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Abstract

The emergence of dynamic optical switching has opened up new perspectives for
lightening the ever growing load on the electrical switches and routers, to meet the
increasing demand on high-speed and flexible data processing and management

in fiber-optic communications. Despite diversity schemes of optical switching in

the single-mode regime, multi-mode switching of the hybrid fiber and chip system
enabled by photonic integrated circuits, especially for the fiber-chip-fiber system, is still
an outstanding challenge. Here, we propose and demonstrate the mode and polariza-
tion transmission and switching fiber-chip-fiber system with few-mode fibers (FMFs),
including the FMF links for mode- and polarization-division multiplexing data transmis-
sion, the femtosecond (fs)-laser inscribed 3-dimensional (3D) photonic lantern silica
chip for (de)multiplexing and coupling between FMFs and chip, and the topology-
optimized N x N non-blocking 2-dimensional (2D) silicon switch array chip for switch-
ing and routing. Using 30-Gbaud quadrature phase-shift keying signals on wavelength-
division multiplexing (WDM) channels, the WDM-compatible hybrid mode/polarization
transmission, switching and routing system with FMFs, fs-laser inscribed silica (de)
multiplexing chip and silicon switch array chip are demonstrated in the experiment
with favorable operation performance. The demonstration may open the door for
developing robust multi-dimensional optical data processing in fiber-optic communi-
cation systems with versatile fibers and chips.

Keywords: Fiber-optic communications, Optical switching, Few-mode fiber,
Femtosecond (fs) laser direct writing, Silicon photonics, Photonic integrated circuits

Introduction

Dynamic optical switching is of great significance to reduce the power consump-
tion in high-capacity fiber-optic communication and data center networks [1, 2]. As
the pivotal device, multi-port optical switch with low cost has attracted extensive
attention, which has been applied in long-distance fiber-optic communications and
photonic integrated on-chip networks [3, 4]. It is worth mentioning that the N x N
non-blocking optical switch consisting of a certain number of 2 x 2 element switches
and crossings has emerged as a powerful technique for a flexible and energy-saving
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switching network [5-9]. Besides, a lot of integrated on-chip switching structures
based on silicon-on-insulator (SOI) [10-12], InP [13, 14], and waveguide-based
microelectromechanical system platforms [15] have been demonstrated, showing that
high-density photonic integration is a promising approach. Among these, benefiting
from the free carrier plasma dispersion, silicon electro-optical switches with com-
plementary metal-oxide semiconductor (CMOS) compatibility have shown distinct
advantages of compactness and fast switching time, becoming a promising technol-
ogy for prospective high-speed optical switching networks [16, 17].

Meanwhile, in order to meet the demand for ever-increasing data traffic [18],
numerous technique breakthroughs, such as wavelength-division multiplexing
(WDM), polarization-division multiplexing (PDM), erbium-doped fiber amplifier
(EDFA), high-order modulation formats, and coherent detection, have been applied
in optical communications for gaining higher capacity. However, the data transmis-
sion capability of single-mode fiber (SMF) is rapidly approaching its nonlinear Shan-
non limit [18-21]. Since the spatial degree of freedom of lightwaves can be also
considered as an independent physical dimension to enable efficient capacity scaling
for fiber-optic communications [22—26]. Space-division multiplexing (SDM) in opti-
cal fibers, including SDM in multi-core fiber (MCF) and mode-division multiplexing
(MDM) in few-mode fiber (FMF) has been proposed to address the coming “capacity
crunch” In addition, the concept of SDM and MDM can also be extended to multi-
mode waveguides for high-capacity on-chip optical interconnects [27-34]. Remark-
ably, modern optical communication technologies generally use fibers for optical data
transmission, and photonic integrated chips for optical data processing. Hence, the
hybrid applications of transmission and processing systems incorporating fibers and
chips are inevitable trends of prospective optical communications. Traditionally, free-
space discrete optical elements are employed for mode (de)multiplexing, which are
complicated, cumbersome and unstable. Very recently, all-fiber mode-selective cou-
plers, vertical grating couplers and photonic lanterns have been proposed for mode
(de)multiplexing with impressive performance [35—38]. However, few research efforts
have been paid to combine these FMFs, compact mode (de)multiplexers and silicon
chips together to build an entire fiber-chip-fiber communication system with both
optical data transmission and processing in the multi-mode regime. In this scenario, a
laudable goal would be to develop an FMF-chip-FMF system.

