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Abstract. Modern optical communications rely heavily on dense wavelength-division multiplexing (DWDM)
technology because of its capability of significantly increasing transmission channels. Here, we demonstrate,
for the first time to the best of our knowledge, a compact photonic chip for DWDM transmitters on lithium-
niobate-on-insulator (LNOI) by introducing the array of 2 × 2 Fabry–Perot (FP) cavity electro-optic (EO)
modulators. A four-channel LNOI photonic chip for DWDM is designed and realized with a channel spacing of
1.6 nm (which is the narrowest one reported until now for LNOI optical transmitters), exhibiting a total excess
loss of 1.3 dB and high 3-dB EO bandwidths of >67 GHz for all channels. Specifically, these four 2 × 2 FP
cavities are designed with broadened LNOI photonic waveguides in the cavity sections, and they are placed
very closely on the chip so that their resonance wavelengths are aligned precisely with the desired channel-
spacing of ∼1.6 nm. Finally, the generation of 4 × 80-Gbps on–off keying and 4 × 100-Gbps PAM4 signals
is demonstrated successfully with four channels, and the power consumption is as low as ∼5.1 fJ∕bit. The
present photonic chip has a compact footprint of about 0.78 mm × 0.58 mm, showing great potential to work
with more than four channels and to be very useful for future large-capacity optical links.
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1 Introduction
Ultrahigh-capacity data transmissions have been in high de-
mand because of the increasing applications of data centers
and 5G systems.1–4 Particularly, wavelength-division multiplex-
ing (WDM) has been developed successfully and utilized
widely for enhancing the link capacity by multiplexing a
number of optical channels with different wavelengths.5,6

Accordingly, it is always very important to develop high-perfor-
mance transmitters and receivers for WDM systems. As is well
known, for the realization of optical transmitters, one usually

desires to monolithically integrate the key elements, such as
high-speed optical modulators and WDM filters.7–9 Some silicon
photonic chips have been developed for WDM transmitters by
integrating modulators and WDM filters with the technology of
silicon photonics,10–12 which has been regarded as one of the
most promising options for photonic integration because of
the unique advantages of high integration density and comple-
mentary-metal-oxide-semiconductor (CMOS) compatibility. In
recent years, silicon photonics WDM transmitters8,10,13–17 have
been improved on with modulation bandwidth, excess loss (EL),
digital signal processing (DSP), and thermal controlling, featur-
ing a total capacity up to 4 × 112 Gbps14 and 32 × 18 Gbps15

(see Table S1 in the Supplementary Material). However, silicon
photonic modulators based on the plasma dispersion effect are
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inherently limited in terms of linearity and insertion loss be-
cause of the nonideal underlying EO mechanism. Moreover,
these modulators deliver a power consumption at the level of
tens or even hundreds of fJ/bit in general and are highly depen-
dent on thermal control, which underlies the concern for the
total energy consumption when scaling transmitters further.

Recently, lithium niobate (LN) has been reactivated because
lithium-niobate-on-insulator (LNOI) wafers have become
available commercially, and the fabrication processes have be-
come mature.18,19 Compared to silicon, LN intrinsically pos-
sesses some unique material properties, including its
attractive electro-optic (EO) effect.20 Particularly, LNOI pho-
tonic waveguides have strong optical and electric field confine-
ment, enabling efficient EO modulation.21–23 Therefore, LNOI
photonics is highly promising for new-generation integrated
photonics.

In recent years, LNOI EO modulators have been developed
successfully with high bandwidths, low driving voltages, low
ELs, etc. For example, LNOI Mach–Zehnder modulators
(MZMs) were realized with the operation at CMOS-compatible
voltages, presenting high 3-dB bandwidths of 45, 80, and
100 GHz, with a 20-, 10-, and 5-mm-long phase shifter, respec-
tively.24 Further improved MZMs with 10-mm-long capacitively
loaded traveling-wave electrodes exhibit 3-dB bandwidths far
exceeding 100 GHz, either on quartz substrates25 or on under-
cut-etching silicon substrates.26 To minimize the footprint,
LNOI modulators based on microresonators have been exten-
sively studied.27–29 Among them, we have proposed a novel 2 ×
2 FP cavity modulator, featuring an ultracompact footprint, low
power consumption of 4.5 fJ∕bit, and a wide 3-dB bandwidth of
over 110 GHz.30 Another promising structure of a microring
consisting of a Mach–Zehnder interferometer with a coupling
modulation breaks the photon lifetime limit and has presented
an ultrahigh bandwidth of terahertz level in principle.31 More
recently, LNOI photonic chips for WDM transmitters have also
been developed by integrating WDM filters and EO modulators.
For example, an LNOI photonic chip for four-channel WDM
transmitters has been demonstrated by combining four
MZMs and a wavelength-division (de)multiplexer based on
an angled multimode interferometer.32 Alternatively, an LNOI
chip has been realized by integrating four FP cavity modulators
and four channels of photonic filters based on multimode wave-
guide gratings (MWGs).33 Note that these reported LNOI pho-
tonic chips were developed with a channel spacing of as large
as 20 nm, which does not satisfy the requirement of dense
wavelength-division multiplexing (DWDM) systems yet.

