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Fast electro-optic modulators with an ultracompact footprint and low power consumption are always highly
desired for optical interconnects. Here we propose and demonstrate a high-performance lithium niobate
electro-optic modulator based on a new 2 × 2 Fabry–Perot cavity. In this structure, the input and reflected beams
are separated by introducing asymmetric multimode-waveguide gratings, enabling TE0 − TE1 mode conversion.
The measured results indicate that the fabricated modulator features a low excess loss of ∼0.9 dB, a high ex-
tinction ratio of ∼21 dB, a compact footprint of ∼2120 μm2, and high modulation speeds of 40 Gbps
OOK and 80 Gbps PAM4 signals. The demonstrated modulator is promising for high-speed data transmission
and signal processing. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.449172

1. INTRODUCTION

High-speed electro-optic (EO) modulators are key components
in high-capacity, reconfigurable, and intelligent optical sys-
tems [1–6]. Recently, thin-film lithium-niobate-on-insulator
(LNOI) systems with high EO coefficients have regained inten-
sive interest for high-speed modulation because they offer high
refractive-index contrast and possible compatibility with the
complementary-metal-oxide-semiconductor (CMOS) processes
[7,8]. High-performance EO modulators on LNOI have been
demonstrated with the advantages of low losses, high band-
widths, and high linearity [9–12]. Currently, the demonstrated
modulators on LNOI are mainly realized with a Mach–Zehnder
interferometer (MZI) or a ring resonator. When using MZIs,
which utilize two-beam interference [13,14], the footprint
is usually as large as several centimeters. In order to achieve
compact optical modulators, ring resonators are preferred
[15–17]. However, for an x- or y-cut LNOI wafer with excel-
lent EO modulation, the waveguide bending radius should be
as large as hundreds of micrometers to suppress mode hybridi-
zation due to the large LN anisotropy [18–20]. Therefore, a
ring-resonator-based EO modulator usually occupies a large

footprint on the platform of LNOI. Alternatively, a Fabry–
Perot (FP) resonator, which has no waveguide bends, is a very
promising candidate for achieving ultracompact EO modula-
tors. Unfortunately, for a traditional FP resonator, modulated
light is reflected back to the input port [21,22], and thus an
external isolator or circulator is usually required to avoid dis-
turbing the transmission system.

In this paper, we propose and demonstrate an ultracompact
and high-speed EO modulator using a new 2 × 2 FP cavity
on an LNOI platform. The proposed 2 × 2 FP cavity is con-
structed by a pair of mirrors based on asymmetric multimode
waveguide gratings (AMWGs). Here the AMWGs are designed
so that the forward TE0 (TE1) mode is reflected into the back-
ward TE1 (TE0) mode [23,24]. In this way, the reflected and
incident paths can then be separated with the assistance of a
mode (de)multiplexer. The demonstrated modulator exhibits
a low excess loss (EL) of ∼0.9 dB and a high extinction ratio
(ER) of ∼21 dB. The eye diagrams of 40 Gbps on–off keying
(OOK) and 80 Gbps 4-pulse amplitude modulation (PAM4)
signals with excellent quality are demonstrated. Such an electro-
optic 2 × 2 FP cavity can also be used as ultrafast 2 × 2 optical
switches.
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2. STRUCTURE AND DESIGN

Figure 1(a) shows the schematic configuration of the proposed
EO modulator using a new 2 × 2 FP cavity on an LNOI plat-
form. Here the 2 × 2 FP cavity is formed by a pair of AMWG
mirrors connected with mode (de)multiplexers based on adia-
batic dual-core taper. The AMWGs are introduced to partially
reflect the forward TE0 (TE1) mode into the backward TE1

(TE0) mode when the wavelength is around the Bragg wave-
length. Thus, there are two guided modes propagating in the
opposite directions in the FP cavity. When the TE0 mode
launches at input port #1, one has a high transmission T 13�λ�
of the TE0 mode at port #3 for the wavelength within the res-
onance-wavelength band of the FP cavity. Meanwhile, there is
a high transmission T 14�λ� of the TE0 mode at port #4 for
the wavelength beyond the resonance-wavelength band of the
FP cavity because the reflected/converted TE1 mode by the
AMWG is finally converted to the TE0 mode at port #4
by the mode (de)multiplexer. Similarly, when the TE0 mode

launches at input port #2, the transmissions T 23�λ� at port #3
and T 24�λ� at port #4 are similar to T 14�λ� and T 13�λ�, re-
spectively. When the ground-signal electrodes are applied with
electrical signals, the lateral electric field is generated, and thus
the refractive index of LN is modified very fast due to the
Pockels effect. As a result, the resonant wavelength of the FP
cavity has some shift, resulting in a high-speed modulation.