In this paper, we propose and demonstrate an FMF-chip-FMF optical transmission
and switching system with fs-laser inscribed (de)multiplexer and silicon switch array,
enabling various functions of transmission, (de)multiplexing, switching and routing
for hybrid mode/polarization multiplexing signals. Here, the hybrid mode/polarization
switching from FMF to chip is achieved with the assist of fs-laser inscribed 3D silica chip
acting as the mode/polarization (de)multiplexer. The 2D silicon chip makes use of the
N x N non-blocking switch to perform the switching and routing functions. The topol-
ogy-optimized N x N non-blocking switch with fewer 2 x 2 element switches and cross-
ings, unlike the case in conventional non-blocking switch, facilitates dynamic switching
of optical signals with low loss and low crosstalk. Furthermore, using 30-Gbaud quad-
rature phase-shift keying (QPSK) signals on multiple WDM channels, the demon-
strated WDM-compatible hybrid mode/polarization FMF-chip-FMF transmission and
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switching system shows favorable performance. The observed optical signal-to-noise
ratio (OSNR) penalties are less than 4.5 dB at a bit-error rate (BER) of 3.8 x 1073,

Concept and devices

Concept

The concept and principle of the FMF-chip-FMF mode/polarization switching system
are illustrated in Fig. 1, which contains three basic functions, i.e. mode/polarization
demultiplexing, multi-port switching/routing, and mode/polarization multiplexing. The
EMEF transmission link is compatible with MDM and PDM, supporting N linear polari-
zation (LP) modes and two polarizations. Firstly, the 2 x N mode/polarizations are con-
verted into two orthogonal LP,, modes at N output ports by the mode demultiplexer.
After that, the polarization demultiplexer separates two orthogonal LPj; modes to two
channels. Then, the polarization controller (PC) converts different polarizations of two
channels to the same polarization. The 2 x N mode/polarization channels can carry mul-
tiple data signals. The mode/polarization multiplexing and demultiplexing are reversible.
In addition, the silicon integrated multi-port non-blocking switch array chip with topol-
ogy optimization is composed of fewer switch units and crossings. The pivotal switch
unit is a 2 x 2 thermo-optic Mach-Zehnder interferometer (MZI), enabling a flexible
switch between two output ports and two input ports by thermal tuning.

Devices
Following the concept and principle, we construct the FMF-chip-FMF mode/polariza-
tion switching system. In the switch system, fs-laser inscribed (de)multiplexer on 3D

silica chip and switch array on 2D silicon chip are key devices.
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Fig. 1 Concept and principle of the FMF-chip-FMF mode/polarization switching system with fs-laser
inscribed (de)multiplexer and silicon switch array. a The FMF-chip-FMF mode/polarization switching system
with three basic functions, i.e. mode/polarization demultiplexing, multi-port switching/routing, and mode/
polarization multiplexing. b, d The 1 x 2N mode/polarization (de)multiplexer consisting of a mode (de)
multiplexer on the 3D silica chip and N PBSs. The inset in (d) shows the cross section of multimode port in
the (de)multiplexer. ¢ The topology-optimized 2N x 2N non-blocking switch on 2D silicon chip consisting of
fewer 2 x 2 element switches and crossings. MUX: multiplexer; DEMUX: demultiplexer; MZI: Mach-Zehnder
interferometer, PBS: polarization beam splitter
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Fs-laser inscribed (de)multiplexer

