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Abstract: The transverse leakage of leaky surface acoustic waves (LSAWs) occurs on 42◦YX-lithium
tantalate substrates (42LT), which increases the insertion loss, narrows the bandwidth and flattens the
roll-off of band 40/41 SAW filters and duplexers. In this work, LSAW characteristics with different
metal materials and thicknesses are calculated by the finite element method (FEM), which determines
the IDT material and thickness used for band 40/41 SAW filter design. To deeply understand
transverse leakage and suppress it, the effects of different gap and dummy lengths on transverse
leakage are simulated and discussed. Then, a new technique of using a wider dummy without any
additional lithographic or depositing processes is proposed to suppress the leakage. Its effectiveness
is validated by both simulations and experiments. Then, the technique is extended to applications of
band 40 and 41 SAW filters. The experimental results show that with the wider dummy structure, the
band 40 and 41 SAW filters achieve a more than 0.2 dB improvement in the insertion loss, a wider
bandwidth and a steeper roll-off characteristic. This technique may also be extended to the other
band SAW filter applications.

Keywords: band 40/41; SAW filter; LiTaO3 substrate; transverse leakage; wider dummy

1. Introduction

Bands 40/41 are important bands for the CHINA MOBILE 4G communication of
TD-SCDMA’s long-term evolution (TD-LTE) [1]. Presently, surface acoustic wave (SAW)
filters and duplexers are the main solution for bands 40 (2320 MHz–2370 MHz) and 41
(2515 MHz–2675 MHz) due to their small size, low cost and steady performance [2].

A leaky SAW (LSAW) on a 42◦YX-lithium tantalate (LiTaO3, LT) substrate is a com-
petitive candidate for band 40/41 SAW filters and duplexers thanks to its high SAW
velocity and release from spurious transverse mode generation [3,4]. However, a LSAW
on 42◦YX-LiTaO3 transversely penetrates its energy into the busbar region [5,6], especially
in high-frequency applications. This transverse leakage effect will deteriorate the perfor-
mance of SAW filters and duplexers, e.g., by increasing the insertion loss, narrowing the
bandwidth or flattening the roll-off.

The transverse effects have been actively studied for a long time. The phenomenon
of transverse leakage was discovered and investigated by Koskela et al. [4] using laser
interferometric measurements. They concluded that the leakage was caused by the ve-
locities’ differences and strongly depended on frequency. A generalized 3D FEM/BEM
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model was introduced by Solal et al. [7] to analyze and predict the effects of a resonator,
including an electrode end gap and dummy electrodes, but they did not propose any
solution to suppress the transverse leakage. To suppress the unwanted effect, a narrow
gap and long dummy are commonly employed [7]. But for high-frequency applications,
transverse leakage still occurs. Tsutsumi and Inoue et al. [8,9] pointed out that transverse
leakage could be suppressed by a smaller IDT metallization ratio (MR < 50%) to achieve
ultra-low loss and steep roll-off characteristics, but this means a higher lithographic res-
olution for high-frequency devices. Then, Nakamura et al. [10] proposed a technique of
depositing a Ta2O5 film on the outside of the IDT region to solve the same problem. This
technique makes the LSAW velocity on the outside of the IDT region slower than that in
the interdigital transducer (IDT) region to avoid transverse leakage. However, additional
deposition is needed, which increases the manufacturing complexity and production cost.
Solal et al. [11] proposed a new structure using the superposition of a standard resonator
and a 2D grating of reflectors, similar to phononic crystals, to solve the same problem, but
an additional tungsten layer was needed, and it was not entirely certain that the new device
really worked as anticipated.

In this work, LSAW characteristics (Vp, K2 and TCFr) with different metal materials
and thicknesses are calculated by the finite element method (FEM) in Section 2. This
determines the IDT material and thickness used for the band 40/41 SAW filter design
in this work. To suppress transverse leakage, the effects of different gap and dummy
lengths on transverse leakage are simulated and discussed, and a new technique without
any additional lithographic or depositing processes is proposed in Section 3. Further, this
technique is extended to the band 40 and 41 filter applications, and the measured results
are presented and discussed in Section 4. Section 5 concludes the paper.

2. Simulation of LSAW Characteristics

The LSAW characteristics were calculated by the finite element method using COM-
SOL Multiphysics software 5.6. A harmonic analysis was conducted with 1 V loaded on
one IDT and 0 V on another. The cross-sectional schematic of the IDT/42LT/PML structure
is shown in Figure 1a. The thickness of each layer is denoted as de, ds and dPML. Only a
period is considered, and the symmetric periodic boundary condition is applied to the field
variables on the left (ΓL) and right surfaces (ΓR). A perfectly matched layer (PML) is placed
at the bottom to decrease the model size and avoid wave reflection from the bottom.
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Figure 1. (a) Cross-sectional schematic of the IDT/42LT/PML structure with typical displacement of
LSAW. (b) Vp, (c) K2 and (d) TCFr of the LSAWs as a function of de with different metal materials (Al,
Cu, Au).

