PIER Photonics, Vol. 1, 20-30, 2026

rPlER Photonics

(Received 3 July 2026, Accepted 27 July 2026, Scheduled 27 July 2026)

Single-wavelength-driven DWDM Transmitter Chip on
Monolithic Thin-film Lithium Niobate with a Record-high
Spectral Efficiency

Shen Wang'-, Yuyi Wang"f, Haohua Wang? , Yuntao Zhu*>*, Junjie Yi',
Defeng Shan'!, Mingwang Jiang!, Jiakai Dong®, Yunjie Wang?, Jingyi Wang*,
Kaixuan Chen??, Xinlun Cai?, Jie Liu>", Changjian Guo>>", Siyuan Yu?, and Liu Liu"%"

IState Key Laboratory of Extreme Photonics and Instrumentation
Zhejiang Key Laboratory of Optoelectronic Information Technology
College of Optical Science and Engineering, East Bldg. No. 5, Zijingang Campus
Zhejiang University, Hangzhou 310058, China
2 Guangdong Provincial Key Laboratory of Optical Information Materials and Technology
South China Academy of Advanced Optoelectronics, Sci. Bldg. No. 5
South China Normal University, Higher-Education Mega-Center, Guangzhou 510006, China
3State Key Laboratory of Optoelectronic Materials and Technologies, School of Electronics and Information Technology
Sun Yat-Sen University, Guangzhou 510006, China
4Guangzhou Liobate Optoelectronics Limited, Guangzhou 510525, China
5 National Center for International Research on Green Optoelectronics, South China Normal University, Guangzhou 510006, China
S Jiaxing Key Laboratory of Photonic Sensing & Intelligent Imaging, Intelligent Optics & Photonics Research Center
Jiaxing Research Institute, Zhejiang University, Jiaxing 314000, China

ABSTRACT: Optical transmission based on dense wavelength-division multiplexing (DWDM) is widely considered a key solution for
increasing optical-link capacity. However, the complexity and stringent requirements for optical devices in such systems challenge full
integration on a chip. Here, we demonstrate the first monolithic DWDM transmitter chip, built on a thin-film lithium niobate. The chip
consists of an easy-to-drive and high-efficiency electro-optical (EO) frequency comb generator for a flat-top multi-wavelength source,
a single arrayed waveguide grating for both multiplexing and demultiplexing to ensure no wavelength misalignment, and an EO Mach-
Zehnder modulator array. Using a single-wavelength laser as input, the proposed transmitter can deliver a total modulated signal of
1.6 Tbps in eight 100-GHz spacing channels using an intensity-modulation direct-detection scheme. A record high spectral efficiency of
2 bps/Hz was achieved for an integrated DWDM transmission system using optical frequency combs. The energy consumption of the
entire system was measured to be 2.76 pJ/bit. This work establishes a scalable route towards a versatile and integrated multi-wavelength
data processor for DWDM data transmissions, optical computing, and microwave-photonics.

1. INTRODUCTION

he growth of global data traffic, driven by cloud comput-
Ting and artificial intelligence, has imposed unprecedented
demands on optical interconnect infrastructures for short dis-
tances [1-3]. For data-centers and high-performance comput-
ing systems, the physical footprint and density of data inter-
connects, in addition to transmission capacities, increasingly
become constraining factors for the scaling of these applica-
tions. Dense wavelength-division multiplexing (DWDM) is a
technology that enables the simultaneous transmission of mul-
tiple independent data channels over a single physical channel,
such as an optical fiber or waveguide. They have been proven to
be efficient in improving the transmission density and through-
put in long-haul optical communications [4—6]. However, for
short-distance optical interconnects, the stringent requirements
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for optical devices make chip-scale DWDM system challeng-
ing to implement.

