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Integrated multi-port multi-wavelength
coherent optical source for beyond Tb/s
optical links
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Microcomb-based sources formed by placing an integrated demultiplexer
with anultra-lowpower consumption after an efficient optical frequency comb
play a key role inmany large-scale optical links for data centers andAI systems.
Here, we demonstrate a multi-wavelength multi-port source based on a Kerr
microcomb followed by a monolithically-integrated demultiplexer, which
autonomously locks to and tracks the comb lines. Mach-Zehnder inter-
ferometer- and ring resonator-based wavelength demultiplexers, imple-
mented using capacitive optical phase shifters with a zero static power
consumption, and a soliton microcomb, with a 200GHz mode-spacing and
53% efficiency, are implemented. Using a single control unit for the sequential
control of all phase shifters, a total demultiplexer power consumption of
2.4mW is achieved, which corresponds to a record demultiplexer energy
consumption of 10fJ/b and 2.5fJ/b for an 8-channel and 32-channel systems at a
data-rate of 32Gb/s/channel, respectively, significantly improving the demul-
tiplexer energy efficiency compared to the thermally-tuned state-of-the-art
systems.

Wavelength Division Multiplexing (WDM) is a widely adopted techni-
que in optical communication systems for simultaneously transmitting
data by use ofmultiple wavelength channels over a single optical fiber.
An essential component of a WDM system is the multi-carrier light
source. The spectral purity, number of carriers, wavelength stability,
uniformity, and energy efficiency of the multi-carrier light source
directly affect the key performance metrics of the link such as aggre-
gate data-rate, bit-error-rate (BER), range, and energy efficiency.

Kerrmicroresonator frequency combs that generate solitons have
been utilized in optical transceivers1–10, and they offer several advan-
tages, ranging from increased data capacity in a small footprint to
enhanced signal stability11,12. By laser pumping a high-quality-factor
microresonator made of a nonlinear medium, the Kerr effect can be
utilized to generate an optical frequency comb, where a series of
equally spaced optical carriers, or comb lines/modes, within a single
optical channel is formed13. The equally spaced coherent comb lines

have a narrow linewidth, making them a good candidate to serve as
optical carriers in optical transceivers to significantly increase the
aggregate data-rate by introducing many parallel communication
channels in a WDM scheme14. Furthermore, due to the small footprint
of Kerr microresonators, transceivers utilizing such devices can
achieve a high areal bandwidth density. The high spectral efficiency
offered by Kerr microresonators is particularly beneficial in scenarios
where there is a growing demand for high-bandwidth applications,
such as AI systems, cloud computing, video streaming, and 5G-XG
networks15–19. Additionally, Kerr soliton microcombs are typically
resilient to external perturbations and can enhance the overall stability
of the transmitted signals20, which leads to improved system perfor-
mance and higher transmission reliability.

In a WDM transmitter, carriers generated within the multi-carrier
source are typically separated, individually modulated, and combined
to form the transmitter output. Figure 1a shows a simplified block
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diagram of a WDM transceiver that utilizes a Kerr microcomb as the
multi-carrier light source, where a demultiplexer (DeMux) placed after
the Kerr frequency comb separates the carriers, effectively forming a
multi-port multi-wavelength light source. Given the per-carrier data-
rate and comb line spacing, the DeMux needs to be designed to pro-
vide adequate isolation between different channels to avoid channel-
to-channel crosstalk and data corruption. Once the separated carriers
are individually modulated, they are combined back together into a
single waveguide using a multiplexer (Mux) block. At the receiving
end, a similar DeMux block is utilized to separate the modulated car-
riers before they are delivered to the demodulators for data retrieval.

In the state-of-the-art integrated multiplexing systems, the fabri-
cation process variations aswell as temperature fluctuations introduce
undesired resonance shift and/or variations in the phase and ampli-
tude of the opticalwave21, leading to excess insertion loss and crosstalk
in the WDM transceivers.

While athermal techniques can be utilized to reduce the need for
thermal tuning22, they typically do not compensate for device mis-
matches caused by process variations, which could be from 5% to 15%
for a single-mode waveguide dimension23,24. These mismatches can
significantly affect fabrication yield and increase manufacturing costs,
particularly in optical links where multiple components (e.g., WDM
source, DeMux andMux in the transmitter, and DeMux in the receiver)
need to be precisely wavelength-aligned. Moreover, athermal
approaches often come at the cost of increased system size and
packaging complexity.

To reduce the undesired effect of process and temperature var-
iations and align the response of the Mux and DeMux with the fre-
quency grid of themulti-carrier light source, often a phase adjustment
mechanism is needed. Multiplexer and demultiplexer systems based
on thermally tuned Mach-Zehnder interferometers (MZIs) and ring
resonators have been demonstrated25–30, that despite excellent

Fig. 1 | Wavelength division multiplexing in a comb-driven transceiver. a The
architecture of a Kerr comb-driven WDM transceiver. b Schematic of the high-
efficiency microcomb generator. c, d Scanning electron microscope images of the
oscillation on the ring and the bus waveguide reflector, respectively. e Measured

reflection spectra when we tune the phase delay ϕ with a step of 0.25 π. f Optical
spectrumof the generated solitonmicrocombwith a conversion efficiencyof about
53%. The residual pump is indicated by the red trace.
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performance and offering a wide tuning range, suffer from a relatively
large energy consumption, especially when scaled up to many chan-
nels. Furthermore, such systems offer a limited tuning speed (due to
the relatively long thermal time constant) and suffer from thermal
crosstalk. These undesired effects increase the transceiver complexity
and limit the system scalability31. Many such systems are implemented
through hybrid integrationof silicon photonics andCMOSchips via 3D
stacking, often using copper pillars, bumps, or by flip chip bonding.
Despite excellent performance, certain challenges for hybrid-
integrated DeMux and Mux systems, such as packaging parasitics
and complexity, and excess power consumption often introduced by
the thermal wavelength alignment of devices, remain.

