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Adopting mode division multiplex (MDM) technology as the next frontier for optical fiber
communication and on-chip optical interconnection systems is becoming very promising
because of those remarkable experimental results based on MDM technology to enhance
capacity of optical transmission and, hence, making MDM technology an attractive research
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field. Consequently, in recent years the large number of new optical devices used to control
modes, for example, mode converters, mode filters, mode (de)multiplexers, and mode-
selective switches, have been developed for MDM applications. This paper presents a review
on the recent advances on mode converters, a key component usually used to convert a
fundamental mode into a selected high-order mode, and vice versa, at the transmitting and
receiving ends in the MDM transmission system. This review focuses on the mode
converters based on planar lightwave circuit (PLC) technology and various PLC-based mode
converters applied to the above two systems and realized with different materials, structures,
and technologies. The basic principles and performances of these mode converters are

summarized.

1. Introduction

Data traffic in optical communication systems has
increased rapidly in the last decade [1,2]. According to the
latest report published by CISCO, there will be a need for
a high transmission capacity up to 400 Exa (1018) bytes per
month in 2022 to deal with the global internet traffic [2], as
depicted in Fig. 1. This demand undoubtedly impels
telecommunication industry to implement the next
generation optical communications system to cope with
hungry bandwidth applications [3,4]. To this end, different
technologies have been explored to meet the rapid growth
in data traffic [5-8] in which multiplexing technology plays
a crucial role and has been studied for several decades
[5,9-11].

Multiplexing technology enhances the transmission
capacity of optical fibers by employing parallelism in all
physical dimensions of electromagnetic waves, including
time, quadrature, polarization, frequency, and space [3-5,9].
Nowadays, commercially deployed optical core networks
have taken full advantage of time, quadrature, polarization,
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Fig. 1. CISCO survey for the global internet traffic [2].

and frequency. Undoubtedly, the much enjoyed information
era owes a lot to the dense wavelength division
multiplexing (DWDM) technology which empowers a
single-mode optical fiber to transmit an enormous number
of close wavelength channels at high data rates over a long
distance [3,4,9]. However, with a consistent and rapid
growth of the network traffic, transmission capacity of the
DWDM framework is rapidly approaching its most
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extreme point of a single-mode fiber bandwidth
confinement, which is estimated at ~100-200 Thit/s and
known as an optical networks capacity crunch [3]. To
address these issues, space division multiplexing (SDM)
[7-9] and mode division multiplex (MDM) [10-13] have
been proposed and developed worldwide. SDM depends on
more cores in a single glass strand, named as a multicore
fiber (MCF), while MDM employs different spatial modes
or mode groups in a few-mode fiber (FMF) to convey
signals in parallel. These two new technologies have been
demonstrated experimentally by researchers around the
world [13-16]. Furthermore, combining effectively these
two technologies to achieve ultra-high transmission
capacities of an optical fiber communication system has
also been demonstrated [15,16], including a record fiber
capacity of 10.16 peta-b/s [15].

Besides, being used in the optical fiber communication
system, MDM technology has also been introduced into an
on-chip optical interconnection system to enhance
transmission capacity [17,18] and remarkable advances
have also been achieved [19-21].

These significant experimental results make MDM a
promising technology and an attractive research field.
Consequently, in recent years the large number of new
optical devices used to control modes, for example, mode
converters, mode filters, mode (de)multiplexers, and mode-
selective switches, has been developed for MDM
applications. This paper presents a review on the recent
advances on mode converters, the key component usually
used to convert the fundamental mode into a selected high-
order mode, and vice versa, at transmitting and receiving
ends in the MDM transmission system [14,15]. The review
is focused on the mode converters based on a planar
lightwave circuit (PLC) technology and applied in both
optical fiber communication and on-chip interconnection
systems. Two application scenarios are not deliberately
distinguished. Various PLC-based mode converters were
used in the above systems and realized with different
materials, structures, and technologies which are presented
in the article, as well as the basic principles and
performances of these mode converters which are
summarized, aiming to give the reader a comprehensive
and broad view of the field.

