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Microwave photonics, a field that crosscuts microwave/millimeter-wave engineering with optoelectronics, has
sparked great interest from research and commercial sectors. This multidisciplinary fusion can achieve ultrawide
bandwidth and ultrafast speed that were considered impossible in conventional chip-scale microwave/millimeter-
wave systems. Conventional microwave-to-photonic converters, based on resonant acousto-optic modulation,
produce highly efficient modulation but sacrifice bandwidth and limit their applicability for most real-world
microwave signal-processing applications. In this paper, we build highly efficient and wideband microwave-
to-photonic modulators using the acousto-optic effect on suspended lithium niobate thin films. A wideband mi-
crowave signal is first piezoelectrically transduced using interdigitated electrodes into Lamb acoustic waves, which
directly propagates across an optical waveguide and causes refractive index perturbation through the photoelastic
effect. This approach is power-efficient, with phase shifts up to 0.0166 rad∕

p
mW over a 45 μm modulation

length and with a bandwidth up to 140 MHz at a center frequency of 1.9 GHz. Compared to the state-of-
the-art, a 9× more efficient modulation has been achieved by optimizing the acoustic and optical modes and
their interactions. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.421612

1. INTRODUCTION

The development of photonic integrated circuit (PIC) applica-
tions prompted by optical transceivers for data centers, micro-
wave photonic-based signal processing, quantum computing,
spectroscopy, and holography, demands more efficient means
to control lightwave propagation. One efficient method to
achieve this objective is to utilize light–matter interactions
through acousto-optic (AO) devices. Fundamentally, AO devi-
ces enable the interaction by perturbing the refractive index in
an optical medium by acoustic waves [1]. The perturbation is
made possible by the photoelastic effect in the medium, where
acoustic and optical waves can be launched and guided inde-
pendently. Several practical bulk-wave AO devices have been
realized, including optical modulators, frequency shifters,
switches, tunable filters, isolators, spectrum analyzers, scanners,
and correlators [2].

Compared to electro-optic (EO) modulators that can oper-
ate efficiently with a low-pass characteristic and bandwidth
(BW) up to tens of gigahertz [3,4], AO modulators can be
ultra efficient and be boosted by the mechanical quality factor
with bandpass frequency selectivity. Moreover, EO modulators

typically have close electrode placement to the optical wave-
guides (WGs) to achieve high modulation efficiency and con-
sequently do so at the expense of increased optical loss. On the
other hand, AO modulators can have their interdigitated trans-
ducers (IDTs) placed far from the optical WGs without com-
promising efficiency and harness the low propagation loss of
acoustic waves for strong AO interaction [5]. Whereas EO
modulators are usually used for data transmission because of
their wide BW, AO devices on different substrates might thrive
complementarily for other applications, including modulators
[6–9], frequency shifters [10,11], and tunable filters [12] and
applications spanning phase-sensitive imaging [13], 3D holog-
raphy [14], beamforming and steering [15], cavity optome-
chanics [16–18], and inertial sensing [19].

The vast outgrowth of research on guided wave optics and
acoustics granted the ability to confine both the light and
acoustic waves to the surface of a suitable substrate, resulting
in PIC miniaturization and efficient light control. Surface wave
AO devices possess significant advantages over discrete bulk
AO devices. For example, surface wave devices feature smaller
size and lighter weight with a high degree of integration,
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enabling batch processing and lower cost. They also have wider
BW, lower power consumption, and larger overlap between
acoustic and optical modes. Piezoelectric thin films such as gal-
lium arsenide (GaAs) and lithium niobate (LiNbO3, or LN) are
promising candidates for AO devices. These films have a high
refractive index contrast to their surroundings for lightwave
confinement and are compatible with generating acoustic waves
using simple IDTs [20].