Here, we report the demonstration of two distinct multi-wave-
length, multi-port WDM sources, each formed by coupling the output
of an efficient Kerr microcomb device to a monolithically integrated
demultiplexer,which autonomously locks to and tracks the comb lines
using capacitive optical phase tuning with a zero static power con-
sumption. This work advances large-scale WDM transmitter and
receiver systems on a fully monolithic platform, offering certain
advantages over hybrid-integrated approaches, such as reduced
packaging parasitics and complexity, cost, efficiency, yield, and scal-
ability, all while leveraging reliable CMOS platforms without post-
processing.

In one design, the Kerr comb device is followed by a Mach-
Zehnder interferometer-based wavelength demultiplexer, and in the
seconddesign, a ring resonator-baseddemultiplexer is placed after the
Kerr comb output. In both systems, monolithic integration of elec-
tronic and photonic devices within the DeMux enables the utilization
of capacitive optical phase shifters with zero static power consump-
tion. Both demultiplexers were successfully coupled with the fabri-
cated Kerr comb chip with 200GHzmode-spacing and 53% efficiency.
By utilizing capacitive tuning with zero static power consumption, a
single control unit with a power consumption of 2.4mW for all phase
shifters in a sequential control scheme and an efficient locking and
tracking wavelength algorithm, the demonstrated monolithic demul-
tiplexers can potentially achieve a record energy consumption of
20 fJ/b for an 8-channel systemat 16Gb/s per channel, which is reduced
to 10 fJ/b for a 8-channel system at 32Gb/s per channel. If the system is
scaled to 32 channels with an aggregate data-rate of 1 Tb/s, the energy
consumption is further reduced to 2.5 fJ/bit. The implemented scalable
system consumes a fixed amount of energy for the entire system,
achieving an increased energy efficiency by more than an order-of-
magnitude over existing thermally controlled Mux/DeMux systems,
which is further improved as the system is scaled to higher data rates.

Results
Kerr frequency microcomb
Recently, Kerr microresonators have emerged as an appealing plat-
form for low-power and chip-scale frequency-comb sources. Benefit-
ing from high quality factor and small mode volume, the threshold
power of nonlinear parametric oscillation can be in the milliwatt
range32. The nonlinear dynamics of microresonators is described by
the Lugiato–Lefever equation (LLE), which predicts several optical
states of the microcomb, such as Turing patterns, modulation
instability combs, and solitons33. In particular, soliton microcombs are
the most beneficial and resilient for many applications due to their
highly coherent comb lines with a high signal-to-noise ratio. Kerr
microcombs configured to generate solitons in the normal dispersion
regime offer a high degree of spectral flatness at a high conversion
efficiency (compared to the microcombs driven in the anomalous
regime)34, and as such are a good candidate to serve as a multi-carrier
light source in a WDM system. In this work, to enable phase matching
for soliton formation in a normal-dispersion microresonator, we
implemented aphotonic-crystal resonator (PhCR). As shownonFig. 1b,
the PhCR is formed by adding a uniform grating pattern on the inner

wall13,35. The grating pattern forms a one-dimensional photonic crystal,
which introduces coupling between the clockwise and counter-
clockwise propagating modes of light, leading to a mode splitting at
azimuthal mode of λPhC = 2neffΛ, where neff is the effective refractive
index and Λ is the grating period. Pumping the red-shifted (lower-
frequency) mode meets the phase-matching condition and results in
spontaneous soliton formation in PhCRs35.

The benefit of high conversion efficiency is the improved per-
comb-line power for a given pump power. We define the pump-
to-comb conversion efficiency as η=Pcomb=Ppump, where Pcomb is the
combpower and Ppump is the on-chip pumppower. For a flat comb, the
per-comb line power can be estimated as ηPpump=Nlines, where Nlines is
the number of comb lines. Depending on the specific applications, we
can control Nlines by engineering the microresonator dispersion. In
chip-scale WDM transceivers, the available pump power is usually
limited to tens of milliwatts. Given a fixed Ppump and Nlines, a higher
conversion efficiency allows for higher per-comb-line power, which is
beneficial to the SNR on the receiver side and allows for longer
transmission distance and lower BER. Although the PhCR device is
capable of low-noise flat frequency comb generation, it has a limited
conversion efficiency since (as confirmed by simulation) most of the
pump power exits the ring and propagates in the forward direction at
the soliton state. We have previously shown a PhCR with a bus wave-
guide reflector to increase the conversion efficiency36,37, and we use a
similar scheme for the demonstrations here (Fig. 1b).

