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Abstract— We present the first group of gigahertz S0 mode
low loss and wideband acoustic delay lines (ADLs). The ADLs
use a single-phase unidirectional transducers (SPUDT) design to
launch and propagate the S0 mode in an X-cut lithium niobate
thin film with large electromechanical coupling and low damping.
In this work, the theoretical performance bounds of S0 mode
ADLs are first investigated, significantly surpassing those in state-
of-the-art. The design tradeoffs of S0 mode ADLs, when scaled to
the gigahertz frequency range, are also discussed. The fabricated
miniature ADLs show a fractional bandwidth (FBW) of 4% and a
minimum insertion loss (IL) of 3.2 dB, outperforming the incum-
bent surface acoustic wave (SAW) counterparts, and covering a
wide range of delays from 20 to 900 ns for digitally addressable
delay synthesis. Multiple ADLs with center frequencies from
0.9 to 2 GHz have been demonstrated, underscoring their great
frequency scalability. The propagation properties of S0 waves
in lithium niobate at the gigahertz range are experimentally
extracted. The demonstrated ADLs can potentially enable wide-
range and high-resolution delay synthesis that is highly sought
after for the self-interference cancellation in full-duplex radios.

Index Terms— Acoustic delay lines (ADLs), full-duplex,
lithium niobate, microelectromechanical systems, piezoelectricity,
S0 modes, self-interference cancellation (SIC).

I. INTRODUCTION

FULL-DUPLEX radios, where the transmitters and
receivers operate simultaneously in the same frequency

band, have sparked great research interest due to their great
potential to enhance spectrum utilization efficiency and reduce
networking complexity [1]–[3]. Among the outstanding chal-
lenges for full-duplex radios, self-interference (SI) presents the
most formidable contest to implementing full-duplex radios
[4], [5]. Due to the absence of frequency or time-domain
multiplexing, SI happens when the high-power transmitted
signals are reflected from antenna packaging or obstacles in the
ambiance, and inadvertently received by the highly sensitive
receiver, typically after 0.01–1-μs delay [6], [7]. To reduce
the SI, i.e., attain SI cancellation (SIC), one approach is to
provide wideband time-domain equalization using true time
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Fig. 1. SIC in a full-duplex transceiver with an acoustic delay synthesizer.

delays [2], [8]. In such a method, a fraction of the transmitted
signal is sent into the time-domain equalizer that emulates
the channel transfer function of the SI before it is com-
bined with the SI to render cancellation through destructive
interference. To accommodate the dynamic in-field conditions,
such a system is typically required to provide reconfigurable
delays and tunable attenuations (Fig. 1). The challenge with
such a method is that, although chip-scale tunable attenuation
is readily attainable [9], miniature delay synthesis over a
sufficiently wide bandwidth (BW) and a necessary delay
range remains inaccessible. The unavailability of wide-range
delay synthesis originates from the fact that the electromag-
netic (EM) delay lines in the existing prototypes [10] can
hardly provide delays more than 1 ns on chip scale due to the
fast group velocities of EM waves in state-of-the-art slow wave
waveguiding structures. Therefore, EM-based delay synthesis
is inadequate for enabling full-duplex in urban environments
with dense reflectors (e.g., moving vehicles and buildings) [6].
Moreover, the dynamic range of EM-based SIC is also limited.
The minimum insertion loss (IL) in the cancellation path is
required to be no larger than that in the free space. However,
the intrinsically high propagation loss (PL) in the EM delay
lines leads to high IL. Moreover, the additional IL from the
directional coupler strengthens the requirement of IL, which is
challenging for the EM delay lines. Therefore, acoustic delay
lines (ADLs) with remarkably smaller sizes and lower PL [11]
are an excellent alternative platform for a compact, wideband,
and low-loss delay synthesis that is also capable of being
scaled toward the gigahertz frequency range and overcoming
the shortcomings of the EM structures.
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In an ADL, the radio frequency (RF) signals are first
converted into the acoustic domain by the transducers on
one end of the ADL via piezoelectricity [12]. The signals
then propagate as acoustic waves and experience the designed
delay before they are turned back into the electrical signals
by the transducers on the other end. In the past, RF ADLs
were mainly realized using surface acoustic waves (SAW)
technologies [13], [14] due to their compact sizes and easy
fabrication processes [15]. ADLs were used to enable time
delays [12], filtering [16], and correlation [11] for improving
the signal-to-noise ratios in radar front ends. It can also be used
for various sensing applications [17], [18] and the construction
of nonreciprocal networks [19], [20]. However, it was difficult
for these SAW demonstrations to provide sufficiently low
IL and wide BW simultaneously for the SIC applications
even when custom designed unidirectional transducers were
adopted [21], [22]. Such a performance limit arises from the
intrinsic tradeoff between the IL and fractional BW (FBW),
which are fundamentally imposed by the attainable reflectivity
of the distributed reflectors and the maximum electromechan-
ical coupling (k2) of the SAW modes [23]. In addition, the
transducer-induced SAW scattering into the substrate further
exacerbates the PL of the SAW and the tradeoff between
IL and delay. Therefore, to work toward an acoustic delay
synthesizer, the fundamental performance bounds must be
considerably lifted by resorting to a new piezoelectric platform
with higher coupling, larger available reflectivity, and better-
confined waveguiding at the same time.

Recently, laterally vibrating modes in thin-film lithium
niobate (LiNbO3), namely, the fundamental shear horizontal
(SH0) mode [24]–[27] and fundamental symmetrical (S0)
mode [28]–[30], have been recently explored in ADL struc-
tures [1], [31]–[34] for their simultaneously large k2 and
low loss [35]–[37]. Compared to the previously published
thin-film delay structures based on laterally vibrating modes
in thin-film structures [38]–[40], the large coupling can be
harnessed to widen the BW of ADLs, while the confined
waveguiding in a suspended LiNbO3 thin film can lower
PL and thus IL. Moreover, reflectors on a suspended thin
film can provide more substantial reflections in comparison
to the same type of reflectors on an SAW structure, thereby
further improving the tradeoff between IL and BW. Despite
the demonstrated record-breaking performance of LiNbO3
ADLs using lateral modes, these previous reports focus on
devices with operating frequencies below 300 MHz and not
suitable for the commercial wireless communication bands at
700 MHz or beyond. To advance LiNbO3 ADLs for full-
duplex applications in commercial bands, this work aims
to demonstrate the first gigahertz range, low-loss, wideband
ADLs based on the S0 mode in LiNbO3.