A core component of a DWDM transmitter is a multi-
wavelength light source. Although traditional semiconductor
lasers are technologically mature and reliable, packing them
together in an array with a defined waveguide grid is still
challenging. In this case, independent thermal stabilization
and wavelength locking for each channel are required, which
leads to a complex and bulky laser front-end [7]. Therefore,
a single device that can deliver multiple wavelengths, that is,
an optical frequency comb (OFC) device, is therefore more
desirable. Semiconductor mode-locked laser (MLL)-based
OFCs are the most energy-efficient and easier to package in
a small form factor [8—10]. Using heterogeneous integration,
it is also technically possible to build an integrated DWDM
transceiver, together with modulators [11,12]. However,
owing to the complexity of fabrication, such a demonstration is
lacking. Additionally, the most practical semiconductor MLLs
still rely on InAs quantum dots, whose working wavelength
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FIGURE 1. System schematic and fabricated chip of the present single-wavelength-driven eight-channel DWDM transmitter chip on monolithic
TFLN. (a) Conceptual schematic of the transmitter. The input single-wavelength light is first expanded into a flat-top multi-wavelength source using
the EO OFC generator, which is then demultiplexed into eight channels by an AWG. Data can be loaded on the light in each channel separately
using integrated MZI modulators. The modulated optical signals from all channels are then multiplexed by the same AWG and finally output from
the transmitter chip. The inset shows the cross-sectional sketch of the TFLN waveguide. (b) Optical microscope image of the final fabricated
transmitter chip. The pitch between adjacent modulator channels is 625 um. (c) & (d) Images of the packaged chips for the OFC generator and

DWDM transmitter, respectively.

band is limited [8—10]. Based on nonlinear integrated micro-
cavity resonators, Kerr OFCs can now generate hundreds of
wavelengths coherently on a single chip with spectral spans
covering one or more octaves [13—17]. By carefully tuning
the material properties and/or resonant structures, the optical
conversion efficiency of these optical nonlinearity based OFCs
has reached ~50% with a suitable wavelength span [18], and
ultrahigh-bandwidth optical communications have also been
demonstrated using these efficiency and span engineered Kerr
OFCs as the light source [19,20]. However, these procedures
might pose some challenges in their further integration with
multiplexers and modulators in a DWDM transmitter [17, 18].
The reconfigurability and control of the central wavelength
and spectrum flatness of Kerr OFCs are also difficult [21,22].
Electro-optical (EO) modulation-based OFCs offer, however,
distinct advantages as compared to the above two technolo-
gies [23-25], including flat-top spectrum [26], continuously
adjustable frequency spacing [27], and adjustable frequency
span from several to over-900 comb lines [28]. The discrete
form of this type of EO OFCs has also been successfully
employed as a DWDM source in practical communication
systems [29]. Additionally, it is straightforward to integrate
EO OFCs with high-performance modulators on the same
platform for multi-channel data transmissions.

Another core component of a DWDM transmitter is the
wavelength (de)multiplexing device. The OFC sources need
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to be demultiplexed into individual wavelength channels, mod-
ulated with signals, and then multiplexed again for output. Nat-
urally, the (de)multiplexing performances in terms of center
wavelength alignment, insertion loss, and channel spacing uni-
formity is critical in the above process. Conventionally, cas-
caded micro-cavities, such as micro-rings [30-33] or Fabry-
Perot cavities [34-36], are adopted for this purpose because
they can act as (de)multiplexers and modulators simultaneously
on a bus waveguide. This facilitates the achievement of a com-
pact solution for DWDM transmitters. However, micro-cavity-
based multiplexers have several drawbacks. First, each micro-
cavity must be equipped with a feedback mechanism to com-
pensate for resonant wavelength fluctuations due to fabrication
variation or environmental temperature change. Since the num-
ber of cavities scales linearly with the number of wavelength
channels, this imposes a large burden on the optical and elec-
trical circuits for the necessary tuning, monitoring, and control
functions [37, 38]. Second, the Q-factor of the cavity resonance
should be carefully designed if it were to be used as a modula-
tor. Considering the (de)multiplexing crosstalk, a high )-factor
is preferred because it allows a denser wavelength grid. On the
other hand, a high-Q-factor cavity would largely decrease its
modulation bandwidth owing to the long photon life-time [39].
The overall spectral efficiency is compromised in this case. In
contrast, the arrayed waveguide grating (AWG) stands out as
one of the most mature and scalable (de)multiplexing solutions
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FIGURE 2. Structures and performances of the EO MZI modulator and OFC generator. (a) Sketch of the MZI modulator in the array consisting
of a CLTW modulation section in a push-pull configuration terminated with an on-chip 50-2 resistor, two MMIs, and a TO phase shifter section.
(b) Sketch of the OFC generator consisting of an IM and a PM, which basically has the same electrode configuration as that in (a), except that the
50-2 termination is designed off the chip, considering that a high microwave power should be used for the OFC generation. Normalized optical
transmission of the MZI modulator (c) as a function of the applied modulation voltage driven by a 100-kHz sawtooth signal, and (d) as a function
of the electrical power on the TO phase shifter. (¢) Measured EO frequency response of the device. (f) Output spectrum of the OFC generator under

a microwave drive of 50-GHz frequency and 35.5-dBm power.