The high-efficiency soliton generator (including the photonic
crystal resonator followed by the reflector) is fabricated on an air-clad
tantalum pentoxide (Ta2O5, hereafter tantala) material platform38.
Tantala is CMOS-compatible material that has a wide transparent
window from 300nm to 8000nm. Compared with other photonic
materials such as silicon nitride, it offers several superior material
properties, such as a three times higher nonlinear index, lower stress,
and smaller thermo-optic coefficient. The width of the micro-ring
resonator is 4 μm and the ring radius is 109.5 μm, corresponding to a
free spectral range of 200GHz. Figure 1c and d show scanning electron
microscope (SEM) images of the grating structureon the innerwall and
the bus waveguide reflector, respectively. The grating depth on the
inner wall of the micro-ring resonator is 275 nm, leading to a mode
splitting of 900MHz. Despite the internal loss introduced by the
grating pattern, our devices can still achieve an intrinsic quality factor
of 2.6 million. The waveguide reflector has a 3-dB bandwidth of 5 THz,
peak reflectivity of is 90%, and a central frequency that is aligned with
the pump mode at 193.3 THz. The optical phase delay (ϕ) of the
reflector plays an important role in determining η. We design eight
devices so that the phase delay varies from 0 to 2π with a step size of
0.25π. Both simulation and experiment indicate that our devices can
maintain a high conversion efficiency over a broad range of phase
delay (~0.75π). Despite the fabrication uncertainties, at least one
device among eight can achieve high conversion efficiency. We sweep
ϕ (by adjusting the ring-reflector distance or rotating the PhCR) and
measure the reflection with an oscilloscope. Figure 1e shows a super-
position of the oscilloscope traces in the cases with different ϕ, con-
firming that we can selectively modify the coupling of the two split
modes. To minimize the interference of the blue (higher-frequency)
mode andmaximize the achievable comb efficiency, we chooseϕ that
under-couples the blue-shifted mode but over-couples the red-
shifted mode.

Since the solitonpreferably propagates in the backwarddirection,
we use a circulator before the input lensed fiber to extract the
backward-propagating comb36. Figure 1f presents the spectrum of a
backward soliton microcomb that achieves 53% conversion efficiency.
Note that our design eliminated the need for a pump rejection filter as
the residual pump (red trace in Fig. 1f) is lower than other comb lines.
The on-chip pump power is 48mW, which is compatible with the high-
power distributed-feedback (DFB) lasers for hybrid integration. In the
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experiment, we use an erbium-doped fiber amplifier (EDFA) due to the
fiber-to-chip coupling loss (4.5 dB/facet) and the low output power
(10mW) from our laser diode. We can avoid using an EDFA by
employing a laser with higher output power, designing oxide-clad
device to reduce the coupling loss to below 2 dB/facet, and increasing
the quality factor of our PhCR for a lower threshold power. In our
experiment, we connect the comb chip to the DeMux system chip via
optical fiber. We are in the process of developing robust silicon oxide
claddings for the tantala comb chip, which would enable a variety of
packaging and integration options. In particular, our platform already
enables sophisticated nanophotonic designs; hence grating couplers
between the comb chip and DeMux chip can be designed and opti-
mized for integration.

Mux/DeMux systems
In this work, we design and implement two different Mux/DeMux
architectures, both monolithically integrated on GlobalFoundries
90 nm CMOS-SOI process. Each architecture incorporates capacitive
optical phase shifters with zero static power consumption to address
optical length errors caused by fabrication process variations and
temperature drift. Conventional multiplexing systems utilizing cas-
caded ring resonators controlled by heaters39,40 achieve low insertion
loss and channel-to-channel crosstalk but exhibit high energy con-
sumptiondue to theutilizationof thermalphase shifters. Furthermore,
managing thermal crosstalk between channels proves to be a sig-
nificant practical challenge. To overcome these challenges, as the first
design, a DeMux/Mux systemwith cascaded ring resonators is devised
that incorporates capacitive optical phase shifters formed using
semiconductor-insulator-semiconductor capacitor (SISCAP) struc-
tures. Despite offering zero static power consumption, given the FSR
of the micro-rings, the tuning range of the SISCAP-based micro-ring
resonators is limited by various parameters such as bend radius,
doping levels, and the micro-ring circumference. The second design is

based on asymmetric Mach-Zehnder interferometers (MZI) with SIS-
CAP phase shifters, where a higher tuning range compared to the first
design is achieved at the cost of a larger chip area and amore complex
wavelength locking process.

The design and performance evaluation of each system includes
measurements of total power consumption, optical insertion loss, and
channel-to-channel crosstalk when placed after the integrated Kerr
microcomb, which are discussed next.

Capacitive phase shifter
A key component of our designs, enabling zero static power con-
sumption, is the capacitive phase shifter. While vertically fabricated
capacitive phase shifters have been previously demonstrated41,42, the
monolithic integration of the systemon a CMOS process allows for the
utilization of the thin gate oxide layer that enables implementation of
SISCAP phase shifter next to the control electronics.

