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Abstract—A new class of acoustic-wave resonator-based band-
pass filters (BPFs) with continuously tunable fractional band-
width (FBW) are presented. They are based on cascaded
multi-resonant stages of hybridly-integrated surface acoustic
wave (SAW) resonators with lumped element (LE) components.
Each stage comprises one SAW resonator and one or more
LE resonators that contribute to the overall transfer function
to one pole and two transmission zeros (TZs). As such highly-
selective quasi-elliptic transfer functions with N poles, 2N TZs
and enhanced FBW can be created for two series and N-2
parallel stages. It is shown that by reconfiguring the resonant
frequency of the LE resonators, continuously-tunable FBWs
can be obtained. The operating principles of the multi-stage
concept are demonstrated through design examples of multi-
stage prototypes. The concept has been validated at 916.6 MHz
through a four-pole/eight-TZ BPF with tunable BW between
0.63-1.32 MHz (i.e., FBW = 0.57 — 1.32kt2), minimum in-band
insertion loss (IL) 3.9-2.3 dB (Q.f = 7700-6000) and out-of-band
isolation > 27 dB.

Index Terms—Acoustic wave resonator (AWR), high quality
factor (Q), tunable bandpass filter (BPF), ktz-enhancement.

I. INTRODUCTION

DAPTIVE RF front-ends are increasingly desired in mod-

ern communication systems due to the unprecedented
growth and diversity of wireless communication standards [1].
Bandpass filters (BPFs) with electronically reconfigurable
transfer functions are highly-desirable in these systems to
enhance existing capabilities, and miniaturize their size [2].
The majority of the tunable BPFs that have been presented to
date are large in size and are based on low-quality factor (Q)
(around 50-150 for lumped-element (LE) and microstrip-type
configurations [3], [4], and 300-800 for coaxial-resonator-
based components [5]) resonators. These also exhibit high
levels of in-band insertion loss (IL) between 3-10 dB [4], [6].
In yet another approach, RF filters using surface acoustic wave
(SAW) and bulk acoustic wave (BAW) resonators exhibit high
QO (order of a thousand) and chip-scale size. However, they
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are limited by static transfer function and narrow fractional
bandwidth (FBW) around 0.4-0.8k?, where k? is the electrome-
chanical coupling coefficient [7]. Thus, recent research efforts
are focused on enhancing the FBW and on enabling transfer
function reconfigurability.

Alternative SAW-based tuning concepts have been explored
to date. However, most of them facilitate discrete RF tuning.
For example, in [12], [13], a ferroelectric material is used
within a thin-film bulk acoustic resonator (FBAR) resonator
to turn its resonance ON or OFF in the presence or absence
of DC biasing. This concept has been exploited for the real-
ization of intrinsically-switchable filter banks and RF filters
with tunable FBW, however it relies on a fairly complicated
manufacturing process and is only suitable for discrete tun-
ing. Switchable SAW-based dual-band BPFs filters have also
been proposed in [14]. They are based on the co-integration of
SAW resonators with vanadium oxide (VO;)-based switches.
However, they suffer from high IL (> 10 dB).

In terms of FBW enhancement, acoustic-wave resonators
(AWRs) using new types of thin-film materials (e.g., the
ScAIN technology in [8], [9]) or alternative types of res-
onating modes (e.g., SH mode SAW resonators in [10], [11])
have been demonstrated, however they suffer from in-band
ripples and spur resonances. In yet another approach, FBW
widening is achieved through hybrid integration of AWRs
and electromagnetic (EM) components. In [15], [16], AWRs
are combined with microstrip transmission lines. Such an
approach occupies large size due to the use of distributed
elements.

In yet another configuration, AWRs are combined with
lumped-element (LE) components in acoustic-wave-lumped-
element resonator (AWLR) architectures. In this manner,
FBWs wider than the 0.4-0.8k> limit can be obtained while
preserving the high O of AWRs and exhibiting small size.
Moreover, they enable transfer function reconfigurability.
Notable demonstrations include filters with: i) reconfigurable
bandpass-to-bandstop response [17] ii) reconfigurable all-
pass-to-bandstop response [18] and iii) tunable FBW and
out-of-band characteristics [19], [20]. However, most of these
concepts aren’t electronically-reconfigurable and are tuned
manually with trimmer capacitors.

Considering the aforementioned limitations, this brief
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 transfer function characteristics are
tuned by electronically-reconfigurable varactors. As opposed
to conventional AWR-based filters, it facilitates highly-
selective quasi-elliptic transfer functions with enhanced (i.e.,
FBW> 0.4-0.8k%) and continuously-tunable FBW while
exhibiting high effective quality factor (Q.f), and using
identical AWRs.
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Fig. 1. Quasi-elliptic AWLR-based BPF that exhibits N poles and 2N TZs.
(a) Generalized block diagram and example transfer functions. (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.