2. Mode conversion in MDM system

Considering the fact that many existing optical devices
are intended for a fundamental mode operation, the mode
conversion is critical for the use of these devices in the
MDM system. As an optical device, insertion loss (IL) is
one of the key parameters to evaluate the performance of a
mode converter. IL includes a waveguide propagation loss
and a coupling loss between the fiber and the chip, where
the propagation loss in some literature is also called an on-
chip IL and, especially, for a mode converter comprised of
mode conversion loss (MCL), which is an important
parameter to evaluate the mode conversion mechanisms,
and other losses such as absorption loss and scattering loss.
Another key parameter for a mode converter is mode
conversion efficiency (MCE) which is defined as the power
ratio of the target (or converted) mode to the initial mode.
The mode conversion performance of a mode converter can
also be characterized by its mode crosstalk (MCT) or mode

extinction ratio (MER). MCT is defined as the power ratio
of the residual mode to the target (or converted) mode.
MER is defined as the power ratio of the target (or
converted) mode to the residual mode. Obviously,
MER =-MCT (in dB), and MCE and MCT can be derived
from each other when transmission and conversion losses
are neglected. In addition to the above key parameters,
bandwidth is also an important parameter of a mode
converter in view of the prediction that future MDM
networks should be compatible with the existing DWDM
technology.

Nowadays, various types of mode converters based on
optical fibers [14], bulk-optic components [15,16], and
PLC technology have been proposed [17-87]. Among
them, PLC technology offers more adaptability in the
choice of materials and physical principles, as well as the
flexibility in design and fabrication processes, and it allows
to create compact, fiber-compatible, and monolithically
integrated devices. In this paper, various PLC-based mode
converters employing different structures are presented,
including Mach-Zehnder interferometers (MZIs) and the
like, multimode interference (MMI) couplers, asymmetric
directional couplers (ADCs), long period gratings (LPGSs),
Bragg gratings (BGs), Y-junctions, ring, dielectric
metasurface structures, and tapered, irregular, oval
waveguides, as well as other special waveguides. It should
be pointed out that some mode converters, such as ADC-
based and Y-junction-based converters, have also the
ability to (de)multiplex different modes, but here they still
have been considered as mode converters. According to
their respective operation principle, these aforementioned
mode converters can be categorized roughly into three
types: reconstitution type (or beam shaping type), coupling
type, and evolution type. The following section will review
them one by one. Note that the name and the order of the
involved modes in this review follow those in the
respective works.

3. Three types of mode converters
3.1 Mode reconstitution type

Operation principle of the mode reconstitution
converters is based on the manipulation of the phase
relationship of intra-mode with three functional
components used for mode decomposition, phase shift, and
mode reconstitution. Nowadays, this type of mode
converters has been demonstrated by employing MZI
[22-29,43], MMI couplers [30,31], and special waveguides
with well-designed index distribution [32-42]. Their key
performances have been summarized in Table 1 in the
Appendix.

MZI-based mode converters offer advantages of simple
structure, easy design, low IL, and high MCE. In 2006
Y.Y. Huang et al. [22] proposed an ultra-compact mode
converter based on an unbalanced MZI configuration to
achieve the conversion between the TEMgy and TEMpn
modes. The proposed device dictates that the input TEMgg
mode split in half by a Y-splitter to achieve phase
difference between two beams, which then is recombined
at another Y-junction with a broadened output waveguide
to produce the first-order mode. Their simulated results
achieve the MCE of 94% at a 1550 nm wavelength. Their
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fabricated device with InP has an ultracompact footprint of
less than 18 um by 3 um and achieves a low MCL of
0.4 dB. In 2015, B.B. Oner et al. [23] also proposed a
similar unbalanced MZI-based mode converter using equal
arm lengths but different cross-sectional areas to achieve a
large bandwidth mode-order conversion from the
fundamental to the higher odd mode. However, no
experimental demonstration was presented in this work.

