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GHz Low-Loss Acoustic RF Couplers in
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Abstract—We present the first group of GHz low-loss
acoustic radio frequency (RF) couplers using the fundamen-
tal symmetric (S0) mode in X-cut lithium niobate thin films.
The demonstrated multistrip couplers (MSCs) significantly
surpass the insertion loss (IL) and the operating frequency
of the previous works in more compact structures, thanks
to the large electromechanical coupling and low loss of
S0 in lithium niobate. The design space of SO MSCs is
first explored. Devices with different coupling factors are
fabricated using different numbers of strips. Based on the
S0 testbed with an IL of 4.5 dB at 1 GHz, the hybrid coupler
shows an IL of 7.5 dB, while the track changer shows an IL
of 5.1 dB, over a 3-dB fractional bandwidth of 8%. Couplers
at different frequencies (between 0.75 and 1.55 GHz) are
also investigated. Upon further optimizations, the SO MSC
platform can potentially enable low-loss wideband signal
processing functions toward an RF acoustic component kit.

Index Terms— Acoustic delay line (ADL), directional
coupler, lithium niobate, microelectromechanical systems,
multistrip coupler (MSC), piezoelectricity, SO mode.

I. INTRODUCTION

ADIO frequency (RF) and microwave frequency signal

processing has been an active area of research ever since
Marconi’s first transmission over the Atlantic [1]. Numerous
early applications, including wireless communication [2] and
radar [3], fueled the development and maturing of RF and
microwave components that eventually led to the emergence of
portable or mobile phones in the late 1970s [4]. From then on,
driven by the explosive demand for more data, portable wire-
less systems have gone through multiple generations and have
advanced to an unprecedented multiplexity seen today [5].
More parallel RF bands and paths are added in the same form
factor, bringing along more components and tighter integra-
tion [6]. Designing portable systems faces the new challenge
of reducing component size while still operating at RF where
the path attenuation is low and fading is readily manageable,
especially at the ultrahigh frequency (UHF) range, where
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the performance of conventional discrete elements starts to
degrade while the electromagnetic (EM) waveguides are still
bulky (scale with wavelength at RF, typical ~10 s - cm) [7].
Hence, radical size reduction of several orders of magnitude
can only be attained by resorting to a physical domain other
than EM, namely, acoustic waves with 4-5 orders of smaller
wavelengths [8]. A successful example of adopting such a
philosophy is bulk and surface acoustic wave devices whose
rise in popularity was indeed ushered by the ubiquity of mobile
phones [9], [10].

As the advances continue and multiplexity increases in
future generation wireless [11], one cannot help to hypoth-
esize that the same design philosophy of exploiting acoustics,
if diffused into the implementation of other RF front compo-
nents, may further reduce system size and enhance capability.
In fact, attempts of such nature have been made in the past
for couplers [12]-[18] and correlators [19], [20], and also
more recently for delay lines [21]-[25], oscillators [26], [27],
amplifier [28]-[31], impedance matching networks [32]-[35],
circulators [36]-[38], and antennas [39]-[41]. Some of these
demonstrations have already outperformed the state-of-the-art,
while others have shown the potential to do so. Further refine-
ments in materials [42], design [43], and fabrication [44] may
put an RF front-end synthesized either purely or predominantly
from an RF acoustic component kit on the horizon. As exciting
as it sounds now, past developments often battled the challenge
of accessing the acoustics over a sufficiently wide band-
width and subsequently producing application-worthy perfor-
mance [45]. Fundamentally, this was limited by the lack of
high electromechanical coupling (k%) [46]. In other words,
electrical signals could not be converted to the acoustic domain
without high insertion loss (IL) or narrow fractional band-
width (FBW), which unfortunately dwarfed the size benefit
harnessed from acoustics [45].

Fortunately, material and fabrication have advanced in the
past four decades to the point that such a limitation is now
significantly relaxed, particularly with the exploitation of
thin-film lithium niobate (LiNbO3). Recently, RF acoustic
devices have been demonstrated in thin-film LiNbOj3
with simultaneously high k> (up to 40%) and low
loss for different acoustic modes, including fundamental
symmetric (SO) mode [47]-[49], fundamental shear-horizontal
(SHO) mode [50]-[52], and first-order antisymmetric (Al)
mode [24], [53]-[55]. Particularly, low-loss and wideband
acoustic delay lines (ADLs) [56], where RF signals are
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converted into traveling acoustic waves over large FBW [21],
promise miniature passive components based on the principle
of waveguiding. The aforementioned bottleneck of accessing
the benefits in acoustics could be overcome now with thin-
film LiNbOs3, subsequently leading to low-loss wide-band
microwave functions in miniature form factors.

Among different applications, RF couplers are an essen-
tial type of multiport RF components [57]-[59] for signal
sampling, isolation, generation, and phase shifting [7]. Con-
ventionally, RF couplers are based on EM wave interference
in coupled transmission lines [57], [58], waveguides [59],
or discrete elements [60], of which the sizes are substantial
for portable systems. The established acoustic counterparts for
EM couplers, namely SAW-based multistrip couplers (MSCs)
that employ patterned metallic strips on piezoelectric sub-
strates [61], provide more design flexibilities [12], [13], [62]
and drastically smaller sizes. However, three bottlenecks hin-
der the applications of SAW MSCs. First, the achievable IL
versus FBW design space is limited by the moderate k.
Second, SAW MSCs require a large number of strips that
span over more than 50 wavelengths [12] to implement hybrid
couplers due to insufficient k2. Third, the slow phase velocity
(vp) of SAW restricts MSCs from operation beyond GHz
unless sub-500-nm electrodes are adopted at the expense
of reduced power handling and linearity. On the contrary,
SO in thin-film LiNbOj3 is likely to provide the performance
breakthrough, thanks to the demonstrated large k2, low loss,
and fast v, in the X-cut LiNbO3 [49].

