1.07 MHz) obtained by setting:
f=fs fi=f=2.16f, Zpp=50 Q, Zp1 = Zg3 =100 Q [91].

59



k2=0.12%
k2=0.24%

Transmission (dB)

-60
-80
-100 . 1000 1000.5 1001 1001.5
990 995 1000 1005 1010

Frequency (MHz)

Figure 2.25. Simulated S-parameters of the two-pole/four-TZ, three-branch, AWLR
stage based BPF (depicted in Figure 2.17(a)) demonstrating the impact of altering the
(AWR)s’ k7 on both the in-band IL and the out-of-band IS, while maintaining a fixed
FBW for the BPF. This analysis is conducted with AWLR intrinsically switched ON
and AWLR#1, AWLR; intrinsically switched OFF: obtained by setting /> = f;, and fi=
fi=2.16f5, Zg2=20 Q, Zp1 = Zp3 = 100 Q, and f1 = f; [91].

2.3.2 Experimental validation

To experimentally validate the multi-configurable and continuously-tunable
multi-branch AWLR-based BPF concept with continuously tunable fc.,, two filtering
prototypes were designed, manufactured and characterized at L-band following the
theoretical design examples presented in Section 2.3.1. The prototypes are based on
two commercially available two terminal, one-port-type, SAW resonators from Tai-
Saw Technology (TST) [105]: 1) TST TCO0528A with series resonant
frequency=999.87 MHz and QOwmi=0s1= 7640 and 2) TST TCO0629A with series
resonant frequency=1000.64 MHz and Ox>=9300 and Qs»= 7850 (Qy is the effective
Q factor of the SAW resonator when a series resistance Ry is present [106]) that are
used in AWLR; and AWLR: of the multi-branch AWLR stages. The remaining low-
Q resonators and impedance inverters (represented by their first-order high-pass m-
type networks) were implemented using commercially available SMDs. Their element
values are listed in Figure 2.26 and Figure 2.30. The prototypes were implemented on
a Rogers 4003C substrate (dielectric constant &= 3.55, thickness H = 0.813 mm,
dielectric loss tangent tan (dp) = 0.0027, and 1 oz copper cladding).
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2.3.2.1 Two-stage/two-branch AWLR-based BPF prototype

Figure 2.26 shows the circuit schematic and the photograph of the manufactured
two-stage/two-branch AWLR BPF prototype, along with the details of the utilized
SMD components. Figure 2.27. illustrates the RF-measured response that demonstrates
continuous fc., tuning between 999.74 and 1001.04 MHz (i.e., feen TR: 100.13%:1),
which is has been obtained by intrinsically switching-ON and OFF AWLRy and
AWLRs. Specifically, when: i) AWLR# is ON and AWLR# is OFF, a TF with 3-dB
BW of 0.72 MHz (i.e., FBW= 0.6k7) is created at 1000 MHz whose fe.n can be
continuously tuned between 999.74 and 1000.29 MHz (TR:100.054%:1) with a
minimum in-band IL between 5.1 and 4.1 dB (i.e., Q=3,600-4,600) and when ii)
AWLRy# is OFF and AWLR# ON, a TF with 3-dB BW of 0.79 MHz (i.e., FBW=
0.66k7) is obtained at 1000.6 MHz and its f;., can be tuned between 1000.44-1001.04
MHz with a minimum in-band IL of between 5.6 and 6.6 dB (i.e., Q=3,000-3,600).

The RF-measured BW tuning capabilities of the two-stage BPF prototype are
shown in Figure 2.28 for two different center frequencies. Specifically, Figure 2.28(a)
corresponds to the case when: AWLRy; is ON and AWLRy is OFF where the 3-dB
BW tunes between 0.26 and 0.72 MHz (i.e., FBW= 0.22- 0.6k, BW TR: 2.7:1) at
999.92 MHz with a minimum in-band IL ranges of 7.3 to 4.1 dB (i.e., Q= 5900-
4600). In Figure 2.28(b), AWLR# is OFF and AWLRy is ON and the 3-dB BW
continuously tunes between 0.4 and 0.88 MHz (FBW= 0.34- 0.73k7, BW TR: 2.14:1)
at 1000.7 MHz with minimum in-band IL between 4.3 and 6.44 dB (i.e., Qc= 5,500-
3,600). The AS mode of operation is shown in Figure 2.29 (a). It exhibits a 27 dB IS
over the measured frequency range. Lastly, Figure 2.29(b) illustrates the RF-measured
response of the AP state with an average IL of 1.2 dB. The EM simulated states
(obtained by co-simulations in Keysight ADS) are also added in these figures and
demonstrate good agreement with the RF measurements. The f.., TR of the filter can
be augmented by adding additional branches in the multi-resonant AWLR which can
be added on the same metallization layer or on additional layers that may be added

using a multi-layer PCB stack-up.
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SAW:: TC0528A
SAW,: TC0629A
Cr: MA46HO072

L;: 0604HQ-2N6
Li>: 0604HQ-2N6
C12: Murata 4.2pF

W CE1=C521 MA46H072
Lei=Lg: 0604HQ-2N6

| C1=C>: MA46HO072
Li: 0604HQ-2N6
L>: 0908SQ8N1
Varactor biasing:
Cpc=100 pF
Rpc=10 MQ

Figure 2.26. Manufactured prototype and block diagram of the two-stage/two-branch
AWLR prototype (each AWLR consist of two AWLR-modules: AWLR# and
AWLR#,) along with the utilized SMD components [91].
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Figure 2.27. RF-measured S-parameters of the two-stage/ two-branch AWLR BPF
prototype showcasing continuous fe, tuning in the following configurations: 1)
AWLRy switched ON and AWLRy# switched OFF; ii)) AWLRy switched ON and
AWLRy; switched OFF. EM simulated states are also provided [91].
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Figure 2.28. RF-measured S-parameters of the two-stage/two-branch AWLR BPF
prototype showcasing continuously tunable FBW: (a) AWLRy; intrinsically switched

ON and AWLR, intrinsically switched OFF; (b) AWLR# intrinsically switched OFF
and AWLRy, intrinsically switched ON [91].
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Figure 2.29. RF-measured S-parameters of the two-stage/two-branch AWLR BPF
prototype exhibiting an: (a) AS mode; (b) AP mode. EM simulated states are also
provided [91].

2.3.2.2 Three-stage/two-branch AWLR-based BPF

The block diagram and photograph of the manufactured three-stage/two-branch
AWLR BPF prototype are presented Figure 2.30, along with the details of the utilized
SMD components. Figure 2.31 illustrates the RF-measured response that demonstrates
continuous fee, tuning between 999.72 and 1000.95 MHz (i.e., TR of 100.12%:1),
which has been obtained by intrinsically switching ON and OFF AWLRy# and
AWLRy respectively. Specifically, when: 1) AWLR# is ON and AWLRy is OFF, a
TF with 3-dB BW of 0.7 MHz (i.e., FBW= 0.57k/) is created at 999.92 MHz whose
Jeen can be continuously tuned between 999.72 and 1000.2 MHz (TR of 100.05%:1)
with a minimum in-band IL between 3.8 and 4.7 dB (i.e., Q= 4,800-6,100) and when
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i1) AWLRy is OFF and AWLR# is ON, a TF with 3-dB BW 0of 0.88 MHz (i.e., FBW=
0.73k7) is obtained at 1000.66 MHz and its fc., can be tuned between 1000.38 and
1000.95 MHz with a minimum in- band IL between 3.9 and 5.2 dB (i.e., Q= 4,000-
5,000).

The RF-measured BW tuning capabilities of the three-stage BPF prototype are
shown in Figure 2.32 for two different center frequencies. Specifically, Figure 2.32(a)
corresponds to the case when: AWLRI1 is ON and AWLR# is OFF where the 3-dB
BW tunes between 0.37 and 1.0 MHz (i.e., FBW= 0.31- 0.83%k7, BW TR: 2.67:1) at
999.92 MHz with a minimum in-band IL that ranges from 6.9 to 3.4 dB (i.e., Q=
5,700- 6,400). In Figure 2.32(b), AWLRy is OFF and AWLR# is ON, and the 3-dB
BW continuously tunes between 0.43 and 1.28 MHz (FBW= 0.36- 1.066k°, BW TR:
2.97:1) at 1000.6 MHz with a minimum in-band IL between 6.17- 3.3 dB (i.e., Q=
4,300- 6,100). The AS mode of operation is shown in Figure 2.33(a). It exhibits a 57
dB IS over the measured frequency range. Lastly, Figure 2.33(b) illustrates the RF-
measured response of the AP state with an average IL of 1.2 dB. Figure 2.34, illustrates
the fcen tuning of the three-stage BPF prototype for the case where AWLRy, is ON and
AWLRy; is OFF, at various FBW levels: i) for a BW=0.58 MHz (i.e., FBW=0.48 k),
the f... TRs between 1000.48- 000.81 MHz, with a TR of 100.03:1; ii) For a BW=0.9
MHz (i.e., FBW=0.73 k) the fcen TRs between 1000.38-1000.95 MHz, with a TR of
1000.06:1. The results agree well with the tuning principles explained in Section
2.3.1, where a higher f.., TR is obtained for larger FBW. Overall, the EM simulated
states in Figure 2.31, Figure 2.32, and Figure 2.34 show good agreement with the RF
measurements, successfully validating the proposed AWLR-based BPF concept.
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Figure 2.30. Manufactured prototype and block diagram of the three-stage/two-
branch AWLR prototype (each AWLR stage consists of two AWLR-modules:
AWLRy and AWLR4#) along with the utilized SMD components [91].
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Figure 2.31. RF-measured S-parameters of the three-stage/two-branch AWLR BPF
prototype showcasing continuous fe, tuning in the following configurations: 1)
AWLRy; intrinsically switched ON and AWLRy, intrinsically switched OFF (an EM
simulated state is also provided); ii)) AWLRy; intrinsically switched OFF and AWLR#»
is intrinsically switched ON [91].
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Figure 2.32. RF-measured S-parameters of the three-stage/two-branch AWLR BPF
prototype showcasing continuously tunable FBW: (a) AWLRy; intrinsically switched
ON and AWLRy intrinsically switched OFF (an EM simulated state is also included);
(b) AWLRy; intrinsically switched OFF and AWLRy, intrinsically switched ON [91].
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Figure 2.33. RF-measured S-parameters of the three-stage/two-branch AWLR BPF
prototype illustrating the: (a) AS mode; (b) AP mode [91].
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Figure 2.34. RF-measured S-parameters of the three-stage/two-branch AWLR BPF
prototype showing fe.. tuning when AWLR# is OFF and AWLR# is ON in the
following cases: (a) BW=0.58 MHz (FBW=0.48k7); (b) BW=0.9 MHz
(FBW=0.73k#). EM simulated states are also included [91].
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2.4 Multi-Configurable @ AWLR-Based Bandpass-to-Bandstop

Filters With Continuously Tunable Characteristics

This section introduces a new class of quasi-elliptic AWLR-based BP-to-BS
filters that can be reconfigured between two distinct BP and BS filtering modes
without utilizing RF switches. The proposed architecture enables continuous tuning of
feen and BW in both of its BP and BS modes. This is a unique contribution of this
thesis, and particularly the f.., tuning concept for AWR-based BSFs is presented in
this work for the first time. Additionally, these filters support AP and AS operating

modes, which can be obtained within the same RF filtering component.

2.4.1 Theoretical foundations
2.4.1.1 Generic concept

The coupling routing diagram (CRD) of the proposed multi-configurable
AWLR stage with BP-to-BS, AP, and AS reconfigurability is shown in Figure 2.35.
The CRD is of fundamental importance because it defines the resonator-coupling
topology that governs the flow of energy through the filter. Consequently, it directly
determines the pole—zero distribution, guides the coupling-matrix synthesis, and forms
the essential link between the theoretical transfer-function (TF) response and its
practical physical implementation. The CRD of the proposed concept in Figure 2.35
consists of four resonating nodes: one high-Q resonant node (Ru) and three tunable
low-Q resonant nodes (Ri, Rg, and Ry). Additionally, four non-resonating nodes are
incorporated to include impedance inverters. They, in turn, couple the resonating
nodes and facilitate independent control of their impedances. Figure 2.35(b)-(g)
illustrate the conceptual TF responses of the proposed multi-configurable AWLR
stage. By adjusting the self-coupling coefficients of the low-Q resonating nodes (M,
MEgg, and M1r), the TF response can be configured for multiple operating modes,
namely: i) a BP response shaped by one pole and two TZs that can be continuously
tuned in terms of fcen as shown in Figure 2.35(b)] and BW tuning as depicted in Figure
2.35(c); 1) a BS response shaped by one TZ and two reflection zeros (RZs) providing
continuous fc, tuning as demonstrated in Figure 2.35(d) and BW tuning as depicted

in Figure 2.35(e);
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Figure 2.35. BP-to-BS multi-resonant AWLR stage with multi-configurable and
continuously-tunable TF characteristics: (a) CRD model; (b) BPF response shaped by
one pole and two TZs, showcasing continuous tuning of the fc., achieved by altering
Mi1; (c) BPF response exhibiting continuous BW control by altering Mgg, and M;;
(d) BS response shaped by one TZ and two RZs, demonstrating continuous tuning of
the fc., achieved by altering Mgg; (e) BS response featuring continuous BW control by
altering Mge, M11,and My.,; (f) AP mode; (g) AS mode [92].

iii) an AP response as shown in Figure 2.35(f); and iv) an AS response as

illustrated in Figure 2.35(g). The AP and AS stop modes are obtained by narrowing
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the BW of both the BP and BS modes, respectively. Particularly, reducing the BW of
the BS mode yields an AP response, while narrowing the BW of the BP mode results
in an AS response. In practice these tuning capabilities can be implemented using
electronically-reconfigurable varactors in the low-Q resonant nodes as it will be

discussed in the Section 2.4.1.2.
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Figure 2.36. Generalized N order filters using N multi-configurable BP-to-BS
AWLR stages with continuously tunable TF: (a) Generalized CRD (Ru: high-Q
resonating node; Rg, Ri, and Ri: low-Q resonating nodes; white circles: source and
load; grey circles: non-resonating nodes); (b) Generalized circuit block diagram using
N AWLR stages and N+1 impedance inverters; (b) Illustration of the generalized BP
mode TF exhibiting N poles and 2N TZs close to its passband; (c) Illustration of the
generalized BS mode TF exhibiting N TZ and 2N RZs close to the stopband [92].

