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We report an 8-channel wavelength-mode optical pulse interleaver on a silicon photonic chip. Wavelength- and
mode-division multiplexing techniques are combined to increase the repetition rate of the pulses without adding
the complexity of a single dimension. The interleaver uses a cascaded Mach—Zehnder interferometer architecture
as a wavelength-division (de)multiplexer, an asymmetric directional coupler as a mode (de)multiplexer, and
various lengths of silicon waveguides as delay lines. A pulse sequence with a time interval of 125 ps is imple-
mented with the repetition rate being eight times that of the initial one. The demonstrated wavelength-mode
multiplexing approach opens a new route for the generation of high-speed optical pulses.
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Techniques for generation, control, and processing of op-
tical pulses are becoming increasingly important in many
scientific fields, including photonic signal processing?,
ultrafast sampling®, arbitrary waveform generation?, and
frequency metrology?. Ultrafast sampling based on high-
speed optical pulses is demanded in optical analog-to-
digital conversion (OADC) systems, as its jitter is several
orders of magnitude lower than that of an electronic
analog-to-digital converter?. The sampling rate of OADC
systems is determined by the optical pulse repetition rate.
Pulse sequences can also be used for arbitrary waveform
generation (AWG)Y by an independent manipulation
of the amplitude and phase of individual lines. High-
repetition-rate AWG can find rich applications in high-
speed coherent communications?, quantum opticst, and
medical imaging and instrumentation systems.

These examples illustrate that there is a high demand
for a pulse sequence with a high repetition rate. It is quite
challenging to directly generate a high-repetition-rate
pulse sequence. Instead, optical multiplexing methods
can be used to interleave optical pulses, therefore raising
the pulse repetition rate from a low one. Optical time-
division multiplexing (TDM) is one of the multiplexing
techniques commonly used in optical communications®.
The bit rate of the serialized data stream is the product of
the bit rate of a single channel and the number of parallel
channels. TDM interleaves the pulses from parallel chan-
nels by adjusting their relative time delay using optical
delay lines, as shown in Fig. 1(a). In addition to the par-
allel configuration, the serial TDM structure can also be
used to interleave the optical pulses’?. In each stage, the
input pulse is split into two and enters two branches with
different lengths. The time-division pulse interleavers
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can be made of optical fiber components or planar
waveguide devices with more compact footprints™.
However, there is a significant intrinsic loss in the time-
division interleavers during optical pulse combination,
limiting the number of time channels that can be used.

Another common approach is to use wavelength-division
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Fig. 1. Schematic structures of (a) the TDM interleavers in par-
allel and serial configurations, (b) the WDM interleaver, and
(c) the MDM interleaver.
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multiplexing (WDM)%X. The spectrum of the input pulse
sequence is divided into several sub-bands by a wave-
length demultiplexer. The separate wavelength channels
experience deferential delays before they are combined
into one by a wavelength multiplexer, as shown in
Fig. 1(b). In this way, the pulse repetition rate is increased
without suffering pulse combination loss as in time-
division interleavers. The increment factor for pulse rep-
etition rate is limited by the number of WDM channels
that the input pulse spectrum can accommodate. The
pulse repetition rate can be further increased by combin-
ing time-division and wavelength-division interleavers?.

Mode-division multiplexing (MDM) has been inten-
sively studied in recent years to improve the spectral effi-
ciency and data rate of optical links®>2). For example, a
monolithically integrated MDM photonic integrated cir-
cuit has been demonstrated in which each mode channel
can provide a line rate of 100 Gb/sZ). The waveguide
mode is essentially another orthogonal dimension that
is independent of time and wavelength dimensions. There-
fore, it is natural to think of making use of MDM as a new
freedom to increase the pulse repetition rate. Like wave-
length-division interleavers, there is also no intrinsic loss
in the mode-division interleavers, as shown in Fig. 1(c).

In this work, we propose and experimentally imple-
ment a wavelength-mode pulse interleaver to generate a
high-repetition-rate optical pulse sequence. Four wave-
length and two mode channels are used, leading to an
8-fold increased pulse repetition rate. As far as we know,
this is the first time that MDM has been used in pulse
interleaving. Compared to the single wavelength-division
or mode-division interleaver, the combined interleaver re-
laxes the channel requirement and therefore it is easier to
(de)multiplex channels with low cross talk.

Figure 2(a) shows the schematic structure of the
wavelength-mode pulse interleaved photonic signal
processing system. The wavelength demultiplexer first di-
vides the spectrum of the input pulse into four sections,

each section forming a pulse with a different carrier wave-
length. The demultiplexed pulses pass through four paral-
lel waveguide delay lines with an incremental delay of 2A¢.
These delayed pulses are combined into a single path at
the output using a wavelength multiplexer. Therefore, a
pulse sequence with a time interval of 2At is produced.
The pulse sequence is then divided into two branches
by an optical 1 x 2 splitter. The delay difference between
the two paths is At. It couples to distinct optical modes in
a multimode waveguide, forming mode multiplexing. At
this stage, a pulse sequence containing 8 pulses with a de-
lay interval At is obtained. The repetition rate of the pulse
sequence is increased by 8 times compared to the original
input pulse. Various functions such as modulation, sam-
pling, and switching can be performed on these high-
repetition-rate pulses. The pulse sequence is divided into
8 output channels through mode and wavelength demul-
tiplexing for parallel processing at a lower speed equal to
the input pulse. It should be noted that in principle
there is no optical loss during wavelength and mode
interleaving.

