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Abstract— A new class of multiband acoustic-wave resonator-
based RF filters with reconfigurable bandpass-to-bandstop
(BP-to-BS) transfer function characteristics is reported. They
are based on a hybrid integration scheme in which multires-
onant acoustic-wave-lumped-element-resonators (AWLRs) are
combined with five static and one switched impedance inverters.
Each multiresonant AWLR controls the number of bands and
their center frequencies. Switching between the bandpass and
bandstop modes of operation is achieved by changing the coupling
path between its input/output ports through an RF-switched
impedance inverter. For practical validation purposes, two pro-
totypes were designed, manufactured, and tested. They include
a single-band BP-to-BS filter at 418 MHz and a dual-band
BP-to-BS filter with bands centered at 418 and 433.9 MHz.

Index Terms— Acoustic-wave filter, bandpass filter (BPF),
bandstop filter (BSF), multiband filter, reconfigurable filter,
surface-acoustic-wave (SAW) filter.

I. INTRODUCTION

COUSTIC-WAVE resonator (AWR)-based filters, such as

those based on surface-acoustic-wave (SAW) and bulk-
acoustic-wave (BAW) phenomena, have been identified as
the most suitable preselect RF filtering technology for the
front-end stages of wireless communication transceivers due
to their stringent requirements for size compactness and high
RF performance—e.g., low insertion loss (IL), high selectivity,
and linearity— [ 1]. Whereas AWRs exhibit quality factors on
the order of a thousand, their fractional bandwidth (FBW)
is limited to 0.4-0.8k>—k? is the electromechanical cou-
pling coefficient—when used in conventional ladder, lattice,
or self-cascade configurations due to their tightly coupled
resonance and antiresonance [2]. Hybrid integration schemes
in which AWRs are effectively combined with lumped ele-
ments in acoustic-wave-lumped-element resonator (AWLR)
arrangements have recently demonstrated the potential to
design RF filters with FBWs > k,2 while exhibiting effective
quality factors Qefrs > 5000 [3]. They have facilitated the
realization of diverse types of transfer functions, including
quasi-elliptic bandpass filter (BPF)-type and reflective and
absorptive bandstop filter (BSF)-type ones [3], [4]. However,
none of the aforementioned concepts addresses the need for
RF front-ends with the ability to adjust their operation in
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Fig. 1. CRD of a K-band AWLR-based BP-to-BS filter that exhibits
reconfigurable BPF and BSF modes of operation. Black circles: source
(S) and load (L). Brown circles: zero-susceptance NRNs. White circles:
resonating nodes. Black solid lines: inter-node couplings. Black dashed lines:
reconfigurable source-to-load coupling that controls the mode of operation.
BPF mode: Ngp, switch is open. BSF mode: Ngp switch is closed. The
dashed area denotes the multiresonant AWLR that is shaped by K AWRs
and an inductor Lp.

complex RF environments which may require multichannel
selection or broad spectrum acquisition in the presence of
multiple interfering signals.

Taking into consideration the aforementioned needs, this let-
ter presents a new class of AWLR-based filters with a reconfig-
urable bandpass-to-bandstop (BP-to-BS) transfer function as
enabling elements of next generation RF front-ends with multi-
band and interference-suppression capabilities. The proposed
concept is not only smaller than conventional RF-switched
filter banks, but it can also be extended to theoretically
infinite number of bands while using less filter elements.
The rest of this letter is organized as follows. Section II
discusses the operating principles of the AWLR-based BP-to-
BS concept. In Section III, a proof-of-concept demonstration
is presented through single-band and dual-band BP-to-BS pro-
totypes. Finally, the contributions of this letter are summarized
in Section IV.

II. FILTER CONCEPT AND THEORETICAL FOUNDATIONS

The coupling-routing diagram (CRD) and circuit details of
the AWLR-based BP-to-BS filter concept are shown in Fig. 1.
It is based on two multiresonant AWLR-based modules, five
static (Nsn, NnN, and N4) and one RF-switched (Nsp)
impedance inverters that result in reconfigurable multiband
BPF and BSF transfer functions whose bands are, respec-
tively, shaped by two poles or two zeros. Each multiresonant
AWLR comprises of K parallel-cascaded AWRs—each AWR
is modeled by its Butterworth-Van-Dyke circuit model [3] in
which Cy,, L,,, and R, represent its series resonant frequency
and Cp represents the parasitic capacitance—whose series
resonances define the center frequency of each of the K bands.
From the coupling-matrix synthesis perspective, the multires-
onant module is represented by K + 1 resonating nodes
(R1 — Rx and Rp) and two nonresonating nodes (NRNS).
R; — Rk denote the K individual series resonances of the
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Fig. 2. Theoretically synthesized power transmission responses of the