In this study, the design space of gigahertz S0-mode ADLs
is first discussed. The fabricated miniature ADLs show an
FBW of 4% and a minimum IL of 3.2 dB at a center frequency
of 0.96 GHz. Various delays ranging from 20 to 900 ns
have been obtained for a future demonstration of digitally
addressable delay synthesis. Multiple ADLs with center fre-
quencies from 0.9 to 2 GHz have been demonstrated. The
PL of the S0 mode at the gigahertz frequency range is also

Fig. 2. (a) Mock-up of an S0 mode ADL with a pair of SPUDT transducers
on a suspended X-cut LiNbO3 thin film. The transverse and longitudinal
directions are labeled. (b) Layout of an SPUDT unit cell.

experimentally measured for the first time, showing a PL
of 6.08 dB/μs at 0.96 GHz or 0.0055 dB/λ (dB per wave-
length). The demonstrated ADLs can potentially provide wide-
range and high-resolution reconfigurable delays that are highly
sought after for the SIC in full-duplex radios.

This paper is organized as follows. Section II provides a
general discussion on the design of the S0 mode ADLs. The
ADL topology is first introduced, followed with a theoretical
demonstration on how S0 mode ADLs break the fundamental
performance limits of the incumbent SAW technologies. The
design is then supported by the finite-element analysis (FEA),
specifically focusing on gigahertz ADL design and the acoustic
wave propagation characteristics in the thin-film waveguiding
structures. Section III summarizes the fabrication process and
presents the fabricated gigahertz ADLs. Section IV offers
the measurement results and discussions of the devices with
different gap lengths and different center frequencies. The
S0 wave propagation characteristics, including PL and phase
velocities, are experimentally derived. Finally, the conclusion
is stated in Section V.

II. S0 MODE ACOUSTIC DELAY LINE DESIGN

A. Unidirectional Acoustic Delay Line Overview

The schematic of a typical S0 mode ADL is shown
in Fig. 2 with the key parameters explained in the inset
table. The ADL consists of 135-nm aluminum interdigitated
transducers on top of a suspended 800-nm LiNbO3 thin film.
The device is oriented at 30° to the +y-axis in X-cut LiNbO3
for harnessing the high phase velocity and large coupling
of the S0 mode. S0 is chosen to build gigahertz ADLs for
two primary reasons. First, high k2 up to 40% is accessible
in X-cut LiNbO3, thus allowing a better BW-IL tradeoff for
ADLs [41]–[43]. Second, in contrast to SH0, the high phase
velocity (over 7000m/s) of S0 permits the scaling to higher
frequencies with larger feature sizes [44].
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Fig. 3. Tradeoff between the minimum IL and FBW for SPUDT ADLs in (a)
conventional SAW and (b) S0-mode LiNbO3 platform, showing piezoelectric
(black) and reflectivity limits (gray).

The transducers on the opposite ends of the ADL adopt
the design of single-phase unidirectional transducers (SPUDT)
[16], [22], [23]. As shown in Fig. 2(b), the SPUDTs are
composed of cascaded transducer unit cells that each include
a pair of transduction electrodes (λ/8 wide) and one dis-
tributed acoustic reflector (3λ/8 wide) shorted to the ground
[22], [23]. In each cell, the two reflectors are arranged on
the opposite sides of the transduction center nonsymmetri-
cally with different spacings of 3λ/8 and 5λ/8. As shown
in Fig. 2(b), the transduction center referred herein is defined
as the center of the blue electrode. After launching from the
transduction center, the acoustic wave propagating toward the
left gets partially reflected from the left-side reflector and
starts traversing in the forward direction (FWD, i.e., right
in Fig. 2). As the reflected acoustic wave returns to the
transduction center, it experiences a total of −2π phase delay
that results from −1.5π phase delay from the propagation and
a −0.5π phase delay from the reflection, thereby the reflected
wave constructively interferes with the wave directly launched
toward the FWD. On the other hand, the wave propagating
toward the FWD experiences −2.5π phase delay from the
propagation and a −0.5π phase delay from the reflection.
The signal sees a total delay of −3π upon its arrival back
to the transducer center and destructively interferes with the
wave directly launched toward the backward direction (BWD).
With a sufficient amount of cascading reflections distributed
in the unit cells, near perfect cancellation of the BWD wave
propagation can be achieved, resulting in the removal of the
bidirectionality in the transducers and a 6-dB reduction in the
IL of the ADL.

B. Performance Limits of Acoustic Delay Lines

The performance of S0 ADLs can be then compared with
the incumbent SAW technology regarding their fundamental
limits. As mentioned earlier, two factors, namely, k2 and the
reflectivity in SPUDTs, fundamentally limit the performance
of SPUDT-based ADLs. Their impact on delay line perfor-
mance has been studied in [23] and readopted as shown
in Fig. 3(a) for SAW devices. k2 is intrinsically bounded
by the piezoelectric properties of the material and effective
coupling efficiency of the transducer for a given mode. It sets
the limit on the maximum FBW over which the impedance
matching can be attained without imposing a significant IL.
For devices working beyond the maximum FBW, the IL can be

expressed as [23], [45]

IL=FBW2 · QT /cpiezo, when FBW >
√

cpiezo/QT (1)

cpiezo = v f − vm

v f
·
[

1 + 3(v f − vm)

2v f

]
(2)

where QT is the normalized quality factor of the transducer
and is only determined by the transduction structure. cpiezo is
the material piezoelectric constant determined by the material
coupling coefficient and can be calculated through the phase
velocities of the acoustic wave in the thin film sections with
free surface v f and metalized surface vm . For our design with
QT of 0.6594 [23], v f of 7018 m/s, and vm of 6047 m/s [44],
the maximum coupling coefficient is 35%. Based on (1), k2

of 35% translates to a maximum FBW of 50%, beyond which
a larger FBW has to come at the cost of a higher IL. In other
words, the black region shown in Fig. 3(b) is forbidden and
cannot be accessed.