This work aims to demonstrate acoustic directional cou-
plers on the SO acoustic platform. The fabricated SO MSCs
feature significantly lower IL and higher operating frequency
in a more compact structure compared to SAW counterparts.
Devices with different coupling factors (20-3 dB) are built
using different numbers of strips. Based on the SO testbed
with an IL of 4.5 dB at 1 GHz, the hybrid coupler shows an
IL of 7.5 dB, while the track changer (i.e., fully transferring
signals to the coupled port) shows an IL of 5.1 dB and a
3-dB FBW of 8%. Couplers at different frequencies (between
0.75 and 1.55 GHz) are also investigated.

This article is organized as follows. Section II provides a
general discussion on the design of SO MSCs, focusing on
multistrip designs and SO ADL testbed designs. Section III
presents the fabricated SO MSCs on LiNbOs3 thin films.
Section V presents the measured results. The achieved perfor-
mance is analyzed for further improvement. Finally, the con-
clusion is stated in Section VI.

II. SO MoDE MSC DESIGN
A. SO MSC Overview

The schematic of a typical SO MSC is shown in Fig. I.
The MSC is a four-port device consisting of four sets
of piezoelectric transducers on the ends of the suspended
thin film and a group of metallic strips in the middle of
the structure. The piezoelectric transducers are done with
100-nm-thick aluminum interdigitated transducers (IDTs).
A suspended 800-nm-thick X-cut LiNbO3 film acts as an
acoustic waveguide and a foundational structure of the device.

Suspended X-cut LiNbO, Metallic Strips Transducers
[ ! | | ]

) 30%
| = /\IBT"'Y
-
Trac

(Port 1)

Input Port

Isolated Port
(Port 4)

T T
Acoustic Waveguide Release Window

Fig. 1. Mock-up of an SO MSC on a suspended X-cut LiNbO4 thin film.

The acoustic waveguide is defined by the release windows
at the transverse ends. The metallic strips in the middle are
done with the same metal layer that defines the IDT. The
film stack is chosen for achieving the low-loss and wideband
performance at 1 GHz [49]. The device is orientated at 30° to
the Y-axis for harnessing the high electromechanical coupling
k2 for SO, and near-zero power flow angle (PFA). More details
on SO acoustic waves in a single-crystal LiNbOj3 thin film can
be found in previous works [47], [49], [56].

Two pairs of single-phase unidirectional transduc-
ers (SPUDTSs) are placed on each end. The electrodes in the
transducers are alternatingly connected to signals (green IDTs
for Port 1, blue for Port 2, red for Port 3, and purple for
Port 4) and ground (black IDTs, shared by ports on the same
end). Similar terminology for EM couplers is applied here.
Upon the designation of the input port (Port 1), the isolated
port is the one on the same end of the suspended film (Port 4).
The through port (Port 2) faces the input port across the
acoustic waveguide, while the coupled port (Port 4) is on the
opposite end of the isolated port. Each SPUDT is composed
of Ny pairs of cascaded transducer unit cells that each has
a width of A. Each unit cell includes a pair of transduction
electrodes (A/8 wide) and one grounded distributed acoustic
reflector (3A/8 wide). The asymmetrical arrangement of the
transduction electrodes and the embedded reflectors [45]
leads to constructive interference of acoustic waves launched
toward device output and destructive interference in the
opposite direction. With a sufficient number of cascaded
transducer cells, the backward wave propagation is mostly
canceled, thus achieving the unidirectionality. By placing
input and output SPUDTSs facing toward each other, the 6-dB
bidirectional IL can be mostly eliminated [45], [49].

Metallic strips (multistrips) are placed in the middle
between the input and output ports. The length of each strip
is L., and the spacing between strips is also chosen as L.
in this work. In operation, the acoustic waves launched from
the input port travel across the strips in the upper half of
the waveguide (Track A), alternating potential differences are
formed between adjacent strips due to piezoelectricity [61].
Such potential differences between electrodes transfer part of
the energy to the lower half of the waveguide (Track B),
generating acoustic waves traveling toward both the coupled
port and the isolated port. As waves propagate across different
strips in Track A, the waves generated toward the coupled port
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Fig. 2. (a) Input and output acoustic fields decomposed into the
(b) even mode and (c) odd mode for an MSC coupling all energy from
Port 1 to Port 3. For the even mode and odd mode illustration, the solid
lines represent the same period of waves after traversing the multistrips,
while the dashed lines denote the period either before or after the one
denoted by the solid lines.

build up in Track B, while the waves toward the isolated port
cancel out [7]. Therefore, part of the input power is sent into
the coupled port, while the remainder still flows to the through
port. The device is essentially the acoustic implementation of
an EM coupler.

Two factors determine the coupling (S31) of an MSC. First,
k% of the piezoelectric platform determines the amount of
power coupled with a single pair of strips. Second, the number
of strips (N,) determines the total coupling of the MSC.

B. MSC Theory

The performance of multistrips can be quantitatively investi-
gated using the coupled-mode theory [7], [13]. For a perfectly
symmetrical structure (see Fig. 2), we first assume that the
acoustic waves only propagate along the longitudinal direction.
For the case where acoustic waves are launched from Port 1
[see Fig. 2(a)], one can decompose the incident wave into the
even mode [see Fig. 2(b)] and the odd mode [see Fig. 2(c)].
The phase of the acoustic wave at each position is plotted, fol-
lowing the sinusoidal function with respect to the longitudinal
position. The even mode has in-phase fields in Tracks A and
B, while the odd mode has fields 180° out-of-phase between
Tracks A and B. Therefore, the input is decomposed as

a) = (ale +a10)/2 (1)
as = (aje — ayo)/2 (2)

where a; and a4 are the incident wave amplitudes at Port 1 and
Port 4, while aq, and aq, are the even and odd mode incident
wave amplitudes at Port 1, with the same value as a; before
the decomposition. For the even mode, the charge generated
in the strips caused by acoustic waves in Track A and B is
identical. Therefore, the tracks are decoupled. The even mode
propagates at the stiffened velocity v s across the waveguide
section without strips, while at the unstiffened velocity v,
across the waveguide section with strips [46]. The difference

between vy and v, is proportional to the electromechanical
coupling (k%) of the platform by [63], [64]