One should note that the realization of DWDM filters is still
very challenging when using x-cut LNOI photonic waveguides
(which is desired for high-speed modulation). There are various
structures available for realizing high-performance DWDM
filters based on silicon photonic waveguides, such as arrayed
waveguide gratings (AWGs),34–36 microring resonators
(MRRs),37–39 as well as photonic crystal (PhC) cavities.40

However, the situation for LNOI photonic waveguides is totally
different because of the LN anisotropy and the sidewall tilting
of the ridge waveguide. For example, when designing x-cut
LNOI-based AWGs, the LN anisotropy makes it very difficult
to calculate the accumulated phase delay accurately, which is
the basis for the structure design of arrayed waveguides.
Furthermore, when using LNOI photonic waveguides, one
usually has to choose a large bending radius to achieve low loss
and low cross talk light propagation, and thus the designed

LNOI AWGs usually have a millimeter-scale size. In this case,
some notable phase errors might be introduced and prevent to
achieve low interchannel cross talk. Currently, there have been
some attempts to develop AWGs with a z-cut LNOI wafer, but
they show poor performances with high ELs and interchannel
cross talk.41,42 More importantly, they are incompatible for
monolithic integration with x-cut-LNOI EO modulators.
Alternatively, when developing DWDM filters based on
LNOI MRRs, the challenge is that the free spectral range
(FSR) is too limited to cover sufficient channels because a
large bending radius is demanded to avoid notable ELs and
mode hybridization.43,44 The reported MRR filters on an
x-cut LNOI usually have an FSR as small as around 2 nm.27,45

Structures based on a multimode PhC nanobeam cavity46 or
topological PhC47 can work as add–drop filters and avoid the
bending section. However, it is difficult for the nanobeam
cavity based on LNOI photonic waveguides to realize a suffi-
ciently narrow full width at half-maximum (FWHM) bandwidth
demanded for DWDM applications. Therefore, there have
been no high-performance x-cut LNOI-based AWGs, MRRs,
or PhCs for DWDM systems with narrow channel spacings
until now.

Fortunately, our proposed 2 × 2 FP-cavity structure has the
benefits of an ultrashort cavity, a low EL, as well as an ultra-
compact footprint.29,30 More importantly, the reflected light is
output from another port and is separated from the input port,
owing to the introduction of MWGs and mode (de)multiplexers.
Such a 2 × 2 FP cavity can work very similarly to ultracompact
add–drop filters based on MRRs, while no bending section is
needed in the 2 × 2 FP cavity, which makes it extremely attrac-
tive for developing DWDM filters based on LNOI photonic
waveguides. In addition, such a 2 × 2 FP cavity can also be
used to realize wavelength-selective optical modulators by ap-
plying an external electric field to the section of the FP cavity, in
such a way that a 2 × 2 FP modulator simultaneously serves as
a DWDM filter as well as an EO modulator. Furthermore,
more than one 2 × 2 FP modulator can be cascaded to satisfy
the demands of DWDM transmitters by carefully choosing the
cavity lengths to align the resonance wavelengths with the
DWDM grids.

On the other hand, it is often very challenging to achieve
excellent wavelength alignment for cascaded cavity-based opti-
cal modulators due to the random fabrication deviations of the
waveguide core width and the etching depth.48 The wavelength
misalignment is usually nanometer level in experiments,49,50 for
which the thermal tuning is often introduced for those silicon
MRR-based optical modulators in WDM systems; thus some
additional power consumption is needed. For LNOI photonics,
low-efficiency thermo-optic tuning is not a good choice due to
high power consumption, while EO tuning is hard to achieve
in the wavelength-tuning range in nanometer scale. Therefore,
it is still very desirable to achieve multichannel optical cavity
modulators with uniform dense channel spacing for DWDM
transmitters.