AWLR-based BP-to-BS filter using the CRD in Fig. 1 for a single-band
(K =1) and a triple-band (K = 3) example. (a) Single-band filter operating
in the BSF mode (Ngp, = 1) for various values of N4. (b) Single-band filter
operating in the BPF mode (Ngp, = 0) for various values of Ny4. (c) Three-
band (K = 3) filter when operating in the BPF and BSF modes. For all
responses, the rest of the normalized coupling values are Ngy = 1, NN = 1,
Ny =0.5, Np =141, Nc =250, Ny = 1.41, and N, = N3 = 1.41 (triple-
band only) and M1 = Mpp = 0 and My = —M33 = 80 (triple-band only).

AWRs, whereas Rp is created by Lp and the parallel combi-
nation of the AWRSs’ parasitic capacitances C1 = Zle Cpn
and needs to resonate at the average frequency of f1 — fx
(fx: center frequency of band K). In this manner, the series
resonance of each AWR is decoupled from its antiresonance
resulting in a single high-Q pole/zero at the center frequency
of each band as also discussed in [3], however, only for multi-
band filters that exhibit a single BPF mode of operation. In the
proposed BP-to-BS filter architecture, the mode of operation
is tuned between multiband BPF and BSF by enabling and
disabling Ngi, which alters the source-to-load coupling.

In order to illustrate the operational principles of the
multiband AWLR-based BP-to-BS concept, multiple ideally
synthesized transmission responses are depicted in Fig. 2 for
AWRs with /’ct2 = 0.08% (typical value for commercially
available SAW resonators) and using the CRD in Fig. 1.
Specifically, Fig. 2(a) and (b) shows the transmission responses
of a single-band (K = 1) example when operating in the BSF
and BPF modes, respectively, and N4 is altered. As shown,
the FBW is inversely proportional to N4. In addition, for a
certain N4 value, the FBW of the BPF mode is always wider
than the one of the BSF mode (e.g., 0.045% in the BSF mode
and 0.09% in the BPF mode when N4 = 0.3). Furthermore,
the FBWs of both the modes can be designed wider than k?
(e.g., 1.63 k,2 for N4 = 0.3 in the BSF mode) as opposed
to conventional ladder/lattice design AWR-based filters in
which FBW is limited to 0.4-0.8 k,2 as for example in [1]
and [2]. In Fig. 2(c), the synthesized BPF- and BSF-mode
transmission responses of a three-band (K = 3) filter are
illustrated showing the applicability of the proposed concept
for multiband transfer functions while using less filter elements
(i.e., inverters and resonators) than conventional filter banks.
Note that in conventional filter banks, multiple BPFs and
BSFs are combined in parallel through switches which for a
K-band BP-to-BS transfer function require at least 6K invert-
ers, 4K resonators, and multiple switches [9] as opposed to
six inverters, 2K resonators, and one switch in this concept.
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Fig. 3. Manufactured prototype of the single-band BP-to-BS filter.
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Fig. 4. RF-measured and EM-simulated S-parameters of the single-band

BP-to-BS prototype in Fig. 3. (a) Power transmission response of the BPF
and BSF mode. (b) Details of the BPF mode. (c) Details of the BSF mode.

III. EXPERIMENTAL VALIDATION

To validate the AWLR-based BP-to-BS filter concept, two
prototypes—a single-band filter at 418 MHz and a dual-
band filter with bands centered at 418 and 433.9 MHz—were
designed, manufactured, and measured using commercially
available SAW resonators and surface-mounted lumped ele-
ments. Both the filters were built on a Rogers 4003C substrate
(¢ = 3.38 and & = 1.52 mm). Their design was completed
with electromagnetic (EM) simulations in the software pack-
age Advanced Design System while taking into consideration
the design principles in Section II and standard CRD to
lumped-element transformations [9]. In particular, the inverters
Nsn and N4 were realized with their first-order low-pass
7 -type circuit equivalent, whereas Nsp and NN by their high-
pass T-type equivalent. For the BPF/BSF mode selection,
a single-pole double-throw switch—positioned between the
output port and the Nsp inverter with its remaining port
grounded—was incorporated in Nsp.. DC blocking capacitors
(Cpc) were added for the switch biasing.

