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Abstract— We present the first group of GHz broadband
SH0 mode acoustic delay lines (ADLs). The implemented
ADLs adopt unidirectional transducer designs in a sus-
pended X-cut lithium niobate thin film. The design space
of the SH0 mode ADLs at GHz is first theoretically investi-
gated, showing that the large coupling and sufficient spec-
tral clearance to adjacent modes collectively enable the
broadband performance of SH0 delay lines. The fabricated
devices show 3-dB fractional bandwidth ranging from 4%
to 34.3% insertion loss between 3.4 and 11.3 dB. Multiple
delay lines have been demonstrated with center frequencies
from 0.7 to 1.2 GHz, showing great frequency scalability.
The propagation characteristics of SH0 in lithium niobate
thin film are experimentally extracted. The demonstrated
ADLs can potentially facilitate broadband signal processing
applications.

Index Terms— Acoustic delay lines (ADLs), enhanced
mobile broadband (eMBB), lithium niobate, microelectro-
mechanical systems, piezoelectricity, SH0 modes.

I. INTRODUCTION

THE emerging enhanced mobile broadband (eMBB) appli-
cations for fifth-generation (5G) communication are call-

ing for unprecedented signal processing capabilities [1], [2].
Targeting at a thousand-fold increase in the mobile data
volume per unit area [3], novel broadband signal processing
functions at radio frequency (RF) are highly sought-after.
Acoustic devices, in which RF signals are converted into and
processed in the acoustic domain before the conversion back
to the electromagnetic (EM) domain, are great candidates for
providing such low-loss wideband signal processing capabil-
ities for their three key advantages. First, acoustic devices
are miniature because of their significantly shorter wavelength
(λ) compared to the EM counterparts [4], therefore suitable
for handheld and mobile applications. Second, various signal
processing functions can be passively implemented by design-
ing the transfer function of the transducers and waveguides [5].
Thus, acoustic devices do not compete with the power-
hungry analog-to-digital converters (ADCs) and digital signal
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processors (DSPs) in the follow-on stages for the power
budget [6]. Third, the recent development of high electro-
mechanical coupling (k2) piezoelectric platforms [7]–[13]
has demonstrated record-low loss over a wide band-
width (BW), thus overcoming the high insertion loss (IL)
and narrow BW bottleneck that have been precluding acoustic
signal processing from eMBB applications.

Among different acoustic devices at RF, acoustic delay
lines (ADLs) have been demonstrated for a wide range of
applications, including transversal filters [14], [15], correla-
tors [16], time-domain equalizers [17], oscillators [18], sen-
sors [19], amplifiers [20], [21], and time-varying nonreciprocal
systems [22]. These diverse signal processing functions can
all be implemented by tailoring the transducers [23] and
waveguides [24]. Conventionally, ADLs are built based on
surface acoustic wave (SAW) platforms [25]–[27]. However,
their performance, namely the substantial IL and the nar-
row fractional bandwidth (FBW), is fundamentally curbed by
the moderate k2 and achievable reflectivity of the transduc-
ers [28], [29], even in designs targeting low loss such as single-
phase unidirectional transducers (SPUDTs) [30]. Recently,
ADLs based on lateral modes in lithium niobate (LiNbO3)
thin films have been demonstrated with fundamental shear
horizontal (SH0) mode [23], [31] or fundamental symmet-
rical (S0) mode [32]–[34], showing significantly improved
IL-FBW design space. The enhanced performance is collec-
tively enabled by large k2 (up to 40%) [35]–[37], the notable
reflectivity in the embedded reflectors [31], [34], and the low
propagation loss (PL) in single crystal quality (LiNbO3) thin
films [32], [34].

However, it remains challenging to achieve broadband
performance with the current demonstrations for two reasons.
First, although large FBW has been obtained [23], [31]–[33],
the absolute BW of the demonstrations are limited because
of their low center frequencies below 500 MHz. Second,
the FBW of the high-frequency S0 mode demonstrations
is also limited [34] by their adjacent modes that can cause
the overlap of passbands. Therefore, to achieve broadband
ADLs, it is paramount to first identify the suitable acoustic
mode with large k2, low loss, sufficient spectral clearance to
adjacent modes, and scalability to the GHz frequency range.
Among various candidates, the SH0 mode in X-cut LiNbO3 is
promising. SH0 ADLs have been experimentally demonstrated
with high k2 and low loss at lower frequencies [31]. Moreover,
high-frequency SH0 mode acoustic devices have been reported
with a sparse mode space [38]–[41]. However, due to the
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highly dispersive characteristics of the mechanical modes
in thin-film LiNbO3 [42], it is nontrivial to scale up the
operating frequency. To advance LiNbO3 ADLs for broadband
applications at 700 MHz or beyond [43], [44], this work aims
to demonstrate the first GHz-range, broadband ADLs based
on the SH0 mode in LiNbO3.