on various platforms [40,41], offering notable benefits, such
as a high channel count up to 100 [42], a flat spectral response,
and low channel crosstalk of —31.7 dB [43]. Crucially, owing
to its fully symmetric configuration, a single AWG device in-
herently exhibits aligned center wavelengths across all channels
when used concurrently as both multiplexer and demultiplexer,
thereby substantially reducing the control complexity and foot-
print of the overall system.

In this study, we demonstrate, for the first time, a
monolithically-integrated DWDM transmitter chip. As
illustrated in Fig. 1(a), the present transmitter chip, built
on the x-cut thin-film lithium niobate (TFLN) platform,
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mainly consists of three parts, that is, an EO OFC generator
for an integrated multi-wavelength light source, an AWG
(de)multiplexer, and an eight-channel modulator array for
loading the data. In such an architecture, only a continuous-
wave single-wavelength laser is required as the light source,
and the output can then be expanded to modulated light in
eight wavelength channels with 100-GHz channel spacing.
The OFC generator is based on cascaded modulators, featuring
only one microwave input and a measured on-chip optical
conversion efficiency of 78.6% in a flat-top comb spectrum
covering 800 GHz span. A single 9 x 9 AWG with 100-GHz
channel spacing simultaneously functions as both a multiplexer

WWwWw.jpier.org



PIER Photonics, Vol. 1, 20-30, 2026

rPlER Photonics

@

multiplexing
mput

<

demultiplexing
input

o ~

demultiplexing

Y multiplexings output

© 0 output

¢ . -
)
210
5
E
E =201

oLV

1547 1550 1553

Wavelength (nm)

(b) 0
=)
Z-20
=}
R=
Wl
B
£
sﬂg -40 ¢
. N -r"p
60 L l“)\'{’f 2o AR
1547 1550 1553
Wavelength (nm)
0 . .

(d) - Demultiplexing '
3 |
z-10
=1
Aijn Multiplexing :
2 |
Z-10 !
Z :
é . :
é- =20 !
&

1554 1556 1558

Wavelength (nm)

1552

FIGURE 3. Structure and performances of the AWG (de)multiplexer. (a) Structure and working principle of the AWG in the present DWDM system.
The multi-wavelength source from the OFC device is first input from one edge input port, and different wavelengths will be demultiplexed into
different waveguides. After the modulators, the optical signal is routed back to the rest input ports of the AWG, and they will be multiplexed to one
output waveguide in the same device. (b) Simulated and (c) measured output spectra of the AWG when inputting from the central port. (d) Measured
output spectra of the AWG when used as a multiplexer and a demultiplexer for eight wavelengths in the present DWDM system, showing the strict

wavelength alignment.

and demultiplexer. The fabricated AWG exhibited an insertion
loss of 4.19dB, adjacent-channel crosstalk of approximately
—20dB, and channel non-uniformities below 0.5 dB. The EO
modulator in the array, adopting a Mach-Zehnder interferome-
ter (MZ]) structure, exhibits a nearly flat modulation response
of up to 67 GHz. Successful data transmission of 200 Gbps on
each channel was obtained, which led to an aggregated data
rate of 1.6 Tbps. A record-high spectral efficiency of 2 bps/Hz
and a transmission energy consumption of 2.76 pJ/bit was
achieved using intensity-modulation direct-detection (IM-DD)
scheme with this DWDM transmitter chip.