On the other hand, the attainable reflections in the embedded
reflectors limit the unidirectionality of the transducer pairs
and thereby the IL of the ADL. The dependence of IL on
reflectivity can be expressed as [23]

IL = 1 − e−�λ/FBW (3)

where �λ is the reflection per wavelength. Equation (3) quanti-
tatively explains that a platform with a lower �λ requires more
cells/reflectors to achieve the same unidirectionality and IL and
intrinsically leads to a smaller FBW due to the dependence
of transducer frequency-domain response on the number of
cells (FBWtransducer ∼1/N). �λ can be calculated based on
a previously developed model that separates the reflection
into the mechanically and electrically induced reflections [31].
The mechanical reflection is caused by different effective
acoustic impedances in the sections of LiNbO3 with and
without electrodes, while the electrical reflection is induced
by the constant potential boundary condition in the metalized
LiNbO3 sections. The mechanical reflection per unit cell can
be calculated as [31]

�m = �sue jα 1 − e− j2α
(
1 − �2

su

)

1 − �2
sue− j2α

(4)

where �m is the mechanical reflection coefficient at the
reflection center, �su is the step-up reflection coefficient, and
α is the electrical width of the reflector, which is 3π /4 for our
SPUDT design. �su is obtained from COMSOL frequency-
domain FEA. In the FEA, the mechanical reflection coefficient
of a single reflector is obtained. �su is then extracted through
the multireflection theory. A detailed explanation can be found
in [31]. For a stack of 135-nm aluminum on 800-nm LiNbO3,
�suis −0.045 [Fig. 4(a)]. Thus, �m is calculated to be −0.057j.
Similarly, the electrical reflection can be calculated as [31]

�e = �0∞e jα 1 − e− j2α
(
1 − �2

0∞
)

1 − �2
0∞e− j2α

(5)

where �e is the electrical reflection coefficient at the reflection
center, �0∞ is the reflection coefficient due to the phase veloc-
ity difference in the metalized and free piezoelectric surfaces.
�0∞ is obtained from COMSOL FEA eigenmode simulation
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Fig. 4. Mechanical and electrical reflection coefficient caused by the interface
between the LiNbO3 film with and without electrode. The values are obtained
using COMSOL FEA in the frequency domain.

of a piezoelectric slab with the electrically open or short sur-
face boundary condition. Note that the electrodes are assumed
massless. The relationship of the reflectivity to metal electrode
thickness and metal type of the SPUDT has been recently
examined and can be found in [31]. For the S0 mode with λ
of 6.4 μm in an 800 nm in LiNbO3 film, �0∞ is −0.0743
[Fig. 4(b)], and thus �e is calculated to be −0.105j.

The comprehensive reflection coefficient �λ, including the
effects of mechanical and electrical reflections, can be calcu-
lated through the multireflection theory and expressed as [31]

�λ = �m + �e

1 + �m · �e
. (6)

The total reflection coefficient per reflector is calculated to
be −0.16j, which is significantly larger than those obtained in
SAW devices with a similar electrode thickness [23]. The large
reflectivity is collectively caused by a higher �e from a larger
k2 and a higher �m from the more substantial electrode mass
loading on a suspended thin film. Based on (3), the forbidden
region caused by the limit on reflectivity is illustrated in gray
in Fig. 3(b).

Upon comparing Fig. 3(a) with (b), it is evident that the S0
mode platform allows access to more favorable FBW-IL trade
space and overcomes the fundamental performance limits of
the SAW. Combined with their better energy confinement in
the suspended structure and consequently lower PL, S0 ADLs
can potentially enable wider BW and lower loss performance
at the gigahertz frequency range. Note that the currently
predicted performance is still far from harnessing the full
potential of the S0 mode platform as the attained reflectivity
is still the performance bottleneck and can be overcome in
future optimizations.

C. Simulation and Design of Key Parameters

To better capture the intricacies and understand the
frequency-domain responses, we use COMSOL FEA for val-
idating the S0 ADL prototype designs. To demonstrate the
design fundamentals of the S0 ADLs, simplified 2-D sim-
ulations are used in Sections II-C and II-D of this section,
assuming that the acoustic waves are plane waves and the
fridge effects near the release windows can be neglected. The
3-D simulation results will be analyzed in Section II-E, empha-
sizing the propagation characteristics of the S0 mode acoustic
waves in our proposed structure. The 2-D simulation is set up
as follows. A slab of the proposed structure (Fig. 2) is modeled

Fig. 5. Simulated performance of the gigahertz S0 ADLs with a 6.4-μm
cell length, the same gap length of 0.2 mm, but different numbers of SPUDT
cells (5–20). (a) Cross-sectional mode shape depicting the unidirectionality of
the SPUDT transducers for an ADL with 20 cells and a gap length of 0.1 mm.
The thickness of the cross section is exaggerated. (b) IL. (c) RL. (d) Group
delay. (e) Extracted IL and FBW, illustrating their tradeoff.

in COMSOL, with the interdigitated electrodes (IDTs) but not
the bus line parts [Fig. 5(a)]. Periodic boundary conditions
are applied to the transverse edges for both the mechanical
and electrical domains [46]. The 2-D simulation also assumes
the whole structure, including the acoustic waveguide, to be
lossless, given that PL remains unknown for S0 mode waves
at these frequencies. PL will be experimentally derived in our
measurement section. Perfectly matched layers (PMLs) are
applied to both ends of the ADL.

First, we investigate the designs with different numbers of
transducer cells, but the same gap length (0.2 mm), to deter-
mine the number of cells in our design for the SIC application.
In the simulation, without loss of generality, the cell length is
chosen to be 6.4 μm. Considering our in-house fabrication
capabilities (more details will be discussed in Section III),
the film stack is set as 135-nm-thick aluminum interdigitated
transducers on the top of a suspended 800-nm LiNbO3 thin
film, As shown in the simulated cross-sectional mode shape
[Fig. 5(a)], the SPUDTs on both ends significantly reduce the
energy leakage to the BWDs. The simulated IL and RL are
shown in Fig. 5(b)–(c) with the ports conjugately matched. For
a device with 20 cells, an IL of 1.3 dB and a 3-dB FBW of
4.2% are expected, while an IL of 3.9 dB and an FBW of 16%
are obtained for a device with five cells. The tradeoff between
IL and FBW for our ADL platform is shown in Fig. 5(e). The
simulation results indicate a substantially improved trade space
that can lead to record-breaking low IL over a broad BW. For
providing delays for SIC, we prioritize on providing low IL for
adequately wide FBW. Based on the previous demonstration of
SIC [47], we select 4% FBW (20 cells) as our primary design
prototype. The simulated group delays are shown in Fig. 5(d).
Delays from 25 to 45 ns are obtained with longer delays
induced by longer acoustic wave propagation distances in
devices with more cells. The ripples in delay are likely caused
by the multireflection between the transducers. The absolute
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Fig. 6. Simulated performance of the gigahertz S0 ADLs with 6.4-μm cell
length, the same number of SPUDT cells of 20, but different gap lengths
varying from 0.1 to 0.8 mm. (a) IL. (b) RL. (c) Group delay. (d) Extracted
group delay and the frequency spacings between the ripples, showing that the
multireflections due to finite directionality are the source of the ripples in the
group delay.

delay value and the origin of the ripples will be discussed in
the next paragraph.

