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Abstract—A unified direct bandpass numerical coupling-
matrix (CM) reconfiguration framework is proposed for the
synthesis of unconventional wideband acoustic-wave (AW) fil-
ter topologies. Unlike classical analytical approaches, whose
applicability is largely restricted to predefined configurations,
the proposed method performs numerical synthesis directly in
the bandpass domain through a nonorthogonal transforma-
tion of the CM. This avoids intermediate low-pass-to-bandpass
transformations, eliminates the need for deriving explicit ana-
lytical network solutions through laborious procedures, thereby
facilitating a rapid and systematic exploration of alternative
filter topologies and enabling the direct treatment of frequency-
variant reactive terms required for broadband network modeling.
From a prescribed filtering function, the proposed method
directly derives the target nodal topology and its associated
reactive network, preserving the spectral characteristics of the
original transfer function. Furthermore, it enables a seamless
mapping to a hybrid AW implementation through the system-
atic identification of Butterworth-Van Dyke (BVD) resonator
cores and complementary auxiliary lumped elements, thereby
establishing a direct link between the synthesized circuit model
and its physical realization in AW technologies. The approach
is validated through the synthesis of multiple unconventional
network structures spanning diverse classes of filtering responses,
thereby demonstrating its generality and versatility within a
unified formulation. Experimental verification is finally provided
by a fabricated bulk AW solid-mounted resonator (BAW-SMR)
bandstop filter operating in the 2.95-4.45-GHz frequency range.
The prototype achieves a 41.4% fractional bandwidth (FBW),
with measured attenuation levels ranging from 15 to 27 dB.
The implemented topology comprises two AW resonators with an
electromechanical coupling factor of k? ~ 12.5%, complemented
by auxiliary inductive elements.

Index Terms—Acoustic-wave (AW), bandpass filter, coupling
matrix (CM), direct synthesis, frequency-variant coupling (FVC),
reconfiguration.
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I. INTRODUCTION

HE continuous evolution of wireless communication sys-

tems is imposing increasingly stringent requirements on
radio frequency (RF) filters in terms of selectivity, fractional
bandwidth (FBW), and architectural flexibility. In this context,
acoustic-wave (AW) filters have emerged as a key enabling
technology for RF front-end modules due to their low insertion
loss, high quality factor, compact footprint, and compatibil-
ity with high-volume manufacturing [1], [2]. However, the
growing diversity of spectral allocations in modern standards
such as 5G, Wi-Fi 6E, and emerging multiband systems is
pushing filter design beyond the limits traditionally addressed
by classical synthesis approaches.

On one hand, these classical analytical methods, which
are based on predefined rotation sequences, circuital trans-
formations, or iterative sequential extractions, have proven
their practical usability in the design process, benefiting from
their high precision and computational efficiency in obtaining
valid solutions [3], [4], [5], [6], [7]. Among these approaches,
those grounded in the coupling-matrix (CM) framework [8],
[9] have established themselves as the most systematic and
versatile, serving as a cornerstone for the synthesis and recon-
figuration of microwave filters. The CM formulation provides
a compact algebraic representation of resonator interactions,
thereby enabling structured topological transformations and
the systematic derivation of a wide range of realizable network
configurations.

Nevertheless, their applicability remains largely limited to
a reduced set of well-established configurations. When more
intricate or unconventional topologies are considered, the
synthesis procedure often becomes undefined, and designers
must rely on iterative trial-and-error processes or subsequent
optimization stages to enforce structural constraints, achieve
the desired response, or to fulfill with a given technology
specification. This lack of a systematic synthesis framework
for complex topologies hinders the exploration of novel con-
figurations that could potentially offer enhanced performance
or better address the demands of emerging applications.
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TABLE 1
RELATIONSHIP BETWEEN CIRCUIT AND NODAL REPRESENTATION

Shunt Series Shunt Series
Capacitor Capacitor Inductor Inductor
Nodal . x + . -
Representation ‘
Circuit J_ c H
Representation TC . CT —|_-C c c

In recent years, considerable efforts have been made to
overcome the inherent limitations of analytical synthesis
techniques as a means to decouple the desired electrical
response from a priori assumptions on network topology.
By formulating filter synthesis as a numerical problem, it
becomes possible to directly operate in the topology space
and to explore novel network configurations that would
be difficult and time-consuming to obtain using analytical
recipes alone. These approaches, grounded in CM theory,
aim to transform canonical topologies into prescribed target
configurations through advanced mathematical techniques
[10], [11], [12], [13], [14], [15], [16], [17]. They are typically
formulated in the low-pass prototype domain and mapped
to the bandpass regime via frequency transformations [18].
However, this mapping introduces denormalization errors
and fails to capture the behavior of the network far from
the passband, leading to inaccuracies in wideband scenarios.
This issue was discussed in [19] and [20], where it is shown
that working directly in the bandpass domain is essential to
accurately capture the asymptotic behavior of the transfer
function at zero frequency and at infinity to ensure the validity
of the synthesized models across the entire frequency range.

