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1. Introduction

On-chip spatial and polarization multiplexing has emerged as a powerful

strategy to boost the data transmission capacity of integrated optical
transceivers. State-of-the-art multiplexers require accurate control of the
relative phase or the spatial distribution among different guided optical
modes, seriously compromising the optical transmission bandwidth and
performance of the devices. To overcome this limitation, a new approach
based on the coupling between guided modes in integrated waveguides and
optical beams free-propagating on the chip plane is proposed. The
engineering of the evanescent coupling between the guided modes and
free-propagating beams allows spatial and polarization multiplexing with
state-of-the-art performance. A two-polarization multiplexed link and a
three-mode multiplexed link using standard 220-nm-thick silicon-on-insulator
technology have been developed. The two-polarization link shows a measured
—35 dB crosstalk bandwidth of 180 nm, while the three-mode link exhibits a
—20 dB crosstalk bandwidth of 195 nm. These links are used to demonstrate
error-free operation (bit-error-rate <10~°) in multiplexing and demultiplexing
of two and three non-return-to-zero signals at 40 Gbps each, with power
penalties below 0.08 and 1.5 dB for the two-polarization and three-mode links,
respectively. The approach demonstrated for two polarizations and three
modes is transferable to future implementation of more complex multiplexing

schemes.

Silicon photonics has been identified
as a promising technology to address
the traffic bottleneck in data centers
and networks facing communication
growing.[!l On-chip optical transceivers
fabricated at large volume using mi-
croelectronics manufacturing facilities
could become instrumental in exploit-
ing optical carriers to boost the data
transmission capacity while reducing
the power consumption of the transmit-
ted bit per second in communication
systems.[23] Current silicon photonics
optical transceivers carry different data
channels at distinct wavelengths us-
ing wavelength-division multiplexing
(WDM).[¥l However, as the industry
moves forward with the development of
next-generation optical networks, other
multiplexing schemes will be required
to support a higher data capacity per
wavelength channel. One promising ap-
proach is the use of spatially-distributed
modes to encode more data channels at
a specific wavelength combining even
orthogonal polarization modes as in
current systems with low-loss multiplexer.’] The manipulation
of higher-order modes and polarization state of light on chip
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has thus attracted a significant research interest in the past
years for the realization of performant mode and polarization
(de)multiplexers.

A myriad of architectures has been proposed to realize mode-
division (MDM) and polarization-division multiplexing (PDM).
MDM has been demonstrated based on multimode interference
(MMI) couplers, asymmetric Y-junctions and directional cou-
plers (DCs), adiabatic tapers, pixelated-meta structures, and sub-
wavelength metamaterials.[>'*} Similarly, multiple devices have
been reported for PDM, including MMIs, Mach-Zehnder inter-
ferometers (MZIs), diverse types of DCs (i.e., symmetric, asym-
metric, tapered, bent, and based on extreme skin-depth), pho-
tonic crystals, slot waveguides, and subwavelength and tilted
nano-gratings.l*?’] Despite the great diversity of proposed solu-
tions, crosstalk still remains as one of the main impairments in
high-speed optical communications, especially in systems with a
high-channel count. An increased crosstalk has a negative impact
on the link performance in terms of bit-error-rate (BER) and ul-
timately results in a power penalty that jeopardizes low power
consumption.[?®! Silicon multiplexers handling more than two
modes (e.g., 3 spatial modes with the same polarization) yield
poor crosstalk values ranging from —19(11 to —9.7 dB.I"]