In this paper, we propose a compact LNOI photonic chip for
DWDM transmitters based on multichannel 2 × 2 FP cavity-
based EO modulators. The present photonic chip features a
compact footprint of only 0.78 mm × 0.58 mm and a low EL
of about 1.3 dB. More importantly, it has four wavelength chan-
nels with a dense channel spacing of 1.6 nm (which is the nar-
rowest one reported until now for LNOI optical transmitters).
Specifically, these four 2 × 2 FP cavities are placed very closely
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on the chip, and they are designed with broadened LNOI pho-
tonic waveguides in the cavity sections. In this way, their
resonance wavelengths become insensitive to the core-width
variation, and they are aligned precisely with the desired
channel spacing of ∼1.6 nm. The measured small-signal EO re-
sponses show that the present FP cavity modulators have 3-dB
bandwidths of>67 GHz, while the interchannel EO cross talk is
less than −7 dB in the range of 0.01 to 67 GHz. Finally, high-
speed data transmissions with high-quality eye diagrams are
demonstrated with 4 × 80 Gbps on–off keying (OOK) signals
and 4 × 100 Gbps four-level pulse amplitude modulation
(PAM4) signals, enabling high data transmission rate up to
400 Gbps in total. Compared to those DWDM transmitters re-
ported previously with the data rate of 100 Gbps/channel (see
Table S1 in the Supplementary Material), the LNOI photonic
chip in this work shows a low EL, a larger EO bandwidth,
and the power consumption is two to three orders lower. To
our best knowledge, it is the first demonstration of LNOI pho-
tonic chip for DWDM transmitters with a channel spacing no
more than 1.6 nm, providing a promising approach for high-
capacity optical interconnects.

2 Structure and Design
Figure 1(a) shows the three-dimensional (3D) schematic con-
figuration of the proposed LNOI photonic chip for DWDM
transmitters. Here, multiple FP cavity EO modulators along
the y-axis of the LN are resonant at different wavelengths
and are cascaded at reflected ports through 180 deg waveguide
bends, so that these FP cavities are arranged in parallel and thus
the lateral separations between them are minimized. Metal elec-
trodes are placed on both sides of these FP cavities for applying
electric signals, and the ground electrodes are shared by the two
adjacent FP cavities. Light composed of multiple wavelengths is
coupled into and out of the chip through grating couplers.

More details of the FP cavity modulator structure are shown
in Fig. 1(b). It can be seen that each FP cavity consists of a pair
of MWGs with a short straight section in between and a mode
(de)multiplexer. Here, the transverse-electric (TE) polarization
mode is considered and light propagates along the y axis of
the LN, so that the EO modulation efficiency can be maximized.
The inset in Fig. 1(b) shows the cross section of the used LNOI
ridge waveguide, whose sidewalls are tilted with the angle of

Fig. 1 (a) 3D schematic configuration of the proposed LNOI photonic chip for DWDM transmitters.
N FP cavities with the same MWGs and mode MUXs but in different cavity lengths are cascaded
through waveguide bends at the reflected port. (b) Top view of the FP cavity modulator unit,
consists of a pair of MWGs with a short straight section in between and a mode (de)multiplexer
(inset: cross section of the LNOI ridge waveguide).

Liu et al.: First demonstration of lithium niobate photonic chip for dense wavelength-division multiplexing transmitters

Advanced Photonics 066001-3 Nov∕Dec 2024 • Vol. 6(6)

https://doi.org/10.1117/1.AP.6.6.066001.s01


30 deg (relative to the vertical axis). In this paper, the devices
are based on an x-cut LNOI wafer with 400-nm-thick LN mem-
brane, and the LN ridge waveguides have an etching depth of
about 200 nm as well as an air upper cladding. The MWGs are
designed to efficiently reflect the forward TE0 (TE1) mode into
the backward TE1 (TE0) mode when operating in the Bragg
wavelength band. In this way, when operating at the nonreso-
nant wavelengths of the FP cavity, the TE0 mode launched from
the input side is reflected and converted to the TE1 mode back-
ward and then converted to the TE0 mode at the reflected port by
the mode (de)multiplexer. As a result, the reflected light is sep-
arated from the input light. Meanwhile, one has the forward TE0

mode at the transmission side when operating around the reso-
nance wavelengths of the FP cavity. Here, the through ports are
terminated with sharp spiral waveguides, as shown in Fig. 1(b).

All cascaded FP cavities have the same structural parameters
for the MWGs and mode (de)multiplexers, except for the length
of the straight section between the MWGs. Hence, the cavity
length varies, resulting in a change in the resonance wavelength.
As shown in Fig. 1(a), all optical carriers with the wavelengths
λ1; λ2;…; λn are input together from the input port. Each wave-
length λi (i ¼ 1; 2;…; n) is placed near the resonance wave-
length of the FP cavity corresponding to channel #i. When
light enters the FP cavity of channel #1, the wavelength channel
of λ1 resonates in the FP cavity, while the other wavelength-
channels of λ2;…; λn are reflected with high efficiency. By ap-
plying electrical signals to the ground/signal electrodes in chan-
nel #1, the electric field along the z axis of LN generates some
variation of the refractive index of LN due to the Pockels effect.
Accordingly, the resonance wavelength of this channel is
shifted, resulting in high-speed wavelength-selective intensity
modulation for the channel of λ1. Similar processes happen
in the sequence for the other wavelength channels. After being
reflected by the channel of λn, the light of all wavelengths has
been modulated individually, and the modulated signals finally
exit together from the output port.