On the other hand, a recent work presented in [21] has
established CM reconfiguration methodologies that operate
directly in the bandpass domain for microwave filters. By
embedding frequency-variant reactances into the numerical
framework and adopting the CM interpretation shown in
Table I, the approach enables a more accurate representation of
wideband structures. In particular, Mesas et al. [21] employed
nonorthogonal congruence transformations to jointly recon-
figure the frequency-independent and frequency-dependent
matrices. However, its fixed source and load basis vectors
prevent the reconfiguration of boundary frequency-variant
terms, while the method remains computationally demanding,
sensitive to the initial seed, and technology-agnostic with
respect to AW constraints. The present work extends this
framework through a generalized transformation matrix with
additional boundary degrees of freedom, enabling source—load
frequency-variant couplings (FVCs). Since the port loading
may then change, the termination matrix is explicitly trans-
formed, and its preservation is enforced within the numerical
formulation.

From this standpoint, direct bandpass numerical synthe-
sis should not be interpreted as a substitute for established
analytical methodologies, but rather as an expanded design
framework that complements and allows the exploration of
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Fig. 1. High-level workflow of the proposed topology-driven numerical direct
bandpass synthesis. Starting from a target transfer function in the normalized
frequency domain Q to the circuit realization in the real frequency domain f.
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Fig. 2. Mapping between canonical and target CM. (a) Bijective function
representation of the transformation matrix. (b) Transformation matrix shape.

filter topologies beyond those typically accessible through
closed-form solutions, thereby providing a broader and more
flexible design space.

To the best of the authors’ knowledge, a comprehensive
numerical synthesis framework that operates directly in the
bandpass domain and is specifically tailored to the design
of unconventional AW filter topologies has not yet been
developed. This work aims to fill this gap by introducing a
structured numerical synthesis methodology that enables the
systematic exploration and realization of nonconventional AW
filter configurations within a unified solver-based environment.
Within this context, the proposed methodology adheres to the
systematic workflow illustrated in Fig. 1, where the central
block named numerical network synthesis can be interpreted
as a closed-box numerical engine. Its inputs consist of the
transfer function characteristics, together with an initial CM
representation, while its outputs provide the targeted filter
topology, along with its frequency response.

The validity of the methodology is demonstrated through
multiple AW network examples, highlighting its intrinsic scal-
ability and its adaptability to diverse filtering responses. In
particular, the framework is shown to be directly applicable
to low-pass, bandpass, bandstop, and high-pass configurations
within the same unified formulation, underscoring its flexibil-
ity as a generalized synthesis platform. The transition between
these design paradigms requires only minimal modifications to
the underlying formulation, as detailed in Section IV.

Finally, as an experimental validation, an unconventional
bulk AW solid-mounted resonator (BAW-SMR) bandstop filter
topology obtained through the proposed synthesis process is
fabricated and measured, providing tangible evidence of the
robustness and practical relevance of the approach.

II. MATHEMATICAL BACKGROUND

The synthesis reconfiguration problem in the direct band-
pass regime can be formulated as a congruent transformation
(see Fig. 2) that maps an arbitrary canonical transversal
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Fig. 3. General structural correspondence between the canonical and target
matrices in the direct-bandpass reconfiguration framework and their associ-
ated nodal representations. (a) Canonical transversal coupling and frequency
matrices My and Wy. (b) Corresponding target matrices M]}P and W]}P. The
rows and columns follow the same node ordering as the nodal diagrams.

CM [see Fig. 3(a)] into an arbitrary target frequency-reactive
topology [see Fig. 3(b)] by applying the following equation:
BP T
MEP QTM“Q with QTQ # L. (1)

WEP = Q"WoQ

In (1), My € RW+2XN+2) denotes the initial transversal
CM, whereas Wy € RVF2XNVH2) denotes the corresponding
frequency-dependent matrix. MPP and WEP denote the target
bandpass-domain frequency-independent CM and frequency-
dependent reactive matrix, respectively, where the superscript
BP indicates that the formulation is carried out directly in
the bandpass domain. The matrix Q € RN+ X WV +2) jg 5
real nonsingular transformation matrix, with dimension N + 2.
The condition QT Q # I emphasizes that, unlike classical CM
rotations [9], the proposed transformation is not orthogonal.

Following the direct-bandpass nodal interpretation described
in [20], the couplings in MB? are normalized as admittance
inverters, allowing WP’ to directly identify the frequency-
dependent reactive elements to be extracted. As summarized
in Table I, shunt capacitors are represented by single reactive
nodes, series capacitors by n-type FVCs [22], shunt inductors
by dangling reactive nodes, and series inductors by reactive
nodes placed between admittance inverters of opposite sign.