Various schemes for handling high-order fiber modes have been proposed previously.
Compared with these traditional (de)multiplexers (e.g. phase plates, spatial light modu-
lators), the photonic lantern shows distinct advantages of compact and cost effective for
practical multi-mode fiber-optic communication applications. Here, we choose the three
lowest-order modes (LP,;, LP;;, and LP,;;) as different orthogonal spatial modes to ena-
ble multi-mode-channel data transmission by photonic lantern. As shown in Fig. 2a, the
photonic lantern is fabricated in a 20 x 40 x 1 mm? glass-substrate chip by fs-laser direct
writing technique. The high repetition rate Ytterbium-based laser provides a fs-laser
beam (1030 nm wavelength, 200 kHz repetition rate, 234 fs pulse duration) for fabrica-
tion. A 300 nm linear slit and an objective are used to modify and focus the laser beam
respectively. The fs-laser with a pulse energy of 900 nJ could change the refractive index
of silica chip at a constant speed of 0.2 mm/s. The refractive index contrast (An =~ 0.3%)
in silica chip could confine the light within the waveguide for propagation. The wave-
guide is written twice to provide a smooth waveguide and higher refractive index con-
trast, which is conducive to reducing the waveguide propagation loss. As displayed in
Fig. 2b, when the photonic lantern shows the function of mode multiplexing, it has three
input ports and one output port. The cross-section diameter of the single-mode and
multi-mode waveguides are 7 and 14 pm, respectively. The single-mode waveguide port
spacing of 127 um is set to match the interface of fiber array, allowing multiple mode
channels to work simultaneously. The coupling method of silica chip adopts the edge
coupling. The photo image of the fs-laser inscribed photonic lantern is shown in Fig. 3a,
occupying an area of about 20 x 0.4 mm?. Figure 3c illustrates the enlarged views of the
multimode port (I) and three single-mode ports (II).

The photonic lantern could be regarded as two parts. First, the linearly aligned array
of three single-mode ports is gradually remapped into a triangle array. The side length of
the triangle is 40 pm, which is long-enough waveguide spacing to avoid waveguide cou-
pling in this part. Then, they approach each other by different 3D trajectories and merge
to form a triangle multi-mode output waveguide. In the process of waveguide approach-
ing, the light of three waveguides could be converted and redistributed through eva-
nescent wave coupling to form different super-modes at the multimode port. Based on
the super-mode theory, the formed mode field of multimode port could be modulated
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Fig. 2 Fs-laser inscribed (de)multiplexer. a Fs-laser direct writing structure of the 3D mode (de)multiplexer. b

The schematic diagram and different cross sections of the photonic lantern. ¢ The measured intensity profiles

of LP;, LPy;, and LPy; modes
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Silica chip
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Fig. 3 Fabricated fs-laser inscribed (de)multiplexer silica chip and silicon switch array chip. a Measured
photo image of the fabricated (de)multiplexing 3D silica chip by fs-laser direct writing technique. b Measured
optical microscope of the fabricated 2D silicon switch array chip by the standard CMOS-compatible
fabrication process. ¢ The enlarged views of the multimode port (1) and three single mode ports (ll) in the
silica chip. d The enlarged views of the MMI (Ill), crossing (IV) and grating coupler(V) in the silicon chip

by changing the coupling strength of each waveguide. When the appropriate coupling
parameters (waveguide spacing and coupling length) are selected, the super-mode field
could be matched with the LP mode fields in the FMF. Therefore, the photonic lantern
achieves a significant peculiarity of mode selectivity. As shown in Fig. 2¢c, the meas-
ured intensity profiles of three LP modes all have high purity. Furthermore, benefiting
from the peculiarity of polarization independence, the photonic lantern could be simply
formed as a 6-channel hybrid mode/polarization (de)multiplexer by introducing three
fiber polarization beam splitters (PBSs), as displayed in Fig. 1a and c.

Silicon switch array

The flexible optical switching for mode/polarization channels in FMF is of great interest
in grooming multi-mode fiber-optic communication networks. In the FMF-chip-FMF
transmission and switching system, after mode/polarization multiplexing transmission
through the first segment of FMF, the hybrid 6 mode/polarization channels are demulti-
plexed by the fs-laser inscribed demultiplexer silica chip together with fiber-based PBSs,
the 6 outputs of which are coupled into the silicon switch array chip. After dynamic opti-
cal switching, the 6 channels are converted and multiplexed into 6 mode/polarization
channels in the second segment of FMF for transmission by the fs-laser inscribed mul-
tiplexer silica chip. This indicates that the dynamic optical switching is equivalent to the
hybrid mode/polarization switching. Here, the 6 x 6 non-blocking 2D silicon integrated
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optical switch is utilized to accommodate 6 mode/polarization channels in the FMF,
which implements the functions of 6-channel routing and 6 x 6 switching.