In the above works, Y-junction was used to decompose
the input modes which usually leads to a device large
footprint. Considering that an MMI coupler has advantages
of compact size, low loss, and relatively large optical
bandwidth, it has also been proposed as a mode decom-
poser to structure a compact mode converter [24-29].
In 2012 T. Uematsu et al. [24] proposed a two-mode
multi/demultiplexer using an MMI coupler to decompose
the input modes. Their designed device for the
implementation of a conversion between the fundamental
and the first-order mode achieves a theoretical MCE of
around 90% over C-band. Subsequently, several similar
mode converters employing a different waveguide
structure to realize the required phase shift were proposed
or demonstrated. In Ref. 25, L. S Han et al. proposed a
compact mode converter by employing a tilted joint to
provide the phase difference required by the mode
conversion between the fundamental and the first-order
mode. The proposed device is as small as 39.54 pm and
obtains an MCT lower than —28 dB, as well asan on-chip
IL of 1.0dB. In Ref. 26, F. Guo et al. introduced a
waveguide section with a varying thickness to precisely
control the phase shift so as to achieve a 100% MCE. Their
well-designed device can achieve an on-chip IL less than
1.2 dB and an MCT less than —18.4 dB over C-band for the
TEo-TE;1 conversion, while their experimental mode
converter fabricated with InP exhibits that averaging excess
losses of TEq mode to TE: mode are of around —8 dB in the
wavelength range from 1520 nm to 1600 nm. But no
experimental MCE is presented. AA broadband and low
crosstalk mode converter fabricated with SOI was
demonstrated by D. Chack et al. in 2020 [27] showing that
MCT between the TEq and TE: modes is less than —20 dB
over 1520-1580nm. In Ref. 28, H.D.T. Linh et al.
proposed an arbitrary mode converter based on two
symmetric 1 x4 Y-junction couplers connected back-to-
back with a 4 x4 MMI. Butterfly-shaped phase shifters
with different waveguide widths were placed at the input
and output of an MMI coupler to achieve the required phase
shift. The proposed device is capable of an implementation
of arbitrary conversion from TE; to TE; (i, j=0, 1, 2, 3- as
modes example see the picture in Table 2) modes with
theoretical MCEs larger than 98% and MCTs smaller than
—30 dB in the wavelength range from 1530 nm to 1565 nm.
In Ref.29, D. Gonzalez-Andrade proposed an ultra-
broadband two-mode converter and (de)multiplexer based
on a sub-wavelength engineered MMI (SWG-MMI),
a 90°-phase shifter, and a symmetric Y-junction. They
realized a 90°-phase shift by introducing two trapezoidal
tapers in back-to-back in the upper arm and a straight
waveguide in the lower arm. The proposed device is of
36 um x 3.7 um and exhibits a theoretical MCT less than
—20dB, and an on-chip IL less than 0.84 dB in the
wavelength range of 1400 nm to 1700 nm.

Employing a single MMI coupler to restructure the
intensity profile and the phase relation within the mode via
multimode interference and, hence realize the mode
conversion has been proposed [30,31]. The proposed mode
converters inherit the strength of compact and broadband
of the MMI couplers. In 1998 J. Leuthold et al. [30]
proposed and demonstrated two MMI configurations,
named respectively as 50% and 66% type according to their
respective theoretical MCE for achievement of the mode
conversion between the fundamental and the transversal
first-order mode. Both types of the mode converters they
fabricated with InGaAsP/InP exhibit excess losses (i.e.,
MCL) below 0.3dB at a 1500-nm wavelength, which
means a high MCE. In 2016 F. Guo et al. [31] also
demonstrated the above two types of MMI-based TEq-TE:
mode converters on an InP substrate, both achieved the
relative ILs less than 3.9 dB and 1 dB, respectively, in the
wavelength range of 1280-1320 nm.

Mode converters employing the special waveguides
with a well-designed index distribution to restructure the
intensity profile and the phase relation within the mode
have also been proposed [32-42]. This type of mode
converter is usually implemented with a high-contrast-
index materials platform, especially with SOI due to its
quite high index difference and mature waveguide
fabrication processes. The desired index distribution is
usually achieved by introducing irregular waveguide core
[32-34], inlaid dielectric substrip waveguides [35,36], sub-
wavelength grating [37], shallowly or deeply etched
structure [38-41], and metasurface [62]. In 2006 H.-T.
Chenand K. J. Webb [32] proposed a novel mode converter
in which an irregular SOl waveguide with a stepwise
variation in width was used to scatter the input light and
then restructure its intensity and phase profile. Their well-
designed mode converter using a multi-resolution
optimization procedure with a three-dimensional vector
finite element forward solver for the conversion between
the fundamental and the first-order mode exhibits a
theoretical MCE of 94.2%. In 2015, similar mode
converters for the TE1-TEo, TE,-TEo, TEs-TEo, TE,-TE;,
TEs-TE;, and TEs-TE, conversions have also been
proposed and demonstrated theoretically by D. Chen et al.
[33] on a SOI platform with average conversion
efficiencies of 98.6%, 98.8%, 97.5%, 97.3%, 96.2%, and
96.5%, respectively over 1520-1580 nm. Afterwards,
Z. Y. Chen et al. further simplified a complicated irregular
waveguide core in Ref. 33 into an oval waveguide in 2018
[34]. The oval waveguide used in this work has two
symmetric smooth boundaries shaped like semi-ellipse,
resulting in an optical phase difference between the path
along the semi-major of the oval (path 1) and the path along
the boundary (path 2). Their fabricated device with SOI for
the implementation of the conversion from the TEq mode
to the TE, and TE4modes obtains an MCT of —19.0 dB and
—16.0 dB, respectively, over 1520-1580 nm. Disadvantage
of this converter is that it works only for even modes due
to their structural symmetry.

