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Abstract— To integrate the ladder-type surface acoustic wave
(SAW) filters of different frequency bands on a monolithic
substrate and improve skirt steepness, a new approach of
selectively adjusting the electromechanical coupling coefficient
(k2

t ) of built-in resonators without reducing their Q values is
investigated. Based on the X-cut LiNbO3/SiO2/SiC (LNOSiC)
substrate, the in-plane orientations (θ) of the SAW resonators are
adjusted to obtain the desired k2

t , while long dummy electrodes
are applied to suppress the transverse leakage of the acoustic
field to maintain a high Q value. For resonators with in-plane
orientations (θ) from 0◦ to 42◦, the range of k2

t is continuously
adjustable from 31% to 5%, while the measured maximum Bode-
Q values are maintained around 1800. By presetting the in-plane
orientations of resonators, the n25, n66, n40, 2.4 GHz Wi-Fi,
n41, and n78 filters with FBW from 3.7% to 12.4% and out-
of-band rejection over 35 dB were demonstrated. On the other
hand, to meet the high requirements of steep skirts, the k2

t of
specific resonators in n41 and 2.4 GHz Wi-Fi filters are selectively
reduced. Among a set of n41 filters of different designs, the
one with steeper skirts has a shunt resonator with an in-plane
orientation of 39◦ and a corresponding k2

t of 7.5%. While the
rest of the resonators have a uniform in-plane orientation of
27◦ with k2

t of 18%. The filter demonstrates a 3-dB passband
from 2496 to 2685 MHz, a minimal insertion loss (IL) of 1.29 dB,
and reaches 16 dB rejection at 2483 MHz, which is the edge of
the 2.4 GHz Wi-Fi band. The fabricated 2.4 GHz Wi-Fi filter
demonstrates a 3-dB passband of 2388–2482 MHz, a minimum
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IL of 1.32 dB, and achieves 30 dB rejection at 2496 MHz on the
edge of the n41.

Index Terms— Bandwidth, electromechanical coupling coef-
ficient, in-plane orientation, ladder-type filter, monolithic sub-
strate, Q value, skirts steepness, surface acoustic wave (SAW).

I. INTRODUCTION

ACOUSTIC filters are widely used in the radio frequency
(RF) front end for frequency selection and interference

suppression. With the rapid development of wireless commu-
nication, the Internet of Things (IoT), and so on, the number
of frequency bands in RF front-end modules for mobile com-
munication systems is increasing. In the 5G era, Sub-4 GHz
is characterized by multiple bands with varying bandwidths
and very narrow gaps between the operating frequency bands.
Especially, the frequency gap between the n41 spectrum
(2496–2690 MHz) and the 2.4 GHz Wi-Fi spectrum (2400–
2483 MHz) is only 13 MHz. Thanks to the superb advantages
of miniature size, low cost, lithography-defined frequency,
and steady performance, surface acoustic wave (SAW) devices
dominate the sub-3.5 GHz RF filter market [1], [2], [3], [4],
[5], [6], [7]. For applications within the increasingly crowded
frequency bands of mobile communication systems, advanced
SAW filters must not only feature steep skirts with low loss
in the passband and the rejection in the adjacent bands, but
also maintain wideband rejection [8], [9].

Acoustic filters consist of acoustic resonators cascaded in a
certain topology. Ladder-type filter topology is widely applied
due to its simple structure, low in-band loss, and good out-of-
band rejection [9], [10]. The common understanding of ladder
filters suggests that a certain minimum electromechanical
coupling coefficient (k2

t ) for resonators is necessary to meet the
bandwidth and return-loss specifications for a given band [10],
[11], [12]. The k2

t of resonators is greatly determined by
the piezoelectric material platform. The bandwidth of sub-
4 GHz frequency bands varies widely, from 0.4% (n71) to
14% (n78). Accordingly, filters for these bands are based on
multiple material platforms with different specifications, such
as SiO2/Cu/128◦ YX LiNbO3 (LN) [13], SiO2/Cu/42◦ YX
LiTaO3 (LT) [14], 50◦ YX LT/SiO2/Si [4], X-cut LN/SiC [12],
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Fig. 1. Simulated propagation loss at the resonance frequency as a function
of the Euler angle (a) β in (0◦, β◦, 0◦) LN and (b) θ in (θ◦, 90◦, 90◦).

