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To overcome the capacity crunch of optical communications based on the traditional single-mode fiber (SMF), different
modes in a few-mode fiber (FMF) can be employed for mode division multiplexing (MDM). MDM can also be extended to
photonic integration for obtaining improved density and efficiency, as well as interconnection capacity. Therefore, MDM
becomes the most promising method for maintaining the trend of “Moore’s law” in photonic integration and optical fiber
transmission. In this tutorial, we provide a review of MDM works and cutting-edge progresses from photonic integration to
optical fiber transmission, including our recent works of MDM low-noise amplification, FMF fiber design, MDM Si photonic
devices, and so on. Research and application challenges of MDM for optical communications regarding long-haul trans-
mission and short reach interconnection are discussed as well. The content is expected to be of important value for both
academic researchers and industrial engineers during the development of next-generation optical communication systems,
from photonic chips to fiber links.
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1. Introduction

In a multimode optical waveguide, the light wave propagates in
different paths, exhibiting different field distributions, so-called
orthogonal modes. Optical field density can be significantly
strengthened whenmultiple orthogonal modes are co-propagat-
ing in the same waveguide while maintaining acceptable or even
improved performance of attenuation, dispersion, nonlinearity,
signal quality, and so on. Such kinds of co-propagation of multi-
ple orthogonal modes in one waveguide are called mode division
multiplexing (MDM), which was first, to the best of our knowl-
edge, brought up tens of years ago (as early as 1982[1]) and now is
revived again due to the “Moore’s law” demand of optical com-
munication capacity and photonic integration. “Moore’s law” in
optical communication is even more serious than its original
interpretation in microelectronics, no matter whether it is
for photonic integration density or optical fiber transmission
capacity.

1.1. “Moore’s law” for photonic integration

Photonic integration is a kind of microelectronic technology.
However, it does not obey “Moore’s law” of conventional

microelectronics, which has exponential development in the
number of transistors per chip (100% increase per∼18months).
The basic reason is that the lightwave is at the micron-scale,
which is much larger than electrons as well as electrical transis-
tors. Meanwhile, the transmission and gating behavior of light-
waves are intrinsically different compared with electrons. Even
so, quasi-“Moore’s law” development of photonic integration
can still be observed due to the rapid development of photonic
integration technologies (at their earlier stages), including
silicon (Si) photonics (SIP), planar lightwave circuits (PLCs),
III-V material integration, and so on.
From the historical view of microelectronics development, as

presented in Fig. 1 (lower), “Moore’s law” has been well main-
tained (and is yet not dead) for continuously increasing the
application specific integrated circuit (ASIC) integration den-
sity. Space division multiplexing (SDM) methods are also
included in ASIC integration, which is well known as 2.5/
three-dimensional (3D) stacking for packaging. The fabrication
process is still developing and is now approaching 3 nm. Below
3 nm, the processes are getting more and more difficult.
Therefore, SDM based on 2.5/3D stacking could play a very
important role in maintaining “Moore’s law”.
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On the other hand, after more than three decades of develop-
ment, photonic integrated circuit (PIC) integration is now step-
ping into the 28 nm process. However, most PIC integration
platforms are still using the old fashioned process like 130 nm,
90 nm, and 45 nm, with balanced consideration of performance
and cost. A very interesting situation is that improvement of
process cannot lead to the steady improvement of integration
density of PICs, which is limited by the intrinsic property of
lightwaves. Then, inevitably, there will be a ceiling for PIC inte-
gration density, no matter how the advanced processes are uti-
lized. Therefore, it is very difficult to realize large-scale photonic
integration, and currently the largest amount of photonic com-
ponents per chip is only about 850 by Massachusetts Institute of
Technology (MIT)[2], which is a million times smaller than the
transistor amount in ASIC. However, it does not mean the death
of “Moore’s law” for photonic integration.
As shown in Fig. 1 (upper), the development of PICs (PLC,

III-V, and SIP) will eventually step into SDM, just like ASICs.
The difference is that photonic SDM is not just about 2.5/3D
stacking. MDM can also be utilized here due to the intrinsic
Boson property of lightwaves. The “Moore’s law” trend for pho-
tonic integration can thus be well maintained.
There are two different benefits for MDM in photonic inte-

gration: improved signaling density with more data in the same
waveguide and improved efficiency with reduced power con-
sumption for active devices. All of them are aimed at integration
density. Together with 2.5/3D stacking and MDM, one can
expect very a promising future for photonic integration. In this
paper, we will talk about MDM out of photonic SDM.

1.2. “Moore’s law” for optical fiber transmission

As for optical fiber communication, more typically optical fiber
transmission, the capacity crunch of the conventional single-
mode fiber (SMF) is almost approached, based on the encour-
aging development of optical communication technologies in

the past five decades[3]. The enabling technologies include
mainly low-loss fibers in the 1980s, erbium-doped fiber ampli-
fiers (EDFAs) in the 1990s, wavelength division multiplexing
(WDM) around 2000 (decades before and after 2000), advanced
modulation with enhanced digital signal processing (DSP) in the
2010s, as well as advanced coding methods like forward error
correction (FEC) since the 2010s[4].
Thus, 2020 is a special year, marking the end of a decade as

well as the end for increasing trends of optical fiber transmission
capacity based on the above-mentioned conventional technolo-
gies. The 50th anniversary of optical fibers also occurred in 2020,
which brings up the new challenge of optical fiber transmission:
what can we do tomaintain the trend for the upcoming demand?
Presented in Fig. 2 are the historical trends of optical fiber

transmission: the single-fiber capacity increases due to all kinds
of technologies. Similar summarizations can also be found in
Ref. [5] by D. J. Richardson et al. and Ref. [6] by T. Mizuno et al.
The agreement for all of them is that SDM, including most
importantly MDM, is the next answer for maintaining this
“Moore’s law” trend of optical fiber transmission capacity.
The current capacity record for standard SMFs (SSMFs) is

150.3 Tb/s[7], which is built up by dense WDM (DWDM) over
S/C/L widebands, coherent modulation, and detection with
polarization division multiplexed (PDM) 128 quadrature ampli-
tude modulation (QAM). Enabled by MDM and multi-core
fiber SDM, the single-fiber capacity record was boosted to
10.66 Pb/s in 2020[8].
Obviously, multi-core and MDM can be utilized simultane-

ously in SDM, but only MDM offers the intrinsic efficiency mul-
tiplexing of more data within the constraint space. Meanwhile,
MDM is based on the few-mode fiber (FMF), which is more
compatible with the SSMF system in terms of fabrication sim-
plicity, cabling, maintenance, device, and so on. Therefore, we
only focus on MDM out of SDM in this paper.

1.3. This paper

To make it clear, the key property of MDM is intrinsically the
strengthened optical density in terms of signal transmission
capacity, modulation efficiency, nonlinear efficiency, circuit size,

Fig. 1. Historical view of microelectronics development, PIC integration
(upper), and ASIC integration (lower).

Fig. 2. Optical fiber transmission capacity trend with respect to all kinds of
enabling technologies.

Vol. 19, No. 9 | September 2021 Chinese Optics Letters

091301-2



and so on. Thus, MDM provides us with advantages for very
broad and colorful applications, not only for optical communi-
cations, but also for imaging, endoscopy, spectroscopy, power
combination, lasing, sensing, optical computing, and so on. In
this review paper, we will talk about the perspective of optical
communication, including, particularly, optical fiber transmis-
sion and photonic integration.
Versatile routes of MDM can be applied to different applica-

tions. As for photonic integration, TE/TM/transverse electro-
magnetic (TEM) MDM is currently the only solution due to
the special waveguide structure. As for optical fiber transmis-
sion, linear polarization (LP) and orbital angular momentum
(OAM) can both be utilized. LP MDM well utilizes the space
of the optical fiber. It has good compatibility of fabrication,
splicing with conventional SMFs. Meanwhile, its performances
of attenuation, bending, nonlinear coefficient, dispersion, and so
on are comparable with conventional SMFs. Generally speaking,
LP MDM is a more natural upgrade solution with respect to the
current SMF solution. OAMMDM is also an attractive solution
with high scalability, which can be expected to be highly useful
for the ultra-large capacity links. As for LP MDM, there is
strongly coupled MDM and weakly coupled MDM. Currently,
weakly coupled MDM is rather attractive for short reach appli-
cations, in which multiple-input multiple-output (MIMO)-less
MDM for reduced cost and stable transmission for robust field
applications is highly demanded. However, for long-haul optical
transmission, strongly coupled MDM would be attractive, since
reduced nonlinearity and reduced MIMO complexity can be
expected.
This review paper consists of four sections. The background

and motivation of MDM are introduced in Section 1. MDM
photonic integration, including platforms, interface devices,
passive devices, active devices, and so on, is presented in
Section 2. In Section 3, MDM fibers, devices, and systems for
large capacity optical fiber transmission are discussed. Section 4
is the conclusion, where the challenges and future trends of
MDM for optical communications are discussed as well.

2. MDM Photonic Integration

2.1. Platforms for MDM photonic integration

This section will briefly introduce five material platforms for
MDM photonic integration, including Si, Si nitride (SiN), chal-
cogenides, lithium niobite (LN), and indium phosphide (InP),
and discuss the optical characteristics, fabrication process,
and the recent works on MDM.

2.1.1. Silicon

Si is amature photonic integration platform that has been widely
used to pattern various passive and active devices for decades.
The typical Si waveguide uses Si as the core material and Si diox-
ide (SiO2) or air as the cladding. The refractive index of Si (∼3.4)
is pretty high compared with air or the SiO2 cladding layer, and
hence strong optical guiding is guaranteed in the waveguide at

the near-infrared wavelength. Besides, the strong optical con-
finement of Si allows for optical devices with a compact foot-
print. The Si-on-insulator (SOI) platform possesses plenty of
advantages, including wide availability, low cost, and compati-
bility with mature complementary metal–oxide–semiconductor
(CMOS) technology, which makes it one of the most prominent
platforms for PICs.
The Si platform is suitable forMDM integration, as the propa-

gation constant of the different spatial modes can be engineered
to differ significantly thanks to the high core-cladding (Si=SiO2)
index contrast. For the Si waveguide with a fixed thickness, one
could continuously tune the propagation constant of the differ-
ent spatial modes by varying the waveguide width. When the
propagation constants of two closely placed waveguides match
each other, the spatial mode will convert from one waveguide to
the other. Various Si-based on-chip mode (de)multiplexers
(MUXs) for MDM have been demonstrated in past years.
Some typical structures of mode (de)MUX for MDM include
multimode interferometers, asymmetric Y junctions, adiabatic
couplers, and asymmetric directional couplers (ADCs)[9–14],
which we will discuss later in detail.
During the past decades, mode (de)MUXs for MDM on SOIs

have been heading towards higher capacity and broader band-
width. By introducing dual polarization to the mode (de)MUX,
the number of mode channels can be increased up to 10[15]. The
mode (de)MUXs are also be considered to work through a broad
wavelength band in order to integrate with WDM devices[16]. A
64-channel hybrid (de)MUX was also developed to enable
MDM and WDM simultaneously by integrating a four-channel
broadband ADC mode (de)MUX and 16-channel arrayed-
waveguide gratings[17].