Figure 1a also presents the typical displacement of an LSAW. The energy of the LSAWs
is basically concentrated in the electrode layer under suitable conditions. Thus, the influence
of the IDT thickness (de) and the materials (Al, Cu, Au) on the LSAW’s performance is
assessed by a quasi-3D FEM analysis, where the wavelength is λ = 1.5 µm, the piezoelectric
layer thickness is ds = 7λ and the PML thickness dPML = λ.

The performance parameters of the LSAW, including the phase velocity (Vp), elec-
tromechanical coupling coefficient (K2) and temperature coefficient of frequency (TCFr),
are calculated when the thickness of three kinds of electrode materials, Al, Cu and Au,
changes from 0.01 λ to 0.15 λ. Vp determines the operation frequency and size of the SAW
devices, which can be calculated from Equation (1), where fr is the resonance frequency. K2

determines the excited LSAW energy and bandwidth of the SAW devices, which can be
calculated from Equation (2), where fa is the anti-resonance frequency. TCFr determines
the influence of temperature on the resonance frequency of the SAW devices, which can
be calculated from Equation (3), where fr|T = 25 ◦C and fr|T = 30 ◦C are the resonance
frequencies at 25 ◦C and 30 ◦C, respectively [12]. The material constants of Al, Cu, Au and
42LT are taken from [13] and [14]. In the FEM simulation, we replaced different material
constants at T = 25 ◦C and 30 ◦C to calculate the resonance frequencies, fr|T = 25 ◦C and
fr|T = 30 ◦C, and then substituted them into Equation (3). In Equation (3), the thermal
expansion coefficient of 42LT in the direction of propagation is α = 16.1 × 10−6/◦C.

Vp = fr × λ (1)

K2 =
π fr/2 fa

tan(π fr/2 fa)
(2)

TCFr =
fr|T = 30 ◦C − fr|T = 25 ◦C

5 fr|T = 25 ◦C
− α (3)

Figure 1b shows the Vp of the LSAWs as a function of de with different metal materials
(Al, Cu, Au). The LSAW velocity decreases with the increase in the thickness of the
electrode, but the falling range reduces from Au to Al. This is due to the density of the
three electrode materials following the relationship: ρAu > ρCu > ρAl. It seems that Al is
more preferable as an electrode material for obtaining a large wavelength for the LSAWs
on 42LT substrates when operating at a high frequency. This is because a large wavelength
means a wide IDT finger, which reduces lithographic difficulty.

Figure 1c shows the K2 of the LSAWs as a function of de with different metal materials
(Al, Cu, Au). K2 increases first and then decreases generally with the increase in the
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thickness of the three different electrodes from 0.01 λ to 0.15 λ. They reach a maximum
value of 10.15% when de_Al is 0.1 λ, 10.69% when de_Cu is 0.05 λ and 10.66% when de_Au is
0.02 λ, respectively. It is worth noticing that there are spikes when de_Cu is 0.13λ and de_Au
is 0.07 λ, respectively. This may be due to the fact that the Rayleigh SAWs and LSAWs are
slightly coupled in this situation.

Figure 1d shows the TCFr of the LSAWs as a function of de with different metal
materials (Al, Cu, Au). TCFr increases first and then decreases generally with the increase
in the thickness of three different electrodes from 0.01 λ to 0.15 λ. It remains around
−31 ppm/◦C when the thickness of Al is no more than 0.1 λ, the thickness of Cu is no
more than 0.06λ and the thickness of Au is no more than 0.04 λ, respectively. When the
electrode thickness exceeds these limits, the temperature characteristics of the LSAWs
become rapidly worse.

To sum up, the performance of the LSAWs on 42LT substrates is greatly affected by
the electrode thickness and material. Similar to the Al electrode, the Cu and Au electrodes
can achieve a high-performance LSAWs under some suitable conditions. But the LSAW’s
performance with Cu and Au is more sensitive to the metal thickness, which means that
less metal thickness error is permitted during the manufacturing process. Further, the Al
electrode has the advantages of high velocity and low cost. Thus, this work employs Al as
the metal material of the LSAWs on the 42LT substrate in the following sections. To achieve
a large K2, the Al thickness is around 0.1 λ.