As shown in Fig. 1(b), the MWG has an effective waveguide
width equal to the width W of the straight waveguide in the
middle of the cavity region, and the grating period of Λ satisfies
the following equation: neff_TE0 þ neff_TE1 ¼ λB∕Λ, where λB
is the Bragg wavelength. Linear apodization is applied to the

corrugation depth δ in order to realize a high sidelobe suppres-
sion ratio for the reflective response. Accordingly, one has
δi ¼ δ0ð1 − 2ji − N∕2j∕NÞ, where δ0 is the maximal corruga-
tion depth, N is the total number of the grating period, and
i ¼ 1;…; N. Figure 2(a) shows the simulated spectral response
of the designed MWG at the wavelength band of 1530 to
1580 nm when the TE0 mode was incident, including the
intensity and phase responses of reflection and transmission.
Figure 2(b) shows the simulated light propagation in the
MWG when operating at 1550 and 1580 nm. It can be seen that
the launched TE0 mode (forward) is reflected and converted to
the TE1 mode (backward) at 1550 nm (around the Bragg wave-
length) but transmitted directly at 1580 nm (away from the
Bragg wavelength). The mode (de)multiplexer is designed
following the method given in our previous work.51

For the FP cavity LNOI modulator, the EO modulation band-
width is mainly limited by the photon lifetime of the cavity.30

A shorter photon lifetime, corresponding to a lower Q-factor
and a larger FWHM bandwidth, is the key to achieve a higher
modulation bandwidth, which, however, leads to a lower modu-
lation efficiency as well as a higher optical interchannel cross
talk for the DWDM system.14 As a result, the Q-factor should
be chosen optimally. For the present case with a channel-spacing
of 200 GHz (1.6 nm) around 1550 nm, the Q-factor of the
FP cavity modulator should be >4000 (FWHMbandwidth ¼
0.38 nm) to make the optical cross talk negligible for signal
transmission and should be <5000 to support high-speed trans-
mission of 100 Gbps PAM4 signals. In our design, the absorption
loss from the metal electrodes is negligible while the Q-factor
is controlled by adjusting the reflectivity of the MWGs.

Deviations from the design often occur in the fabrication,
including the etching depth, waveguide width W, period Λ,
and corrugation depth δ of MWGs, as well as the random thick-
ness variation of the LN film. The phase response of MWGs
and the phase accumulation in the straight section are sensitive
to these deviations, making it difficult to align the resonance
wavelengths of the fabricated FP cavities as predicted by the
theoretical simulation. Meanwhile, the reflectivity of MWGs
is also related to the corrugation depth, which in turn affects
the Q-factor and extinction ratio (ER) of the resonance in the
FP cavity. Although the resonance wavelength depends on

Fig. 2 (a) Simulated intensity (blue) and phase (red) response of the reflected TE1 mode (solid
line) and transmitted TE0 mode (dotted line) of the MWG with the parameters of W ¼ 2.6 μm,
Λ ¼ 430 nm, δ0 ¼ 1.6 μm, and N ¼ 110; (b) simulated light propagation in the designed MWG
when operating at 1550 nm (around the Bragg wavelength) and 1580 nm (away from the Bragg
wavelength), respectively.
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fabrication variations, the channel spacing is predictable. To
achieve uniform wavelength spacing as well as efficient modu-
lation for the multichannel FP cavity modulators, the waveguide
widthW of the straight section in the FP cavities is chosen care-
fully. Figure 3(a) shows the calculated effective refractive indi-
ces neff of the TE0 and TE1 modes in a straight waveguide as
the waveguide width W varies, and the inset shows the mode
profiles jEðx; yÞj. It can be seen that the slope of the mode
dispersion curves decreases gradually with the increase of the
width W, indicating that the waveguide with a large W is less
sensitive to the random fabricated errors in width.

The resonance wavelength variation jδλresj of the FP cavity is
also calculated from the spectral responses obtained by the
transfer matrix method (TMM) when assuming that the
waveguide width is given as W ¼ W0 þ δw and the slab thick-
ness is given as H ¼ H0 þ δh, where δw ¼ �10, �20 nm and
δh ¼ �5 nm. Here, the waveguide widthW0 is considered to be
in the range of 1.7 to 2.9 μm, while the slab thickness H0 is
fixed as 200 nm, as shown in Fig. 3(b). The resonance wave-
length variation jδλresj greatly decreases from 0.80 to 0.21 nm
for the case with δw ¼ �20 nm when the waveguide width
increases from 1.7 to 2.9 μm. If the width variation can be
controlled to be no more than 10 nm, e.g., δw ¼ �10 nm,
the resonance wavelength variation jδλresj greatly decreases to
0.10 nm when the waveguide width increases to 2.9 μm, which
is attractive for achieving high uniformity for the wavelengths of

the channels. Therefore, it is preferred to choose a broadened
waveguide for the FP cavity.

