IEEE PHOTONICS JOURNAL, VOL. 17, NO. 3, JUNE 2025

7100509

Photonics Breakthroughs 2024: Multidimensional
Integrated (de)Multiplexers for Optical Fiber
Communications

Xianyi Feng, Wu Zhou
Yuzhe Ma

Abstract—The growing demand for higher data transmission
capacity, particularly driven by advancements in artificial intel-
ligence and cloud computing, has spurred the exploration of var-
ious degrees of freedom (DoF) of light in optical communication
systems, including wavelength, polarization, and spatial modes.
Consequently, multidimensional optical multiplexing has emerged
as a pivotal enabling technology. However, the development of
compact, cost-effective, and scalable multidimensional optical in-
terconnects remains a significant challenge. In this work, we present
our recently demonstrated ultra-compact multiplexer fabricated
on silicon, capable of selectively launching eight spatial and po-
larization modes into a few-mode optical fiber with a footprint of
less than 35 x 35 um?. The corresponding peak experimental
coupling efficiencies for linearly polarized (LP) modes LPy;_5 /4,
LPlla—m/y’ LPllb—z/y; and LP21b—m/y are —3.8 dB, —55 dB,
—3.6 dB, and —4.1 dB, respectively. Compared with previous ap-
proaches, our device facilitates the selective excitation of different
LP modes in an ultra compact manner, while preserving polariza-
tion diversity and competitive coupling efficiencies. Additionally,
we review recent advancements in multidimensional optical multi-
plexing based on photonic integrated circuits. We also address the
principal challenges associated with our proposed methodologies
and discuss future directions, including strategies for enhancement
and potential applications.

Index Terms—Optical fiber communications, integrated
optics, optical multiplexing, silicon photonics, spatial-division
multiplexing, polarization-division multiplexing.

1. INTRODUCTION

HE relentless surge in data-driven technologies, including
T artificial intelligence and cloud computing, has placed
unprecedented demands on communication capacity and band-
width density in optical communication systems. There is a
pressing need to aggregate more data lanes while within a
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minimized form factor. Although dense-wavelength-division
multiplexing (DWDM) has been extensively deployed in modern
long-haul optical fiber communication networks, mirroring its
success into the cost- and power-sensitive short-reach communi-
cations becomes very challenging, particularly in the integration
of optics onto boards and within packages [1], [2], [3]. Scaling
the number of wavelength channels is often constrained by its
reliance on high-performance laser sources, as well as the limited
optical bandwidth of all the involved optical or optoelectronic
components.

Researchers have thus turned to leveraging additional degrees
of freedom (DoF) of light, including orthogonal polarizations
and spatial modes, which is also known as polarization-division
multiplexing (PDM) and mode-division multiplexing (MDM).
The exploration of multiple closely-spaced fiber cores has
also been undertaken. As a result, spatial-division multiplexing
(SDM) optical fibers can be broadly categorized into multi-
core fiber (MCF), few-mode fiber (FMF), and multi-mode fiber
(MMF) [4], [5], [6]. Owing to the reduced operation complexity,
limited supported modes, and minimized intermodal dispersion,
FMFs and multi-core FMFs have recently demonstrated record-
high communication capacities [7], [8], [9]. However, in contrast
to advancements in the wavelength domain, integrating polar-
ization and mode dimensions into a communication system in a
compact, cost-effective, and energy-efficient manner remains a
significant challenge.

Enabled by the rapid advancements in approaches such as
multi-plate light conversion (MPLC) [10], [11], metasurfaces
[12], [13], fiber photonic lanterns [14], and laser-inscribed
three-dimensional waveguides [15], selectively launching of
orthogonal spatial modes with a minimal insertion loss and
channel crosstalk becomes achievable. However, the deploy-
ment of bulky free-space optics often necessitates precise
alignment and assembly processes. The required serial manu-
facturing techniques may also impose constraints on fabrica-
tion costs and scalability. In addition, the inevitable crosstalk
that arises following demultiplexing process presents another
significant concern. While this issue can be solved through
coherent receivers and digital signal processing (DSP) elec-
tronics, the resulting power consumption and latency are of-
ten prohibitive for short-reach interconnects [16], [17], [18].
An example is the chip-to-chip interconnect, which demands
ultra-high data throughput while simultaneously adhering to
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stringent requirements for energy efficiency and cost per
bit.