Employing inlaid dielectric substrip waveguides to
obtain mode decomposition and phase shift for a desired
mode conversion has also been proposed [35,36]. In 2018
D. F. Zhu et al. [35] proposed a novel mode converter by
introducing a high refractive index material inlaid in a SOI
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multimode waveguide for the implementation of the
TEo-TE; and TMo-TM; conversions. Their proposed mode
converter has a quite small footprint of 0.95 x 1.5 um?. The
calculated transmittance (i.e., MCE) of TEo-TE,,
TE1-TEp, TMo-TMy, and TM31-TMo modes are of 89.5%,
90.6%, 88.1%, and 88.9% at 1550 nm, respectively,
and larger than 97% for all above conversion over
1500-1600 nm. In 2019 B.E. Aby-Elmaaty et al. [36]
proposed a mode converter based on silica substrip
waveguides inlaid in a SOl waveguide. The proposed
device can convert the fundamental mode into any higher-
order mode. Their fabricated two devices for the TEo-TE;
and TEo-TEz conversions exhibit that the on-chip ILs of the
TE: and TE; modes are of —2.09 dB and —1.37 dB, the
MCTs are of —13.41 dB and —12.63 dB, respectively.

In 2019 Z. Cheng et al. [37] proposed three-mode
converters using a sub-wavelength grating to modulate the
index distribution on a SOI substrate for the conversion of
the TEo mode to the TE;, TE», and TEs modes. Three-mode
converters they designed are of 8.72 um, 4.98 um, and
14.54 um, and they exhibit theoretical MCEs larger than
94.4%, 95.7%, and 83.7%, MCTs less than —15.33 dB,
—17.36 dB, and 15.65 dB, respectively, over 1520-1580 nm.

Shallowly or deeply etched structure formed on the
waveguide surface has also been employed to modulate the
index distribution for the mode conversion. In 2017, W. Ye
[38] proposed a TEo-like to a TE;-like mode-order
converter based on silicon nanowires with two cascaded
fully etched trenches. In this work, two trenches have a
horizontal mirror symmetry, resulting in different
propagation constants and spatial distributions of the mode
filed in the slot nanowire, and, hence, effectively
converting the TEo-like into the TEi-like mode. The
proposed device has a footprint as small as 0.8 x 5.3 um?
and exhibits a theoretical transmittance larger than 0.95
over the wide wavelength range of 1420 nm to 1620 nm. In
2019 L.P. Liu et al. [39] proposed a compact TMo-TM;
mode converter based on shallowly etched rhombus and
triangle, where the rhombus etching part is used to
decompose the input fundamental TM, mode and the two
triangle etching parts are employed to introduce a phase
difference of = between adjacent beams. Their simulation
results show a high MCE of ~94%, a low MCT of
<-15dB, and a low on-chip IL over 1458-1560 nm. Also
in 2019 L. J. Hao et al. [40] proposed a new type of TE
polarized mode-order converter based on a deeply-etched
polygonal slot on a SOl waveguide. In this work, a high-
contrast index modulation introduced by the slot leads to a
multimode interference in the slot and, hence, an efficient
mode conversion. Their well-designed devices based on
tilted, bi-tilted, and tri-tilted slots for the TE,-TE; and
TEo-TE, conversions exhibit the MCEs of 97.6% and
99.4%, the MCTs of —27.3 dB and —26.4 dB, respectively,
over the broad wavelength range from 1500 nm to
1600 nm. Similarly, by introducing dielectric slots, an
ultra-compact mode-order converter based on a SOI
waveguide has also been proposed and demonstrated by
Y.T. Zhao et al. in 2020 [41]. In this work, the slot
waveguide plays the roles of a beam splitter and a taper
phase shifter. Their fabricated devices for the TE,-TE;
conversion exhibit the MCT less than —6.3 dB and the
on-chip IL less than 1.2 dB from 1520 nm to 1570 nm.