The non-blocking topology optical switch obeys the following rules: (1) the light
injected into the input of any port can be destined to the output of any other port; (2) the
light injected into the input of any one port is not allowed to guide to the output of the
same port (output port contention); (3) the light should not be ingress and egress from
the same port (“U” turn); (4) any internal links between an input and an output would
never block the possible links between the remaining inputs and outputs [9]. It is worth
mentioning that the used topology-optimized 6 x 6 non-blocking switch (depicted in
Fig. 1c) possesses the advantages of fewer units, simpler topology and lower loss, com-
pared with the traditional 6 x 6 Benes and Spanke-Benes optical switching topology [39,
40]. The topology-optimized 6 x 6 non-blocking switch contains only 12 2 x 2 switch
units and 3 crossings. The loss of five switches and one crossing is the maximal inser-
tion loss of the optimized 6 x 6 switch. The key 2 x 2 switch unit is an MZI that is com-
posed of two 2 x 2 multimode interferometers (MMIs) and a phase shifter. Based on the
thermo-optical effect, the MZI states of “Bar” and “Cross” could be switched arbitrar-
ily by thermal tuning. The shallow-etched grating couplers are adopted in silicon chip.
As shown in Fig. 3b, the measured optical microscope of the 6 x 6 non-blocking silicon
switch array chip with a footprint of 1.8 x 0.8 mm? is fabricated by the standard CMOS-
compatible fabrication process. Figure 3c illustrates the enlarged views of the MMI (III),
crossing (IV) and grating coupler (V) in the silicon chip.

Device characterization

To characterize the performance, the mode/polarization multiplexer and demultiplexer
are connected with a 150-m FMF by the edge coupling, which has 6 input ports and
6 output ports (corresponding to LPy;,, LPy;,, LP%;,, LP?y, LP%,, and LPb11y mode/
polarization channels, respectively). When light is launched into input ports one by one,
lights from 6 output ports are all monitored simultaneously. Figure 4i and j show the
normalized crosstalk matrixes of two sets of mode-division multiplexing and demulti-
plexing system with 150-m-long FMF before and after the silicon switch chip, respec-
tively. Note that here the insertion loss refers to the total loss including the edge coupling
of two input and output ports. It is shown that the two mode (de)multiplexing systems
both have an approximate insertion loss of <10 dB and crosstalk of <-15 dB, indicating
that the performance of different (de) multiplexing chips are almost uniform. The device
performance can be further improved by optimizing the fabrication technology.

The performance of the silicon-based integrated optical switch can be characterized by
the transmission spectra. A broadband source is employed in the experiment. Figure 4a-f
show the normalized transmission spectra for the 6 x 6 optical switch with a representa-
tive switching status (1—-2, 2—4, 3—1, 4—3, 5—6, 6—5), with the light injected into dif-
ferent input port I, I,, I3, I, I, I, respectively. The measured average crosstalk among
different switching ports is less than -20 dB, and the average insertion loss is less than
5 dB. Except for the insertion loss and crosstalk, the power consumption and switching
speed are also important performance metrics in a switch system. Figure 4g shows the
normalized transmission of the MZI cross port as a function of different heating pow-
ers. When the heating power is P; =12.61 mW, the MZI exhibits the state of “Bar”. Due
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Fig. 4 Measured results of devices and FMF-chip-FMF system. a-f Measured transmission spectra for

the 6 x 6 optical switch with a representative switching status (1—2, 2—4,3—1,4—3, 5—6, 6—5), with

the light injected into different input port (a) I;, (b) 1,, (€) Is, (d) 1,,, (€) s, (f) I, respectively. g Normalized
transmission of the MZI cross port as a function of different heating powers. h Measured switching response
of the MZI switch operating with different heating voltages. i, j Normalized crosstalk matrixes of two sets