2.1.2. Silicon nitride

SiN provides an alternative moderate-index-contrast system
that is manufacturable in the CMOS environment[18]. The
SiN membrane is typically deposited by either low pressure
chemical vapor deposition (LPCVD) at high temperature
(> 700°C) or by plasma enhanced chemical vapor deposition
(PECVD) at low temperature (<400°C). LPCVD-based SiN
often has a refractive index of around 2.0 at the wavelength of
1550 nm. PECVD-based nitride can be Si-rich (higher refractive
index) or nitrogen-rich (lower refractive index).
For the SiN waveguide, Si3N4 is employed as the core layer

and SiO2 as the cladding material. The difference of refractive
index values between core and cladding allows a compact struc-
ture of the optical waveguide. SiN has some unique advantages
compared to Si. First of all, SiN has a transparency window over
the range from 400 to 2350 nm, which is broader than Si (1100 to
3700 nm) and is very suitable for applications requiring shorter
wavelengths (e.g., data communication at 850 nm). Besides,
SOI-based photonic wires have typical waveguide losses of 1
to 2 dB/cm, mainly because of the low scattering loss originating
from the sidewall roughness. For SiN waveguides, the propaga-
tion loss can be reduced down to an order of magnitude, typi-
cally in the range of 0.3–1.0 dB/cm. For nonlinear applications,
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SiN has the weaker Kerr nonlinearity than Si but the two-photon
absorption (TPA) is virtually zero thanks to the material’s large
bandgap. Therefore, it has been proved to be well suited for on-
chip nonlinear progress, such as frequency comb generation or
supercontinuum generation.
Compared with Si, fewer MDM works have been done on the

SiN platform. In Ref. [19], a three-modeMDM-WDMcircuit on
a SiN-on-silica substrate using ADCs and a micro-ring resona-
tor (MRR) was demonstrated and shown to be able to support a
30 Gb/s data transmission for each channel separately.

2.1.3. Chalcogenide

Chalcogenide glass (ChG) contains a major constituent of the
chalcogen elements from group 6a of the periodic table (sulphur,
selenium, and tellurium, but excluding oxygen), covalently
bonded to network formers such as As, Ge, Sb, Ga, Si, or P.
Employing a high refractive index of n ≈ 2–3, ChG films for
waveguide fabrication could be produced by thermal evapora-
tion[20], sputtering[21], chemical vapor deposition[22], and pulsed
laser deposition[23]. The propagation loss of the chalcogenide
waveguide drastically depends on its size. A small strip wave-
guide with mode areas around 0.2 μm2 has loss around
1.5 dB/cm. For larger waveguides, the optical loss can be further
reduced to 0.05 dB/cm at 1550 nm[24].
ChGs show promising application in various areas such as

phase-change memories, solar cells, sensors, frequency conver-
sion, and supercontinuum generation. Thematerial nonlinearity
of chalcogenides combined with the strong confinement and
dispersion engineering achievable in the chalcogenide wave-
guidemakes them attractive to form ultra-fast nonlinear devices.
There are no free-carriers or TPA effects in chalcogenide mate-
rials. Meanwhile, these ChGs also have goodmid-infrared trans-
parency, thus supporting the applications like mid-infrared
spectroscopy, which attracts growing interests because of its cov-
erage over the characteristic spectral absorption features for
many molecules. On-chip MDM interconnection at the 2 μm
waveband was demonstrated on the ChG-on-dioxide platform,
holding 3 × 80Gb=s high-speed transmission[25].

2.1.4. Lithium niobate

The LN photonics platform has been an attractive platform over
the past decades, due to its excellent material properties includ-
ing the wide optical transparency window and high refractive
index. Conventional LN waveguides are fabricated by titanium
indiffusion or proton exchange, which typically form a low
refractive index contrast[26]. The resulting large optical mode
size and difficult growing on a SiO2 substrate are the main rea-
sons why it was not widely used as a functional part integrated
on an SOI platform. When the process of single-crystal, sub-
micrometer-thick LN film bonded on the top of a low-index sub-
strate (SiO2) was demonstrated and became commercially
available[27], more researchers began to focus on this functional
material. By using this thin film LiNbO3 (TFLN) wafer,

waveguides were created with high index contrast of > 0.7
and tightly optical modes.
However, etching of LiNbO3 is a difficult task. Crystalline LN

cannot be easily patterned due to its high chemical stability. As
for traditional optical lithography, different hard masks such as
hydrogen silsesquioxane (HSQ)[27] and chromium (Cr)[28] have
been used for dry etching the LN layer. Optical lithography often
leaves behind a surface roughness of a few nanometers on the
sidewall, resulting in the propagation loss of the etched wave-
guide in the range of 0.4 dB/cm to 3 dB/cm. Recently a novel
pathway of LN layer etching was demonstrated using chemo-
mechanical polish lithography (CMPL)[29]. Thanks to the
smooth surface polished by CMPL (surface roughness
0.452 nm), the propagation loss of the LN waveguide can be
reduced to 0.027 dB/cm. Notably, the LN waveguide etched
by this process is often larger than that patterned by dry etching,
which is mainly limited to the precision of the CMPL process.
LN has several excellent material properties including the

large electro-optic (EO) modulation properties originating from
the Pockels effect, the high second-order nonlinear susceptibil-
ity, and piezoelectric response, so that it was widely used to dem-
onstrate various functionalities such as ultra-fast EO
modulation, EO frequency comb, and second harmonic gener-
ation. As for the MDM application, Jin and co-workers demon-
strated a mode switch based on the proton-exchanged LN
waveguide, which can switch between the fundamental mode
and higher-order mode with an extinction ratio of ∼18 dB[30].

2.1.5. Indium phosphide

The most attractive characteristic of InP is its possibility to inte-
grate passive and active devices (lasers, light amplifiers, modu-
lators, and detectors) in a single membrane. A typical InP
waveguide is formed on the InP-membrane-on-Si (IMOS).
The thickness of the membrane is chosen in the range of
250–300 nm. InP has a high refractive index of 3.17, leading
to compact photonic devices. The single-mode waveguide with
the cross section of 250 nm × 450 nm was commonly chosen.
The InPmembrane can be bonded on a Si wafer through ben-

zocyclobutene (BCB) adhesive polymer[31]. A thin layer of SiO2

is coated to promote adhesion between the Si wafer and InP
membrane. After bonding and baking, the InP substrate can
be removed by wet etching. Notably, the thickness of the poly-
mer layer can be conveniently tuned over a large range (from
50 nm up to 20 μm), which enables high flexibility of the plat-
form scheme. The InP membrane can then be patterned to dif-
ferent functional devices through electron beam lithography and
dry etching. However, in order to obtain a low-loss InP wave-
guide, the ratio between physical and chemical etching should
be carefully determined to reduce the sidewall roughness. To
date, a record-low value of 2.5 dB/cm loss for the InP waveguide
is achieved[32].
Due to the long-term development of InP material and devi-

ces, many passive devices used for MDM like a mode MUX and
polarization converter have been demonstrated. For instance, a
novel type of waveguide polarization converter that converts the
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TE0 mode to the TM0 mode with efficient mode conversion of
0.4 dB loss and 16.6 dB extinction ratio was demonstrated
numerically[33]. A mode MUX based on a multimode interfer-
ometer coupler used for converting the fundamental TEmode to
a higher-order mode was demonstrated with a mode extinction
ratio below 24 dB and low insertion loss below 0.7 dB[34].
A comprehensive comparison has been made in Table 1

regarding these fiber photonic integration platforms.

2.2. MDM interface for PIC-fiber coupling

Interface coupling builds an indispensable bridge that connects
the optical signal from integrated waveguides to fiber transmis-
sion. The chip-to-fiber coupler can typically be classified into
two types, vertical grating coupler (GC) and edge coupler, which
have their ownmerits and have already been well investigated in
the last decades. However, when it comes to multimode cou-
pling, it becomes more complicated to maintain all of the guided
modes having high coupling efficiency. In this section, we review
the recent works on multimode interfaces for coupling between
multimode waveguides on PICs and FMFs, as depicted in Fig. 3.
Their practical application for an MDM transponder is also dis-
cussed. The summary of some typical MDM interfaces on SOI is
listed in Table 2.

2.2.1. Grating coupler

As for the GC for higher-order mode coupling in FMFs, a
straightforwardmethod is tomultiply the number of GCs so that
each GC can correspondingly emit each lobe in the high-order
mode (HOM). For instance, a double-part GC was employed to
convert the TE1 mode in the waveguide into the LP11 mode in
the FMF, with a peak coupling efficiency of −3.68 dB[38]. An
apodized GC composed of two sides with half-of-period offset,
which creates a π phase difference between each other, was
designed to realize TE0-to-LP11 mode conversion with cou-
pling loss of 3.1 dB[39]. Similarly, non-uniform gratings along

the propagation direction can also generate π phase difference
so as to form an LP11=LP21 output field

[40]. However, the above
structures are specially designed for one specific HOM and
unable to be used for fundamental mode LP01 and several
HOMs simultaneously in the same design.
In order to support multimode coupling, Koonen et al. pro-

posed a Si PIC mode MUX with five parts of two-dimensional
(2D) GC, which can support six polarization modes (LP01,x,
LP01,y , LP11,a,x, LP11,a,y, LP11,b,x , LP11,b,y) excited from the PIC
to FMF[35], as shown in Fig. 3, panel (i). This structure is also
practicable for LP21,a and LP02 modes and presents low crosstalk
among HOMs. Besides, the circuit was packaged with the FMF,
6-SMF array, and electrical control system and applied in a
3.072 Tb/s MDM and WDM transmission system as the mode
MUX and deMUX[41]. A similar design with four parts of 2DGC
was demonstrated in Refs. [42,43]. Theoretically, with more
spots of GC settled in a specially arranged shape, this scheme
has the scalability to support more HOMs in the FMF[44].
However, the large coupling loss (> 20 dB in Ref. [41])
and complicated phase control system may get worse as the
mode number increases.