K =07 oy — 1. 3)

On the contrary, for the odd mode, the charge generated in
both tracks has opposite signs and, thus, cancels out, assuming
strips of perfect conductivity [13]. The odd mode travels across
the section with multistrips at the stiffened velocity v y. The
output wave amplitudes at Ports 2 and 3 are

by = (are- e e % tay, - eI )2 @)
by = (ate-e 1 - eI% —qay, . e7 /%) 2 5)
Oe =@ -Ne-Le-(1/om —1/vp)~ 7 -k*-Ne-Le/A (6)

where by and b3 are the output wave amplitudes of Port 2 and
Port 3, w is the angular frequency, ¢ is the delay for the odd
mode to propagate across the strips, 6. is the phase difference
between the even mode propagation and odd mode propagation
across the multistrip region with a total length of N, - L., and
Ais the cell length of the SPUDT. Equation (6) indicates that
the phase difference is proportional to k% and the number of
A across the strips. From (4) to (6), the S-parameters can be
obtained as

Nr = A/ - Le) (7
1S211 = |b2l/lai| = |cos(6c/2)| ~ |cos(x Ne/2N7)| (8)
18311 = |b3l/lai] = |sin(@c/2)| ~ [sin(x Nc/2N7)|  (9)

T N, 2n —1 N,
phasegifr = 5 2 [ZH (2NT — )—H (2NT — n)]

(10)

where Nt is the approximated number of strips required for
fully transferring energy from Tracks A to B, n is an integer
number, and H () is the Heaviside function with H(0) defined
as 1. The amplitude of the transmission is periodic regarding
N,, with a cycle of 2N7. The device for full-energy transfer
between tracks is also called a track changer [13] and is
illustrated in Fig. 2. The even and odd mode waves propagate
across the multistrips with different delays, introducing a
180° phase difference. This phase difference is also reflected
in Fig. 2 as the wavefronts (the rightest solid green and
red lines) are offset by half a period. Such a phase shift
causes destructive interference in Track A and constructive
interference in Track B, thus transferring waves from Port 1 to
Port 3 [see Fig. 2(a)].

The relation between N7 and k2 is plotted in Fig. 3(a) for
L. = A/8. For acoustic modes with low electromechanical
coupling (k> < 5%), hundreds of strips are needed for fully
coupling energy from Track A to Track B. A larger k% can
significantly reduce Nr and, thus, lead to a more compact
structure.

The amplitudes of S»; and S3; with different N, are plotted
in Fig. 3(b) for k% of 40.4% and L. of A/8. The value of
k? is the electromechanical coupling of SO, which will be
discussed in Section II-C. A larger portion of acoustic power
is transferred to the coupled port for an MSC with more strips
on the same piezoelectric platform. Full coupling is achieved
when N, is 23.6, close to the calculated Ny of 19.8, and the
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and coupled port. (b) Phase difference as a function of N, for K2 of 40.4%
and L¢ of A/8.

difference is caused by the approximation in (6). Therefore,
one can design couplers with different coupling by simply
changing N.. The noninteger values of Ny and N, mean
that full coupling cannot be physically implemented with the
given L.. However, due to the sinusoidal properties of the
coupling functions, the coupling provided by the adjacent
integer numbers is similar. Besides, one can also fine-tune L.
to achieve an integer number of strips. The phase difference
between the through port and the coupled port is 90° [see
Fig. 3(c)]. The coupled port leads in phase before reaching
full coupling, while the through port leads in phase after
the coupling is maximum and before the coupling diminishes
to zero again with an increasing number of strips. Phase
difference other than 90° can also be achieved by offsetting
multistrips in Tracks A and B, which will be discussed in
Section II-F.

Note that the results in this section are based on an ideal
MSC. The reflections introduced by MSC will be investigated
in Section II-C. MSC design based on actual SO ADL plat-
forms will be discussed in Section II-E.

C. Multistrip Design for SO Mode Acoustic Wave

After discussing the MSC fundamentals without specifying
any acoustic modes, the multistrips will be designed for
SO in this section. To illustrate the characteristics of SO,
the dispersion relations are first studied using the finite-
element analysis (FEA) with COMSOL. An 800-nm-thick
X-cut LiNbO3 plate with 58 um as one lateral dimension
and the other lateral dimension ranging from 4 to 16 um
is studied using the approaches in [51]. Mechanically and
electrically periodic boundary conditions are set to the vertical
faces, and mechanically free boundary conditions are set to the
top and bottom faces. The eigenfrequencies of SO are plotted

0.8-um-thick X-cut LiNbO3 thin film. (a) Eigen frequency. (b) vp, with
electrically open and short boundary conditions. (c) k2.

in Fig. 4(a). Eigen frequencies between 0.4 and 1.8 GHz are
obtained for wavelengths between 4 and 16 um for both
the electrically short and open cases. For SO at 1 GHz,
the wavelength is around 6.2 xum. The phase velocities (v,)
are plotted in Fig. 4(b). The phase velocity for electrically
open case (vy) is around 7.2 km/s and that for electrically
short case (vy) is around 6.1 km/s, lower than v,, due to the
piezoelectric stiffening [46]. k% of SO is calculated using (3)
and plotted in Fig. 4(c), showing a value no less than 35% for
the SO waves up to 1.6 GHz. More specifically, for our design
frequency of 1 GHz, k? of SO is 40.4%.

One of the major advantages of implementing SO MSCs is
that a given coupling function can be achieved with much
fewer strips due to the significantly higher k%> of SO. For
instance, as shown in Fig. 3(c), a 3-dB hybrid coupler requires
only 12 A/8 wide strips, while a full coupling requires 23 A/8
strips. Both numbers are less than 1/8 of that needed for a
conventional SAW platform with k% of 5%.