Leveraging the high refractive index contrast and utilizing
CMOS-compatible fabrication methods, silicon photonics fa-
cilitates the development of highly compact planar photonic
integrated circuits (PICs) on silicon-on-insulator (SOI) sub-
strates [19], [20], [21], [22], [23]. Consequently, one of earliest
efforts focused on the development of diffraction grating cou-
plers on chip as mode multiplexers for FMFs. When combined
with heater-based optical phase shifters, these systems facilitate
the development of higher-order spatial beam generators via a
nano-grating antenna-based optical phase array [24], [25], [26],
[27], [28], [29]. To further incorporate polarization diversity, 2D
grating coupler (2DGC) based antenna was employed [30], [31],
[32], [33], [34], [35]. By applying push-pull control of intensity
and phase to each diffraction antenna, 2DGC array can launch
higher-order mode while supporting polarization diversity [36],
[37], [38], [39]. Different from the fixed spatial distribution
after emission, a four-arm 2DGC was first proposed to coher-
ently launch TEy and TE; modes in counter directions [40].
Although various linearly-polarized (LP) fiber modes including
LPg1, LPy14, LP11s, or even LP5y;, in dual polarizations can be
excited, their reported efficiencies were typically below —20 dB
which necessitates new design strategy. Through incorporation
of effective medium theory (EMT) and optimization algorithm,
2D grating coupler supporting four LP modes with experimental
efficiencies about —6.1 dB was first demonstrated [41]. Apart
from that, a 2DGC array featuring four small-feature-size blazed
grating structures capable of generating six LP modes has
demonstrated efficiencies of —5.2 dB for LPy; and —9 dB for
LPy; modes [34], [42].

Edge couplers, another widely deployed chip-to-fiber I/O so-
lution, have also been investigated to address the dimensionality
limitations [44], [45], [46], [47], [47], [48], [49]. Through the
integration of asymmetric directional couplers (ADCs) [50],
mode-evolution couplers [51], and polarization beam rotators
(PBRs) [52] for comprehensive multidimensional on-chip ma-
nipulation [48], optimized edge coupler between FMF and PIC
offer potential advantages including much wider optical band-
width and coupling efficiencies. However, mitigating the mode-
field mismatch between SOI waveguides and FMF is even more
difficult than the case of standard single-mode fibers, typically
requiring additional fabrication processes including multi-layer
deposition [47], [53], three-dimensional silica waveguide attach-
ment [46], [54]. To avoid the significant field distribution mis-
match between PIC and circular-core FMFs, rectangular-core
FMFs and tapered FMF have been proposed [45], [47], [49].

Although selective excitation of various spatial and polar-
ization modes have been demonstrated via integrated photonic
I/O components, they exhibit certain performance limitations
including insufficient excitation efficiency and limited number
of spatial or polarization channels. In this paper, Section II
presents our recent results achieved for compact and multidi-
mensional chip-to-fiber I/O. Our design can increase the number
of spatial and polarization channels to eight LP modes for a
four-mode FMF, while achieving an ultra-compact footprint and
high coupling efficiency. Section II-B offers an overview of other
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relevant studies on multidimensional optical chip-to-fiber I/O
solutions and chip-to-chip communications published in 2024.
Section III addresses current limitations and future directions,
concluding with a discussion of the potential impact of our
results.

II. BREAKTHROUGH RESEARCH

To enable a multidimensional I/O interface while in an ultra
compact manner, we proposed and demonstrated a 2D grat-
ing coupler on SOI with subwavelength spot size converters
(SSCs). Up to eight LP modes including LPg;_; sy, LP114—4/ys
LP114p—a/y, and LP3y;_5 /., can be selectively launched while
occupying a footprint of only 35 x 35 zm?. The measured peak
coupling efficiencies for all supported spatial and polarization
channel are >—5.5 dB. Our proposed ultra-compact and multi-
dimensional I/O design can potentially be used with multi-core
FMFs to achieve densely integrated photonic circuits in various
SDM applications [43].