Accordingly, for the target considered in this work, each
nodal position is assigned either to a frequency-independent
inverter in M or to a frequency-dependent reactive contri-
bution in W]%P, but not to both simultaneously. Hence, the
elementwise Hadamard product between the target frequency-
dependent and frequency-independent matrices must satisfy
(2). As illustrated in Fig. 3(b), the entries highlighted in red
correspond to the positions that are structurally constrained to
zero. These null locations are complementary

BP _ wBP
My o W™ = Ov42)x(v+2)- 2)

As shown in Fig. 2(a), the transformation matrix Q adopts the
block structure depicted in Fig. 2(b), with unit entries fixed at
the source (') and load (L) positions, and an internal block

Q=diag(l, X, ) - P=Q ' =diag(1, Y, 1). (5

Consequently, starting from the target topology, it is always
possible to recover the canonical form through the inverse
reconfiguration mapping, provided that the internal block
X remains nonsingular. Then, by examining the frequency
matrices, it is observed that they are structured around an
internal block of dimensions N x N. For convenience, let us
denote this internal block in the target bandpass domain as
W24 and its transversal counterpart as Wi . The full matrices
can therefore be expressed as follows:

W, = diag (0, Wp, 0) (6)
WEY = diag (0, W4, 0)
0 0 0 - 0 0]
0w, wp wiy 0
0 wy wy o owy O
- : : : " : : 0
0 wy Wi 0wy O
o 0 0 - 0 0

where W(;A is an identity matrix, w;jl;+; are the FVC terms, and
wijli=; are the frequency-variant self-reactive nodes, according
to the nodal representation in Table I. Note that all entries of
the frequency-independent target matrix MEF are constrained
to unity (%1), ensuring that they operate as ideal admit-
tance inverters. This allows the frequency matrix WEF to
directly identify all frequency-dependent elements that will be
extracted as lumped components in the final circuit realization.
Then, by substituting, the target frequency-dependent block
matrix can be written as follows, which shows that the
bandpass capacitance inner block is fully determined by the
free parameters in X:

Wi =X"WX =X"IyX = X'X. (8)

By construction, the matrix product X" X is symmetric and,
under the invertibility assumption on X, positive definite. In
general, for any real matrix X € R¥*Y, the matrix XX is
positive semidefinite since

v X"Xv = |Xv|?>0 forall veR". 9)

Since the congruent transformation is required to be bijec-
tive, X must be full rank (rank(X) = N) and therefore
invertible [23]. Under this condition, the inequality is strict
for all nonzero v, and consequently X" X is positive definite.
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Fig. 4. (a) Initial structure without source-load FVC. (b) Intermediate

configuration including the source—load coupling Wsy. (c) Final arbitrary
target inner topology preserving Ws;y.

In spectral terms, this implies that

4 (WR) >0, i=1,...,N. (10)

Therefore, the admissible target frequency-dependent blocks
are restricted to the set of symmetric positive-definite matrices.
Negative eigenvalues cannot arise from any real parametriza-
tion X, which imposes an intrinsic structural constraint on the
reconfiguration problem.

On the other hand, the inverse relation follows analogously,
which leads to the reconstruction of the original transversal
capacitance matrix:

W, = diag (0, YTWRY, 0) = diag (0, Y'X"XY, 0). (11)

This explicit block formulation highlights the bijective nature
of the transformation: the internal bandpass block W4 can
be obtained from the canonical identity block through X, and
conversely, the canonical form can be reconstructed by Y.

A. Special Case: Source—Load Frequency Dependent
Coupling and Inner Reconfiguration

In certain practical configurations, it is convenient to operate
on an inner coupling representation [20], [22] that includes
a nonzero frequency-dependent source—load interaction term,
denoted as Wy in (12), as illustrated in Fig. 4. Such a
term typically arises when the admittance numerators yy,(s),
¥21,(s), and yo, (s) exhibit a higher polynomial order than the
common denominator y,(s), which renders the constant term
of the partial-fraction expansion frequency-dependent. Conse-
quently, additional entries appear in the frequency matrix W,
including the source—load term Wy, as well as the diagonal
contributions Wsg and Wy, in (12), which are no longer null
as in the configuration shown in Fig. 4(b) and (c).

Under these conditions, the classical structural form of the
transformation matrix defined in (5) is no longer sufficient to
guarantee full structural reconfigurability

yi1, (8) ¥, (5)
We = —2 -~ s = =
s yd(s) §=joo yd(s) §=joo
Wy, = 220 (12)
Ya (9) | joo

By construction, the block-diagonal structure of Q preserves
the source and load entries, since the first and last rows and
columns remain fixed with null entries. Consequently, any
congruent transformation of the form (3) cannot alter the

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

existing terms Wy, Wy, and Wy; the mapping induced by
the classical transformation becomes structurally infeasible.