Here, we propose a simple yet effective strategy to realize
highly efficient mode and polarization (de)multiplexing based
on engineered on-chip beam forming. Instead of controlling
the phase or field distribution matching between two guided
modes, we engineer the evanescent coupling between the modes
of a photonic waveguide and free-propagating beams on the
chip plane. Coupling between guided modes and on-chip free-
propagating beams has been achieved using distributed Bragg
deflectors.?®33] However, the wavelength-dependent nature of
the diffractive coupling seriously limits their use for wideband
mode or polarization multiplexers. Conversely, evanescent cou-
pling does not present a strong wavelength dependence, which
allowed the demonstration of on-chip beam expanders with a
wide bandwidth.3*3%] In our proposed scheme we engineer the
evanescent coupling to make each waveguide mode (or polar-
ization) couple to a different in-plane beam, propagating with a
specific angle. As schematically shown in Figure 1a, this strat-
egy spatially separates the different waveguide modes, allow-
ing (de)multiplexing. Based on this approach, we experimen-
tally demonstrate a two-polarization link and a three-mode link
that allow error-free transmission of multiplexed high-speed data
streams. We show transmission of two and three 40 Gbps non-
return-to-zero (NRZ) signals, with low or negligible power penal-
ties at a BER of 107°. To the best of our knowledge, this is the
first demonstration of mode and polarization handling enabled
by beamforming in an integrated circuit. These devices could
be a promising alternative to fixed layout-guided architectures,
with excellent potential for the next generation of high-speed and
large-capacity on-chip optical interconnects.

2. Mode Division Multiplexing
2.1. Operation Principle

Figure 1a shows the top view of a waveguide evanescently coupled
to an adjacent slab. The input waveguide has a width of W and
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Figure 1. a) Schematic top view of a waveguide evanescently coupled
to an adjacent slab. A silicon strip waveguide of width W is placed at a
distance G from a silicon slab. Fundamental (red), first-order (orange),
and second-order (green) TE modes are injected from the left side of the
waveguide and propagate along the x-axis. Each mode is coupled to a
vertically-confined (z-axis) beam within the slab with a different propaga-
tion angle 6,,. b) Effective index and c) propagation angle within the slab of
TEy, TE;, and TE, modes as a function of the waveguide width, calculated
for a Si thickness of 220 nm at a wavelength of 1550 nm.

is placed at a distance G from the slab. The waveguide supports
a discrete set of guided modes with effective indices of n’f, with
m being a natural number indicating the mode order. The slab
supports a continuum of vertically-confined (z-axis) modes that
propagate freely in the xy-plane with a wavenumber given by:

k, = kon, [sin (6) % + cos (6) ] (1)

where n, is the effective index of the slab, 6 is the propagation
direction angle of the slab mode with respect to the y-axis, k, =
27/ 4, is the vacuum wavenumber, and % and § are the unitary
vectors in the x- and y-directions, respectively. Phase-matching
between the guided waveguide modes and the slab modes occurs
for

sin (6,,) = —= )

Note that Equation (2) is analogous to the grating equation
when the zero-order harmonic is considered.l’”3®! This zero-
order operation obviates the strong wavelength dependence of
the propagation angle in distributed Bragg deflectors.[?-3*] The
effective indices of the waveguide (n) and slab (n,) are wave-
length dependent. However, both values are inversely propor-
tional to the wavelength, reducing the wavelength dependence of
the ratio n. /n,. If the separation distance G is sufficiently small,
the waveguide mode with effective index n. will evanescently

i3
couple to the slab mode propagating with an angle ,,, satisfying
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Equation (2). After a given propagation distance, the different
slab modes are spatially separated allowing demultiplexing. Due
to reciprocity, the same device can be used to multiplex different
slab beams into different waveguide modes.

For the implementation of the proposed architecture, we con-
sider silicon-on-insulator (SOI) with a thickness of the silicon
guiding layer of 220 nm. Figure 1b shows the effective indices
of the fundamental, first-order, and second-order modes with
transverse-electric (TE) calculated as a function of the waveguide
width W. Effective indices of the waveguide modes are calculated
using a commercial finite difference eigenmode (FDE) solver.
The slab index n,, on the other hand, is calculated by considering
a 2D step-index waveguide structure that extends infinitely in the
yz-plane and consists of a high refractive index dielectric layer (Si)
surrounded by low refractive index material (SiO,). The thickness
of the guiding layer is 220 nm. The modes are calculated using a
commercial FDE solver. A sufficiently large simulation window
(>5 um) is required in the z-direction to accurately calculate the
modes supported by the structure. Using this method, we obtain
n, = 2.85 for TE polarization (light polarized along the y-axis) and
n, = 2.05 for TM polarization (light polarized along the z-axis) at
the wavelength of 1550 nm. Figure 1c shows the propagation an-
gle of the slab modes satisfying Equation (2), considering a slab
index n, = 2.85. Differences in propagation angle exceeding 15°
can be achieved by properly choosing the waveguide width.