3. Transverse Leakage Suppression

As described in Ref. [9], the velocity differences between the IDT and busbar regions
lead to the transverse leakage of the LSAWs into the busbar region on the 42LT substrate.
Figure 2 shows the schematic view of a conventional SAW resonator structure and the
outline of the SAW velocity in each region. The SAW velocity of the IDT, gap, dummy and
busbar regions is represented by vI, vg, vd and vb, respectively. The following relationship
holds: vg > vb > vI = vd. As the slowness curve of the LSAWs on the 42LT substrate is
concave [15], the transverse energy penetrates into the gap, dummy and busbar regions.
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42LT substrate, and the perfectly matched layer (PML) from the top to the bottom, respec-
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Figure 2. (a) Top view and (b) outline of SAW velocity for the conventional SAW resonator structure.

In order to deeply investigate the effects of different gap and dummy lengths on the
transverse leakage, we employed the 3D periodic finite element method (FEM) model built
in COMSOL Multiphysics [16]. As shown in Figure 3, the layers are electrodes, the 42LT
substrate, and the perfectly matched layer (PML) from the top to the bottom, respectively.
The PML is placed around the model to avoid reflections from the boundaries. Only a
period was considered, and the field variables at the left and right surfaces were set as
periodic. Similar to the top view in Figure 2, the electrode layer can be divided into four
regions (IDT, gap, dummy and busbar) along the transverse (y) direction. A harmonic
analysis was conducted with 1 V loaded on one side of the IDT, dummy and busbar regions
and 0 V on the other side.
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Figure 3. The 3D periodic FEM model.

The structural parameters used in the simulation are listed in Table 1, where the
electrode material and thickness are determined according to the former section. In the
fabrication process, there is usually an intermediate metal layer (titanium) used to improve
the adhesion of aluminum to the substrate. Here, the electrode thickness includes 160 nm
of aluminum and 2.6 nm of titanium, which is equal in mass to 164.3 nm of aluminum. The
aperture length is close to the actual fabrication length in Section 4. With these parameters,
the SAW resonances operate at a frequency of 2300 MHz~2600 MHz, which coincides with
the band 40/41 SAW filter’s frequency.

Table 1. Structural parameters.

Simulation Parameters

Substrate material 42LT
Electrode material Aluminum

Wavelength (λ) 1.6 µm
Electrode thickness (de) 164.3 nm

Aperture length (W) 30 µm

Firstly, we calculated the admittance dependence on the gap length without the
dummy fingers from 2500 MHz to 2700 MHz with a step size of 1 MHz. Figure 4 shows
the calculated conductance (the real part of the admittance) for different gap lengths from
0.1 λ to 0.9 λ with a step size of 0.2λ. The curves show that without a dummy, there are
some bumps in the vicinity of f = 2650 MHz. When the gap is short, the bump is weak.
Subsequently, we drew snapshots of the displacement distribution at f = 2650 MHz for the
different gap lengths, as shown in Figure 5. It can be inferred that the bumps arise from
the depth leakage and transverse leakage. A long gap leads to depth leakage at the end of
the finger, which is due to a boundary discontinuity. Although a short gap can weaken the
depth leakage, transverse leakage still occurs. This is due to the SAW velocity in the busbar
region being faster than that in the IDT region.
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Therefore, dummies are often employed as transverse reflectors to prevent SAW
transverse leakage into the busbar region. To investigate the effects of a transverse reflector,
we also calculated the admittance dependence on different dummy lengths. It should be
noted that in this calculation, the gap length is 0.2 λ because this gap length approximates
our lithographic limitation, though a shorter length achieves a higher performance.