A similar limitation was previously analyzed in [12] and
[15], where, in the context of fully canonical low-pass pro-
totype CMs, it was demonstrated that relaxing the strict
internal-block structure of the classical transformation matrix,
specifically by allowing the outermost rows and columns
to include free variables, enables the elimination of the
frequency-independent term My, and allows controlled adjust-
ments of the source and load frequency-invariant reactances
(FIRs) located at the first and last diagonal entries of the
matrix M

qss qE qgsL
Q=19 X qr (13)
qLs q} qLL

Extending this reasoning to the direct bandpass formulation,
whenever a source-load interaction must be reconfigured,
the transformation matrix cannot remain a strictly diagonal
embedding and must instead allow controlled nonzero entries
in the boundary rows and columns. This generalized structure
preserves the invertibility of the transformation while enlarging
the feasible solution space, thereby making direct source—load
and frequency-dependent source—load interactions mathemati-
cally admissible within the synthesis framework.

To overcome this limitation, the classical block-diagonal
transformation (3) is replaced by a generalized invertible
matrix in which the outermost rows and columns are no longer
null as (13). Note that, as reported in [12], the presence of
nonzero entries in the first and last rows and columns of Q, can
potentially modify the termination matrix R. For this reason, it
is included in the problem formulation detailed in Section III
as an additional constraint to ensure the preservation of the
source and load terminations. This effect will also be illustrated
later through a filter design example in Section V. The trans-
formed target matrices are then obtained through the congruent
relations in the following equation:

R} = Q;RoQ,.

WE‘P = Q;{WOQg
(14)

III. NONORTHOGONAL OPTIMIZATION MODEL FOR CM
RECONFIGURATION IN THE BANDPASS DOMAIN

In this section, a novel nonorthogonal constrained optimiza-
tion model is proposed for the reconfiguration of coupling
matrices in the direct bandpass domain.

Over the last few years, different optimization models have
been developed for the reconfiguration of coupling matrices,
with the aim of finding solutions that meet specific structural
or response constraints. Recently, in [24], the reconfiguration
problem was expressed as (15), which is restricted to strictly
orthogonal transformations. This formulation excludes the pos-
sibility of handling FVCs, which are an essential requirement
when operating directly in the bandpass domain

2
H;(in FX)= HQ (X)" MoQ (X) - Sy o (Q(X)" MyQ (X))

F
st. X'X =1Iy. (15)
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In contrast and based on the derivation in Section II, the
following nonorthogonal constrained optimization model is
proposed:

1 2
min f(X) = 7 HQ X)"MoQ(X) =Sy © (Q(X)" MyQ (X))

F
1 2
+ 3 HQ X)" WoQ (X) = Sy o (Q(X)" WoQ (X))
F
st. Syo(MX)-S5) =0 (16)

where X is restricted to be a real nonsingular matrix, so that the
inverse transformation introduced in Section II is well defined.
Furthermore, the matrix S,iw is introduced as the signed version
of the binary mask Sj;, where each admissible frequency-
independent coupling is assigned its prescribed unit value +1
or —1. Hence, Sy, = ISijl

Sm © Sw = Ov12)x(v+2)- 17)

These matrices define the structural information of the
desired network: Syy prescribes the locations of the frequency-
invariant couplings (inverters) to be preserved in MEF, whereas
Sw identifies the positions of the frequency-dependent reactive
terms in WEP. Both masks are symmetric and complementary,
satisfying (17) as well.

However, when the generalized transformation matrix intro-
duced in Section II-A is employed, the outer rows and columns
of Q are no longer fixed. As a consequence, the termination
matrix R may also be modified under the congruent trans-
formation. Since R encodes the source and load terminations
of the network, preserving this information is essential to
maintain the correct admittance description of the synthesized
filter. Therefore, the termination matrix must be explicitly
included in the transformation model. So (16) is complemented
with the additional term in (18) that ensures the preservation
of the source and load terminations under the transformation
2

1
3 ‘Q X)"RoQ(X) - Sz © (Q(X)" RoQ (X))
st. QX)TR)Q(X) =Ry = REP

F
(18)

where Q(X) corresponds to Qg in (13) and Sg is a symmetric
binary mask that identifies the positions of the source and
load terminations in the matrix R. By including this additional
term, the optimization model ensures that the synthesized filter
maintains the correct source and load admittance characteris-
tics, even when employing a generalized transformation matrix
that allows for modifications in the outer rows and columns.