Note that the significantly reduced number of strips intro-
duces a new design challenge, namely the strong and wide-
band reflection induced by the multistrips. The multistrips,
acting as acoustic gratings, show stopband characteristics at
a wavelength around 4L, [43]. Conventionally, SAW MSCs
adopt strips with a width L. of A/5 for separating the
working frequency and the grating stopband [12]. However,
such designs are not valid for SO MSCs because of the wider
stopband from fewer strips and the stronger reflection from
each strip. On the one hand, the FBW of the stopband is
inversely proportional to the number of elements in the array
when the same reflectors are cascaded. Thus, the reduced
number of strips leads to a wider stopband. On the other hand,
the reflection from a single strip is more significant as a result
of the more considerable mechanical reflection in the thin-film
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Fig. 5. Simulated reflection caused by the multistrips. Three sets of
multistrips with different L¢ but the same L¢- N¢ are studied. Displacement
mode shapes of (a) A/4 reflectors and (b) A/8 reflectors at 1 GHz.
(c) Extracted reflection coefficient.

structure and larger electrical reflection induced by a larger
k2 [23].

One solution is to use pairs of A/8 strips. Due to the
destructive interference of the reflected wave, their reflec-
tion for acoustic waves with a wavelength of A is elimi-
nated [43]. To capture the intricacies in the multistrip design,
frequency-domain FEA is performed for extracting the reflec-
tion coefficient of the 100-nm aluminum reflectors on the
800-nm LiNbO3 [see Fig. 5(a) and (b)]. Floating potentials
are applied to the interfaces between electrodes and LiNbOs.
Detailed simulation setups have been reported in [23] and [65].
In the simulation, an incident SO wave propagates toward the
multistrips. The multistrips have different L., but the same
total length of N. - L. (1.5A), to ensure similar coupling
(3-dB hybrid coupler) as discussed in Section II-B. Standing
waves can be observed in the A/4 case but not in the
A/8 case. The extracted mechanical reflection coefficient in
Fig. 5(c) confirms the reflection suppression. Therefore, this
work adopts A/8 strips, which do not require finer lithography
resolution as the SPUDTs already use A/8 electrodes.

D. Design of SO ADL Testbed

The previous discussions assume that RF signals are per-
fectly converted into mechanical waves at each port. How-
ever, efficient transduction at the ports is nontrivial. In fact,
the excessive IL (>20 dB) or narrow FBW of the transducers
are the bottlenecks for the conventional SAW MSCs. In this
section, the SO ADL testbed will be introduced, showing its
great potential as a low-loss and wideband acoustic platform
for MSCs.

The performance enhancement of SO ADLSs originates from
the improved IL-FBW design space [45]. Two fundamen-
tal performance bounds exist for SPUDT ADLs, namely
the piezoelectric coupling limit and the achievable reflec-
tivity limit. In other words, the achievable IL and FBW
are intertwined and have to be considered simultaneously.
Both limitations have been discussed in detail in previous
works [45], [49]. Thus, we will just briefly revisit this topic.
The piezoelectric limitation sets the maximum 3-dB FBW for
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Fig. 6.  Tradeoff between minimum IL and FBW for SPUDT ADLs

in (a) conventional SAW and (b) SO-mode LiNbOg platform, showing
forbidden regions from piezoelectric (black) and reflectivity limits (gray).

a device without significantly trading off IL, which is directly
related to k% of an acoustic mode and the transducer design,
presented as [45], [66]

IL = FBW? - Q7 /Cpiezo, When FBW > \/cpieso/ Q7 (11)

vVf—0 3 —vm)
Cpiezo = fl)ifm [1+#]

where Q7 is the normalized transducer quality factor deter-
mined by the topology. cpiezo is the material piezoelectric
constant determined by the material electromechanical cou-
pling coefficient. For SO with a wavelength of 6.2 um,
Qr is 0.659 [66], and k* is 40.4%. The maximum FBW
without introducing additional IL is 55%. The calculated limit
coupling induced tradeoff is plotted in Fig. 6(b) in black. The
reflectivity limitation is caused by finite unidirectionality from
the embedded reflectors. To lower the IL, more reflectors, thus
more cells, are needed, which inevitably leads to a narrower
FBW for the transfer function of the SPUDT. Such a tradeoff
can be expressed as

IL=1— ¢ T#/FBW

r,= (rm + Fe)/(l + T - re)

12)

13)
(14)

where T'; is the reflection per wavelength, and I';, and T, are
the mechanically induced reflection and electrically induced
reflection [23]. For our 37 /4 distributed reflectors in SO ADLs
with 100-nm aluminum on 800-nm LiNbO3, I';, is —0.038;,
I, is —0.105j, and T, is —0.144j [49]. The tradeoff is
plotted in Fig. 6(b) in gray. Compared to the design space
of a conventional SAW platform with k> of 5% and T'; of
—0.04; [45] [see Fig. 6(a)], SO platforms open up the low-
loss, wideband design space. Specifically, for an 8% FBW
design, the minimum achievable IL is improved from 8.1 to
1.6 dB, promising for lowering IL in MSCs.

To capture the design intricacies, four-port SO ADL testbeds
for MSCs are investigated using FEA (see Fig. 7). In the 3-D
simulation, an 800-nm-thick LiNbOs3 plate is simulated with
100-nm-thick aluminum electrodes. The structure is assumed
lossless, since the loss mechanisms of SO are still under
research [49], [67]. The transducers are placed and connected



LU et al.: GHz LOW-LOSS ACOUSTIC RF COUPLERS IN LITHIUM NIOBATE THIN FILM

1453

i lII

T

e

I |yu Wuum i

Fig. 7. Top views of the simulated (a) displacement and (b) stress (Tx) of
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Fig. 8. Simulated performance of the four-port GHz SO ADL testbeds
with a cell length of 6.2 um, 10 SPUDT cells, but different gap lengths
of 100 um and 300 um. (a) and (b) IL. (c) and (d) Group delay.

to different ports based on Fig. 1. A cell number N, of 10 and
a A of 6.2 um are chosen. The aperture width W, of each
transducer is 58 um, the total width W; of the device is
149 um, and the gap length L, of the device is 100 ym and
300 um, respectively. Free boundary conditions are set to the
transverse ends, and perfectly matched layers (PML) are used
at the longitudinal ends. The frequency-domain simulation is
performed with Port 1 excited. The displacement and stress
(Ty) distributions are presented in Fig. 7. Only top views are
used here because SO is uniform in the thickness direction.
As seen in Fig. 7, RF signals are converted into acoustic
waves at Port 1 and flow unidirectionally toward Port 2, thanks
to the SPUDT. The generated acoustic waves flow toward
Port 2, because of a near-zero PFA of SO at this orientation
(30° to +7Y) [49]. After reaching Port 2, most of the acoustic
energy are collected and converted back to RF.