Second, we study the effects of the gap length by simulating
designs with the same number of cells (20) but different gap
lengths varying from 0.1 to 0.8 mm. The study allows insights
inaccurate prediction of the delays of different designs. The
other critical parameters of the simulated structure remain
the same as the previous group of ADLs. The simulated
performance is shown in Fig. 6 with the ports conjugately
matched. It can be seen that an IL around 1.1 dB and an
FBW approximately 4.2% are obtained for different devices
with various gap lengths [Fig. 6(a) and (b)], due to the lossless
nature of the simulation setup. The simulated group delay is
shown in Fig. 6(c). It is evident that devices with more con-
siderable delay lengths lead to longer delays, as summarized
in Fig. 6(d). The group delay τ can be approximated as

τ ≈ (Lg + N · λ)/vo (7)

where Lg is the gap length, N is the cell number, λ is
the cell length, and vo is the phase velocity of S0 mode in
LiNbO3 thin film with the electrically open-surface boundary
condition. As shown in Fig. 6(d), the extracted vo is 7238 m/s,
which is equivalent to providing 0.14 μs/mm in S0 ADLs.
Another observation is that the frequency spacing between
ripples is smaller for more extended devices. Upon analyzing
the frequency spacing quantitatively [Fig. 6(d)], the relation
between the ripple spacing � fsp and the delay τ can be
summarized as

� fsp ≈ 1

2τ
. (8)

Such a conclusion supports that the ripples are caused by
the highly partial standing waves (with low standing wave
ratio) formed between the two sets of transducers on opposite
ends [23]. However, such effects are less severe in the pre-
viously demonstrated SH0 ADLs on the suspended LiNbO3
thin films [1], [31]. The more subdued ripples are mainly a
result of the higher damping of SH0 acoustic waves, which

Fig. 7. (a)–(c) Simulated performance of the gigahertz S0 ADLs with
different center frequencies. Different devices have the same number of
SPUDT cells of 20, the same gap length of 0.1 mm, but different cell length
varying from 6.8 to 3.2 μm. (d) Main passbands are identified for each case
and the mode shape of each mode is shown.

significantly lowers the quality factor Q of such a mode and
mitigates the local group delay fluctuations.

In this section, we have studied the key parameters of
S0 mode ADLs, namely, the number of cells and the gap
width. The simulations have shown the target performance of
S0 ADLs for SIC applications, validating the greatly enhanced
design space of the new platform. However, as it will be shown
in Section II-D, scaling S0 ADLs toward the gigahertz range
is not merely reducing the cell length, which is the same
as the S0 mode wavelength. The presence of other spurious
modes creates new challenges for attaining high-performance
gigahertz ADLs.

D. Scaling S0 Mode Acoustic Delay Lines Toward Gigahertz

To illustrate the challenges of scaling S0 ADLs toward
higher frequencies, a group of devices with the same gap
length (0.1 mm) and number of cells (20), but different
cell lengths (6.4 to 3.2 μm) is simulated using FEA for an
800-nm film. The simulation results are shown in Fig. 7 with
port impedance conjugately matched for the S0 mode.
Six significant modes exist in the interested frequency range
from 500 to 3000 MHz, creating a passband from each mode.
As presented in Fig. 7(d), different modes are identified with
the displacement mode shapes obtained from FEA. It is not
surprising that the center frequencies of different bands scale
up with shorter cell lengths. However, as highlighted in Fig. 7,
the spacing between the S0 and A0 modes significantly
reduced for higher frequency ADLs. In the case of a 3.2-μm
cell length on the 800-nm thin film [Fig. 7(c)], the S0 and
A0 passbands merge. In the overlapped passband, both the IL
and RL degrade because part of the signal is coupled into the
low k2 A0 mode and travels at a different group velocity.
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Fig. 8. Dispersion curves of (a) S0 mode and (b) A0 mode with different
wavelengths in the LiNbO3 thin films with various thicknesses. A0 is
influenced more by the film thickness than S0. When the A0 dispersion curves
become close to the S0 mode, the available FBW of the S0 mode is greatly
reduced.

It thus cannot be adequately reflected by the embedded
reflectors designed for S0 to achieve unidirectionality in the
SPUDT transducers, resulting in more loss that is absent in
nonoverlapping cases. Such a mode overlapping phenomenon
significantly limits the available BW of the S0 ADL. To avoid
the detrimental effect of overlapping the S0 and A0 passbands,
thorough examinations on the dispersion curves of the S0 and
A0 models are carried out to identify a mitigation approach.

The dispersion curves of S0 and A0 mode in a transducer
cell are presented in Fig. 8 for LiNbO3 films with different
thicknesses. The curves are obtained using eigenmode FEA
on a single cell with periodic boundary conditions in both the
electrical and mechanical domains. As shown in Fig. 8(a),
reducing the wavelength from 6.4 to 3.2 μm results in
the increase of the center frequency of the S0 mode from
1 to 2 GHz. Moreover, the dispersion curves of the S0 mode
show a weak dependence on the thickness-to-wavelength
ratio [44]. For our specific cases, a thicker film leads to
a higher compound phase velocity in the transducer. The
dispersion curves of the A0 mode also show a similar trend,
that is, a shorter wavelength and a thinner film lead to a
lower center frequency [Fig. 8(b)]. The S0 mode dispersion
curves are plotted on the same figure, showing a significant
overlapping of both modes for certain film thickness. It can
be seen that a thinner film provides a much larger space for
scaling up the operating frequency. However, it is nontriv-
ial to microfabricate the long ADLs (length up to several
millimeters for adequate delays) on thin films. Therefore,
it requires holistic consideration of the attainable operating
frequency and the in-house fabrication capabilities. We select
an 800-nm-thin film for demonstrating S0 ADL prototypes
between 1 and 2 GHz in this work. Note that it is feasible to
scale the S0 ADLs to even higher frequencies based on the
recent advancement in processing low residue stress thin films
of a reduced thickness [48].