32◦ YX LN/SiO2/poly-Si/Si [15], AlScN FBAR substrate [16].
If multiple band filters can be fabricated on a single piezoelec-
tric material platform, the number of piezoelectric material
platforms will be significantly reduced, along with the cost of
the RF front end.

Furthermore, to improve filter skirt steepness, early designs
are based on intrinsic low k2

t resonators. The drawback of this
technique is that the coupling capabilities of all the resonators
are degraded, leading to poor out-of-band rejection [17],
[18]. Additionally, external electrical elements are needed to
meet the bandwidth requirement sometimes. In some cases,
reducing k2

t on only a subset of resonators in the ladder
structure will be more advantageous. Because it allows the
skirt steepness of the filter to be improved substantially with
minimized compromise on other feature parameters [17]. This
method of increasing skirt steepness raises the question of how
to adjust the k2

t of certain resonators in a ladder filter without
affecting other properties of those resonators (e.g., Q value).

In recent years, SAW devices based on thin piezoelectric
plates [e.g., LiTaO3 (LT) or LiNbO3 (LN)] bonded on hetero-
geneous substrates have made many exciting breakthroughs,
attracting great research interest as an alternative to bulk
crystal substrates [2], [7], [15], [19], [20], [21], [22], [23],
[24], [25]. Due to the waveguide effects, SAW devices based
on piezoelectric heterogeneous substrates break the limitation
of conventional bulk materials, on which devices can only
achieve low losses in specific cut angles and in-plane orien-
tation [14], [26]. Among them, SH-SAW devices based on
the LN/SiO2/high-velocity substrate (e.g., SiC or Si) material
platform have achieved remarkable performance such as large
k2

t , low loss, and controllable temperature coefficients of fre-
quency (TCF) [15], [22], [23], [24], [25], [27], [28]. Compared
with the bulk acoustic wave (BAW) filter, SAW filters are
more competitive in concurrently addressing various bands,
as they capitalize on nothing but tuning interdigital transducers
(IDTs) period to define the frequency [12]. Achieving flexible
tunability of k2

t of SAW resonators is the remaining bottleneck
for realizing the monolithic integration of multiband filters

and improving skirts steepness. However, current methods of
adjusting the k2

t require integration with external electrical
elements (such as capacitive or inductive), which results in
enlarged losses as well as footprints [29], [30].

In this work, based on the X-cut LiNbO3/SiO2/SiC
(LNOSiC) substrate, a new approach to tune the k2

t of built-in
resonators in filters by adjusting their in-plane orientations is
investigated. The electrode structure is optimized to adjust
the k2

t without increasing loss. By presetting the in-plane
orientations of resonators to obtain the desired k2

t , low-loss
filters for multiple frequency bands, including n25, n66, n40,
2.4 GHz Wi-Fi, n41, and n78 have been demonstrated. The
fabricated filters exhibit FBW from 3.7% to 12.4% and out-
of-band rejection over 35 dB. Furthermore, by selectively
reducing the k2

t of specific resonators in ladder-type filters,
a set of n41 filters are designed, fabricated, and compared.
The optimized n41 filter shows an improved skirt steepness
and achieves coexistence with the 2.4 GHz Wi-Fi filter.

II. FUNDAMENTAL DESIGN AND ANALYSIS

A. Selection of Piezoelectric Heterogeneous Substrate

Meeting the bandwidth and skirt steepness requirements of
filters with different frequency bands on a single piezoelectric
material platform raises a problem. The problem is how to
adjust the k2

t of resonators in a ladder filter without affecting
other properties of these resonators. As the in-plane anisotropy
of piezoelectric material, the k2