2. RESULTS

2.1. Transmitter Architecture

Several advanced designs were implemented in the DWDM
transmitter chip shown in Fig. 1(a) to ensure highefficiency
and wavelength robustness. The OFC generator consists of two
modulators, where a phase modulator (PM) is employed to gen-
erate the comb lines, and an intensity modulator (IM) is used to
shape the lines into a flat-top spectrum. Although this is a rather
conventional scheme, we take advantage of the design flexi-
bility for both optical and electrical structures on TFLN, and
build such an OFC device with one common microwave input
for both modulators and an on-chip coherent combining struc-
ture. These improvements help relieve the drive complexity

23

and break the 50% constraint for optical conversion efficiency
in this scheme. For the wavelength (de)multiplexer, a single
multi-channel AWG is designed in an optical add-drop config-
uration, so that one such device can be used as a multiplexer and
demultiplexer simultaneously. This helps eliminate any wave-
length misalignment if separate devices are employed for these
two functions. The AWG device is based on a 45° symme-
try design on the x-cut TFLN platform [44, 45], which ensures
seamless integration with the modulators. The modulator array
consists of eight segmented MZI modulators, each equipped
with a separate thermo-optic (TO) bias control electrode. As
shown in Fig. 1(b), the components mentioned above, as well as
other passive devices such as routing waveguides, multi-mode
interference (MMI) power splitters, and bi-layer edge couplers
(ECs) for fiber accesses, were all fabricated monolithically on
a single x-cut lithium-niobate-on-insulator (LNOI) wafer. The
TFLN waveguide structure has a thickness of 360 nm with an
etched depth of 180 nm and an etched sidewall angle of 60°, and
is embedded in silicon oxide. For the convenience of testing,
the OFC generator part and the DWDM transmitter part (in-
cluding the modulator array and AWG) of the chip were diced
and packaged separately, as presented in Figs. 1(c) and 1(d).

2.2. EO Modulation Structure

The key part of the MZI modulator in each wavelength channel
and the OFC generator shared the same EO modulation struc-
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FIGURE 4. Static transmission and switching performance of the DWDM transmitter. Output spectra of (a) all channels turned on or (b) sequentially
turned off by tuning the TO phase shifters in the modulator array, measured with a broadband light source. Output spectra of (c) all channels turned
on or (d) sequentially turned off, when using the multi-wavelength source from the present OFC device as the input.

ture as depicted in Figs. 2(a) and 2(b). A periodic capacitively-
loaded travelling-wave (CLTW) electrode is adopted to realize
a high bandwidth, low optical loss, and high modulation effi-
ciency [46]. Using the optimized parameters, a typical MZI
modulator in the array with a modulation length of 8.02 mm
in a push-pull configuration experimentally exhibits a half-
wave voltage V; of 2.95V, which corresponds to a half-wave-
voltage-length product VL of 2.37 Vcm, an optical insertion
loss of ~0.5 dB, and a static extinction ratio of >34 dB as pre-
sented in Figs. 2(c) and 2(d). The measured small-signal EO
frequency response of the device remained flat with a roll-off
of only ~1dB at 67 GHz as shown in Fig. 2(e). The mea-
sured performances of all eight MZI modulators in the array
are presented in Supplementary Note 1. The high performance
of the modulation section facilitates high data-rate transmission
in each wavelength channel, as well as high-efficiency flat-top
OFC generation. Additionally, for low-speed bias tuning, a
TO phase shifter was adopted on a TFLN waveguide. Using
a heated waveguide length of 0.565 mm, a half-wave power P,
of 60 mW was measured as illustrated in Fig. 2(d). For the OFC
device sketched in Fig. 2(b), the input light is first processed by
an IM driven between its maximal and minimal transmissions,
and the two light pulses from the complementary output arms
of the IM are further modulated by a PM. The optical and mi-
crowave group delay between the two modulators were care-
fully tuned on the chip to fulfill the flat-top condition for the
generated OFCs [27,47]. After the PM and delay waveguide in
one arm, the two outputs are combined coherently again. This
leads to a flat-top OFC output with a theoretically 100% con-
version efficiency for the optical signal. Practically, the criti-
cal parameters of the implemented OFC device, including the
lengths of the PM and IM, the microwave driving voltage and
frequency, are carefully designed to match the wavelength grid
and span in the DWDM transmission. Fig. 2(f) shows the mea-
sured output spectrum from the fabricated OFC, which exhibits
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a wavelength spacing of 50 GHz, flat-top span of ~800 GHz,
and power non-uniformity of <2.7dB. The measured on-chip
optical conversion efficiency reached 78.6%, slightly less than
100%, which was mainly attributed to the optical insertion
losses of the IM and PM. Every other wavelength line in this
OFC is filtered and used as the light source for the following
DWDM transmitter. The detailed working principle and design
parameters of the OFC device are discussed in Supplementary
Note 2.