The advances of microwave photonics have recently been
accelerated by unprecedented microwave-to-photonic conver-
sion demonstrated in thin-film LN on insulator. LN is a syn-
thetic crystal known for its various properties, such as the
strong EO, photoelastic, and piezoelectric effects [21,22].
These properties are useful for linear and nonlinear optical ap-
plications and the generation and detection of acoustic waves.
Moreover, LN has a negative uniaxial birefringence with a high
refractive index (∼2.13 at 1550 nm) and a high index contrast
to many dielectrics, permitting strong confinement of optical
modes and PIC miniaturization. LN thin-film on insulator
(LNOI), a revolutionary technology, became recently available
through smart-cut technology [23], giving rise to a myriad of
new devices and applications with a high level of integration
and performance.

In previous research efforts [18,20,24,25], optical WGs are
inserted into resonant acoustic cavities, producing efficient AO
modulators but sacrificing BW (<0.1%) and limiting their
applicability for most real-world microwave signal-processing
applications. In this work, we employ traveling acoustic waves
to pass through the optical WG, eliminating the resonant
nature in prior approaches, and resulting in highly desirable
wideband modulators [26]. This approach provides filtration
to the input microwave signal without any additional circuitry
due to the bandpass spectral response of the microwave trans-
ducers, which makes it a perfect candidate for 5G and internet
of things (IoT) applications where an optical signal is used for
direct communication between 5G base stations and data cen-
ters [27]. Other applications, such as frequency comb genera-
tion, can also benefit from wideband and efficient AO
modulators [28,29].

In this work, we present the design, implementation, and
measurements of an efficient AO modulator using an unbal-
anced Mach–Zehnder interferometer (MZI) on thin-film
LN (TFLN). The thin film is fully suspended, enabling the
generation of Lamb acoustic waves (plate waves) that possess
higher electromechanical coupling than surface acoustic waves
(SAWs), resulting in significantly more efficient microwave to
acoustic conversion. Acoustic modes are confined within the
suspended film by the velocity mismatch boundary condition
at the LN/air interface. On the other hand, optical modes are
confined to the plane by the index contrast at the LN/air
interface and guided laterally by a photonic crystal (PhC)
WG made of a square lattice of air holes inside the LN sus-
pended film [30]. The confinement of waves within the thin
film features a unity overlap between the acoustic and optical
modes, resulting in the efficient microwave-to-photonic
conversion [18]. AO modulators with a phase shift up to
0.0166 rad∕

p
mW, a center frequency of 1.9 GHz, and a

BW up to 140 MHz were demonstrated. Moreover, a narrow-

band AO modulator with an optical WG inserted inside an
acoustic cavity is reported in this paper to be compared with
the state-of-the-art (SoA) AO modulators.

2. DESIGN METHODOLOGY

Figure 1(a) shows a mock-up of the proposed concept of this
paper. A PhC WG is made of a square lattice of air holes with a
periodicity of a inside the TFLN. It is used to confine the light
waves while allowing the acoustic waves to pass through. With
a pitch of Λ and N IDT split fingers, a split IDT is designed to
generate S0 mode Lamb waves at a center frequency of
1.9 GHz [31,32]. The frequency is selected to avoid working
in the acoustic bandgap region of the PhC (centered around
4.2 GHz), allowing the acoustic waves to propagate through
the optical WG with minimal reflection [33].

The acoustic mode and LN cut were selected as S0 and
Z -cut for optimal optical waveguiding and aligning the highest
strain component with the maximum photoelastic coefficient
(Pij). Z -cut LN is isotropic in-plane in both refractive index
and photoelastic effect, allowing flexible layout of optical
WGs. In comparison to other cuts of LN, it also has the highest
P31 and P32 (0.138) for modulating the fundamental transverse
magnetic (TM)-mode (z-polarized) by the acoustic S0 mode
(in-plane polarized). The average simulated strain on the opti-
cal WG is shown in Fig. 1(b) for a PhC WG with
W wg � 1 μm, hole periodicity a � 0.7 μm, hole radius
r � 0.35a, and an applied radio frequency (RF) power of
1 mW (50-Ω source).