The architecture of the implemented SISCAP phase shifter is
shown in Fig. 2a, where a tapered gate polysilicon waveguide, placed
on top of the silicon waveguide, is used to transition the wave from a
single-mode silicon rib waveguide to a polysilicon-on-silicon ridge
waveguide. The cross-section of this device is shown in Fig. 2b, where
the optical mode is partially formed within the silicon and polysilicon
regions. In this configuration, the thin gate oxide layer separating the
polysilicon from silicon serves as the insulator in the silicon-oxide-
polysilicon capacitor without interfering with the optical mode. Con-
sequently, by applying a DC voltage across the formed capacitor, the
charge distribution overlapping with the optical mode can be adjus-
ted, which alters the effective index of refraction of the medium and
introduces an optical phase shift. The thin gate oxide layer blocks the
DC current and results in optical phase tuning with zero static power
consumption. Figure 2c illustrates the simulated real and imaginary
parts of the effective refractive index as a function of the applied
voltage across the capacitive phase shifter for the case that waveguide

n+ Si n++ Si
n Si

p++ Poly Thin gate oxide layer

Contacts

a b

c d

1 µm

Fig. 2 | Capacitive optical phase shifter. a Structure of the implemented capaci-
tive optical phase shifter. b Cross-section of the capacitive phase shifter.
c Simulated effective real and imaginary parts of the refractive index as a function

of the applied bias. d the profile of the magnitude of the electric field of the TE
mode in the capacitive phase shifter.
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width is set to 1 μm, showing the tradeoff between the amount of
optical phase shift and propagation loss introduced by the capacitive
phase shifter. Figure 2d shows the optical mode formed within the
silicon-oxide-polysilicon waveguide. Note that this design can be
implemented in devices with both straight and bent waveguides, such
as Mach-Zehnder Interferometers (MZIs) and ring resonators,
respectively.

Cascaded micro-ring Mux/DeMux
The first implemented Mux/DeMux architecture is based on eight
cascaded capacitively tuned adiabatic micro-ring resonators with
minor circumference variations43,44. A three-dimensional schematic of
the implemented capacitively tuned adiabatic ring resonator is illu-
strated in Fig. 3a, where a SISCAP is integrated within the ring section.
The adiabatic structure of the ring enhances the quality factor, thereby
improving the isolation between channels in the Mux/DeMux config-
uration. The top-view layout of the implementedmicro-ring resonator
is shown in Fig. 3b. The device consists of two similar couplers with a
coupling length of 2μm, coupling gap of 0.14μm,bend radius of 5μm,
and a straight section of about 5.7 μm.

In Fig. 3c, the tuning response of the capacitively tuned ring
resonator is shown, where a quality factor of approximately 3.6k at 0 V
and an average tuning slope of 130pm=V for a ring with an FSR of
12.8 nm is achieved. A maximum tuning range of 650 pm (at 5 V) is
achieved, which is limited by the capacitor breakdown voltage. This
tuning range proved to be sufficient for compensating temperature

drifts in our measurements. Furthermore, by careful selection of ring
dimensions, the resonances of the micro-rings were aligned with the
comb lines eliminating the need for local heaters, which results in a
significant reduction in power consumption.

Figure 3d shows the implemented 1:8 DeMux constructed using
eight capacitively tuned adiabatic rings cascaded on the input bus
waveguide, allowing for the separation of the eight carriers at the drop
ports of the rings. A control unit sequentially selects and capacitively
tunes and locks the rings to the corresponding carrier wavelength,
which significantly reduces the chip area and power consumption.

A sensing, actuation, and memory (SAM) unit is placed next to
eachmicro-ring. The block diagramof the SAMunit is shown in Fig. 3e.
During the sequential control of the rings, one SAMunit is selected at a
time by a global decoder which is placed in the selection and digital
interfaceblock. Once a SAMunit is selected, a photodiode (monitoring
5% of the drop port output of the ring) is employed to monitor the
status of the ring. The photocurrent is converted to a voltage (i.e.,
monitor voltage) using a shunt resistor. Depending on the error signal,
defined as the difference between themonitor voltage and the desired
preprogrammed reference voltage, an up/down signal is generated
which is routed to a 5-bit up/down counter. The counter output is
adjusted using a 5-bit digital level shifter and then converted to an
analog voltage (between 0 to 5 V) using a resistive-ladder digital-
to-analog converter (DAC). The DAC output drives the capacitive
phase shifter. Once the ring is locked to the desired wavelength, the
data is latched into the counter, serving as a local memory, which
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Fig. 3 | Capacitively tunedmicro-ring resonatorbasedDeMux. a 3D schematic of
the adiabatic drop micro-ring resonator with capacitive phase shifter. b The layout
of the micro-ring resonator. c Simulated and measured capacitive ring tuning
response. d Block diagram of the implemented 8-channel DeMux based on capa-
citively tuned adiabatic ring resonators. Two consecutive ring resonators are
slightly different in circumference by length of δL such that their corresponding

resonance frequencies are on the comb frequency grid. e Block diagram of the
sensing, actuation, and memory (SAM) unit used for control and tuning of the
micro-rings. f Sequential locking demonstration for the ring based DeMux. g The
outputs spectra of the 8-channel ring-based DeMux after sequential wavelength
alignment.
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maintains the ring at the set point. Subsequently, the central decoder
selects the next ring within the sequence for wavelength locking, and
the process is sequentially repeated.

The first time the SAM unit of each ring is selected, the voltage
across the capacitive section is chirped to find the maximummonitor
voltage (corresponding to the peak of the ring response). This max-
imummonitor voltage is recorded and stored, and the feedback loop is
engaged to keep the monitor voltage locked to the recorded value.
Figure 3f shows themeasured sequential locking process for two rings.
In this case, after both rings are sequentially locked, the central control
unit selects the first ring to check its status and dynamically adjusts the
bias point if necessary. It is important to note that when a ring is
deselected, it is disconnected from the off-chip clock, as a result, the
dynamic power consumption of the corresponding SAM unit drops to
zero. Therefore, at any given time, only one SAM unit is active, sig-
nificantly reducing the overall power consumption of the system. Note

that in this measurement the data acquisition is slowed down to ease
the illustration. Note that this wavelength locking mechanism is also
applicable to a cascaded ring-basedMux system. The only difference is
that for theMux system, themonitor voltage is acquired from a sniffer
photodiodeon thebuswaveguide following each ring. Figure3g shows
the outputs spectra of the 8-channel ring-based DeMux after sequen-
tial wavelength alignment.