In this work, the design space of GHz broadband SH0 mode
ADLs is first discussed. The implemented ADLs show 3-dB
FBW ranging from 4% to 34.3% and IL between 3.4 and
11.3 dB. Multiple ADLs have been demonstrated with center
frequencies from 0.7 to 1.2 GHz. The PL of SH0 at 1.08 GHz
is extracted as 0.0182 dB per wavelength (dB/λ), and the phase
velocity is 4255 m/s. The demonstrated ADLs can potentially
facilitate broadband applications at the GHz range.

This article is organized as follows. Section II provides a
general discussion on the design of the SH0 mode ADLs.
The ADL topology is first introduced and followed with an
analysis of the characteristics of SH0 at the GHz range. The
theoretical performance limitations will be presented. Then,
the dispersion curves of different modes in X-cut LiNbO3
will be presented, determining the large achievable BW of
the GHz SH0 ADLs. Section III presents the fabricated GHz
ADLs. Section IV discusses the measurement results of the
devices with different delay lengths, center frequencies, and
BW. The SH0 wave propagation characteristics, including the
PL and phase velocities, are experimentally derived. Finally,
the conclusion is stated in Section V.

II. DESIGN OF SH0 BROADBAND ACOUSTIC

DELAY LINES

A. Unidirectional Acoustic Delay Line Overview

The schematic of a typical SH0 mode ADL is shown
in Fig. 1. The ADL consists of 135-nm aluminum interdig-
itated transducers on top of a suspended 800-nm LiNbO3
thin film. A pair of free boundaries exist in the transverse
direction for defining the acoustic waveguide. A pair of
SPUDT transducers are placed on the opposite ends of the
ADL. The SPUDTs are composed of cascaded transducer unit
cells, and each cell includes a pair of transduction electrodes
(λ/8 wide) and one grounded distributed acoustic reflector
(3λ/8 wide) [14], [28], [29]. The transduction center is in the
center of one of the transduction electrodes because the gap
between two grounded electrodes causes no transduction [28].
The reflection center is in the center of the reflector because
the pair of λ/8 electrodes causes no reflection based on the
multireflection theory [28]. In each cell, the transduction center
is placed nonsymmetrically from the reflectors on both sides.
The nonsymmetry causes a difference in the phase delays
of the waves reflected from the reflectors on the opposite
sides. As a result, the reflected wave propagating toward the
forward direction (FWD) constructively interferes with the
wave launched toward FWD, while the reflected wave prop-
agating toward the backward direction (BWD) destructively
interferes with the wave launched toward BWD [28], [34].
Therefore, with a sufficient amount of cascaded reflectors,
a significant cancellation of the BWD wave propagation can
be achieved, resulting in the removal of the bidirectionality in
the transducers and an IL reduction for the ADL.

Fig. 1. (a) Mockup of an SH0 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.

Fig. 2. Simulated characteristics of SH0 at different in-plane orientations
in a 0.8-μm-thick X-cut LiNbO3 thin film. (a) Phase velocity with electri-
cally open and short boundary conditions. (b) k 2. (c) Slowness curve.
(d) PFA of SH0 at different longitudinal wavelengths.

The GHz SH0 ADLs are oriented at −10◦ to the +Y-axis
in X-cut LiNbO3 for two reasons. First, the SH0 mode at
such an orientation features a large k2, while the other modes
(e.g., S0 and A0) have much smaller k2 (<5%) [42]. The
dependence of k2 on the in-plane orientation can be analyzed
via finite-element analysis (FEA) in COMSOL [see Fig. 2(a)],
starting from the phase velocities of SH0 under electrically
open and short boundary conditions. The phase velocity in
a LiNbO3 film with the electrically short boundary condition
(vm) is smaller than that with the electrically open boundary
condition (v f ), which is caused by the piezoelectric softening
effect [42]. The dispersion of SH0 near 1 GHz is also plotted
in Fig. 2(a). SH0 at a larger λ has a slower phase veloc-
ity in an electrically shorted LiNbO3 film (3684–3853 m/s),
while SH0 in an electrically open film is barely dispersive
(4504 m/s). k2 is then calculated with the obtained phase
velocities [45], [46]. The maximum k2 is obtained at −10◦
to the +Y-axis [see Fig. 2(b)]. Consistent with the dispersion
of v p , lower frequency SH0 (larger λ) has slightly larger k2

(40% at 1 GHz).
The second reason for the selected orientation is to attain

a small power flow angle (PFA) for SH0 so that longer
delay ADLs can be attained [47]. The PFA is defined as
the angle between the phase velocity and the group velocity
(pointing to the phase velocity). PFAs for acoustic waves in
anisotropic materials (e.g., LiNbO3) are not always zero [48].