The multi-configurable AWLR-based concept can be exploited for the
realization of higher-order TFs, as shown in the generalized CRD in Figure 2.36(a)
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and the generalized circuit block diagram in Figure 2.36(b). It consists of N high-O
AWLR stages cascaded by N-1 inverters (K12— Kn-1,v in the generalized CRD, realized
by Zi>— Zy.1,v impedance inverters), which are coupled to the RF ports through two
additional inverters (Ks; and Kyp in the generalized CRD, realized using Ze.
impedance inverters). This configuration enables the realization of high-order quasi-
elliptic BP TFs shaped by N poles and 2N TZs as shown in Figure 2.36(c), and high-
order BS TFs shaped by N TZs and 2N RZs as can be seen in Figure 2.36(d).

Table 2.1. Normalized coupling coefficients of the synthesized examples in Figure
2.37, Figure 2.38, Figure 2.41, and Figure 2.42, and associated with the CRDs in
Figure 2.37, and Figure 2.41.

EX. #1: BP EX. #2: BS EX. #3: AP EX. #4: AS
Example
mode mode mode mode
MEer 590 178 -1050 -550
Mi; 310.3 320 1850 950
My 140 -424 -179.4 3300

Table 2.2. Normalized coupling coefficients of the synthesized examples in Figure

2.39, and Figure 2.43, and related to continuous f.., and BW tuning in the BP mode.

Example | EX.#5 | EX.#6 | EX.#7 | EX.#8 | EX.#9 EX. #10
Mg 590 590 590 800 590 430
Mii 310.3 310.3 310.3 228 310.3 427
ML 800 140 -500 140 140 140

Table 2.3. Normalized coupling coefficients of the synthesized examples in Figure
2.39, and Figure 2.44, and related to continuous f.., and BW tuning in the BS mode.

Example | EX.#11 | EX.#12 | EX.#13 | EX.#14 | EX.#15 | EX.#16
Mk 1300 178 -1080 -390 -597 -930
M 62 320 -55 -250 -80 97
ML =72 -424 54 -930 30 -25

2.4.1.2 Multi-configurable AWLR stage

To better explain its operating principles, a detailed qualitive analysis is

presented in Figure 2.37 to Figure 2.40, using synthesized CRD-based examples and
the normalized CRD coupling coefficients listed in Table 2.1 to Table 2.3. They have
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been obtained by fitting the synthesized S-parameters of the CRD to the ones obtained
by circuit simulations as detailed in [47]. The high-Q resonator (Ru), based on the
commercially available Murata RO3144 SAW resonator, has fixed characteristics.
Based on its S-parameters response, the AWLR stage is initially designed using circuit
simulation. After determining characteristics of the low-Q resonators (R1, Rg, and Ry),
their coupling coefficients, as well as those of Ru, are extracted by fitting the
synthesized Coupling Matrix (CM) response of the CRD model to their circuit-
simulated response. Once the fitted coupling coefficients for all resonators are
obtained, the CRD model of the AWLR stage is constructed, and the extracted
coefficients are used to synthesize the CRD model, as listed in the caption of Figure

2.37.

A comparison between the simulated AWLR circuit model and synthesised
CRD model responses is illustrated in Figure 2.37 and Figure 2.38. Specifically, the
CRD and circuit models of the proposed multi-configurable AWLR stage, with BP-
to-BS, AP and AS reconfigurability, are shown in Figure 2.37(a). The circuit model
consists of one high-Q resonant node (Ru)-represented by a two-terminal-one-port
type AWR-represented by its BVD model equivalent circuit [106], with motional
capacitance (Cy), inductance (Lu), resistance (Ryr), and parasitic capacitance (Cp),
resonating at fi= 1/2n(CueLy)"?*~and three low-Q resonant nodes: R; is shaped by a
parallel LE LC resonator (C; and L,) resonating at fi= 1/2n((Co+C))*L;)) '*; Rg is
implemented using a series LE LC resonator (Cr and Lg ) resonating at
f5=1/2n(CgLg)"?; and Ry is implemented by a parallel LE LC resonator (C and Ly)
resonating at f;= 1/2n(CreL;)"?). Ru is cascaded in parallel with R;, and this
combination is cascaded in series with Rg and then it is loaded by Rr. In the CRD
model, additional non-resonating nodes and coupling inverters are employed to

independently control the FBW of different low-Q resonators (Rg, R1, and Ry).

To design the AWLR at a specific feen and BW, an AWR with fi=fcex and
appropriate & is selected. Its BW can then be fitted by adjusting Nx in the CRD model.
As can be seen in Figure 2.37(b) and using the coupling element values in Table 2.1,
the AWLR can generate a BP response shaped by one pole and two TZs. Moreover,
the same circuit can be configured to achieve a BS response shaped by one TZ and
two RZs, as depicted in Figure 2.37(c), by altering Mgg, M;;, and My;. Additionally,
the proposed AWLR stage enables two additional reconfigurable TF states: an AP
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mode of operation, as illustrated in Figure 2.38(a), obtained by reducing the BW of
the BS mode; and an AS mode of operation, as shown in Figure 2.38(b), achieved by
narrowing the BW of the BP mode. These responses are achieved by adjusting Mer,
M, and Mz, as specified in Table 2.1. In the CM synthesized responses,
reconfiguration is achieved by altering the self-coupling coefficients of the low-Q
resonating nodes (M;;, Mg, and M) which in practice is achieved by adjusting the
resonance frequencies of the low-Q LE resonators (f7, fz, and f1). The resonance
frequency of the low-Q LE resonators is determined by: f= 1/2z(C+L)"?, where C is

the capacitance and L is the inductance.
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Figure 2.37. Proposed multi-functional AWLR stage CRD and circuit models with
corresponding CM-based synthesized and circuit-simulated responses: (a) CRD and
detailed circuit models; (b) BP response with one pole and two TZs obtained by setting
the resonant frequencies of the low-Q resonant nodes to fr= 0.753f;, fi = 0.822f;, and
f1=0.904f;; (c) BS response with one TZ and two RZs obtained by setting: fz= 1.076f,
fi=1.705f;, and ;= 0.671f;. AWR parameters: k= 0.12%, BW=1 MHz at fce,= 916.4
MHz (i.e., FBW= 0.109%), Cyv= 1.895 {F, Ly= 15.92 uH, Ry= 11.3 Ohm, Co= 2.17
pF. Low-Q resonator parameters: Lg= 20 nH, L;= 4.2 nH, and L;= 4 nH. The static
coupling coefficients of the CRD model are Ny= 1, Ng= 23.9, Ny=0.71, N;= 19, Ni=
17.2, Mnyn= 0, and Mur= 0, with variable coefficients are listed in Table 2.1 [92].
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Figure 2.38. CM-based synthesized and circuit-simulated responses of the multi-
resonant AWLR stage shown in Figure 2.37(a) showcasing: (a) AP response obtained
by setting: fz= 1.47f;, fi= 0.74f, fr = 1.25f;; (b) AS response obtained by setting: fz=
0.55f;, fi= 1.505f;, f1 = 0.388f;. The coupling coefficients are listed in Table 2.1 [92].

In practice, capacitance tuning is achieved using varactor diodes which adjust
their capacitance based on the applied reverse voltage at their terminals. This
electronic tuning capability allows dynamic modification of the resonance frequency,
enabling the filter to reconfigure its response. Figure 2.39 demonstrates the continuous
feen and BW tuning capabilities of the AWLR when configured in the BP mode, by
varying, Mgg, M, and My, as detailed in Examples 5 to 7 in Table 2.1. In Figure 2.39,
the BP response shows a BW= 1.16 MHz at f..,=916.4 MHz (i.e., FBW= 1.05k?, >
0.4— 0.8k limit). By altering Mz, from -500 to 800, the fc., continuously tunes from
915.95t0917.12 MHz (TR: 100.128%:1). Figure 2.39(b) demonstrates the BW tuning

77



which can be varied between 0.56 and 1.94 MHz (i.e., FBW= 0.51- 1.76k/ and
TR:3.46:1) by increasing Mgr and decreasing M, as indicated in Examples 8 to 10 in
Table 2.2. Figure 2.40 illustrates the continuous fc., and BW tuning capabilities of the
AWLR when being reconfigured in its BS mode of operation by varying, Mee, M1,
and M., as detailed Examples 11 to 13 in Table III. In Figure 2.40(a), the BS response
shows a BW=0.532 MHz (i.e., FBW= 0.484k). By decreasing Mgr and adjusting M;;
and M to maintain a fixed BW, the f... is continuously tuned from 915.415 to 917.07
MHz (TR: 100.183%:1). Additionally, Figure 2.40(b) depicts BW tuning at fee,=
916.7 MHz, where increasing Mgr and M, and decreasing M;;, the BW increases
from 0.2 to 1.08 MHz (i.e., FBW= 0.18- 0.98%/), as indicated in Examples 14 to 16
in Table 2.3.
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Figure 2.39. Synthesized S-parameters of the multi-resonant AWLR stage when
operating in its BP mode showcasing: (a) Continuous fc., tuning by altering the self-
coupling coefficient of the low-Q resonant node Ry (Mz1); (b) Continuous BW tuning

by altering the self-coupling coefficient of the low-Q resonant nodes Rg and Ry (Mkk
and M;;) [92].
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Figure 2.40. Synthesized response of the multi-resonant AWLR stage when
operating in its BS mode showcasing: (a) Continuous f.., tuning obtained by altering
the self-coupling coefficient of the low-Q resonant node Rg (MEk), and by adjusting
the self-coupling coefficient of the low-Q resonant nodes Ry and Ry (M;z and M;;) in
order to maintain the BW; (b) Continuous BW tuning obtained by altering the self-
coupling coefficient of the low-Q resonant nodes Rg, Ri and Ry (Mgg, M;; and Myr)
[92].

2.4.1.3 Higher-order multi-configurable filters

Higher-order (i.e., N order) TFs can be synthesized by cascading N AWLR
stages in series using impedance inverters, as shown in in Figure 2.36. Specifically, a
two-stage example is considered using the CRD in Figure 2.41(a) where two AWLR

stages are cascaded with impedance inverters Ki» and are coupled to the RF ports
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through inverters Ks;1 and K> ;. Using the same coupling coefficients listed in Table
2.1, the two-stage filter can operate in the same modes and follow the continuous
tuning principles demonstrated for the single AWLR stage in Section 2.4.1.2, by
altering Mge, M1, and M;;. The two-stage filter response when configured in the BP
mode is shown in Figure 2.41(b), exhibiting two poles and four TZs, with a BW=1.62
MHz (i.e., FBW= 1.47k?) at feen= 916.4 MHz. The response when configured in BS
mode is depicted in Figure 2.41(c), exhibiting a BW= 0.7 MHz (i.e., FBW= 0.64k/?)
at feen= 916.76 MHz. The AP and AS modes of operations are illustrated in Figure
2.42(a) and Figure 2.42(b), respectively.