E. Propagation of S0 Mode Acoustic Wave

This section has been so far based on the plane wave sim-
plification. This assumption is only valid when the launched
acoustic waves propagate perfectly perpendicular to IDTs in
the cut plane and do not have a wave vector component along
the transverse direction. In other words, it requires the wave-
front propagates in alignment with the energy transportation

Fig. 9. S0 mode propagation characteristics in an X-cut LiNbO3 film
around 1 GHz. (a) Phase velocities of the S0 waves in an electrically open
LiNbO3 thin film (vo) and an electrically short LiNbO3 thin film (vs ).
(b) Slowness curves of the S0 mode in electrically open and short LiNbO3
thin films. (c) Calculated power flow angle. (d) Calculated coupling coefficient
k2 of S0.

direction [49]. Therefore, it is necessary to examine these two
wave propagation directions in an actual ADL structure.

The wavefront propagation direction can be shown to be
the same as that of the phase velocity v p, which is described
as [50]

v p = k̂ω/|k| (9)

where ω is the angular frequency, k is the wave vector, and
k̂ is the unit vector of k. The energy transportation direction
can be generally proved as the same direction as the group
velocity vg of acoustic waves [51], which is described as [50]

vg = �∇kω (10)

which means the gradient of the angular frequency ω as a
function of the wave vector k. The angle between v p and vg
is defined as the power flow angle (PFA), pointing from vg to
v p. PFAs of acoustic waves are not always zero for anisotropic
materials, such as LiNbO3 used for our ADLs [49]. If PFA is
nonzero, the launched acoustic waves might propagate into the
busline regions (Fig. 2) when reaching the other end, and be
missed by the receiving IDTs. As a result, it might introduce
additional IL to the actual devices than that predicted by the
2-D simulation (Figs. 5 and 6). Therefore, we need to examine
the PFA for the S0 mode in X-cut LiNbO3 to identify an
in-plane orientation, at which large k2 and adequately small
PFA can be accessed simultaneously.

The slowness curve method developed for various acoustic
applications [14] is used in this work for calculating PFA for
Lamb waves in thin piezoelectric films [49]. The slowness
curve is traced by the locus of the vector that is defined as the
inverse of the phase velocity over the in-plane orientations
[Fig. 9(b)]. The phase velocity direction of the S0 mode
propagating along a given in-plane orientation coincides with
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the radial vector pointing along the in-plane Euler angle. The
direction of the group velocity is normal to the slowness
curve for all in-plane orientations, as shown in Fig. 9(b) [49],
therefore leading to the PFA.

For our case, we start with calculating the phase velocities
v p of the S0 mode in X-cut LiNbO3 at different in-plane orien-
tations. We choose the S0 mode with 6.4-μm wavelength in an
800-nm-thin film as the example. COMSOL eigenmode FEA
is used for obtaining the phase velocities of the electrically
open LiNbO3 thin film (vo) and electrically short LiNbO3
thin film (vs) at different in-plane orientations [Fig. 9(a)].
A phase velocity around 6500 m/s is obtained for the S0 mode
in our film stack. vs is slower than vo due to the piezoelectric
softening effect [42]. Next, the slowness curves for different
boundary conditions are plotted in Fig. 9(b) with an example
of PFA presented. Using the aforementioned method, PFA
curves at different in-plane orientations for both boundary
conditions are plotted in Fig. 9(c). Targeting the high k2 of
the S0 mode in X-cut LiNbO3, we investigate the PFA zero
points near 30° to the +y-axis [Fig. 9(d)] [42], [43]. In the
electrically open case, PFA reaches zero when the propagation
direction is 29.5° to the +y-axis. For the electrically short
case, PFA reaches zero at a propagation direction of 33.2° to
the +y-axis. Deviation from these angles causes a nonzero
PFA and a misalignment between the propagating acoustic
wave and the receiving transducer direction, which degrades
the device performance. Moreover, the suspended structure
itself introduces more multireflections within the IDTs and
between the etched transverse edges. Therefore, we use FEA
to analyze the effects.

To better illustrate the effects of a nonzero PFA, two
groups of S0 ADLs with different in-plane orientations are
simulated with COMSOL FEA (Fig. 10). In the 3-D model,
the total width of the device is 86 μm. The aperture width,
defined as the overlap length between the blue and yellow
electrodes in Fig. 2, is 50 μm. The other key dimensions
are the same as those for the 2-D simulation in Fig. 6. The
mechanical boundary conditions in the transverse direction
are set to be free, while PMLs are used at the two ends
in the longitudinal direction. For devices orientated 30° to
the +y-axis [Fig. 10(a)], the displacement mode shape shows
that most of the power still propagates toward the receiving
transducer [Fig. 10(c)] due to the small PFA of −0.27° at
this orientation. In comparison to the results obtained from the
2-D simulation (Fig. 6), the slight degradation of IL for longer
devices is due to the minor wave scattering into the bus line
area where no IDTs are present to effectively collect the power
carried by the waves. In contrast to devices orientated 30° to
the +y-axis, devices orientated 35° to the +y-axis [Fig. 10(b)]
show a significant direction deviation in energy transportation
as seen from the displacement mode shape [Fig. 10(c)] due
to a larger PFA of −2.88°. The launched acoustic waves thus
impinge upon the transverse free boundaries of the suspended
thin film and follow a reflection-induced zig-zag path down the
waveguide. Interestingly, due to the existence of the transverse
free boundaries, a longer device can potentially perform better
than a shorter one, e.g., the 1.8-mm device in Fig. 10(b),
if the bounced waves coincidentally get collected by the output

Fig. 10. Simulated effects of a nonzero PFA on ADL performance. The
transmission coefficients (conjugately matched) for two groups of S0 ADLs
with different in-plane device orientations at (a) 30° to +y-axis with a PFA
of −0.27° and (b) 35° to +y-axis with a PFA of −2.88°. (c) Displacement
mode shapes for devices at different orientations and PFAs. A larger deviation
from the zero PFA leads to a larger IL for certain gap widths as the guided
acoustic waves might miss the output transducers in their zig-zag paths.

transducer. Nonetheless, to avoid complications and consis-
tently attain low IL for different lengths, it is crucial to align
the devices to the zero PFA orientation as close as possible.
It is also noteworthy that the PFA issue can be potentially
mitigated using slanted transducers, which were developed for
aligning the energy flow angle with the transducers for various
SAW applications [52], [53].

