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Automated tuning of a ring-assisted MZIl-based
interleaver for Kerr frequency combs
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We demonstrate a compact ring-assisted Mach-Zehnder
interferometer (RAMZI)-based silicon photonic interleaver
with a 400 GHz free spectral range (FSR), featuring flat pass-
bands exceeding a spectral range of 50 nm. Additionally, we
introduce a novel, to the best of our knowledge, add-on struc-
ture and tuning method enabling automated compensation
for fabrication imperfections, precise shaping of the RAMZI
flat-top passbands, and alignment with Kerr comb lines.
Experimental results have shown successful interleaving of
eight channels of distributed-feedback (DFB) lasers as well
as a 200 GHz Kerr comb, both achieving an extinction ratio
of approximately 20dB. © 2025 Optica Publishing Group. All
rights, including for text and data mining (TDM), Artificial Intelligence
(Al) training, and similar technologies, are reserved.
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With the rapid growth of Al technology and the escalating
demand for computing resources, there is an increasing need for
faster and more cost-effective optical interconnects. The synergy
between silicon photonics (SiPh) and dense wavelength-division
multiplexing (DWDM) technology has paved the way for link
architectures to achieve ultrahigh bandwidth densities and ultra-
low energy consumption per bit. It has proven to be a viable
solution to alleviate system-wide bandwidth bottlenecks [1,2].
Microresonator-based Kerr frequency combs provide a pathway
to energy-efficient DWDM architectures [3,4]. In such comb-
driven DWDM systems, interleavers are key building blocks
that help multiplex and demultiplex adjacent wavelength chan-
nels. They become particularly crucial in multi-FSR systems [5]
by effectively doubling the channel spacing, thus significantly
reducing the inter-channel cross talk and enhancing the band-
width utilization. The simplest realization of an interleaver is an
unbalanced Mach—Zehnder interferometer (MZI). While MZI-
based interleavers are compact and straightforward to design, the
sinusoidal response is far from the ideal square-wave response,
which results in a high sensitivity to perturbations and also a
limited channel capacity due to fundamental dispersion. For
this reason, several solutions have been proposed to achieve
a flat-top response, e.g., ring-assisted Mach—Zehnder inter-
ferometers (RAMZIs) and MZI lattice filters. RAMZI-based
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interleavers incorporate ring resonators on MZI arms to achieve
flat-top passbands [6—8]. This feature enhances its resilience
to both perturbations and the FSR mismatch w.r.t. the DWDM
source while maintaining a compact footprint. However, the
flat-top response comes with the complexity of additional
rings and phase shifters, requiring a more intricate control
scheme. The automated control for MZI-based interleavers
and MZI lattice-based interleavers has been proposed and
demonstrated in [9], but there lacks an effective method
for controlling RAMZI-based interleavers to the best of our
knowledge.

In our prior work [10,11], we proposed a RAMZI auto-tuning
structure and validated its efficacy to align the RAMZI inter-
leaver with an eight-channel DFB laser array. In this Letter,
we present the first demonstration of an interleaved Kerr comb
achieved by a RAMZI interleaver with automated control. This
innovative solution is designed to automatically compensate for
phase errors between the ring and the MZI delay arm and offer
robust alignment with the frequency comb source while still
maintaining a compact overall structure.

The schematic of a single-ring RAMZI is shown in Fig. 1(a).
Besides two 3 dB couplers and asymmetric arms with AL length
difference, RAMZI consists of an additional ring resonator with
a circumference of L, on the shorter arm. Leveraging the rapid
phase change across the resonance of the ring resonator [12],
RAMTZI can exhibit a steep roll-off and flat-top response. To
understand the formation of the flat-top response, the steady-
state response of the ring resonator can be broken down into
multiple independent paths with integer times of the ring cir-
cumference, as explained in [13]. The critical RAMZI length
relation between AL and L, is found to be BL, = 2BAL + 7,
where 8 = 2nn,; /A, is the phase constant. Denoting the phase
term as @ = BL,/2, the transmission of a single-ring RAMZI
can be obtained in Fourier series as follows:

1 1 =
T = 3+3 75in® + ; " sin(2n — 1)® |, 1)

where « and 7 are the cross- and self-coupling coeflicients of the
ring resonator, respectively. The ring coupling coefficients can
be optimized by comparing the Fourier coefficients between
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Fig. 1. (a) Fabricated 400 GHz MMI coupler-based RAMZI
interleaver. (b) Measured 400 GHz RAMZI interleaver spectrum,
including a zoomed-in view of passbands. The red and blue curves
represent each of the two interleaver output ports.
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Fig. 2. (a) Schematic of the general single-ring RAMZI inter-
leaver. (b) Fabricated “bow-tie” MMI coupler with 15:85 splitting
ratio. (¢) FDTD simulation results of the MMI coupler. The red
and blue curves represent cross- and self-power coupling ratios,
respectively.

RAMZI transmission and the square wave. In this way, the
optimal « is found to be around 0.92, corresponding to an 85%
power splitting ratio.