The continuous tuning of f... and BW of the two-stage filter when configured in
BP mode is illustrated in Figure 2.43, achieved by altering Mgr, M;;, and My;, as
detailed in Table 2.2. The BP response in Figure 2.43(a) exhibits a BW= 0.846 MHz
(i.e., FBW= 1.47k?, > 0.4— 0.8k limit) at fcen= 916.5 MHz. By increasing My from -
500 to 800, the f., is tuned between 915.96 to 917.15 MHz (TR: 100.13%:1). In
Figure 2.43(b), by Increasing Mgr and decreasing M;; the BW can be continuously
increases from 0.46 to 1.53 MHz (i.e., FBW= 0.42— 1.39k° and TR:3.3:1). The
continuous tuning principles of f.., and BW of the two-stage filter when configured in
BS mode are shown in Figure 2.44, achieved by varying, Mge, M;;, and My, as
detailed in Table 2.3. In Figure 2.44(a), the BS response shows a BW=0.66 MHz (i.e.,
FBW= 0.6k7); by increasing Mg and adjusting M;; and My to maintain the BW, feen
is continuously tuned from 915.56 to 917 MHz (TR: 100.157%:1). In Figure 2.44(b),
by increasing Mgr and My, while decreasing M;;, the BW increases from 0.266 to 1.52
MHz (i.e., FBW= 0.24— 1.38k and TR:5.7:1) at feer= 916.74 MHz.
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Figure 2.41. CRD and synthesized S-parameter response of a two-stage AWLR-based
filter: (a) CRD model; (b) BP mode showing two transmission poles and four TZs; (c)
BS mode exhibiting two TZs and four RZs. The static coupling coefficients are Ks, ;=
1, Kz,L= -1, K1,2= 1.11, Ny= 1, Neg= 23.9, Ni= 0.71, N= 19, Ni= 17.2, Mnv=Mpur= 0
[92].
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Figure 2.42. Synthesized S-parameter response of the two-stage AWLR-based filter
in Figure 2.41(a) showcasing: (a) AP mode; (b) AS mode [92].
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Figure 2.43. Synthesized S-parameter response of the two-stage AWLR-based filter
in Figure 2.41(a) when configured in BP mode showcasing: (a) a BP response with
continuous fe., tuning obtained by altering the self-coupling coefficient of the low-Q
resonant node Rr (Mrr); (b) a BP response with BW tuning obtained by altering the
self-coupling coefficient of the low-Q resonant nodes Rg and Ri (Mg and M;;) [92].
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RE, Ri and Ry (MEE, M and MLL) [92].

2.4.2 Experimental validation

To experimentally validate the proposed multi-configurable AWLR-based filter
concept with continuously tunable f.., and BW and four distinct modes of operation,
two prototypes were designed, manufactured and tested at L-band. The prototypes are

based on a commercially available, two terminal, one-port-type, SAW resonator from
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Murata Inc. (Murata RO3144E1 with series resonant frequency= 916.4 MHz and Qy=
8500), LE components from Coilcraft Inc. and Johanson, and varactor diodes from
MACOM Inc. [102], [99], and [107]. Notably, most commercially available SAW
resonators operate at feen <I GHz, with a typical BW of approximately 0.3 MHz.
However, if SAW resonators with higher k2 become available, the proposed filter TF
can be designed to operate at higher frequencies and achieve significantly wider BWs,

making it suitable for practical application requirements.

Following the design guidelines in Section 2.4.1, the filters were implemented
on a Rogers RO4003C substrate (dielectric thickness H = 0.813 mm, permittivity &=
3.55, dissipation factor tan (6)= 0.0027, with 1 oz copper cladding), and simulated using
the software package Keysight ADS. RF measurements were conducted using a
Keysight N5244A network analyser. The prototypes include: i) a two-stage AWLR-
based BPF (i.e., N=2), and ii) a three-stage AWLR-based filter (i.e., N= 3). In the
following RF summary of the measured prototypes, some measured prototypes exhibit
higher IL than simulations due to narrower FBWs, varactor losses, and PCB-related
parasitics. IL variations also result from the varactor Q factor, which changes with

applied voltage.

2.4.2.1 Two-stage BP-to-BS filter prototype

The circuit block diagram and photograph of the manufactured two-stage
AWLR filter prototype, along with the utilized SMD components are shown in Figure
2.45. Detailed RF-measured performance parameters are summarized in Table 2.4. In BP
mode, the continuous f.., tuning characteristics are demonstrated in Figure 2.46(a).
For a 3-dB BW of 1 MHz, f.., is continuously tunable from 916.22 to 917.01 MHz.
The measured BW tuning capability is illustrated in Figure 2.46(b), showing a
continuous 3-dB BW tunable between 0.47 and 1.18 MHz at f..,= 916.56 MHz. The
provided EM/circuit co-simulated states in Figure 2.46 agree well with the measured
responses, successfully validating the measured results. It should be noted that the
spurious response appearing at around 913.5 MHz is due to the inherent spurious mode
of the SAW resonator itself and is not related to the proposed filtering TF. This has
been demonstrated previously in Section 2.2.2 and is a known characteristic of SAW

resonators.
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The fecen tuning performance of the BS mode of operation is illustrated in Figure
2.47 for two different BW levels. For a 3-dB BW of 0.96 MHz, shown in Figure
2.47(a), feen can be continuously tuned from 915.76 to 917.22 MHz. When the 3-dB
BW is increased to 1.42 MHz, as depicted in Figure 2.47(b), feen is continuously
tunable from 915.7 to 917.58 MHz. The BW tuning characteristics in the BS mode of
operation are presented in Figure 2.48 for three different operating frequencies. At feen
= 916.14 MHz, as shown in Figure 2.48(a), the BW can be tuned from 0.54 to 1.62
MHz. At feen = 916.5 MHz, Figure 2.48(b) demonstrates BW tuning between 0.33 and
0.96 MHz. Finally, at f.., = 916.9 MHz, as illustrated in Figure 2.48(c), the 3-dB BW

is tunable over a wider range, from 0.33 to 1.96 MHz.

The provided EM/circuit co-simulated states show good agreement with the
measured results. The measured RF AP mode response is shown in Figure 2.49(a) with
an average IL of 1.2 dB. The measured RF AS mode is shown in Figure 2.49(b),
demonstrating approximately 50 dB of IS across the measured frequency range. The
EM/circuit co-simulated states agree well with measured responses in Figure 2.49

successfully validating the multi-configurable AWLR concept.

C12: IM0225C1C3R7
Li2: 0908SQON1
Cr: MA46H204
Lr: 0604HQ2N6
Cre: MA46H072
Le: 0603DC10N
C1: MA46H072
L;: 0603DC4N3
SAW: RO3144
Varactor biasing:
Cac=30 pF, Ryge=10 MQ

Figure 2.45. Circuit block diagram and photograph of the manufactured two-stage
BP-to-BS AWLR filter along with the utilized SMD components [92].
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Figure 2.46. RF-measured S-parameters of the manufactured two-stage AWLR filter
prototype in Figure 2.45 demonstrating its: (a) BP response exhibiting continuous fecen
tuning; (b) BP response exhibiting continuous BW tuning [92].
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Figure 2.47. RF-measured S-parameters of the manufactured two-stage filter
prototype in Figure 2.45, showcasing its BS response with tunable fc., when: (a) BW=
0.96 MHz (i.e., FBW= 0.87k/), EM/circuit co-simulated states also included (b) BW=
1.42 MHz (i.e., FBW= 1.3%7) [92].
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Figure 2.48. RF-measured S-parameters of the manufactured two-stage filter
prototype in Figure 2.45, illustrating its BS response with tunable BW when: (a)
feen=916.14 MHz; (b) fecer=916.5 MHz; (¢) feen=916.9 MHz; EM/circuit co-simulated
states also included [92].
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Figure 2.49. RF-measured S-parameters of the manufactured two-stage filter

prototype in Figure 2.45 showcasing: (a) AP mode; (b) AS mode. EM/circuit co-
simulated results are also included [92].

2.4.2.2 Three-stage BP-to-BS AWLR filter prototype

The circuit block diagram and photograph of the manufactured three-stage
AWLR filter prototype, along with the utilized SMD components are provided in
Figure 2.50. Detailed measured performance parameters are summarized in Table 2.4.
In BP mode, the continuous f.., tuning characteristics are depicted in Figure 2.51(a). For
a 3-dB BW of 1.05 MHz, fc., is continuously tunable from 916.38 to 917 MHz. The
RF-measured BW tuning capabilities are shown in Figure 2.51(b), indicating a 3-dB BW
that is continuously tunable between 0.5 and 1.14 MHz at fee,= 916.6 MHz. In BS mode,
the fen tuning characteristics are depicted in Figure 2.53. RF(a), where feen is
continuously tunable from 915.88 to 917.26 MHz for a 3-dB BW is 1.02 MHz. The
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BW tuning capabilities are shown in Figure 2.53. RF(b), where the BW continuously
tunable between 0.41 and 1.46 MHz at fce, = 916.76 MHz. The RF-measured AP mode

response is shown in Figure 2.53(a) with an average IL of 1.3 dB. The AS mode is

shown in Figure 2.53(b) demonstrating approximately 62 dB of IS across the measured

frequency range. The fc., TR of the filter is limited by the low O-factor of the varactor,

which degrades passband IL when tuning away from the originally designed fccn, as

shown in Figure 2.46(a), and Figure 2.51(a). The TR can be increased by using higher-

Q varactors or by adopting a multi-module AWLR stage, as investigated in Section

2.4, which extends f.., tuning while preserving filter performance.

DC
biasing poi

S

@&
A G

Ce: QM1555C2D3R9
Le: 0604HQ7N6

Ci2: GQM1555C2D5R0O
Li2: 0806SQSNS

Cz3: QM1555C2D4R7
L>3: 0806SQ6NO

Cr: MA46H204
Ly=Lrs: 0604HQ2N6
L;>: 0603DCING

Cr: MA46HO072

Lg: 0603DCI0N

C;: MA46H072

L;: 0603DC4N3
S4W:RO3144
Varactor biasing:
Ca4c=30 pF, R4¢e=10 MQ

Figure 2.50. Circuit block diagram and photograph of the manufactured three-stage

filter, along with the utilized SMD components [92].
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Figure 2.51. RF-measured S-parameters of the manufactured three-stage prototype in
Figure 2.50 illustrating its: (a) BP response exhibiting continuous fc., tuning; (b) BP
response exhibiting continuous BW tuning. EM/circuit co-simulated states are also
included [92].
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response exhibiting continuous BW tuning [92].
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Figure 2.53. RF-measured S-parameters of the manufactured three-stage prototype
in Figure 2.50 depicting its: (a) AP mode; (b) AS mode [92].
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Table 2.4. Performance summary of the measured two-, and three-stage prototypes

Bandpass operation mode

Bandpass operation mode

g £y tuning BW tuning Joen tuning BW tuning
8 .
2 [BW (MHz)/ 1 (MHz) | MinL | f,, | BW (MHz) “E[éf];)I/L 1S. | BW | f, (MHz)/ &‘Il;‘}fi IS.@B)| fun |BW (MH2)/FBW Og:;l%f— IS. (dBY/
® [FBW (xk)) [TR]  |@BY[Q,){(MHz)| /FBW (xk) [0,,] (dB) | (MHz) [TR] (dB) [O,] | (MHz) (xk,") IL(dB) (O,
BW:0.54-1.62 1243;65_
916.14 | FBW:049-1.47 | 1.2-2 | 1,50,
915.76- 16.6-27/ TR: 3:1 33001
§ - 096 | 91722/ | 1.3-2.5| [2,050- 10.4— 23
2| gwq | 01622- |3.1-47/ BW:0.47- 118 | % ¢/ [100.159%:1] 4,600] BW:0.33-096 | | 5 13650~
% | ppw.0.1 | 91701/ | [2,700- |916.56[FBW:043—1.073| 3 g 1 27-33 916.5 | FBW:0.3-0.87 12501
& 70 [100.086%:1]] 4,400] TR:2.5:1 12 0oy TR:2.9:1 ’
(<) 2
915.7- 20.7-26/ BW: 0.33- 1.96 32102;6
142 | 017.58/ 3236 [1950- | 9169 | FBW=03-178 |1.7-52/ 3 5oy
[100.205%:1] 3,350] TR:5.94:1 4,250]
—
g BW:1.05 191638 917/ 34 41/ BW:0.5-1.14 |3.1-5.8/ 915.88— 27-35/ BW:0.41-1.46 15-42
% | FBW:0.95 [[100.067%:1]| 3430~ | 9166 [FBW:0.45-1.036 [5,800- 34-46| 1.02 | 91726/ | 1.9-3 | [2,360- | 916.76 | FBW:0.37-1.33 | 1.55-4 (2,320
g :0. 067%:1] 74 s00) TR:2.28:1 | 5,200] [100.15%:1] 4,650] TR:3.56:1 4.410]
(¢
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2.5 Comparison With State-of-the-Art AWR Filters

Table 2.5 provides a comprehensive comparison of the proposed adaptive
AWLR-based filter concepts introduced in Sections 2.2,2.3, and 2.4 with state-of-the-
art AWR-based reconfigurable filters. The proposed AWLR-based BPF with tunable
BW (Section 2.4) is the only AWR-based BPF that allows electronically continuous
BW tuning with enhanced FBW while exhibiting high Q. For instance, the BPF
concepts in ([50], [42]) only allow for reconfigurable TF states and the BPF in [34]
facilitates discrete BW tuning. Additionally, the AWLR BPF concept in [52] is based
on mechanically-tunable capacitors. The proposed AWLR-Based BPFs with multi-
configurable and continuously tunable TF capabilities (Section 2.3) stands out as the
only one that allows continuous electronic fce, tuning, which is introduced in this work
for the first time. Furthermore, this design is the only one that facilitates multiple levels
of analog TF tunability and reconfigurability, namely continuous f.. tuning,
continuous BW, reconfigurable AP and AS mode of operation to be obtained in the
same AWR-based filter while having comparable size with other AWLR-based BPFs,
however with added functionality. In comparison, the filters in ([39], [41], [42], [43],
[50]) only enable BP-to-AS TF reconfigurability. When compared to the filter
architectures in ([47], [52], [90]), they only facilitate continuous BW tuning and ([47],
[52]) rely on trimmer capacitors as opposed to electronically tunable TFs presented
here. Furthermore, the AWR-based BSFs in ([11], [48], [51], [54]) only allow notch
BW tuning and the ones in [50], [54] only enable BP-to-AP TF reconfiguration and
are mostly implemented with mechanical trimmer capacitors. The RF-switch-based
AWLR BPF concept in [12] only allows RF switched single-to-multi-band
reconfiguration, while the AWR-based ladder BPF concept in [45] only switching
ON/OFF the operation bands. Lastly, the filter in [44] only allows discrete feen

reconfigured bands.