Figure 6 shows the calculated conductance at different dummy lengths from 0 to
2 λ with a step size of 0.5 λ. It can be seen that with the dummy, the bumps at a high
frequency (2650 MHz) are effectively suppressed, but those at a low frequency (2570 MHz)
still exist. For a clear view, snapshots of the displacement distribution at f = 2570 MHz for
the different dummy lengths were drawn. As depicted in Figure 7, the bright spots that
appear in the busbar region will reduce when the dummy is employed. More less-bright
spots appear in the busbar region of the long dummy structure (dummy = 2 λ) compared
with the short one (dummy = 0.5 λ), which means that the long dummy is more effective in
preventing the SAWs from penetrating into the busbar region than the short one. However,
transverse leakage still slightly occurs with the long dummy, which results from the SAW
velocity in the dummy region being identical to that in the IDT region.
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To further suppress the transverse leakage, we propose a wider dummy technique,
which makes the SAW velocity in the dummy region slower than that in the IDT region, as
shown in Figure 8. In this situation, wider dummies serve as an energy barrier which can
guide the SAWs in the transverse direction. To validate this, we calculated the admittances
with different dummy metallization ratios (MRs) while the dummy length was 2 λ. The
MR represents the ratio of the dummy width to the pitch, where the pitch is half of the
wavelength (λ).
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Figure 9 shows the calculated results. It can be seen that the bumps in the vicinity of
f = 2550 MHz and 2575 MHz gradually fade away as the MR of the dummy increases from
0.5 to 0.8 with a step of 0.1. The displacement distributions of a normal dummy (MR = 0.5)
and a wider dummy (MR = 0.8) are presented in Figure 10a,b, respectively. Obviously, it is
too hard to see any bright spots in the wider dummy structure. Namely, the SAW energy
is confined in the IDT region by the wider dummy structure. But they penetrate into the
busbar region with the normal dummy structure. That means the wider dummy structure
can suppress the transverse leakage more effectively.
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To further evaluate the SAW energy confinement, we calculated the Bode_Q [17] of the
three different structures, namely without a dummy (dummy = 0), with a normal dummy
structure (dummy = 2 λ, MR = 0.5), and with a wider dummy structure (dummy = 2 λ, MR
= 0.8). The formula is given as follows:

Q =
ω∗|S11|∗group_delay(S11)

1−|S11|2
(4)

where ω = 2πf, and S11 is the return loss. The group delay of S11 is given by

group_delay(S11) =
d(phase(S11))

dω
(5)

The calculated results are shown in Figure 11, where Figure 11a shows the calculated
admittance, Y11, for a clear view of the f r–f a band. Figure 11b shows the calculated Bode_Q
from 2500 MHz to 2700 MHz. It can be easily seen that the difference in Bode_Q between f r
(the resonance frequency) and f a (the anti-resonance frequency) is significantly enhanced
with the normal dummy structure compared with the without-dummy structure. Moreover,
the Bode_Q around f r is additionally enhanced by the wider dummy structure owing to
the suppression of the transverse leakage. Interestingly, the Bode_Q values are almost
identical below f r with the three different structures but much higher above f a with the
without-dummy structure. This may be due to the end effects between the dummy fingers
and the active IDT fingers.
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4. Application to Band 40/41 SAW Filters

We then extended the wider dummy technique to apply it to band 40 and 41 SAW
filters. At first, an SAW resonator with an Al thickness of 164.3 nm and λ varying from
1.38 µm to 1.74 µm was experimentally fabricated to verify the simulated results. The
resonators contained 75 pairs of IDT fingers and 10 pairs of reflector fingers, and the
aperture was 20 λ. The resonators were measured via a one-port ground–signal–ground
(GSG) probe measurement, as shown in Figure 12a. One of the measured results is shown
in Figure 11b, where λ is 1.6 µm and the corresponding resonance frequency is 2537 MHz.
It can be easily seen from Figure 12b that bumps emerge in the vicinity of f = 2550 MHz
and 2600 MHz with the normal dummy structure (MR = 0.5). Predictably, the bumps fade
away with the wider dummy structure (MR = 0.6). This measured results agree well with
the simulated ones.
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Figure 12. (a) Measured pattern and (b) conductance with different dummy structures.

Then, B40 and B41 SAW filters were designed and fabricated. They were designed
using the coupling-of-modes (COM) theory [18]. Figure 13 shows the circuit topology and
layout of the B40 SAW filter. The filter is composed of four series and four parallel SAW
resonators to achieve an out-of-band rejection of −30 dB. Figure 14 shows the corresponding
measured insertion loss, S21, with different dummy structures in an overall and zoomed-in
view. With this topology, the B40 SAW filter achieves a center frequency of 2356 MHz, a
minimum insert loss of −0.78 dB, and a −3 dB fractional bandwidth (FBW) of 5.18%. The
out-of-band rejection is about −25 dB. As depicted in Figure 14b, with the wider dummy
structure, the insertion loss of more than 0.2 dB is improved around the higher edge, and
the bandwidth of −2 dB is improved from 104 MHz to 106.4 MHz. This means that more
energy has been confined in the active region by the wider dummy structure.
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Figure 15 shows the circuit topology and layout of the B41 SAW filter. The topology is
composed of a longitudinally coupled resonator filter (CRF) [19] and two series and two
parallel SAW resonators. The CRF is employed to achieve a high out-of-band rejection,
while the ladder resonators are employed to obtain a steep roll-off characteristic. Figure 16
shows the corresponding measured insertion loss, S21, with different dummy structures
in an overall and zoomed-in view. With this topology, the B41 SAW filter achieves a
center frequency of 2592 MHz, a minimum insert loss of −1.6 dB, and a −3 dB fractional
bandwidth (FBW) of 8.15%. The out-of-band rejection is about −30 dB. It can be found
that the insert loss and 3 dB FBW of the B41 SAW filter are both larger than those of the
B40 SAW filter. This is because the CRF couples high-order longitudinal modes, which can
help achieve a wider bandwidth at the cost of insert loss. An FBW of 8.15% is obtained by
external matching. As depicted in Figure 16b, the insertion loss of the whole passband is
improved by more than 0.2 dB, and the bandwidth of −2 dB is improved from 144.75 MHz
to 148.5 MHz with the wider dummy structure.
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Essentially, both of the improvements in the performance of the band 40 and 41 SAW
filters are owing to the suppression of transverse leakage by the wider dummy structure.
And this structure does not require any additional lithographic or depositing processes.