The simulated S-parameters are shown in Fig. 8 for the
cases with L, of 100 um and 300 pm. The ports are
conjugately matched to 131 + j174 Q. The passband centers
at 1 GHz, which is higher than the center frequencies of
conventional SAW ADLs with similar feature sizes. This is
due to the fast v, of SO (7 km/s compared to 3 km/s for the
conventional SAW). A maximum S of —3.1 dB, a 3-dB FBW
of 7.7%, a maximum S3; of —39.6 dB, a maximum S4; of

Neg. Max B Pos. Max

Fig. 9. Top views of the simulated displacement and stress (Tx) of the
S0 MSC with Lg of 150 um. (a) and (b) N¢ of 0. (c) and (d) N¢ of 11.
(e) and (f) N¢ of 21.

—39.8 dB, and a delay around 20 ns are obtained for the device
with Lg of 100 gm. A maximum S$7; of —3.9 dB, a 3-dB
FBW of 8.2%, a maximum S3; of —33.1 dB, a maximum
S41 of —34.5 dB, and a delay around 50 ns are obtained for
the device with L, of 300 um. S»; is 1.5 dB lower than the
predicted value [see (13)], mainly due to the fringe effects of
the transducers. Both S>; and the isolation slightly degrade
for longer ADLs, due to the slight diffraction of acoustic
waves in the structure. Nevertheless, the isolations toward the
coupled and isolated ports are adequate for showcasing MSCs.
The ripples in S-parameters and group delays are caused by
the finite directionality of the SPUDTs and can be further
mitigated by using thicker electrodes [49]. The performance
significantly outperforms the SAW ADLs in the IL-FBW
tradeoff and the center frequency using the same feature size.
Note that ten-cell SPUDTs are used here for achieving
couplers with sub-5-dB IL. If the design requirements are
different, one can change the cell numbers for achieving
different points on the IL-FBW tradeoff figure. For instance,
with the same simulation setup, a five-cell ADL has an IL
of 4.7 dB and a 3-dB FBW of 16.9%, while a 20-cell ADL
has an IL of 1.9 dB, and a 3-dB FBW of 3.6%. For this work,
ten-cell four-port ADLs will be used in the later sections.

E. Simulation of SO MSC

Based on the multistrip and ADL designs, the performance
of the entire SO MSC is simulated through frequency-domain
FEA. The multistrip simulation setup follows the description
in Section II-C, and the ADL setup is the same as that in
Section II-D. Different devices have the same Lg of 150 um.
SO0 MSCs with different N, between 0 and 27 are simulated.
The mode shape and stress fields (7) are presented in Fig. 9
(Nc of 0, 11, and 21). As presented in Section II-D, the power
flows from Port 1 to Port 2. With an increasing number of
strips, more energy is coupled from Tracks A to B. When N,
is 11, the acoustic waves received at Port 2 and Port 3 are
almost the same, which forms an acoustic hybrid coupler.
As N, increases, more energy flows to Port 3, and nearly all
acoustic waves are transferred to Port 3 when N, is 21.
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Fig. 10.  Simulated S-parameters of SO MSCs with different Nc.
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The obtained S-parameters are shown in Fig. 10 for SO
MSCs with N, of 0, 6, 11, 18, 21, and 27, when conjugately
matched to 131+ j174 Q. Different devices show a 3-dB FBW
of 8%. The simulated ADL testbed shows an IL of 3.3 dB,
a coupling of 39.6 dB, and a coupling of 41.8 dB. The six-strip
MSC shows an IL of 4.4 dB, a coupling of 11.7 dB, and a
coupling of 16.2 dB. The 11-strip MSC has an IL of 7.1 dB, a
coupling of 7.0 dB, and a coupling of 15.7 dB, which works as
a hybrid coupler. The coupling keeps increasing for a larger
N until N, reaches 21. The 21-strip MSC has a coupling
of 4.4 dB, an IL of 22.6 dB, and a coupling of 24.5 dB. The
extra 1.1-dB IL in the track changer compared to the testbed is
likely caused by the slight wave diffraction in the metal strips.

The simulated performance of different devices is summa-
rized in Fig. 11. Directional couplers with different coupling
can be achieved by employing different numbers of strips N,.
The calculated values from Fig. 3(b) are plotted in dashed
lines. Compared with the ideal case, three differences are
observed. First, a uniform loss around 3.3 dB exists in the
FEA results, due to the unidirectional loss and diffraction loss
in the ADL. Second, only finite isolation is attained due to
the diffraction and the capacitive coupling between SPUDTS.
Third, the full power transfer requires fewer strips predicted by
calculation because the mechanical loading in the multistrips
causes an even lower v, in the metalized region [49], thus
leading to a smaller N7.

----- Cal. Coupled Port

0 3 6 9 12 15 18 21 24 27
Number of Strips, N,

Fig. 11.  Summary of FEA-simulated S-parameters. The theoretically
calculated values are plotted in dashed lines.