The proposed AWLR-based filter physical implementations is larger than the
all-AWR monolithic acoustic-filter implementations in ([34], [39], [41], [42]) due
being based on a low-cost PCBs integration using discrete SMD components, which
dictate the size of the filter. However, the filters in ([34], [39], [41], [42]) aren’t
tunable. Regardless, the size of the proposed multi-configurable concept is comparable
to AWLR-based BPFs as for example the ones shown in ([49], [51], [54], [90]) and is

smaller than the one provided in [12]. In fact, the proposed implementation can be
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considered to be effectively even smaller as it combines multiple functions within the
same design volume as opposed to RF switched-based AWR filter implementations.
Notably, the proposed concept (Section 2.4) is the only one that allows multiple levels
of reconfigurability within the same filter volume and without needing to use any RF
switches. These include: 1) a BP mode with continuous f.., and BW tuning, ii) a BS
mode with continuous f.., and BW tuning, iii) an AP mode and iv) an AS mode.
Furthermore, the proposed filter concept demonstrates the potential to realize
continuous fee, tuning in an AWR-based BSF for the first time. In comparison to the
filters listed in Table 2.5, the configurations in ([34], [39], [41], [43], [50], [42]) only
facilitate BP-to-AS reconfiguration, with [34] and [53] also allowing for discrete BW
tuning. The filters in [50] and [54] only facilitate BS-to-AP reconfiguration and the
architectures in [45] and [12] only allow switching ON or OFF their operating bands.
The AWLR-based filters in ([11], [47], [48], [52], [90]) only exhibit continuous BW
tuning, and the topology in [47] additionally provides IS tuning alongside BP-to-AP
reconfiguration. The filter concept in [51] only supports a BS response with tunable
IS whereas the filter in [49] allows BP-to-BS reconfiguration with the aid of RF
switches. The filter concept presented in [44] offers only two discrete states of feen
reconfiguration. Finally, the previously introduced work in Section 2.3 supports a BP
response with continuous fe., and BW tuning, alongside a BP-to-AP-to-AS
reconfiguration, but it doesn’t support any BS mode of operation as is the case in this

work (Section 2.4).
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Table 2.5. Comparison with state-of-the-art reconfigurable AWR-based filters.

Ref. Resonator Rec. modes | Order FBW Seen Area | Min- Oetr Rejection
Technology (xk 2) (MHz) (mmz) IL levels (dB)
! (dB)
6,000-
22| AWLRSAW | ETunBW | 4 |0573-132| 9166 | 441 [2239] 000 | 2755
BP(C.E. Tun. | ) 0.34-1 1 99998 | 595 | 41- | 3,000- | 2038
& BW ] - 1- | 3,000- -
23| AWLR/SAW o & BWY & 0.22 1000 74 73 | 3900
AP/AS 0.47
036-135 | 999.9
23 " " 3 | &031- & 882 3639 ‘23%%‘ 25-59
1.03 1000.74 : ;
BP (C. E. Tun.
1. &BW)/
24| AWLR/SAW |BS(C.E.Tun.| 2 | 03-1.78 " 281 51'2 15’9150%' 10-33
£ &BW)/ : ’
AP/ AS
1.55- | 2,360-
24 " " 3| 037-1.33 " s148 | 1207 The0 | 15746
34]| LadderrBAR | BP (SASBW)/ NA | 033-050 | 2000 | 0.046 |2.5-35] ~340 | 1225
[50]| AWLR/FBAR BP / AS 2 0333 2130 | 2046 | 4 | 300 | 16-19
[50]| AWLR/FBAR BS / AP 2 031 2043 | 1508 | 32 | ~300 27
[41]| BST-FBAR BP / AS 3 0.43 2080 | 0.0088| 2.25 | ~300 115
[39]| AIN Resonator BP/AS N/ A N/ A 635 0.2 29.5 22’05%%_ 15-25
[43] | AIGaN Resonator | BP/AS 1 N/ A 246 | 0.0055 | 57-62 | 608-910] 19
gsy| VO Switched | pn o band 5 N/A | 765935 | 23.76 |3.7-43] N/A 18-20
451 S AW/ Ladder (S. bands) i N ]
VO, Switched ~121-
44 2 S.f 6 N/A 732/755 | 6.72 [1.5-1.8 12
[44] SAW/ Ladder cen 724
SAW/ ladder ~800-
(531 (pea swiches) | BPSBW) | 7 N/A 650 | NA | NA | Tgo | 2560
521 awrrsaw | BP %\/IW)T“H' 3 | 050-1.50 | 418 | 545.1 |1.2-3.3|>10,000] 23-46
BP (M. Tun. 0.81-
471 AWLR/SAW | gl NP6 | 093168 | 4184339 | €205 | 07| >10.000] 1040
]| awirsaw | BS %\AW)T“H' 2 | 02719 | 4339 | 7654 | 36 | 3,500 | 22-25
[48]| AWLR/SAW | BS(Tun.BW) | 2 | 05522 | 418 | 338.64]0.552] ~8,000 | 25-40
[49]| AWLR/SAW BP/ BS 2 | 1.03/1.26 | 418/433 | 1089 | 1.5 |>10,000] 22-35
(541 AawLrsaw | BS(M.Tunjo, 2733 | o175 | 792 | 5 | wa | 2043
IS) / AP
[42] Lad‘;ggﬁ“‘“ BP/AS N/A 0.50 2000 | 0.0378] 5-62 | N/A 12-50
1000- 237- | 3,500-
[12]| AWLRSAW | BP(S.bands) [ 2 | 0800 | ‘g [32115) 550 100 >60
[51]| AWLR/SAW | BS(Tun.IS) | 6 0.34 4184 | 21883 01'912' N/A 15-37

(T.W.: This work, C. E. Tun.: Continuous electronically tunable, M. Tun.: Manual tuning, S.:
Switchable, BP: Bandpass, BS: Bandstop, AS: All-stop, AP: All-pass, IS: Isolation)
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2.6 Summary

This chapter has presented alternative design techniques and practical
implementation concepts for the realization highly versatile AWLR-based RF filters.
Several quasi-elliptic-type AWLR-based filter topologies have been introduced,
including: 1) highly selective BPFs with enhanced and continuously tunable FBW; ii)
BPFs with multi-configurable and continuously tunable characteristics, and; ii1) multi-
configurable BP-to-BS filters with continuously tunable BW and f... tuning for both
of its BP and BS modes of operation. As a unique contribution of this thesis, fce, tuning
is demonstrated for first time. Additionally, the proposed designs enable intrinsic
switching between their BP, BS, AP, and AS modes within a single filter device,
eliminating the need for RF switches. Several prototypes were implemented to
experimentally validate the proposed designs, including two-stage, three-stage, and
four-stage AWLR-based filters. These prototypes exhibited tunable BW and fc.,, along
with intrinsic operating mode reconfiguration. They demonstrated enhanced FBW >
0.4-0.8k7, Qer> 1,900, and out-of-band IS levels up to 55 dB. The multi-configurable
filters introduced in this chapter pave the way for significant improvements in spectral
efficiency, while reducing size, weight, power, and cost (SWaP-C). These innovations
push the capabilities of filtering hardware to meet the evolving demands of next-
generation RF systems, including frequency agility, spectrum management, and
dynamic signal acquisition. The work introduced in this chapter work was published
in [89], [90], [91], and [92]. Together, these innovations advance the development of
compact, frequency-agile RF front-end modules, as envisioned in Figure 1.1(b), by
introducing novel, ultra-compact, and highly reconfigurable RF filters that enable
continuous tunability and multifunctionality through alteration of the operating mode
within a single filtering component. These filters can adapt their response to varying
spectrum conditions and communication device requirements, thereby facilitating further

development toward highly miniaturized, multifunctional RF front-end modules.
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Chapter 3: Multi-Band AWLR-Based BPFs With

Reflectionless Characteristics

This chapter introduces a new class of AWLR-based multi-band BPFs
architectures that uniquely support both reflective and symmetric quasi-reflectionless
characteristics. Each passband is formed using multi-resonant AWLR stages
composed of in-parallel SAW resonators and a single lumped inductor, reducing
circuit complexity while maintaining compactness. Independent FBW control per
band is achieved by varying the number of resonators without altering the inter-stage
coupling. The proposed design utilizes unique resistively terminated bandstop AWLR
stages configuration at the input/output ports, enabling—for the first time—a
symmetric quasi-reflectionless multi-band response in AWR-based filters. The

concepts introduced in this chapter has been published in [93], and [94].
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3.1 Theoretical Foundations

3.1.1 Generalized multiband AWLR-Based filter concept using multi-resonant

stages

The generalized concept of the reflective, multi-band, N order AWLR-based,
BPF concept is illustrated in Figure 3.1(a). It is based on N high-Q multi-resonant
bandpass-type AWLR stages (R;) that are cascaded in-series with N-1 impedance
inverters. Each multi-resonant stage comprises one lumped-inductor Ly; and K distinct
one-port type AWRSs (represented by their Butterworth-Van-Dyke circuit model [108]
where Cuj, Luj, Ry are the motional capacitance, inductance and resistance that
resonate at the series resonance fy;, and Cy; is the parasitic capacitance) whose f;; (=1,
2, ..., K) defines the location of each passband. As such, each multi-resonant stage
contributes to the filtering TF with K poles at f;;. By selecting Lo; to resonate with the
sum of the AWRSs’ parasitic capacitances C/=2XCy; at fy; (i=1, 2, ..., N) the series
resonances of each AWR are decoupled from their anti-resonances and create (K+1)
TZs. The multi-resonant stages R; are coupled to the RF-ports through impedance
inverters Z.x and are cascaded using (N-1) impedance inverters (Z12- Zy.;, n) to form
an N order quasi-elliptic filtering TF shaped by K*(N) poles and N+(K+1) TZs, as
illustrated by the conceptual response in Figure 3.1(b).
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Figure 3.1. Multi-band quasi-elliptic AWLR-based BPFs using multi-resonant
AWLR stages with reflective response characteristics: (a) Generalized circuit
schematic of the reflective multi-band AWLR-based BPF comprising N in-series
cascaded bandpass-type multi-resonant stages (black circles) (Ri, ... ,Ry) and N-1
impedance inverters (black rectangles). Each multi-resonant stage comprises one LE
inductor and K in-parallel cascaded AWRs, each with a different series resonant
frequency, fix,where fix is the fe., of the K passband; (b) Conceptual S-parameters of
the reflective multi-band AWLR-based BPF that exhibits K bands shaped by K¢(N)
poles and a total of Ne(K+1) TZs [94].

The N" order multi-band AWLR-based BPF can be adapted to achieve
symmetric quasi-reflectionless characteristics. This is accomplished by incorporating
two resistively terminated BS-type multi-resonant AWLR stages (Rc) at the RF
input/output ports of the first (R1) and last stage (Ry). In this manner a symmetric
quasi-reflectionless multi-band TF can be created as a result of the generalized block
diagram depicted in Figure 3.2(a). Each Rc multi-resonant stage comprises two
lumped-inductors, L; and L;, one lumped-capacitor, Cg, and K distinct one-port type
AWRs (each resonating at the series resonance fy;, j=1, 2, ..., K). The K AWRs and
L; are cascaded in parallel and are connected in series to the Cr and loaded by the
inductor L;z. The inductor L; decouples the series resonances of the AWRs from their

anti-resonances, and together with Cr and L; they create a multi-band bandstop-type

102



filtering response that is formed by K stopbands. The FBW of the K-stopband is
controlled by altering the values of L;, Cg, and L; (see Figure 3.8 for K=2 example).
The Rc stages are designed to have a complementary response to the R; stages. When
resistively-terminated and connected to the input/output of the R; and Ry, the signal
reflected at the input of R; is transmitted through Rc and dissipated in the resistive
termination. Similarly, the signal reflected at the output of Ry is transmitted through
Rc and dissipated in the resistive termination. This allows tailoring a symmetric quasi-
reflectionless N order multi-band BPF response as depicted in the conceptual
response in Figure 3.2(b) and will be further developed through practical examples in

Section 3.1.3.