A. Concept and Principle

The proposed (de)multiplexer shown in Fig. 1(a) is fabricated
on a 220-nm SOI platform with a 2-um-thick buried oxide.
The device consists of a multi-mode grating coupler (MMGC),
four SSCs, and four tapered ADCs. Optical signals are initially
coupled into eight single-mode waveguides via an optical fiber
array using an external laser source. Heater-based phase shifters
are employed to dynamically adjust the relative phase of each
fundamental TE mode. Tapered ADCs are utilized for on-chip
mode de/multiplexing, and converting two fundamental modes
to a TE(/TE; pair. The four multiplexed TE(/TE; pairs are then
directed into the same 2D grating region. Selective LP mode
excitation depends injected waveguide modes and their relative
phase difference. As illustrated in Fig. 1(d), the mechanism
operates as follows:

e LPj;: Whenin-phase TEj; modes are injected from oppos-
ing directions (e.g., north-south or east-west), constructive
interference occurs leading to the formation of a merged
quasi-Gaussian beam profile.

e LP;i,: Out-of-phase TE; modes input from east-west
directions can generate a pair of kidneys [55] in x polar-
ization. Alternatively, two in-phase TE; modes input from
north-south directions can directly excite LP;; mode in y
polarization.

e LP;y;: Owing to the symmetric design of the grating
region, LP;1; modes are generated analogously to LPy;,
modes, but in the orthogonal direction.

e LPyi,: When out-of-phase TE; modes are injected from
opposing directions, a quadrupole field pattern can be
obtained to two degenerate L P21, modes.

1) MMGC Design: As shown in Fig. 1(b), the proposed
MMGTC is an optimized 2DGC and consists of shallow-etched
circular holes with a 70 nm etch depth and achieves high
efficiency for both TEy and TE; mode in 13 pgm-wide slab
waveguide. To suppress spatial modes distortion and maintain
identical coupling performance for four ports, the grating re-
gion requires strict structural symmetry and perfectly vertical
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Fig. 1.

(a) Schematic illustrations of the integrated multimode (de)multiplexer, which consists of a 2D MMGC, four SSCs, and four ADCs. Eight heater based

optical phase shifters are needed for mode multiplexing. A top-down view of the SSCs (b) and MMGC (c) designed for perfectly vertical chip-to-fiber coupling.
(d) Schematic illustration of selective mode launching for mode LPg1, LP114, LP11p, and LP214 in an FMF via proposed design [43].

coupling. To address second order Bragg diffraction induced
reflection, chirped grating is utilized in our design [56], [57].
To reduce computation complexity in electromagnetic wave
simulation, we implement following design workflow to obtain
optimized grating parameters:

e The 3D subwavelength structure is mapped into a 2D model
by the 2nd-order EMT to approximate the effective index
of the grating region.

e Since the effective indices of TE; and TE; modes are
nearly identical in the wide grating waveguide, the coupling
efficiency of the fundamental mode is selected as the figure
of merit (FOM) to evaluate device performance. Genetic
algorithm combined with 2D finite-difference time-domain
(FDTD) simulations are employed to optimize the grat-
ing parameters [41], attaining an etched hole diameter of
343 nm and grating periods as shown in [43].

e Finally, the optimized parameters are validated in 3D
FDTD model to assess the excitation performance across
all supported LP modes.

2) Ultra-Compact Spot Size Converter: To avoid the long
adiabatic taper waveguide needed for mode size expansion in
our design, a compact and mode-independent SSC is crucial.
Mikaelian lens, with its aplanatic capability, facilitates both
paraxial and nonparaxial light focusing, making it advanta-
geous for higher-order mode beam expansion [22], [23]. Based
on EMT, subwavelength structures can be treated as uniform

materials with specific effective refractive indices [19], [20],
[21]. Integrated Mikaelian lens can achieve a graded effective
refractive index profile by spatially varying the duty cycle of the
subwavelength structure as depicted in Fig. 1(c). The grating
features a pitch of 240 nm and a width of 13 pm, with the duty
cycle varying continuously from 0.3 to 0.7. This variation maps
the effective refractive index from np;, = 2.26 at the edge to
nmax = 3.02 at the center. A subwavelength taper at the lens
input is needed to reduce the insertion loss.