The change in refractive index Δn, derived in Appendix C,
can be calculated approximately using the following equation:

Δn

n
� −

1

2
n2e �P32δ2 � P33δ3�, (1)

where n is the optical mode refractive index, and ne is the extra-
ordinary refractive index of LN in z direction. Pij is the
photoelastic coefficient relating refractive index change in the
i direction and strain (δ) in the j direction, 3 is z direction,
and 2 is y direction, as shown in Fig. 1(a). Equation (1) assumes
that the strain is the only component perturbing the refractive
index. This assumption is only partially true, as the electric fields
accompanying the acoustic fields also cause index perturbation
through the EO effect [18]. Figure 1(c) shows the total refractive
index change due to both the photoelastic and EO effects while
neglecting the moving boundary effect [18]. Detailed calculation
of the total refractive index change, due to both the EO and
photoelastic effects, can be found in Appendix C.

To demonstrate the proposed concept, an MZI on TFLN
was designed and fabricated where only a single arm is acous-
tically modulated. The MZI is composed of focused grating
couplers for input/output light coupling to fiber, 2 × 1 multi-
mode interferometers (MMIs) to split/combine light waves in
the MZI arms, and WG crossings (WGCs) used as mechanical
tethers for the suspended WG. A microscope image of the fab-
ricated MZI is shown in Fig. 2(a). The optical response of the
fabricated MZI was measured using the setup in Fig. 2(b). The
response is shown in Fig. 2(c). A free spectral range (FSR) of
10.3 nm and an extinction ratio (ER) of 20 dB were observed.
Figure 2(d) shows a cross-sectional scanning electron
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microscope (SEM) image of the fabricated WG along with the
simulated values of the refractive and group indices of the TM
mode (at 1550 nm). The simulation accounts for 65° sidewalls,
resulting from the nature of the physical etching process.

The propagation loss of acoustic waves is relatively low. In
our demonstration, the acoustic wave propagates only for a few
tens of micrometers. It is estimated that the propagation loss of
S0 at 1.9 GHz is around 4 dB/mm [5]. The PhC WG is esti-
mated to have <1.5 dB loss for its 45 μm length (33 dB/mm)
at 1550 nm based on finite-difference time-domain (FDTD)
simulations. The loss can be improved by selecting an optimal
periodicity (a < 0.45 μm), which is beyond our in-house fab-
rication capabilities. On the other hand, rib WGs have
≪0.1 dB∕cm based on FDTD simulations. The insertion loss
due to mismatch between the rib and PhCWGs is <0.5 dB by
optimizing both the periodicity and WG width. The insertion
loss can be further improved byWG tapering. All loss values are
simulation-based and expected to be higher due to fabrication
nonidealities such as sidewall angles and roughness resulting
from the dry etching in the fabrication.

In this paper, we demonstrate two types of AO modulators.
The first is a modulator without any acoustic cavity, resulting in
wideband operation. The second is a modulator with one arm
of the MZI inserted in a resonant acoustic cavity, resulting
in a much more efficient modulation but narrowband
operation. The main objective of the resonant device is to
compare its performance to SoA AO modulators with similar
configurations.

3. EXPERIMENTAL VALIDATION

A. Fabrication Process

The detailed fabrication process steps are shown in Fig. 3(a).
The fabrication process starts with transfer-bonding Z-cut
single-crystal TFLN (0.56 μm thick) to a silicon carrier
(500 μm) with an intermediate layer of SiO2 (4 μm) using
the ion-slicing technique [34]. After that, using electron beam
lithography, the IDTs are defined by lifting off 50 nm evapo-
rated Au with 5 nm Cr adhesion layer. Next, a photoresist layer
is spun and patterned using electron beam lithography as the

Fig. 1. (a) Mock-up of the proposed AO modulator concept; (b) simulated average strain on 1 μm wide 560 nm thick optical WG; (c) total
refractive index variation, in principal directions, due to simulated strain in (b).