On the other hand, the absorption loss of the metal electrodes
might increase when broadening the waveguide. Figure 3(c)
shows the calculated metal absorption losses of the TE0 and
TE1 modes for the cases with W ¼ 1.7, 2.0, 2.3, 2.6, and
2.9 μm as the lateral separation S between electrodes varies.
As it can be seen, one has to choose a large S to make the metal
absorption loss sufficiently low. For example, the lateral sepa-
ration S should be larger than 5.4, 5.2, 5.3, 5.4, and 5.5 μm for
achieving an average absorption loss less than 0.5 dB∕cm for
the cases with W ¼ 1.7, 2.0, 2.3, 2.6, and 2.9 μm, indicating
that the modulation efficiency might be lowered withW increas-
ing. In order to evaluate the modulation efficiency, the change of
the average effective refractive index Δneff for unit applied volt-
age is calculated, as shown in Fig. 3(d). Here, Δneff is defined as
the average of the effective indices of the TE0 and TE1 modes.
And the electrode separation is set to the allowable minimal
value so that the average of the absorption loss of the TE0

and TE1 modes is <0.5 dB∕cm. Figure 3(d) shows that the
modulation efficiency decreases when the waveguide is wid-
ened to more than 2.6 μm. The inset in Fig. 3(d) shows the static
electric field distribution when an external bias voltage of 10 V
is applied. Therefore, we choose the width asW ¼ 2.6 μm with
the electrode separation of S ¼ 5.4 μm by making a trade-off for
maximizing the modulation efficiency as well as lowering the

Fig. 3 (a) Calculated effective indices neff of the TE0 and TE1 modes as the waveguide width W
varies [inset: mode profiles jEðx ; yÞj�. (b) Calculated resonance-wavelength variation jδλresj of the
FP cavity when assuming that the waveguide width is given as W ¼ W 0 þ δw and the slab thick-
ness is given as H ¼ H0 þ δh. (c) Calculated metal absorption loss of the TE0 and TE1 modes for
W ¼ 1.7, 2.0, 2.3, 2.6, and 2.9 μm. (d) Calculated average modulation efficiency Δneff∕U of the
TE0 and TE1 modes for unit applied voltage when the average absorption loss of the TE0 and TE1

modes is 0.5 dB∕cm (inset: the static electric field distribution).
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sensitivity of the FP resonance wavelength to the waveguide-
width variation.

Finally, the MWG is designed with the following parameters:
W ¼ 2.6 μm, δ0 ¼ 1.6 μm, N ¼ 110, and Λ ¼ 430 nm. In
simulation, the MWG exhibits a reflectivity of 0.9 and a 1-dB
Bragg bandwidth of ∼20 nm centered around 1550 nm, ensur-
ing that all FP cavities resonating in the flat-top passband
of MWGs have similar performance in Q-factors and ERs.
For the mode (de)multiplexer, the core widths at the input/output
ends of waveguides A and B are chosen as ðwa1; wa2Þ ¼
ð1; 2.6Þ μm, ðwb1; wb2Þ ¼ ð0.5; 0.2Þ μm, while the taper
lengths ðL01; L12; L23Þ ¼ ð70,100; 30Þ μm and the gap widths
ðwg1; wg2; wg3Þ ¼ ð2.2; 0.25; 1.2Þ μm. The straight section be-
tween two MWGs of the first channel has a length of
Lwg ¼ 6 μm. Figure 4 shows the calculated results of the
four-channel FP cavity modulators by using TMM. From
Fig. 4(a), one has a resonance wavelength shift of 0, 1.6,
3.2, and 4.8 nm by introducing some length variation ΔLwg

of 0, 54, 108, and 162 nm for the straight section in the FP
cavity, which meets the requirement for achieving a channel
spacing of 1.6 nm (corresponding to 200 GHz) in DWDM
systems. Figure 4(b) shows the calculated reflective spectrum
of the four-channel FP cavity modulators in cascade. It can
be seen that there are four resonant notches with a channel spac-
ing of 1.6 nm, as expected, and the FSR is around 12.9 nm
(which is sufficiently large to cover all four channels). The inset
in Fig. 4(b) shows the spectral responses when the second FP
cavity (channel #2) is modulated by applying a bias voltage of
−10, −5, 0, 5, and 10 V, respectively. In this case, the modu-
lation efficiency is given by 11.2 pm∕V.

3 Fabrication and Characterization
The chip was fabricated with a commercial x-cut LNOI wafer,
and the nominal thickness of the LN layer is 400 nm. The device
structure was first patterned by an electron-beam lithography
process after spin-coating MaN2403 resist, and the LN layer
was then etched 200 nm by Arþ plasma. The electrodes were
formed with a lift-off process, and the thicknesses of the
titanium and gold electrodes are 10 and 150 nm, respectively.
Figure 5(a) shows the optical microscope image of the fabri-
cated chip for DWDM transmitters, showing a compact foot-
print of only ∼0.78 mm × 0.58 mm. Figure 5(b) shows the
scanning electron microscope (SEM) images of the FP cavities,
while the zoomed-in views for the MWG and the mode (de)mul-
tiplexer are, respectively, shown in Figs. 5(c) and 5(d).