3) Results and Achievements: The results of 3D FDTD sim-
ulation are shown in Fig. 2. Mode-independent field size conver-
sion between waveguides with a width of 0.962 ym and 13 pym
can be achieved using the subwavelength Mikaelian SSC, show-
ing peak conversion efficiencies of —0.02 and —0.07 dB for the
TEO and TE1 modes, respectively. Meanwhile, the inter-modal
crosstalks are below —30 dB across the C-band. Fig. 2(b) shows
the coupling spectra of our proposed 2D grating for various
x-polarized LP modes. An identical performance for the LP
mode in the y polarization can be obtained due to symmetric
design. The LP(; and LP;;, modes exhibit minimum coupling
losses of —3.61 and —3.94 dB at 1532 nm, respectively, with
a 1-dB bandwidth of approximately 47 nm. The LPy; and
LP51;, modes show minimum losses of —3.17 and —3.75 dB
at 1577 nm, with a 1-dB bandwidth of approximately 35 nm.
The mode-dependent loss difference is below 3 dB over a 21 nm
spectral range. The peak coupling efficiencies of the four spatial
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3D FDTD simulated results: (a) Transmission spectra and crosstalk of the subwavelength Mikaelian lens for mode field size conversion; (b) Coupling

loss spectra for different spatial modes; (c) Peak coupling efficiency variation of different modes with respect to etch hole diameter error; (d) Optical field profiles
of the subwavelength Mikaelian lens in a back-to-back configuration for mode size conversion; (e) Diffracted optical intensity profile of the MMGC[43].
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(a)—(c) Scanning electron microscope (SEM) images of the fabricated MMGC and SSCs. (d) Normalized coupling loss spectra of the MMGC for

x-polarized LPg1, LP114, LP11p, and LP213 modes. (e) Measured insertion loss and crosstalk spectra for the subwavelength Mikaelian lens. (f) Intensity profile

captured when different modes are selectively launched [43].

channels have a wavelength shift due to the variations in optimal
mode overlap integrals when using coherent excitation with
controlled phase conditions. Addressing this issue requires the
simultaneous consideration of all mode efficiencies during the
optimization process.

We further evaluated the fabrication tolerance of the proposed
FMGC. As shown in Fig. 2(c), the peak coupling efficiencies
of the LPy;, LP114, LP11s, and LPyy;, modes were analyzed
with respect to etch hole diameter errors ranging from —30 nm
to +30 nm. All four modes exhibit stable performance, with
peak efficiency variations within £0.5 dB across the tested
range, indicating robust performance despite manufacturing
imperfections.

Scanning electron microscope (SEM) images of the fabricated
MMGC and SSCs are presented in Fig. 3(a)—(c). The total
footprint in Fig. 3(a) is only 35x35 pm?. The coupling loss
of the MMGC was measured using fiber-chip-fiber transmis-
sion with a tunable CW laser source and a power meter. Due
to the low insertion loss of the proposed SSC, two and four
Mikaelian lenses connected back-to-back are used to obtain
the normalized insertion loss and crosstalk shown in Fig. 3(e).
Eight LP modes can be selectively launched by adjusting the
heater-controlled phase shifters on each input waveguide as
shown by the intensity profile in Fig. 3(f) captured by an infrared
camera. The overall experimental results shown in Fig. 3(d)
demonstrate peak coupling efficiencies of —3.8 dB (LPg;_5/y),
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—5.5 dB (LPy14—4/y), —3.6 dB (LPy1y_5 /), and —4.1 dB
(LP21p_4/y), with mode-dependent loss variation <3 dB over
a 21 nm bandwidth. The measured 1-dB spectral bandwidth is
approximately 20 nm for all spatial channels, which is narrower
than the simulation results. This discrepancy arises because the
relative phase shift is optimized only for the center wavelength
during the wavelength scan, causing hybrid modes to be excited
at the edges of the scanning range.