Mach-Zehnder tree DeMux/Mux
The block diagram of the secondMux/DeMux architecture is shown in
Fig. 4a, which is implemented based on binary tree formation of
capacitively tuned unbalanced MZIs43. Each MZI consists of a
Y-junction at the input, which evenly splits the incoming light into two
single-mode waveguide arms, with an excess loss of about 0.3 dB45.
Subsequently, both arms are tapered into 100 μm long SISCAP phase
shifters, formed using a multimode waveguide with a width of 1μm.
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b Simulated andmeasured capacitive MZI tuning response. c Block diagram of the
implemented 8-channel DeMux based on capacitively tunedMZIs. d Block diagram

of the MZI control unit (SAM). e Sequential locking demonstration for the MZI-
based DeMux with single-tone tunable laser as the input of the system. f The out-
puts spectra of the 8-channel MZI-based DeMux before and after wavelength
tuning.
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The light is tapered back to single-mode waveguides (with a width of
0.5μm) after the phase shifters. To create a periodic wavelength
response thatmatches the target FSR (set by the combmode spacing),
a delay line is incorporated in the top arm. Finally, the outputs of the
two arms are combined using a 50/50 directional coupler. The simu-
lated and measured response of the capacitive MZI for different vol-
tages applied to the SISCAP is shown in Fig. 4b, where a tuning
efficiency of about 160 pm/V for an MZI with an FSR of 3.2 nm is
achieved. In other words, the capacitively tuned MZI can be tuned by
about 0.25FSR when the voltage across the capacitive section is set to
5 V, which in our experiments was sufficient to compensate for the
process variations and typical temperature fluctuations.

Figure 4c depicts the block diagramof the 8-channel DeMux/Mux
system implemented by cascading three stages of capacitively tuned
unbalancedMZIs in a binary tree formation. By tuning the response of
the MZIs to their corresponding wavelength grid, the even and odd
comb lines are separated at the outputs of each MZI. The delay dif-
ference between the arms of each MZI stage is designed to ensure
effective separation of the 8 input optical carrierswhileminimizing the
insertion loss and crosstalk.

The length difference between the arms of the MZI (setting the
delay imbalance) in the first layer, L1, is set such that its FSR is twice the
comb mode spacing, which results in the separation of even and odd
lines on the two outputs of the first MZI once the MZI is accurately
tuned and aligned with the input comb lines. This process is repeated
for the second and third layers of the MZIs. The length difference
between the arms of the MZIs in the layer i is written as Li = L1=2

i�1.
Note that theMZIs within the layer i are designed to exhibit almost the
same FSRs. The slight FSR difference, realized by creating a small dif-
ference in delay lengths (δLi), is introduced to passively set the phase
difference between the arms of the MZI close to the desired operating
point, thereby reducing the requirements for the tuning/locking range.

Similar to the ring-based system, each MZI is accompanied by a
SAMunit. A central on-chip decoder sequentially selects the SAMunits
to be engaged in a feedback loop. The goal is to dynamically set the
drive voltage of the capacitive phase shifter of the corresponding MZI
such that the output power remains at the desired pre-stored refer-
ence value. In the SAM subsystem shown in Fig. 4d, for eachMZI, 5% of
the MZI output is sampled and detected using a balanced photodiode
(BPD) and the output photocurrent is converted to a voltage (i.e.
monitor voltage) using a shunt resistor. Meanwhile, for the unselected
MZIs, the BPD output is grounded through a shunt transistor switch.
The monitor voltage is then compared with the stored reference vol-
tage using a comparator in the central unit, which sets the UP/DOWN
signal of the counter. The output of the 5-bit counter is adjusted by a
level shifter to a 0-5 V range and then converted to an analog voltage
using an R-2R DAC. The DAC output differentially drives the SISCAP
and tunes the MZI.

As shown in Fig. 4e, during the open-loop calibration phase of the
wavelength tuning and locking of the MZIs, the SAM unit of MZIs are
sequentially selected, the driving voltage of their phase shifter is swept
while the voltage across the resistor at the SAM unit output (which is
proportional to the balanced photodiode photocurrent) is monitored
and the optimummonitored voltage (i.e. the desired operating point)
is recorded. Then, in the closed loop phase, the MZI phase shifter is
locked to the desired operating point. Note that, unlike the ring
resonators, in anMZI with an FSR twice of the combmode spacing, the
highest output power does not necessarily correspond to the optimal
alignment. In fact, in an ideal casewith a perfectlyflatoptical comb and
a lossless MZI with an FSR that is precisely twice the comb mode
spacing, theoptical power at eachoutput of theMZI is consistentlyhalf
of the total power of the comb, irrespective of the phase difference
between theMZI arms. This is discussed in more details in theMethod
section. Figure 4f shows the response of the 1-to-8 MZI-based DeMux
before and after the wavelength alignment process.