Table 1. Photonic Integration Platforms.

SOI SiN ChG LN InP

Index 3.4 2.0 2–3 2.6 3.2

Loss (dB/cm) 0.1 <0.01 0.05 0.027 0.3

Window (μm) 1.1–3.7 0.4–2.4 1.5–12 0.4–5 1.3, 1.5

Lasing No No No No Yes

PD Yes No No No Yes

Modulation Yes No No Yes Yes

Extra
doping

/ / Standard
process

Standard
process

CMOS
compatibility

Yes Yes No No No

Table 2. Cutting-Edge Performance of MDM Interface on SOI.

Properties

Vertical Coupling Edge Coupling

Ref. [35] Ref. [36] Ref. [37]

Mode number 6 4 2

Coupling loss 20–25 dB 4.9–6.1 dB 10.77 dB

Crosstalk / −6 dB −7.3 to −11.9 dB

Bandwidth ∼30 nm 20 nm >100 nm

Footprint/length mm-scale 622 μm × 622 μm <300 μm

Fig. 3. Schematic diagram of MDM optical interface, including vertical cou-
pling with on-chip mode multiplexer (MUX) and edge coupling with 3D asym-
metric waveguide. (i)–(iii) Specific progresses of the MDM interface[35,36,37].
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Another scheme is using a single GC to selectively launch sev-
eral modes with high efficiency. Tong et al. demonstrated a
novel multimode GC by genetic optimization, supporting four
LP modes (LP01,x, LP01,y, LP11,x, LP11,y) with low coupling loss
of 4.9 dB for LP01 and 6.1 dB for LP11

[36], as shown in Fig. 3,
panel (ii). Although the mode crosstalk is not suppressed well
(−6 dB), the proposed MUX was successfully employed in
4 × 40Gb=s MDM transmission over the 15 m FMF. Thus,
the structure with a single GC is more competitive as the multi-
mode interface with the FMF in the MDM transponder thanks
to its lower coupling loss, despite having less mode scalability
compared to the scheme with several grating parts.

2.2.2. Edge coupler

Generally, the edge coupler is based on the inverse taper wave-
guide leaking the optical field into the cladding layer with a
larger field diameter so as to decrease the mode mismatch
between integrated waveguide and Si fiber. As for HOMs,
e.g., LP11, we can adopt the edge coupler with two individual
inverse tapers to match the two lobes of the LP11 mode field[45],
similar to the two-part GC for LP11 vertical coupling as we men-
tioned before. Besides, via a triple-tip inverse taper, LP01 and
LP11 can simultaneously be excited and coupled[46,37], as shown
in Fig. 3, panel (iii). However, such a structure can hardly be
applied to vertical HOM.
In Ref. [47], a multi-stage SOI inverse taper buried in SiN

cladding was designed to excite six polarization modes in the
FMF, whereas the mode hybridization needs a pretty large
length of 2.3 mm in total, which is impractical. Different from
the highly compact Si PIC, a polymer material has a similar
refractive index with the Si fiber, so that it is quite easy for poly-
mer waveguides to transfer the guided modes into the FMF and
also to fabricate a multi-layer structure to support vertical
HOMs. In Ref. [48], a polymer multimode edge coupler based
on 3D asymmetric waveguide branches was proposed for four
modes (LP01, LP11,a, LP11,b, LP21,a) with a small coupling loss
of <0.6 dB for all four modes despite the large mode converter
(MC) loss in the polymer device. Thus, a polymer may be more
suitable for multimode edge coupling between integrated wave-
guides and the FMF, but not better than Si devices for MCs.

2.3. Passive devices

Passive devices constitute a significant foundation in MDM
photonic integrated systems for the mode multiplexing/demul-
tiplexing and the propagation and routing of multimode signals.
This section will introduce recent researches on multimode
waveguiding devices, power coupling devices, and mode and
wavelength manipulating devices, mainly focusing on the SOI
platform. Multimode passive devices with small size, low loss,
low modal crosstalk, and high scalability are mainly discussed.

2.3.1. Waveguide devices: bend and crossing

Generally, in a standard Si layer with 220 nm thickness, a
500-nm-wide single-mode waveguide can be bent by a 10 μm
radius with negligible bending loss. While for a multimode
waveguide, it is far more sensitive to the bend due to the much
wider mode field. There will be extra scattering loss since the
leakage into the cladding at the bending area will be severely
affected by the sidewall roughness. Therefore, a multimode bent
waveguide with a smaller bending radius under acceptable low
bending loss is quite important for a denseMDM integrated sys-
tem. Here, we introduce three kinds of multimode waveguide
bends for MDM photonic integration. The benchmark perfor-
mances of different MDM bends are summarized in Table 3.
The first one is based on the optimized curve, for instance, the

Euler bend with a 45 μm effective radius for four TMmodes and
<0.5 dB bending loss[49], as shown in Fig. 4(a). The Bezier bend
can support three TEmodes at 20 μm effective radius and main-
tain <0.2 dB loss[52]. The MDM bends with an optimized curve
present low bending loss, while the lower degree of optimizable
parameters makes it hard to compact the bending radius down
to an ultra-small size.
The second one is to introduce an MC before and after the

bent waveguide in order to match the mode field in the straight
waveguide and bent waveguide, like the subwavelength grating-
based MC in Ref. [53]. Besides, a compact bent waveguide with
10 μm radius including MC length was applied for two TE
modes with <0.2 dB loss and <−23 dB crosstalk[54]. These
two kinds of structures easily obtain a multimode bend at tens
ofmicrons radius with low insertion loss, low crosstalk, and wide
bandwidth. Similarly, moving the MC into the bending region,

Table 3. Benchmark Performance of MDM Bend.

Properties Euler Bend[49] SWG Bend[50] Pixelated Bend[51]

Structure and principle Waveguide curve optimization SWG for mode converting Inverse design of pixelated structure

Mode number 4 TM modes 6 modes with dual polarizations 4 TE modes

Bending radius 45 μm 10 μm 3.9 μm

Loss <0.5 dB <0.23 dB <1.8 dB

Crosstalk <−20 dB <−26.5 dB <−17 dB

Scalability Yes Yes Yes
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even shorter bends can be obtained for multiple modes. By add-
ing a subwavelength grating in the bending region, six modes
with dual polarizations can be bent by the 10 μm radius with loss
under 0.23 dB in a wide range of 100 nm[50].
Thirdly, in recent years, inverse design has become a novel

design method for PIC devices, in virtue of the ability to break
the conventional design frame and automatically obtain the
optimized devices with outstanding performance and compact
footprint. Ultra-compact multimode bent waveguides can be
optimized based on pixelated meta-structures, with a 3.6 μm
radius and <1 dB loss for two TE modes[55] and for four TE
modes[51] [in Fig. 4(c)]. The inversely designed multimode bend
ismore suitable for high-densityMDM systems despite a slightly
higher bending loss, while the two kinds of multimode bends
mentioned before have more benefits in the loss-sensitive
MDM system with less demand on compactness.
Furthermore, inspired by the on-chip-geometrical-optics

configuration, a novel four-mode bend based on a total-
internal-reflection (TIR) mirror was reported in Ref. [56], as
shown in Fig. 4(d). The same concept was also used for the
MDM crossing, 3 dB coupler, and switch, with easy design and
scalability to much larger mode numbers. However, these four-
mode devices are constituted by a 10-μm-wide waveguide,
which still needs a long adiabatic taper to match with normal
four-mode waveguides.
Crossing is another basic component in high-density MDM

networks. Seeing that the conventional single-mode waveguide
crossing is typically based on the self-imaging of multimode
interference (MMI), the multimode waveguide crossing can
be designed by the same principle. Dual-mode crossing was
proposed by optimizing the joint self-images of two TM
modes[57] and two TE modes[58] under the footprint around
30 μm × 30 μm, as shown in Fig. 5(a). Another method is to di-
vide or convert the HOMs into the fundamental mode, set an

array of single-mode crossings, and then combine or reconvert
them into HOMs[59]. In view of that, a three-mode waveguide
crossing was demonstrated in a 34 μm × 34 μm footprint, with
0.9 dB insertion loss and −22 dB crosstalk[60], seen from
Fig. 5(b). Besides, the inverse design method can also be applied
to optimize an ultra-compact multimode crossing, and dual-
mode crossing was achieved in an ultra-small size of 4.8 μm ×
4.8 μm[61], as depicted in Fig. 5(c). Furthermore, meta-
material-based dual-mode star-crossing was presented in
Ref. [62], showing four-channel crossing for two TM modes
with <0.3 dB loss, <−20 dB crosstalk, and an 18 μm × 18 μm
footprint [Fig. 5(d)].

2.3.2. Power coupling devices

In an MDM photonic integrated system, a power splitter is the
basic component to allocate the power distribution of multi-
mode signals in different channels. A dual-mode 3 dB power
splitter was designed by a straightforward structure[63]. The
guidedmodes inmultimode waveguides are demultiplexed, con-
verted to odd-order modes, which have an even number of lobes,
and sent into a symmetric Y junction to be split by a 50:50 power
ratio.While such design is not size-efficient, it can easily scale up
the mode order. A directional coupler (DC) is a common struc-
ture for power coupling, with an arbitrary splitting ratio under
different coupling lengths. Based on that, an asymmetric tapered
DC was proposed as a 3 dB power splitter for two TMmodes[64].
However, the 50:50 power ratio cannot be satisfied for both
modes over a broad wavelength range. Besides, an ultra-broad-
band 3 dB power splitter for four modes was reported based on
an adiabatic coupler and a Y branch[65], but the total length of
800 μm depressed its practicability. In order to fabricate a multi-
mode 3 dB power splitter with a compact footprint, broad

Fig. 4. Schematic diagram of integrated multimode waveguide bends: (a) the
Euler curved bend for four TM modes[49], (b) the dual-mode bend with MC[54],
(c) the pixelated four-mode bend structure[51], (d) four-mode bend based on a
TIR mirror[56].

Fig. 5. Schematic diagram of integrated multimode waveguide crossing:
(a) two-mode crossing based on non-adiabatic tapered waveguide[58],
(b) three-mode crossing based on pixelated mode MUX and single-mode
crossing array[60], (c) ultra-compact multimode crossing for two TE modes[61],
(d) meta-material-based dual-mode star-crossing[62].
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bandwidth, and scalability to more mode orders, an inverse
design provides a new route to maintain all of the properties
mentioned above. The 3 dB power splitters based on subwave-
length pixelated structures were inversely designed for 2 and 3
TE modes, with compact sizes of 2.88 μm × 2.88 μm and
4 μm × 4.5 μm, respectively[66,67]. It also has the potential to
realize multimode power splitters with various ratios.