Figure 2(b) shows the structure of the wavelength de-
multiplexer consisting of three cascaded asymmetric
MZIs. The titanium nitride microheater is integrated on
the two arms of the MZI for low loss thermal phase tuning.
The MZI of the first stage has an arm length difference of
2AL and the MZIs of the second stage have a half-length
difference of AL. The length difference AL is designed to
be 46.7 pm, corresponding to a wavelength interval of
3.3 nm between adjacent channels. The wavelength multi-
plexer is the same as the demultiplexer in structure
except for the reverse optical transmission.

Figure 2(c) shows the structure of the mode converter
and multiplexer. The TE; modes from two single-mode in-
put waveguides are coupled to the TE; and TE; modes
of an adiabatically tapered bus waveguide, respectively.
These high-order modes then propagate in the bus wave-
guide. For the two directional couplers, the widths of the
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Fig. 2. (a) Schematic structure of a wavelength-mode interleaved photonic signal processing system. (b) The structure of the wave-
length demultiplexer based on two-stage cascaded Mach-Zehnder interferometers. (c) The structure of the mode converter and

multiplexer.
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waveguides are carefully designed to ensure that the
effective refractive index of the TE; mode of the input
waveguide is equal to that of the TE;/TE3; mode in the
bus waveguide.

Figure 3(a) shows a microscope image of the fabricated
chip. The minimum line width of our manufacturing
process is 0.18 pm. The input, output, and test ports
are connected to grating couplers with a pitch of 127 pm
for coupling to a fiber array. TiN-based micro-heaters
are connected to the electrical pads positioned along the
edge of the chip. The chip was fabricated on a silicon-on-
insulator wafer with a top silicon layer thickness of 220 nm
and a buried oxide layer thickness of 2 pm using a com-
plementary metal-oxide-semiconductor (CMOS) compat-
ible fabrication process. The chip size is 8 mm x 4.8 mm.
A commercial fiber array was coupled and attached to the
chip by using an index-matched UV adhesive. All electri-
cal pads were wire bonded to a printed circuit board so
that voltages could be applied to the chip. Figure 3(b)
shows the home-packaged chip.

We first measured the transmission spectra of the
wavelength demultiplexer, as shown in Fig. 4(a). The
channel spacing is 3.3 nm and the channel bandwidth is
2.33 nm. Micro-heaters have been used to tune the phase
shifters in the MZIs to adjust the WDM wavelengths.
Figure 4(b) shows the transmission spectrum of the
wavelength-division interleaver. The center wavelengths
of the four channels are 4, = 1555.1 nm, 1y = 1558.4 nm,
A3 = 1561.7nm, and 1, = 1565 nm. The insertion losses
are 6.38 dB, 7.05 dB, 5.05 dB, and 7.52 dB, respectively.
The variation in the insertion loss is mostly caused by the
length difference in the waveguide delay lines. The average

Fig. 3. (a) Optical microscope image of the fabricated chip. (b) A
photo of the packaged chip with fiber array coupling and
electrical wire-bonding to a PCB.

—~
o
=

& 0 O () © P

Transmission (dB)
Transmission (dB)
N
o

A
-30 P

- 1 —

y r -40 T >
1550 1555 1560 1565 1570 1550 1555 1560 1565 1570
Wavelength (nm) Wavelength (nm)

—
o
N2

= — A3
= —M
< 4.15 ps 1.22 ps -0.73 ps  -4.64 ps
o T >
3
o
& 05
@
L
= -
o g g = t’
2At=250 ps
Pt v, S, A
0.0 -PORBETSNP YT OINGROBET Piop g auP ey
0 500 1000 1500

Time (ps)

Fig. 4. (a) The transmission spectra of the 1 x 4 wavelength de-
multiplexer. (b) The transmission spectrum of the wavelength-
division interleaver. (c) (left) The optical pulse waveforms at
the end of the wavelength-division interleaver. (right) The delay
error of the optical pulses. The red color indicates the measured
pulses and the green color indicates the ideal pulses with a time
interval of 250 ps.