t of resonators can be adjusted
by simply altering their in-plane orientations [12]. First, the
finite element simulation is conducted using periodic 3-D mod-
els to calculate the propagating loss of acoustic waves. The
simulated attenuations at the resonant frequency of two SAW
structures are presented in Fig. 1. The LN thickness and elec-
trode period of both structures are set to 330 nm and 1.6 µm,
respectively. The thickness of the SiO2 layer is set to 500 nm.
The estimated losses are only associated with the leakage into
the substrate, and other loss mechanisms (electrode resistance,
transverse leakage, etc.) are ignored [31]. In the case of
normal SAW on bulk LN substrate, the attenuation changes
dramatically with the variation of the LN cut angle and in-
plane orientation, with low losses being achieved only in
a specific range. For the case of the LNOSiC piezoelectric
heterogeneous substrate, the attenuation maintains lower than
1 × 10−9 dB/λ . This indicates that for the SH-SAW resonator
based on the LiNbO3/SiO2/high-velocity substrate, acoustic
leakage is negligible in any in-plane orientation and cut angle.
These results demonstrate that the SH-SAW devices based on
the LN heterostructure have the potential to adjust their k2

t by
altering their in-plane orientation without increasing the loss.

Our previous work has reported high-performance SH-SAW
resonators and filters based on the X-cut LN/SiC substrate [6],
[20]. However, the resonators based on this substrate can
only achieve Rayleigh-SAW suppression under specific in-
plane orientations. Deviation from this direction results in an
apparent Rayleigh-SAW response between resonant frequency
and anti-resonant frequency of SH-SAW [see Fig. 2(b)], which
affects the passband performance of the filter. In contrast,
the introduction of the 500 nm SiO2 layer can shift the
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Fig. 2. Simulated harmonic admittance curves of SH-SAW with different
in-plane orientations on (a) 330 nm X-cut LN/SiO2/SiC, (b) 330 nm X-cut
LN/SiC, and (c) 330 nm 42◦ cut Y-LN/SiO2/SiC substrate.

Fig. 3. (a) Schematic of an SH-SAW resonator using the thin-film
LN/SiO2/substrate structure. (b) Simulated k2

t based on X-cut LN/SiO2/SiC
substrate with different in-plane orientations.

Rayleigh-SAW response below the resonant frequency of
SH-SAW and a significant reduction in the magnitude of
the Rayleigh-SAW response can be achieved [see Fig. 2(a)].
Y-cut X propagation LN thin films have also been exten-
sively studied. SH-SAW splitting can be observed in the
resonators based on Y-cut LN thin film. This can be inter-
preted by the presence of piezoelectric coefficient e36 [see
Fig. 2(c)] when the propagating direction changes. Therefore,
X-cut LN/SiO2/high-velocity substrate-based resonators are
preferable for coupling coefficient adjustment via altering the
in-plane orientation.

B. Method to Adjust k2
t of Resonator

The schematic of a one-port SH-SAW resonator based on
an X-cut LN/SiO2/high-velocity substrate structure is shown in
Fig. 3(a). The resonator consists of IDTs on top of the LN thin
film, solidly mounted on the SiO2 and high-velocity substrate.
Two grating reflectors are placed at both ends of IDTs. The
in-plane anisotropy of the SH-SAW is analyzed under peri-
odic grating using the periodic model. Fig. 3(b) presents the
simulated k2

t with varying in-plane orientation based on X-cut
LNOSiC substrate. The thickness of the LiNbO3, SiO2, and Al
electrodes layer is set to 330, 500, and 130 nm, respectively,
and the λ is set to 1.6 µm. Benefitted from the strong in-plane
anisotropy of LN, the k2

t can be tuned from 0 to nearly
40% by altering in-plane orientation. This offers substantial
design freedom, facilitating monolithic integration of filters
with different bandwidths. At the same time, it permits the
design of ladder filters with steeper passband edge by reducing
k2

t only on a subset of resonators in the ladder.
In conventional filter design, the most common method

of adjusting the k2
t of resonators includes placing capacitive

Fig. 4. Methods to adjust k2
t of a resonator (a) attach a parallel capacitance (or

inductance), (b) attach a series capacitance (or inductance), (c) alter in-plane
orientation, and (d) simulated admittance response using different methods.

or inductive components in series or parallel with the res-
onator [17], [32]. Fig. 4 demonstrates several methods to adjust
the k2

t of a resonator, as discussed previously. Our proposed
method is to alter the in-plane orientation, which is very
simple and prevents the problem of the increased volume and
enhanced losses of the filter due to the addition of external
electrical components [29], [30].