B. Other Breakthroughs in 2024

1) Multidimensional Chip-to-Fiber I/0: Edge coupler based
method potentially presents the advantages of low insertion
losses and broad operational bandwidths when the mode mis-
match can be mitigated. In order to unlock the high coupling
efficiency of edge coupler-based (de)multiplexers, planar silica
lightwave circuits (PLC) as an intermediate layer was demon-
strated [58], as illustrated in Fig. 4(a). On the PLC platform,
multi-segment waveguide structures (MWS) expand mode fields
in silica waveguides by gradually transitioning the duty cycle.
The LPy1, LPy14, and LPy1}, modes are then extracted using
polarization-insensitive mode rotators and asymmetric direc-
tional couplers (ADCs), where the rotators convert LP;3, to
LP;1, modes with <0.04 dB excess loss. For PLC-to-SOI butt
coupling, triple-tip SSCs adiabatically convert silica waveguide
modes to TEg/TMy modes in silicon waveguides, while PBSs
separate orthogonal polarizations. Experimentally, this hybrid
integration achieves total coupling losses of 1.36 - 2.48 dB for
six LP modes across a 150 nm bandwidth. Fig. 4(b) shows
a different approach utilizing femtosecond-laser-inscribed 3D
silica waveguides with the insertion loss of —12.87 dB for
mode field expansion and evolution [59], [60]. By integrating
six mode/polarization channels and 16 wavelength channels
through micro-ring modulators (MRMs), each transmitting 16
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Mode sorter

(c) Eigenmodes LPmodes

PICqy PICy

Fig. 5. MZI-based configurable MIMO processor: (a) SVD network for free-
space communications, image adapted from ref [61]. (b) Programmable 4 x 4
network for free-space communications [62]. (¢) Photonic processor for chip-
to-chip fiber communications [63].

Gbaud QPSK signals, the system achieves a total transmission
speed exceeding 3 Tbps.

2) Multidimensional Chip-to-Chip Interconnects: Chip-to-
chip multidimensional interconnects require both I/O devices
and corresponding MIMO signal processing techniques. MIMO
optical signal processors based on reconfigurable PICs have been
explored in recent years, offering another promising solution
in the optical domain to solve the signal mixing after spatial
and polarization demultiplexing [61], [62], [63], [64], [65], [66],
[67], [68]. In this context, we will focus on the breakthroughs in
2024 multidimensional chip-to-chip interconnects.

By using a reconfigurable MZI network integrated with a
3x3 1DGC antenna array as shown in Fig. 5(a), chip-to-chip
MDM free-space optical communications was achieved without
knowing any predetermined optical modes [61]. An intermodal
crosstalk below —30 dB for two concurrent channels can be
realized in experiment. This solution demonstrates exceptional
resilience in scattering media, setting new benchmarks for
adaptive optical interconnects. Ref. [62] proposed a chip-to-
chip multimode optical communication system using universal
mode processors based on a 2x2 1DGC antenna array and
a programmable 4 x4 MZI network as depicted in Fig. 5(b).
Experimental results demonstrated the ability to support LP,
LPi14, LP11s, LP21y, and OAM,, OAM; modes, enabling 25
Gbps data transmission across multiple mode channels.
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Since our proposed integrated multiplexer can supported all
the spatial and polarization fiber modes in a two-mode FMF
as illustrated in Fig. 1(a), we also proposed and demonstrated
an integrated photonic processor enabling chip-to-chip multidi-
mensional fiber communications using an 8 x § triangular unitary
optical mesh [63] as shown in Fig. 5(c). The minimum peak
coupling efficiencies for all the six fibers mode in a two-mode
FMF is about —6.1 dB. A modal crosstalk less than —21.3 dB
can be achieved in our experiment. We demonstrated 32 Gbps
non-return-to zero (NRZ) signal transmission across six LP
modal channels, showing its ability to address multidimensional
interconnect challenges with low latency and high-speed fiber
communications.