While elegant techniques like MZI triplets46, and ring-assisted
MZIs7 have been proposed for locking MZI binary tree structures to a
multi-wavelength source, they typically suffer from high power con-
sumption, large footprint and implementation challenges. Further-
more, methods such as MZI triplets46 typically require a multi-
wavelength source with an equal per carrier power for effective
wavelength locking, which limits their applications since, in practice,
implementation of an optical frequency comb with an equal power
distribution across all lines is challenging.

In this work, a tuning and lockingmechanism is implemented that
aligns the DeMux/Mux system with an optical Kerr frequency comb
with a non-uniform power distribution across the lines. The process
has two phases of peak search (using the pump laser) and comb
acquisition and tracking (where the system is locked to the
comb lines).

During the peak search phase (Fig. 5a), first the comb is deacti-
vated, in which case, the optical input to the MZI-tree DeMux is only
the tunable single tone pump laser. Then, MZIs within the DeMux
system are selected one at a time in the order of input layer to the
output layer. For each selectedMZI, the pumpwavelength is set to the
corresponding target wavelength (matching the wavelength of one of
the comb lines), and the voltage across the capacitive phase shifter of
the selectedMZI is ramped up using the on-chip counter (triggered by
the off-chip micro-controller) until the MZI optical output power is
maximized, for which case the count number for the selected MZI is
recorded. The process is repeated for all MZIs and the resulting count
numbers aligningMZIs with the corresponding target wavelengths are
recorded. Finally, the recorded count numbers from the peak search
are loaded into the counter of eachMZI within its SAM unit, tuning the
peak response of each MZI to its target wavelength.

In the comb acquisition and tracking phase (Fig. 5b), which is
performed right after the peak search phase, the comb is activated and
the peak in the response of each MZI is tuned to the same wavelength
as the end of the peak search phase (based on loaded count values
aligning eachMZI with its target wavelength in the peak search phase).
Then, the monitor voltage corresponding to the output power of each
MZI is stored in a memory unit as the MZI locking reference voltage.
These reference voltage values are exclusive to each MZI and corre-
spond to the combpower in the state of the best alignment. During the
normal operation of the system, MZIs are sequentially selected and, if
needed, eachMZI is tuned in a feedback loop such that the monitored
voltage corresponding to the MZI output power matches its stored
reference value.

In our experiments, the output power of eachMZI wasmonitored
every 2min, and under stable conditions, no MZI alignment with the
comb lines was needed for at least 90min. Note that in case of a comb
power profile change or a large enough temperature variation, the
reference values may need to be updated. In our multiple hour-long
experiments, the reference adjustmentwasonly performed at the start
of the measurement (as a calibration process).

Multi-wavelength multi-port light source
Two multi-port multi-wavelength light sources are formed by use of
the two different DeMux systems placed after the implemented Kerr
comb device. Figure 6a shows the block diagram of the measurement
setup used for characterization of multi-wavelength multi-port light
source implemented byplacing cascadedmicro-ring resonators after a
Kerr frequency comb. The output of a DFB laser emitting at about
1550nm is amplified and serves as the pump signal for comb genera-
tion. After polarization adjustment, the pump is edge-coupled to the
tantala chip, and the generated frequency comb is edge-coupled from
the tantala chip to a single mode fiber, passed through a circulator,
polarization adjusted, and coupled from the fiber to the silicon pho-
tonic chip through agrating coupler. Note that additional combmodes
(besides the target optical carriers) should be filtered before the
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DeMux to avoid introducing interference in the transmitter system.
The coupled light is routed to the DeMux system using nanophotonic
waveguides. Different comb lines are separated at the output of the
DeMux and routed to the 8 outputs of the multi-port light source. A
portion of the light from each output port is coupled out of the chip
using a sniffer coupler, followedby a grating coupler, and ismonitored
by an optical spectrum analyzer (OSA). The capacitively tuned micro-
ring resonators within the DeMux are autonomously aligned with the
wavelength of corresponding comb lines using the on-chip SAM units.
Figure 6b shows the microphotograph of the ring-resonator-based
DeMux chip implemented using GlobalFoundries GF9WG 90nm
CMOS SOI process.

Figure 6c shows the measurement results for the implemented
ring-basedmulti-portmulti-wavelength light source, where comb lines
are successfully separated and a crosstalk of better than 15 dB is
achieved. Depending on the measurement conditions, occasional
periodic tuning control is autonomously initiated (e.g., every hour in
this case) to ensure that alignment is preserved.

Figure 7a shows the block diagram of the measurement setup
used for characterization of the multi-port multi-wavelength light
source implemented by placing an MZI binary tree DeMux after the
implementedKerr frequency comb,where the optical frequency comb
output (generated the same way as in Fig. 6a is polarization adjusted
and coupled into theDeMux chip through the on-chip grating coupler.
The separated comb lines are routed to the output waveguides, cou-
pled out using the sniffer directional couplers, followed by grating
couplers, and monitored on an OSA. Figure 7b shows the micro-
photograph of the MZI-based DeMux chip implemented using Glo-
balFoundries GF9WG 90nm CMOS SOI process. Figure 7c shows the

measurement results for the implemented MZI-based multi-wave-
length multi-port light source, where a crosstalk of better than 11 dB is
achieved.