In the end, the band 40 and 41 SAW filters were packaged in the Chip Scale Package
1109 (CSP 1109) [20], as shown in Figure 17. This means that the sizes of the SAW filters
are both 1.1 × 0.9 × 0.6 mm3. After packaging, the temperature characteristics of the
band 40 and 41 SAW filters were measured at three different temperatures: −30 ◦C, 25 ◦C
and 85 ◦C. Figure 18 shows the measured S21 of the band 40 and 41 SAW filters at the
different temperatures. When the temperature rises from −30 ◦C to 85 ◦C, the frequency
moves down; meanwhile, the insert loss increases. When the temperature falls from
25 ◦C to −30 ◦C, the insert loss of the band 40 SAW filter decreases by 0.18 dB, and the
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frequency moves up from 2356 MHz to 2359.75 MHz. The insert loss of the band 41 SAW
filter decreases by 0.27 dB, and the frequency moves up from 2592 MHz to 2596.68 MHz.
When the temperature rises from 25 ◦C to 85 ◦C, the insert loss of the band 40 SAW filter
increases by 0.19 dB, and the frequency moves down from 2356 MHz to 2351.9 MHz. The
insert loss of the band 41 SAW filter increases by 0.29 dB, and the frequency moves down
from 2592 MHz to 2586.88 MHz. The measured TCFs of the band 40 and 41 SAW filters
are about −29.07 ppm/◦C and −32.87 ppm/◦C, respectively. They are very close to the
simulated ones (about −31 ppm/◦C at de_Al = 0.1λ). The slight difference may be due to
errors in the material constants, and the actual de_Al is not strictly 0.1λ for different SAW
resonator elements.
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−30 ◦C, 25 ◦C and 85 ◦C.

5. Conclusions

This paper presents B40 and B41 SAW filters on a 42LT substrate with the suppression
of transverse leakage. Firstly, the LSAW characteristics (Vp, K2 and TCFr) with different
metal materials (Al, Cu, Au) and thicknesses (0.01 λ~0.15 λ) were calculated by the FEM.
It showed that the performance of LSAWs on the 42LT substrate was greatly affected by
the electrode thickness and material. Similar to the Al electrode, the Cu and Au electrodes
can achieve high-performance LSAWs under some suitable conditions. But the LSAW
performance with Cu and Au is more sensitive to the metal thickness, which means that
less metal thickness error is permitted during the manufacturing process. Thus, to achieve a
large K2, a thickness of 0.1λ for Al was employed as the IDT of the B40 and B41 SAW filters
on the 42LT substrate. Then, to deeply understand the transverse leakage and suppress it,
the effects of different gap and dummy lengths on the leakage were simulated through a
3D FEM model. The simulated results indicated that a short gap and long dummy could
partly suppress the depth and transverse leakages, respectively. Further, with the wider
dummy structure, the transverse leakage was almost completely suppressed, and Bode_Q
was significantly enhanced around the resonance frequency. Finally, the wider dummy
technique was extended to be applied to band 40 and 41 SAW filters. The filters were
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designed according to COM theory and packaged in CSP 1109. The band 40 SAW filter
achieved a center frequency of 2356 MHz, a minimum insert loss of −0.78 dB, a −3 dB FBW
of 5.18% and a TCF value of −29.07 ppm/◦C. The band 41 SAW filter achieved a center
frequency of 2592 MHz, a minimum insert loss of −1.6 dB, a −3 dB FBW of 8.15% and a
TCF value of −32.87 ppm/◦C. The measured results showed that with the wider dummy
structure, the band 40 and 41 SAW filters achieved a more than 0.2 dB improvement in the
insertion loss, a wider bandwidth and a steeper roll-off characteristic. This technique may
also be extended to other-band SAW filter applications.
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