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This paper presents three design methods for acoustic wave (AW) filters: the direct conversion design method, the slope
parameter method, and the band edge fitting method (BEFM). Since the conventional BVD model consists only of lumped
elements and has accuracy only near the resonance frequency, an NM-BVD model capable of broadband modeling is proposed
in this paper and used to design the filter. In the proposed BEFM, a systematically optimal filter method is used to design the
AW filter, and each AW resonator is tuned to the filter prototype value to meet the desired specifications. Thus, the filter
design time and the number of resonators can be efficiently improved, and the filter design time can be reduced compared
with the direct conversion and slope parameter methods commonly used in filter design. To demonstrate the effectiveness of
these design methods, the proposed methods were used to design and fabricate an N41 filter using scandium-doped aluminum
nitride (ScAlN) resonators. The broadband capabilities of the filter were verified using BEFM. The design, fabrication, and
measurement of a broadband filter that meets the requirements of the 5G N41 frequency band centered at 2.593GHz with a
bandwidth of 196MHz have verified the filter fabricated using the proposed design method. The insertion loss is less than
-3 dB in the target band and more than 30 dB out of band. In summary, the proposed BEFM provides an efficient and accurate
method for designing AW filters.

1. Introduction

The acoustic wave (AW) resonators find wide application in
analog communications as RF filters, especially in RF front-
end systems and cellular phones. The importance of AW
resonators has grown due to their essential performance
requirements for analog filters: low insertion loss, small size,
and excellent selectivity. Synthesizing AW filters using AW
resonators has been achieved through several methods
[1–5]. Typically, in ladder-type AW filters [6–11], the reso-
nant frequency of the series resonator and the antiresonant
frequency of the parallel resonator are adjusted to align with
the desired bandwidth’s center frequency.

In ladder-type AW filters, the series resonator generates
a resonant frequency within the passband of the filter. The
antiresonant frequency of the parallel resonator is used to
attenuate signals within the passband. The filter can achieve

accurate filtering and high selectivity of signals within the
desired frequency range by adjusting these frequencies to
be close to the center frequency of the desired bandwidth.
However, these methods are not effective in determining
the minimum number of AW resonators necessary to
achieve the desired attenuation response.

Chebyshev and elliptic filters can be created through the
use of RLC resonators in order to attain optimal perfor-
mance. The corresponding generalized filter functions are
utilized to calculate the coefficients of both the numerator
and denominator of the transfer function. Using the general-
ized filter functions, the coefficients of the numerator and
denominator polynomials of the transfer function can also
be calculated to synthesize Chebyshev and elliptic filters with
RLC resonators [12, 13]. The problem of obtaining the poles
and zeros in the complex plane is solved by the roots of the
numerator and denominator. The pole-zero distribution
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resulting from this process is used to synthesize and assess
the filter’s frequency response. There are two additional fac-
tors to consider when designing an AW filter. Firstly, the
circuit topology must incorporate the fewest resonators possi-
ble. Secondly, the characteristics of every AW resonator
require careful consideration.While certain synthesis methods
[12–14] for Chebyshev/elliptic filters advocate for using the
minimum number of resonators, the resulting parameter
values may not be practical for real-world applications. For
instance, the method could have inductance values up to
200nH or capacitance values that are too low for the filter
structure. It could also present challenges in filter fabrication
when each resonator has a distinct coupling coefficient. While
the impedance inverter method [15] provides a theoretical
design approach, it is limited by the band response of the neg-
ative capacitance.

Therefore, a hybrid approach using transmission lines
based on a coupling matrix [16] is used to design the
BAW resonator, which has a limited coupling coefficient.
In addition, the out-of-band and insertion loss results are
not satisfactory despite using a 3rd-order filter design.

Three different AW filter design methods, namely, the
direct conversion method, the slope parameter method,
and the proposed band edge fitting method (BEFM), are
presented in this paper. While these methods have been used
previously for LC filter design, the proposed BEFM approach
has been shown to be particularly effective in the design of
the N41 wideband filter. As one of the key LTE bands, also
included in the latest 5G NR standards, the N41 frequency
band, which has been extensively studied [17], is of significant
importance. In particular, the N41 band operates in close
proximity to the Wi-Fi band (2400MHz-2483MHz). This
requires the use of a highly selective filter to effectively meet
the stringent coexistence requirements [18]. The N41 filter is
broadband, and the design can only consist of AW resonators.
Therefore, verification of the filter design is well suited for
demonstration.