IV. DESIGN WORKFLOW
A. Design Inputs: Transfer Function Definition

As illustrated in Fig. 1, the overall synthesis workflow
begins by specifying a complete set of design parameters that
uniquely define the desired frequency response [return losses,
transmission zeros (TZs), and reflection zeros (RZs)]. From
these specifications, a rational filtering function is constructed
in the normalized low-pass domain and expressed in terms
of the characteristic polynomials P(s), F(s), and E(s), which
define the scattering parameters of a lossless two-port network

as given in (19). This formulation enables the extraction of the
canonical CM [9], which serves as the starting point for the
subsequent numerical topology synthesis stage

F(s) /e P(s)/e

SH(S):—E(s) , EG)

Sa(s) =

(19)

Depending on the type of filter response to be realized, alter-
native formulations of the filtering function are considered.

On the one hand, for the synthesis of low-pass and high-
pass responses, the filtering function is defined following the
classical polynomial framework [8]. In this formulation, the
filtering function belongs to the generalized Chebyshev (GC)
class and characterizes the passband within the normalized
frequency interval Q € [—1, 1]. The associated polynomials in
(19) are then swapped to obtain high-pass responses.

Alternatively, for bandpass and bandstop responses, the
filtering function is defined as a Hermitian function that
accounts for the broadband impedance behavior of the filter
network [12] and is obtained using the Remez-like algorithm
[25]. In this formulation, the filtering function corresponds to
a dual-band response defined within the normalized frequency
intervals Q € [-1,—f.1/f»] and Q € [f.1/f», 1], where f.
and f,» denote the lower and upper corner frequencies of the
band, ensuring that the same information is preserved across
the positive and negative frequency planes. The response is
described through a generalized rational filtering function that
preserves the prescribed equiripple behavior in the passband.
Depending on the imposed transmission and RZ distribution,
this formulation may accommodate complex RZs; in such
cases, the filtering function reduces to particular subclasses
such as the reduced Chebyshev (RC) function. Likewise, for
the bandstop case, the corresponding polynomials in (19) are
interchanged.

B. Numerical Solver Execution

At this stage, the methodology enters the numerical network
synthesis phase. The constrained optimization problem in (16)
is solved using the sequential quadratic programming (SQP)
algorithm [26]. The free entries of the transformation matrix
are collected into a decision vector X, so that, at each iteration,
the matrix Q(X) is reconstructed and the congruent mapping
in (1) is evaluated.

The objective function accounts for the structural conditions
imposed on the transformed matrices through the prescribed
masks Sy, and Sy, whereas the nonlinear equality conditions
are supplied directly to the solver as constraints.

The initial seed is generated by assigning the free entries of
the decision vector according to a uniform random distribution,
X{? ~ U(-1,1). A sensitivity analysis of this initialization
strategy, including different sampling ranges, the three target
topologies, and the associated convergence behavior and com-
putational cost, is reported later in Fig. 5. All numerical tests
reported in the manuscript were performed on an Intel Core
i7-10700 CPU at 2.90 GHz with 16 GB of RAM.

Note that, in the case explained in Section II-A, the gener-
alized transformation matrix Q, in (13) is employed, and the
optimization model is complemented with (18).
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Fig. 5. Initialization sensitivity and computational-cost assessment of the
proposed numerical reconfiguration method.
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Fig. 6. Circuital transformations to obtain the BVD elements.

It is also worth mentioning that, when the order and struc-
tural complexity of the network increase, the dimensionality of
the optimization problem also increases. Consequently, a larger
computational effort is required, which is a natural limitation
shared by numerical optimization-based synthesis techniques.
In practice, this burden can be partially alleviated through
parallel computing, since different admissible initial seeds can
be evaluated independently within a multistart optimization
strategy without modifying the mathematical formulation of
the proposed method.

C. Synthesized Outputs

Once Q has been determined, (1) is applied to obtain
the corresponding target nodal network. From this reconfig-
ured CM, the normalized reactive elements are systematically
extracted and then translated to the desired operating frequency
by a low-pass-to-low-pass transformation [18], yielding a fully
characterized network composed of lumped inductive and
capacitive elements. Subsequently, the synthesized reactive
network is reorganized by identifying and transforming only
the subcircuits associated with acoustic resonators into their
equivalent Butterworth—Van Dyke (BVD) representations [27].
The remaining reactive elements, which do not belong to the
resonator cores, are preserved in their original lumped form
and act as auxiliary components within the overall network.
As a result, the final realization corresponds to a hybrid
topology that combines BVD-modeled acoustic resonators
with additional lumped reactive elements. Fig. 6 illustrates
a circuital transformations used to obtain the BVD model.
This procedure will be further illustrated in Section V, where
the nodal representation of the resulting topology is explicitly
shown.
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Fig. 7. Low-pass filter design example: nodal target network, AW circuit
implementation and corresponding prototype domain S-parameter response
of canonical (original) and reconfigured CM (target).
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Fig. 8. Bandpass CM of the LPF target topology. (a) M%P. (b) W%P.