2.2. Design of the Three-Mode Demultiplexer

The proposed three-mode demultiplexer is presented in Figure
2a. The device comprises an input waveguide of width W, a cou-
pling region with linearly varying waveguide width and slab sep-
aration, and a final section with fixed waveguide width and slab
separation of W and G, respectively. Changing the waveguide
width in the coupling region results in a gradual variation of the
propagation angle of the slab-propagating beam (see Figure 1c),
while the change in the slab gap modifies the coupling strength.
These two effects are engineered to focus the slab-propagating
beams into a near-Gaussian-shaped profile that is coupled to the
fundamental mode of a strip waveguide placed at the focal point.
This approach allows coupling each mode of the input waveg-
uide to the fundamental mode of a different output waveguide,
thereby performing mode demultiplexing and conversion simul-
taneously. Note that the approach proposed here can be seam-
lessly extended to handle a larger number of modes.

The device is designed to maximize the coupling efficiency be-
tween each mode of the input waveguide and the corresponding
output waveguide while maintaining a low crosstalk. The input
waveguide has a width of W, =1 ym to support TE,, TE, and
TE, modes in the wavelength range between 1450 and 1650 nm.
The dimensions of the coupling region are G; = 400 nm, G, =
100 nm, W, = 200 nm and L; = 35 ym. These dimensions en-
sure that all the power in the three input waveguide modes is
coupled to slab-propagating beams, simultaneously achieving a
near-Gaussian profile for the three slab beams. Further details on
the design are provided in Section S1, Supporting Information.

Device performance is assessed using three-dimensional
finite-difference time-domain (3D FDTD) simulations. As shown
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in Figure 2a, higher-order modes begin to couple to slab beams at
early taper positions owing to their weaker modal confinement.
The TE, (green), TE, (orange), and TE, (red) modes are com-
pletely radiated along the taper as Gaussian-like beams focused
on different output points, namely O3, 02, and O1 with respec-
tive angles 6, = 34°, §; = 36° and 0, = 43°. The position of the
focal point for each beam is obtained by searching for the field
maximum in the slab region without collecting output waveg-
uides. Figure 2b—d show the normalized magnetic field profile
at these focusing points along the axis (£,,,,), normal to the prop-
agation direction. The radiated fields are fitted to Gaussians with
distinct mode field diameters (MFDs), yielding a high overlap in-
tegral of 94% for TE, input, 87% for TE, input, and 92% for TE,
input. MFDs used for the Gaussians are represented by solid blue
curves are 1.9, 3.2, and 4.6 um. The calculated transmittance to
each output is shown in Figure 2e—g when TE,, TE,, and TE,
modes are injected into the strip waveguide, respectively. Sim-
ulations show insertion losses as low as 0.14 dB at the central
wavelength for TE,, with a slight increase to 0.65 and 0.69 dB for
TE, and TE, modes, respectively. The degradation of efficiency
with wavelength detuning has its origin in chromatic dispersion,
which causes a shift of the focal point. Nevertheless, the demul-
tiplexer exhibits a remarkable low crosstalk within a broad band-
width of 200 nm. Specifically, the attained crosstalk values are
better than —41 dB for TE,, —40 dB for TE; and —28 dB for TE,
demultiplexing over the entire simulated bandwidth. The effect
of potential fabrication imperfections on device performance is
discussed in Section S2, Supporting Information.