F. 180° Hybrid Coupler for Enhanced Isolation

Fig. 11 shows that the isolation decays when the transmis-
sion is on par with the coupling. Specifically, the isolation of a
3-dB 90° hybrid coupler is only 15 dB, which is not desirable.
The degradation of isolation originates from the partially
reflected signal from SPUDTs due to the finite directionality of
SPUDTs [49]. Such a process can be quantitatively explained
using the S-parameter [see (8) and (9)] for an MSC with N,
less than N7 as

S = Ae /¥
0 cos(0./2) j-sin(6./2) 0
cos(0./2) 0 0 j-sin(0,./2)
X1 j-sin(0./2) 0 0 cos(@:/2)
0 j -sin(@./2) cos(6./2) 0
(15)

where A is an amplitude constant. When all ports are termi-
nated with the same mismatch factor of I'pory introduced by
SPUDTs, if I'port is small, the isolation can be approximated
by

|S41| & A% - [Tpon - sin(00)]

where Sy, is the actual isolation observed at Port 4. The
isolation follows the sinusoidal function with respect to N,
and it reaches the maximum when N, is half of N7 (3-dB 90°
hybrid coupler). The trend is validated in Fig. 11. To enhance
isolation, other than directly enhancing the directionality of
SPUDTs, one can also implement devices with different phase
relations between the through and coupled ports to cancel the
reflection. One example is the 180° hybrid coupler [7]. Such
a coupler can be built by offsetting the strips in Track B to be
closer to Port 3 by A/4, while maintaining electrical connec-
tions to the strips in Track A [62]. The new design increases
the phase difference between the through and coupled ports
by 7z /2 for Ports 1 and 3, while reducing the phase difference
by 7 /2 for Ports 2 and 4. The S-parameters for MSC 180°
hybrid coupler are

(16)

0 1 -1 0
S =Ae/” _11 g 8 _11 (17)
0 -1 1 0
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Fig. 12. Simulated (a) and (b) S-parameters and (c) and (d) phase of a
3-dB 90° hybrid MSC and a 3-dB 180° hybrid MSC.

Following the same assumption that all ports are terminated
with the same mismatch factor of I'yort, One can prove that S"“
is zero as the reflected waves from Ports 2 and 3 cancel out.
Note that such isolation enhancement is at the cost of a
slight degradation in return loss (RL). Assuming small I'port
introduced by SPUDTSs, the RL can be approximated by

|S7,] &~ A% [Tport| - cos(0,)| (18)

where S, is the actual RL observed at Port 1. The reflection
follows the cosinusoidal function with respect to N, and
reaches 0 when N, is half of Nr (3-dB 90° hybrid coupler).
On the contrary, the RL in the 180° hybrid coupler can be
approximated by

|S11] ~ 242 - |Tponl. (19)

The nonzero value leads to RL degradation.

The 180° hybrid MSC is simulated using the setup above
and compared to the 90° hybrid MSC (see Fig. 12). In the
simulation, N, is 11, and the port impedance is 131+ j174 Q.
Compared to the hybrid coupler, the 180° hybrid coupler has a
significant isolation enhancement from 14.9 to 24.1 dB, while
having an IL of 6.7 dB and a coupling of 6.5 dB over a 3-dB
FBW of 8%. The slight degradation of RL is also observed for
the 180° hybrid MSC. The phase of the coupled port is 93°
larger than that of the through port for the 90° hybrid MSC,
and the phase of the coupled port is 171° larger than that
of the through port for the 180° hybrid MSC. The deviation
of the phase difference from the calculated values is caused
by the phase velocity difference in LiNbO3 with and without
electrodes. It can be adjusted by fine-tuning Lofset-

I11. SO MobE MSC IMPLEMENTATION

The devices were in-house fabricated with the process
presented in [49]. An 800-nm X-cut LiNbO3 thin film on a
4-inch Si wafer is provided by NGK Insulators, Ltd. for the

Il

§

Fig. 13.  Optical microscope images of the fabricated SO MSCs.
Zoomed-out views of (a) MSC testbed and (b) 23-strip MSC.
(c) Zoomed-in view of one SO SPUDT (Port 4). Zoomed-in views of the
multistrips with (d) 23 A/8 strips, (e) 12 A/8 strips (track changer), and
(f) 12 A/8 strips (90° hybrid MSC) and A/4 offset (180° hybrid MSC).

TABLE |
NOTATIONS OF MSC DIMENSIONS

Symbol Parameter Value |[Symbol Parameter Value
A Cell length (um) |4.0-8.0| L. Strip length (um) | 0.775
W, | Aperture width (um) | 58 Wa Device width (um) | 149
L, Gap length (mm) |0.1-0.8| Loger Strip offset (um) 1.55
N, Number of cells 10 N, Number of strips 0-27

LiNbO; thickness Aluminum thickness
Tiv (nm) 800 Ty (nm) 100
TABLE Il
KEY PARAMETERS OF THE FABRICATED DEVICES
Cell Gap | Cell [Strip| .
Index |Length,| Length, [No., [No., g:lim') I(\;?as)' Comments
A (um) | L, (mm) | N, | N, [F18)] I8

GroupA| 6.2 |0.1-08 | 10| 0 | 8 |14-15 SO0 ADL testbeds

Group B| 6.2 0.15 10 |0-27|10-11{ 16-18 [MSCs with diff. coupling

Group C| 6.2 0.15 |10 | 12| 12 | 19 | MSCs with diff. phase

Group D|4.0-8.0| 0.15 10 13‘-2 - 20 MSCs at diff. freq.

fabrication. The optical images of the fabricated SO MSCs are
shown in Fig. 13. The key design parameters are labeled in
the figure, and their typical values are shown in Table I.
Four groups of devices are implemented for investigating
the design space of SO MSCs (see Table II). Devices in
Group A are four-port SO ADL testbeds with different gap
lengths, Lo, but otherwise the same as other SO MSCs.
This group is to identify the SPUDT performance and to
extract the propagation characteristics of SO, including v, and
propagation loss (PL). Group B includes the GHz low-loss
wideband SO MSCs with different coupling. Group C contains
the 180° hybrid MSCs with strips offset in the two tracks.
Group D targets SO MSCs at different frequencies, ranging
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Fig. 14. Measured performance of the four-port GHz SO ADL testbeds
with a cell length of 6.2 um, ten cells, but different gap lengths of 100 um
and 300 um. (a) and (b) IL. (c) and (d) Group delay.

from 0.75 to 1.55 GHz. The measured results and discussion
are presented in Section IV.