V. DESIGN OF UNCONVENTIONAL HYBRID AW FILTER
TOPOLOGIES

In this section, the methodology developed in Sections II
and III is applied to the synthesis of several AW filters
with unconventional topologies, including low-pass, bandpass,
and bandstop configurations. The versatility of the proposed
approach is demonstrated through its ability to accommodate
different design paradigms without modifications to the under-
lying formulation, apart from the corresponding definition of
the filtering function (see Section IV-A). From a technologi-
cal perspective, the introduced hybrid AW topologies enable
wideband filtering responses (FBW > 30%) while requiring
moderate coupling levels.

A. Low-Pass Filter Design Example

A fifth-order GC filtering function is considered, with
prescribed TZs located at Qr; = [£1.250, £1.621, £1.071],
and designed to achieve a return loss of RL = 20 dB. From
these specifications, the characteristic polynomials P(s), F(s),
and E(s) are computed, and the corresponding canonical CM
is obtained, as shown in (20) and (21), at the bottom of the next
page, together with their associated structural masks Sy and
Sw, and Sy in (22), as shown at the bottom of the next page,
for the reconfiguration process in (16). Note that, in this case,
the formulation in (18) is included to preserve the source and
load terminations, since the generalized transformation matrix
in (13) is employed to allow the modification of the source and
load frequency-dependent terms as explained in Section II-A.

The corresponding nodal network and its AW circuit imple-
mentation are illustrated in Fig. 7. The transformation matrix
Q, obtained from the optimization problem in Section III, and
reported in (22), is applied through the congruent mapping
in (14), yielding the target bandpass coupling matrices M]TSP
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Fig. 9. S-parameter response of the low-pass filter design example.

and W% shown in Fig. 8, which correspond to the nodal
representation of the synthesized network.

Also, in Fig. 7 the comparison between the S-parameters
obtained from the canonical CM and the one synthesized from
the reconfigured target topology is shown.

From the entries of the obtained W]T;P, the normalized
reactive elements of the network are systematically extracted
following the nodal interpretation described in Table I, and
the BVD elements are identified and transformed into their
equivalent circuit representation by applying the sequence of
transformations illustrated in Fig. 6.

The resulting element values are summarized in Table II,
obtained by a scaling operation [18] with f. = 4.2 GHz and
Zy = 50 Q. Finally, the resulting filter response in the real
frequency domain is shown in Fig. 9.

B. Bandpass Filter Design Example

A third-order bandpass AW ladder filter with a parallel
T-inductor branch has been synthesized. The filter operates
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TABLE I
EXTRACTED ELEMENTS FOR THE LPF

Element | L, mH) | Ca (pF) | Co (pF)

Resonator 1 | 10201 | 0.143 | 1543
Cs1, Cyp 2.051 pF  2.051 pF
Lg, Ly, 0.207 nH 1.315 nH

[ JE I 4
Se.AWR Sh.AWR Se. AWR

Fig. 10. Hybrid AW filter topology: target nodal topology and final circuit
implementation combining BVDs with lumped reactive elements.

in the frequency range of 3.0-4.2 GHz, corresponding to a
FBW of 33.8%. The transfer function is expressed in its dual-
polynomial form with a specified return loss of 14,dB, TZs
located at Qrz = [0,£1.32,£1.029,+0.71, £0.62], and RZs
located at Qgz = [+1 +0.57].

These specifications yield the canonical transversal CM
My,, and the corresponding frequency-dependent CM W,
shown in (23), at the bottom of the page, and (24), as shown
at the bottom of the next page, respectively.

The structural masks Swg,, and Sw,, are also included in
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Fig. 11. Bandpass CM of BPF target topology. (a) M%P. (b) WI%P.

It should be noted that, in order to enable the subsequent
association with the AW circuital model through the grouping
of frequency-dependent reactive elements (see Fig. 10), the
interstage capacitances of the network must cancel out with
the distributed contributions of the resonator nodes.

To achieve this, the model described in Section III must
be complemented with additional structural constraints. The
proposed methodology inherently allows the exploration of
alternative solutions that enforce such cancellations. In the
present case, this requires imposing that the combination of
the FVCs and the self-capacitances of nodes 4 and 7 vanish,
which is mathematically expressed as follows:

Cis, =WH@EH+ W2, H+ W@+ W45 =0

the same equations. Cis, =W, +W&T+W(1,9+W(E,7)=0. (26)
MOBP
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With these definitions in place, the optimization TABLE III
procedure is carried out, yielding the transformation  EXTRACTED AW PARAMETERS OF THE BVD EQUIVALENT BPF MODEL
matrix Q in (25), as shown at the bottom of the
page, which generates the target matrices shown Element | Lo mH) | Ca (0F) | Co (F)
in Fig. 11. Resonator 1 5.587 0.355 0513

The equivalent lumped elements are derived from the entries Resonator 2 32.898 0.086 0.829

. BP Resonator 3 5.702 0.333 0.636

of the bandpass frequency matrix Wy and subsequently
scaled in frequency with f, = 4.2 GHz and Z;, = 50 Q. LS?"};Z‘:”‘LQ ?gg EE[ %.t)%gn}]’_l; 0462 nH

Once the reactive elements are obtained, they are mapped onto
their equivalent AW representation through the transformation
illustrated in Fig. 6.