ZN—'I,N Zex

o

Amplitude (dB)
&

-100 3
0.8 1 1.2
Normalized frequency (Q)

(b)

Figure 3.2. Multi-band quasi-elliptic AWLR-based BPFs using multi-resonant
AWLR stages with quasi-reflectionless response characteristics: (a) Generalized
circuit schematic of the quasi-reflectionless AWLR multi-band BPF. The quasi-
reflectionless response is obtained by connecting two resistively-terminated bandstop-
type multi-resonant AWLR stages (Rc) at the RF input/output ports of the multi-band
AWLR BPF in Figure 3.1(a). Each Rc stage comprises one LE inductor (L;) that is
connected in-parallel to K AWRs. These are connected in series to a LE capacitor, Cg,
and are loaded with a LE inductor, L;; (b) Conceptual S-parameters of the quasi-
reflectionless multi-band AWLR-based BPFs [94].
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3.1.2 Reflective multi-band AWLR-based BPF

To elucidate the operating principles of the reflective-type multi-band AWLR-
based BPF concept, a second-order dual-band BPF (K=2, N=2) example is considered
in Figure 3.3(a) using two commercially available SAW resonators from TST SAW
with k= 0.12%, f;1=1033.3 MHz (Lisn=22.47 uH, Ci1=1.056 {F, and Cp1=1.142 pF)
and f»=1040 MHz (Lyp=19.42 pH, Ci»=1.206 fF, and Cpn=1.272 pF). The filter
consists of two in-series, cascaded, dual-band, bandpass-type, AWLR stages (each one
is formed by two distinct AWRSs resonating at f;1 and f;> and one LE inductor, L) that
are interconnected through the impedance inverters Z.. and Z1 2, utilizing a total of four
SAW resonators. It exhibits a quasi-elliptic TF that is shaped by two two-pole
passbands and six TZs, i.e., four-pole/six-TZ. Unlike traditional AWR-based filter
designs, its FBW can be designed to be wider than the 0.4-0.8%; limit by only adjusting
Zex and Z1. Notably, wider FBWs are obtained by increasing the values of Z. and
Z12, as demonstrated in the linear circuit S-parameter simulations in Figure 3.4.. The
achievable BW ranges are Band 1: BW;= 0.47 to 2.5 MHz (i.e., FBW = 0.38- 2k?)
and Band 2: BW>= 0.54 — 3.05 MHz (i.e., FBW>= 0.43— 2.44k/?). The out-of-band IS
characteristics of the multi-band BPF can be reconfigured to achieve alternative IS
profiles by adjusting the location of the TZs around the passbands, as illustrated in
Figure 3.5. These TZs can be tuned by changing fy; and fp>, which are practically
controlled by altering the inductance of the LE inductors Ly; in stage R and Lo: in
stage Ro, of the TF shown in Figure 3.3(a). Additionally, the TZs can be merged by
setting fo;=f0>=1.0013f;. The resonant frequencies fo; and f; are defined as
(=121 (Lan-Can) ', f2=12n (L Cor) 2, f=(fs1f2)'", Co=Co1+Co2,
for=1/21-(Lo1Co)"? and fio=1/2m-(Lo2-Co)'?).
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Figure 3.3. Dual-band BPF shaped by two multi-resonant stages and that exhibits a
four-pole/six-TZ TF: (a) Circuit schematic; (b) Simulated S-parameters using linear
circuit simulations (Z.,=86 Q, Z;2=37 Q, f0/=0.988f;, fo:=1.0138f;, f; is the series
resonant frequency of the commercially available SAW resonator with Ly;=22.47 uH,
Cur=1.056 fF, and Cyp;=1.142 pF, f> is the series resonant frequency of the
commercially available SAW resonator with L3>=19.42 pH, Cy>=1.206 fF, and
C02=1.272 pF, both SAW resonators have a k’=0.12%, and fi=(f:1fs2)"?) [94].
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Figure 3.4. Simulated S-parameters of the two-stage dual-band BPF in Figure 3.3(a)
for alternative FBWs obtained by altering the Z.. and Z;> impedance values. In these
examples, fp;/=0.988f; and fp,=1.0138f; [94].
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The maximum achievable FBW is limited by the maximum realizable
impedance inverter values of Z., and Z) . For example, in Figure 3.4., the maximum
achievable FBW for bands 1 and 2 is 2 and 2.44k7, respectively, when Ze, = 117 Q
and Z1,=305 Q. To realize high impedance Z=305 Q at /= 1 GHz using LE technology,
the required LC equivalent of a m-network impedance inverter is L=Z/(2n-f) = 47 nH
and C=1/(2n-f*Z) =0.5 pF. Achieving accurate impedance inverter values higher than
300 Ohm at 1 GHz or higher frequencies on a PCB using off-the-shelf SMD LE
components is challenging due to the need for lower capacitances (less than 0.5 pF).
These are hard to realize accurately given SMD capacitors typically have tolerances
of £(0.05-0.1) pF [107], and considering that the parasitic capacitance from SMD
soldering onto the PCBs is about 0.05 pF. To address this constraint, the FBW of the
TF can be expanded by augmenting the total capacitance Ct/= M-Cy (M is the total
number of AWRs with f;;) in the corresponding circuit branch of each passband. This
is accomplished by increasing the number of AWRSs for each passband by cascading
several of them in parallel, as depicted in Figure 3.6(a) while utilizing impedance
inverters of the same characteristics. In this example, tripling the number of the AWRs
(i.e., using three resonators per f;;) widens the FBWs of bands 1 and 2 by a factor of
2.9 times compared to the standard AWLR scenario (where only one AWR is

employed per f5)).

The increase in the number of SAW resonators in the AWLR stages also allows
for independent control of the FBW of each passband. This is achieved by increasing
the number of SAW resonators in the multi-resonant AWLR stage that control the
specific band of interest as shown in Figure 3.6(b) and without needing to alter the
impedance inverters. In this example, by tripling the number of AWRSs corresponding
to band 1 (i.e., using three resonators per f;1), the FBW of band 1 widened by a factor
of 2.9 compared to the standard AWLR case (where only one AWR is utilized per f;1),
while the FBW of band 2 remains the same as in the standard AWLR case. On the
contrary, by tripling the AWRSs corresponding to band 2, the FBW of band 2 is
widened whereas the FBW of band 1 remains the same as in the standard AWLR case.
Moreover, the multi-band AWLR concept can be easily extended to accommodate
additional operating bands. This is illustrated in Figure 3.7, where a two-stage-based
BPF is considered, comprising two bandpass-type multi-resonant AWLR stages

shaped by three distinct AWRs cascaded in parallel, with the following characteristics
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k= 0.12%, f1=1029.9 MHz (Lyn=22.04 pH, Cy1=1.056 fF, and Cp=1.142 pF),
f2=1033.3 MHz (Ls2=22.47 pH, Ci2=1.084 fF, and Cyp>=1.122 pF) and f3=1040 MHz
(Lymz=19.42 uH, Cu3=1.206 fF, and Cp3=1.272 pF). The filter uses a total of six SAW
resonators and exhibits three bands centered at 1029.9, 1033.36, 1040 MHz and having
FBWs of 1.58, 1.39, and 1.73k respectively.

j=1,2 fOi fs1 fs2
@1z
Lo

[+,,=0.978f,, f,,=1.028f,
~£,,=0.988., f,,=1.014f,
~£,,=0.993f, f,,=1.0085f

-20 = fp1=F,=1.0013f,
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Figure 3.5. Simulated S-parameters of the two-stage dual-band BPF showing TZs
tuning.
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Figure 3.6. Simulated S-parameters of the two-stage dual-band BPF in Figure 3.3(a):
(a) FBW enhancement by increasing the number of SAW resonators in the multi-
resonant AWLR stage for each f;; without needing to alter the impedance inverters; (b)
Independent FBW control by increasing the SAW resonators in the multi-resonant
AWLR stage that correspond to a specific f; without needing to alter the impedance

inverters. In these examples, the impedance inverters are set to Z.=62.7 Q and
Z15=86.25 Q [94].
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Figure 3.7. Simulated S-parameters for a two-stage, triple-band, BPF by incorporating
in the multi-resonant AWLR stages (R;) three distinct AWRs with series resonant
frequencies f;1, fs2, fs3 that correspond to the f..,s of band 1, 2, and 3 respectively [94].

3.1.3 Quasi-reflectionless multi-band AWLR-based BPFs

To demonstrate the operating principles of the symmetric quasi-reflectionless
multi-band BPF, first the design of the bandstop-type multi-resonant AWLR stage is
presented. Specifically, the schematic and linear simulation of a dual-band single stage
(K=2) BS-type AWLR (Rc¢) are shown in Figure 3.8. The Rc is shaped using two
distinct AWRs—SAW resonators from TST with k= 0.12%, f1=1033.3 MHz
(Lm=22.47 uH, Cyn=1.056 {F, and Cp1=1.142 pF) and f2=1040 MHz (Ls>=19.42 pH,
Cwm»=1.206 fF, and Cp=1.272 pF)—, two LE inductors L; and L; and one capacitor
Ce. The inductor L; decouples the series resonances of the AWRs from their anti-
resonances, and together with Cr and L;, they create a dual-band bandstop-type
filtering response with two stopbands, as shown by the simulated results in Figure 3.8.
The FBW of the two stopbands can be increased by increasing the value of Cr and by
decreasing the values of L;, and L;. The response is termed symmetric because it can
achieve the quasi-reflectionless behaviour at both the input and output ports. It is
described as quasi-reflectionless because the reflections are significantly suppressed,
although not eliminated completely, resulting in a response that is nearly—but not

perfectly—reflectionless.

In Figure 3.9, a symmetric, quasi-reflectionless, single-stage, dual-band BPF
(N=1, K=2) is considered using the BSF stage in Figure 3.8. The design process
includes: 1) adjusting both the BP-type and BS-type stages to complement each other's
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responses (see power transmission response in Figure 3.9(a)); ii) connecting the R;
stage in the main filtering channel and iii) incorporating two resistively terminated Rc
stages at the input/output of Ri, as depicted by the block diagram in Figure 3.9(b). In
this manner, the R; stage determines the overall power transmission response of the
symmetric quasi-reflectionless stage, while the reflected power in its stopband regions
dissipates in the resistive termination of the Rc stages, achieving quasi-reflectionless
behaviour with a maximum reflection level of -10 dB, as demonstrated in the linear
simulated example in Figure 3.9(b). In this example, the quasi-reflectionless AWLR
stage utilizes a total of six AWRs.

— [,=7.37 nH, C-=0.81 pF, L,=31.63 nH
C.Lf.f FBW1=2.3k?, FBW2=1.67k?
E s1 's2
<L> — [ ,=6.94 nH, C-=1.01 pF, L, =26.6 nH
LL¢ 2 B2 FBW1=1.5K?2, FBW2=1.1k?
— L,=5.754 nH, Cz=1.71pF, L, =17.7 nH
FBW1=0.53k2, FBW2=0.39k,
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Figure 3.8. Simulated power transmission (|S21/=[Si2|) and reflection (|Si1|=[S22|)
responses of the BS-type, multi-resonant, AWLR stage illustrating FBW control by
altering L;, Cg, and L; [94].
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Figure 3.9. Simulated power transmission (|S21/=[Si2|) and reflection (|Si1|=[S22|)
responses of the: (a) BP-type multi-resonant AWLR stage and its complementary BS-
type multi-resonant AWLR stage; (b) and the quasi-reflectionless dual-band stage.
Simulated S-parameters using linear circuit simulations (fp;=0.988f;, fo2=1.0138f;,
L;=6.94 nH, Cr=1.01 pF, L;=26.6 nH) [94].

The symmetric quasi-reflectionless multi-band BPF concept can be extended to
realize higher order TFs. An example of a two-stage, dual-band (N=2, K=2), quasi-
reflectionless BPF TF is shown in Figure 3.10. It incorporates two, in-series, cascaded
dual-band, bandpass-type, AWLR stages, Ri and Rz, which are coupled through
impedance inverters, Z. and Zi 2, and are connected to two resistive-terminated dual-
band BS-type AWLR stages (Rc) exhibiting complementary characteristics to Ry and
R2. The two resistive-terminated Rc stages are connected at the input/output of Ry and
R2. The quasi-reflectionless two-stage, dual-band, BPF, utilizes a total of eight AWRs.