C. Relationship Between Filter Bandwidth and the k2
t of

Resonators

Fig. 5(a) depicts the topology of a ladder filter. As shown
in Fig. 5(b), in the case of a conventional ladder-type filter,
a shunt resonator places a transmission zero (TZ) below the
passband with its resonant frequency ( fr ), while placing its
anti-resonant frequency ( f p) near the center frequency of
the passband ( fc). A series resonator places a TZ at the
high-frequency side of the passband by its f p with its fr in the
passband. This concept is commonly exploited and has been
covered from a synthesis perspective [33], [34]. Fig. 6 presents
the responses of the filters with different bandwidths and their
component resonators. The results suggest that the adjustment
of filter bandwidth can be achieved by modifying k2

t of the
built-in resonators. This is achieved with uniform low-pass
prototype filter responses maintained (out-of-band rejection,
normalized TZs position).

D. Relationship Between Filter Steepness and k2
t of the

Resonators

As is shown in Fig. 5(b), the steepness of the filter has a
large relationship with the position of the TZ. If the TZ is
closer to the passband, the passband edge becomes steeper.
Therefore, the steepness of the lower passband edge of the
filter is sensitive to the k2

t of the shunt resonators, while the
steepness of the higher passband edge of the filter is sensitive
to that of the series resonators. Fig. 7(a) displays the simulated
S-parameter responses of three filters with the same passband
based on the topology shown in Fig. 5(a). In the case of Filter1,
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Fig. 5. (a) Topology of a ladder-type filter and (b) transmission response of
a filter with its corresponding resonator admittance responses.

Fig. 6. Simulated transmission response of filters with different bandwidths
based on the topology shown in Fig. 5(a), and the admittance response of
their corresponding partial resonators.

the k2
t of all resonators is 18%; Filter2 employs a simultaneous

reduction of all resonators to 16%, resulting in a slight
improvement in steepness. Further reduction of the k2

t would
improve the skirt steepness. However, additional electrical
elements would be needed to meet the bandwidth requirement
and would further worsen the out-of-band rejection [17]. For
Filter 3, the results demonstrate that solely reducing the k2

t
of the shunt resonator P2 leads to a much higher steepness
on the left side of the passband. The out-of-band rejection
of both Filter2 and Filter3 decreases due to the reduction in
k2

t of the built-in resonators, indicating a tradeoff between
skirt steepness and out-of-band rejection. From the simulation
results, it is evident that selectively decreasing k2

t of the certain
resonators in ladder topology yields significant advantages.
Because it allows the skirt steepness of a filter to be improved
substantially while the impact on other feature parameters is
minimized.

Fig. 7. Simulated and zoomed-in view transmission response of three filters
with the same passband based on the topology shown in Fig. 5(a). (The k2

t
of all resonators in Filter1 is 18%, in Filter2 is16%, and in Filter3 is 18%,
except for P2 which is 7%.)

Fig. 8. Simulated transmission responses of filters vary with changes in the
k2

t of the shunt resonator P2.

The effect of selectively decreasing the k2
t of a specific

resonator (P2) in the filter on the filter skirt steepness is
demonstrated in Fig. 8. This indicates that the smaller k2

t of the
shunt resonator, the steeper the low-frequency skirt steepness
of the filter. At the normalized frequency of −1.2, the k2

t of
resonator P2 is 18% and the rejection is 14 dB, further reducing
k2

t to 7% dramatically increases the rejection to 35 dB. Since
the k2

t of built-in resonators can be adjusted flexibly by altering
their in-plane orientations and the skirts steepness of the filter
can be altered flexibly.

III. MEASURED RESULTS OF RESONATORS

The 6-in single-crystalline X-cut LiNbO3 thin film is trans-
ferred onto the SiO2/SiC substrate by an ion-slicing process.
Fig. 9(a) shows the photograph of the fabricated 6-in X-cut
LN/SiO2/SiC wafer. The thickness of the LiNbO3 thin film is
around 330 ± 20 nm, and the thickness of SiO2 is 500 nm.
Three groups of SH-SAW resonators with different in-plane
orientations are fabricated through electron-beam lithography,
metal evaporation, and lift-off process. The metal consists of
Ti/Al/Ti with a thickness of 2, 120, and 2 nm, respectively. The
optical microscope image of a fabricated resonator is shown
in Fig. 9(b), while the corresponding top scanning electron
microscope image is shown in Fig. 9(c). The period of the
IDTs (λ ) is 1.6 µm, the aperture is 20λ , and the number of
IDT finger pairs is 100. Tilted IDTs are used to suppress the