Fig. 2. (a) Microscope image of the fabricated MZI; (b) measurement setup for the optical response of the MZI device. EDFA, erbium-doped
fiber amplifier; FPC, fiber polarization controller; DUT, device under test; DAQ, data acquisition card. (c) Measured optical response of the MZI;
(d) cross-sectional SEM image of the optical WG (left) and simulated TM mode shape, including WG sidewalls (right).
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soft mask for defining the release windows, PhC WG, gratings,
and other optical components. An inductively coupled plasma
with Ar-based reactive ion etching is then used to etch through
the TFLN. Finally, the resonator is released using buffered ox-
ide isotropic etching (BOE) to remove the SiO2 sacrificial layer
underneath the TFLN. Figure 3 shows SEM images of the vari-
ous optical components and IDTs.

Acoustic protection is added near the unmodulated MZI
arm to protect it from the incident acoustic waves that have
already passed through the modulated arm. As shown in
Fig. 3(d), the acoustic protection is achieved by etching LN
with a geometrical shape, causing incoherent scattering of
the acoustic wavefront and acoustic wave dissipation in the

form of heat. This prevents reflected acoustic waves from in-
teracting with the modulated arm again. Figure 3(g) shows the
WGC used to add mechanical tethers to the WG. Each WGC
is optimized to have less than 0.1 dB of optical insertion loss.

B. Measurement Approach

The AO modulator was measured using a two-port network
analyzer, as shown in Fig. 4(a). Port 1 is used as a power source
to excite the acoustic waves connected to the RF pads shown in
Fig. 2(a), while Port 2 measures optical S21. Port 2 can be con-
nected to a spectrum analyzer, in case of measuring power at
DC. Grating couplers were designed to have −5 dB coupling
efficiency at 1550 nm, but their values are expected to deviate

Fig. 3. (a) Fabrication process. BOX, buried oxide; PR, photoresist. SEM images of (b) IDTs and modulated MZI arm; (c) PhC WG; (d) etched
region used to protect the unmodulated MZI arm from the acoustic waves; (e) zoomed-in IDTs; (f ) zoomed-in IDTs and PhC WG; and (g) WGC
used for mechanical tethering.

Fig. 4. (a) Measurement setup; (b) measured optical powers versus wavelength for device A; (c) measured S-parameters of device A at optical
wavelength of 1561 nm.
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(estimated coupling efficiency from measurements < −10 dB),

resulting from our lithography fidelity and sidewall roughness

from dry etching. An erbium-doped fiber amplifier (EDFA) is

used to boost the input laser to 27 dBm to compensate for op-

tical losses due to grating couplers and PhC WGs. A fiber

polarization controller (FPC) is used to adjust the input light

to the TM mode. A photoreceiver (PR) with an internal tran-

simpedance amplifier (TIA) and a responsivity of 1625 V/W

is used.
One arm of the MZI is phase-modulated by the acoustic

waves, while the other arm is not modulated, resulting in an
amplitude-modulated light signal. The phase shifts due to re-
fractive index perturbation caused by the acoustic wave
Δφn and the initial phase mismatch between MZI arms rep-
resenting any imbalances ΔφL, derived in Appendix A, can
be expressed as

Δφn �
2πΔnLmod

λmod

, (2)

ΔφL �
2πnΔL

λmod

, (3)

where Lmod,ΔL, and λmod are the modulation length (PhCWG
length), mismatch length between MZI arms, and optical
wavelength during modulation, respectively. The amplitude-
modulated light signal results in the following optical
powers at DC and at the fundamental modulating frequency,
respectively,

P
opt
0 � P

opt
in T

2
�1� J0�jΔφnj� cos�ΔφL��, (4)

P
opt
1 � P

opt
in T J1�jΔφnj� sin�ΔφL�, (5)

where P
opt
in and T are the optical power input from the laser

source and the transmission coefficient of the MZI representing
power loss, respectively. J0�jΔφnj� and J1�jΔφnj� are the Bessel
functions of the first kind of the zeroth and first order, respec-
tively. The corresponding RF powers, measured due to the op-
tical power in Eqs. (4) and (5) on a 50-Ω system, are

PRF
0 � C

4
× �1� J0�jΔφnj� × cos�ΔφL��2, (6)

PRF
1 � C × � J1�jΔφnj� × sin�ΔφL��2, (7)

where PRF
0 is the DC power and PRF

1 is the fundamental RF
power measured by a 50-Ω system. C is a constant presenting
the EO conversion and losses in the measurement setup that is
formulated as

C � �Popt
in TGPR�2
2 × 50

, (8)

where GPR is the PR sensitivity.
By measuring S21, V π can be calculated as follows:

V π �
P
opt
0 × GPR × π

jS21j
, (9)

where V π is the voltage required to achieve π phase shift and
P
opt
0 is the optical DC power at the quadrature point where the

two arms of the MZI have a 90° phase difference. Detailed der-
ivation of Eqs. (2)–(9) can be found in Appendices A and B.