As shown by the linear simulation in Figure 3.10, the TF exhibits a symmetric quasi-
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reflectionless quasi-elliptic response shaped by two two-pole passbands and six-TZ,
i.e., a four-pole/six-TZ configuration with passbands centred at 1033.36 and 1040
MHz, with FBWs of 0.5, and 0.4k, respectively. The power transmission response is
determined by the main filtering channel based on the bandpass-type AWLRs R and
R», while the reflected power at the stopband regions is dissipated in the resistive
termination of the BS-type Rc stages connected at the input/output side of R; and R»,
achieving a symmetric quasi-reflectionless behaviour with a maximum reflection level
of -10 dB. The AWLR stages used in this example are identical to those shown in
Figure 3.9(a). Furthermore, an example of a three-stage, triple-band (N=3, K=3),
quasi-reflectionless BPF TF is provided in Figure 3.11, demonstrating the scalability
of the concept to higher order and higher number of passbands. The TF consists of
three in-series, cascaded, triple-band, bandpass-type, AWLR stages, Ri, Rz, and R3,
which are coupled through impedance inverters Z., Z12, and Z>3, and connected to
two resistive-terminated triple-band, BS-type, AWLR stages (Rc) exhibiting
complementary characteristics to Ri, Rz, and R3. The two resistive-terminated Rc
stages are connected at the input/output of R; and R3. The quasi-reflectionless three-
stage triple-band BPF utilizes a total of 15 AWRs. As shown in the linear simulation
in Figure 3.11, the TF exhibits a symmetric quasi-reflectionless quasi-elliptic response
shaped by three three-pole passbands and twelve-TZ, i.e., a nine poles/twelve TZs
configuration with passbands centered at 1029.9, 1033.36, and 1040 MHz, having
FBWs of 0.47, 0.52, and 0.4k?, respectively. The power transmission response is
determined by the main filtering channel based on the bandpass-type AWLRs, Ry, Ro,
and R3, while the reflected power in the stopband regions is dissipated in the resistive
termination of the BS-type Rc stages, achieving a symmetric quasi-reflectionless
characteristics with a maximum reflection level of -10 dB. The multi-resonant AWLRs
are based on three distinct AWRs with the following characteristics: k= 0.12%,
f::=1029.9 MHz (Lyx=22.04 uH, Ci1=1.056 {F, and Cyp;=1.142 pF), £,,=1033.3 MHz
(Ly=22.47 pH, Cpp=1.084 fF, and Cp>=1.122 pF), and f;3=1040 MHz (L13=19.42 pH,
Cw3=1.206 fF, and Cp3=1.272 pF).
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Figure 3.10. Two-stage, dual-band, quasi-reflectionless, AWLR-based BPF shaped
by two multi-resonant AWLR stages and two resistively-terminated multi-resonant
AWLR stages with complementary TF. It exhibits a four-pole/six-TZ TF: (a) Circuit
schematic; (b) Simulated S-parameters using linear circuit simulations (Z;2=56.5 Q,
S01=0.988f;, fo=1.0138f;, fi=1.24f;, Ce= 1.91 pF, L;=12.14 nH) [94].
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Figure 3.11. Three-stage triple-band, quasi-reflectionless BPF shaped by three multi-
resonant AWLR stages and two resistively-terminated BS-type multi-resonant AWLR
stages. It exhibits a nine-pole/twelve-TZ TF: (a) Circuit schematic; (b) Simulated S-
parameters using linear circuit simulations (Z;2=50 Q, Z;»>=52 Q, fp;=0.988fs,
J02=1.0138f;, f1=1.24f;, Ce= 1.91 pF, L;=12.14 nH) [94].
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3.2 Experimental Validation

To experimentally validate the quasi-elliptic multi-band BPF concept with
reconfigurable reflection characteristics, three filtering prototypes were designed
manufactured and tested. Their RF design was performed using the design guidelines
in Section 3.1, linear and EM simulations using the software packages ADS from
Keysight [109] and high-frequency structure simulator (HFSS) from Ansys [110]. The
prototypes were implemented on a 0.813 mm thick Rogers 4003C substrate.
Furthermore, commercially available SAW resonators from TST SAW Inc. [105] were

used for the implementation of the AWLRSs.
3.2.1 Reflective multi-band AWLR-based BPFs

Two second-order, reflective, multi-band, AWLR-based BPF prototypes were
designed, manufactured, and experimentally tested. The first prototype is a dual-band
(i.e., N=K=2) BPF with passbands centred at 1033.4 and 1039.9 MHz, while the
second prototype is a triple-band BPF (i.e., N=2 and K=3) with passbands centred at
1029.9, 1033.4 and 1039.9 MHz. The layout of the dual-band prototype is illustrated
in Figure 3.12(a), and a photograph of the manufactured prototype is shown in Figure
3.12(b) along with the utilized SMD components. As shown the dual-band BPF
prototype uses a total of four AWRs. Its measured RF response is shown in Figure
3.12(c). Additionally, its corresponding EM simulated responses using the single- and
multi-mode BVD models are also provided in Figure 3.12(c). Overall, the EM
simulated state shows a good agreement with the RF measured ones. The measured
RF performance exhibits the following characteristics: 1) low band: fc.,=1033.2 MHz,
3-dB BW=0.96MHz that corresponds to FBW=0.78%/, minimum in-band IL of 2.4
dB that corresponds to an extracted Q4 of 6,200; ii) high band: fc.,=1039.9 MHz, 3-
dB BW=1.25 MHz i.e. FBW=14/, IL of 1.63 dB that corresponds to an extracted Qey
of 6,700. The out-of-band IS was measured to be better than 24 dB over the entire

stopband region.

The layout of the triple-band prototype is illustrated in Figure 3.13(a), and a
photograph of the manufactured prototype is shown in Figure 3.13(b) along with the
utilized SMD components. As can be seen, the triple-band BPF prototype uses a total
of six AWRs. Its measured response is depicted in Figure 3.13(c) alongside its

corresponding EM simulated states which are in a good agreement. The RF measured
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performance shows the following characteristics: 1) low band: f..,=1029.83 MHz, 3-
dB BW=0.65 MHz that corresponds to FBW=0.53%/, minimum in-band IL of 3.95 dB
that corresponds to an extracted Qe of 5,400; i1) middle band: f..,~1033.4 MHz, 3-dB
BW=0.6 MHz, i.e. FBW=0.48k;, min-IL of 3.88 dB that corresponds to an extracted
Qe of 6,000 iii) high band: f;.,=1039.9 MHz, 3-dB BW=0.87 MHz, i.e. FBW=0.74,
min-IL of 3-dB that corresponds to an extracted Q. of 6,000. The out-of-band IS was
measured to be better than 30 dB across the entire measured stopband region. Overall,

the manufactured prototypes validate the proposed multi-band reflective BPF concept.
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(c)
Figure 3.12. Second-order dual-band AWLRs BPF: (a) Filter layout; (b) Photograph
of the manufactured prototype; (b) RF-measured power transmission (|S21|=|S12|) and
reflection (|S11]=|S22|) response of the manufactured prototype alongside its
corresponding EM-simulated response using: 1) single-mode (black trace), ii) multi-
mode (blue trace) SAW BVD models [94].
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Figure 3.13. Second-order triple-band AWLRs BPF: (a) Filter layout; (b) Photograph
of the manufactured prototype; (c) RF-measured power transmission (|S21|=|S12|) and
reflection (|S11|=[S22[) response of the manufactured prototype alongside its

corresponding EM-simulated response [94].
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3.2.2 Quasi-reflectionless multi-band AWLRs

A two-stage, dual-band (i.e., N=K=2), quasi-reflectionless, BPF prototype with
passbands centred at 1033.4 and 1039.9 MHz was developed and experimentally
tested. The layout and a photograph of the manufactured prototype are depicted in
Figure 3.14(a) and (b). Its RF-measured performance is shown in Figure 3.14(c) in
addition to the corresponding EM simulated response using measured SAW resonators
for comparison purposes, and they are in good agreement. The measured RF response
is summarised as follows: i) in band 1: fc.,=1033.4 MHz, 3-dB BW=0.46 MHz (i.e.,
FBW=0.38k), min-IL of 5.45 dB corresponding to Qe of 5,500; ii) in band 2:
Jeen=1039.96 MHz, 3-dB BW=0.65 MHz (i.e. FBW=0.52k7), min-IL of 3.2 dB with
Qe 0f 6,300. The overall TF is shaped by two two-pole passbands and six TZs, i.e., a
four-pole/six TZs, with a quasi-reflectionless behaviour exhibiting a maximum
reflection level of -11.5 dB. Additionally, the out-of-band IS was measured to be better

than 40 dB throughout the entire stopband region.
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Figure 3.14. Symmetric, quasi-reflectionless, second-order, dual-band AWLR BPF:
(a) Filter layout; (b) Photograph of the manufactured prototype; (c) RF-measured
power transmission and reflection response [94].
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3.2.3 Comparison with state-of-the-art multi-band AWR filters

A comparison of the proposed multi-band, AWLR-based, BPF concept with
state-of-the-art AWR-based multi-band filters is presented in Table 3.1. When
compared with the concepts in [47] and [12], the proposed concept leads to a smaller
size, requiring fewer LEs per stage. The reflective type BPF in this work utilizes only
one LE inductor per stage, whereas in [47] and [12], five LE components are required.
The reduced number of required LEs results in a smaller filter layout. Furthermore,
when compared with the filters in [111] and [112], the proposed configuration uses
fewer number of distinct AWR resonators to form the passbands. Moreover, this is the
only, multi-band, AWLR-based BPF concept that facilitates symmetric quasi-
reflectionless characteristics, compared to [47], [12], [111], and [112], which exhibit

reflective type, out-of-band responses.

Table 3.1. Comparison with state-of-the-art AWR-based multi-band BPFs.

Ref. Out-of- Order # of # of #of LEs| Operatin IL Qefr Size (12)
band bands distinct per g centre (dB)
reflection AWRs AWLR freq.
response stage (MHz)
3.2.1 Reflective 2 Dual- 2 1 1030- 1.6, 6,200- 0.00264
band 1040 2.4 6,700
3.2.1 Reflective 2 Tripple- 3 1 1030- 3-39 >5,400 0.0041
band 1040
322 Quasi- 2 Dual- 2 1 perR;/ 1033- 5.45, 5,500- 0.0068
reflectionle band 3 per Re 1040 32 6,300
ss
[47] Reflective 3 Dual- 2 5 418 - 0.97- >10,000 0.0075
band 433.9 0.87
[12] Reflective 2 Tripple- 3 5 1000- 4.25- > 3,500 0.0324
band 1040 2.37
[111] Reflective 9 Dual- 18 2 per 1284- ~2 N/A N/A
band filter 1316
[112] Reflective 5 Dual- 8 2 per 765- 3.7- ~427 0.00018
band filter 935 3.9 (resonat
or)
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3.3 Summary

This chapter presented a unique class of AWLR-based multi-band BPFs that
support both reflective and symmetric quasi-reflectionless responses in a compact
form factor. The proposed filters enable multiple high-Q passbands, with Q. between
5400 and 6700, and enhanced FBW > (0.4- 0.8%). The FBW of each passband can be
independently controlled by varying the number of resonators without modifying the
inter-stage coupling. Notably, this architecture is the first to realize a multi-band
response in AWR-based filters with symmetric quasi-reflectionless characteristics,
contributing to RF front-ends with enhanced SNRs. The multi-band and quasi-
reflectionless filtering capabilities demonstrated in this work further advance the
development of highly integrated, multifunctional RF front-ends, reducing
dependence on large numbers of fixed filter banks. As illustrated in Figure 1.1,
although this study does not introduce dircetly frequency-agile filters, it presents
multi-band filters capable of significantly decreasing the number of discrete filtering
components while enabling multi-standard functionality. This advancement facilitates
the design of compact RF front-end models with fewer interconnection/ impedance-
matching networks required to integrate components into complete multi-standard
modules. Moreover, the proposed filters readily support BW tuning through control of
the TZs around the operating bands, enabling highly reconfigurable multi-band BPFs
that can adapt their operating channel bandwidth in response to varying spectrum
conditions and communication system requirements. The work introduced in this

chapter has been published in [93], [94].
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Chapter 4: Switchless Multi-Octave Tune-All BPF
Manifold

This chapter reports on a novel RF-switchless BPF manifold architecture with
multi-octave fco, tuning. The proposed design employs a unique RF-switchless
integration scheme based on two low-pass filter (LPF)/ high-pass filter (HPF) diplexer
junctions, enabling a compact implementation using only passive components, and
eliminating the need for DC biasing required in RF-switch-based manifolds. A unique
optimization method for the performance of the varactors is introduced to reduce IL
and improves the overall response of the passbands. The resulting manifold exhibits
highly versatile TF characteristics and supports three distinct modes of operation,
namely a: 1) single-band BPF mode with tunable f.., and BW, ii) a dual-band BPF
mode with independently tunable passbands, and iii) a AS mode. Unlike conventional
RF-switched manifolds that typically support only a single active passband, the
proposed switchless architecture enables simultaneous dual-band operation. To the
best of the authors’ knowledge, it is the first RF-switchless manifold capable of tuning
Jeen across the majority of the FR1 band—specifically covering 1.9 to 7.3 GHz—while

also supporting continuous BW tuning at each operating fc., with TR > 3:1.