The manufactured prototype of the single-band BP-to-BS
filter and its constituent components are shown in Fig. 3. It was
designed for a center frequency of 418 MHz and the FBWs
of 0.03% and 0.04% for, respectively, the BPF and the BSF
modes using the Abracon SAW resonator ASR418S2 (Cp =
1.6 pE, R, =22.17 Q, Cp, = 1.21 fF, and L,,, = 119.67 pH).
Its measured RF response is shown in Fig. 4 along with a
comparison of its corresponding EM-simulated one. In par-
ticular, Fig. 4(a) shows the filter response in a broad range,
whereas Fig. 4(b) and (c) depicts the 418-MHz band details
for both the modes of operation. A summary of its major RF
performance metrics is provided in Table I. For both the modes
of operation, Q.ff was estimated > 10,000 demonstrating the
applicability of the filter concept to small size and high-Q
BP-to-BS filter developments.
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TABLE I TABLE II
SUMMARY OF MEASURED RF-PERFORMANCE PARAMETERS COMPARISON WITH STATE-OF-THE-ART
Filter Sfeens MHZ Mode BW, kHz xk; 1L, dB Ref. Seens Bands Resp. FBW | IL, Tech. Qerr
Single-band 418 BSF 116 0.36 38.5 GHz (order) xk dB
Single-band 418 BPF 137 0.43 4.0 This 0.418/ 2(2) BS 1.03 26.8 SAW >10k
Dual-band 418 BSF 106 0.33 26.8 work 0.433 BP 1.26 1.5
Dual-band 418 BPF 332 1.03 1.5 B | 0418/ | 2(2) BP 06- | 33- | SAW | >10k
Dual-band 433.9 BSF 194 0.49 27.2 0.433 1.9 1.2
Dual-band 433.9 BPF 507 1.26 1.2 57* | 2.08 13) BP 043 | 23 | BST- | 230
Jeen: center frequency of band, IL: insertion loss at f.., AS 14 FBAR
[6] 5.49 1(3) BP 1.03 | 13 GaN | 700
[71 | 1.3/1.6| 2(9) BP 049 | 272 | BAW | 1200
[81* | 0246 | 1(1) BP N/A | 57 | AlGaN | 608
., . aosRTaseRaCVaL | AS 76
Cst Ls Cou (A ot [ *Reconfigurable, BS: bandstop, BP: bandpass, AS: all-stop
| ) e CDC= 251R14S8200v4S
- ¢ CSN= 251R15S0R9BV4S
Csn, - Lav LSN= 1206CS 220
G-, G ON oiRIsSiaBvS
ARV LN MIDISSN to-BS prototype and other AWR-based filters is summarized
SAW: oy, SAW, SAW, A in Table II. It reveals that the proposed concept is the only
SAWS- Epeos R0 one that allows the realization of BP-to-BS responses within
33mm the same filter volume while retaining the highest Q.fr, lowest
i IL, and wider FBW than conventional AWR filters.
Fig. 5. Manufactured prototype of the dual-band BP-to-BS filter.
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Fig. 6. RF-measured and EM-simulated power transmission response of the
prototype in Fig. 5. (a) BPF and BSF modes. (b) Details of the lower band
for the BPF and BSF modes. (c) Details of the upper band for the BPF and
BSF modes.

The manufactured prototype of the dual-band BP-to-BS
filter is depicted in Fig. 5. For its design, the commercially
available SAW resonators from Abracon (ASR418S2) and
Epcos (R900 with Cp = 1.62 pF, R, = 19 Q, C,, =
1.62 fF, and L,, = 83 uH) were used. A comparison of
its RF-measured and simulated transfer functions is shown
in Fig. 6 for a broad frequency range [see Fig. 6(a)] as
well as around the two bands of interest [see Fig. 6(b) and
(c)] for both the BPF and BSF modes. As it can be seen,
they are in good agreement with each other validating the
suitability of the devised filter concept for multiband BP-to-
BS realizations. Furthermore, Table I provides a summary
of the performance metrics of the dual-band prototype and
validates the suitability of the multiband BP-to-BS concept
for FBWs that are not limited by k2. In addition, for all
measured states, low IL levels can be observed in the two
passbands of the BPF mode and in the out-of-band passband
areas of the BSF mode of operation which correspond to the
values of Qg above 10,000. A comparison between the BP-
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