In this design, the waveguide structure is patterned on an
x-cut 400 nm thick LNOI with an etching depth of 200 nm
and an air upper-cladding. Here the wavelength is around
1550 nm, and one has no � 2.2111 and ne � 2.1376 for the
LNmaterial. For the mode (de)multiplexers, the adiabatic dual-
core taper coupler shown in Fig. 1(b) is designed according to
the method proposed in our previous work [25]. The core
widths at the input ends of waveguides A and B are chosen
to be different (e.g., wa1 > wb1) so that the two lowest-order
supermodes supported by the dual-core waveguide are localized
in the two core regions. In contrast, the core widths at the out-
put ends of waveguides A and B are chosen to be very different

Fig. 1. (a) Schematic configuration of the proposed ultracompact and high-speed EO modulator using a new 2 × 2 FP cavity on an LNOI
platform; top views of (b) a mode (de)multiplexer and (c) an AMWG.
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(e.g., wa2 ≫ wb2) so that the two lowest-order supermodes can
be localized in the wide core region. When waveguides A and B
are tapered adiabatically, one can (de)multiplex the TE0 and
TE1 modes with low excess loss and low cross talk in a broad
wavelength band. We choose the core widths at the input/
output ends of waveguides A and B for the adiabatic coupler
as �wa1,wb1� � �1, 0.6� μm and �wa2,wb2� � �2, 0.2� μm,
respectively. With this design, the core width wa of waveguide
A increases from 1.0 to 2.0 μm, while the core width wb of
waveguide B decreases from 0.6 to 0.2 μm. The taper lengths
are chosen as �L01, L12, L23� � �50, 100, 50� μm while the gap
widths are chosen as �wg1,wg2,wg3� � �2.25, 0.25, 1.25� μm.

For the AMWG, the structure is designed according to the
phase-matching condition between the TE0 mode and the TE1

mode [26], so that the TE0 (TE1) mode launched at the input
port can be converted into the reflected TE1 (TE0) mode. The
phase-matching condition for the TE0 − TE1 mode conversion
in the grating is given as neff0 � neff1 � λB∕Λ, where neff0 and
neff1 are the effective refractive indices of the TE0 and TE1

modes in the AMWG waveguide, respectively, Λ is the grating
period, and λB is the Bragg wavelength. In order to suppress
the undesired reflection loss at the front/back ends of the gra-
ting section, here we introduce grating tapers to connect the
waveguide and grating sections as shown in Fig. 1(c). The cor-
rugation depth δ is varied linearly from the minimum to the
maximum in the grating taper, and the taper length Ltp should
be long enough to be adiabatic. One has Ltp � N tpΛ, where
N tp is the number of the period in the taper section. When
N tp is confirmed, the reflectivity of AMWG can vary by adjust-
ing the number of the period N in the middle section [see
Fig. 1(c)]. In this paper, the designed AMWG has the follow-
ing parameters: the period Λ � 445 nm, the period num-
ber N tp � 50, the period number N � 60, the corrugation
depth δ � 500 nm, and the core width W � wa2 � 2 μm.
The length of the straight section between the two AMWGs
is 10 μm, while the corresponding equivalent cavity length
is about 60 μm, considering the average reflection point of
AMWGs. As a result, here the electrode length is chosen to
80 μm to achieve sufficient modulation efficiency, while the
gap between the two electrodes is set to 5 μm in order to avoid
the metal absorption loss. Note that, for a regular MZI modu-
lator, the length is usually larger than the wavelength of the
supported microwave, and thus the traveling microwave is re-
quired to have the same traveling speed (also known as the same
group refractive index) as the light wave for maximizing the
modulation efficiency. In contrast, the feature size of electrodes
in the present FP-cavity-based modulator is much smaller than
the microwave wavelength. In this case the electrodes can be
considered by a lumped model, which does not involve a trav-
eling microwave and thus it is not required to match the group
refractive indices of the light wave and microwave. For the
designed 2 × 2 FP cavity, the total footprint is as compact
as ∼2120 μm2.