C. Summary

In contrast to the GC array approach, our method optimally
utilizes the excitation region, significantly enhancing the mode
field overlap integral and coupling efficiency. Furthermore,
when compared to the blazing grating structure [42], it allows
for a substantial increase in the minimum required feature size,
which can reduce the fabrication complexity. Currently, silica
or 3D-waveguides based edge coupling solutions have demon-
strated high efficiency exceeding —2.5 dB across all supported
modes with a 1-dB bandwidth ranging from 100 to 200 nm. How-
ever, additional fabrication steps to polish the chip edge facets
and a precise assembling process may be needed, hindering
their cost-effective mass production. While GC-based solutions
typically provide advantages in fabrication and packaging, a
single 2DGC typically achieves <—4 dB efficiency with <20 nm
1-dB bandwidth, thereby limiting their compatibility with WDM
techniques.

Fig. 6 compares the number of spatial and polarization modes
and the minimum coupling efficiency of the integrated multi-
plexers on a single SOI platform. Our approach achieves the
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highest number of selective mode excitation on a single SOI plat-
form, while maintaining competitive coupling efficiency greater
than —5.5 dB. Our proposed method for multi-mode excitation
shows strong potential as a next-generation multidimensional
chip-to-fiber interface. Additionally, with the development
of these integrated (de)multiplexers, multidimensional optical
communication in optical fibers and free-space become feasible.
On-chip reconfigurable photonic meshes enable diverse man-
agement of modes and polarizations, paving the way for high-
dimensional, low-latency chip-to-chip interconnect systems.

III. DISCUSSION AND PERSPECTIVES

The manipulation of various DoF of light has long been
a research focus. Multidimensional chip-to-fiber I/O provide
an effective approach to access various dimensions of light
by planar photonic chip for reconfigurable manipulation and
processing. This approach can leverage multidimensional
multiplexing for various applications particularly in high-
performance optical interconnects. Our demonstrate 2D grat-
ing coupler exhibits several advantages, including placement
flexibility, ultra-compact footprint, competitive efficiency, while
supporting up to eight spatial and polarization channels via a
single I/O device. In the following we will discuss the challenges
associated with our approach, future development and their
impact on emerging applications.

A. Limitation

For consideration of link power budget and signal to noise
ratio, enhanced coupling efficiency, optical bandwidth and in-
creased number of multiplexed physical channels will repre-
sent the development trend for multidimensional chip-to-fiber
I/0. The (de)multiplexers discussed in Section II still exhibit
trade-offs among efficiency, channel count, and implementation
complexity and cost.

1) Coupling Efficiency: Although our proposed diffraction
gratings offer placement flexibility to form high-order spatial
and polarization modes, their coupling efficiencies still needs
improvements and optical bandwidth lags behind the edge-
coupler-based solutions. To solve the coupling efficiency lim-
itation, additional dielectric overlay can be applied on top of
grating region to break the vertical symmetry, such as polycrys-
talline silicon (poly-Si) or silicon nitride (SizN,4) as reporeted
in previous works for 1DGC [69], [71], [72], [73], [74], [75].
2DGCs with overlay enhancement has also been investigated in
simulation, where phase matching conditions should be satisfied
to avoid distortion of the upward-propagating wavefront in the
two orthogonal polarizations [76], [77], [78]. An experimental
peak efficiency of —2.5 dB was first reported recently as a
polarization-splitting 2D grating[78]. In addition, our recent
work has also demonstrated poly-Si overlay can be applied
for multimode 2DGC while maintaining its wavefront for the
high-order modes [70]. Peak experimental coupling efficiencies
can be further enhanced at the cost of additional fabrication steps.
In the future, layer thickness can also be optimized to further
enhance the chip-to-fiber efficiency. In terms of optical band-
width, edge couplers exhibit superior performance compared
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to grating couplers. The coupling insertion loss can be further
minimized by addressing mode field mismatches and alignment
offsets between silicon waveguides and optical fibers. This can
be achieved through specialized fabrication techniques or the
use of customized fibers.