To sum up, we have explored the design space for giga-
hertz S0 mode ADLs in this section. First, the significantly
improved FBW-IL trade space is theoretically shown in the
new platform, promising superior gigahertz ADLs for SIC
applications. Next, the design of S0 SPUDT is presented,
with the two key parameters, namely, the number of cells
and gap length, explored for determining the center frequency,
IL, FBW, and delay of the ADLs. The challenges in scaling
S0 ADLs to higher frequencies have been identified, and
an approach considering both the targeting frequencies and
fabrication process has been developed. Finally, we investigate
the S0 mode propagation properties in the ADL and discuss
a potentially critical design parameter, device in-plane orien-
tation, for long delays and minimum IL degradation at the
same time. The device implementation will be presented in
Section III.

III. ACOUSTIC DELAY LINE IMPLEMENTATION

The devices were in-house fabricated with the process
shown in Fig. 11. The X-cut LiNbO3 thin film of 800 nm
on a 4-in Si wafer is provided by NGK Insulators, Ltd.,
for this fabrication process. First, the electrodes are defined
with e-beam lithography to create feature sizes as small
as 400 nm. Then, 135-nm-thick aluminum electrodes are
patterned using sputtering and lift off. Aluminum is chosen
for its good conductivity for lowering the electrical loss and
also its compatibility with the follow-on steps. The thickness
of the electrodes is chosen within the limit of our e-beam
photoresist-based lift-off process. Next, a 2-μm SiO2 layer
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Fig. 11. Fabrication flowchart of the gigahertz S0 ADLs.

Fig. 12. Optical microscope images of the fabricated ADLs. (a) Zoomed-out,
(b) transducer, and (c) zoomed-in views of the longest fabricated device with
a 6.4-mm gap. (d) Shorter device with a 0.2-mm gap. (e) Five-cell SPUDT
test device for validating the effects of cell numbers. (f) Test structure for
identifying the PL in a metalized LiNbO3 thin film. The key parameters are
shown in the inset table.

is deposited using plasma-enhanced chemical vapor deposi-
tion (PECVD) and patterned with fluorine-based reactive ion
etching (RIE). The release windows in the LiNbO3 film are
subsequently etched using chlorine-based inductive coupled
plasma (ICP)-RIE. The remaining SiO2 is then removed with
low-power ICP. Finally, the ADLs are released with isotropic
XeF2 etching. In this process, the diced sample has a side
aligned with the +y-axis of the LiNbO3 material. The device
orientation is preset in the lithography mask with each device
tilted 30° to the reference +y-axis on the mask. In the
implementation, the reference axis on the mask is aligned to
the side of the sample that was aligned with the +y-axis of
the LiNbO3 crystal.

The optical images of the fabricated ADLs are shown
in Fig. 12 with the critical parameters marked in the figures.
The longest fabricated device features a high aspect ratio (total
length/aperture width) of 128 and displays no visible warping
under a microscope [Fig. 12(a)], demonstrating adequate stress
management in the fabrication. The SPUDT electrodes are

TABLE I

KEY PARAMETERS OF THE FABRICATED DEVICES

also defined with high fidelity in width and great uniformity
across cells [Fig. 12(b) and (c)]. Three key parameters of
the ADL designs (number of cells, gap length, and cell
length) are investigated individually. The number of cells
varies from 5 to 20 [Fig. 12(e)]. The gap length varies between
0.1 and 6.4 mm [Fig. 12(d)], providing delays ranging from
20 to 900 ns. The cell length varies from 6.8 to 3.2 μm,
covering center frequencies from 900 MHz to 2 GHz. Some
test structures are also fabricated, aiming to investigate the
PL of the metalized LiNbO3 thin film. Most of the fabricated
devices exhibit flat surfaces and well-defined electrodes from
optical inspection and perform as anticipated. The orientation
of the fabricated devices is optically identified to be 30.8° to
the +y-axis. The slight deviation from 30° to the +y-axis was
caused by the slight misalignment in the fabrication.

To fully break down the IL, attain empirical data on the
PL of S0, and ultimately validate our understanding of the
performance limits of ADLs, different groups of devices were
fabricated. A summary of the fabricated devices is shown
in groups from A to F in Table I. For easy references and
comparisons, the figures showing the simulation and mea-
surement results of these groups are also listed in Table I.
Groups A and B are used for validating the key design
parameters (number of cells and gap length) for determining
the IL, FBW, and group delay. Group C is used for showing
our approach to scale our lower frequency devices to the
gigahertz frequency range. Groups D, E, and F are used to
identify the PL of S0 mode at different conditions, which
cannot be directly obtained by FEA.

IV. MEASUREMENT AND DISCUSSIONS

A. Acoustic Delay Lines With Different Cell Numbers

The fabricated ADLs were first measured with a vector
network analyzer (VNA) at the −10-dBm power level in the
dry air, and then conjugately matched in Keysight Advanced
Design System. The devices in Group A are designed to
investigate the impact of the number of cells on the IL-FBW
tradeoff. Devices with the same cell length of 6.4 μm and the
same gap length of 0.2 mm, but different numbers of SPUDT
cells of 5, 10, and 20 were built. The measured IL and RL
are shown in Fig. 13(a) and (b) with the ports conjugately
matched. For a device with 20 cells, an IL of 3.2 dB and
a 3-dB FBW of 3.8% are obtained, while for a device with
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Fig. 13. Measured performance of the gigahertz S0 ADLs with the same
6.4-μm cell length, the same gap length of 0.2 mm, but different numbers of
SPUDT cells (5–20). (a) IL. (b) RL. (c) Group delay. (d) Extracted IL and
FBW, illustrating their tradeoff.

five cells, an IL of 5.0 dB and an FBW of 17.4% are shown.
The tradeoff between IL and FBW for our ADL platform
is shown in Fig. 13(d). Compared to the simulated results
in Fig. 5(e), a slight degradation in IL has been observed,
which will be analyzed in Section IV-D. The IL-FBW has been
dramatically improved from the SOA SAW ADLs, therefore
allowing access to the previously forbidden design space for
low-loss wideband ADLs and the future SIC applications.
The measured group delays are shown in Fig. 13(c). Delays
from 25 to 45 ns are obtained, with longer delays induced
by longer transducers with more cells. The frequency spacing
between the adjacent ripples is inversely proportional to the
group delay, as expected in Fig. 6. The larger ripples in
both the amplitude and the group delay of the ADLs with
fewer cells are caused by the insufficient suppression of triple
travel signals (TTSs) from the less unidirectionality in the
transducers.