Compared with directional couplers, multi-mode interferom-
eter (MMI) couplers exhibit a broader operational bandwidth,
which is particularly beneficial in applications with Kerr combs,
as the comb source can generate a great number of comb lines
spanning more than a hundred nanometers. However, MMI cou-
plers are usually unavailable with special power splitting ratios
other than 50:50. In order to achieve a broadband performance
while reaching the target power splitting ratio, we designed a
compact low-loss MMI coupler with a “bow-tie” shape, mean-
ing the MMI coupler width linearly changes from sides to the
center, as shown in Fig. 2(b). We chose the original MMI width
as 2 um, and the center width was optimized to be 2.02 um. The
footprint of the MMI coupler is 2.02 um X 19.2 um including
the taper waveguides. The FDTD simulation results are shown
in Fig. 2(c), and the simulated excess loss is 0.05 dB.

The fabricated RAMZI with a 400 GHz FSR, designed for de-
interleaving a 200 GHz-spacing DWDM source, is illustrated in
Fig. 1(a). Two thermal phase shifters are placed on the longer
MZI arm and inside the ring, respectively, with a high thermal
tuning efficiency of 20 mW/r. To analyze the RAMZI transmis-
sion spectrum, a tunable laser (Keysight N7778C) sends light
across 1516-1564 nm with a 10 pm resolution into the photonic
integrated circuit (PIC), and the transmission is measured by
an optical power meter (Keysight N7742C), which is plotted in
Fig. 1(b). The transmission spectrum exhibits a flat-top response
after applying 1V to the phase shifter on the MZI arm, with an
extinction ratio of 20 dB over 50 nm bandwidth for both ports.
Note that the unevenness in the envelope of the spectrum is
primarily introduced by the grating coupler rather than by the
RAMZI. The zoomed-in view of RAMZI passbands is shown in
Fig. 1(b). Around 1540 nm, the passband shows <0.2dB fluc-
tuation over a 1.2nm bandwidth, while at around 1559 nm, it
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Fig. 3. Schematic of the RAMZI interleaver directly connecting
a PD for power monitoring. Assuming equal comb line powers and
equal PD responsivity, the PD will generate a constant current in all
three cases.

exhibits <0.5dB fluctuation over the same bandwidth. This
degradation is attributed in part to the grating coupler and in
part to the variations in the power splitting ratio of the MMI
coupler at higher wavelengths, as illustrated in Fig. 2(c).

To ensure automatic compensation of phase errors and auto-
matic alignment of the interleaver passbands to the DWDM
channels, a photodetector is necessary for generating a feedback
signal, as seen in various auto-tuning architectures [14—16].
However, directly tapping MZI output ports for photocurrent
monitoring cannot generate enough feedback, as analyzed in [9].
Assuming the DWDM source has the same power among all the
wavelength channels, either MZI port will always output a con-
stant optical power, rendering it unusable for auto-tuning. This
issue remains for RAMZI structures, as shown in Fig. 3. Each
RAMZI port always passes through half of the total DWDM
source power, no matter if the RAMZI is tuned well for flat-top
transmission or aligned well with the DWDM source.

We have devised an auto-tuning structure for our RAMZI
interleaver, as depicted in Fig. 4(a). The RAMZI (red box) func-
tions as the link (de)interleaver, with a power tap integrated
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Fig. 4. (a) Schematic of the proposed auto-tuning structure:
adding an MZI with the same FSR as the control support struc-
ture (blue box) to the RAMZI interleaver (red box), followed by a
PD as the monitor. (b) Fabricated RAMZI interleaver with the auto-
tuning structure. (c) Simulation results of the optimized spectra by
maximizing/minimizing PD current.

into its output to divert a small portion of optical power for
auto-control feedback, while most power continues to subse-
quent devices. The supporting control structure (blue box) is
composed of an MZI with an identical FSR to that of the RAMZI,
followed by a photodetector. With this additional MZI, the output
photocurrent is no longer constant. Specifically, the current will
reach its maximum when the passbands of both the RAMZI and
MZI are aligned with the DWDM signals, and will be minimized
when their passbands offset with one another by a single chan-
nel spacing, as illustrated in Fig. 4(b). Therefore, the RAMZI
transmission spectrum can be optimized for both flat-top shape
and channel alignment by either maximizing or minimizing the
photocurrent.