Referring to the concept of a silicon planar meta-
surface, in 2019 H. Jia et al. [42] proposed a dual-
polarization mode-order converter. Functional region of the
proposed device consists of multiple subwavelength
subunits and a mode conversion is achieved by controlling
materials or duty cycles of each subunit. Their fabricated
prototype, which has a footprint of 4 um x 1.6 um, can
realize the TEo-TEx and TMoe-TM: conversions
simultaneously with the on-chip ILs from 1.0 to 2.3 dB and
0.9 to 1.4 dB, and the MCTs lower than —13.7 dB and
—11.8 dB for the TE and TM polarizations, respectively,
within the wavelength range of 1525-1565 nm.

All the above structures have a common drawback, i.e.,
fixed mode conversion, which is disadvantageous to the
implementation of reconfigurable and flexible MDM
systems. To overcome this issue, an electro-optic mode
converter based on an optical waveguide MZI has also been
proposed by M. R. Zhang et al. in 2016 [43]. Their typical
fabricated device with lithium niobate (LN), which is of a
total length of ~24 mm, can achieve a switchable mode
conversion between the TE;1 and TE2: modes with the
MCE of ~35 dB and a 20-dB bandwidth of ~12 nm at the
wavelength of 1552 nm, when driven at a voltage of 1.7 V
at 26°C. High performance can also be obtained at any
wavelength in the C+L band with a driving voltage
varying by no more than 3 V.

To sum up, MZI-based mode converters are capable of
achieving a quite large MCE and a quite low MCT, but with
a large footprint, usually. MMI-based mode converters can
achieve a compact size, but a low MCE and a large MCT.
These mode converters based on special waveguide
structures are not only more compact but also with the
capability of achieving a large MCE and a low MCT, even
if their performances are slightly inferior to the MZI-based
mode converters. In addition, as for the implementation of
reconfigurable mode converters by introducing the electro-
optic or thermo-optic effect, the MZI configuration is more
suitable because it has two arms that can be controlled
independently.

3.2 Mode coupling type

Operation principle of the mode coupling converters is
based on the coupling between the fundamental and
the selected high-order mode under the condition of their
phase matching. Such a mode coupling is usually
achieved by using ADC, [44-57,73,78], ring [58,59], LPG
[60-65,72,74,75], BG [66,67], dielectric metasurface
structure [68-70], and grating-assisted coupler [71], and so
on. Their key performances have been summarized in
Table 2 in the Appendix.

In 2013 N. Hanzawa et al. [44] proposed firstly a
LPo1-LP1; mode converter based on ADC formed with two
planar parallel waveguides with a different width. In this
work, by designing suitable widths of the two waveguides
to match the effective index of the LP11 mode in waveguide
1 to that of the LPo1 mode in waveguide 2, the LPo; from
port 1 propagated directly to the output port 3 while LPo;
from port 2 is converted to the LP1; mode propagated to the
output port 3 (as modes example see the picture in Table 2).
Their fabricated device with silica exhibited MER from the
LPo1 to LP12 modes larger than 20 dB between 1500 and
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1620 nm and MER from the LP1; to LPy; modes larger than
15dB over the C-band with an IL less than 1.3 dB.
Subsequently, to implement (de)multiplexing of the LP11,
mode, in 2014 K. Saitoh et al. [45] further proposed and
demonstrated a mode rotator to convert the LP115 to LP11p
modes (as modes example see picture in Table 2). Their
proposed device is composed of a straight waveguide with
a trench. Their fabricated device with silica achieves the
MCE larger than 90% over the wide wavelength range from
1450 nm to 1650 nm. Afterwards, researchers from the
same group combined their proposed mode rotator and an
ADC-based mode converter to demonstrate the mode
conversions from the LPg to the LP11p, LP21a, LP21p, LPoy,
and vice versa successively [46-48]. Especially, K. Saitoh
et al. [48] demonstrated a six-mode (de)multiplexer by
employing six ADCs and a two-mode rotator to achieve the
desired mode conversions from the LPo; to the LP114, LP11p,
LP21a, LP21p, and LPo2. The near field patterns measured at
the MUX port show clear mode patterns of these six desired
modes, but no experimental MCEs were presented. Note
that in this work two well-designed tapered waveguides are
used to convert the Ez; and Ei3 modes into the LPg; and
LP21n modes, respectively.