The content of this brief is organized as follows. Section II
presents the theoretical foundations of the proposed multi-
stage AWLR-based BPFs concept through alternative design
examples. Realistic implementation effects using lossy res-
onators and LEs are also discussed. The experimental vali-
dation of the concept is presented in Section III through the
manufacturing and testing of a four-stage prototype. Finally,
the major contributions of this brief are summarized in
Section IV.

II. THEORETICAL FOUNDATIONS
A. Multi-Stage AWLR-Based Filter Concept

The generalized block diagram of the proposed multi-
stage AWLR-based BPF concept is illustrated in Fig. 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 (Z;; — Z; k). In this
manner, highly-selective quasi-elliptic transfer functions with
N poles, 2N TZs can be obtained. By reconfiguring the reso-
nant characteristics of the LE resonators in each stage, the TZs
can be either placed symmetrically or asymmetrically around
the passband [see Fig. 1(a)] allowing to tailor the roll-off and
out-of-band rejection. This is also shown in the conceptual
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Fig. 2. (a) Simulated power transmission ISy| of a SAW resonator (Cyy =

1.848 fF, Ly; = 16321 pH, Ry = 11.3 Q, Cy = 2.18 pF, Ap = 9.38°,
kz2 = 0.12%, fy = 916.4 MHz) and a series-type AWLR multi-resonant stage.
(b) Power transmission response ISo| of the series-type multi-resonant stage
that exhibits one pole and two TZs. The TZs can be controlled by altering w;.

examples of two different two-stage BPFs that either com-
prise of one-series-type and one parallel-type stages or two
parallel-type stages as illustrated in Fig. 1(b), (c). 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.

B. Multi-Resonant AWLRs

The circuit details of the series-type multi-resonant AWLR
stage are illustrated in Fig. 2(a). One AWR (series resonant
frequency: wy, parallel resonant frequency: w,) is cascaded in
parallel with a series-type LE resonator (resonant frequency
wr =1/ (C,L)Y?) that decouples w, from w;. In this manner,
a quasi-elliptic response that has one-pole and two-TZ can be
obtained [see Fig. 2(a)]. The location of the pole and TZs can
be specified using (1), (2). It should be noted that the TZs can
be reconfigured around the pole by altering w, that resonates
at frequencies 0.45x lower than w; as shown in Fig. 2(b).

The circuit schematic and the theoretical S-parameters of
the parallel-type multi-resonant stage are depicted in Fig. 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/(Cpr)1/ 2). The LE res-
onator resonates at w, 1.2x higher than w;; and together with
its neighboring elements acts as an impedance inverter. In this
manner, a quasi-elliptic response having one-pole and two-
TZ can be created [see Fig. 3(a)] whose frequencies can be
specified using (3), (4). Moreover, the resulting TZs can be
tuned around the transmission pole by altering wp, as shown
in Fig. 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 Fig. 3(b).
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Fig. 3. Power transmission ISy1| and reflection IS responses of the parallel-
type AWLR multi-resonant stage. (a) TZs control around the pole by tuning
wp. (b) BW control by altering (Lp/Ly).

C. High Order Quasi-Elliptic AWLR-Based BPF's

Considering the operating principles of the multi-resonant
stages, highly-selective transfer functions can be designed.
Specifically, Fig. 4, illustrates how a four-pole/eight-TZ quasi-
elliptic (TZ) transfer function 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 (1)-(4), shown at
the bottom of the page. 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 exam-
ple, 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 Fig. 5.
Unlike the conventional ladder-type AWR based filter designs,
the proposed configuration enables the design of passbands
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Fig. 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 IS>1! and reflection ISyl of the BPF and its constituent stages
(Stage #1, Stage #2, Stage #3 & Stage #4) obtained with linear circuit
simulations.

with arbitrary FBWs (>0.4-0.8 k?) as shown in Fig. 6 where
FBWs: 1—2.65k,2 are illustrated. They are achieved by adjusting
L,/Ly along with Cpp1, Cpp2, Zp3 and Z,y. In these examples,
inverters Zp3 and Z,,are replaced with their w-type LE equiv-
alent using the following: L = Z/wcen, C = 1/(Zween) and
Ween = 2Tfeen, Where fee, is the centre frequency and Z the
inverter impedance.