2.3. Fabrication and Experimental Characterization of the MDM
Link

We implemented a complete MDM link by connecting two-mode
(de)multiplexers in a back-to-back configuration through a 20-
um-long multimode waveguide. The link comprises three input
and three output single-mode waveguides and a central multi-
mode waveguide. The input multiplexer couples the fundamen-
tal mode of each input waveguide to a different mode of the mul-
timode section. The output demultiplexer couples each mode of
the multimode waveguide to the fundamental mode of one out-
put waveguide. Focusing grating couplers optimized for TE polar-
ization are used to inject and extract the light from the chip with a
fiber array. We included a reference waveguide on the outermost
part of the test structure. The device was fabricated using a 220-
nm-thick single crystal Silayer of an SOI wafer, with a 3-pum-thick
buried oxide layer. The patterns were defined by electron-beam
lithography (RAITH EBPG 5000 Plus) and transferred via reac-
tive ion etching (ICP-DRIE SPTS). Optical and scanning electron
microscope (SEM) images were taken prior the deposition of the
upper cladding. The sample was then spin-coated with a 1.5-uym-
thick PMMA. Figure 3a shows optical images of the MDM link,
with zoomed-in SEM images of the taper-slab coupling region
and the collecting output waveguides.

Experimental characterization of the link transmittance is
shown in Figure 3b—d, when the light is injected through inputs
11,12, and 13, respectively. The transmittance of each output is ob-
tained by normalizing the measured power at the output ports to
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Figure 2. a) Three-dimensional schematic of the proposed three-mode demultiplexer comprising a tapered waveguide and an adjacent slab. The poly-
methyl methacrylate (PMMA) cladding is not shown for clarity. The simulated electric field distribution in the xy-plane at mid-height of the Si layer is
superimposed on the structure when TE (red), TE; (orange), and TE, (green) are injected at 4, = 1550 nm. Output waveguide apertures are located at
the focal points Om + 1 to collect the free-propagating beams. Normalized magnetic field magnitude |H, | for b) TE, c) TE; and d) TE, input. Simulated
results are obtained from the leaked-field distribution within the slab at the optimum position in the x and y directions for each mode. The field profile
is represented along the plane (,,,1), normal to the propagation direction. The simulated transmittance to each of the output as a function of the
wavelength when e) TEy, f) TE; and g) TE, are launched into the strip nanowire.

the measured power at the reference waveguide output in order
to calibrate out the fiber-chip coupling loss. The measured inser-
tion losses are as low as 0.3, 0.9, and 1.7 dB at the transmission
peak wavelengths with 1-dB bandwidths of 143, 96, and 84 nm
for the TE,, TE,, and TE, mode channels, respectively. Losses
of higher-order modes are larger than fundamental mode losses
due to slightly lower overlap with the Gaussian-like profile of
the collecting output waveguide modes. On the other hand, mea-
sured inter-modal crosstalk is below —31.4, —28.3, and —25.4 dB
at the transmission peak wavelengths for TE,, TE,, and TE, mode
channels, respectively.

Additionally, unprecedented crosstalk values reaching —40 dB
over a broad bandwidth is observed for TE, and TE, channels.
Considering 1443-1638 nm wavelength range (195 nm band-
width), the crosstalk is better than —20 dB for all the channels.
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Transmission peaks of the three channels are slightly shifted to-
wards shorter wavelengths. We attribute this small discrepancy
with simulations to intrinsic fabrication variability.

3. Polarization Division Multiplexing

3.1. Design of the Two-Polarization Demultiplexer

We exploit the proposed approach to demultiplex the two or-
thogonal TE and transverse-magnetic (TM) polarizations in
the waveguide. The proposed two-polarization demultiplexer
is schematically shown in Figure 4a. In this case, we choose a
slot waveguide to achieve sufficient angular separation for the
slab beams excited by the fundamental TE and TM waveguide
modes, respectively. The propagation angles for the beams
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Figure 3. a) Optical and SEM images of the fabricated MDM link. Input and outputs have been numbered from left to right. The top-right inset shows
details of collecting waveguides, whereas the bottom-right inset shows the taper-slab coupling region. Measured transmission spectra of the complete
multiplexer-demultiplexer link for light input at b) 11, ¢) 12, and d) 13, which correspond to TE,, TE;, and TE, channels, respectively.