2.3.3. Mode manipulation devices: MUX/deMUX/mode converter/
exchange/filter

ModeMUXs/deMUXs are the most significant devices in MDM
systems, where they convert the different channels of the

fundamental mode to HOMs, combine them together in multi-
mode waveguide channels, and finally reconvert the HOMs to
fundamental modes and separate into the original channels.
For photonic integrated MDM systems, mode MUXs/deMUXs
have already attracted plenty of researches in recent decades.
Till now, the structure of the mode MUX/deMUX can be clas-
sified into plenty of types, such as MMI[9,68,69], DCs[12,15,70–72],
Y junctions[73–76], micro-rings[77–80], grating-assisted struc-
tures[81–83], and inversely designed structures[84–86]. Table 4 lists
the mode MUXs based on various structures and their
performances.
First, the MMI-based mode MUX typically presents wide

bandwidth and high tolerance to fabrication errors with a long

Table 4. The Summary of Mode MUX/deMUX.

Ref. Year L (μm) ILmax (dB) CTmax (dB) BW (nm) Channel Structure E / Sa

[9] 2012 80 1 −40 50 2 (TE) MMI + PS S

[68] 2014 48.8 0.3 −22 100 2 (TE) Symmetric Y junction + PS + MMI S

[69] 2020 7.24 0.74–1.2 −15 50 2 (TE) Shallow-etched MMI E

[70] 2013 50 0.3 −16 100 2 (TE) Adiabatic tapered ADC E

[72] 2016 68 0.8–1.3 −26 65 2 (TE) Taper-etched ADC E

[15] 2018 15–50 0.2–1.8 −15 to −25 90 10 (PM) Adiabatic tapered ADC E

[71] 2019 75 1.5 / 75 12 (TE) Adiabatic ADC using SWG E

[73] 2013 ∼1000 1.5 −9 100 2 (TE) Asymmetric Y junction E

[74] 2016 510 5.7 −9.7 to −31.5 29 3 (TE) Cascaded asymmetric Y junction E

[12] 2013 300 0.3 −36 100 2 (TE) Adiabatic coupler E

[75] 2016 200 1 −20 75 2 (TE) Adiabatic coupler + Y junction E

[76] 2017 180 1.5 −19 90 2 (TE) Adiabatic coupler + Y junction E

[77] 2014 25 3–16 −12 to −22 / 3 (TE) Micro-ring E

[78] 2015 100 1.5–3.5 −20 to −32 / 3 (TE) Micro-ring E

[79] 2019 40 2.1 −19.7 / 4 (TE) Micro-ring E

[81] 2013 90–250 0.2–0.34 −22 to −30 3.7–11.8 4 (TE) Grating-assisted contra-DC S

[82] 2015 / / −22 / 2 (TE) Grating-assisted tapered contra-DC E

[83] 2020 300 6.6 −18.7 ∼4 4 (PM) SWG-based contra-DC E

[84] 2016 2.6 × 4.2 1.2 −12 100 2 (TE) Topology optimized structure E

[85] 2018 3.6 × 4.8 1.2–2.5 −19 60 3 (TE) Pixelated structure E

[86] 2020 5.4 × 6 1.5 −14.6 60 4 (TE) Pixelated structure E

[87] 2018 ∼1000 4 −13.7 40 2 (TE) Triple waveguide coupler E

[88] 2018 7.5 0.32 −15 35 2 (TM) Triple waveguide coupler with hybrid
plasmonic waveguide

S

aE, experimental result; S, simulation only.
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size and becomes complicated for HOMs greater than the
second one. However, an asymmetric shallow-etched MMI
was reported as a two-mode MUX with a footprint of
1.5 μm × 7.24 μm[69], which is much shorter than the conven-
tional MMI-based MUX, also having the potential for a
higher-order mode MUX. Second, the most widely used mode
MUX is based on an ADC in virtue of its broadband, simple
design principle of phase matching, and high scalability by a cas-
caded ADC. Although the phase matching condition is highly
sensitive to width variation of the fabricated waveguide, it can
be improved by applying the adiabatic tapered ADC for mode
MUX[70] so as to increase the fabrication tolerance and reliabil-
ity. Based on the cascaded adiabatic tapered ADC, the robust 10-
channel MDM system with dual polarization was demonstrated
on the SOI platform[15] [as depicted in Fig. 6(a)], showing low
insertion loss, low crosstalk, and broad wavelength band of
90 nm, and highly expanding the total capacity of on-chip opti-
cal interconnection. Besides, an optimized adiabatic ADC using
subwavelength waveguides (SWGs) was proposed for mode
MUX up to the 12th HOM[71], which is the highest order of
mode MUX currently. Furthermore, similar to the principle
of ADC, a triple-waveguide coupler can also realize mode
MUX with scalability[87]. With the combination of novel
material, like phase-change material[89] or hybrid plasmonic
waveguides[88], it can serve as a reconfigurable mode MUX or
switch. Third, the Y junction is another simple design for mode
MUX, as shown in Fig. 6(b). Theoretically, an asymmetric Y
junction is able to achieve many HOMs[73,74,90] and can also
be combined with adiabatic tapers[75–86]. Otherwise, it generally

needs to be large scale with hundreds of micron, which is not
suitable for compact systems. Fourth, a micro-ring-based mode
MUX has the same principle as DC at the coupling region. The
resonator structure is easily compatible with WDM[77,78] and is
also applied to selective mode conversion, despite the narrow
bandwidth in one wavelength channel. In addition, it is more
convenient to combine signal modulation and mode MUX/
deMUX together on a single micro-ring so as to achieve an
ultra-compact on-chip MDM system[79], as shown in Fig. 6(c).
Finally, the inverse design method brings a wider design space
for mode MUX[84,85], which can obtain the ultra-compact foot-
print that the above-mentioned structures have no chance to
reach. A four-mode MUX was optimized by a pixelated wave-
guide in Ref. [86] [shown in Fig. 6(d)] with a small size, broad-
band, and slightly higher insertion loss, and still scalable to other
higher-order modes. By means of the inversely designed
pixelated structure, the MDM circuit including mode MUX,
multimode bends, and crossings was demonstrated in an ultra-
compact size[91]. This work significantly improves the integra-
tion density on the dimensions of space and capacity.
Besides the mode MUX/deMUX, the MC[92–96], mode

exchange[97–99], and mode filter[100,101] have also been investi-
gated recently for mode manipulation on the PIC. Here, the
MC represents the device that can convert one input mode into
another output mode at a single structure. A novel design com-
bining the DC and slot-waveguide-based phase shifter for MCs
from TE0 to TE1, TE2, TE3 was fabricated with compact size and
low loss[93]. As shown in Fig. 7(a), a similar structure was
designed to realize universal building blocks for arbitrary
HOM conversion and exchange, and up to a 28th-order MC
was demonstrated by simulation[94]. By means of an inversely
designed pixelated structure, three-mode reflective convert-
ers[95] and two-channel parallel MCs[96] were presented for cer-
tain scenarios in the MDM system. In addition, mode exchange
is used to exchange the signal between different mode channels,
such as exchanging signals carried on the TE0 and TE1
modes[97]. With micro-ring-based mode MUX, the selective
mode exchange between TE0 and arbitrary HOMs was capable
of thermally controlling the resonant wavelength[98]. As shown

Fig. 6. Schematic diagram of integrated mode MUX/deMUX: (a) 10-channel
mode (de)MUX with dual polarizations by adiabatic tapered ADC[15], (b) asym-
metric Y-junction-based mode MUX[90], (c) MRRs serving as modulators and
mode MUXs simultaneously[79], (d) four-mode MUX based on pixelated
waveguides[86]. Fig. 7. Schematic diagram of universal (a) MC[94] and (b) mode exchanger[98].
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in Fig. 7(b), ultra-compact and ultra-broadband mode exchang-
ers were reported by SWG-based structures with universal prac-
ticability[99]. TE0−1 and TE0−2 mode exchangers with <3 μm
length were fabricated for proof of concept. Ultimately, the
mode filter can be employed to cut down the undesired mode
and also to increase the mode crosstalk. A TE1 HOM pass filter
was presented by one-dimensional (1D) photonic crystal grating
waveguides with compact size and broadband[100]. A reconfig-
urable mode filter or exchange was demonstrated in Ref. [101]
for two TE modes.

2.3.4. Wavelength/polarization manipulation devices: filter/
polarization splitter/rotator

As we reviewed before, passive multimode devices constitute the
foundation of the integrated MDM system. At the same time,
some multimode devices are capable of wavelength/polarization
manipulation as well. For instance, ADC-based mode conver-
sion can drop certain polarization modes so as to obtain the
polarization splitter. Based on such a principle, a polarization
beam splitter (PBS) was reported in Ref. [102], in which the
TE0 mode is dropped down from TM0 by converting into the
TE1 mode through ADC-based mode MUX and then coupling
back to TE0 through another ADC, as shown in Fig. 8(a).
Besides, another PBS was composed by an ADC-based mode
MUX and multimode asymmetric sidewall Bragg grating[103].
As depicted in Fig. 8(b), gratings on the two sides have half-
of-period offset along the propagation direction, resulting in
π phase difference, which presents the contra-DC between
TE0 and TE1. Thus, the input TE0 is reflectively coupled into
TE1 and dropped down through the ADC mode MUX. The
same principle is also applied for the wavelength filter. The
wavelength range that satisfies the phase matching condition
in contra-DC will be filtered back and dropped off by mode
MUX[104]. The lateral-apodized shift between two gratings
was employed to suppress the strong side lobes of the filtered

spectrum[105]. By means of multiple mode MUXs and even
multiple multimode asymmetric gratings, the structure can be
used for an add-drop filter[106], with a tunable spectrum as
well[107]. Furthermore, a polarization rotator (PR)[108] and a
polarization splitter rotator[109] were demonstrated by multi-
mode waveguide coupling as well.
As mentioned before, inspired by an on-chip-geometrical-

optics configuration, multimode bend, crossing, 3 dB coupler,
and switch were demonstrated by a TIR mirror, which provides
a brand-new concept for designing multimode devices. Besides,
the TIR mirror was also applied to realize a mode-transparent
PBS in a wide multimode waveguide, as depicted in Fig. 8(c).
PBSs for 13 modes, including six TE modes and five TMmodes,
were demonstrated with low insertion loss and low modal/
polarization crosstalk[110].