C. Results

Figure 4(b) shows the measured optical power at DC (P
opt
0 ) and

at the fundamental (P
opt
1 ) of device A, whereas dimensions of

different devices reported in this article are shown in Table 1.
As the wavelength is swept in Fig. 4(b), the phase difference
between the MZI arms (ΔφL) changes, resulting in power fluc-
tuation dependent on the phase mismatch between the MZI
arms. Figure 4(c) shows measured scattering parameters S11
and S21 of device A. The device has a center frequency of
1.9 GHz and wide BW of 140 MHz (fractional BW of
7.4%), both of which match their respective values estimated
by simulations. V π can be extracted from Eq. (9), resulting in a
highly efficient AO modulator with a figure of merit (FoM)
V πL of 0.38 V · cm where Lmod � 45 μm. Noteworthily,
V πL is used only to compare AO modulators to EO modula-
tors [3,35], but a more convenient FoM is PπL representing the
power needed by the transducer (IDTs) to achieve π phase shift
multiplied by the modulation length. Another suitable FoM is
ap∕Lmod presenting the phase shift of the light wave per unit
length per square root of the applied power, where ap presents
the amount of phase shift φ acquired by the square root of the
applied power, jφj � ap

p
PIDT.

Figure 5(a) shows measured scattering parameters S11 and
S21 of device B. The device has a center frequency of 1.9 GHz
and wide BW of 70 MHz (fractional BW of 3.7%) which is
half the BW of device A, as expected, because device B has twice
the number of IDT fingers [36]. V πL of 0.27 V · cm is ex-
tracted for device B. Figure 5(b) shows measured scattering
parameters of device C, where the optical WG is inserted in
an acoustic cavity. The acoustic cavity is constructed by fully
etching LN to confine the acoustic waves between the etched
cavity boundaries, where both the IDTs and the modulated
PhC WG are placed as shown in Fig. 5(c). The cavity length
is 17.95 μm, which is the optimal value for yielding the
highest strain within the optical WG. The main purpose of
device C is to compare its performance to SoA AO modulators,
as shown in Table 2. Device C has a center frequency of
1.16 GHz, a narrow BW of 0.48 MHz, and an ultra low
FoM of 0.019 V · cm.

Table 1. Fabricated Devices’ Dimensions

Device N IDT Λ (μm) Lmod (μm) a (μm) W wg (μm) r (×a) T LN (μm) T Au (nm)

A 25 2.9 45 0.7 1 0.35 0.56 50
B 49 2.9 45 0.7 1 0.35 0.56 50
C 7 2.8 45 0.7 1 0.35 0.56 50
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4. DISCUSSION

Table 2 compares fabricated devices in this paper to SoA AO
modulators. Device C, which is mainly used for comparison to
SoA, as it has an acoustic cavity, is a highly efficient narrowband
AO modulator with PπL of 0.15 mW · cm, which has 9× more
efficient modulation compared to the nearest AO modulator
[18]. The modulation efficiency can be traded-off for BW,
as seen in devices A and B having more than 70× the BW re-
ported in the literature. For the wideband devices A and B, the
sinc-function-shaped spectrum shown in Figs. 4(c) and 5(a) is a
characteristic of the IDTs. The spectrum can be tailored to re-
duce the strength of the sidelobes and to produce a steeper roll-
off by apodizing the IDTs [36].