We also propose the newly modified Butterworth-Van
Dyke (NM-BVD) model for accurate design in broadband.
The proposed BEFM for 196MHz bandwidth is applied to
design the N41 filter. Through the fabrication results of the
N41 filter, it is found that the proposed design method
shows good performance with the minimum number of res-
onators while reducing the optimization time.

2. NM-BVD Model

A modified Butterworth-Van Dyke (mBVD) model of the
AW resonator is commonly used to validate the electrical
performance of the AW resonator [19]. The reactive ele-
ments of CP, Cm, and Lm describe the basic model of the
AW resonator, while the three resistors of Rs, Rp, and Rm

model the electrical losses, perimeter losses, and bulk losses,
as shown in Figure 1. However, the conventional mBVD
model is limited in its ability to accurately predict the
magnitude of electrical properties only in the vicinity of
the resonant and antiresonant frequency ranges. This is
due to the use of lumped elements. However, for frequencies
outside these ranges, phase discrepancies with actual mea-

surement results may occur. To overcome this limitation, we
propose a new modified Butterworth-Van Dyke (NM-BVD)
model. This model provides improved simulation accuracy
for broadband applications. In the NM-BVD model, electrical
lengths are added to improve the accuracy of the filter design.
They reduce out-of-resonance band errors and lead to
improvements in phase differences.

The fabricated SnP model and the NM-BVD model
structure of the conventional BVD model with electrical
lengths are shown in Figures 1(a) and 1(b). The comparative
simulation results of the measured resonator, the conven-
tional BVD model, and the proposed BVD model are shown
in Figures 2(a) and 2(b). The measured series resonator has a
resonant frequency of 2.653GHz and an antiresonant fre-
quency of 2.771GHz, using a 12% coupling coefficient
(Rs = 0 52Ω, Rp = 0 22Ω, and Rm = 0 146Ω). While the
magnitude comparison results are similar to the measurement
result, the phase results show differences in the electrical char-
acteristics at deviations from the resonance frequency in the
case of the conventional model. The comparison results show
that the proposed NM-BVD model improves the phase
performance by more than 1.3 within the 2-3GHz band. This
means that the difference between the designed circuit and the
fabricated circuit increases when only the conventional BVD
model with only lumped parameters is used for filter design.

In particular, the electrical properties of the NM-BVD
model are similar to those of the conventional BVD model
near the resonant frequency band, since the lumped ele-
ments are targeted only near the resonant frequency and
antiresonant frequency regions. However, in other frequency
bands, the differences between the two models can become
significant. This can lead to significant differences in the
design of broadband filters. Therefore, the NM-BVD model
is an accurate model for circuit simulation that combines
lumped and distributed elements. It helps reduce errors
not only in the passband but also in the attenuation band.

3. Design Methods

Previous studies [6–11] have used a ladder-type network
with an in-line topology to synthesize acoustic wave filters,
as shown in Figure 3. In this design approach, the resonant
frequency of the series resonator and the antiresonant fre-
quency of the shunt resonator are usually designed to match
the center frequency of the target band. However, it can be
difficult to implement the minimum number of resonators
required to meet the design specifications using this method.
In addition, optimizing the performance of the filter to meet
the design specifications can be time-consuming compared
to a systematic design approach. Therefore, three types of
methods are proposed in this chapter for a systematic
approach to filter design: the direct conversion method, the
slope parameter method, and the band edge fitting method.

3.1. Direct Conversion Method. The term “low-pass filter” is
generally used to describe a filter in which the element values
are normalized so that the source resistance or conductance
is equal to one (g0 = 1) and the cutoff angular frequency is
normalized to unity (ωc = 1 rad/s). This definition is relevant
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to RF and microwave filter design techniques. Many practi-
cal filter designs involve transformations of frequency and
elements. This chapter uses this notion of a low-pass filter,
as shown in Figure 3(a).