2.4. Active devices

2.4.1. Modulator

In the MDM photonic integration system, different spatial
modes should be sent into different modulators separately
and then combined by mode MUX for MDM transmission.
Here, each mode is treated as an independent channel and
modulated by an independent electric signal. As a result, there
is not any multimode modulator that supports the multimode
transmission and EO modulation at the same time. However,
the working principle of MDM could also be utilized in the inte-
gratedmodulator to improve the performance in size andmodu-
lation efficiency. For instance, in Ref. [111], Zhou et al.
demonstrated a Si-based modulator, which was composed of
the multimode waveguide as phase shifter, as shown in Fig. 9(a).
Different from the traditional Mach–Zehnder interferometer
(MZI), this type of phase shifter has only one arm. Two branches
of light travel as different spatial modes, TE0 and TE1, and finally
interfere with each other at the output port. This type of modu-
lator reduces one arm in the MZI interferometer, thus reducing
the optical device size by half. On-off keying modulation was
demonstrated with extinction ratio of 5.5 dB at 32 Gb/s.

Fig. 8. Schematic diagram of (a), (b) integrated PBS based on mode conver-
sion[102,103] and (c) mode-transparent PBS based on TIR mirror[110].

Fig. 9. Schematic diagram of (a) Si-based MZI modulator with two branches
of light propagating in one multimode waveguide[112], and (b) spatial mode
recycling scheme used to reduce the required power consumption[113].

Vol. 19, No. 9 | September 2021 Chinese Optics Letters

091301-10



Besides, the orthogonality among different spatial modes allows
them to share one physical channel simultaneously.
Reference [113] shows that different spatial modes could go

through one phase shifter successively, thus increasing the effec-
tive optical length. As shown in Fig. 9(b), the thermal-optic
phase shifter consists of a multimode waveguide and several
MCs based on the DC structure. In the recycling structure, light
is input as the TE0 mode at first, then converts into the TE1

mode via two mode MUXs at the end of the phase shifter,
and is sent back to the bus waveguide in the opposite direction.
After going through the phase shifter two times, it is then con-
verted to the TE2 mode and sent back to the bus waveguide in the
forward direction. By recycling the light in the bus waveguide for
n times, the phase change enlarges n times accordingly. The
thermo-optic phase shifter finally realized the power consump-
tion of 1.7 mW per π, which is more than an eight-time reduc-
tion compared with the traditional MZI structure. Notably, the
light recycling scheme makes a difference on the phase shifter
based on the thermo-optic effect; that is because the efficiency
of thermal tuning for HOMs does not decrease as the waveguide
grows wider, while totally differing from the multimode phase
shifter based on the carrier dispersion effect. The low-energy
phase shifter makes a great difference for the optical phased
array and Lidar applications, which will be discussed in the next
section.

2.4.2. Switch

Different from theMC, which is used to convert spatial modes to
each other, a typical mode switch should be able to support data
exchange between any two spatial modes that carry different
transmission data. In Ref. [114], a simple MC can be realized
by combining two uniformMCs together, as shown in Fig. 10(a).
Two micro-ring-based MCs that convert the TE0 mode to the
TE1 mode were combined. When the input is the TE0 mode,
it will go through the MRR1, couple in MRR2, and then convert
to the TE1 mode. Similarly, when the input is the TE1 mode, it
will couple in MRR1, convert to the TE0 mode, and then go

through MRR2. In Ref. [115], a reconfigurable mode switch
based on theMZI structure was proposed by Sun et al. The sche-
matic of the proposed structure is shown in Fig. 10(b); the whole
structure consists of two symmetric Y junctions and a phase
shifter. The input TE0 mode will evolve first into an even
super-mode and then split to two branches with uniform optical
phase. Similarly, the input TE1 mode will evolve into an odd
super-mode and then split to two branches with opposite optical
phases. When the state of the switch is OFF, the two branches of
light will arrive at the output port without any change.When the
state of the switch is ON, the upper branch of light will be
induced to a π shift, and thus the output mode will be changed.
A similar concept was also used for high-speed two-mode

switches based on a Y junction, phase shifter, and MMI[116].
However, such a design is only suitable for a two-mode switch.
The mode switch among different modes becomes more com-
plicated and more difficult to realize as the mode number
increases. Jia et al. demonstrated a passive multimode switch
by inversely designed subwavelength meta-structures[117]. The
transmitted four modes TE0, TE1, TE2, and TE3 are converted
to TE2, TE0, TE3, and TE1 in a multi-functional device with a
footprint cost of 4 μm × 3.4 μm. Such a design can realize multi-
ple switch functions in a single and compact device but can
hardly be reconfigurable. As we mentioned before, inspired
by geometrical optics, a multimode 3 dB coupler can be made
by a narrow trench. Bymeans of such amultimode 3 dB coupler,
a multimode thermal switch was reported, as depicted in
Fig. 10(c)[56]. The multimode switch is based on the conven-
tional MZI structure with a 10-μm-wide multimode waveguide.
No matter, the narrowly trenched 3 dB coupler, or the thermal
phase shifter, can be scaled up to even more modes. Multiple
modes must be routed at the same time, and the measured
extinction ratio is not competitive. Over all, a reconfigurable
multimode switch holding more than two modes is still a chal-
lenging objective. With the help of the subwavelength adiabatic
multimode Y junctions[118], the reconfigurable mode switch
may have more potential to realize more modes.

2.5. MDM circuits and subsystems

Based on the fundamental passive multimode devices intro-
duced above, large-scale MDM circuits and subsystems can be
built for various functions, like switching and routing.
Besides, other functional devices or systems can also be inno-
vated bymeans of the concept ofMDMwith high-efficiency spa-
tial utilization, for instance, the optical phased array. In this
section, we will list some large-scale reconfigurable optical inte-
grated MDM systems for switching, routing, and even phase
controlling and discuss their prospect and challenges.

2.5.1. MDM for optical phased array

Optical phased array provides a prospective solution for beam-
steering applications in ultra-small solid-state Lidar and free-
space communication systems. For the large-scale optical
phased array, power consumption is an intractable problem,

Fig. 10. Schematic of (a) mode switch based on two micro-rings[114] and
(b) reconfigurable mode switch based on an MZI structure[115]. (c) Four-mode
thermal switch by geometric-optic inspired multimode 3 dB coupler[56].
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since the thermal-optic phase shifter typically consumes tens of
milliwatts of power and results in an overall power consumption
of hundreds of watts. To solve that problem, Miller et al. dem-
onstrated a high-efficiency large-scale Si integrated optical
phased array using an MDM-based multi-pass phase shifter,
as shown in Fig. 11, totally containing 512 actively controlled
elements and consuming only 1.9 W of power while performing
2D beam steering over a 70° × 6° field of view[119]. The multi-
pass phase shifter consists of seven adiabatic tapered ADC-based
mode MUXs to convert the input fundamental mode TE0 into
six HOMs (TE1–TE6) in sequence and finally reconvert to TE0
as the output. The multiple orthogonal spatial modes circulate
through the same phase shifter without any undesired interfer-
ence, and optical phase is accumulated during the recycling.
Thus, the multi-pass phase shifter consumes only 1.7 mW of
power for the π phase shift, which is reduced by nearly nine
times compared with the conventional one-pass phase shifter.
The reason why the reduction factor of power consumption is
slightly higher than the number of passes is that HOMs present
higher sensitivity to thermal variation as a result of stronger
dispersion. The insertion loss of the seven-pass structure was
4.6 dB, which can be improved by optimizing the mode
MUX. In general, the optical phased array based on MDM
relieves the power-hungry problem to a great extent without sat-
isfying the tuning speed and broadband operation and shows the
prospect of large-scale integrated optical phased arrays with
large range and low-power consumption.

2.5.2. MDM interconnect system (hybrid with WDM/PDM)

Multiplexing technology can generate tens or even hundreds of
times of increased capacity of the overall interconnect system,
especially by hybrid multiplexing of wavelength, space (mode),
and polarization domains. In order to actualize hybrid multi-
plexing, MDM devices have to present broadband operation
to satisfy as many wavelength channels as possible. Figure 12
illustrates the scheme of hybrid multiplexing, in which all of
the elements except for the wavelength MUX have broadband
operation containing the wavelength range of WDM. The
WDM channels are combined by wavelength MUX, then split,
and modulated to form MDM/PDM channels via the PR and
mode MUX. The hybrid signals propagate in the multimode
waveguide and are de-multiplexed in the reverse process. As a

realized demonstration, 12 hybrid multiplexed channels
(4WDM × 3MDM) were reported on the MDM circuit by
micro-ring-based mode MUX, with a single-channel speed of
10 Gb/s[78]. In addition, 10-channel mode MUX (containing
PDM) was demonstrated in Ref. [15] and achieved 20 ×
30Gb=s total transmission with the help of two hybrid WDM
channels. Actually, in the conventional C + L wave band,
WDM is capable of providing nearly a hundred wavelength
channels. As for the MDM devices we discussed above, the
state-of-the-art mode number that is multiplexed in the multi-
mode waveguide with low loss and low crosstalk can be up to
10[71]. Counting in the two polarization channels, the on-chip
interconnect system can accommodate at least a thousand of
multiplexed channels, achieving total information capacity of
higher than 100 Tb/s in case of 100 Gb/s single-channel speed.
As a result, there is a promising future for hybrid multiplexing
technology in optical interconnection with ultra-high capac-
ity[120], in which MDM circuits compatible with WDM occupy
the significant status.

2.5.3. MDM switch network/ROADM system

Optical switching and reconfigurable optical add-drop multi-
plexing (ROADM) are vital functionalities for optical intercon-
nect networks. Multiplexing technology like MDM and WDM
increases the density and capacity of optical networks, while also
bringing in the challenge of switching and ROADM. In recent
years, reconfigurable switch arrays and ROADM for hybrid
multiplexing systems have been investigated in various schemes.
The majority of them are based on MUX/deMUX and conven-
tional 2 × 2 single-mode switching units, that is to say, themulti-
plexed signals of each path are firstly demultiplexed into
individual channels, then arrays of 2 × 2 switching units selec-
tively route the signals among different channels and paths, and
finally the reconfigured channels are again multiplexed into
HOMs in original paths and output. The schematic process is
illustrated in Fig. 13(a). For instance, Jia et al. reported the 2 ×
2 WDM-compatible multimode switching circuits with all the
optical network on-chip except for the WDM source[121].
Micro-ring arrays are employed as wavelength MUX/deMUX

Fig. 12. Schematic diagram of integrated interconnect system hybrid multi-
plexed by WDM, MDM, and PDM.