In the aforementioned works, due to the limitation of
mode symmetries, the mode conversion between the LPy
and the LP11p was achieved indirectly, i.e., with the help of
a mode rotator which augments the device complexity. To
overcome this issue, in 2014 N. Riesen et al. [49] proposed
and demonstrated three-dimensional (3D) integrated mode
couplers for a direct conversion of the LPo; and LPiap
modes, firstly. Their proposed mode converter consists of
horizontal and vertical couplers formed with three cores
fabricated using the femtosecond laser direct-write
technique, where the horizontal coupler is responsible for
the conversion between the LPo; and LP11a modes, while the
vertical coupler is responsible for the conversion between
the LPo1 and LPiip modes. Their experimental mode
converter shows the MCEs from 53% to 68% and 80% to
99%, and the MERs from 26 dB to 32 dB and from 35 dB
to 37 dB for the LPo;-LP11a and LPgi-LP1an conversions,
respectively, both with an IL lower than ~1dB over
1500-1580 nm. Subsequently in 2015 J. L. Dong et al. [50]
also proposed a similar 3D waveguide mode multiplexer
formed with horizontal and vertical ADCs to achieve the
LPo1-LP11a and LPoi-LP11p conversions. Their proposed
device consists of two dissimilar single-mode core
waveguides placed along with a central three-mode
rectangular waveguide in the horizontal and vertical
direction, respectively. With this structure, the LP112 and
LP11, modes of the central waveguide can be coupled into
the LPo; modes of the horizontal and vertical waveguides,
respectively. Their typical fabricated device with optical
polymer materials, with a length of 9 mm, shows MCEs
from 91% to 99%, MCTs from —23.2 dB to —14.6 dB, and
an IL of 10 dB, and these results are weakly sensitive to the
polarization state of light and, also, insensitive to
temperature. Further in 2016, F. K. Wei et al. [51] also
experimentally demonstrated a 3D mode converter based
on a vertical polymer ADC. Their fabricated device for the
conversion of LPo; and LP21a exhibits a maximum MCE of
98.7% at 1550 nm and a 10-dB bandwidth of ~40 nm. In
2018, Q. Huang et al. [52] further developed a 3D mode
converter to a higher level by the design and fabrication of

a 3D mode (de)multiplexer based on cascaded ADCs to
convert the Ez, Eip, Ez, Es1, and Ei1z modes into the Eiq
mode, and vice versa (as modes example see the picture in
Table 2). Their typical fabricated device, with a length of
29 mm, achieves MCEs varying from 62% to 90% and
MCTs from —28.2 dB to —11.6 dB in the wavelength range
from 1530 nm to 1565 nm with a weak polarization
dependence.

Although a vertical DC can be designed to couple
between two arbitrary spatial modes, it requires a multi-
layer structure and an accurate alignment of waveguides in
the vertical direction which complicates the fabrication
process. In view of this, in 2017 W. K. Zhao et al. [53]
proposed and demonstrated a horizontal DC formed with
two parallel waveguides of different heights to achieve
directly a mode conversion between the LPo; and LPip
modes. By breaking the symmetry in both horizontal and
vertical direction, their proposed DC can achieve the
coupling between any two spatial modes of a few-mode
waveguide. Their typical fabricated device for the
conversion between the LPg: and LP11, modes shows the
MCE higher than 95% in the wavelength range from
1530 nm to 1560 nm. After that, in 2019 W. K. Zhao et al.
[54] further developed a five-mode (de)multiplexer with a
polymer material to achieve the conversions from Ei; to
E1o, E21, Es1, and Ez; modes with the same idea. In this
work, they further introduced a tapered DC to enlarge the
operation bandwidth of the device. Their typical fabricated
device is 2.1-cm long and shows the MCEs larger than
~94.5% for each DC over the C+L band with a weak
polarization dependence.