The low-pass prototype response is transformed into a
band-pass response using a frequency-mapping function,
and the lumped elements of the AW resonator are converted
from the low-pass prototype, which is the direct conversion
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Figure 1: (a) Fabricated data symbol (SnP). (b) Proposed NM-BVD model of AW.

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0
–50

–40

–30

–20

–10

0
S-

pa
ra

m
et

er
 (d

B)

Frequency (GHz)

Measured S11
Measured S21
Proposed S11

Proposed S21
Conventional S11
Conventional S21

(a)

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0
–80
–70
–60
–50
–40
–30
–20
–10

0
10
20
30
40
50
60
70
80

Ph
as

e (
°)

Ph
as

e (
°)

Frequency (GHz)

Measured phase
Proposed phase
Conventional phase

2.7 2.8 2.9 3.0
–35

–30

–25

–20

Freq (GHz)

(b)

Figure 2: Comparison results between measurement and modeling: (a) magnitude and (b) phase response.
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method [20, 21], as shown in Figure 3(b). The resonant and
antiresonant frequencies of each resonator are determined
based on the lossless resonators. The reactance component
of the series resonator is defined by the parameters of the
equivalent resonant circuit described in

Zin = jXs = j
ω2LmsCms − 1

ωCms − ωCTs ω
2LmsCms − 1

1

The resonant frequency of the series arm is an angular
resonant frequency (ωrs) at which the reactance term is zero,
while the antiresonant frequency of the series arm is an
angular antiresonant frequency (ωars) at which the reactance
term is infinite as

ω2
rs =

1
LmsCms

,

f rs =
1

2π LmsCms
,

2
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Figure 3: AW filter design using 1 port resonator and mapping function method: (a) low-pass filter structure; (b) band-pass filter direct
conversion structure; (c) band-pass filter to AW filter conversion structure with mapping function.
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Figure 4: Simulation results of the N41 filter using direct conversion method.

Table 1: Parameter values of direct conversion method for N41
filter.

Resonators Lm (nH) Cm (pF) CT (pF)

P1 = P7 0.19 52007.68 19.37

P3 = P5 0.109 92320.13 34.387

S2 = S4 58.34 0.065 0.0046

S3 64.51 0.058 0.004
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ω2
ars = ω2

rs 1 +
Cms
CTs

,

f ars = f rs 1 +
Cms
CTs

3

The susceptance part of the parallel resonator is also
defined as follows:

Y in = jBp = j
ωCTp ω2LmpCmp − 1 − ωCmp

ω2LmpCmp − 1
4

The resonant frequency of the parallel resonator is an
angular resonant frequency (ωrp) at which the susceptance
term is zero, while the antiresonant frequency of the parallel
arm is an angular antiresonant frequency (ωarp) as

ω2
rp =

1
LmpCmp

,

f rp =
1

2π LmpCmp
,

5

ω2
arp = ω2

rp 1 +
Cmp

CTp
,

f arp = f rp 1 +
Cmp

CTp

6

The center frequency of the desired band is used to
determine the resonant frequency of the series arm and the
antiresonant frequency of the parallel arm, which together
form the band-pass filter. The AW filter is also transformed
from a low-pass filter to a band-pass filter using a frequency-
mapping function similar to that used for conventional fil-
ters. The frequency-mapping functions for the series and
parallel resonators are expressed as follows:

ω′
ω′1

=
ω2 − ω2

rs
ω ω2

ars − ω2 ·
ω2 ω2

ars − ω2
2

ω2
2 − ω2

rs
, 7

ω′
ω′1

=
ω ω2 − ω2

arp

ω2 − ω2
rp

·
ω2
rp − ω2

1

ω1 ω2
1 − ω2

arp

8

These equations are for mapping the low-pass prototype
filter response to the corresponding band-pass filter
response. ω′ and ω′1 are for the prototype filter responses
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Figure 5: Simulation results of the N41 filter using slope parameter method.

Table 2: Parameter values of slope parameter method for N41 filter.