phase-matched to the TE; and TM, modes of a strip waveguide,
calculated as a function of the waveguide width (W), are shown
in Figure 4b. The angle difference is lower than 10°, hampering
the spatial separation of the two beams. The angle at which
the beams propagate within the slab is determined by the ratio
nit./n,, as dictated by Equation (2). Although effective indices of
the TE, and TM,, modes of a strip waveguide are quite different
(€8 A Megre_v = Mgy, — Moy = 0.66 for W = 500nm and
1550 nm wavelength), similar propagation angles are obtained
from Equation (2) as nlp. . /norp =0l /Ny = 0.86 (for
W = 500nm and 1550 nm wavelength). This limitation is over-
come using a slot waveguide. We fix a slot width of G5 = 100 nm
and calculate the propagation angles for the TE, (f1;) and TM,
(6rp;) modes of the slot waveguide as a function of the rail width,
Wy (see Figure 4c). For the input waveguide, we choose a rail
width of W, = 350 nm, yielding initial propagation angles of
05 = 50° and 61, = 60°.

The rail width and the separation between the slab and the
slot waveguide are linearly reduced along the coupling region to
achieve a near-Gaussian profile at the focal points for the two slab
beams. The optimized geometrical parameters are G; = 400 nm
to G = 100 nm, W = 100 nm and L; = ym. 3D FDTD simula-
tions are carried out to assess the performance of the polariza-
tion beam splitter (PBS). The fields radiated into the slab have
an MFD of 3.5 um for TE, input and 3.8 um for TM, input.
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The simulated transfer function for each polarization is shown
in Figure 4d,e. Insertion losses are as low as 0.26 dB for the
TE, mode and 0.15 dB for the TM,, mode at the central wave-
length. Crosstalk is —61.9 and —47.9 dB at the same wavelength
when TE and TM,, modes are injected, respectively. Notably, the
crosstalk is below —37.4 dB within the simulated bandwidth.

3.2. Fabrication and Experimental Characterization of the PDM
Link

We fabricated a complete PDM link comprising two PBSs con-
nected in a back-to-back configuration through a 10-um-long slot
waveguide, using the same SOI wafers and fabrication methods
described in Section 2.3. Optical and SEM images of the fabri-
cated devices are shown in Figure 5a. Two PDM links with nomi-
nally identical dimensions for the multiplexers and different grat-
ing couplers were fabricated to characterize losses and crosstalk,
respectively. The PDM link used for loss characterization has
grating couplers optimized for TE polarization for input 12 and
output O1 and grating couplers optimized for TM polarization
for input I1 and output O2. The PDM link used for crosstalk char-
acterization has TE grating couplers for input 12 and output O2
and TM grating couplers for input I1 and output O1. TE and TM
grating couplers have similar radiation angles. Each link includes
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Figure 4. a) Schematic top view of the proposed two-polarization demultiplexer comprising a tapered slot waveguide and an adjacent slab. The PMMA
cladding is not shown for clarity. The inset shows the geometry of the slot waveguide. Propagation angle within the slab of TE; and TMy modes as a
function of the waveguide width for b) a strip waveguide and c) a slot waveguide, calculated for a Si thickness of 220 nm at 4, = 1550 nm. The simulated
transmittance to each of the output as a function of the wavelength when d) TE, and e) TM; are launched into the slot nanowire.

two reference waveguides on the outermost part to perform the
alignment and transmittance normalization for both TE and TM
polarizations.

The transmittance of the link is characterized using the exper-
imental setup described in Section S3, Supporting Information.
Measured peak insertion losses are as low as 0.5 dB with a 1-dB
bandwidth exceeding 100 nm and crosstalk of —40.1 dB for TE,,
and as low as 0.7 dB with a 1-dB bandwidth exceeding 108 nm
and a crosstalk of —46.7 dB for TM,,. The red spectral shift is
attributed to fabrication imperfections, in good agreement with

Laser Photonics Rev. 2023, 2300298 2300298 (6 of 10)

under-etching errors margins (see Section S2, Supporting Infor-
mation). Ultra-low inter-modal crosstalk of —35 dB is attained
for both polarizations within the measured 180 nm bandwidth.
Crosstalk reaching values below —40 dB could be observed in the
1542-1680 nm wavelength range for the TM,, channel.