2) Number of Spatial and Polarization Channels: Apartfrom
the optical bandwidth, increasing the number of spatial and
polarization channels is essential for enhancing the interconnect
capacity. The hybrid integration of WDM and MDM is expected
to enable ultra-high bandwidth in the future. The optical band-
width advantage of edge coupling facilitates broader wavelength
range. Beyond LP modes, orbital angular momentum (OAM)
modes have also demonstrated potential for optical interconnects
[79]. The primary challenge in generating OAM modes lies in the
control of the helical phase front. Recent studies have employed
star couplers and circularly arranged 2DGC arrays to manip-
ulate spatial phase distributions, enabling the (de)multiplexing
of OAM modes up to =11 orders [80]. Other works demon-
strated hybrid multiplexing of +3-order OAM modes across
eight wavelengths [81]. Despite their potential, OAM-based
interconnects rely on specialized fibers (e.g., ring-core fibers),
and their transceiver/receiver systems remain underdeveloped,
which require further investigation.

B. Impact and Future Vision

Beyond optical fiber communications, the ability of multidi-
mensional I/O to manipulate optical fields has a wide range of
applications, such as:

1) Free-space optical communication: Our proposed multi-
dimensional integrated (de)multiplexer can also be applied in
free-space-to-chip coupling, where the absence of fiber con-
straints allows the use of any orthogonal modes and polarizations
for communication. Adaptive on-chip MIMO systems hold sig-
nificant promise for compensating wavefront distortions during
propagation. These advancements are expected to play a crucial
role in the development of next-generation high-performance
freep-space optical communications.

2) Beam Shaping and Steering: The (de)multiplexer men-
tioned in Section 2 offers versatile control of structured light
(e.g., Hermite-Gaussian (HG) beam, Laguerre-Gaussian (LG)
beam, Bessel beam, Mathieu beam, etc.) by modulating the
distributions of phase, intensity, and polarization [82]. Ref.
[83] has advanced structured light applications by integrating
a 4 x 4 grating array with binary-tree networks, enabling the
coherent synthesis of higher-order HG and LG beams in far-field
regimes. In imaging systems, the use of structured light can
break through the diffraction limit and provide more detailed
information by recovering high-dimensional DoF signals, en-
abling super-resolution imaging and 3D object reconstruction
[84]. Additionally, specific high-dimensional structured light
can create optical trapping, allowing for precise particle ma-
nipulation in applications such as sorting, biological assays, and
material characterization [85].

3) Sensing and Spectroscopy: Different optical modes ex-
hibit distinct responses in terms of wavelength, polarization,
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and phase delay to variations in pressure, temperature, concen-
tration, etc. By detecting distortions in high-dimensional optical
fields, environmental changes and structural deformations can be
monitored. Additionally, as light propagates through the optical
fiber, each mode experiences different changes in its wavelength
information, and inter-modal interference causes spectral over-
lap at the output port. By analyzing multi-mode signals using
PIC-MIMO technology, the original spectral characteristics can
be effectively reconstructed.

4) Quantum Communication: By utilizing different modes
in FMFs, multidimensional I/O can facilitate the generation and
reception of entangled quantum states, which is essential for
quantum key distribution (QKD) and entanglement sharing. The
manipulation of high-dimensional modes, as discussed in [86],
enhances the resilience of quantum communication networks
to noise and turbulence, making it a promising approach for
building more robust and scalable quantum networks.

IV. CONCLUSION

In this work, we have reported a novel multidimensional inte-
grated (de)multiplexer on silicon for FMF. Our proposed multi-
dimensional I/O has an ultra-compact footprint of 35 x 35 ym?,
and can efficiently and selectively launch eight LP fiber modes,
including LPg1, LP114, LP11p, and LPsy; in a four-mode FMF.
By integrating a reconfigurable optical MZI mesh with our pro-
posed device, spatial and polarization multiplexed optical fiber
communications can be facilitated. In addition, we reviewed
recent advancements in multidimensional chip-to-fiber devices
and multidimensional optical systems using integrated optics
from other research groups, highlighting their potential impact
and applications in the next-generation optical communications,
beam steering, sensing, and quantum communications.
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