The extracted BVD parameters are summarized in Table III,
while the corresponding §-parameter responses of both the
reconfigured prototype and the final bandpass realization are
depicted in Fig. 12(a).

In addition, to evaluate the impact of the lumped elements
on the bandpass implementation, an additional circuit simula-
tion was performed by assigning finite quality factors to the
lumped components, Q; = 30 for the inductors and Q¢ = 100
for the capacitors. The resulting lossy response is also included
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Fig. 12. S-parameter response of the bandpass filter design example.

(a) Comparison between the synthesized canonical transversal CM and the
reconfigured target CM. (b) Bandpass frequency response of the AW topology
under ideal conditions and considering finite quality factors for the lumped
elements. (c) Monte Carlo analysis of the lumped-element tolerances, showing
the sensitivity of the proposed hybrid AW ladder.

in Fig. 12(b), where Sjjoss and Sjjoss are compared with
the ideal response. As expected, the finite quality factor of
the lumped elements mainly increases the in-band insertion
loss, while the overall filtering behavior and the prescribed
transmission-zero locations are preserved.

Furthermore, a Monte Carlo analysis is carried out to assess
the sensitivity of the proposed bandpass topology to practical
tolerances in the auxiliary lumped elements. In particular, the
elements L, Ly, and L, shown in Fig. 10 were randomly
perturbed assuming a Gaussian distribution with a maximum
variation of £5% around their nominal values. The resulting
response dispersion is shown in Fig. 12(c).

C. Bandstop Filter Design Example

The bandstop filter case design example will also serve as
the experimental validation benchmark. For this reason, the
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Fig. 14. Bandstop filter design example: nodal target network, AW circuit
implementation, and corresponding prototype domain S-parameter response
of canonical and reconfigured CM (target).

fabricated bandstop filter and its corresponding measurements
are presented and discussed in Section VI.

VI. EXPERIMENTAL VALIDATION AND MEASUREMENTS

Following the same synthesis procedure, let us define an
eighth-order dual-band transfer function symmetric around
the origin with the set of normalized TZs Qp; =
[£0.300, +0.477, 4+1.171, 0] rad/s and a prescribed return
loss of RL = 22 dB. The corner passbands are located at
fo1 = 2.95 GHz and f, = 4.45 GHz, resulting in a FBW of
approximately FBW = 41%. The characteristic polynomials
are computed using the Remez-like algorithm described in
[25], and their normalization constants € and €. are inter-
changed. The resulting canonical matrices My,,, and Wy,
are reported in (27) and (28), as shown at the bottom of the
next page. In this case, the inner transversal configuration is
adopted, and therefore the generalized transformation matrix
Q; introduced in (13) is employed together with the extended
cost function including the R term defined in (18). The
resulting transformation matrix Qpgs is reported in (29), as
shown at the bottom of page 12. Applying the congruent
mapping in (1) yields the target bandpass coupling matrices
MBP and WEP shown in Fig. 13, which define the nodal
representation of the synthesized BS network.

It is worth noting that, although the inner transversal con-
figuration is adopted in this case, the terms Wg;, Ws, and
W, remain fixed from their definition in the canonical matrix.
Consequently, as shown in Qg in (29), the structural form of
the transformation matrix still follows the diagonal structure
defined in (3). This property is independent of the particular
formulation of the cost function and therefore remains valid
regardless of the specific optimization framework employed.
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0 TABLE IV
BVD, AW, AND LUMPED PARAMETERS OF THE BAW-ASSISTED BSF
-20
2 Res. | BVD | AW | Lumped
E 40 La Ca Co Cstat fs ktz Ls1, Ls2 Lg
= (mH)  (PFH @ | pH MHz) (%) | (@0H) (nH)
75}
60 1 (SE) | 11.745 0.1187 1.0204 | 1.137 4261 12.7| 1.0299 1.6105
2 (SH) | 34.841 0.0859 0.7529|0.845 2900 12.4 - -
-80
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Fig. 15. S-parameter response of the bandstop filter design example.