2.3. AWG (De)multiplexer Structure

Considering the scalability and wavelength uniformity, an
AWG was used to build the wavelength (de)multiplexer. To
address the issue of propagation-direction related mode indices
caused by the inherent uniaxial anisotropy of the x-cut TFLN,
we adopted a 45° symmetry design for the AWG layout, where
the symmetrical axis of the arrayed waveguides was aligned
at 45° to the yz axes of the lithium niobate crystal. This
strategy has been demonstrated to support good wavelength
(de)multiplexing performances with channel spacings of down
to 200 GHz. In this study, a 100-GHz channel-spacing AWG
in the C-band was further optimized and fabricated to support
DWDM transmissions. Additionally, nine input and output
ports were designed for the AWG, so that it could be configured
as an optical add-drop filter for eight wavelengths as shown
in Fig. 3(a). The simulated and measured spectral responses
of the AWG from all output ports are presented in Fig. 3(b)
when input from the central port. The channel spacing is
maintained accurately at 0.8 nm or 100 GHz. The measured
responses when input from the central port are shown in
Fig. 3(c) for a standalone AWG as a reference. Insertion losses
of ~4.2 dB, crosstalk from the adjacent channels of ~ —20dB,
and channel non-uniformities of < 0.4dB can be extracted.
Owing to fabrication variations, a slight deviation exists
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FIGURE 5. Performances of the DWDM transmitter under 100-GBaud PAM4 modulation when measured with an external tunable laser. (a) Ex-
perimental set-up for measuring the single-channel BERs. (b) BERs as a function of the input wavelength for channel #5. (c) Output spectra from
channel #5 with data loaded or unloaded at 1554.7 nm. (d) BERs as a function of the received optical power for all eight channels. (e) Optical eye

diagrams for all eight channels at received optical power of —14 dBm.

between the simulated and measured central wavelengths.
Nevertheless, this discrepancy does not affect the subsequent
system measurements because the fabrication-induced shift
of the absolute AWG central wavelength is predominantly a
common-mode offset, and can therefore be compensated by
tuning the input laser wavelength of the OFC. Practically, the
edge ports are used as inputs and outputs for demultiplexing
and multiplexing, respectively. Notably, owing to the inherent
symmetry of the device, the central wavelengths from all chan-
nels in multiplexing and demultiplexing are strictly aligned, as
shown in Fig. 3(d). In traditional schemes, separate devices
are used for multiplexing and demultiplexing processes. Even
if the same device structure is adopted, the practical spectral
responses may still show large variations owing to fabrication
uncertainties. This would result in additional insertion losses
and crosstalk in a DWDM transmission system [38]. This
problem is completely avoided in the present configuration.
The detailed design procedure, parameters, and fabrication
variations of the AWG device are discussed in Supplementary
Note 3.
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2.4. DWDM IM-DD Transmission Performances

To evaluate the performance of the entire DWDM transmitter
chip, a series of static switching experiments were designed
and conducted. First, a broadband light source in the C-band
was used to test the DWDM transmitter, as shown in Fig. 1(d).
Initially, the voltages applied to the TO phase shifters of the
modulators were adjusted to set all the channels to their max-
imal transmission points. The results, shown in Fig. 4(a), in-
dicate on-chip insertion losses of ~10dB for each channel,
which include the multiplexing and demultiplexing losses of
~4.2 dB each and the modulator loss of ~0.5 dB, as mentioned
above. The coupling loss from chip to fiber is excluded here,
which was measured to be ~1.5dB to a standard single-mode
fiber across the whole C-band. Subsequently, each channel
was turned off individually by tuning the TO phase shifters to
their extinction points, while the output optical spectra were
recorded. As shown in Fig. 4(b), turning off a single chan-
nel resulted in negligible variations in the other channels, with
a maximal power fluctuation of less than 0.35dB. These re-
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modulated.

sults indicate very low thermal and optical crosstalk in the pro-
posed device. Next, the broadband source was replaced with
the multi-wavelength source of the fabricated OFC device, as
shown in Fig. 1(c). Again, all channels were turned on first and
then off individually by adjusting the TO phase shifters. The
output spectra are shown in Figs. 4(c) and 4(d). All channels
exhibited extinction ratios of ~20 dB. These results verify the
excellent static switching performance of the proposed system.
Further spectral details are available in Supplementary Note 4.