of mode-division multiplexing and demultiplexing system with 150-m-long FMF before and after the

silicon switch chip. k, | Measured crosstalk matrixes for different mode/polarization channels of the whole
FMF-chip-FMF mode/polarization transmission and switching system for the functions of switching and
routing. k Switching function (1—2, 2—4, 3—1,4—3, 5—6, 6—5). | Routing function (1-1, 1-2, 1-3, 1-4, 1-5,
1-6)

to the phase error introduced by the fabrication error, the MZI without heating may not
be suitable to represent the “Cross” state. Therefore, the heating powers of P,=28.09
mW is chosen to realize the function of optical switching. Figure 4h shows the measured
switching response of the MZI switch operating with different heating voltages, which
has a switching rise-time of 26 ps and a switching drop-time of 29 ps. Hence, a time of
<30 ps could enable the system to switch from one switching status to another.
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Experimental results

Based on the FMF-chip-FMF mode/polarization switching system constructed above,
we further measure the system performance when passing through FMF transmission
links, hybrid mode/polarization (de)multiplexers and silicon switch array chip with high-
speed signals. In particular, in order to demonstrate the compatibility of the switching
system with WDM signals, 16 wavelengths are used and fed into the system simultane-
ously. Shown in Fig. 5 is the experimental setup of the FMF-chip-FMF mode/polariza-
tion transmission and switching system, including the transmitter, the FMF-chip-FMF
transmission and switching system, and the receiver.

As shown in Fig. 5b, at the transmitter, 16 wavelength channels with an approximately
0.8-nm channel spacing (from 1547.3 nm to 1558.9 nm) are combined by the WDM
device. An arbitrary waveform generator (AWG) drives an optical I/Q modulator to
modulate the light into a 30-Gbaud QPSK signal. The signal is divided into odd and even
channels by a waveshaper, with one delayed by 100-m single-mode fiber (SMF) for data
pattern decorrelation. The odd and even channels are then combined by a 50:50 opti-
cal coupler (OC). Two EDFAs are used to pre-amplify signals. The amplified signals are
divided into 6 copies with different relative delays. Then the 6 signals are excited and
multiplexed respectively into 6 different LP modes of FMF by using a fs-laser inscribed
silica chip multiplexer. At the end of 150-m FMEF, an inline PC is used to compensate
for the crosstalk from moderate disturbance and FMF. With future improvement, the
automatic polarization controller could replace the inline PC in the system to adapt to
practical applications with disturbance [41-46]. The 6 LP modes transmitted over a
short distance in the FMF are demultiplexed to 6 fundamental modes by another fs-laser
inscribed silica chip demultiplexer, which are all injected into a silicon switch array chip
by vertical grating coupling. After on-chip 6 x 6 optical switching, in the same way, the
switched mode/polarization signals are multiplexed, coupled for MDM transmission,

Silicon switch chip
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Fig. 5 Experimental setup for the FMF-chip-FMF mode/polarization switching system. a FMF-chip-FMF
system. b Transmitter. c Receiver. ECL: external cavity laser; WDM: wavelength-division multiplexing; AWG:
arbitrary waveform generator; EDFA: erbium-doped fiber amplifier; VOA: variable optical attenuator; Co. Rx.
coherent receiver
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and then demultiplexed by another set of fs-laser inscribed silica chip multiplexer,
150-m FMEF, and fs-laser inscribed silica chip demultiplexer. Finally, the multi-channel
signals are sent to the receiver for coherent detection, as shown in Fig. 5c. The intra-
dyne coherent detection is implemented by the integrated coherent receiver and local
oscillator (LO) [47]. A real-time oscilloscope is used to detect electrical signals for
offline processing. In the receiver digital signal processing (DSP), the received signals of
each channel are resampled and any IQ non-orthogonality is compensated with Gram-
Schmidt orthogonalization procedure (GSOP), then followed by a liner equalization and
the carrier recovery algorithm to recover the signals.