404 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 67, NO. 2, FEBRUARY 2020

If the PFA is significant, the acoustic waves launched in our
delay structure would bounce between free boundaries in the
transverse direction (see Fig. 1). For ADLs with longer delays,
the acoustic energy might leak out from the bus line area (with-
out SPUDTs for collecting the energy). Detailed discussions
on performance degradation of longer ADLs from significant
PFAs have been discussed in [34]. The PFA is derived from the
slope of the slowness curve of GHz SH0 waves [see Fig. 2(c)]
and presented in Fig. 2(d). It can be observed that the PFAs
of SH0 in the film with electrically open and short conditions
have different signs near the orientation with the highest k2.
The PFA of SH0 in a LiNbO3 film with the electrically open
condition reaches zero at −11◦ to the +Y-axis, while PFA for
that with electrically short condition reaches zero at −6◦ to
the +Y-axis. The dispersion phenomena can also be observed
with similar crossover points. To sum up, due to the large k2

and small PFA, GHz SH0 ADLs are placed oriented at −10◦
to the +Y-axis in X-cut LiNbO3.

B. Broadband SH0 Acoustic Delay Lines at GHz

Based on the structure introduced in Section II-A, the
performance limitations of GHz SH0 ADLs are evaluated.
As stated in the introduction, both the performance limitations
of the SH0 ADL and the frequency spacing of SH0 to the
adjacent modes at GHz are critical for broadband applications.
This section will investigate both aspects.

Two performance bounds, namely the piezoelectric limita-
tion and the reflectivity limitation, define the performance of
SPUDT-based ADL [28]. The piezoelectric limitation sets the
maximum 3-dB FBW that a device can achieve without trading
off IL [28]. The maximum FBW is directly related to k2 of
the intended mode and the effective coupling efficiency of
the transducer in the chosen platform. The limitation can be
presented as [28], [49]

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 determined by the transduction structure. cpiezo is the
material piezoelectric constant determined by the material
coupling coefficient. Especially, for the SPUDT configuration,
QT is 0.659 [28]. For our design where λ is 3.6 μm, v f is
4502 m/s, and vm is 3807 m/s [see Fig. 2(a)], the coupling
coefficient is 40%. From (2), cpiezo is 0.190. Therefore,
we can plot the piezoelectric limit of GHz SH0 ADLs on
the IL-FBW trade space with the forbidden region marked in
gray [see Fig. 3(a)]. It shows a significantly enlarged design
space (up to 65%) when compared with the conventional
piezoelectric platforms with lower k2 (<10%). Note that
the performance bounds vary among devices with different
λ values, because cpiezo, as a function of k2, is slightly
dispersive [see Fig. 2(b)]. For instance, over the wavelength
range of interest, cpiezo is 0.175 when λ is 3.2 μm, while
cpiezo is 0.231 when λ is 5.2 μm. Such dispersion leads to
smaller forbidden regions for ADLs with larger λ.

Fig. 3. Performance tradeoff between minimum IL and FBW of SPUDT in
various platforms with (a) different coupling coefficients and (b) different
reflectivities per wavelength. The design space below each curve is the
forbidden region for a given platform with such characteristics. The gray
regions are plotted for SH0 SPUDTs with λ of 3.6μm on 800-nm LiNbO3.

The second performance limitation is caused by the finite
attainable unidirectionality provided by the embedded reflec-
tors. To achieve a certain IL, more reflectors (thus more
cells) are needed for a platform with less reflectivity per cell.
An increased number of cells lead to narrower BW of the
transfer functions (FBW ∼ 1/N). Such a performance bound
can be expressed as [28]

IL = 1 − e−�λ/FBW (3)

where �λ is the reflection per wavelength and can be calcu-
lated based on the mechanically induced reflection (�m) and
electrically induced reflection (�e) as [31]

�λ = �m + �e

1 + �m · �e
(4)

�m = �sue jα 1 − e− j2α
(
1 − �2

su

)
1 − �2

sue− j2α
(5)