Fig. 11. Schematic diagram of Si optical phased array based on multi-pass
recycling structure by mode multiplexing[119].
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and modulators, and multimode switching consists of mode
MUX/deMUX and single-mode switching units with broadband
operation and WDM compatibility. As a proof of concept, they
demonstrated the switching network along two multiplexed
paths containing three wavelength channels and two mode
channels, showing error-free switching of 25 Gb/s single-lane
signals. There are also other hybrid multiplexed switching net-
works based on the same scheme[122–125]. However, the com-
plexity, footprint, and power consumption of switch arrays
rise sharply with the increasing numbers of multiplexed chan-
nels and paths. Sun et al. presented the multimode switch
network by means of a novel structure, which is free from de-
multiplexing and re-multiplexing operations and easily upgrad-
able to a larger scale[126,127]. Every 2 × 2 switch unit for two TE
modes consists of two Y junctions to split/combine the mode
field into/from two lobes with in-phase or out-of-phase, two
phase shifters to change the phase between two lobes, and
two micro-rings with two coupling regions to selectively switch
the path. Such a scheme is easier to scale up to the N × N
dual-mode switching network with compact size; however, it
is only suitable for dual-mode multiplexing systems and not
for further higher-order modes. Besides, ROADMs for MDM
systems are demonstrated by de-multiplexing, routing networks,
and re-multiplexing operations[128] and are compatible with
WDM as well[129,130], as shown in Fig. 13(b). Above all, the
large-scale switching and ROADM system for multi-path,
hybrid multi-channel multiplexing are still strongly desired
for future high-capacity high-density optical multiplexing
networks.

3. Large Capacity MDM Optical Fiber Transmission

3.1. FMF fibers

The FMF is the basic and essential part in MDM systems to
enlarge the total capacity of fiber optic communication systems.
Due to the modal coupling among different modes, MIMO is
applied to recover signals that have been degraded during the
FMF transmission and mode MUX/deMUX[131], which make
the system more complex and time-consuming as the number
of modes increases. This section will introduce recent researches
on the fiber design of FMFs, mainly focusing on the structure to
transmit more stable modes and reduce MIMO complexity.

3.1.1. Conventional FMF for MIMO-less MDM

The complexity of MIMO processing is mainly caused by large
mode crosstalk and differential mode group delay (DMGD).
Here, we introduce two kinds of FMFs to reduce mode crosstalk
for MIMO-less MDM systems.
Firstly, step index fibers with a standard structure are pro-

posed to reduce mode coupling by enlarging the effective index
(neff ) between mode groups. For instance, a four-LP-mode FMF
with neff differences ≥0.8 × 10−3, differential group delays
(DGDs) of 1–9 ps/m, Aeff of 118–133 μm2, mode-average loss
<0.22 dB=km, and integrated crosstalk of −33 dB=km was
designed, which can be used for three-mode transmission at
100 Gb/s over 40 km[132]. A seven-LP-mode fiber with a step
index profile was fabricated with neff differences ≥0.9 × 10−3

and crosstalk of −25 dB=km[133]. Meanwhile, as shown in
Fig. 14(b), introducing a depressed zone in the center of the step
core is an effective solution to increase neff differences
(≥1.6 × 10−3) without deteriorating other characteristics
(lossess <0.25 dB=km)[134]. However, it is difficult to enlarge
the refractive index of higher-order modes with such a simple
structure.

Fig. 14. (a) Optimized step-index profiles of different FMFs[133], (b) core-
cladding difference for seven-LP-mode fibers with step-index and depressed-
inner-core profiles[134], (c) refractive index profile of ring-assisted four-mode
fiber[135], (d) refractive index profile of ring-assisted seven-LP-mode fiber with
trench structure[136].

Fig. 13. Schematic diagram of on-chip switching networks ROADM for multi-
plexing: (a) on-chip typical multimode optical switching system[125], (b) on-chip
ROADM system for hybrid WDM and MDM[129].
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The second one is ring-assisted fibers with a multi-layer circle
core and annular index structure providing more freedoms to
enlarge Δneff . Jiang et al.

[135] fabricated a mode ring-core fiber
with optimized Δneff ≥ 1.8 × 10−3 and average mode loss of
0.23 dB/km by adding an additional high-index ring [in
Fig. 14(c)]. Although ring-assisted fibers show similar crosstalk
with the step index fiber mentioned in experiments, they have
better robustness to external fluctuation than step index fibers
in practical applications, which is promising for the perfor-
mance improvement of MUX and deMUX. To further improve
the weak coupling performance, a low-index trench was
introduced to ring-assisted fibers [in Fig. 14(d)] by considering
the refractive index difference of trench-cladding, the width
of the trench, and the distance of the core trench. Ma et al.[136]

proposed a fiber supporting 12 spatial modes with Δneff ≥
1.7 × 10−3, effective area ≥ 103 μm2, and loss of the LP22 mode
≥ 10dB=km at 1550 nm.
Thanks to these two fibers with lower mode coupling, the

complex MIMO processing can be replaced by several simple
local MIMO, eventually approaching MIMO-less. Besides, it
is also desirable to simplify decoding complexity by lower
DMGD, which compensates mode-coupling at the receiver side.
In view of that, as seen from Fig. 15(a), Sato et al. fabricated a
two-mode graded-index fiber with Δ = 0.363% and α = 2.29,
which has a large effective areaAeff of 150 μm2 for the LP01 mode
and approximately 0.016 dB/km bending loss for the LP11 mode
at R = 40mm, and it realized differential mode delay (DMD) of
<36 ps=km including zero in the C-band[137]. In addition, as
shown in Fig. 15(b), a nine-LP-mode fiber with trench-assisted
graded-index-core profiles was fabricated realizing DMGDs
<155 ps=km at 1550 nm[138].
Another method to simplify or eliminate MIMO processing is

employing elliptical core fibers by dividing different modes in
the same degenerate mode group. This fiber is widely applied

to a polarization-maintaining fiber (PMF), acousto-optic fre-
quency shifters[139], inter-modal couplers[140], and spatial mode
filters. In MIMO-less space division multiplex transmission at
1550 nm over 1 km, an elliptical-core FMF has been demon-
strated to support the LP01,LP11a, and LP11 b modes with low lev-
els of modal crosstalk below −22 dB[141]. Wang et al.[142]

designed a polarization-maintaining (PM)-FMF supporting 10
polarization and spatial modes with relatively small group veloc-
ity dispersions (GVDs) (−25 to 3 ps·km−1·nm−1), which can
maintain both their polarization states and spatial orientations
after a transmission of up to several hundred meters.
Furthermore, in recent years, multi-core super-mode fibers

have been proposed as one of the important methods to increase
the transmission capacity of long-distance MDM systems.
Super-mode fibers can achieve higher mode density, higher
design freedom, no mode-related loss, and larger effective area
than single-core FMFs[143], as shown in Fig. 16. Considering
that, a PM super-mode fiber supporting 20 modes was designed
with Δneff among arbitrary modes higher than 10−4 and rela-
tively larger Aeff than 47.67 μm2[144].

3.1.2. Inverse design of FMF fiber

Conventional FMFs are based on sweeping the structure param-
eters to meet different characteristic requirements, which is
time-consuming. Recently, an inverse design using neural net-
work (NN) has been proposed with high accuracy, high effi-
ciency, and low complexity for a fast and reusable design of
optical fibers.
As shown in Fig. 17(a), the entire design process can be di-

vided into two modules, forward design and inverse design.
Forward design is utilized to generate a data set in different
structure parameters by software simulation (like Lumerical
or COMSOL). The inverse design process using NN is to auto-
matically establish the mapping between the input and output
from forward design by adjusting the weight of different layers
and reducing error values. This inverse method is firstly used to
design a weakly coupled fiber with a multi-ring structure sup-
portingmoremodes. In Ref. [145], a sequential model with three
hidden layers, where each layer has 300 neurons, was con-
structed to predict structure parameters of four-ring fibers sup-
porting four modes with Δneff distribution meeting the weakly

Fig. 16. Schematic of a multi-core super-mode fiber[143].

Fig. 15. (a) Refractive index profile of two-mode graded-index fiber[137],
(b) refractive index profile of nine-mode graded-index fiber with trench-
assisted structure[138], (c) geometry and parameter definitions of the elliptical
core fiber[142].
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coupled objective. By comparing Δneff simulated by predicted
parameters and target Δneff , the correlation of Δneff for all
modes is above 0.99, and relative errors are below 0.0025%.
In this way, we have successfully designed an FMF structure with
a little larger maximum Δneff , min�> 1.24 × 10−3� in the initial
data set. This proposed method will play an important role in
the inverse design of other kinds of FMFs thanks to its good
accuracy and low complexity.

3.2. MDM MUX/deMUX

In MDM fiber optic transmission systems, the transmitter gen-
erates multiple channels of fundamental mode LP01 into SMFs
carrying different signals. In order to utilize themodes of FMF as
independent channels, the signals of the LP01 mode need to be
converted into higher-order modes and then multiplexed into
the FMF. At the receiver, the multiplexed signals also need to
be demultiplexed and then processed separately. Therefore,
the MC and MUX are the fundamental devices in MDM sys-
tems. In particular, the MC and MUX are always realized by
a single device, and we call it a mode MUX. Here, we introduce
two main types of mode MUXs in fiber MDM systems: free-
space beam MUX and all-fiber MUX.

3.2.1. Free-space beam multiplexer

Free-space beam MUXs change the optical field distribution of
the fundamental mode to that of a higher-order mode by using a
spatial light modulator (SLM)[146] or phase plate[147], which can
achieve mode converting. As shown in Fig. 18, these optical
beams of different modes are multiplexed by beam splitters
(BSs). The SLM employs liquid crystal on Si (LCoS) technology
to modulate the phase of beams, which is programmable and
reconfigurable. Although the phase plate is simple and cost-
effective, it must be specially designed for different modes. In
early MDM systems experiments, free-space beam MUXs are
widely used. However, its spatial light structure is incompatible

with fiber systems. This kind of mode MUXs needs optical sys-
tems with high complexity, stability, and precision. Moreover,
the number of BSs increases with the number of modes, which
will induce high insertion loss and thus limit themode scalability
of MDM systems. Therefore, although the free-space beam
MUX has advantages on mode selectivity, mode crosstalk,
and mode purity, it is not suitable for commercial systems.