Figure 2(a) shows the simulated transmissions when the
TE1 and TE0 modes are launched at the input side of wave-
guide A, indicating that the launched TE0 mode is bounded in
waveguide A with a low loss (<0.05 dB) and low cross talk of
< −20 dB coupled into waveguide B, while the TE1 mode is

coupled from waveguide A to waveguide B very efficiently with
a low loss of <0.05 dB. Figure 2(b) shows the simulated light
propagation in the designed mode (de)multiplexers when op-
erating at the central wavelength 1550 nm for the launched
TE1 and TE0 modes. It can be seen that the TE1 mode
launched from the right side of waveguide A can be converted
efficiently to the TE0 mode at the left side of waveguide B,
while the TE0 mode launched from the right side of waveguide
A can be transmitted directly to the left side. The calculated
transmission and reflection of the AMWG for the launched
TE0 mode are shown in Fig. 2(c), indicating that the reflection
is as high as ∼0.98 when operating around 1550 nm. Figure 2
(d) shows the simulated light propagation in the designed
AMWG when operating at the wavelengths of 1550 nm
and 1600 nm. It can be seen that the TE0 mode transmits
through the AMWG directly at 1600 nm, while the TE1 mode
is reflected at 1550 nm.

3. FABRICATION AND MEASUREMENT

The devices were then fabricated with an x-cut LNOI wafer
from NANOLN, and the nominal thickness of the LN layer
is 400 nm. The device structure was first patterned by using
an electron-beam lithography (EBL) process, and the LN
layer was then etched by Ar� plasma. The electrodes were
then formed with a lift-off process, and the thicknesses of
the titanium and gold electrodes are 10 nm and 150 nm, re-
spectively. The fabricated 2 × 2 FP-cavity modulator is shown
in Fig. 3(a). Figures 3(b)–3(d) show the scanning electron mi-
croscope (SEM) images for the dual-core taper of the mode
(de)multiplexer, the modulation region, as well as the AMWG.
For the LNOI waveguide, the sidewall angle is usually about
30° (relative to the vertical axis), while the sidewall angle de-
creases to about 22° in the nanoslots of AMWG due to the
proximity effect.

Fig. 2. (a) Calculated transmissions from the TE1 and TE0 modes
of waveguide A; (b) simulated light propagation when the TE1 and
TE0 modes are launched from the right side of the dual-core adiabatic
taper (at 1550 nm); (c) calculated transmission (T) and reflection (R)
of the AMWG when the TE0 mode is launched; (d) simulated light
propagation in the designed AMWG for wavelengths of 1550 nm and
1600 nm, respectively.

Research Article Vol. 10, No. 3 / March 2022 / Photonics Research 699



Grating couplers for TE polarization were used to achieve ef-
ficient chip-fiber coupling for the convenience of measurement,
and the grating coupler has a high coupling efficiency of
∼4 dB∕facet. A broadband amplified spontaneous emission
(ASE) light source was used as the source, and an optical spec-
trum analyzer (OSA) was applied to read out the output response.
The measured results were normalized with respect to the trans-
mission of a 1 μm wide straight waveguide connected with gra-
ting couplers on the same chip. Figures 4(a) and 4(b) show the
measured transmissions T 13∕T 14 and T 23∕T 24 of the presented
EO modulator, showing the resonant peak around 1536 nm. It
can also be seen that the transmissions T 13 and T 23 are almost
the same. The fabricated EOmodulator exhibits a low excess loss

of ∼0.9 dB, a high extinction ratio of ∼21 dB, and a loaded Q
factor of ∼104. Here the excess loss refers to the power difference
between the transmitted resonance peak power at the through
port and the transmission from a straight waveguide on the same
chip. The DC voltage from a source meter was applied to the
metal electrodes for measuring the static electro-optic response.
Figures 4(c) and 4(d) show the measured transmissions T 13

and T 14 when applying different voltages of −20, −10, 0, 10,
and 20 V, respectively. It can be seen that the modulation effi-
ciency is about 7 pm/V, and the modulations at the through and
drop ports are respectively about 7 dB and 10 dB by applying a
voltage of 20 V.