Note that while the frequency selectivity of the subsequent stages
(e.g. ring modulators) results in higher overall isolation, the channel-
to-channel isolation of the proposed ring and MZI based DeMux sys-
tems could be improved by increasing the quality factor of the rings
(limited partially due to the loss of the capacitive modulators, which
could be improved by adjusting the capacitive modulator structure
and doping levels), increasing the bandwidth of the directional cou-
plers (using directional couplers with broadband bends), and/or
adjusting the ring coupling ratio (at a cost of higher drop-port inser-
tion loss). Furthermore, utilization of more complex devices such as
ring-assisted MZIs could improve the isolation.

Despite having a larger footprint of 0:19 ×0:03mm2 per MZI,
incorporating MZIs in a 3-layer DeMux system results in an insertion
loss of 4.5 dB (1.5 dB per layer) and crosstalk of better than 11 dB
compared to the ring resonator-based DeMux, which has a smaller
footprint of 0:02×0:03 mm2 per ring resonator, and a crosstalkbetter
than 15 dB but introduces a 7 dB insertion loss. In both systems, a zero
static power consumption for capacitive tuning ofmicro-rings orMZIs
for the 8-channel Mux or DeMux is achieved while the control elec-
tronics has a power consumption of under 2.4mW (primarily con-
sumed by the on-chip digital circuitry). Note that no thermoelectric
cooler (TEC) was used for the multiplexer chips.

Summary and Discussion
We have designed and implemented two multi-wavelength multi-port
light sources formed by using a highly efficient Kerr micro comb

MZI 1 MZI 2 MZI 4 MZI 7

Locking

Peak searchPPeeaak sk seeaarrchcchc

Comb input

Single-tone input

MZI 1

a

b

Tuning

Ref. aqcuisitionRef. aqcuissitionRef. aqcuisition

MZI 2 MZI 4 MZI 7

Fig. 5 | Peak search, comb acquisition, and tracking in the MZI-based DeMux.
a In the peak search process (yellow regions), the comb is deactivated and for each
MZI, the tunablepump laser is tuned to thewavelength of the corresponding target
comb line and theMZI phase shifter voltage is rampedupcovering the tuning range
and the count number corresponding to the voltage that aligns the peak in theMZI
response to the corresponding target wavelength is recorded. During the tuning
process (the light green regions), while the comb is inactive, the counter counts to

the recorded count number aligning theMZIwith the targetwavelength. b In comb
acquisition phase (red dots), the comb is activated and the monitor voltage cor-
responding to the output power of each MZI, the locking reference voltage, is
stored in amemory unit. During the tracking process (the light green region), MZIs
are sequentially selected and, if needed, the monitor voltage of each MZI is locked
to the corresponding locking reference voltage using the counter up/down signal
in a feedback loop.
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device (η ~ 53%) implemented on tantala with a 200GHzmode-spacing
followed by two different monolithically integrated DeMux systems
that utilize a scalable capacitive tuning scheme with zero static power
consumption and a small footprint. The two DeMux designs are based
on adiabatic micro-ring resonators and a binary tree MZI structures,
respectively. While micro-rings offer advantages such as smaller
footprint, higher channel-to-channel isolation, and a less complex
wavelength locking process, MZIs are more resilient to fabrication
process variations and thermal fluctuations.

FDTD simulations show that a longer coupling region in capa-
citively tuned micro-ring resonators within the Mux/DeMux struc-
ture reduces the system overall insertion loss to about 2 dB while
maintaining more than 12 dB channel-to-channel isolation. We have
included methods for further reducing the crosstalk in Supplemen-
tary Note 2.

Furthermore, the SISCAP phase shifters within the micro-ring
resonators could bemodified to include the bent regions of themicro-
ring, resulting in a higher capacitive tuning range.

For the case that implementation of a multi-wavelength source
with a larger number of ports is designed, a flatKerr combwith a larger
number of lines followed by a hybrid architecture of MZIs and micro-
ring resonator based DeMux/Mux systems can be utilized (e.g. a 1:32
DeMux formed using a 1:4 MZI based DeMux followed by 4 parallel 8
inline micro-ring ring DeMux structures) enabling massively scalable
WDM communication links while preserving performance. Note that
considering the bandwidth of the ring/MZI (which is about 50GHz in
this work), for a given modulation format, there is a maximum data-
rate for which the proposed demultiplexer could also be used as a
multiplexer after the modulators in the transmitter for an error-free
operation.
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Output
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DFB pump 
Polarization

controller

Comb chip Transmitter chip To modulators

Optical 
spectrum
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Fig. 6 | Characterization of micro-ring based multi-wavelength multi-port
source. a Measurement setup. The optical comb is coupled to the ring-based 1:8
DeMux, and a fraction of each output is coupled off-chip and monitored using an

optical spectrum analyzer. b Microphotograph of ring-resonator-based DeMux
chip. cNormalized spectra of 8 comb lines separated using the ring-based DeMux.
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Methods
Chip fabrication
The DeMux/Mux systems were monolithically integrated using Global
Foundries 9WG CMOS-SOI silicon photonic process. This technology
offers devices with an f T of up to 150GHz47, suitable for both RF
modulation and demodulation on the same chip with the DeMux/Mux
systems and relevant electronics, enabling implementation of mono-
lithic transceivers with a reduced packaging complexity.

Photonic waveguides with approximately 1.7 dB/cm loss at wave-
lengths around 1550 nm, grating couplers with a coupling loss of
approximately 5 dB, and photodiodes with a responsivity of about
0.9 A/W were utilized.