waveguide propagation loss is approximately 3.3 dB/ns.
The propagation loss of waveguide delay lines is always
lower than that of other delay line structures, such as pho-
tonic crystal waveguides? and ring resonators2. It is well
known that the silicon waveguide loss mainly comes from
the waveguide sidewall roughness induced scattering loss.
We recently proposed and demonstrated 60 nm thick
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Fig. 5. (a) The transmission spectra from output ports Oy 1, O o,
043, and Oy 4 through TE; mode transmission in the multimode
waveguide. (b) The transmission spectra from output ports Oy,
039, Og3, and O, 4 through TE; mode transmission in the multi-
mode waveguide. (c) (left) The optical pulse waveforms at the end
of the wavelength-mode-division interleaver. Dotted curves: the
optical pulse through the TE; mode; solid curves: the optical pulse
through the TE; mode. (right) The delay error of the optical
pulses. The red color indicates the measured pulses and the green
color indicates the ideal pulses with a time interval of 125 ps.
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Table 1. Performance Comparison of Several Typical Integrated Pulse Interleavers

Multiplexing Integration Account of

methods platform channels Delay step (ps) Delay error (%) Intrinsic loss* (dB)
Parallel- TDMY Silicon 8 25 - 9
Serial-TDM Silica 24 100 - 12
Serial-TDM & InP 22 3.1 - 6

Serial- TDM 2 Silicon 27 10 - 3
WDME Silicon 4 253.8 0.35 0
WDM+MDM Our work 8 125 3.2 0

*Intrinsic loss refers to the unavoidable loss incurred during pulse combination.

silicon waveguides that are less sensitive to sidewall rough-
ness. The propagation loss can be reduced by around 5
times compared with the regular 220 nm thick silicon strip
waveguides fabricated with the same technique2!.

We next measured the temporal waveforms of the op-
tical pulses to obtain the delay. A wavelength-tunable CW
laser was first modulated by an electro-optic modulator
driven by an electrical pulse from a pulse pattern gener-
ator to produce the optical pulses. The optical pulses were
amplified by an erbium-doped fiber amplifier (EDFA) be-
fore they entered the wavelength-division interleaver. By
tuning the wavelength of the laser light to 4;, 4y, 43,
and Ay, the pulses experience different delays, as shown
in Fig. 4(c). It indicates that the pulse at wavelength 13
experiences the minimum delay while the pulse at
wavelength 1, has the maximum delay, consistent with
the channel loss measurement. The delay errors between
the measured pulses and the ideal pulses are 4.15 ps
(1.66%), 1.22 ps (0.49%), —0.73ps(—0.29%), and
—4.64ps (—1.86%). The root mean squared delay error
is 3.19 ps (1.28%). The delay error is generated due to
variations in the waveguide dimensions, which is on the
same level as the other reports?. It can be reduced by
using advanced manufacturing tools with a better wave-
guide patterning accuracy.

After the wavelength-division interleaver, the repetition
rate is increased by 4 times. The optical pulses then go
through the subsequent two-channel mode-division inter-
leaver. After processing, the pulse sequence is finally de-
multiplexed into 8 output channels at a lower speed.
The TE; mode in the multimode waveguide is converted
to the fundamental mode by the mode demultiplexer and
the four wavelength channels are then demultiplexed to
output ports Oy 1, Oy 9, Oy 3, and Oy 4. Similarly, the TE;
mode in the multimode waveguide is converted to the fun-
damental mode and output from ports Oy, Og 4, Oy 3, and
O,4. Figures 5(a) and 5(b) show the measured transmis-
sion spectra of the entire wavelength-mode-division inter-
leaver. The interchannel cross talk is approximately
—16dB at the channel center wavelength. Figure 5(c)
shows the optical pulse waveforms at the end of the
wavelength-mode-division interleaver with a measured
delay interval of around 125 ps. The calculated delay

errors of the optical pulses between the measured pulses
and the ideal pulses are 7.35 ps (5.88%), 5.62 ps
(4.50%), 3.29 ps (2.63%), 0.01 ps (0.01%), 0.58 ps
(0.46%), —3.13ps(—2.50%), —5.42ps(—4.34%), and
—8.30 ps (—6.64%). The corresponding root mean squared
timing error is 4.05 ps (3.24%).

Table 1 compares our device with various state-of-
the-art integrated pulse interleavers. They are based on
the TDM multiplexing method2222 or the WDM
method?. Our wavelength-mode pulse interleaver has
no inherent loss and uses MDM as a new degree of
freedom to relax the requirement on WDM devices.

In conclusion, we have proposed and implemented a
pulse interleaver on the silicon photonics platform. The
interleaver combines wavelength and mode multiplexing
technologies to get an increased pulse repetition rate. A
pulse sequence with a time interval of 125 ps is produced
with a delay error of 3.2%. These high-repetition-rate
pulses can find many applications, such as high-speed
optical communication, ultrafast sampling for OADC,
and arbitrary waveform generation. Our chip incorporates
dozens of electrical and optical components, including
MZI switches, asymmetric directional couplers, micro-
heaters, grating couplers, etc. They are monolithically
integrated in one silicon photonic chip using CMOS-
compatible processes. The silicon photonics integration
makes it possible to enable potential low-cost and massive
production. In addition, MDM is first used for integrated
pulse interleavers, providing additional freedom to
manipulate optical pulses.
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