Enhancement to AO modulation efficiency is achieved, in
this paper, by using Lamb waves, utilizing the highest photo-
elastic coefficients in LN, and optimizing the light–acoustic in-
teraction by selecting the optimum orientation. Moreover,
there is still room for significant improvements by performing
simple modifications to the design. First, the IDTs used in this
paper are split IDTs that are inherently bidirectional, which

means they direct acoustic waves equally on both sides of
the IDT, resulting in an inherent 3-dB loss. This can be
avoided by using unidirectional IDTs [36,38] that direct the
acoustic power in one direction towards the WG. Second,
the MZI presented in this paper has only a single arm experi-
encing modulation, while a push–pull MZI configuration can
boost modulation efficiency [20,24,25,37].

5. CONCLUSIONS

We demonstrated a wideband AO modulator on suspended
TFLN. The modulator has a passband with a center frequency
at 1.9 GHz, and a BW of 140 MHz. The device is highly ef-
ficient with ap � 0.0166 rad∕

p
mW and a modulation length

of only 45 μm [i.e., 0.37 rad∕�pmW ·mm�]. Unlike conven-
tional AO modulators with a narrow BW, this device is both
efficient and wideband; therefore, it is highly practical for many
microwave photonic applications. Moreover, a resonant
device with an acoustic cavity is compared to the SoA AOmod-
ulators, showing a 9× more efficient modulation. The enhance-
ment arises from exploiting Lamb waves, using the highest

Fig. 5. (a) Measured S-parameters of device B at optical wavelength of 1560.6 nm; (b) measured S-parameters of device C at optical wavelength of
1558.5 nm; (c) SEM image of device C.

Table 2. Performance Summary and Comparison to SoA

Ref./

Device

Acoustic

Cavity

Frequency

(GHz)

BW

(MHz) Q

ap
(rad∕

p
mW)

Lmod

(μm)

ap∕Lmod

[rad∕�pmW⋅mm�]
V

π
L

(V · cm)

P
π
L

(mW · cm)

Mismatch

Efficiencya (%)

[20] ✓ 0.11 0.062 1800 0.073 1200 0.061 2.5b 222 42
[18] ✓ 3.27 0.9 3600 0.27 100 2.7 0.046 1.35 64
[37] ✓ 0.11 0.09 1200 0.26 2400 0.11 0.94 35 95
[24] c 0.52 0.073 15 4.8 2.77
[25] c 0.52 0.13 120 1.08 7
C ✓ 1.16 0.48 2400 0.54 45 12 0.019 0.15 19.3
A × 1.90 140 14 0.0166 45 0.37 0.38 161 50
B × 1.90 70 27 0.0175 45 0.39 0.27 145.3 90

Devices A, B, and C are demonstrated in this work.

The material type for Refs. [18,20] and this work is LN, for Refs. [24,25], it is GaAs/AlGaAs, and for Ref. [37], it is As2S3∕LN.

Acoustic wave type for Refs. [20,24,25,37] is SAW, whereas for Ref. [18] and this work it is Lamb waves.

MZI modulation type for Refs. [20,24,25,37] is push–pull modulation, whereas for Ref. [18] and this work it is single-arm modulation.
aMismatch efficiency = 1 − jS11j2.
bModified from paper for the load voltage in the case of a matched load.
cThese devices have etched grooves that may form an acoustic cavity.
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photoelastic coefficients, and arranging the light–acoustic inter-
action in the optimal orientation.

APPENDIX A: DERIVATION OF MZI OUTPUT

SPECTRUM

The electric field output at each arm (m � 1, 2) of the MZI is

Eout,m � E in
ffiffiffi

2
p e−jβmLm tm, (A1)

where E in is the input electric field and βm, Lm, and tm are the
propagation phase constant, the length, and the transmission
coefficient of the mth arm. Because the PhC WG is common
in both arms (same length) and is the dominant source of loss,
we can assume each MZI arm has the same transmission co-
efficient: t1 � t2 �

p
T . After summing the fields and squar-

ing, we find the output power of the unbalanced MZI,

P
opt
out �

P
opt
in T

2
�1� cos�β1L1 − β2L2��: (A2)