The fabricated four-channel LNOI photonic chip was first
characterized repeatedly by using the setup consisting of a
broadband amplified spontaneous emission light source and
an optical spectrum analyzer. Figure 6(a) shows the spectral
response at the output port when operating under a fixed temper-
ature of 25°C, normalized with the transmission of a pair of gra-
ting couplers when there is no external electrical field applied.
The fabricated FP cavities have an overall EL as low as 1.3 dB
and ERs over 20 dB, with measuredQ-factors about 4500. A set
of resonances is in the range of 1545 to 1551 nm, with the FSR
around 13.1 nm. It can be seen that there is a discrepancy of the
resonance wavelengths between the measurement results and
the simulation one in Fig. 4(b), which is presumably due to
some deviation of the etch depth from the design value of
200 nm. Although the measured spectrum is not exactly consis-
tent with the simulation ones, the channel spacing of ∼1.6 nm
was obtained as expected and the fluctuations are as small as
only ∼0.12 nm. The wavelengths for these four channels can
be perfectly aligned with the DWDM grids by controlling the
temperature and introducing some static electrical field, as
shown in Fig. 6(b). For example, here we set the temperature
as 14°C for achieving some blueshift and then introduce differ-
ent bias voltages of U ¼ −10, 4.5, −6, and −2 V for these
four modulators for perfectly aligning the four channels to
the wavelengths of 1545.32, 1546.92, 1548.52, and 1550.12 nm
as desired, respectively. In this case, the channel spacing of
1.6 nm (200 GHz) is achieved perfectly. Figure 6(c) shows the
measured resonance wavelength shift, which increases linearly
as the applied voltage varies from −20 to 20 V, indicating a
modulation efficiency of ∼9 pm∕V, which is slightly lower than
the calculation one in Fig. 4(b) because the separation S of the
electrodes is slightly increased compared to the design value.

The high-frequency small-signal EO responses were then
characterized using the experiment setup composed of a tunable
continuous-wave (CW) laser (Keysight 81940A) and a light-
wave component analyzer (LCA, Ceyear 6433L), as shown
in Fig. 6(d). The measurements of four channels were performed
one by one in sequence, limited by the channel number of the
radio-frequency (RF) source. For the channel #i with the reso-
nance wavelength λres;i, the wavelength of the laser source was
tuned with a wavelength detuning of λi − λres;i ¼ 0.15 nm; the
corresponding insertion loss is ∼6.5 dB. After being rotated to
TE polarization by a three-paddle polarization controller, light
was coupled into and out of the chip through grating couplers
using single-mode fibers. The small RF signal generated by

Fig. 4 (a) Calculated resonance wavelength shift with the cavity length variation ΔLwg.
(b) Calculated reflective spectrum of the four-channel FP cavity modulators with a channel spacing
of 1.6 nm. The inset shows the spectral responses when bias voltages are applied to the second
FP cavity (channel #2).
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the microwave module of the LCAwas applied to electrodes in
channel #i via a GS RF probe (GGB, DC to 67 GHz). Finally,
the modulated light signal was collected by a high-speed photo-
detector in the LCA optical module and finally received by the
microwave module. Since the LNOI FP cavities have the tem-
perature sensitivity of 32 pm∕°C for the resonance wavelengths,
the thermal controller was introduced to set the working temper-
ature at 25°C, in which case the EO responses were highly sta-
ble. Figure 6(e) shows the measured small-signal EO responses
S21 for all the four channels, normalized with the value at
0.1 GHz, respectively. It can be seen the measured EO 3-dB
bandwidths are higher than 67 GHz (which is beyond the
VNA limit). Enlarging the wavelength detuning can further
expand the EO 3-dB bandwidth due to the peak enhancement,30

at the expense of modulation efficiency suppression at low-
frequency range.