Resonators Lm (nH) Cm (pF) CT (pF)

P1 = P7 22.4 0.183 2.088

P3 = P5 10.01 0.409 4.67

S2 = S4 57.34 0.065 0.733

S3 66.87 0.056 0.628
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in [22]. Applying the mapping functions (7) and (8), the
band-pass filter is obtained as shown in Figure 3. Thus, the
parameter values of the series and parallel equivalent circuit
models are given by the following equations:

CTs =
ω2 − ω2

rs
ω2 ω2

ars − ω2
2 giZ0

,

Cms = CTs
ω2
ars
ω2
rs

− 1 ,

Lms =
1

Cmsω
2
rs
,

9

CTp =
ω2
rp − ω2

1 gi

ω1 ω2
1 − ω2

arp Z0

,

Cmp = CTp
ω2
arp

ω2
rp

− 1 ,

Lmp =
1

Cmpω
2
arp

10

Z0 is the port impedance, typically 50 ohms. The gi are
the prototype filter element values from [22].
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Figure 6: Band edge fitting method: (a) fitting method for series resonator and (b) fitting method for parallel resonator with or without
inductor.
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In general, as shown in Figure 3(c), a ladder-type filter
typically uses a series and parallel arrangement of AW reso-
nators to achieve a desired frequency response. By combining
the resonant and antiresonant frequencies of each series and
parallel resonator, it is possible to achieve the passband and
attenuation in the stop band. The elliptic prototype value
was not used in this study. The addition of a shunt inductor
was sufficient to achieve the desired band response. The sim-
ulation results of the N41 filter with a BW of 2.496-2.69GHz
using the direct conversion method are shown in Figure 4.
The simulation results show that the return loss is 16.4dB. This
is in good agreement with the Chebyshev return loss at 0.1 dB
ripple. Based on the parallel resonator of the ladder structure,
the parameter values of Figure 4 are shown in Table 1. How-
ever, some of the parameter values are too high or too low,
so it is difficult to implement the acoustic wave resonator.

3.2. Slope Parameter for Narrow Bandwidth. In this section,
the slope parameter method is used to design AW filters.
In practice, narrowband filters usually approximate the reac-
tances or susceptances of lumped resonators only near the
resonance frequency. To obtain the reactance/susceptance
and the reactance/susceptance slope of the AW resonator,
the corresponding lumped resonator values are transformed
from the low-pass prototype values at the center frequency
of the target band. These two quantities, called the reactance
slope parameter and susceptance slope parameter, respec-
tively, are referred to [20]. The reactance slope parameter
for resonators with zero reactance at the center frequency ω0
is defined as (10), where gk is the generic term for the low-
pass prototype elements in the element transformation [20].
The resonator reactances using (1) in the AW equivalent cir-
cuit, when ω is ωs, are determined by the slope parameter
equation as follows:

dXin
dω ω=ω0

=
2gkZ0
ϖω0

, whereϖ =
ω2 − ω1

ω0
, 11

dXin
dω ω=ωs

= −
2

ω2
s Cs + Cp ωs/ωp

2 − 1 12

In the dual case, the susceptance slope parameter for reso-
nators is made equal to its corresponding value for the parallel
lumped resonator, at ω = ω0, by

dBin
dω ω=ω0

=
2gk

ϖω0Z0
, whereϖ =

ω2 − ω1
ω0

13

The susceptance value of the AW resonator using (4) is
determined by equating the slope parameters as

dBin
dω ω=ωp

=
2 Cs + Cp

ωp/ωs
2 − 1

14

The AW resonator resonant and antiresonant frequencies
are calculated to position the series resonator resonant fre-
quency and the parallel resonator antiresonant frequency near
the center frequency of the desired passband. In practice, slope
parameters are often used to approximate the reactances and
susceptances of the AW equivalent circuit around the reso-
nant frequencies ωs and ωp.

The slope parameter method is a dependable design
approach that ensures a precise match for the parallel antire-
sonant and series resonant frequencies. The results in
Figure 5 display the fit starting from the parallel resonator
in the 7th-order filter. Table 2 confirms that the assigned
parameter values for each resonator are well suited for their
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Figure 7: (a) Fitting method for series resonator. (b) Simulation results of before and after optimization using proposed method.
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implementation. However, the use of a 12% coupling coeffi-
cient for the N41 filter in Figure 5 creates a narrower band-
width than specified. This result, which is solely from the
design calculation process and does not involve optimization,
is best suited for narrow bandwidths of approximately less than
60MHz compared to the target band. The slope parameter
method is generally appropriate for such narrow bandwidths.