IV. MEASUREMENTS AND DISCUSSION
A. SO ADL Testbed

The fabricated devices were first measured with a per-
formance network analyzer (Keysight N5249A PNA-X) at
the —10-dBm power level in air. 40A-GS-200 probes from
GGB Industries Inc. are used for on-chip measurement. GGB
CS-2-200 differential calibration substrates are used to move
the reference planes to the probe tips. The measurement results
are then conjugately matched to 148 + j211 Q in Keysight
Advanced Design System. The four-port ADLs in Group A
are designed for investigating the performance of the SO ADL
testbeds. They have the same A of 6.2 um, Ny of 10,
but different L, between 100 and 800 xm. The measured
S-parameters and group delays of ADLs with Lg of 100 xm
and 300 um are plotted in Fig. 14. The 100-um device shows
an IL of 4.1 dB, a 3-dB FBW of 7.9%, a delay of 25 ns, and
isolations around 28 dB for the isolated and coupled ports. The
300-xm device shows an IL of 4.9 dB, a 3-dB FBW of 7.9%,
a delay of 51 ns, and isolations around 26 dB for the isolated
and coupled ports.

The difference between the measured and the simulated IL
is mainly caused by the PL. The IL and delay of different
devices in Group A are summarized in Fig. 15(a). The PL
and v, in the acoustic waveguide are extracted using the
slopes of IL and ¢ with respect to L,. The PL of SO in the
waveguide is 0.0055 dB/um or 39.0 dB/us. The PL is larger
than that obtained in the two-port SO ADLs operating at the
same frequency [49], likely caused by more severe diffraction
in a structure with a large device width to aperture width ratio.
The phase velocity is extracted as 7133 m/s, matching the

(@ 3 — T T T T T T T T T T T 150
(== - PL=0.0055 dB/p ]
ol I A0 PL=39.0 dB/us P
L PRk AR .Q" 4100~
= BT i P 105
) TSI " =3
T 6 Slee 475 >
- - Seo ©
= - ~S AL O
7+ e ey 450 O
r _..—-" 8/L=0.140 ps/mm ~~+<<]
8 . v,=7133 m/s 125
9 i 1 1 1 1 1 1 1 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Fig. 15. Extracted S-parameters from ADLs in Group A. (a) IL versus Lg.
(b) Transmission at the coupled and isolated port versus Lg. The
extracted SO propagation characteristics are also listed.

simulated 7.2 km/s (see Fig. 4). The extracted parameters will
be used to identify the loss contributions in Section I'V-E.

The transmission at the coupled port and the isolated port of
ADLs with different Ly is plotted in Fig. 15. The transmission
to the coupled port is around —28 dB, and the isolation at
the isolated port is around 26 dB. The isolation is worse
than the simulated result by 10 dB, which is likely caused
by the diffraction and capacitive coupling in the probing pad
region. Nevertheless, these characterizations offer valuable
experimental baselines. For instance, if measured coupling and
isolation of SO MSCs are above 26 dB, they are introduced
by the multistrips but not by the ADLs upon which SO MSCs
are constructed.

B. S0 MSC With Different Coupling

Devices in Group B are designed for achieving acoustic
couplers with different coupling factors. Group B includes
MSCs with the same A of 6.2 um, N; of 10, L, of 150 um,
and L. of 0.775 pum but different N, between 0 and 27. The
measured S-parameters are presented in Fig. 16 for SO MSCs
with N, of 0, 6, 12, 18, 23, and 27, and ports conjugately
matched to 148 + j211 Q. Different devices show a 3-dB
FBW of 8%. The measured testbed shows an IL of 4.5 dB, a
coupling of 27.7 dB, and a coupling of 27.1 dB. The six-strip-
MSC shows an IL of 5.1 dB, a coupling of 12.4 dB, and a
coupling of 16.4 dB. The 12-strip-MSC has an IL of 7.5 dB,
a coupling of 7.5 dB, and a coupling of 15.3 dB, which works
as a hybrid coupler. Full power transfer happens when N, is
23. 23-strip-MSC has a coupling of 5.1 dB, an IL of 24.3 dB,
and a coupling of 22.6 dB, which is a track changer. Compared
with the testbed, an extra 0.6-dB IL in the track changer is
observed, likely due to the wave scattering and additional
mechanical loss in the electrodes.
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Fig. 16.  Measured S-parameters of SO MSCs with different Ne.
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S-parameters of different devices in Group B are summa-
rized in Fig. 17 and compared with the simulated values.
The measured data follow the same trend as the simulated
values. The major differences are found in the loss and the
number of strips for full-energy transfer between tracks. The
1.2-dB additional loss in the measurement is mainly due
to PL. Detailed analysis of IL contributors is presented in
Section IV-E. The difference in the periodicity relative to the
number of strips is likely caused by the slight difference
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Fig. 18. Measured S-parameters of SO MSCs with N of 12 at (a) Port 1,
(b) Port 2, (c) Port 3, and (d) Port 4.

between the material properties used in FEA and those got
in the implementation.

The complete set of S-parameter of the 3-dB 90° hybrid
coupler (N, = 12) is presented in Fig. 18. Excellent symmetry
among ports has been achieved.

The measurement in this section validates our MSC designs,
showing that acoustic directional couplers can be implemented
in SO platforms with compact footprint and achieving better
IL-FBW tradeoff. The design flexibility of couplers with
different coupling is also showcased.

C. 180° Hybrid Coupler for Enhanced Isolation

From Fig. 17, one can observe that the isolation degrades
for a 3-dB 90° hybrid MSC, which agrees with that predicted
in Section II-F. To enhance the isolation for the 3-dB acoustic
coupler, the 3-dB 180° hybrid MSC (Group C) is built.

The comparison between the S-parameters of the two
devices (N, = 12, A = 6.2 um, different Lffser) is shown in
Fig. 19. The ports are conjugately matched to 148 4 j211 Q.
The isolation is enhanced from 15.3 to 20.8 dB, with a local
minimum less than 40 dB in the center frequency, while
showing an IL of 7.7 dB and a coupling of 7.6 dB with a
3-dB FBW of 8%. The phase of the coupled port is 93° larger
than that of the through port for the 90° hybrid MSC, and
the phase of the coupled port is 168° larger than that of the
through port for the 180° hybrid MSC. The values are very
close to those obtained from FEA. The deviation from the ideal
case (180°) can be mitigated in future designs by fine-tuning
Lofset, and the isolation can be further improved in that case.