We assume that both MZI arms have the same unmodulated
refractive index n. The first arm, the modulated arm, is com-
posed of two sections. The first section is the modulated section

Lmod, which is equal to the PhC WG length with refractive
index n� Δn, where Δn is the refractive index change due
to the photoelastic effect. The second section is the unmodu-
lated section Lunmod made of a conventional ridge WG. The
total length of the first arm is L1 � Lmod � Lunmod. The second
MZI arm, the unmodulated arm, is identical to the first arm
but adds a third section ΔL to unbalance the MZI. ΔL is the
mismatch length between the MZI arms, and the total length of
the second arm is L2 � Lmod � Lunmod � ΔL. Note that Lmod

of the second arm is protected from the acoustic waves, and its
refractive index is not perturbed. Using previous assumptions,
the phase terms inside the cosine can be expressed as

β1L1 − β2L2 �
2πnLunmod

λ
� 2π�n� Δn�Lmod

λ

−

2πn�Lunmod � Lmod � ΔL�
λ

� 2πΔnLmod

λ
−

2πnΔL

λ
: (A3)

For ease of presentation, phase shifts can be expressed as

Δφn �
2πΔnLmod

λ
, (A4)

ΔφL �
2πnΔL

λ
, (A5)

where Δφn and ΔφL are the photoelastic induced phase
shift and the mismatch phase shift caused by any imbalances,
respectively.Δφn � jΔφnj cos�ωRFt�, where jΔφnj is the phase
shift amplitude, ωRF is the angular modulation frequency of the
acoustic wave, and t is the time. From Eqs. (A2)–(A5), using
simple trigonometry, the output optical power can be written as

P
opt
out �

P
opt
in T

2

n

1� cos�jΔφnj cos�ωRFt�� cos�ΔφL�

� sin�jΔφnj cos�ωRFt�� sin�ΔφL�
o

, (A6)

using the following Jacobi anger expansion identities:

cos�x cos θ� � J0�x� � 2
X

∞

m�1

�−1�mJ2m�x� cos�2mθ�, (A7)

sin�x cos θ� � −2
X

∞

m�1

�−1�mJ2m−1�x� cos��2m − 1�θ�: (A8)

The harmonic contents in the output optical power can be
expressed as

P
opt
out �

P
opt
in T

2

�

1�
�

J0�jΔφnj� � 2
X

∞

m�1

�−1�mJ2m�jΔφnj� cos�2mωRFt�
�

cos�ΔφL�

�
�

2
X

∞

m�1

�−1�mJ2m−1�jΔφnj� cos��2m − 1�ωRFt �
�

sin�ΔφL�
�

. (A9)

The magnitude of the optical power at DC and the first three
harmonics can be written as follows:

P
opt
0 � P

opt
in T

2
�1� J0�jΔφnj� cos�ΔφL��, (A10)

P
opt
1 � P

opt
in T J1�jΔφnj� sin�ΔφL�, (A11)

P
opt
2 � P

opt
in T J2�jΔφnj� cos�ΔφL�, (A12)

P
opt
3 � P

opt
in T J3�jΔφnj� sin�ΔφL�: (A13)

Using the derived optical power, the RF power to be measured
on a 50 Ω system can be expressed as

PRF
out �

�Popt
outGPR�2
2 × 50

, (A14)

where GPR is the active PR responsivity in V/W.
Equations (A10)–(A13) are measured in the RF domain and
can be described as [20]

PRF
0 � C

4
�1� J0�jΔφnj� cos�ΔφL��2, (A15)

PRF
1 � C �J1�jΔφnj� sin�ΔφL��2, (A16)
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PRF
2 � C �J2�jΔφnj� cos�ΔφL��2, (A17)

PRF
3 � C �J3�jΔφnj� sin�ΔφL��2, (A18)

where C presents the EO conversion and losses in the measure-
ment setup and can be expressed as

C � �Popt
in × T × GPR�2

2 × 50
: (A19)