B. Acoustic Delay Lines With Different Gap Lengths

The devices in Group B are designed to investigate the
effects of longer gap lengths. This group includes ADLs with
identical transducers (λ = 6.4 μm) but different gap lengths
(0.2–6.4 mm). The performance shows an FBW of 4% and a
minimum IL of 3.2 dB [Fig. 14(a) and (b)]. Group delays
between 40 and 900 ns have been obtained for different
gaps [Fig. 14(c)]. The small ripples in the IL and the group
delays are collectively caused by the finite directionality of
the transducers and the slight resonant nature of the SPUDT.
The first aspect can be improved by enhancing the reflectivity
per cell and achieving a further reduced TTS between the
transducers [1], [23]. The second factor can be mitigated
using the optimization approaches developed for SAW SPUDT
devices [16], [54], [55], namely, optimizing the reflection and
transduction functions simultaneously across the transducer.

Fig. 14. Measured S-parameters of the ADLs (N = 20, λ = 6.4 μm)
with identical transducers but different Lg (0.2–6.4 mm). (a) IL and (b) RL
responses showing an FBW of 4% and a minimum IL of 3.2 dB. (c) Group
delay responses with the passband highlighted. (d) Extracted PL (6.08 dB/μs),
and phase velocity (7097 m/s) of the S0 mode in LiNbO3 at 960 MHz.

The IL of ADLs with different lengths is further analyzed.
Naturally, the IL increases for longer delays, which is com-
mensurate with the more damped signals reflected from a
further distance in the SIC scheme. The extracted PL in the dry
air ambiance and phase velocity is 6.08 dB/μs and 7097 m/s,
respectively [Fig. 6(d)]. Note that the PL extracted here is
a conservative estimation, because the longer devices with a
high aspect ratio over 128 suffer from the nonzero PFA issue
(even for a small PFA) explained in Section II. Fortunately,
the etched transverse free boundaries help to confine the
energy in the propagation path. Approaches to further reduce
the PFA issue will be explored in our future work.

C. Acoustic Delay Lines With Different Center Frequencies

The Group C ADLs have the same gap length of 0.1 mm
but different transducers (λ = 3.2–6.8 μm). The wideband
measurement results are shown in Fig. 15. The transmission
at higher frequencies has the same trend regarding S0 and
A0 modes as predicted by the simulation (Fig. 7). For our
800-nm-thick 20 cell LiNbO3 ADLs, the S0 passband shows
good performance up to 2 GHz. Various transducer wave-
lengths result in passbands ranging from 0.8 to 2 GHz with
FBWs around 4% [Fig. 16(a) and (b)]. An IL of 3.0 dB
is achieved for the 900-MHz ADL, while an IL of 5.2 dB
is attained for the 2-GHz ADL. The slightly larger IL for
higher frequency ADLs is caused by the larger electrical
length for a given Lg at a higher frequency and the con-
stant PL/λempirically observed over the said frequency range.
As shown in Fig. 16(c), a delay as low as 20 ns has been
demonstrated over the 0.8–2-GHz range. The slight ripples in
the group delay are caused by the multireflections in SPUDTs.

D. Gigahertz S0 Wave Propagation in Thin Film

The propagation characteristics of S0 waves in LiNbO3 thin
film are further investigated. The devices with different cell
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Fig. 15. Measured performance of the gigahertz S0 ADLs with different
center frequencies. The devices have the same number of SPUDT cells of 20,
the same gap length of 0.1 mm, but different cell lengths [(a) 6.8, (b) 4.4,
and (c) 3.2 μm].

Fig. 16. Measured S-parameters of the ADLs (N = 20, Lg = 0.1 mm)
with identical gap lengths but different λ (3.2–6.8 μm) or center frequencies.
(a) IL and (b) RL responses showing an FBW of 4% at different frequencies.
(c) Measured group delays of different ADLs in the passbands, showing a
minimum delay of 20 ns.

lengths were fabricated and measured (Group D in Table I).
The phase velocity vo and PL are extracted from devices with
different gap lengths. The extracted vo is shown in Fig. 17(a)
with a constant value around 7000 m/s over the 1–2-GHz
range in the 800-nm-thin film. The PL at different frequencies
is shown in Fig. 17(b)–(d) using three metrics, including
PL per unit distance, PL per wavelength, and PL per unit
time. Due to the nonzero PFA, the PL extracted here is a
conservative estimation. The longer devices in this group suffer
additional IL due to the transverse propagation of S0 waves
(Fig. 10). Therefore, the PL extracted here is worse than
the real cases. An increase of PL can be observed at higher

Fig. 17. Extracted propagation parameters of the gigahertz S0 mode acoustic
waves. (a) νo, (b) PL per distance, (c) PL per wavelength, and (d) PL per
microsecond.

Fig. 18. Measured S-parameters of the ADLs (N = 20, λ = 5.2 μm) with
identical transducers but different Lg (0.1–1.6 mm) covered with 135 nm
of Al. (a) IL. (b) RL. (c) Group delay. (d) Extracted PL (6.08 dB/μs), and
phase velocity (7097 m/s) of the S0 mode at 1180 MHz in a LiNbO3 thin
film with a metalized surface.

frequencies, which is consistent with the experimental trends
seen in various other acoustic device platforms [33], [56]–[58].
More holistic and sophisticated modeling on PL is still being
developed as the research community gains more experimental
insights on the critical factors affecting PL and better control
of fabrication variations. Designs that better isolate the PL
from other loss mechanisms (e.g., nonzero PFA) can also help
to enable a more thorough analysis and will be our target in
future work.