4.1 Theoretical Foundations

4.1.1 Concept of the RF switchless manifold

Figure 4.1 depicts the block diagram and the conceptual power transmission
response of the switchless tune-all BPF manifold. It consists of: i) two diplexer
junctions comprising a LPF and a HPF, whose combined response is shown in Figure
4.2; and ii) two fully-reconfigurable, five-pole/two TZs BPFs (BPFx and BPFy) with
tune-all TF characteristics. The tuning capabilities of one of these BPFs is illustrated
in Figure 4.3 for the example case of BPFx. They include fc., tuning, BW tuning and
intrinsic switching OFF. In the manifold configuration in Figure 4.1, BPF# operates
through the LPF channel with a continuously tunable TF between f; and f>, while
BPFy# operates through the HPF channel with a continuously tunable TF between f;
and f;. By intrinsically switching ON/OFF the BPF# or the BPFy2, continuous fce, and
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BW tuning between f; and f; can be obtained. A crossover region is considered
between the LPF and HPF channels to allow for continuous f.., coverage.
Furthermore, the manifold facilitates two additional modes of operation. Specifically,
by intrinsically switching ON both of the BPFs a dual-band mode can be achieved.
Conversely by intrinsically switching OFF both of the BPFs an AS mode is

materialized.
RF,
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Figure 4.1. RF-switchless two-BPF manifold using a high-pass/low-pass diplexer
junction: (a) Block diagram; (b) Conceptual power transmission response exhibiting a
tune-all TF with: 1) a single-band mode featuring ultra-wide and continuous f.., and
BW tuning (either BPF and BPFy is ON); ii) a dual-band mode with independently-
tuned bands in terms of fc., and BW (both BPFy and BPFy are ON), and iii) an AS
mode (both BPFy and BPFy; are intrinsically-switched OFF) [96].
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Figure 4.2. Low-pass/high-pass diplexer in back-to-back configuration: (a) Case 1:
LPFs: directly connected (via short thru line), HPFs: open. (b) Case 2: HPFs: directly
connected, LPFs: open; (c) Circuit simulations: LPF: L;=3.04 nH, C>=1.44 pF,
Ls=1.79 nH, HPF: C4~=0.52 pF, Ls=1.1 nH, Cs=0.88 pF [96].
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4.1.2 BPF manifold implementation

Using the aforementioned concept as a basis, the RF switchless tune-all BPF
manifold is designed for f... tuning between 1.9 GHz and 7.3 GHz, BW tuning > 3:1,
FBW > 6%, a dual-band and an AS mode of operation. To meet these design goals,
BPFyi is implemented for fce, tuning between 1.9 and 3.9 GHz, whereas BPFx has fc.n
tuning between 3.8— 7.3 GHz. Both BPFs are realized for a BW TR: 3:1 and wide
FBWs > 6%. To accommodate the switchless integration, the LPF/HPF diplexer is
designed in a back-to-back configuration using third-order LPF/HPF channels
considering two design cases: i) Case 1: LPFs directly connected (via a zero-length
thru line), HPFs open-ended, and ii1) Case 2: HPFs directly connected and LPFs open-
ended. In contrast to conventional RF diplexers designed for 50 Q terminations [113],
alternative zero-length thru and open-circuit interconnection terminations are
considered when the diplexer junction is designed in a back-to-back configuration as
shown in Figure 4.2(a), (b). In Figure 4.2(a), the two LPFs are cascaded via a zero-
length thru line while the other two HPFs are open-circuited, and in Figure 4.2(b), the
two HPFs are cascaded via a zero-length thru line while the other two LPFs are open-
circuited. The values of the LE components for the diplexer are specified using
optimized g-coefficients (gi=1.527, g=1.813, g3=0.9, go=gs=1) at f=4 GHz
(w=2m-f) and the following formulas: L;/=(Zp'g1)/wc, C:=g2/(Zo*w.), L=(Zo'g3)/w,
and C/~1/( Zo g1 we), Ls=(Z0)/(g2°we), Ce=1/(Zy* g3 w.) for a return loss (RL) > 30 dB,
where fc is the centre of the crossover region at which the power transmission is
transferred from the LPF channel to the HPF channel when arranged in a back-to-back
and terminated to Zy=50 Ohm. The ideal circuit-simulated S-parameters for Case 1
and Case 2 are provided in Figure 4.2(c). As shown, the LPF channel spans between
DC and 4.34 GHz and covers the desired specifications of BPFx1, while the HPF starts
from 3.7 GHz and covers the desired specifications of BPFx. An overlapping cross
over frequency range between 3.7 GHz (3 dB cut-off of the HPF) and 4.34 GHz (3 dB

cut-off of the LPF) is considered to allow for continuous fc., tuning.

It should be noted that BPF4 and BPFy of the manifold implement the same
type of TF (Figure 4.3(a)); however, they are shifted in frequency. Their TF comprises
five poles and two TZs as shown in Figure 4.3(c) alongside its CRD (Figure 4.3(b)).
In practice each of the BPFs is realized with two varactor-loaded coupled resonators

contributing to four poles and a multi-resonant cell contributing to one pole and two
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TZs. The simulated S-parameters in Figure 4.3(c), and Figure 4.3(d) illustrate the
tuning principles of the BPF TF. Specifically, 1) fe.. shifts to lower frequencies by
increasing all capacitances loading the resonators (Cp1, Cp2, Czi, and Cz2), as illustrated
in Figure 4.3(c) by the black and blue traces; ii)) BW decreases by decreasing Cz; and
increasing Cz; (tuning TZs to the center of the passband), as demonstrated in Figure
4.3(d), by the black and green trances; and iii) intrinsic-OFF is achieved by decreasing
Czr and increasing Cz until both of the TZs are set at the center of the passband, and
by offsetting the capacitances C,; and Cp. in the varactor-loaded coupled line, as
depicted in Figure 4.3(d), by the red trace. These principles are also outlined in [95].
However, two additional poles are introduced in this concept by altering the coupling
between the varactor-loaded coupled resonators to widen the BPF’s FBW, achieving

up to 44%, as opposed to 7.3% in [95].
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Figure 4.3. (a) Five-pole/two-TZ BPF comprising four varactor-loaded coupled
resonators and one multi-resonant cell; (b) CRD; (c) feen tuning, circuit-simulated
response in black with f..,= 3 GHz, FBW= 44% obtained for Z,.— 180 Q, Zy,= Zo./2
Q, 0= 627, Z;= 117 Q, 0;= 87.8°, C.= 0.2 pF, Z= 123 Q, 0,= 41.6,
Cpi=Cp=Cz;=Cz= 0.2 pF; (d) BW tuning [96].
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The performance of the BPFs is linked to the varactor's loss and TR. For high
frequency implementations it is also influenced by the DC block capacitance (Cbiock)
in its biasing network. Thus, a study of the Cylock impact on the total unloaded quality
factor (Qwtal) and total capacitance tuning range (CTR) is illustrated in Figure 4.4.
Specifically, Figure 4.4(a) demonstrates the effect of Cplock While maintaining the
varactor diode capacitance (Cvaractor) and Q-factor (Qvaracror), and the DC block Q-
factor (Oblock) constant. As observed, when Colock 1 comparable to Cyaractor, Qtotal T1S€S
and is comparable to Qviock, indicating that a low Chlock, comparable to Cvaractor,
increases Qrotal. Furthermore, Figure 4.4(b) demonstrates that lowering Colock limits the
CTR of the resonator. Thus, the DC block selection is based on a trade-off between

Q-factor and capacitance tuning.

To analyse the varactor performance before designing the BPFs, a varactor-
loaded resonator was manufactured as shown in Figure 4.5(a) and tested between 2
and 5 GHz. MACOM MAVR-000120-14110G varactor diodes (with total capacitance
C=0.128 to 1.1 pF and Murata DC block capacitors were used. The resonator’s
measured performance in terms of applied DC voltage and extracted unloaded Q-
factor (Qu) is shown in Figure 4.5(b); and Figure 4.5(c) illustrates its measured
performance in terms of applied DC voltage and fc., tuning. The results show that a
lower capacitance DC block enhances the resonator's Qv (Figure 4.5(b)) but limits the
TR of the f... (Figure 4.5(c)). This agrees well with the theoretical study in Figure 4.4,
successfully validating the proposed design method. Having specified the varactor and
resonator performance trade-offs, the manifold can be designed as follows. First the
BPFs and the diplexers are designed independently. Afterwards, the diplexers are
optimized for realistic loads. i.e., the open circuit is replaced by the corresponding
BPF in its intrinsically switched-OFF state and the thru load is replaced by a BPF in
its ON state to accommodate for finite loading effects. Then the BPFs and diplexers
are connected in a manifold configuration and their performance is co-optimized with

full EM simulations in Keysight ADS and ANSYS HFSS.
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Figure 4.4. DC block effect on: (a) Qrotal. (b) Cvaractor and Ciotal.
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Figure 4.5. Experimental evaluation of the effect of the DC block on the unloaded Q-
factor (Qu) and TR of the varactor-loaded resonator: (a) Photograph of the
manufactured resonator. The utilized SMDs and resonator’s characteristics are as
follows: Varactor: MACOM MAVR-000120-14110G; DC blocks: GJIM0335 and
GRMO0335 Murata series; Resonator characteristic: impedance Z=109 Q, electrical
length: 55°at 4 GHz, substrate: RO5880 with a height of 1.575 mm; (b) Relationship
between applied DC voltage and extracted Qu; (c) Relationship between applied DC
voltage and f... TR [96].
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4.2 Experimental Validation

To validate the switchless tune-all BPF manifold concept, a prototype was
designed, manufactured and tested for a wide span of frequencies in the extended FR1
band starting from the edge of L-band and up until C-band. The prototypes were built
on RT/duroid RO5880 substrate. Test structures of the diplexers for both Case 1 and
Case 2 were also manufactured and measured and are shown in Figure 4.6 along with
their corresponding co-simulated states. In Case 1, the IL was measured to be less than
0.8 dB for frequencies between 1 and 3.6 GHz, with the LPF channel cutoff at 3.97
GHz, while the out-of-band IS was measured as > 23 dB from 4.2 GHz to higher than
10 GHz. In Case 2, the IL was measured as < 2.4 dB for frequencies between 4.1— 10
GHz, with the HPF channel cutoff at 3.76 GHz, while the out-of-band IS was measured
as > 31 dB from 3.14 GHz to frequencies below 1 GHz. As can be seen, the RF-
measured states agree well with the EM-simulated ones. The observed small
deviations are due to the lack of discrete commercially-available SMD components
with the exact optimal inductance and capacitance values as specified in EM
simulations. The LE components employed in the simulation are based on their

measured responsces.
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Figure 4.6. Measured and EM simulated back-to-back diplexers: (a) Case 1: LPFs:
connected and HPFs: open; (b) Case 2: LPFs: open and HPFs: connected. (c) RF
measured response for Case 1 and Case 2 [96].

The manufactured manifold is shown in Figure 4.7(a) alongside its SMD
elements. Its RF measured performance in terms of fc.., tuning is summarized as
follows: 1) Figure 4.7(b): BPFy is ON and BPFy is switched OFF and its fee, is
continuously tuned from 1.89 to 3.43 GHz (i.e., TR: 1.81:1). The spurious signals in
the upper stopband of BPFy; are naturally suppressed by the network of the LPF
channel, allowing for broadband spur-free out-of-band IS around 20 dB up to 13 GHz.
i1) Figure 4.7(c): BPF4 is ON and BPFy; is switched OFF and BPFyx continuously
tunes its fen from 3.8 to 7.28 GHz (i.e., TR: 1.91:1). As such, the manifold
demonstrates a combined ultra-wide f.., tuning between 1.89 and 7.28 GHz (i.e., TR:

3.85:1). A detailed performance summary of the measured RF f.., states in terms of
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BW and minimum IL is provided in Figure 4.8. The BW tuning capabilities of the
manifold alongside its dual-band and AS modes of operation are illustrated in Error!
Reference source not found.. Namely Error! Reference source not found.(a) shows
BW tuning of BPFy1 (BPFy is switched OFF) at: 1) fce,= 2.2 GHz, where its BW tunes
between 0.135 and 0.59 GHz (i.e., a TR: 4.37:1) with a minimum IL of 2.44 to 4.6 dB;
and at: ii) fees= 3 GHz, where its BW tunes between 0.24 and 0.725 GHz (i.e., a TR:
3:1) with a minimum IL between 2.3 and 3.6 dB.
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Figure 4.7. Manufactured prototype of the switchless two-BPF manifold and its RF-
measured S-parameters: (a) Prototype; (b) BPFx1 ON exhibiting continuous f., tuning
and BPFy, intrinsically-switched OFF; (c) BPFx ON exhibiting continuous fee, tuning
with BPFy intrinsically-switched OFF [96].
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Figure 4.8. RF performance summary of the measured f.., tuning states presented in
Figure 4.7 in terms of BW and minimum IL (min-IL): (a) BPFy feen tuning
performance when BPFu is switched OFF (Figure 4.7(a)); (b) BPFx feen tuning
performance when BPFy is switched OFF (Figure 4.7(b)) [96].

Error! Reference source not found.(b) illustrates the BW tuning capabilities
of BPFx (with BPFy; switched OFF) at: 1) fcei— 4.9 GHz, where its BW tunes between
0.52 and1.88 GHz (i.e., a TR: 3.6:1) with a minimum IL of 3.6 to 5.7 dB; and ii) fee,=
6.2 GHz, where its BW tunes between 0.695 and 2.625 GHz (i.e., a TR: 3.77:1) with
a minimum IL between 3.6 and 5.1 dB. The RF summary of manifold BW tuning
performance is listed in Table 4.1. Furthermore, Figure 4.10(a) demonstrates the
manifold’s dual-band capabilities when both BPFz and BPFx are switched ON,
alongside independent f... and BW control for both of its bands. Lastly, Figure 4.10(b)
illustrates the measured response of the AS mode of operation with an IS greater than
15 dB between DC and 18 GHz, achieved by intrinsically-switching OFF both BPF#
and BPF.
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Figure 4.9. RF-measured S-parameters: (a) Continuous BW tuning of BPFy; at fee,=
2.2 and 3 GHz, when BPFx is OFF; (b) Continuous BW tuning of BPFy, at fee,= 4.9
and 6.2 GHz, when BPFy is OFF [96].
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Figure 4.10. RF-measured S-parameters: (¢) Dual-band responses when BPFy; and
BPFi are ON; (d) AS response: BPFy and BPFy, are OFF [96].