D. S0 MSC With Different Center Frequencies

Devices in Group D are designed with different A (8.0, 5.0,
and 4.0 um) to show the frequency scalability of SO MSCs.
The measured response of hybrid couplers and track changers
at different frequencies are plotted in Fig. 20.
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The devices at 0.75 GHz (A = 8.0 um) are conjugately
matched to 297 + j223 Q. The 3-dB hybrid MSC (N, =
12) shows an IL of 8.0 dB and a coupling of 7.4 dB, while

Damping Source Testbed (N.=0) 3-(}?[;011%1& Tragﬁ;l;a;r;ger
Finite Uni-directionality 3.1dB 3.1dB 3.1dB
Propagation Loss 1.1dB 1.1dB 1.1dB
Loss in Multistrips & Other 0.3dB 0.3 dB 0.9 dB
Total Loss 4.5dB 4.5dB 5.1dB

the track changer (N, = 22) shows an IL of 4.9 dB. The
devices at 1.25 GHz (A = 5.0 um) are conjugately matched
to 2004 j102 Q. The 3-dB hybrid MSC (N, = 12) shows an
IL of 8.1 dB and a coupling of 8.6 dB, while the track changer
(N, = 23) shows an IL of 5.4 dB. The devices at 1.55 GHz
(A = 4.0 um) are conjugately matched to 151 + j81 Q. The
3-dB hybrid MSC (N, = 12) shows an IL of 8.0 dB and a
coupling of 8.9 dB, while the track changer (N, = 24) shows
an IL of 6.2 dB. All devices have similar FBW of 8%.

Two major differences are notable when comparing the
performance of devices at different frequencies. First, fewer
strips are required for achieving the same function at lower
frequencies, which is caused by the dispersive k% of SO in the
thin film (see Fig. 4). The larger k* of SO at lower frequencies
leads to a smaller N7. Thus, fewer strips are needed for the
same function. Second, the loss is less at lower frequencies,
which is caused by the increasing PL of SO at higher frequen-
cies [49]. Therefore, these factors should be considered when
designing for SO MSCs at different frequencies.

Moreover, the MSCs also selectively filter out the spurious
modes with smaller k2 in the coupler port, because the number
of strips are not adequate to enable energy transfer between
tracks for modes with low k2. In this case, the AQ mode near
the SO passband, which is more obvious for the current film
stack above 1.0 GHz [49], is filtered out in the coupled signal.
This results from the remarkably different k% of SO and A0 in
LiNbO3. Such characteristics can also be used to suppress
adjacent spurious modes, which mostly have lower k* than
the main mode [12].

E. IL Breakdown and Discussion

Based on the FEA simulation validated by the measure-
ment and the experimentally extracted parameters, the loss in
SO MSCs can be broken down for identifying the space for
future improvement (see Table III). Most loss in SO MSCs
originates from the SO ADL testbed. The unidirectional loss
of 3.1 dB is the most significant contributor. It can be reduced
by enhancing the reflectivity per cell in SPUDTs by using
thicker electrodes for larger mechanical reflection [23], [45].
A sub-1.5-dB unidirectional loss is feasible [56]. The 1.1-dB
PL in the waveguide is the second loss source, from the
150-um waveguide and 62-um equivalent propagation dis-
tance in the SPUDTs [23]. However, the compact structure of
the multistrips only requires less than 40 xm in the longitudi-
nal direction for the track changer. Therefore, one can expect
a sub-0.5-dB loss in a shorter ADL with the same functions.
The remaining loss is likely caused by the multistrips and
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other sources such as diffraction. The source will be further
identified when the major damping terms are lowered in future
demonstrations. To sum up, sub-2-dB SO MSCs are feasible
upon further optimization.

One major improvement in future implementations is the
isolation of the couplers. As discussed in Section II-F, the iso-
lation degradation originates from the port reflection due to the
in-adequate directionality of the SPUDTSs. To enhance direc-
tionality, several approaches are viable. First, larger reflection
per wavelength can be obtained with thicker electrodes or
heavier metal [23]. Second, it is possible to further mitigate
the reflections using more unit cells in the transducers at
the cost of FBW [49]. Another issue in the current proto-
types is the in-band ripples. Two factors contribute to the
ripples, namely the standing waves in the waveguide and
the intrinsically weak resonances in the SPUDT. For future
implementations, the first source can be mitigated by the same
approaches for lowering the unidirectional loss. The second
aspect can be improved by optimizing the reflection and
reflection simultaneously across the entire transducers [68].
Finally, the power handling capability might be a potential
issue because the energy is concentrated in a much more
compact volume [see Fig. 3(a)], leading to thermally induced
nonlinearity in LiNbOj3 thin films [69]. Currently, the device
shows no performance degradation at 5 dBm (maximum power
of the measurement setup). The power-handling capability can
be further improved in future implementations by including
tethers at the release windows in the transverse direction,
which leads to better thermal conductance.

V. CONCLUSION

In this work, we have demonstrated low-loss, wideband RF
couplers using the thin-film LiNbOs3. The fabricated SO MSCs
significantly improves the IL and operating frequency in a
more compact structure compared to the previous works,
because of the simultaneously large k2, high vp, and low
loss of the SO mode in LiNbOj3. Devices with different
coupling (20-3 dB) are fabricated using various numbers of
strips. Based on the SO testbed with an IL of 4.5 dB at
1 GHz, the hybrid coupler shows an IL of 7.5 dB, while
the track changer shows an IL of 5.1 dB, over a 3-dB FBW
of 8%. Couplers at different frequencies (between 0.75 and
1.55 GHz) are also investigated. Upon further optimizations,
the demonstrated couplers can be potentially crucial elements
to complete an RF acoustic component kit for portable RF
front ends.
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