�e = �0∞e jα 1 − e− j2α
(
1 − �2

0∞
)

1 − �2
0∞e− j2α

(6)

where �su and �0∞ are the step-up mechanical and electrical
reflection coefficients in the interface between the metallized
and unmetallized sections, respectively. α is the electrical
width of the reflector, which is 3π /4 for our SPUDT. �su
can be extracted from the COMSOL FEA simulation using
the mechanical scattering parameter approach explained
in [24] and [31]. For our specific design with 135-nm Al on
800-nm LiNbO3, �su is −0.047. Thus, �m can be calculated
as −0.066j. The imaginary part refers to a −90◦ phase
difference for the reflected wave. �0∞ can be extracted from
vm and v f [31]. For v f of 4502 m/s and vm of 3807 m/s
[see Fig. 2(a)], �0∞ is −0.084. Thus, �e is calculated to
be −0.118j. Using (4), �λ is −0.183j. Such �λ is considerably
larger than that of the incumbent SAW technology (−0.06j),
collectively resulted from the larger �m due to the larger k2

and the larger �m from the suspended thin-film structure. The
design space is shown on the IL-FBW tradeoff figure with the
forbidden region marked in gray [see Fig. 3(b)]. It can be seen
that for GHz SH0 mode ADLs, the achievable reflectivity is
currently the limiting factor, and the minimum IL for ADLs
with FBW of 4%, 8%, 16%, and 32% is 0.1, 0.9, 3.2, and
7.2 dB, respectively, which have surpassed the theoretical
limits of the state-of-the-art (SOA) of SAW ADLs [28].
It is noteworthy that these performance limits are first-order
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Fig. 4. (a) Dispersion curves of different modes in an 800-nm-thick
X-cut LiNbO3 thin film sorted into symmetrical, shear, and asymmetric
modes. The achievable BW is highlighted in the figure. (b) Displacement
mode shapes of different modes as labeled in the dispersion curve.
(c) Extracted achievable FBW and BW with different λ values.

estimations based on the continuity approximation [28], [29],
and more accurate IL-FBW tradeoff will be presented in
Section II-C using the FEA.

The second key factor for enabling broadband ADLs is the
spectral spacing between the mode of interest and the adjacent
modes. If the passbands of the primary mode and the spurious
modes partially overlap, ADL performance degradation occurs
for two causes. First, over the overlapped frequency range,
the spurious modes distort the transmission and reflection
because part of the energy is coupled into the undesired
mode, introducing ripples in the scattering parameters. Second,
the spurious modes cause notable ripples in the group delay
due to the fact that different modes have different phase
velocities and thus produce various group delays.

The FEA is used to identify the dispersion curves of various
modes in a single SPUDT cell with λ between 1.6 and 6.4 μm
(SH0 frequency 0.6–2 GHz). Periodic boundary conditions
are applied to the lateral edges. The dispersion curves of
asymmetric modes, shear modes, and symmetric modes are
plotted in Fig. 4(a) with their displacement mode shapes
presented in Fig. 4(b). Due to the dispersion of the modes in
thin-film LiNbO3, the spectral spacing between the SH0 and
the first-order A0 modes sets the maximum FBW at shorter
wavelengths, while the spectral spacing between the SH0 and
second-order A0 modes sets the maximum FBW at longer
wavelengths. Note that the term second order refers to that

two longitudinal wavelengths exist within a cell (i.e., with a
transverse mode order of 2), while the zero in “A0” refers to
the number of displacement nulls in the thickness direction.
The maximum achievable FBW can be quantitatively calcu-
lated based on the admittance transfer function of a pair of
IDTs with the cell number N(>1), approximated as [50]

|H (ω)| = ωh0e− jβL · sin2 (Nt βWp/2)/ sin2(βWp/2) (7)

where ω is the angular frequency, h0 is a coupling constant
related to the material properties and acoustic wave mode, L
is the distance between the center of the transducers, Nt is the
number of transducer pairs, Wp is the cell length, and β is
the wave vector (2π /λ). Such an admittance transfer function
follows the sinc-squared function, and the BW is inversely
proportional to N and independent of the k2 of the mode. That
is, for an ADL with a specific topology, different modes would
have the same BW. Based on the above analysis, the maximum
achievable FBW of GHz SH0 ADLs can be approximated as