Table 4.1. Performance summary for various tuning states when either BPF41 or BPF#,

is ON, based on the measured data in Figure 4.7(a), (b).

Min-BW (GHz)/ | Max-BW (GHz) /
Jeen (GHZ) Min-IL (dB) Min-IL (dB)
2.2 0.135/ 4.6 0. 590/ 2.44
BPFy
3 0.240/ 3.6 0.725/2.3
4.9 0. 500/ 5.6 1.880/ 3.6
BPF
6.2 0. 695/ 5.1 2.625/3.6
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The measured third-order input intercept point (IIP3) performance of the
manifold when either BPFy and BPFy; are switched ON is illustrated in Figure 4.11.
Specifically, when BPFy is ON, an IIP3 between 13.5 and 21.6 dBm is obtained when
Jeen tunes between 2 and 3.4 GHz. Likewise, when BPFy; inis ON the IIP3 values ranges
between 19 and 26.5 dBm when f.., tunes between 4.1 and 7.2 GHz. To illustrate the
BPF manifold performance around the cross-over region of the diplexer, Figure 4.12
provides the RF-measured response of: 1) the maximum fc., state of BPFx when BPFx
is switched OFF and ii) the minimum f., state of BPFx when BPFy; is switched OFF.
The upper 3-dB frequency of BPF# is 3.64 GHz (blue trace), while the lower 3-dB
frequency of BPFy is 3.59 GHz (red trace). Therefore, the BPF manifold allows

complete frequency coverage between 1.89 and 7.28 GHz.
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Figure 4.11. RF-measured IIP3 for various tuning states [96].
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Figure 4.12. RF-measured S-parameters showing the: i) the maximum fce, of BPF#
when BPFy is OFF and ii) the minimum f., of BPFx when BPFy; is OFF [96].
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To demonstrate the potential of the proposed switchless BPF manifold for ultra-
wide and tune-all RF tuning in FR1, a comparison with state-of-the-art tunable
manifolds is presented in Table 4.2. As shown, the proposed configuration is the only
RF-switchless manifold to date covering the highest operational frequency, while
exhibiting ultra-wide f.., tuning and BW tuning and supporting the largest number of
modes of operation namely; single, dual-band, and AS modes of operation.
Furthermore, it exhibits the lowest IL and the widest out-of-band suppression with
better than 20 dB of IS up to 6xfc.,. The concepts in [85], [87] are only tunable in terms
of fc.n and the manifold in [95], doesn’t facilitate a dual-mode of operation, and has

significantly higher IL up to 9 dB and can only operate up to 3.85 GHz.

Table 4.2. Comparison with state-of-the-art tunable manifolds.

Ref. Integration # | feentuning | FBW, | IL | Q. [#AE]| Isolation | Operation
filters | (GHz), TR | (dB) modes
[TR]
6,%42 - .

49 LPF/HPF ) 1.89-7.28, TR:3- 2.3- | 12- 12 20 dB up to| Single/ Dual
' diplexer [3.85:1] 4 7'_ 1 57 | 34 6Xfcen band/AS
3.4-

. 0.54-2.4, 15%, | 1.8- | 4.5- 20 dB up to] ..
[85] PIN diodes 3 [4.44] No s4 185 24 Sxfoen Single band
tuning
1.9-
. 1.1-2.1, 3.6%, | 4.4- | 35- 20 dB up to] ..
[87] PIN diodes 2 [1.9:1] No 61 | 60 9 2 3xfoen Single band
tuning
5-36% .
. 1.8-3.85, o 11- 20 dBup to] Single
(951 | RFswitch |2 214] |, ?{3 | 291 o4 [ ] 2xfn | bandias

(T.W: This work, #AE: total number of active elements)
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4.3 Summary

This chapter introduced, for the first time, a novel switchless, ultra-wideband
tune-all two-BPF manifold design with multi-octave f.., and BW tuning capabilities.
The switchless integration scheme is based on two LPF/HPF diplexer junctions. The
resulting manifold exhibits ultra-wide and highly versatile TF characteristics,
supporting three distinct modes of operation: i) a single-band BPF with up to 3.85:1
feen tuning and 4.4:1 BW tuning, ii) a dual-band BPF with two independently tunable
passbands, and iii) an AS mode with greater than15 dB IS from DC to 18 GHz. Unlike
conventional RF-switched manifolds that support only a single passband, the proposed
switchless design enables simultaneous dual-passband operation. Moreover, it is the
first RF-switchless manifold reported to date that achieves fc., tuning across most of
the FR1 band ( covering from 1.9 to 7.3 GHz), with continuously tunable BW at each
feen and TRs greater than 3:1. Additionally, it supports the highest number of operating
modes—single-band, dual-band, and AS modes—compared to state-of-the-art
designs. A method for optimizing varactor performance is also introduced, focusing

on the use of high-Q static DC block capacitors to minimize IL.

The switchless, ultra-wideband filter manifold developed in this chapter serves
as a key enabling element for the compact and reconfigurable RF architectures shown
in Figure 1.1(b), providing wide spectral coverage without reliance on RF-switched
filter banks. The proposed manifold supports operation over an ultra-wide frequency
range with wide channel bandwidth tuning, advancing the future RF front-end vision
outlined in Figure 1.1. In addition, it enables simultaneous dual-channel operation,
allowing a single filter volume to replace conventional static filter banks and support
multiple communication standards across different spectrum bands concurrently. The

contributions of this chapter have been published in [95] and [96].
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Chapter 5: Conclusion and Future Work

5.1 Conclusion

This thesis has laid the foundations for novel design techniques and architectures
for highly-reconfigurable and continuously-tunable RF filters using acoustic-wave and

planar-microwave resonators. Its key contributions can be summarized as follows:

Chapter 2 reported on new types of highly versatile quasi-elliptic AWLR-based
filters capable of multiple levels of TF reconfigurability and continuously tunable
characteristics. Specifically, it introduced: 1) a novel class of highly selective quasi-
elliptic BPFs with enhanced FBW greater than 0.4k°—0.8k7, supporting continuous
FBW tuning by an electronic tuning method based on varactor diodes; ii) a unique
class of AWLR-based BPFs with f.., tuning and multi-configurable TF that includes
continuous f.., tuning—demonstrated for the first time in this thesis—along with
continuous BW tuning and the ability to reconfigure the TF to AP and AS states; iii)
an advanced class of AWLR-based BP-to-BS filters, offering multi-configurable and
continuously tunable TF characteristics. This includes continuous f.., and BW tuning
in both BP and BS operation modes, with f.., tuning in BS mode being uniquely
introduced in this thesis for the first time. The filter can reconfigure the TF response
to AP and AS states. The proposed architecture achieves all these functionalities
within a single RF filtering component. The contributions outlined in this chapter have

been published in [89], [90], [91] and [92].

Chapter 3 introduced a novel architecture for quasi-elliptic AWLR-based
multi-band BPFs with reflective and symmetric quasi-reflectionless characteristics.
This multi-band functionality is essential for supporting multi-standard operations
across various frequency bands. The proposed filter design enables the realization of
highly selective, high-Q passbands with enhanced FBWs exceeding 0.44°—0.8k/.
Each passband is formed using multi-resonant AWLR stages composed of in-parallel
cascaded SAW resonators and a single lumped inductor, effectively reducing circuit
complexity while maintaining compactness. Additionally, the design allows for
independent FBW control per band by varying the number of SAW resonators
corresponding to each band. For the first time, a symmetric quasi-reflectionless multi-

band response in AWR-based filters is demonstrated by integrating resistively
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terminated bandstop-type AWLR stages at the input and output ports. The innovations
presented in this chapter have been published in [93], and [94].

Chapter 4 presented a novel RF-switchless BPF manifold architecture with
multi-octave f.., tuning. For the first time, a switchless integration scheme for RF BPF
manifolds is demonstrated using an LPF/HPF diplexer junction, eliminating the need
for the DC biasing typically required in RF-switch-based designs. A unique
optimization method for varactor performance is introduced to improve the
performance at the tunable BPFs by reducing IL of operating passbands. Unlike
conventional RF-switched manifolds that are generally limited to a single active
passband, the proposed manifold supports three distinct modes of operation: i) a
single-band BPF mode with tunable fc., and BW; ii) a dual-band BPF mode with two
independently tunable passbands, and iii) an AS mode. To the best of the authors’
knowledge, this is the first RF-switchless manifold capable of tuning fc., across the
majority of the FR1 band, covering frequencies between 1.9 and 7.3 GHz, while
supporting continuous BW tuning at each f., with TR exceeding 3:1. The
contributions of this work have been published in [95] and [96].

Overall, the thesis presents a framework for acoustic-wave and planar-
microwave filtering technologies that enables the transformation of rigid, conventional
RF receiver architectures—typically relying on multiple RF-switched filter banks
(Figure 1.1(a))—into compact, reconfigurable, and multifunctional front ends (Figure
1.1(b)). The proposed approach provides continuous frequency and bandwidth agility,
multi-band consolidation, and quasi-reflectionless operation. Together, these
innovations help reduce hardware complexity and footprint while enabling future
wireless systems to dynamically adapt to increasingly crowded and evolving spectrum

environments.
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5.2 List of Publications

5.2.1

1y

2)

3)

4)

5)

6)

7)

Publications emanated from this thesis

M. R. A. Nasser and D. Psychogiou, "Quasi-elliptic SAW Filters Using Multi-
Resonant Acoustic-Wave Lumped-Element Resonator Stages," 2022 527
European Microwave Conference (EuMC), Milan, Italy, 2022, pp. 420-423,
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5.3 Future Work

The findings presented in this thesis highlight significant advancements in

reconfigurable filtering technology. However, several limitations and challenges

associated with reconfigurable AWLR-based and planar resonator-based RF filtering

components remain to be addressed. Future research directions to address these

challenges are summarized as follows:

145

Although this research introduced advanced reconfigurable AWLR-
based filter architectures, the experimental validation was conducted
using commercially available off-the-shelf SAW resonators operating at
around 1 GHz with a FBW of less than 0.3%. To achieve filtering
responses at higher operating frequencies and wider FBWs, the proposed
architectures can be realized using customized acoustic wave
resonators—such as SAW, BAW, or FBAR devices [28], [114], [115],
[116], [117], and [118]—which support broader bandwidths and higher
frequencies. Additionally, this enables the realization of specification-
driven AWLR-based filter designs that meet standard defined
specifications.

The advanced multi-reconfigurable AWLR-based filter proposed in this
research was validated using PCB and LE technologies, achieving
optimal size within the limitations of these platforms. However, there
exists a class of acoustic filters that can be implemented as compact
integrated circuits occupying less than 1 mm? [21]. Therefore, a potential
direction for future research could involve the use of hybrid integration
techniques—such as flip-chip or wafer bonding—to combine MEMS
acoustic resonators (e.g., SAW or BAW) with integrated passive devices
(IPDs) [119]. These IPDs can be implemented on substrates such as
glass, SOI, or gallium arsenide (GaAs), enabling further miniaturization
of the filter topologies developed in this work. These approaches
leverage the high-Q performance of acoustic resonators and the
compactness of integrated passive components. Conceptual EM
simulation-based approaches, such as the one reported in [120] and
illustrated in Figure 5.1, have reduced filter sizes to just a few mm?. This

type of integration is particularly advantageous for implementing chip-



Input

Figure 5.1.

scale, advanced AWLR-based filters in applications that require both

miniaturization and high performance, such as 5G+/ 6G communication

systems.
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Schematic and layout of the hybrid BPF design integrating IPD, acoustic,

and substrate technologies [120].
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The switchless multi-octave tune-all BPF manifold demonstrated ultra-
wideband fce, tuning from 1.9 to 7.3 GHz, representing the widest
frequency coverage achieved by any manifold reported to date in the
open literature. However, emerging communication technologies such
as 5G+ and 6G are expected to operate across both FR 1: 0.41-7.125
GHz and Frequency Range 2 (FR2: 24.25-52.6 GHz). To address the
requirements of higher frequency operation, GaAs-based monolithic
microwave integrated circuit (MMIC) technologies offer a promising
solution for implementing reconfigurable filters. GaAs processes
support high-performance operation across a wide frequency range,
typically from 1 GHz to well beyond 100 GHz. Furthermore, in GaAs-
based reconfigurable filter designs, varactor diodes can be
monolithically integrated within the reconfigurable BPF structure,
facilitating a compact and more reliable design and fabrication process.
A further direction for future work involves advancing the integration of
the proposed reconfigurable AWLR- and planar-based filtering concepts
into compact, multifunctional RF front-end architectures, aligned with

the long-term vision illustrated in Figure 1.1(b). While this thesis has
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demonstrated continuous f... and BW agility, multi-band, and quasi-
reflectionless operation at the component level, additional research is
required to co-design these filters with low-noise amplifiers, adaptive
matching networks, and control circuitry to enable a unified
reconfigurable receive chain. Such consolidation would support real-
time spectral adaptation while reducing the hardware footprint, thereby
moving closer to practical, highly-miniaturized front ends capable of

replacing conventional RF-switched filter banks.
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