The DWDM part of the chip was first assessed for high-speed
data transmission using the IM-DD setup shown in Fig. 5(a).
Due to the relatively small channel spacing (100 GHz) and the
resulting narrow 3 dB bandwidth (approximately 0.4 nm) of the
AWG, a strong filtering effect would be expected for the mod-
ulated optical signal, which would limit the maximal baud rate
per channel. Therefore, in order to fully exploit the available
bandwidth and improve the spectral efficiency, a vestigial side-
band (VSB) modulation scheme was adopted here, whereby
the input optical wavelength was shifted relative to the central
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wavelength of each channel. Taking a 100-Gbaud PAM4 sig-
nal and channel #5 as an example, the original double-sideband
signal cannot fit in the channel bandwidth of the present AWG,
and a high bit error rate (BER) was measured as shown in
Fig. 5(b). When the input wavelength was detuned from the
center (1554.9 nm), the BER initially decreased and then in-
creased again. The minimal BER was observed at an input
wavelength of 1554.7 nm, where only the sideband at the longer
wavelength of this 100-Gbaud PAM4 signal is filtered out, as
also demonstrated in Fig. 5(c). The VSB modulation is theo-
retically studied in Supplementary Note 5 for all eight chan-
nels based on the measured spectrum responses of the AWG.
The optimal detuning magnitudes fall within a relatively narrow
range of approximately 0.21-0.26 nm, in good agreement with
the experimentally measured value. Because the wavelength
detuning cannot be optimized independently for each channel
when an OFC source is used. A common blue detuning of ap-
proximately 0.2 nm was consequently selected for subsequent
high speed data transmission testing, since it lies within the low-
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TABLE 1. Characteristics of some integrated DWDM transmission systems using OFCs.

Ref. Architecture Capacity Spectral efficiency Energy confumption
(Gbps) (bps/Hz) (fJ/bit)
InAs MLL OFC chip & Si 1656 (total
[38] nas P &St 8 x 100 1 (totaly
micro-ring modulator array chip 416 (modulator)
InASMLL OFC chip & GaAs/Si 2100 (total
[11] AV clp & Lansit 8 x 25 0.42 (total)
micro-ring modulator array chip 500 (modulator)
AlGaAs Kerr OFC chip, discrete
[17] (de)multiplexer, & Si MZI 20 x 100 0.56 -
modulator array chip
SiN Kerr OFC chip & Si 4900 (total
2] S Rarbrlcupsest 32 x 16 0.1 (total)
micro-disk modulator array chip 1681.5 (modulator)
SiN Kerr OFC chip & Si 5854 (total
[37] (S Re DI P & St 20 x 128 1.28 (totaly
micro-ring modulator array chip 322.6 (modulator)
Discrete EO OFC & Si
[29] e b 4 % 100 1.25 300 (modulator)
micro-ring modulator array chip
Monolithically integrated TFLN
. . . 2760 (total)
This work chips with EO OFC, AWG, 8 x 200 2

& MZI modulator array

357.5 (modulator)

BER operating region of all eight channels. The BERs under
varying received optical power levels were tested for all eight
channels individually. The results are shown in Fig. 5(d). Ata
received optical power of —17 dBm, all channels achieved an
BER below 3.8 x 1073, that is, the hard-decision forward er-
ror correction (HD-FEC) limit. At a received optical power of
—14 dBm, all channels achieved BERs below 6.6 x 10~%. The
corresponding eye diagrams for the eight channels are shown
in Fig. 5(e). All eye diagrams exhibit wide eye openings, clear
and sharp crossing points, and symmetry, indicating excellent
signal quality.