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



FANG et al.: HIGH-STEEPNESS AND LOW-LOSS SAW FILTERS WITH FRACTIONAL BANDWIDTH 5

Fig. 9. (a) Optical microscope image of the fabricated 6-in X-cut
LN/SiO2/SiC wafer. (b) Optical microscope image of the fabricated resonator.
(c) Top scanning electron microscope image of the fabricated resonator.
(d) Measured k2

t of resonators with different in-plane orientations. (e) Mea-
sured mean Bode-Qmax of resonators with different in-plane orientations.

transverse spurious modes, and long dummy electrodes are
applied to reduce lateral energy leakage [35], [36], [37], [38].

The frequency responses of the fabricated SAW resonators
are characterized using a vector network analyzer (Keysight
E5071C) with a terminal impedance of 50 � at room temper-
ature in air. Fig. 9(d) summarizes the changes of k2

t at various
in-plane orientations. The maximum k2

t of 31% is reached
at the in-plane orientation of 9◦, which can be reduced to
about 1/6 of that value, i.e., 5.3%, by adjusting the in-plane
orientation to 42◦. Fig. 10(a) presents a schematic of the
IDT structure of the fabricated resonators. The change in the
in-plane orientation of the resonator is achieved by rotating
the IDT by different angles (θ). The tilted angles (t) of
the IDT of resonators with varying in-plane orientations are
optimized to suppress the transverse modes. Additionally,
the long dummy electrodes are implemented to address the
issue of lateral leakage. When θ is 9◦, a tilt angle of 20◦

can ensure a spurious-free response and maintain a high Q
value [see Fig. 10(b)]. The k2

t of the resonators decreases to
18% when the in-plane orientation is 27◦ [see Fig. 10(c)].
When the in-plane orientation reaches 33◦, the k2

t of the
resonator decreases to 13%, which is equivalent to the level
of conventional LT-based resonators. In the meantime, a Q
value comparable to that of LT/SiO2/Si-based resonators is
achieved [39] [see Fig. 10(d)]. Fig. 9(e) presents a summary of
the measured average maximum Bode-Q (Bode-Qmax) values
of three sets of resonators. Despite some fluctuations in the
Bode-Qmax due to experimental errors, the measured maximum
Bode-Qmax values of the resonators are still maintained at
around 1800. These experimental results demonstrate that the
k2

t of the chosen structure can be tuned by altering the in-plane
orientation without increasing loss.

IV. ANALYSES AND MEASURED RESULTS OF FILTERS

A. Multiband Integration

According to the above systematic research, resonators
implemented on X-cut LNOSiC structure showcase supe-

Fig. 10. (a) IDT structure schematic of the fabricated resonators. Measured
admittance and Bode_Q curves with different in-plane orientations (b) θ = 9◦,
(c) θ = 27◦, and (d) θ = 33◦.

rior performance in achieving k2
t flexible modulation, along

with an on-chip wide frequency lithographic tunability, eight
ladder-type filters with bandwidth ranging from 3.7 (n25) to
14% (n78) are designed. Table I shows the key design param-
eters of resonators in the eight SH-SAW filters respectively.
The one of series resonators with the smallest capacitance in
the filter is divided into two cascaded resonators to improve
power durability. On the surface of X-cut LN thin films, the
resonators in n66 filters are oriented at a θ of 37.5◦ to the
Y -axis, while in the n25 filters are oriented at a θ of 39◦. For
the n40 and Wi-Fi filters, the θ of resonators is 36◦, while the
resonators in the n41 filter have an in-plane orientation of 27◦.
Due to the large bandwidth of n78, the resonators in this filter
are set in the direction with the largest k2

t .
Following electron-beam lithography and lift-off processes,

we fabricate the eight filters in-house. These devices are
measured with a 50 � terminal impedance utilizing the vector
network analyzer in the air. Fig. 11 demonstrates the measured
S-parameter responses of the filters together with their corre-
sponding optical image. The implemented filters exhibit good
passband characteristics, and feature out-of-band of rejection
more than 35 dB. The critical characteristics of the filters
are outlined in Table II. The center frequency and bandwidth
of the filters deviated slightly from the target bands due to
preparation deviations. By presetting the in-plane orientations
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TABLE I
KEY DESIGN PARAMETERS OF RESONATORS IN THE EIGHT FILTERS