Figures 5(a) and 5(b) show the measured small-signal EO
response (S21) of the fabricated EO modulator for the trans-
missions T 13 and T 14. Here a vector network analyzer
(VNA) was used to generate and receive RF signals. The input
light from a tunable laser with polarization controlled by a fiber
polarization controller (PC) was coupled into the LN chip
through a grating coupler. The wavelength was set around
the resonance. In order to achieve the wavelength alignment,
it is possible to apply a DC bias V 0 for a fine wavelength tun-
ing. Alternatively, it is also possible to add a micro-heater to

Fig. 3. (a) The optical microscope image of the fabricated FP cavity modulator based on AMWGs; the SEM images of (b) the dual-core taper of
mode (de)multiplexer, (c) the modulation region, and (d) the AMWG.

Fig. 4. Measured transmissions (a) T 13∕T 14 and (b) T 23∕T 24 of
the fabricated modulator; measured transmissions (c) T 13 and (d) T 14

when applying different voltages of −20, −10, 0, 10, and 20 V.
Fig. 5. Measured small-signal EO response (S21) of the fabricated
EO modulator for the transmissions (a) T 13 and (b) T 14.
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tune the wavelength thermally. The input light was modulated
through the amplified RF signal and then coupled out of chip
through a grating coupler. Finally, the modulated light was am-
plified by an erbium-doped fiber amplifier (EDFA), filtered by
a bandpass filter (BPF), then detected by a 70 GHz photodetec-
tor (PD). The optical wavelength was detuned to have the high-
est slope around the resonance at 1536 nm. From Figs. 5(a) and
5(b), it can be seen that the measured 3 dB EO bandwidth
of the fabricated modulator is about 25 GHz, which is close
to the photon-lifetime-limited bandwidth estimated from the
measured Q factor with the formula of f o∕Q, where f o is
the optical frequency and Q is the quality factor [27,28].
The modulation bandwidth is mainly limited by RC time
of the electrodes and the photon lifetime of the FP cavity.
For the present devices, the electrodes have quite small resis-
tance and capacitance, and the RC-limited modulation band-
width is ∼200 GHz. On the other hand, for the present FP
cavity with a Q factor of ∼104, the photon-lifetime-limited
modulation bandwidth is ∼20 GHz. As a result, we conclude
that the photon lifetime gives the upper limit of the modulation
bandwidth.

Finally, high-speed digital data transmission of the fabri-
cated EO modulator was characterized experimentally. Here an
arbitrary wave generator (AWG) connected to the clock source
was used to generate the pseudo-random bit sequence (PRBS),
and a 55 GHz RF amplifier was used to amplify the driving
signal. The modulated light was then collected by a wide-
bandwidth oscilloscope (WBO). Figures 6(a) and 6(b) show
the measured eye diagrams for the OOK signal at the data rate
of 40 Gbps and the PAM4 signal at the data rate of 80 Gbps
for the transmissions T 13 and T 14, respectively. It can be seen
that the eyes are well open with excellent quality. With the driv-
ing peak-to-peak voltage of ∼2 V, the extinction ratio of the
eye diagrams is ∼3 dB. Numerical simulations show that the
present modulator exhibits a small capacitance C of ∼4.5 fF,
and the energy consumption for the OOK signal is about
4.5 fJ/bit (given by CV 2

pp∕4 [29]). Note that the trade-off be-
tween the bandwidth and the driving voltage indeed exists in

LN modulators. There are some potential solutions to the chal-
lenge by, e.g., using a Fano resonance [30] or the coupling
modulation (instead of resonance-wavelength shifting) [31].

4. CONCLUSION

To conclude, we have proposed and demonstrated a high-speed
LNOI electro-optic modulator based on a new 2 × 2 FP cavity.
This 2 × 2 FP cavity consists of a pair of AMWG mirrors,
which are designed to reflect the forward TE0 (TE1) mode
to the backward TE1 (TE0) mode. The reflected and inci-
dent paths can then be separated with the assistance of a mode
(de)multiplexer. The present modulator exhibits a low excess
loss of ∼0.9 dB and a high extinction ratio of ∼21 dB, as well
as a compact footprint of ∼2120 μm2. For the demonstrated
modulator, the electro-optic modulation efficiency is about
7 pm/V, and the 3 dB bandwidth is about 25 GHz, enabling
high-speed modulation of up to 40 Gbps for OOK signals
and 80 Gbps for PAM4 signals. Such an EO modulator is
promising to many applications in multidisciplinary areas like
data transmission, signal processing, and beam steering, and so
on. Furthermore, the present electro-optic 2 × 2 FP cavity is
also useful as an ultrafast 2 × 2 optical switch and can be scal-
able for large-scale N × N optical switch arrays.
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