APPENDIX B: DERIVATION OF V
π
, P

π
, AND ap

The voltage required for a 180° phase shift, V π , can be directly
calculated from the measured scattering parameter S21. Starting
from Eqs. (A15) and (A16), assuming operation at the quad-
rature point where ΔφL � 90° and J1�Δφn� ≈ Δφn∕2 when
Δφn ≪ 1, then the fundamental RF power can be written
as

PRF
1 � PRF

0 Δφ2
n �

�Popt
0 GPR�2
2 × 50

�

πV

V π

�

2

� PRF
in

�

P
opt
0 GPRπ

V π

�

2

:

(B1)

Then, V π as a function of jS21j, where jS21j2 � PRF
1 ∕PRF

in , can
be expressed as [18]

V π �
P
opt
0 GPRπ

jS21j
: (B2)

Acoustic modulators are better evaluated based on Pπ or
PIDT−π , which is the power needed by the IDTs to achieve
a 180° phase shift. This can be written as

PRF
IDT−π � PRF

in−π�1 − jS11j2�, (B3)

where S11 is the scattering parameter representing the reflected
power from the IDTs, 1 − jS11j2 is the mismatch efficiency fac-
tor representing the amount of input power delivered to the
AO modulator, and Pin−π is the input RF power in the case
of matching and is expressed as

PRF
in−π �

V 2
π

2 × 50
: (B4)

Finally, ap, which represents the amount of phase shift φ ac-
quired by the square root of the applied power,
jφj � ap

p
PIDT, can be obtained from

ap �
π

ffiffiffiffiffiffiffiffiffiffiffiffiffi

PIDT−π

p : (B5)

APPENDIX C: ESTIMATION OF REFRACTIVE

INDEX PERTURBATION

The refractive index change can be estimated by assuming two
perturbation effects, the photoelastic and the EO effects. The
perturbed index ellipsoid can be expressed as
�

1

n2o
� Δ

�

1

n21

��

x2 �
�

1

n2o
� Δ

�

1

n22

��

y2 �
�

1

n2e
� Δ

�

1

n23

��

z2

�
�

2Δ

�

1

n24

��

yz �
�

2Δ

�

1

n25

��

xz �
�

2Δ

�

1

n26

��

xy � 1,

(C1)

where no and ne are the ordinary and extra-ordinary refractive
indices of LN, respectively. For the TM polarization, the per-
turbed refractive index in z direction, after simplification, can
be written as

Δn

n
� −

1

2
n2eΔ

�

1

n23

�

, (C2)

where Δ�1∕n2i � represents the change in the optical indicatrix
and can be written, for the photoelastic effect, as

Δ

�

1

n2i

�

�
X

Pijδj, (C3)

where δj is the applied strain in the j direction and P is the
photoelastic matrix. For LN, P equals [22]

2

6

6

6

6

6

6

4

0.045 0.096 0.149 0.055 0 0
0.096 0.045 0.149 −0.055 0 0
0.138 0.138 0.076 0 0 0
0.12 −0.12 0 0.019 0 0
0 0 0 0 0.019 0.12
0 0 0 0 0.055 −0.025

3

7

7

7

7

7

7

5

:

(C4)

For the Pockels EO effect,

Δ

�

1

n2i

�

�
X

r ijE j, (C5)

where r is the EO matrix, and E j is the applied electric field,
which is caused by the piezoelectric effect in our case
[21].

r �

2

6

6

6

6

6

4

0 −3.4 8.6
0 3.4 8.6
0 0 30.8
0 28 0
28 0 0
−3.4 0 0

3

7

7

7

7

7

5

pm∕V: (C6)

From Eqs. (C2)–(C6), the photoelastic and EO refractive index
perturbation, in z direction for the TMmode, can be expressed
as in Eqs. (C7) and (C8), respectively,

Δn

n
� −

1

2
n2e �P32δ2 � P33δ3�, (C7)

Δn

n
� −

1

2
n2e �r33E3�: (C8)

Note that, for S0 acoustic wave δ2 and δ3 are out of phase, and
δ2 is the dominant strain component (∼3 × δ3 component). All
other starin components are equal to zero. Strain components
obtained from finite element analysis (FEA) can be combined
with the previous equations to determine the refractive index
change.
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