The performance of the full DWDM transmitter, utilizing
the OFC device to generate the multi-wavelength source, was
tested using the setup shown in Fig. 6(a). The desired output
comb lines from the OFC were filtered out using a commer-
cial wavelength-selective switch (WSS) before being sent to
the DWDM part for subsequent measurements. The VSB pro-
cedure mentioned above was also implemented here, which can
be realized simultaneously for all channels by tuning the wave-
length of the input light to the OFC device. This would shift
the entire comb spectrum collectively to the AWG for all chan-
nels, since the frequency spacing between the comb lines re-
mains fixed. First, the single-channel BERs were measured by
applying the 100 GBaud PAM4 signal to only one channel at a
time. The BERs at a received optical power of —17 dBm are
shown by the red line in Fig. 6(b), which are similar to those
achieved with the tunable laser source at the same received
power as discussed above. The power budget for the present
communication system is discussed in Supplementary Note 6.
Fig. 6(c) shows the output spectra of all eight optical carriers ac-
tivated, demonstrating the occupation of the complete 800-GHz
spectral span. Next, the crosstalk performance of the proposed
transmitter was investigated. The pure EO crosstalk between
different channels was measured first and is discussed in Sup-
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plementary Note 7. To study the influence of the EO crosstalk,
as well as the optical crosstalk, on the data transmission perfor-
mance. Two tests were conducted with two channels activated
simultaneously. In the first scenario, modulation signals were
applied to two adjacent channels, whereas the output from one
channel was filtered out before the receiver for characteriza-
tions. The results, shown by the yellow line in Fig. 6(b), indi-
cate slightly higher BERs, as compared to the case where only
one channel is on in the same figure, but still below the HD-FEC
limit. The corresponding eye diagrams for all eight channels
are presented in Fig. 6(d). In the second scenario, the crosstalk
from the second adjacent channel was tested. The results, de-
picted by the cyan line in Fig. 6(b), show BERs comparable to
the single-channel cases, indicating negligible crosstalk from
the second adjacent channel or channels further away in the
proposed system. Due to the limited resources of high-speed
EAWGs, only two channels can be activated simultaneously.
To further assess the transmitter performance when all channels
are loaded with data, we further performed measured-response-
based numerical simulations using the experimentally obtained
AWG multiplexing and demultiplexing spectra as presented in
Supplementary Note 7. The results suggest that the dominant
optical crosstalk indeed originates from the immediately adja-
cent AWG channel. Once one adjacent channel is activated, ad-
ditional data loading from the other channels introduces only a
minor further degradation. It can then be concluded that a good
data transmission capability can be achieved with the present
chip when all channels are activated.

3. CONCLUSION

In summary, this study demonstrated a monolithic IM-
DDDWDM transmitter chip, which was realized on a TFLN
platform and required only a single-wavelength laser input.
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A total transmission capacity of 1.6 Tbps (8 x 200 Gbps) in a
spectral span of 800 GHz (8 x 100 GHz) was achieved in the
present transmitter. The EO OFC device using only one mi-
crowave electrode exhibited a high on-chip optical conversion
efficiency of 78.6% with a flat-top spectrum. A single multi-
channel AWG with symmetric input and output wavelength
responses was designed to perform both multiplexing and
demultiplexing functions. These designs not only significantly
reduce the chip footprint but also reduce the complexity of
wavelength alignment between the OFC device, multiplexer,
and demultiplexer structures, which is a common challenge in
other schemes. Table 1 summarizes the characteristics of re-
cent demonstrations of DWDM transmission systems utilizing
OFCs. Clearly, this study highlights the highest spectral effi-
ciency of 2 bps/Hz for an integrated transmission system using
OFCs. The total energy consumption of the transmitter system
was estimated to be 2.76 pJ/bit with the main portion used for
generating the OFC. This figure is already smaller than those
using Kerr OFCs as the multi-wavelength source, but is still
higher than those using MLLs. Nevertheless, by optimizing
the OFC generator structure, the total energy consumption is
anticipated to decrease to ~500 fJ/bit. A detail discussion on
energy consumption is presented in Supplementary Note §.