Our air-clad PhCR devices were fabricated in the tantala material
platform. Our fabrication begins with oxidized silicon wafers (3 μm
SiO2 on Si) where the tantala device layer is ion-beam sputtered to the
desired 570 nm thickness. The devices are patterned using electron-
beam lithography (EBL) and etched using inductively-coupled-plasma
(ICP) reactive-ion-etching (RIE) on a 75mm tantala wafer. The wafer is

chemically (EKC265) and O2 plasma cleaned, followed by a long
annealing step in an oxygen-nitrogen mixture atmosphere to improve
the optical loss. Our fabrication process enables wafer-scale fabrica-
tion with high device yield and good consistency.

Capacitive phase shifter efficiency
In capacitive phase shifters, to find the change in the effective refrac-
tive index as a function of applied voltage, the distribution of free
carriers is captured at various bias points using the Lumerical CHARGE
toolbox, and the obtained charge distribution results are imported
into the Lumerical MODE toolbox. In MODE, the eigenmodes of the
waveguide are simulated, and the electro-optical effect is calculated
using the Plasma-Drude model for silicon48.

Capacitive tuning resolution
The capacitive tuning resolution is written as Vbr × TE=2

B, where Vbr

represents the gate oxide breakdown voltage, TE denotes the tuning
slope efficiency (in pm=V), and B represents the number of bits in the
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spectrum analyzer. b Microphotograph of the MZI-based DeMux chip. c Normal-
ized spectraof 8DeMuxoutputs, where at eachoutput, one inevery8thcomb lines
are selected.
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counter. Considering the quality factor of the micro-rings (resulting
in a slope efficiency of about 130pm=V ) and Vbr of 5 V, a 5-bit counter
is chosen, providing a resolution of approximately 2% in optical
power, which is sufficient given the desired performance of the
system.

MZI based Mux/DeMux monitoring
The tuning process of an MZI-based DeMux system is notably more
complex compared to a DeMux employing drop ring resonators. In
a ring-based setup, individual ring resonators are adjusted to max-
imize the output power. However, in anMZI-based system driven by
a multi-frequency comb input, establishing the desired tuning
point for each device cannot be solely deduced from their
output power.

This section elaborates on the MZI tuning challenge through an
analysis of the response of a lossless MZI to a multi-frequency source
with the same per-mode power and a spacing of FSR/2, where FSR
represents the free spectral range of the MZI set by the delay imbal-
ance between the two arms.

For a lossless MZI shown in Fig. 8, with a Y-junction at the input,
phase-shifters on both arms, a delay length of Ld on the top arm, and a
50% coupler at the output, the E-field transfer function can be
expressed as

E1
out

E2
out

 !
=
1
2

e�jðβiLd +
ϕi
2 Þ + je

jϕi
2

�je�j βiLd +
ϕi
2

� �
+ e

jϕi
2

0
@

1
AE in, ð1Þ

where E1
out and E2

out represent the electric fields at two outputs of the
MZI. Here, ±ϕi=2 denotes the phase shift introducedby a phase shifter
for an optical signal with frequency f i. Note that the phase shifters on
the top and bottom arms are driven differentially such that the overall
phase shift of ϕi is achieved between the two arms. Also, Ld and βi

represent the delay imbalance between the two arms and the propa-
gation constant of the optical signal with frequency f i, respectively.
Both βi andϕi are defined for a single tone signalwith a frequency of f i
and can be expressed as

βi =
2π:f i
FSR

:
1
Ld

, ð2Þ

ϕi

2
=
2π:Δn:Lph:f i

c
, ð3Þ

where Δn is the change in refractive index of the waveguide caused by
one phase shifter, and Lph and c represent the length of the phase
shifter and the speed of light, respectively. For the case that the input
optical signal consists of two single-tone waves at frequencies f 0 and
f 0 +

FSR
2 , each with a similar power of Po, the input E-field can be

represented as
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ffiffiffiffiffiffi
P0

p
e j2πf 0t +

ffiffiffiffiffiffi
P0

p
e j2πð f 0 + FSR

2 Þt : ð4Þ

The total E-field at the top output is written as
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whereϕ1 andϕ2 represent the phase shift caused by the phase shifters
for the first and second tones, respectively. Using Eq. 5, we can derive
the total photo-detected output power, which excluding the low
frequency terms can be written as

P1
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Which canbe expressed as a function of the phase shiftmismatch,
(ϕ2 � ϕ1), as

P1
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If each phase shifter can induce amaximumphase shift of ϕi

�� ��<π,
which is a reasonable assumption for practical cases, the maximum
absolute change in the index of refraction can be determined using
Eq. 3 as

max
ϕ<π

Δnj j= c
4f 0Lph

: ð8Þ

Using Eq. 8 and Eq. 3 the maximum phase shift mismatch can be
approximated as

max
ϕ2 � ϕ1
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Given FSR
f 0

is in the order of 10-3, the phase shift mismatch,
(ϕ2 � ϕ1), is small enough that the second term in Eq. 7 can be
neglected, which indicates that the output power of the top arm
remains unchanged regardless of the values of f0 and Δn, that is

P1
out ffi P0 for all values of f 0 andΔn: ð10Þ

Given the symmetry in the transfermatrix of theMZI, this analysis
has a similar outcome for the second output of the MZI (P2

out).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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