The corresponding nodal topology, its AW circuit imple-
mentation, and the comparison between the canonical and
reconfigured responses are illustrated in Fig. 14. From the
entries of W]T3P, the normalized reactive elements are extracted

and subsequently scaled to the desired operating range using
fe = feo = 445GHz and Z; = 50Q. The resulting element
values are summarized in Table IV, while the final ideal filter
response in the real frequency domain is shown in Fig. 15.
From a structural standpoint, the adopted topology enables
a decoupling between the TZ distribution and the intrin-
sic resonances of the AW resonators, due to its balanced
parallel-connected branches. In this configuration, each res-
onator contributes one TZ, while the interaction between both
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Fig. 16. Top view of the BAW-assisted filter, with the flipped die mounted
on the laminate.

branches introduces an additional zero that is governed by the
filtering function rather than the individual resonances. The
fourth TZ arises from the combined effect of the grounding
inductor L, placed beneath the shunt resonator.

The fabricated prototype is implemented using BAW-SMR
technology based on scandium-doped AIN thin films, provid-
ing an effective electromechanical coupling factor of k> =~
12.5%. The two acoustic resonators are co-simulated and
integrated within a die of dimensions 750 x 550 um.

The auxiliary inductive elements L, Ly, and L, are
realized externally on the laminate, enabling the hybrid imple-
mentation of the synthesized topology. The physical realization
of the device is depicted in Fig. 16, which shows a top-view
image of the assembled structure after the die has been flipped
and mounted onto the laminate. The overall footprint of the
prototype, including the supporting laminate, is 3 x 2mm. It
should be noted that this area slightly exceeds the intrinsic size
of the proposed filter topology, as the same laminate platform
was shared with additional structures.

Fig. 17 compares the (S)-parameter responses obtained from
circuit-level synthesis, electromagnetic (EM) simulation, and
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Fig. 17. S-parameter response of the fabricated bandstop filter.

experimental measurements of the fabricated BAW-assisted
bandstop filter. In the circuit-level model, losses are introduced
through a modified BVD (mBVD) representation, where finite
quality factors are assigned to both the acoustic resonators and
the lumped elements. The good agreement among the three
responses validates the proposed synthesis and reconfiguration
methodology, confirming the consistency between the synthe-
sized circuit model and its EM and fabricated implementations.

From a performance perspective, the fabricated proto-
type achieves rejection levels ranging from approximately
15-26 dB across the stopband region. The observed dif-
ferences in insertion loss between the synthesized response
and the EM and measured results are mainly attributed to
additional losses introduced by the evaluation board and the
physical implementation, which are not captured in the ideal
circuit model. Furthermore, spurious effects associated with
the acoustic stack, such as parasitic modes introduced by the
Bragg reflector, contribute to a degradation of the insertion
loss, particularly at lower frequencies. Finally, it is important
to emphasize that the proposed hybrid AW/lumped-element
implementation is not intended to replace conventional ladder-
type AW filters when standard ladder configurations are
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sufficient. Rather, its main advantage lies in enlarging the
available synthesis space toward unconventional topologies
that can overcome some of the intrinsic limitations of purely
ladder-based networks. Hybrid topologies provide additional
degrees of freedom; for example, the ability of decoupling
the transmission-zero placement from the resonator coupling
coeflicient, thereby enabling wideband responses with moder-
ate (k,z) acoustic resonators.

This benefit comes at the cost of introducing auxiliary
lumped elements, whose finite quality factors and tolerances
may degrade the response. Moreover, such hybrid topolo-
gies can be more sensitive than ladder networks because
the stored energy is not as evenly distributed among the
different elements. Therefore, the proposed framework should
be understood as a topology-exploration and synthesis tool that
allows this tradeoff to be systematically evaluated, providing
access to hybrid AW topologies with enhanced bandwidth and
transmission-zero control while preserving compatibility with
BVD-based acoustic resonator implementations.

VII. CONCLUSION

A direct bandpass numerical CM reconfiguration method-
ology for the synthesis of unconventional wideband AW
filter topologies has been presented. By formulating the syn-
thesis problem directly in the bandpass domain through a
congruent transformation acting on the canonical coupling
and frequency matrices, the proposed approach enables the
systematic exploration and synthesis of nonclassical filtering
structures without the need to delve into analytical synthesis
steps. The method provides a unified framework capable of
synthesizing low-pass, high-pass, bandstop, and bandpass AW
topologies starting from a prescribed filtering function, while
remaining compatible with hybrid implementations combining
BVD resonators and auxiliary lumped elements.

The practical validity of the proposed approach has been
demonstrated through the design, fabrication, and mea-
surement of an unconventional BAW-SMR bandstop filter
operating between 2.95 and 4.45 GHz, corresponding to a
FBW of approximately 41%. The measured results exhibit
rejection levels ranging from 15 to 26 dB, with good agree-
ment with circuit and EM simulation, confirming the capability
of the proposed methodology to accurately translate the
synthesized response into a physical implementation. These
results highlight the potential of the proposed framework
for the realization of wideband AW filters with enhanced
flexibility in topology exploration. Future work will focus on
the extension of the methodology to higher order networks
and multiport AW filtering structures.
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