The interchannel EO cross talk in the current configuration is
composed of two aspects. First, since light at all wavelengths
passes through the same waveguide and is coupled into the
FP cavities of all channels, the spectral isolation between adja-
cent channels might be limited. For example, the incident light
with the wavelength for channel #2 might also be modulated
gently by the FP cavity modulators of the adjacent channels
(i.e., #1 and #3). The FWHM bandwidth of the cavities’ re-
sponses has been designed to be sufficiently small to suppress
the optical cross talk. Second, there is some electrical cross talk
from adjacent channels if the separation is not far enough, in-
dicating that the round-trip optical path of the FP cavity for
channel #i might be modulated by RF signals applied to the
other channels. In the experiment characterizing interchannel
EO cross talk to channel #1 (or channel #2), the setup was
the same as that of the small-signal EO response measurement.
The input light was kept with a wavelength detuning λ − λres;1

(or λ − λres;2) as 0.15 nm, while the RF signal from LCA was
applied to electrodes of the other three channels, one by one.
The output optical signals were then collected by the LCA.
Particularly, the measured results were normalized with the
small-signal EO response of channel #1 or #2, respectively.52

Figure 6(e) shows the interchannel EO cross talk of modulators
from other channels to channel #1 and channel #2. As shown in
Fig. 6(f), the cross talk mainly occurs between channel #1 and
channel #2, which share the same ground electrode. For channel
#2, in addition, the cross talk also comes from channel #3 at a
high frequency above 50 GHz whose signal electrodes are very
close. Due to the symmetrical arrangement, the EO cross talk to
channel #3 and channel #4 should be consistent with that of
channel #2 or channel #1. As shown in Fig. 6(e), the total in-
terchannel EO cross talk is less than –7 dB in the frequency
range of 0.01 to 67 GHz.

Finally, high-speed data transmissions were characterized
experimentally for all channels in sequence. Here, a pseudo-
random binary sequences signal with a length of 27 − 1 was
generated by an arbitrary waveform generator connected with
a clock source. The driver signal was fed to a linear RF amplifier
(SHF S807C) followed by a 6-dB attenuator to avoid reflection
damage before being coupled to the electrodes via the probe,
which was applied to the modulator with a peak-to-peak voltage
Vpp of 1.8 V. A tunable CW laser source with 13 dBm output
power near the resonance wavelength was fed into the input
port, while the optical power entering the chip was 8.5 dBm
regarding the coupling loss of 4.5 dB. In this case, no nonlinear
effects or optical damage was observed. If the optical power sig-
nificantly increases to hundreds of dBm for some specific ap-
plications, nonlinear effects or optical damage might happen.53

The modulated signals were amplified by an erbium-doped fiber
amplifier with an optical bandpass filter and then collected by an

Fig. 5 (a) Microscope image of the fabricated four-channel chip for DWDM transmitters; SEM
images of (b) the FP cavities, (c) the MWG, and (d) the mode (de)multiplexer.
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Fig. 7 Measured eye diagrams for the four channels where the modulated electrical signals were
generated individually and applied to each modulator one by one.

Fig. 6 (a) Original spectral response of the fabricated four-channel chip for DWDM transmitters.
(b) Calibrated spectral responses with the channel wavelengths aligned to the DWDM grids by
controlling the temperature and introducing static electric field individually. (c) Measured reso-
nance wavelength shifts as the applied voltage varies from −20 to 20 V. (d) Experiment setup
for measurement of small-signal EO responses and interchannel EO cross talk. Measured EO
responses S21 for all the four channels (e) and interchannel RF cross talk of modulators (f).
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electrical sampling oscilloscope (Keysight 86100D). Figure 7
shows the measured eye diagrams for the four channels with
the modulated 40∕80 Gbps OOK signals as well as the modu-
lated 100 Gbps (50 GBaud) PAM4 signals. For the 40 Gbps
OOK signals, the wavelength detuning was set as 0.10 nm to
realize high ERs of ∼4.5 dB and a signal-to-noise ratio
(SNR) of >5.8 dB for all four channels. When the data rate in-
creases to 80 and 100 Gbps, a wavelength detuning of 0.18 nm
was introduced for an improved EO bandwidth, causing the ERs
and SNRs of 80 Gbps OOK signals to drop to 0.8 and 2.5 dB,
respectively. High-order modulation schemes such as PAM8
are also possible for the current device, in principle. However,
due to the insufficient EO coefficient of LN and limited linear
region of the Lorentzian shape, a sufficiently high Vpp with
the assistance of DSP is required to generate high-quality signals.
For the present LNOI photonic chip for DWDM transmitters, the
total data transmission rate is up to 400 Gbps when modulated
with 50 GBaud PAM4 signals. For each FP cavity modulator, the
capacitance is about 6.3 fF, and the corresponding energy con-
sumption for modulation is estimated to be only ∼5.1 fJ∕bit for
the 80 Gbps OOK signals when operating with the Vpp of 1.8 V,
according to the formula of CVpp

2∕4 given in Ref. 54. Since
only FP cavity modulators are integrated on the chip, other en-
ergy consumption for the laser, RF driver, and thermal manage-
ment is not included here. With the number of channels
increasing, the total power consumption could be significant.