FBWmax = 2 · min

(
fSH0 − fA0

fSH0 + fA0
,

f2nd_A0 − fSH0

fSH0 + f2nd_A0

)
(8)

where fSH0, fA0, and f2nd_A0 are the frequencies of the SH0,
the A0, and the second-order A0 modes, respectively. The
calculated FBW is plotted in Fig. 4(c), reaching a maximum
of 46.7% at λ = 3.2 μm. The FBW is above 30% for devices
between 0.6 and 2 GHz, demonstrating a vast design space
across different frequencies [as highlighted in Fig. 4(a)]. The
absolute BW is also presented in Fig. 4(c), showing its increase
toward the GHz frequency range and saturation near 1.2 GHz
due to the decrease in FBW. The center frequency where the
FBW maximizes is determined by the film thickness [34].
Wider FBW and BW can be expected for higher frequency
SH0 ADLs built on thinner LiNbO3 films. For our first
demonstration of broadband GHz SH0 ADLs, 800-nm LiNbO3
is selected based on the in-house fabrication capabilities.

C. Simulation and Design of Key Parameters

After theoretically investigating the design space of broad-
band SH0 ADLs in LiNbO3, a COMSOL FEA is used to
capture the intricacies and understand the frequency-domain
responses. As presented in [34], 2-D simulations are set up
with periodic boundary conditions applied to the transverse
edges of the ADL for both the mechanical and electrical
domains [24]. Perfectly matched layers are applied to the
longitudinal ends of the ADL. The simulation assumes lossless
conditions in both the electrical and mechanical domains
because the loss factors are currently not well understood and
remain an active area of experimental research [34], [52].

In the simulation, the film stack is set as 135-nm aluminum
electrodes on an 800-nm single-crystal X-cut LiNbO3 [34].
λ is set as 3.6 μm and the gap length (Lg) is 0.4 mm,
while the cell number (N) varies from 3 to 20. Fig. 5(a)
shows the displacement mode shape of the ADL at the center
frequency, demonstrating minimum power flow toward the
BWD and thus validating the unidirectionality of SPUDT.
Fig. 5(b) and (c) shows the simulated IL and RL with the ports
conjugately matched. The IL-FBW tradeoff can be clearly
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Fig. 5. Simulated performance of the GHz SH0 ADLs with a 3.6-μm
cell length and the same gap length of 0.4 mm, but different numbers
of SPUDT cells (3, 5, 10, and 20). (a) Cross-sectional mode shape
depicting the unidirectionality of the SPUDT transducers for an ADL with
20 cells and a gap length of 0.4 mm. The thickness of the cross section
is exaggerated. (b) IL. (c) RL. (d) Group delay. (e) Extracted IL and FBW,
illustrating their tradeoff.

observed and is summarized in Fig. 5(e). For the three-cell
ADL, the IL is 4 dB, and the 3-dB FBW is 32.7%, while
for the 20-cell ADL, the IL is 0.4 dB, and the 3-dB FBW is
4.6%. These results show a significantly improved IL-FBW
design space in comparison to SOA. Fig. 5(d) shows the
group delays around 100 ns for the miniature ADLs shorter
than 0.6 mm. The ripples in the passband are caused by a
combination of the internal reflections in the SPUDT [14] and
the lack of adequate unidirectionality in the SPUDT with fewer
cell numbers [34]. The group delay flatness can be further
improved by weighting the transduction centers and reflection
centers within a transducer [14] and also by increasing the
reflectivity per reflector [32].

To sum up, we have explored the design space for GHz
broadband SH0 ADLs in this section. The SPUDT ADL
design is first presented based on the analysis on k2, velocity,
and PFA of SH0 at GHz. The maximum achievable FBW is
then presented based on both the IL-FBW tradeoff of SPUDT
designs (coupling and reflectivity limitations) and the analysis
of the mode space. Finally, FEA is used to investigate the
design intricacies and to obtain the frequency response.

III. IMPLEMENTATION OF ACOUSTIC DELAY LINES

The devices were in-house fabricated with the process
presented in [34]. ADLs are released with isotropic XeF2
etching. An 800-nm X-cut LiNbO3 thin film on a 4-in Si wafer
is provided by NGK Insulators, Ltd., for the fabrication. The
optical images of the fabricated ADLs are shown in Fig. 6.
The devices show no visible warping under a microscope [see
Fig. 6(a) and (b)] and the SPUDT transducers are well defined
with high fidelity [see Fig. 6(c) and (d)]. The key design
parameters, namely the cell length (λ), the gap length (Lg),

Fig. 6. Optical microscope images of the fabricated SH0 mode ADLs.
Zoomed-out images of ADLs with (a) 20-cell SPUDT withλ of 3.6μm and
Lg of 0.1 mm (Group A), and (b) three-cell SPUDT with λ of 3.6 μm and
Lg of 0.4 mm (Group E). (c)–(f) Zoomed-in images of the SPUDT with N
between 3 and 20 cells with λ of 3.6 μm (Group E). The key parameters
are shown in the inset table.

and the number of cells (N), are labeled, and their typical
values are presented in the inset table.