To evaluate the performance of the filter in the presence of
lossy elements, finite Q is considered for the transfer function
example in Fig. 7 where Oy is the Q factor of the AWRs
and Qyf is the Q of the auxiliary lumped elements (21 total).
As shown, Qrr has minimal effect on the in-band IL and the
passband preserves the high-Q SAW resonator characteristics.
On the other hand, low Qy g primarily affects the out-of-band
attenuation levels. However, even with Qyr 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 transfer functions. This
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Fig. 5. Theoretical power transmission IS, response of the four-stage quasi-
elliptic BPF for alternative locations of TZs (by altering w,1, @,2, wp1, @wp3)
demonstrating the reconfigurability of the transfer function in the out-of-band.
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Fig. 6. Theoretical power transmission IS, | 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: i) Lp/Ly = 0.546,
Cpp1 = Cppp = 0.51 pF, Gy = 2.77 pF, Cjp = 2.69 pF, Cex = 1.32 pF, Ly =
17 nH, Cp3 = 0.63 pE, Lr3 = 33.2 nH, ii) Lp/Ly = 0.39, Cpp1 = Cppp =
0.89 pF, Cp; = 2.02 pF, Cpp = 2.08 pF, Cex = 1.94 pF, Lex = 14.5 nH,
Cy3 = 0.66 pF, Ly3 = 22.4 nH, ii) Lp/Ly = 0.34, Cpp1 = Cppp = 0.51 pF,
Cp1 = 1.934 pF, Cjp = 1.888 pF, Cex = 1.32 pF, Ley = 17.06 nH, C3 =
0.626 pF, Ly3 = 29.9 nH. (The rest of design parameters are: L, = Lpy =
7.6 nH, L) = Lyp =25 nH, Cyy = Cp = 2.15 pF).
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Fig. 7. Theoretical power transmission ISy11 response of the four-stage four-
pole/eight-TZ BPF as a function of Qyps and Qrf.

is shown in Fig. 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.

D. Bandwidth Tuning

The bandwidth tuning concept for the devised multi-stage
AWLR BPF concept is illustrated in Fig. 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 w;2, (achieved by lowering C,1 2) the TZs associated with
the series stages (located on the upper edge of passband) are
brought closer to the center frequency. Likewise, by increasing
wp1 and wyy (achieved by lowering Cp12), the TZs of parallel
stages (located at the lower edge of passband) are brought
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Fig. 9. Circuit schematic of the six-stage six-pole/twelve-TZ BPF alongside
with its ideally-simulated S-parameters.
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Manufactured prototype of four-stage quasi-elliptic AWLR proto-

closer to the center frequency. In this manner, the FBW can
be tuned to narrower stages. As shown in Fig. 8, when tuning
the FBW to narrower states, the isolation levels close to the
passband decrease whereas the isolation bandwidth widens due
to some of the TZs having moved to distant frequencies.

III. 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. and Johanshon. RF tuning
is performed using Skywork Varactors. The design was per-
formed on Roger 4003C substrate (dielectric thickness H =
0.813 mm, permittivity &, = 3.55), using the software pack-
age Keysight ADS and following the design guidelines in
Section II. RF characterization was performed by means of
S-parameters using a Keysight N5244A network analyzer. The
photograph of the manufactured four-stage AWLR BPF pro-
totype is shown in Fig. 10 alongside the details of the utilized
SMD components. In Fig. 11, the RF-measured response of
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Fig. 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.

TABLE I
TRANSFER-FUNCTION-RECONFIGURABLE AWR BASED FILTERS

Ref. Technology Rec. modes FBW(xk?)  f...(MHz)
TW  AWLR/SAW  E. Tun. BW 0.573-1.32  916.6
[19]  AWLR/SAW M. Tun. BW 0.50-1.50 418

[12]  Ladder FBAR S.BW BP/AS  0.33-0.50 2000

[13] AWLR/FBAR BP/AS 0.333 2130
[13] AWLR/FBAR BS/AP 0.31 2043

[22] Ladder/ lattice ~ BP/AS 0.50 2000

FBAR

(E. Tun.: electronically tunable, M. Tun.: manually tunable, S.:
switchable, BP: bandpass, AP: all-pass, AS: all-stop, BS: bandstop)

the prototype is obtained by altering the DC biasing on the
varactor diodes between (0 - 30 V). It can be observed that
continuous BW tuning is obtained between 0.63-1.32 MHz
(i.e., FBW=0.573 - 1.32kt2) which corresponds to a tuning
ratio (TR) of 2.31:1. For all tuning stages, the minimum IL
was measured between 3.9-2.2 dB (effective Q (Q.) = 7700
- 6000) and the out-of-band IS levels were between 55-27 dB.
An EM simulated state is also provided and appears to be in
a good agreement successfully verifying the proposed filter
concept. A comparison of the proposed multi-stage AWLR
concept with state-of-the-art AWR-based reconfigurable filters
is listed in Table I. As shown, this brief is the only one that
allows electronically continuous BW tuning with enhanced
FBW while exhibiting high Q.. The BPF concepts in [13],
[22] only allow for reconfigurable transfer function states and
the BPF in [12] facilitates discrete BW tuning. Lastly, the
AWLR BPF concept in [19] is based on mechanically-tunable
capacitors.

IV. CONCLUSION

This brief reported a new class of highly-selective quasi-
elliptic BPFs that are based on cascaded multi-resonant
stages of AWLRs. They exhibit enhanced FBW (>O.4-0.8kt2)
that is continuously tunable by means of electronically-
reconfigurable varactors. The concept can be readily scaled
to higher-order transfer functions by cascading multi-resonant
stages through impedance inverters. The multi-stage AWLR
concept has been validated experimentally through a four-stage
prototype at 916.6 MHz that shows tunable FBW between
0.57-1.32k2, IL between 3.9-2.3 dB (Qer = 7700-6000), and
out-of-band isolation levels > 27dB.
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