Next, the propagation characteristics of S0 waves in LiNbO3
thin film with the metalized surface are extracted for under-
standing the PL in the transducer cells where the metalized
thin film might be the main damping contributor [13]. A group
of devices (Group E) centered at 1185 MHz was measured
[Fig. 18(a)–(c)]. The extracted key parameters are shown
in Fig. 18(d). Due to the piezoelectric softening effect [15],
the phase velocity is lower than that measured in an electrically
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Fig. 19. Comparison of the measured IL and group delays of the S0-mode
ADLs in vacuum and in air. (a) IL and group delay of an ADL (N = 20,
λ = 6.4 μm, Lg = 0.2 mm) measured in vacuum and air. (b) PL in vacuum
extracted from a group of ADLs (N = 20, λ = 6.4 μm, Lg = 0.2–6.4 mm,
Group F in Table I).

open piezoelectric thin film. The measured vs is 6336 m/s. The
extracted PL is 0.0017 dB/λ or 21.2 dB/μs, which is much
larger than the values in the electrically open thin film. Such
a result implies that the metalized area is the main contributor
of the IL in the transducer sections of the ADLs [31].

At last, the devices in Group F were then measured in
vacuum for testing the effects of vacuum ambiance on the
device performance. The results are presented in Fig. 19(a) for
an ADL [N = 20, λ = 6.4 μm, Lg = 0.2 mm, Fig. 12(d)].
The different measurement environment brings little difference
to the performance. The PL of these devices measured in air
and vacuum is then compared in Fig. 19(b). The PL slightly
drops from 6.08 to 5.96 dB/μs. Therefore, it can be found that
the air damping is not the main loss in ADLs.

E. Temperature Dependence of Gigahertz
S0 Acoustic Delay Lines

The temperature dependence is another important factor in
SIC applications for covering the entire operating temperature
range of the front-end modules. Therefore, one ADL in
Group F is measured at different temperatures, ranging from
295 to 355 K. The conjugately matched results are shown
in Fig. 20(a)–(c), with both the transmission, reflection, and
group delay plotted. The passband drifts to lower frequencies
due to the negative temperature coefficient of stiffness of
the LiNbO3 film. The temperature coefficient of the center
frequency (TCF) is plotted in Fig. 20(d), showing a TCF
around −59.69 ppm/K. The result shows good linearity over
the measured frequency range. The TCF is close to the
previously reported TCF in S0 mode X-cut LiNbO3 devices
[28], [59], [60]. The temperature coefficient of delay is chal-
lenging to extract accurately, due to the existence of ripples in
the group delay measurements. Such an effect will be further
investigated in future works based on ADLs with optimized
amplitude and phase performance [16].

F. Insertion Loss Breakdown in Gigahertz
S0 Acoustic Delay Lines

Based on the FEA simulation that has been validated by our
measurements and the experimental extracted results, the IL
of the gigahertz S0 ADLs is broken down for identifying the
space for future improvement (Table II).

Fig. 20. Measured temperature dependence of an ADL (N = 20, λ =
6.4 μm, Lg = 0.2 mm) in vacuum. (a) IL. (b) RL. (c) Group delay at
different temperatures is presented. (d) Center frequency variation and the
extracted TCF in the frequency range of 295–355 K are shown.

TABLE II

EXAMPLES OF IL BREAKDOWN

A pair of ADLs in Group A is studied as examples, one
with a 0.2-mm gap length [Fig. 12(d)] and the other one
with a 6.4-mm gap length [Fig. 12(a)]. For the 0.2-mm ADL,
the first damping contributor is the finite unidirectionality in
the transducers. Based on the FEA of a lossless structure
(Fig. 5), 1.3 dB is from such an effect. The second damping
source is the PL in the transducers, which can be calculated
from the extrapolated delay in the transducers and the PL
in LiNbO3 thin-film sections with and without electrodes.
A total of 0.25 dB is due to the PL in the transducers. The
third damping term is the PL in the waveguide between the
transducers. For the 0.2-mm ADL, the loss is 0.17 dB. Finally,
the last 1.4-dB IL might be collectively caused by the electrical
loading of the IDTs [61] and the nonzero PFA [49]. Similarly,
the IL breakdown of the 6.4-mm ADL is shown in the table,
with the PL in the waveguide as the main loss contributor.

For future implementations of gigahertz S0 ADLs, several
approaches can be taken for achieving better performance.
First, thicker IDTs can be implemented. The current metal
thickness is limited by our in-house fabrication capabilities.
With a further optimized fabrication process, a thicker metal
layer will lead to lower loss from the unidirectionality (not
worse than 0.8 dB [1]) and less electrical loading [61]. Second,
damping from nonzero PFA can be reduced by the more
accurate alignment of the sample and a larger ratio of aperture
width to device width. The last damping term due to electrical
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loading and nonzero PFA might be reduced to half of the
current value. Therefore, a sub-2-dB IL for a 0.2-mm ADL
and a sub-7.5-dB IL for a 6.4-mm ADL can be expected in
future implementations.

V. CONCLUSION

In this work, we have demonstrated low-loss wideband
gigahertz S0-mode ADLs. The significantly improved FBW-IL
tradeoff of S0 ADLs compared with SOA has been shown
theoretically. The critical design parameters of S0 ADLs,
including cell number, gap length, and cell length, have been
investigated through simulation. The main design difficulties
for high-performance gigahertz ADLs, including the adjacent
spurious modes and nonzero power flow angle, are identified
and discussed for the first time. The fabricated miniature ADLs
show an FBW of 4% and a minimum IL of 3.2 dB at a
center frequency of 0.96 GHz. Various delays ranging from
20 to 900 ns have been obtained for digitally addressable
delay synthesis. Multiple ADLs with center frequencies from
0.9 to 2 GHz have been demonstrated. The PL of the S0 mode
at the gigahertz frequency range is also experimentally mea-
sured for the first time, showing a PL of 6.08 dB/μs at
0.96 GHz or 0.0055 dB/λ (dB per wavelength). The PL
at different frequencies, measured conditions, and electrical
boundary conditions is experimentally extracted. The demon-
strated ADLs can potentially provide wide-range and high-
resolution reconfigurable delays for future SIC applications.
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