Limited by the experimental setup, the signals for the four
channels were generated individually by applying the external
RF voltage one by one. In order to evaluate the impact of the
interchannel EO cross talk on the signals, a numerical simula-
tion was conducted according to the experimental data in
Figs. 6(e) and 6(f). The input pseudo-random signals pass
through a system with the frequency response according to
Fig. 6(d), and are output as the generated signals with no inter-
channel RF cross talk. Then cross talks from the other three
channels are superimposed on the signals according to the
frequency response in Fig. 6(f) with arbitrary time delays.55

Low-pass filtering (f3 dB ¼ 67 GHz) and white noise are then
introduced to be similar to the real case. Figures 8(a) and 8(b)
present the simulated eye diagrams without and with RF cross
talks from other channels, respectively, for the cases with
80 GBaud OOK and 50 GBaud PAM4 signals. It shows that
signals are indeed affected by the interchannel cross talk and
are still legible, indicating that the present LNOI photonic chip

for DWDM transmitters potentially supports 80 GBaud OOK
and 50 GBaud PAM4 data transmission in real applications.

4 Discussion and Conclusion
In the present demonstration of LNOI photonic chips for
DWDM transmitters with narrow channel spacings, one of
the big challenges is to achieve uniform channel spacing for
all channels, even when some inevitable fabrication variations
exist. As given by the detailed analysis in Sec. 2, the waveguide
width for the straight section of the FP cavity is chosen carefully
to achieve an improved fabrication tolerance. However, as
shown in Fig. 3(b), the random deviation of the LN slab thick-
ness should be considered because it influences the resonance
wavelength more than the width deviation. In our experiments,
the etching depth is quite uniform according to the characteri-
zation of the etching process. However, the commercially
available 3- or 4-in. LNOI wafers typically have a deviation
of � ∼ 5 nm for the thickness of the LN thin film. To discuss
the uniformity, Fig. 9 shows the standard deviation σ of

Fig. 8 Numerically calculated eye diagrams for channel #1 and channel #2 (a) without cross talk
and (b) with cross talk from other channels, corresponding to the measured results in Fig. 6(e).

Fig. 9 Measured standard deviation σ of channel spacings of
three groups of FP cavity modulators. In groups A, B, and C,
modulators are placed with a separation of 100, 40, and 20 μm
between the adjacent two, respectively.
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measured channel spacings of three groups of devices fabricated
on the same chip, where a dot is for a device. Each device
consists of four channels of FP cavity modulators, which are
placed with a separation of 100, 40, and 20 μm between the
adjacent two in groups A, B, and C, respectively. There are
12 devices in each group to ensure the reliability of statistics
conclusions. Here, the standard deviation is given by
σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
3
i¼1ðΔλch_i − μÞ2∕3

p
, where Δλch_i is the channel spac-

ing for the four-channel device (i ¼ 1, 2, 3), and μ is the average
of the channel spacings Δλch_i. It can be seen that the standard
deviation σ decreases greatly when the FP cavity modulators are
placed closely with a reduced separation as small as 20 μm, in-
dicating that the present design with ultracompact footprints
provides a new option for DWDM transmitters, which not only
enhances the integration density of the chip but also improves
the uniformity of the components in an array. Note that the
present chip can be extended to have more channels (e.g.,
Nch ¼ 8) when needed if the FSR of the FP cavity is as large
as 13.1 nm. The FSR can be improved further by reducing the
FP cavity length and increasing the reflection bandwidth of
MWGs. Meanwhile, the challenges in channel spacing uniform-
ity and wavelength stabilization as well as thermal management
will become prominent, which are the common issue for large-
scale transmitters.56

In conclusion, we have proposed a compact LNOI photonic
chip for DWDM transmitters, for the first time to our knowl-
edge, by using 2 × 2 FP cavity EO modulators in cascade.
The fabricated photonic chip features four wavelength channels
with a narrow channel spacing of∼1.6 nm, which is the smallest
one reported for LNOI optical transmitters. The photonic
chip with four channels shows a footprint as compact as
0.78 mm × 0.58 mm and a low EL of ∼1.3 dB. For these FP
cavities, the separations between them have been minimized
to 20 μm, and the LNOI photonic waveguides in the cavity sec-
tions have been broadened to 2.6 μm. In this way, the resonance
wavelengths of these FP cavities become insensitive to the core-
width variation and have been aligned precisely with a channel
spacing of ∼1.6 nm. According to the measured small-signal
EO responses, one sees that the fabricated FP cavity modulators
have interchannel EO cross talk of less than −7 dB in the range
of 0.01 to 67 GHz while they work very well with a 3-dB band-
width of >67 GHz. Finally, we have demonstrated high-
speed data transmissions with 4 × 80 Gbps OOK signals and
4 × 100 Gbps PAM4 signals for four channels, enabling a total
data transmission rate of up to 400 Gbps. With the thermal con-
trol, the chip performs stably during our long-term measurement
owing to the high stability of LN,57 which shows the potential of
being used practically for our LNOI photonic chip. All these
performance metrics indicate our LNOI photonic chip is still
very promising for next-generation high-capacity optical com-
munication systems.
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