TABLE II
CRITICAL CHARACTERISTICS OF THE FABRICATED FILTERS

of resonators to obtain the desired k2
t , low loss filters with

FBW varied from 3.7% to 12.4% and insertion losses (ILs)
less than 2 dB are demonstrated, showing the great multiband
integration capability of the X-cut LNOSiC material platform.

B. High Steepness Filter Design and Fabrication

As the n41 operating frequency regime is close to the active
2.4 GHz Wi-Fi spectrum, the need for a filter with high
steepness to meet the strict isolating requirements is obvi-
ous [40]. Therefore, the steepness of the n41 filter at the lower
passband edge needs to be further optimized. Fig. 12 shows the
simulated S-parameter responses of four seven-order ladder-
type n41 filters. The MBVD model is employed to simulate the
frequency response of these resonators, and then the MBVD
models of corresponding resonators are connected according
to a ladder-type circuit network to simulate the filter response.
In the case of Filter #1, the k2

t of all built-in resonators is 18%,
which shows good out-of-band rejection. The rejection of this
filter increases from 5 to 30 dB within 26 MHz, which does not
satisfy the steepness requirement of the n41 filter in rejection
within the 2.4 GHz Wi-Fi band. Filter #2 employs a simul-
taneous reduction k2

t of all resonators to 16%, which results
in a slight improvement in steepness. The low-frequency side

Fig. 11. Measured S-parameter responses of filters together with their optic
images (a) n66 and n25 filters and (b) n40, Wi-Fi, and n41 filters, and (c) n78
filter.

rejection increases from 5 to 30 dB within 19 MHz. On the
other hand, the Filter #3 only reduces the k2

t of resonator P2
to 13%, and achieves the same steepness as that of Filter #2,
while the out-of-band rejection of Filter #3 is significantly
better. Filter #4 further reduces the k2

t of resonator P2 to
7%, a further increase in skirt steepness can be achieved,
and the rejection increases from 5 to 30 dB within 12 MHz.
The simulation results demonstrate that selectively reducing
the k2

t for some resonators in the topology can improve the
skirt steepness of the n41 filter significantly. The proposed
method holds significant advantages over the early filter design
strategy that synchronous reduction of the k2

t of all resonators.
Based on the four filter design schemes mentioned above,

four n41 filters based on the X-cut LNOSiC substrate are
fabricated. Table III shows the key design parameters of res-
onators in the four n41 bandpass filters. Fig. 13 demonstrates
the measured S-parameter responses of the filters and the
corresponding admittance curves of shunt resonators. In the
case of Filter #1, the in-plane orientation θ of all resonators
is 27◦ and the corresponding k2

t is about 18% the rejection
increases from 5 to 25 dB within 31 MHz. For Filter #2,
the k2

t of all resonators are reduced to 16% by altering their
in-plane orientation to 29◦, supporting a rejection increase
from 5 to 25 dB within 28 MHz. For Filter #3, the same
steepness as that of Filter #2 is achieved by merely altering
the in-plane orientation of resonator P2 to 32◦. For Filter #4,
the k2

t of resonator P2 is reduced to 7% by altering the in-plane
orientation to 39◦, a 5 to 25 dB rejection increase within
the 16 MHz frequency range is obtained. The resonator P2
plays a key role in the steepness of the band side. The rest
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Fig. 12. Simulated S-parameter responses of four n41 bandpass filters and
the corresponding structure schematics. (In the case of Filter #1, the k2

t of all
the resonators is 18%, For the Filter #2, the k2

t of all the resonators is 16%.
For the Filter #3, only the k2

t of one of shunt resonators is 13%, and all the
others is 18%. For the Filter #4, only the k2

t of one of the shunt resonators
is 7%, all the others are 18%.)