3.2.2. All-fiber multiplexer

Since free-space beam MUXs use lenses to couple the light into
the fiber, the coupling efficiency is quite low. In order to realize
high coupling efficiency between MUXs and fibers, all-fiber
MUXs are developed. There are three types of all-fiber
MUXs: directional fiber coupler, long-period fiber Bragg grating
(LPFBG) structure, and photonic lantern.
The directional fiber coupler can be achieved by a mode-

selective coupler (MSC), which consists of one FMF arm and
one SMF arm, as shown in Fig. 19[149]. The phase matching con-
dition, βSMF

01 = βFMF
lm , is required, where βSMF

01 and βFMF
lm represent

the propagation constant of the LP01 mode in the SMF and
the LPlm mode in the FMF, respectively. The LP01 mode in the
SMF is converted into the corresponding LPlm mode in the FMF,
and thusmultiplexed into the FMF by theMSC. TheMSC can be
fabricated based on the polished fiber coupler or fused fiber cou-
pler. Figure 19 shows the MUX and deMUX based on the direc-
tional fiber coupler supporting the LP01, LP11a, and LP11b modes,
which consist of two cascade MSCs.
LPFBG-based MUXs use LPFBG to realize mode conversion

and use an FMF coupler to achieve multiplexing[150]. The

Fig. 18. Schematic diagram of mode MUX based on free-space beam
combiner[148].

Fig. 17. (a) Flow chart of the proposed NN-assisted inverse design method.
(b) The inverse design frame of the NN[145].

Fig. 19. Directional fiber-coupler-based (a) mode MUX and (b) mode deMUX
supporting LP01, LP11a, and LP11b modes

[148].
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LPFBG serves as an MC, as shown in Fig. 20. When the LPFBG
meets the condition n1 = n2 � λ

Λ , where n1 and n2 are the effec-
tive indices of the LP01 mode and target LPlm mode, respectively,
the LP01 mode will be converted into the co-propagating LPlm
mode. The FMF couplers are made of two identical FMFs.
Figure 20 shows the LPFBG-based MUX and deMUX support-
ing the LP01 and LP11 modes. A lobe orientation controller is
employed to maintain mode orthogonality.
The two types of all-fiberMUXs from above achieve high cou-

pling efficiency, but they lack flexibility. If the number of chan-
nels is increased, we need to add corresponding couplers into the
MUX. Moreover, different modes are multiplexed or demulti-
plexed in order from the fundamental mode to the high-order
mode. These disadvantages make it inconvenient for system
building. Therefore, photonic lanterns attract the attention of
researchers.
Photonic lanterns are an optical waveguide coupling light

from several SMFs to onemultimode fiber (MMF)[151]. A bundle
of SMFs is inserted into a glass capillary tube with a low index.
Then, by fusing and tapering down the tube, an all-solid MMF is
formed at the other end, as shown in Fig. 21. For a traditional
photonics lantern, each SMF in the bundle is identical, and
the photonic lantern is not mode selective. When light is
launched into one arbitrary SMF, the MMF will output all the
modes. This kind of photonics lantern cannot control mode
converting selectively; thus, the specific mode cannot be
obtained dependently. Therefore, a traditional photonics lantern
is unable to be utilized in MDM systems. Fontaine et al., for the
first time, to the best of our knowledge, analyzed mode con-
verting in the photonics lantern by modal analysis, beam propa-
gation, and transfer matrix[152]. They optimized each SMF and
their geometrical arrangement to realize a mode-selective pho-
tonics lantern. Light launched into a specific SMF is converted
into a corresponding high-order mode with low coupling loss
and low mode dependent loss (MDL). These mode-selective
photonics are widely used due to their simple structure, high
integration, and high compatibility with WDM.

3.3. MDM amplifiers

In MDM transmission systems, amplifiers are a particularly
important device due to the function of compensating the signal
attenuation of fibers. Compared with amplifiers in SMF systems,
besides conventional parameters of amplifiers such as gain and
noise figure, we should also focus on the supporting modes and
mode dependent gain (MDG) ofMDMamplifiers. InMDM sys-
tems, the power difference of each mode should be controlled to
be a low level, otherwise transmission performance will be
reduced. Therefore, for MDM amplifiers, the gain difference
between all modes, called MDG, must be small. Few-mode
(FM) EDFAs and FM distributed Raman amplifiers (DRAs)
are two widely adopted solutions, and they are developed from
corresponding SMF amplifiers.

3.3.1. Few-mode erbium-doped fiber amplifiers

EDFAs are the conventional solution for light amplification in
optical transmission systems, and they also can be extended into
MDM systems. The main properties of FM-EDFAs are focused
on the number of supporting modes, gain, MDG, noise figure,
and so on. As single-mode EDFA has been extensively investi-
gated, and the researches of FM-EDFAs are concentrated on the
refractive index profiles and erbium doping profiles, which are
effective solutions to reduce MDG.
The first proposed scheme is the design of erbium doping pro-

files. Jung fabricated a two-mode EDFA supporting LP01 and
LP11 modes for the first time, to the best of our knowledge[153].
They doped erbium ions into the fiber core and made a higher
erbium ion density at the edges of the core in order to achieve
reduced pump field sensitivity for the modal gains. The two-
mode EDFA realized the gain of 20 dB with an MDG of
5 dB. Furthermore, Fig. 22(a) shows a ring-shaped erbium

Fig. 20. LPFBG-based (a) mode MUX and (b) mode deMUX supporting LP01 and
LP11a modes. MC is achieved by LPFBG[148].

Fig. 21. Schematic diagram of a photonics lantern[151].

Fig. 22. (a) Ring-shaped erbium doping profile[154]. (b) Refractive index and
doping profile (shaded region) of the four-mode EDF[155]. (c) Overlaps between
mode fields and gain media in a small doped area (left) and a large doped area
(right)[156]. (d) Schematic of dual-core fiber with dual-core doping and colored
shadings representing erbium doping[157]. (e) Schematic description of micro-
structure[158].
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doping profile in fiber core, which supports 4-mode EDFA and
decreases the MDG down to 1 dB[154]. Kang extended the ring-
shaped erbium doping profile and proposed central and ring-
shaped erbium doping profile, as Fig. 22(b) shows[155]. In the
simulation, this scheme supported four mode groups with
1 dB MDG. Considering HOMs have a larger mode field, which
extend into the cladding, a large erbium-doped area over the
core is needed to cover the field of all modes so that each mode
can overlap with the erbium-doped area and get effectively
amplified. For exciting erbium ions in the whole area, the clad-
ding–pumping scheme is utilized. Based on this scheme, a four-
mode EDFAwas proposed, offering gain ofmore than 20 dB and
MDG of less than 3.3 dB[156]. Refractive index profiles can also
be combined with the erbium doping profile to further reduce
MDG. As Fig. 22(d) illustrates, the fiber core was divided into
three parts. The central part has a low refractive index and
erbium doping. The middle ring has the same refractive index
as the cladding and no erbium doping. The outer ring has a high
refractive index and erbium doping. This scheme achieved the
gain of 21 dB and MDG of 1.38 dB at the signal wavelength
of 1530 nm. For the entire C-band, this scheme realized more
than 21 dB gain and 1.75 dB gain excursion[157].
Precise distribution of the refractive index and erbium doping

needs complex crafts, which makes the fabrication of erbium-
doped fibers (EDFs) rather difficult. For solving this problem,
an FM-EDF micro-structured with inclusions was reported[158].
As Fig. 22(e) displays, the fiber was made of 19 erbium-doped
secondary cores embedded in a pedestal region and an optical
cladding. This structure allowed for precise tailoring of the
doping profile by using different homogeneously doped (or
un-doped) preforms. The result showed that this structure sup-
ported five mode groups and provided average gain of 19.2 dB, a
total gain excursion of 2.4 dB, and MDG of 1.1 dB.

3.3.2. Few-mode distributed Raman amplifiers

In MDM systems, as multi-channel signals are multiplexed and
propagated together in the FMF, the power density will be much
higher compared with SMFs, which lead to more serious non-
linear distortion. Moreover, crosstalk among different modes
degrades the SNR of signals. In order to make full use of the lim-
ited bandwidth, advanced modulation formats, such as QAM,
have been extensively investigated for increasing the spectral
efficiency in SMF transmission systems[159]. MDM combined
with advanced modulation formats would be an effective solu-
tion to further increase the capacity of MDM systems. However,
advanced modulation formats require high SNR and better non-
linear performance. EDFA has a quantum-limited noise figure
of 3 dB and serious nonlinear distortion due to the discrete
amplification, as Fig. 23 shows[160]. Therefore, FM-DRAs are
developed.
DRAs utilize stimulated Raman scattering to transfer the

power from the pump to signal. DRA hasmany advantages com-
pared with EDFAs. DRAs have higher SNR and less nonlinear
distortion, as Fig. 23 displays. Moreover, DRAs have flexible
gain profiles and bandwidth, which can be adjusted according

to the demand by controlling the pump wavelength and power.
MDG of FM-DRAs can also be controlled by customizing the
pump component. Taking advantage of this merit, we canmain-
tain the MDG of amplifiers at a low level or customize the MDG
of amplifiers to compensate the MDL of the whole system.
Finally, from the perspective of fabrication, DRAs only need sev-
eral pump sources, while the manufacturing of EDFAs requires
erbium doping according to a specific profile and drawing.
Ryf for the first time, to the best of our knowledge, demon-

strated a backward FM-DRA supporting two modes[161]. In this
work, they defined the intensity overlap integrals of two modes
and gave the approximate amplification equations. Finally, they
realized the gain of 8 dB with MDG of <0.5 dB. Esmaeelpour
characterized the DRA in the 70 km three-spatial-mode fiber
with different pump configurations, counter-pumping, co-
pumping, and bidirectional pumping[162]. The bidirectional
pumping FM-DRA was applied in the experiment of long-haul
MDM transmission, and a signal was successfully transmitted
over a distance of 1050 km, confirming that this distributed
amplification scheme is suitable for long-distance transmission
of SDM signals. Furthermore, Li experimentally demonstrated
the MDM system with a flat gain two-mode FM-DRA covering
1530–1650 nm and induced 3.3 dB optical SNR (OSNR)
enhancement[163].
DRAs for SMF systems have been widely investigated, and

many novel structures are proposed to improve the perfor-
mance. High-order Raman pumps can effectively improve the
noise figure, thus being induced into MDM systems, with
1.8 dB improvement of amplified spontaneous emission
(ASE) noise[164,165]. Moreover, equalized amplification in time
and wavelength domains leads to the balance between noise
and nonlinearity, like a quasi-lossless transmission link, as
shown in Fig. 24[166]. DRAs have the capability to reduce the sig-
nal power variation (SPV) due to distributed structures, as com-
pared to other discrete amplification such as EDFA. However,
DRAs introduce the relative intensity noise (RIN), which is
brought by the RIN of pump lasers[167]. The backward pumping
scheme can effectively reduce the RIN, but it leads to a high SPV,
because backward pumping can only provide amplification for
the signal at the back of fiber due to the power attenuation of
pumps. To further improve the noise performance of DRAs

Fig. 23. Schematic principle of DRA for mitigating the nonlinear distortion and
noise over EDFA[148].