In the present chip, the OFC frequency spacing is half of the
AWG channel spacing, leading to an inefficient utilization of
comb power. This can be solved by redesigning the OFC or
AWG devices to match their channel spacings. Another strat-
egy is to include a wavelength interleaver between the present
OFC and AWG devices, as discussed in Supplementary Note 9,
to form a space division multiplexing scheme [48]. In this case,
a 3.2-Tbps DWDM transmitter can be readily obtained. It can
also help improve the power budget of the whole system as dis-
cussed in Supplementary Note 6. The TO tuning employed
for the OFC and MZI devices can be replaced by the bias-
embedded modulation electrode design [49], which enables a
capacitive EO bias tuning without introducing any additional
optical structures. This facilitates a decrease in the device foot-
print and energy consumption. The proposed DWDM trans-
mitter structure can also be easily scaled to a higher channel
count by optimizing the microwave power to the OFC device,
as well as the lengths of the IM and PM, for generating more
comb lines, and increasing the number of input/output waveg-
uides of the AWG. A coherent DWDM transmitter is also fea-
sible by simply replacing the MZI intensity modulators with
IQ modulators. This can further improve the aggregate data
rate, receiver sensitivity, and spectral efficiency. Looking for-
ward, this work establishes a scalable route towards versatile
and integrated multi-wavelength data processing on the mono-
lithic TFLN platform for not only DWDM data transmissions,
but also possible applications in, for example, optical convo-
lution streaming processors [50] and channelized microwave-
photonic transmitters and receivers [51].

EXPERIMENTAL SECTION

Chip fabrication and packaging were performed. The
present DWDM transmitter chip was fabricated using a
commercial TFLN PDK (Liobate Technology Co., Ltd.,
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China). A 6-inch LNOI wafer (Shanghai Novel Si Integration
Technology Co., Ltd., China) of 360-nm top TFLN layer on a
buried silicon oxide layer and a silicon substrate was adopted.
Two layers of TFLN patterns were first fabricated using
248-nm deep-ultraviolet (DUV) lithography and dry etching.
A silicon oxide over-cladding layer of ~1-um thickness was
subsequently deposited using plasma enhanced chemical vapor
deposition. Metal patterns including microwave modulation
electrodes made of Au, TO heaters, and termination resistors
made of Ni/Cr, were defined using DUV lithography, thermal
evaporation, and lift-off technologies. After the wafer fab-
rication, the chips were diced, and the coupling facets were
mechanically polished. The finished chips were mounted on
printed circuit boards (PCBs), where the low-speed TO tuning
electrodes were routed using wire bonding. Matched fiber
arrays (FAs) were aligned and attached to the chip edge. The
high-speed modulation electrodes and pads were left intact and
accessed using microwave probes during the measurements.

High-speed data transmission measurements. For OFC
generation, single-wavelength light from a tunable laser (TL)
was coupled to the OFC chip using a fiber-based polarization
controller (PC). A 50-GHz sinusoidal electrical signal from
an analog microwave source was amplified and applied to the
chip through a 67-GHz microwave probe with a ground-signal-
ground (GSG) configuration (GGB 67A). Another GSG probe
was used to connect an external 50-{) termination to the OFC
chip. The generated OFC was then amplified to ~23 dBm by
a high-power erbium-doped fiber amplifier (EDFA) and sent to
a programmable WSS (WaveShaper, Finisar), which selected
eight mutually coherent comb lines with 100-GHz spacing from
the original 50-GHz-spaced OFC. For data modulation, either
the filtered comb lines or a single-wavelength laser directly
from the TL were coupled into the DWDM transmitter chip.
Owing to the limitation of the available microwave probing
configuration (GSGGSG dual probe), only two channels can be
driven with data simultaneously. The 100-Gbaud PAM4 elec-
trical signals were generated by an electrical arbitrary wave-
form generator (EAWG, Keysight M8199B, 128 GSa/s), am-
plified by a linear microwave amplifier (RFA, SHF 807C), and
then applied to the modulators. The bias point of the modula-
tor was controlled using a voltage source (VS). At the output,
the channel under test was selected using another WSS, and the
optical signal was detected with a pre-amplified receiver con-
sisting of another EDFA and a 70-GHz photodetector (PD, Fin-
isar XPDV 3120). The optical power arriving before the EDFA
is considered the received optical power. The final electrical
signal was captured using a real-time oscilloscope with a 59-
GHz analog bandwidth and 160 GSa/s sampling rate (Lecroy
LabMaster 10-59Zi-A). Offline digital signal processing, in-
cluding resampling, timing phase recovery, and 21-tap feed-
forward equalization plus 5-tap decision feedback equalization,
was performed to evaluate the BERs and eye-diagrams.
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