3.3. Band Edge Fitting Method for Wide Band. The slope
parameter method is effective for narrowband filters but
has limitations regarding broadband filters. To widen the
target bandwidth, it is essential to adjust the normalized
reactance or susceptance value to the filter prototype value,
gk, instead of modifying the slope of the reactance curve,
as explained in

Im Z12
Z0 ω=ω2

=
ω2LsCs − 1

ωCs − ωCp ω2LsCs − 1
1
Z0

ω=ω2

= gk,

15

Im Z12
Z0 ω=ω0

≈ 0 16

The normalized reactance of the series resonator, Im
z12 , often has a sharp slope close to the band edge fre-
quency at ω2, as shown in Figure 6(a). On the other hand,
in the dual case, the normalized susceptance of the parallel
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Figure 8: Insertion loss graphs of before and after optimization in Figure 7: (a) before optimization results and (b) after optimization results
of S11 and S21.

Table 3: Optimized NM-BVD parameters for a N41 AW filter
using band edge fitting method.

NM-BVD elements Lm (nH) Cm (pF) CT (pF)

P1 51.57 0.08 0.91

P2 28.04 0.146 1.672

P3 29.22 0.14 1.62

P41 = P42 88.09 0.04 0.297

S11 = S12 23.17 0.159 1.76

S21 = S22 19.28 0.194 2.24

S31 = S32 22.42 0.165 1.792
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resonator, Im y11 , forms the slope close to the band edge
frequency at ω1, leading to

Im Y11
Y0 ω=ω1

=
ωCTp ω2LmCm − 1 − ωCm

ω2LmCm − 1
1
Y0

ω=ω1

= −gk,

17

Im Y11
Y0 ω=ω0

≈ 0 18

In the series resonator, the electrical response slope
undergoes a gradual change at a lower frequency than
ω2. The parallel resonator works similarly to the dual case.
Thus, the value of the reactance or susceptance is set to
zero as much as possible when ω is ω0, as expressed in
(16) and (18). However, due to the difference in slope,
the center frequency for the reactance or susceptance value
will be slightly different from zero. In general, given the
target band, the coupling coefficient of the AW resonator
is expressed by the following equation [23, 24].

k2eff =
πf s
2f p

cot
πf s
2f p

, 19

which is directly related to the frequency separation
between the resonant frequency and the antiresonant
frequency.

4. Design of N41 AW Filter

To showcase the efficacy of the proposed band edge fitting
method (BEFM) in designing AW filters, this section pre-
sents an instance of its implementation for a N41 band spec-
ification (2.496-2.69GHz). The center frequency is set to
2.593GHz. First, the BAW resonator was modeled using
the proposed NM-BVD model. To achieve the target band-

width of 194MHz, a BAW resonator with a coupling
coefficient of 12% was designed using BEFM. To meet the
attenuation specifications, a 7th-order filter with prototype
values that matched the Chebyshev response at 0.01 dB rip-
ple was required.

The Chebyshev response values were g1 = g7 = 0 7969,
g2 = g6 = 1 3924, g3 = g5 = 1 7481, and g4 = 1 6331. When
designing the filter using parallel resonators, the susceptance
value of the first parallel resonator was adjusted to g1 as
explained in Section 5. The reactance value of the second
series resonator was then adjusted to be close to ±1.3924 at
the higher cutoff frequency of the N41 filter, as shown in
Figure 6(a). However, the third parallel resonator’s suscep-
tance value did not fit well to ±1.7481. Therefore, a shunt
inductor was added to the parallel resonator. The normalized
susceptance value of the lower frequency in the band edge was
well matched to ±1.7481, as shown in Figure 6(b). The added
shunt inductor (0.85nH) not only helped to fit the prototype
value but also set the transmission zero (TZ) for the target
specifications.