Figure 4k and | show the measured crosstalk matrixes of the whole FMF-chip-FMF
mode/polarization transmission and switching system for the functions of switching
(1-2, 2—4, 3—1, 4-3, 5—6, 6—5) and routing (1-1, 1-2, 1-3, 1-4, 1-5, 1-6), respec-
tively. It can be seen that the measured worst crosstalk of -12 dB corresponds to the
high-order mode channel. The total loss of the system is approximately 34 dB, consist-
ing of four 6 x 6 mode/polarization (de)multiplexers, a 6 x 6 silicon switch and two grat-
ing couplers. Furthermore, if different modes and polarizations of FMF could be (de)
multiplexed by a silicon-based multimode coupler with low loss and low crosstalk, the
entire system has great potential to be integrated on a silicon chip. Such an integrated
system will obtain superior performance in terms of integration density, insertion loss
and crosstalk.

Furthermore, we characterize the BER performance of the 6 x 6 non-blocking optical
switch. Here the BER performance is evaluated by selecting a typical wavelength chan-
nel (1550.30 nm) in the switching experiment. The I(O),, I(O),, I(O),, I(O),, I(O)s, I(O),4
input (output) ports of the 6 x 6 silicon switch are connected to the LP"}, , LPbHy, LP? 0
LP%;,, LPy;, and LPy;, mode output (input) of the demultiplexer (multiplexer), respec-
tively. The measured BERs as a function of the received OSNR for the switching status
(1-2,2-4, 3-1, 4-3, 5-6, 6-5, as illustrated in Fig. 1c) are shown in Fig. 6. The observed
OSNR penalties of each mode/polarization switching channel at a BER of 3.8 x 107
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Fig. 6 Measured BER performance for the 6 x 6 optical switch. The switching statusisa 1—2,b 2—4,¢3-1,
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are connected to the LP®,,,, LP®, 1y LP%115 L%y, LPgy @nd LPy;, mode output (input) of the demultiplexer
(multiplexer), respectively. The insets show the typical constellations of QPSK signals
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(7% hard-decision forward-error correction (HD-FEC) threshold) are about 2.8 ~3.8 dB
compared to the back-to-back (B-B) case. The insets in Fig. 6 are the constellation dia-
grams of the recovered QPSK signals. The observed OSNR penalties differ from each
other for different channels, which might be ascribed to different crosstalk and link loss
of mode/polarization channels from the mode (de)multiplexer. As shown in Fig. 6, the
relatively larger OSNR penalties of >3 dB are measured for high-order mode (LP?; and
LPbH) channels, which are consistent with the measured crosstalk of mode (de)multi-
plexer and FMF-chip-FMF system mentioned above.

We also characterize the BER performance of the multi-port router. Different wave-
lengths are selected in the BER measurement of each channel to better exhibit the
WDM compatibility of the system. The measured BER performance as a function of the
received OSNR for 6 representative multi-port routing status (1-1 @ 1548.2 nm, 1-2 @
1550.3 nm, 1-3 @ 1552.65 nm, 1-4 @ 1553.55 nm, 1-5 @ 1555.8 nm, 1-6 @ 1558.1 nm)
are shown in Fig. 7. The observed OSNR penalties for multi-port routing status at a BER
of 3.8 x 1073 (7% HD-FEC threshold) are about 3~4.5 dB compared to the B-B case.
Similarly, the relatively low OSNR penalties are measured for low-order mode (LP;)
channels due to their low crosstalk and loss. Besides, one can clearly see that different
wavelength channels achieve BER less than 3.8 x 1073, showing the favorable WDM
compatibility. The obtained results shown in Figs. 6 and 7 with impressive performance
indicate the successful implementation of the WDM-compatible hybrid mode/polariza-
tion transmission, switching and routing system with FMFs, fs-laser inscribed silica (de)
multiplexing chip and silicon switch array chip.

i (a) Multi-port router ‘

1 1 - - 1
(b)" |- = Fec hveshous . ] (€)== Fec Thveshons P " (d) " |- = Fec Thresnois " $
% BtoB (15482 nm) % 8108 (1550.3 nm) % B1oB (155266 nm) ; e
o I,-0, (16482 nm) 4 0 I,-0,(1550.3 nm) & . J & 1,0, (165265 nm) 4
»