Six groups of SH0 ADLs are designed for a thorough under-
standing of the broadband performance space (see Table I).
ADLs in Group A have the same transducer design (λ and N)
but different Lg values for identifying the propagation para-
meters of SH0 at GHz. The device with Lg of 0.1 mm
in Group A is also used for showing the power handling
and nonlinearity. Group B includes ADLs with the same N
of 20 and Lg of 0.1 mm, but different λ values, for exploring
the frequency scalability and also validating the dispersion
presented in Fig. 4. The minimum λ is limited to 3.2 μm
due to the in-house lithography capability. Groups C and D
are similar to Group B, but with different N values of 10
and 5, respectively, demonstrating the dependence of IL and
FBW on N . A set of devices with a maximum FBW of 34.3%
and a group delay of 100 ns is presented in Group E. Finally,
the performance of all implemented SH0 ADLs (Group F) is
summarized and compared. Devices in Group F have different
λ between 3.2 and 5.2 μm, Lg between 0.1 and 1.6 mm, and N
between 3 and 20. The extracted IL and FBW are compared
with the performance bounds derived in Section II-B. Mea-
sured results and discussions will be presented in Section IV.

IV. MEASUREMENTS AND DISCUSSION

A. Acoustic Delay Lines With Different Delays

The fabricated ADLs were first measured with a Keysight
N5249A PNA-X network analyzer at the −10-dBm power
level in air and then conjugately matched using the Keysight
Advanced Design System. The conjugate match is crucial for
maintaining the unidirectionality in SPUDTs [28]. ADLs in
Group A (N = 20, λ = 3.6 μm, and Lg = 0.1–1.6 mm) are
designed for investigating the propagation characteristics of
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TABLE I
KEY PARAMETERS OF THE FABRICATED DEVICES

Fig. 7. Measured S-parameters of the SH0 ADLs (Group A, N = 20
and λ = 3.6 μm) with identical transducers but different Lg values
(0.1–1.6 mm). (a) IL, (b) RL, and (c) group delay responses. (d) Extracted
PL (24.2 dB/μs) and phase velocity (4255 m/s) of the SH0 mode in
800-nm X-cut LiNbO3 at 1.1 GHz.

SH0 at GHz and demonstrating longer delays. The measured
IL and RL are shown in Fig. 7(a) and (b) with the ports
conjugately matched. The ADLs show a passband centered
at 1.09 GHz. A minimum IL of 4.2 dB and a 3-dB FBW
of 4% have been achieved for the ADL with a 0.1-mm gap
length. An increase in the IL is observed for longer ADLs,
which is collectively caused by the PL of SH0 in the LiNbO3
waveguide and the additional power loss due to a slight
PFA caused by the angular misalignment [34]. Group delays
between 42 and 391 ns have been obtained [see Fig. 7(c)]. The
in-band ripples in IL and group delays are collectively caused
by the finite reflectivity in the embedded reflectors [28], the
weakly resonant nature of SPUDT [14], and the nonzero PFA
due to the angular misalignment in the implementation [34].
Further optimizations in the transducer designs and fabrication
processes can mitigate the issue.

The propagation characteristics are experimentally extracted
[see Fig. 7(d)], showing a PL of 24.2 dB/μs and a velocity
of 4255 m/s for the SH0 mode in 800-nm X-cut LiNbO3
at 1.1 GHz. The PL is higher than that of S0 mode at the
same frequency [34], which agrees with the comparison in PL
between S0 and SH0 at lower frequencies [23]. The velocity
of SH0 is slower than that of S0 [34], leading to a shorter
ADL for the same desired delay, but at the cost of achieving

Fig. 8. Measured performance of the ADLs (Group B, N = 20 and
Lg = 0.1 mm) with different λ values (3.2–5.2 μm) or center frequencies.
(a) IL. (b) RL. (c) Measured group delays of different ADLs in their
passbands.

lower center frequencies with the same feature size. Note that
the current PL is exacerbated by the existing nonzero PFA.
For example, the increased IL for the device with 0.4-mm Lg

is likely caused by the nonzero PFA [34], leading to additional
energy loss no less than 1.9 dB. The effects can be mitigated in
future work using a wider aperture or slanted electrodes [53].