4. High-Speed Data Transmission

We have characterized the quality of the multiplexing and demul-
tiplexing realized by the three-mode and two-polarization links in
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Figure 5. a) Optical and SEM images of one of the fabricated PDM links. Input and outputs have been numbered from left to right. The top-right inset
shows details of collecting output waveguides, whereas the bottom-right inset shows the slot-slab coupling region. Measured transmission spectra of
the complete multiplexer-demultiplexer link for light input at b) 12 and c) I1, which correspond to TE, and TM;, channels, respectively.

terms of BER. The experimental setup employed is described in
Section S3, Supporting Information. The figure of merit used to
quantify the dynamic performance is the power penalty, defined
as the difference of the minimum optical powers measured in
front of the fibered receiver with and without signal impairment
(i-e., crosstalk), to achieve error-free transmission (BER <107°)
without using any correction technique. Figure 6 shows the evo-
lution of the BER as a function of the average received power for
the reference, single-port transmission, and MDM and PDM op-
eration. For the MDM link, the worst case occurs when all three
signals are introduced simultaneously due to the crosstalk of the
aggressor channels. Still, the power penalties are as low as 0.5,
1.5, and 0.6 dB for TE,, TE, and TE, mode channels, respec-
tively. As expected from static measurements, the highest power
penalty is obtained for TE; mode channel since the cumulative
crosstalk of the aggressor channels towards this other channel is
higher (see Figure 3b,d, orange curves). The PDM link, on the
other hand exhibits negligible crosstalk penalties for both TE,
(0.08 dB) and TM,, (0.03 dB) channels. Power difference between
reference (Ref) and single-port (w/o XT) measurements are 0 dB
(TE, channel), 0.04 dB (TE, channel), and 0.06 dB (TE, chan-
nel) for the MDM link, and 0.25 dB (TE, channel) and 0.19 dB
(TM, channel) for the PDM link. In all cases, the demultiplexed
signals exhibit clear and open eye diagrams indicating a low ef-
fective crosstalk, as shown in the insets of Figure 6. These results
indicate that the proposed devices have an excellent potential for
data transmission in next-generation MDM and PDM communi-
cation systems.

Laser Photonics Rev. 2023, 2300298 2300298 (7 of 10)

5. Discussion and Conclusions

In conclusion, we have shown a new approach for spatial and po-
larization multiplexing, exploiting the excitation of optical beams
free propagating in the chip plane to achieve state-of-the-art per-
formance. To demonstrate the concept, we have developed a
three-mode and a two-polarization links allowing error-free prop-
agation of 40 Gbps signals with low or negligible power penalties.
The three-mode link takes advantage of the strong modal disper-
sion in strip waveguides to realize mode multiplexing and con-
version based on free-space-like optical beam forming on chip.
The proposed three-mode link comprising a multiplexer and a de-
multiplexer shows a measured crosstalk lower than —20 dB over
a 195 nm bandwidth (1443-1638 nm) that fully covers the S, C,
and L telecommunication bands, and partially covers the E and U
bands. Furthermore, insertion losses of a single (de)multiplexer
are lower than 1.5 dB over a 92 nm bandwidth considering all
three modes. The two-polarization link harnesses birefringence
engineering in slot waveguides to yield an ultra-low crosstalk be-
low —35 dB within the 1500-1680 nm wavelength range for both
polarizations (covering the entire C, L, and U bands, and part of
the S band). Measurements also showed that insertion losses of
a single PBS are below 1.5 dB for TE, and TM,, within a broad
bandwidth exceeding 147 nm, limited at the upper bound by the
wavelength range of the laser available in our setup.

The low crosstalk values (—40 dB) observed in the MDM link
for TE, and TE, modes suggest that increasing the separation
of the focal points within the slab is a simple but effective way

© 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 6. Crosstalk penalty assessment of MDM and PDM links for a transmission bit rate of 40 Gbps at 1549 nm. BER measurements as a function of
the received power for a) TE, channel, b) TE; channel and c) TE, channel of the MDM link, and for d) TE, channel and e) TM, channel of the PDM link.
The insets show the corresponding eye diagrams of the demultiplexed output signals (x-axis: 5 ps/div and y-axis: 0.5 mW per div). Ref, Reference link;
XT, Crosstalk signal(s); CH, Channel signal.
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Table 1. Comparison of demonstrated state-of-the-art three-channel MDM links and PBS using 220-nm-thick silicon core.