= * o E % | ox o :
® 3 o 3 o
o, * ] . o, * 5 u, * g
a a - 8
s Lelkieln B s L IS B, Y e LR TR AR Sy ¥ I e Lasleae y 29 S TP . (5 v Nale d
H * g g * Ry g * Yoy
- o\ - & LN\ ] LN
3 * o 3 * ] 3 3 * £
4 x 4 L 4 X
* * *
5 5 5 >
7 8 9 10 11 12 13 14 15 16 17 18 7 8 9 10 11 12 13 14 15 16 17 18 19 20 7 8 9 10 11 12 13 14 15 16 17 18 19
Received OSNR (dB) Received OSNR (dB) Received OSNR (dB)
" 3 1 : 1 . - -
(e) |- - FEC Threshait ek (f) [= = FEC Threshold (g) | - - FEC Threshois e e
* BloB (155355 nm) y * BtoB (15558 nm) ' 1 * Bo8(1558.1 nm) 5
A 1,-0, (1553.55 nm) : B 1,-0, (1555.8 nm) 3 g q 1,-0,(1558.1 nm) -
. s, e g, s, LT e
Bof x4, TS i il L R R R
- A \ e = A
i Foooao-A e Ve o e oo B b . CfEiE SRR o e
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3 * 3 * L4 ‘> 3 * <
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7 8 9 10 11 12 13 14 15 16 17 18 7 8 9 10 11 12 13 14 15 16 17 18 7 8 9 10 11 12 13 14 15 16 17 18
Received OSNR (dB) Received OSNR (dB) Received OSNR (dB)

Fig. 7 Measured BER performance for the optical router. a Schematic illustration of the multi-port router. The
router pathsareb 1—1 @ 15482 nm, c 1-2 @ 15503 nm,d 1—-3 @ 1552.65 nm, e 1—4 @ 1553.55 nm, f 15
@ 1555.8nm, g 1—6 @ 1558.1 nm. The insets show the typical constellations of QPSK signals
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Conclusion

In summary, a WDM-compatible FMF-chip-FMF mode/polarization transmission and
switching system is built and demonstrated in this work. This transmission and switch-
ing system, consisting of two segments of 150-m FMF links for short-reach MDM
data transmission, a 6 x 6 non-blocking silicon switch array chip, and several fs-laser
inscribed mode/polarization (de)multiplexer silica chips for coupling between FMFs and
silicon chip, implements various functions of transmission, (de)multiplexing, switching
and routing for hybrid mode/polarization multiplexing signals. After topology optimiza-
tion, the 6 x 6 non-blocking silicon switch with fewer units has a simplified structure
and lower loss. By combining the 6-channel mode/polarization (de)multiplexer, the 6 x 6
silicon switch shows a crosstalk of <-12 dB for both switching and routing functions.
By using 30-Gbaud QPSK signals over 16 WDM channels, the WDM-compatible FME-
chip-FMF mode/polarization transmission and switching system is demonstrated in the
experiment with impressive performance. It is believed that the demonstrated WDM-
compatible FMF-chip-FMF mode/polarization transmission and switching system may
pave the way for future grooming optical switching networks.

Abbreviations

FMFs Few-mode fibers

3D 3-Dimensional

2D 2-Dimensional

WDM Wavelength-division multiplexing

Ne] Silicon-on-insulator

CMOS Complementary metal-oxide semiconductor
PDM Polarization-division multiplexing
EDFA Erbium-doped fiber amplifier

SMF Single-mode fiber

SDM Space-division multiplexing

MCF Multi-core fiber

MDM Mode-division multiplexing

QPSK Quadrature phase-shift keying

OSNR Optical signal-to-noise ratio

BER Bit-error rate

LP Linear polarization

PC Polarization controller

MZI Mach-Zehnder interferometer

PBS Polarization beam splitter

AWG Arbitrary waveform generator

0oC Optical coupler

LO Local oscillator

DSP Digital signal processing

GSOP Gram-Schmidt orthogonalization procedure
HD-FEC ~ Hard-decision forward-error correction
B-B Back-to-back
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