The fabricated RAMZI auto-tuning structure is shown in
Fig. 4(c), which involves three heaters: one in the supporting
MZI (Heater 1), one in the MZI arm of the RAMZI (Heater
2), and the last in the ring of the RAMZI (Heater 3). The opti-
mization procedure is carried out in the following sequential
steps:

1. repeat adjusting Heater i until max/min PD reading;

2. repeat adjusting Heater 2 and Heater 3 with equal voltage
increments until max/min PD reading;

3. repeat adjusting Heater 2 and Heater 3 with opposite voltage
increments until max/min PD reading;

4. repeat steps 1 to 3 until no improvement in PD reading;
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Algorithm 1. Single heater tuning procedure

Input: Voltage of Heater i - V;
Feedback: Photocurrent - I, Best photocurrent value — Iopt

Vi« Vy >Set initial voltages and read current
Lopt < Ip
fori=1:3do > Optimize three heaters one by one
Vi Vi+AV; > Try increasing heater voltage first
if I > Iops then
Igpf «— 1
repeat > Keep going if current increases
Vi Vi+AV;
Iopt — 1
until I <= Iyt > Stop with maximized current
else
Vi V= AV; > Reduce heater voltage
if I > Iop then
Iopt «— 1
repeat > Keep going if current increases
Vi < Vi — AV,
Iopt — 1

until I <= Iyt > Stop with maximized current

where the adjustment to heater power at each step is performed
in a binary search manner as described in [9]. As an example, the
single heater tuning process for maximizing photocurrent, i.e.,
step 1, is shown in Algorithm 1. Steps 2 and 3 are similar to step 1
except that two heaters need to be adjusted simultaneously. Note
that adjustments to voltage increments may be needed, as larger
voltage increments help to avoid local optima, while smaller
voltage increments help to fine-tune to the global optimum.
The experimental setup for validating the interleaver auto-
tuning is depicted in Fig. 5(a). The setup consists of eight DFB
lasers with a 200 GHz channel spacing. The DWDM channels
are directed into the interleaver chip combined with a broadband
light source. The output light from the interleaver is sent to a
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Fig. 5. (a) Experimental setup of the RAMZI interleaver auto-
tuning test. (b) PD current heatmap and optimization paths plotted
for a Heater 1 voltage of 0.8 V, which is also the optimal Heater 1
voltage found. (c) RAMZI interleaver spectra with DWDM source
before and after the auto-tuning.
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Fig. 6. (a) Spectrum of the 200 GHz Kerr comb. (b) Spectra of
the interleaved Kerr comb from two output ports of the RAMZI
interleaver. The interleaver spectra are demonstrated by combining
a broadband light source with the Kerr comb.

Yokogawa optical spectrum analyzer (OSA), realizing real-time
spectrum inspection during the optimization process. Note that
the broadband source and the OSA serve only for visualization
purposes and are not essential to the auto-tuning process. The
power of the broadband source is controlled to be much less than
the DWDM source to ensure that it does not impact the auto-
tuning process. For interleaver thermal control, a DC probe is
landed on the six pads, linking the interleaver structure to the
power supplies. A Keysight multichannel power supply delivers
voltages for the three heaters, acting as the optimization inputs,
while a Keithley high-precision power supply provides bias volt-
age to the photodetector, reading the output photocurrent as the
optimization output. Figure 5(c) shows the PD current heatmap
along with the optimization paths. Dots of various colors rep-
resent the attempted initial voltages and stars represent the final
voltages after the auto-tuning process, all of which converge to
the optimal point with minor differences caused by the precision
of the measuring equipment. Figure 5(b) displays the initial and
final interleaver spectra corresponding to the highlighted yel-
low path in Fig. 5(c), demonstrating the optimized interleaver
extinction ratio over 20dB and the precise alignment of the
passbands with the DWDM source. The time required for the
auto-tuning process varies with the initial phase errors of each
component. In our experiment, we vary the initial conditions and
observe that the tuning converges within an average of 200 steps.
This process is expected to be completed within 4 ms assuming
an application-specific integrated circuit (ASIC) controlling the
PIC. This estimate assumes that the time for each tuning step is
dominated by the heater time constant of 20 ps.

Finally, we demonstrate the interleaving of a normal-group
velocity dispersion (GVD) Kerr comb with a 200 GHz channel
spacing, the spectrum of which is shown in Fig. 6(a). We sent
the comb source into the 400 GHz RAMZI auto-tuning structure
combined with the broadband source as before, and the inter-
leaved comb spectra are shown in Fig. 6(b). Due to the bandwidth
limitation of the grating couplers, the demonstrated interleaved
comb spectra only covers 1545-1570 nm, but it shows that the
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RAMZlI interleaver was well tuned, exhibiting a flat-top response
and an extinction ratio of around 20 dB, confirming the effec-
tiveness and robustness of this auto-tuning structure and control
scheme. For the RAMZI design, we think the splitting ratio of
the fabricated MMI deviates slightly from the target as this is the
first design iteration. The performance of the RAMZI in terms
of extinction ratio and passband flatness is expected to improve
with further refinement of the coupler design.

In summary, we presented a novel RAMZI auto-tuning struc-
ture and control scheme. The proposed auto-tuning structure
effectively compensates for phase errors and optimizes pass-
band alignment with DWDM channels, promoting operational
efficiency and performance enhancement. This development can
drive the ongoing evolution of DWDM link architectures in
high-performance computing systems and data centers, foster-
ing the realization of more efficient and scalable communication
infrastructures.
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