MDM/PBS Ref. Architecture IL [dB] BWyr_20 48 [NM] BWyr_3048 [NM] S [um X um]
MDM [7] Asymmetric Y-junction 1.5 ~ 4.5% - - 320x6.1
[9] Counter-tapered coupler 6.5 ~ 8* - - 260 x 4.4
[10] Adiabatic coupler <0.2 65 - 310 x 3.84
1] Subwavelength asymmetric Y-junction <T* ~50% - 48%x3.6
[12] Subwavelength DC <3%* - - 88 x 20
This work In-slab beamforming 03~17 195 - 35x 34
PBS [14] MMI ~1.2 - - 132.64 x 4.2
[15] MZI ~10 ~20% - 340 x 60
[16] DC <0.5 125 - 97.4x3.5
[17] Asymmetric DC - - - 25.5 X 4.8%
[18] Counter-tapered coupler <0.1 15% - 5x1.15
[19] Bent DC <0.1 135 70 20x 6.9
[20] Cascaded triple bent DC 0.2 90 ~50% ~26 X 12
[27] MMI with photonic crystal 0.68 ~ 0.81 77 - 71.5%3.9
[22] Slot asymmetric DC - - - >13.6 x 1.27
23] Subwavelength MMI 0.28 ~ 0.49 - - 92.7 x 4
[24] Subwavelength meta-prism 0.6 ~ 1.1* >415 - 157
[25] Tilted-nanogratings <0.5% - - >6.8 X 1.22
[26] Extreme skin-depth DC <0.6 30 - 14.5 X 2.45
This work In-slab beamforming 03~04 >180 >180 20x 33

?) Values marked with an asterisk correspond to values estimated from figures. IL, Insertion Loss at the optimum wavelength; XT, Crosstalk; BWyr_yy 45, Bandwidth for which
the crosstalk is less than —XX dB; S, Size of a single device.
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to reduce crosstalk. This could be achieved by increasing the ta-
per length to increase the focal length or by bending the cou-
pling region. On the other hand, insertion losses of higher-order
modes could be further reduced by improving the overlap be-
tween the modes coupled to the slab free-propagation region
and the Gaussian-like profile of the collecting output waveg-
uide modes, for example by implementing a nonlinear taper in
the coupling region. Nevertheless, the proposed devices are, to
the best of our knowledge, among the mode multiplexers and
PBSs with the lowest measured crosstalk within an ultra-broad
bandwidth. For the sake of comparison, Table 1 shows the per-
formance of demonstrated state-of-the-art three-channel MDM
links and PBSs. Note that state-of-the-art PBSs have been usually
measured in standalone configuration, therefore, we have halved
the insertion losses measured by our PDM link to ensure a fair
comparison.

A high-speed optical communications demonstration was also
performed to illustrate the applicability of the proposed devices.
System-level experiments at 40 Gbps without forward error cor-
rection were conducted for both MDM and PDM links, showing
clear and open eye diagrams during the joint transmission of data
channels. BER measurements further validated the good trans-
mission capabilities with less than a 1.5 dB power penalty for the
MDM link and below 0.08 dB for the PDM link. The ease of scal-
ability of the proposed architecture along with such low penalties
can be exploited to implement hybrid WDM-PDM-MDM optical
links to significantly enhance the transmission capacity.

The strategy demonstrated here could seamlessly be extended
for a larger number of modes and simultaneous modal and po-
larization multiplexing. Scaling the number of MDM channels
would require increasing the total device size to accommodate
the collecting waveguides. Parabolic tapers could be used to re-
duce the width of the collecting waveguides, thus the total de-
vice size. A combination of MDM and PDM could be realized by
employing multimode slot waveguides. The low crosstalk, wide
bandwidth, and versatility of the proposed multiplexing approach
presented in this work should also open up unique possibilities
in quantum information sciences, optical sensing, on-chip wire-
less communications, and nonlinear photonics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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