TABLE III
KEY DESIGN PARAMETERS OF RESONATORS IN THE FOUR N41 BANDPASS

FILTERS

shunt resonators are left with nominal propagating orientation,
their resonant frequency is pulled in the Wi-Fi band to create
notches, maintaining the rejection throughout the 2.4 GHz Wi-
Fi spectrum.

The experimental results and the simulated results show
some deviations, especially in the out-of-band spectrum.
These discrepancies can be attributed to the parasitic
electromagnetic effect of the filter layout. These effects can
be mitigated by optimizing the layout design. Regardless of
the discrepancies, these experimental results still demonstrate
a consistent trend with the simulation results, indicating that
altering the in-plane orientation of certain resonators in a

Fig. 13. Measured S-parameter responses of four band41 filters and
corresponding the admittance curves of their shunt resonators, together with
their optic images.

TABLE IV
KEY DESIGN PARAMETERS OF RESONATORS IN THE 2.4 GHZ WI-FI

BANDPASS FILTER

ladder-type filter to decrease their k2
t leads to a noteworthy

enhancement in filter steepness with minimal loss. This
approach holds significant advantages over the traditional
scheme based on equal k2

t resonators.
Based on the X-cut LNOSiC substrate, the 2.4 GHz Wi-Fi

bandpass filter is also optimized. The key design parameters
are listed in Table IV. Fig. 14(b) shows the S-parameter
response and the admittance curves of its component res-
onators. Analogous to the situation on the low-frequency
side, the steepness of high-frequency side can be tuned by
selectively reducing the k2

t of the series resonator. Hence,
to improve the skirt steepness with low loss in the passband
and the high rejection in n41, the in-plane orientation of all
other resonators is chosen as 36◦, corresponding to a k2

t near
11%. Only one of the series resonators has an in-plane orienta-
tion of 40◦, corresponding to a k2

t near 6.5% [see Fig. 14(a)].
This filter attains a rejection increasement from 5 to 30 dB
within 12 MHz.

Great mutual isolation between the 2.4 GHz Wi-Fi filter
and n41 Filter #4 can be accessed via our proposed method,
as is shown in Fig. 14(c). The n41 Filter #4 demonstrates a
3-dB passband of 2496–2685 MHz, a minimum IL of 1.29 dB,
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Fig. 14. (a) Structure schematic of 2.4 GHz Wi-Fi filter, (b) measured S21
curve of Wi-Fi filter and corresponding resonators admittance curves, and
(c) measured response of 2.4 GHz Wi-Fi and n41 bandpass filters.

and reaches 16 dB rejection at 2483 MHz on the edge of the
Wi-Fi band. Moreover, the typical rejection over the entire
Wi-Fi band is greater than 40 dB. The 2.4 GHz Wi-Fi filter
shows a 3-dB passband of 2388–2482 MHz and a minimum
IL of 1.32 dB. The Wi-Fi filter achieves 30 dB rejection
at 2496 MHz on the edge of the n41, the typical rejection over
the entire n41 is close to 40 dB. Both filters meet the stringent
coexistence requirements. Both filters adopt the method of
selectively reducing the k2

t for some resonators in the ladder
by altering the in-plane orientation. The obtained steep skirts
and high rejection throughout the nearby band demonstrate the
feasibility of the scheme to enhance the filter performance.

V. CONCLUSION

In summary, based on the X-cut LNOSiC substrate, a simple
method to adjust the k2

t of SAW resonators within a large
design window without reducing their Q values was proposed.
The in-plane orientations of the resonators are adjusted to
obtain the desired k2

t . For resonators with θ from 0◦ to
42◦, k2

t is continuously adjustable from 31% to 5%, while
the measured maximum Bode Q values are maintained around
1800. By presetting the appropriate in-plane orientations of
the built-in resonators, the n25, n66, n40, 2.4 GHz Wi-Fi,
n41, and n78 filters with FBW from 3.7% to 12.4% and out-
of-band rejection over 35 dB were demonstrated, where the
n41 and Wi-Fi filters show improved skirt steepness. These
results demonstrate the superior ability to modulate the k2

t of
resonators, the FBW, and skirt steepness of filters on the X-cut
LNOSiC material platform.
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