B. Acoustic Delay Lines With Different Center
Frequencies

ADLs in Group B (N = 20, Lg = 0.1 mm, and
λ = 3.2–5.2 μm) are designed for investigating the frequency
scalability and also validate the dispersion curves (see Fig. 8).
The fabricated 20-cell devices show clear passbands ranging
from 0.7 to 1.2 GHz with a 3-dB FBW of 4%. An IL of 3.5 dB
is achieved for the 0.7-GHz device, while an IL of 4.4 dB is
attained for the 1.2-GHz device. The increasing IL at higher
frequencies is likely caused by an increasing loss in both the
electrical domain (larger series resistance in the IDTs and
dielectric loss in LiNbO3 thin film) [54] and the mechanical
domain (larger PL) [52]. Delays around 40 ns have been
obtained with the in-band ripples caused by finite directionality
and the internal reflections of SPUDT [14].

The wideband performance of the SH0 ADLs is presented
in Fig. 9. The highly dispersive nature of different modes in
the thin-film LiNbO3 can be observed, since the first-order
A0 mode is closer to the SH0 mode for shorter λ and the
second-order A0 mode is closer to the SH0 mode for longer
λ. A clean spectrum without spurious modes in the adjacent
spectrum can be observed, consequently enabling ADLs with
larger FBWs.

C. Acoustic Delay Lines With Different
Fractional Bandwidths

ADLs in Group C (N = 10, Lg = 0.1 mm, and
λ = 3.2–5.2 μm) and Group D (N = 5, Lg = 0.1 mm, and
λ = 3.2–5.2 μm) are designed for investigating the impact



408 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 67, NO. 2, FEBRUARY 2020

Fig. 9. Measured wideband performance of different devices in Group B.
(a)–(c) IL. (d)–(f) RL. The adjacent modes exist as predicted in Fig. 4.

Fig. 10. Measured performance of the ADLs (Group C, N = 10 and
Lg = 0.1 mm) with different λ values (3.2–5.2 μm) or center frequencies.
(a) IL. (b) RL. (c) Measured group delays of different ADLs in their
passbands.

of cell numbers on the FBW, when compared with ADLs in
Group B (presented in Section IV-B, Fig. 8). The fabricated
ten-cell devices (Group C, Fig. 10) have a 3-dB FBW of 8%,
a minimum IL of 5.1 dB at 0.7 GHz, and a maximum IL
of 5.6 dB at 1.1 GHz with group delays around 30 ns. The
fabricated five-cell devices (Group D, Fig. 11) have a 3-dB
FBW of 18%, a minimum IL of 4.8 dB at 0.7 GHz, and
a maximum IL of 5.5 dB at 1.2 GHz with group delays
around 25 ns.

When comparing ADLs in Groups B, C, and D, four
differences can be observed. First, IL of ADLs with more
cells is smaller, which is due to more energy propagating
toward the FWD caused by more reflectors. Second, the FBW
of ADLs with more cells is smaller, which is a direct result
of a narrower band transfer function [see (7)]. These two
results agree with the IL-FBW tradeoff. Third, group delays
are longer for devices with more cells because of longer
transducers in those devices. Finally, ADLs with fewer cells
have larger ripples in the IL and group delay, because the
triple travel signal (TTS) [28] is not effectively suppressed
due to a lack of directionality in the SPUDT. These results
demonstrate the large design space of GHz SH0 ADLs for
various applications with different specifications.

Fig. 11. Measured performance of the ADLs (Group C, N = 5 and
Lg = 0.1 mm) with different λ values (3.2–5.2 μm) or center frequencies.
(a) IL. (b) RL. (c) Measured group delays of different ADLs in their
passbands.

TABLE II
IL BREAKDOWN OF ADLS IN GROUP E

D. Toward Broadband Acoustic Delay Lines

Due to the existence of PL, the TTS experiences three times
larger PL when compared to the main signal. Therefore, for
devices with larger PL from longer delays, the in-band ripples
in IL and group delay are still relatively small for devices
with even broader FBW (fewer cells). ADLs in Group E
(Lg = 0.4 mm, λ = 3.6 μm, and N = 3–20) are designed
for investigating the performance of ADLs with even broader
FBW when a significant delay exists.