The 7th-order resonators of the N41 filter were modeled
using the Chebyshev prototype, and the first results of the
multiresonator modeling are shown in Figures 7 and 8.
The design method used is based on BEFM. Although the
modeling results need improvement in terms of insertion
loss, the simulation results show a good attenuation
response. By using BEFM, filter designers can apply an accu-
rate design method that reduces the time required for simu-
lation and optimization. Tables 3 and 4 show the optimized
NM-BVD parameter values for the N41 filter.

5. Fabrication and Measurement Results

To validate the effectiveness of the proposed filter design
method, the N41 filter was fabricated and tested. Figures 9(a)
and 9(b) show the chip image of the fabricated N41 filter
and the filter mounted on an FR6 printed circuit board
(PCB) with a dielectric constant of 2.46, respectively. A

Table 4: External inductance values for a N41 AW filter using band edge fitting method.

L1 (nH) L2 (nH) L3 (nH) L4 (nH)

External 0.69 0.78 0.53 2.74

700 um

90
0 

um

(a) (b)

Figure 9: (a) Footprint and top view image of N41 filter chip. (b) Fabricated chip on the PCB using SMA connector.
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scandium-doped aluminum nitride (ScAlN) resonator with a
coupling coefficient of 12% supplied byWisol Inc. The Sc con-
tent is 12%, the piezo thickness is 600nm, and the thickness of
the top and bottom electrodes is 209–265nm. The filter layout
was designed with a size of 900 × 700μm2. SMA connectors
were soldered to the PCB substrate to allow measurement of
the fabricated chip.

Resonators were fabricated using 6-inch high-resistivity
silicon (HRS) to achieve the target frequencies of the series
and shunt resonators with low loss and high attenuation.
The results of the fabricated N41 filter are shown in
Figure 10, which shows that the attenuation is less than
30 dB except in the passband, and the attenuation results
are greater than 40 dB in the 2.3–2.473GHz range.

6. Conclusion

In this paper, we present three design methods for acoustic
wave (AW) filters, namely, the direct conversion method,
the slope parameter method, and the band edge fitting
method (BEFM). Additionally, we propose a newly modified
Butterworth-Van Dyke (NM-BVD) model for the equivalent
circuit by modifying the conventional BVD model to match
the resonator measurement. This equivalent circuit is then
employed for the circuit design. The direct conversion
method and the slope parameter technique are widely recog-
nized as effective filter design methods, but they have limita-
tions in achieving practical, implementable inductance or
capacitance values and in achieving a broadband design.

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
–70

–60

–50

–40

–30

–20

–10

0

S-
pa

ra
m

et
er

 (d
B)

Frequency (GHz)

dB_S11
dB_S21

2.4 2.5 2.6 2.7 2.8
–5
–4
–3
–2
–1

0

S-
pa

ra
m

 (d
B)

Freq (GHz)

(a)

1.0 1.5 2.0 2.5 3.0 3.5 4.0
–80

–70

–60

–50

–40

–30

–20

–10

0

S-
pa

ra
m

et
er

 (d
B)

Frequency (GHz)

dB (S11)_simulation
dB (S21)_simulation

dB (S11)_measurement
dB (S21)_measurement

(b)

Figure 10: (a) Fabricated results of the proposed N41 filter. (b) Comparison results of simulation and measurement.

10 International Journal of RF and Microwave Computer-Aided Engineering



The BEFM is proposed as a promising alternative to these
methods. The proposed BEFM matches filter prototype
values to meet specific requirements, leading to enhanced
efficiency in the time required for filter design and a
decreased need for resonators. An N41 filter was specifically
designed and fabricated using scandium-doped aluminum
nitride (ScAlN) resonators. To establish its effectiveness,
the filter’s broadband capabilities were verified via the
BEFM. The filter manufactured by utilizing the recom-
mended approach effectively fulfilled the specifications of
the 5G N41 frequency band, positioned at 2.593GHz with
a bandwidth of 196MHz. The filter showed an insertion loss
of under -2.1 dB within the specified frequency range and
over 30 dB out-of-band attenuation. The BEFM offers an
effective and precise approach for designing acoustic wave
(AW) filters. Its effectiveness is demonstrated through the
design, fabrication, and measurement of a wideband filter
for the 5G N41 frequency band.
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