Chinese Optics Letters Vol. 19, No. 9 | September 2021

091301-17



and reduce the SPV, several schemes have been proposed in SMF
systems. The second-order pumping scheme is an effective sol-
ution to enhance the performance of DRAs, which has been con-
firmed experimentally. A powerful scheme is based on a
bidirectional pumping random fiber laser structure[167]. A single
fiber Bragg grating (FBG) is put at the output port of the fiber,
where the first-order Raman laser is reflected. Then, the back-
ward second-order pump amplifies the reflected first-order
pump. Since it is able to provide the amplification for the signal
at the front and back of fiber, SPV can be effectively reduced.
This scheme shows improved RIN performance compared to
backward pumping only. Moreover, this scheme offers lower
SPV due to the bidirectional pumping scheme, which will pro-
vide better SNR property and reduced nonlinear distortion.
For MDM systems, two algorithms for designing the FM-

DRAs based on bidirectional pumping random fiber lasers were
proposed. One of them was particle swarm optimization (PSO)
for time, wavelength, and mode equalized FM-DRAs, which uti-
lized four first-order pumps and one second-order pump[168].
Pump power was optimized by PSO to simultaneously minimize
SPV, gain flatness, and MDG. Gain flatness of 1.5 dB, MDG of
0.03 dB, and SPV of 2.3 dB at 15 dB on–off gain were achieved.
The other algorithm was a machine-learning-based inverse
design[169,170]. Since obtaining numeral solutions of DRA is
quite complex, an NN was used as an approximate mapping
between gain profile and pump configuration. After being NN
trained, an optimal pump configuration could be obtained by
inputting the target gain profile into the NN. The inverse design
based on NN is presented in Fig. 25, which consists of three
processes: establishment of the NN, training, and validation.
The utilized NN is a dense NN with four hidden layers and
500 neurons in each hidden layer. The data set for training is
generated by equation solving with random pump parameters.
Once the NN is trained, the reliability of the NN on the data out
of the training set should be validated. The target gain spectra are
input into the trained NN, and then the obtained pump param-
eters are used to calculate the actual gain spectra by an equation
solver. The error between the actual spectrum and target

spectrum is measured to evaluate the accuracy of the NN. By this
method, they achieved 14.5 dB gain with gain flatness of 1.0 dB
and MDG of 0.6 dB.

3.4. MDM transmission experiments and progresses

The research of MDM fiber transmission can be traced back to
1982 when two modes were transmitted over a 10 m MMF[171].
However, because of the limits of fiber fabrication, optical
device, and DSP techniques, MDM did not attract much atten-
tion from researchers. In the 2000s, multimode amplifiers, MCs,
and MUXs progressed, and MIMO technique were developed
gradually, but high DMD of MMFs severely limited the perfor-
mance of MDM systems. After the MMF was replaced by the
FMF, MDM systems became achievable and were widely exper-
imentally researched.
Current researches of MDM systems are mainly concentrated

on the achievement of higher capacity and longer distance. The
extension of capacity mainly depends on the number of chan-
nels, which is realized by increasing SDM channels and combin-
ing multiple hybrid multiplexing technologies such as WDM
and PDM[172–175]. Ryf demonstrated 10-mode MDM transmis-
sion with 120 WDM channels over 121 km FMF with inline
FM-EDFA, realizing the total capacity of 111.4 Tb/s and spectral
efficiency of 29 bit·s−1·Hz−1[176]. Besides increasing the number
of modes, combining MDM and multi-core multiplexing can
also significantly increase the number of SDM channels[175,177].
Rademacher created a new capacity record of 10.66 Pb/s with
three-mode 38-core fibers, realizing spectral efficiency of
1158.7 bit·s−1·Hz−1[8].
Compared with SMF systems, MDM technology induced

MDL and DMD, which negatively affect the transmission dis-
tance. Rademacher demonstrated long-distance MDM trans-
mission in three-mode fibers over 3500 km and gave the
analysis of MDL that fundamentally limits the transmission
reach[178]. The results indicated that MDL decreases the
Q-factor of received signals, and it is continuously accumulated
during fiber transmission, thus limiting the transmission dis-
tance of MDM. DMD is usually declined by low DMD fibers
and DMD management technology such as DMD compensa-
tion fibers[179]. Moreover, cyclic mode permutation is proposed
and utilized in DMD unmanaged long-haul SDM transmis-
sion[180,181]. Cyclic mode permutation is a technique to change
the transmitted mode of the signal after propagating one span.
For example, a signal is launched into the LP01 mode, and, after

Fig. 25. Inverse design based on NN for FM-DRA[170].

Fig. 24. Quasi-lossless transmission with bidirectional high-order pump[166].
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propagating one span, this signal is converted into the LP11a
mode. Then, this signal is converted into the LP11b mode after
the next span. This method makes all of the signals in different
channels experience almost the same distance of each mode,
effectively reducing DMD and MDL. By this technique,
a record reach of 3250 km for six-mode MDM is achieved.
Figure 26 presents recent MDM experiments and progresses.

Currently, large capacity and long distance are difficult to
achieve at the same time, as large capacity demands more space
modes but also induces MDL and DMD, which negatively influ-
ence the received signal. To further improve MDM systems for
high capacity and long distance, besides developing the devices
supporting more modes, MDL and DMD of MMFs are signifi-
cant problems to be improved.

4. Conclusion

In this paper, we review the cutting-edge progresses of MDM
technology for the scenerios from photonic integrated intercon-
nection to optical fiber communication. Achievements of pas-
sive and active devices and MDM systems are summed up
and discussed.
ForMDMphotonic integration, we give a review of integrated

platforms, multimode interfaces for chip-to-fiber coupling, mul-
timode passive devices (including bends, crossings, power split-
ters, mode MUXs, and so on), multimode active devices like
switches, and MDM circuits and subsystems. Till now, the high-
est number of on-chipMDM channels is realized by SWG-based
ADC, supporting 12 TE modes multiplexed in one single multi-
mode waveguide. The challenge for further higher-order mode
multiplexing will be how to relax the fabrication tolerance of
coupling efficiency as mode order increases. However, other
multimode passive devices, like multimode interfaces, bends,
and crossings, still have difficulty supporting more than six
modes with high performances. These devices with higher-order
mode operation, lower insertion loss, more compact footprint,

and even more universal for design are the crucial trends for
the future research. Besides, MDM switching networks with
optimized routing architecture and compactness for more mode
channels are the key challenges to realize large-scale MDM on-
chip interconnection. For currently achievable MDM support-
ing 2–6 modes, hybrid multiplexing with WDM is a reliable
method to enhance the total capacity of photonic integrated
interconnection and also a long-term trend for on-chip multi-
plexing. Furthermore, in order to make the bridge between
on-chip multimode signals and modes propagating in FMFs,
multimode interfaces with low coupling loss and higher reliabil-
ity are still a big challenge for practical implementation. One
cannot use too many modes in a single waveguide for high-den-
sity MDM. There are several reasons. One reason is the
increased waveguide size, which limits the dense integration
and increased fabrication complexity, and bending loss will also
be induced. Another reason is the nonlinear distortion due to
TPA and Kerr nonlinearity. Si has a high index with a high non-
linear coefficient, which makes Kerr nonlinearity a big issue. At
850 nm, or even O band and C band, TPA is still a problem,
which leads to increased loss and noise. Onemore consideration
is the optical interface between MDM PIC and FMF, which typ-
ically supports very few modes, like two-mode MDM.
ForMDMoptical fiber transmission, we review the progresses

of FMFs, mode MUXs based on fiber structure, fiber amplifiers
for FM systems, and MDM fiber transmission links. We intro-
duced the novel inverse designmethod for weakly coupled FMFs
with high accuracy, high efficiency, and low complexity for fast
and reusable fiber designs. Fiber-based mode MUXs, like MSC,
LPFBG, and photonic lanterns, provide high efficiency for mode
multiplexing, while the fabrication process may be difficult for
massive production. FM amplifiers play an essential role for
long-haul MDM transmission. DRAs show the advantages of
maintaining the MDG for each mode, providing more flexible
and customizable designs for FM amplification. Finally,
MDM transmission with larger capacity and longer distance
is the main target all the time. Key fiber devices reviewed above
eventually promote the transmission performances of the whole
MDM system. MDM combined with multi-core fibers and
WDM shows powerful prospects for next-generation fiber com-
munication with ultra-high capacity.
The implementation requirements need to be considered for

MDM in order to make it practical for field applications. As for
photonic integration, the on-chip process is rather stable, and
MDM devices are quite reliable based on the standard fabrica-
tion. The key problem would be the limitation of the optical
interface between the PIC and optical fiber, where significant
mismatch can be expected between TE/TM modes in the pho-
tonic waveguide and LP modes in the fiber. As for optical trans-
mission, MDM can be applied in two scenarios, including
brand-new transmission systems with everything compatible
with MDM and subsystems like EDFA with SMF input and out-
put but with highly efficient MDM amplification inside. Due to
the stability issue, MDM for optical transmission would be chal-
lenging, and short reach applications with weak coupling fibers
for MIMO-less interconnection are currently more practical.

Fig. 26. Recent-year MDM experiments and progresses.
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Generally, one can expect practical applications of MDM for
transceivers and active optical cables based on PIC and weak
coupling FMFs and amplifier subsystems based on FM-EDFs.
To conclude, MDM technology shows a dominant position to

overcome the capacity crunch of optical communications, no
matter for chip-scale or short-reach interconnection or long-
haul transmission. There are still some challenges for MDM
devices and systems (for integrated photonics or fiber optics)
to achieve more reliable properties. The core problem includes
but is not limited to the methodologies to increase the mode
channels and reduce the system cost per channel, improving
the compatibility between single-mode and MDM systems at
the same time. Further heroic researches and achievements
are expectant to be made in the future to lead this area for main-
taining the “Moore’s law” trend of optical communication.
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