The measured IL and RL are presented in Fig. 12(a) and (b)
with ports conjugately matched. For the device with 20 cells,
an IL of 9.0 dB and a 3-dB FBW of 3.9% are obtained,
while for the device with three cells, an IL of 11.3 dB
and an FBW of 34.3% are shown. The extracted IL-FBW
tradeoff is presented in Fig. 12(d), showing the same trend
as that simulated in Fig. 5. The group delay is presented
in Fig. 12(c), showing that the wider band ADLs do not have
significantly increased ripples in the passbands due to PL. The
IL breakdown is presented in Table II. It can be observed that
the finite directionality is not the key loss contributor at GHz.
The other main contributors are the PL, additional IL due to
nonzero PFA, and other loss, including electrical loading from
the resistance of IDTs and the dielectric loss in LiNbO3. More
studies on the loss mechanisms of acoustic waves in thin-film
waveguides will be performed in the future.

The wideband performance is presented in Fig. 13, showing
a clean spectrum without spurious modes in the passband, even
for the device with 34.3% FBW. The current device is close
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Fig. 12. Measured performance of the ADLs (Group E, λ = 3.6 μm
and Lg = 0.4 mm) with different N values (3–20) or FBW. (a) IL.
(b) RL. (c) Measured group delays of different ADLs in their passbands.
(d) Extracted IL and FBW illustrating their tradeoff.

Fig. 13. Measured wideband performance of different devices in
Group E. (a)–(c) IL. (d)–(f) RL. The large FBW has been achieved due
to large spectral spacings between the SH0 and adjacent modes.

to the calculated maximum achievable FBW at this frequency
(45%, Fig. 4). The demonstrated broadband ADLs are enabled
due to the enhanced IL-FBW design space of the SH0 mode
and the clean spectrum collectively. It is also feasible to further
mitigate the spurious modes by the tracker changer designs
using multistrip couplers [51].

E. Power Handling and Nonlinearity

The power handling capability of our system has been
studied using the 100-μm gap length device in Group A [see
Fig. 6(a)]. The device was measured in air at different power
levels between −10 and 10 dBm [Fig. 14 (a)–(d)]. The device
shows good linearity up to 5-dBm input power. At 10-dBm
power level, the passband shifts to lower frequencies, and
degradation of IL is observed. The frequency drift and per-
formance degradation are likely caused by the thermal nonlin-
earity in LiNbO3 devices, which causes a temperature rise at
high power levels [55]. To further enhance the power handling
capabilities in future implementations, additional anchors with
embedded phononic crystal structures [24] could be leveraged

Fig. 14. Measured (a) IL, (b) RL, and (c) Group delay of the 100-μm gap
length device in Group A at −10, −5, 0, 5, and 10 dBm. (d) Summarized
IL and FBW at different power levels.

Fig. 15. Design space validation for GHz SH0 ADLs. The demonstrated
devices are labeled and sorted based on (a) gap length and (b) cell
number, respectively.

to enlarge the thermal conductance while maintaining the
acoustic confinement. Detailed modeling and approaches to
mitigate the nonlinearity will be studied in future work.

F. Performance Summary

To comprehensively study the design space of broadband
SH0 ADLs at GHz, IL, and FBW of all implemented
SH0 ADLs (Group F) are extracted and plotted on the IL-FBW
tradeoff space (see Fig. 15). Devices in Group F have different
λ between 3.2 and 5.2 μm, Lg between 0.1 and 1.6 mm,
and N between 3 and 20. The data points are first sorted
based on the gap length in Fig. 15(a), showing that the
propagation-related losses (PL and additional IL from nonzero
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PFA) are the main source of the IL. The impact of cell number
on the performance is then presented in Fig. 15(b), showing
that different specifications can be met for various applica-
tions using different designs. The demonstrated performance
surpasses the SAW SOA and opens up new design space for
eMBB applications.

V. CONCLUSION

In this work, we have demonstrated GHz broadband
SH0 ADLs in lithium niobate. The design space of GHz
SH0 ADLs has been fully investigated based on both the
IL-FBW tradeoff and the spectral spacing between the
SH0 and adjacent modes, showing that the large k2, large
reflectivity from the thin film structure, and the clean spectrum
near SH0 mode collectively enable the broadband perfor-
mance. The implemented ADLs show 3-dB FBWs rang-
ing from 4% to 34.3% and IL between 3.4 and 11.3 dB
over the frequency range from 0.7 to 1.2 GHz. The PL
and phase velocity of SH0 at 1.08 GHz are extracted as
0.0182 dB/λ and 4255 m/s, respectively. Power handling
and nonlinearity have also been measured. The demon-
strated SH0 delay platform could potentially provide broad-
band passive signal processing capabilities for future eMBB
applications.
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