Mode conversion using an ADC formed with a hybrid
plasmonic waveguide and a silicon nanowire waveguide
was also proposed by M. Yin et al. [55] in 2014.
Theoretical MCE of 99.2% for the conversion of the TEy
and TE; modes with a coupling length of 13.6 pm is
achieved at 1550 nm. In addition, by cascading horizontal
ADCs, an 8-channel silicon mode (de)multiplexer
manipulating mode conversions from TEq to TE1, TE,, and
TEszand TMo to TMy, TMy, and TM3zwas also demonstrated
by J. Wang et al [56] in 2014. Their fabricated device with
SOI shows the MCTs from —11 dB to —20 dB for all mode
conversions in the wavelength range from 1520 to
1610 nm.

To improve the fabrication tolerances of silicon ADC
mode converters, in 2017 D. Garcia-Rodriguez et al. [57]
proposed a high-performance ADC mode converter based
on optimized dimensions. Their theoretical results show the
MCE of 97% and the MCT of 23.4 dB over 1540-1560 nm.
However, their experimental results only achieve the MCE
of 90% at 1550 nm and a 20 -nm bandwidth with the MCE
higher than 84%.

Mode converter using a ring resonator has also been
proposed and demonstrated [58,59]. In 2013 L.-W. Luo
et al. [58] proposeda low MCT device using an add-drop
silicon ring resonators array. In this work, a bus waveguide
was tapered successively to different widths to selectively
phase-match different bus waveguide modes to a ring
waveguide mode. Such a device layout forms one DC and
two ADCs which are used to convert the TE, TE;, and TE;
modes in a bus waveguide into the TEo in three ring
resonators, respectively. Their fabricated device shows a
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low MCT less than —20 dB at 1547.4 nm. In 2015 Y. Yu
et al. [59] proposed and demonstrated experimentally an
on-chip polarization-controlled mode converter using a
ring resonator. By selecting either horizontal or vertical
linear polarization at an input single-mode fiber, their
proposed device can either convert the input LPy; mode to
the LP1; mode or maintain the LPo; mode in the output FMF
over the C-band. The measured mode profiles from the
FMF output verify successfully the mode conversion with
an MCT equal to —12 dB.

Mode converters employing LPG [60-65] or BG
[66,67] to achieve the coupling conversion between the
fundamental mode and the desired mode have also been
proposed. In 2015 Y. Yang et al. [60] fabricated a surface-
corrugated LPG on a polymer waveguide for the
conversion between the LPo; and the LPi1 mode. Their
typical fabricated device shows the MCE of ~99% at
1536 nm with a bandwidth of 4 nm and a temperature
sensitivity of 3.5 nm/°C which allows the device operation
wavelength to be tuned over the C+L band with a
temperature control <30°C. Similarly, to achieve the mode
conversion between the LPg; and LP11, modes, in 2015, W.
Jin et al. [61] also proposed and fabricated a mode
converter employing a sidewall-corrugated LPG. Their
fabricated device shows a higher MCE of 99% at 1600 nm
with a bandwidth of 20 nm and a thermal tuning sensitivity
of 4.1 nm/°C over the S+C+L band. Subsequently, in
2016 W. Jin et al. [62] further proposed and demonstrated
two types of mode converters with polymer materials by
cascading the surface- and the sidewall-corrugated LPG.
The modes symmetry properties dictate that the surface-
and the sidewall-corrugated LPGs allow a specific mode
conversion which is fully exploited to design their
proposed two types of mode converters. The measured
results show that the first type of mode converter, which
allows the conversion among the LPo;, LP11b, and LPi1a
modes in a cyclic manner, achieves a maximum MCE of
94% at 1540 nm, while the second type of mode converter,
which allows the conversion between the LPo; and LP2i,
modes, achieves a maximum MCE higher than 90% at
1550 nm.

To enlarge the bandwidth of LPG-based mode
converters so that they match the DWDM system
requirement, in 2017 W. Wang et al. [63] proposed and
demonstrated an ultra-broadband mode converter using
a length-apodized LPG. Their fabricated LPgi-LP1p
(LPo1-LP112) mode converter, which used a 3-section
length-apodized surface (sidewall) LPG formed along a
polymer optical waveguide, obtains the MCE higher than
99% over a bandwidth of ~120 (~150) nm, or the MCE
higher than 90% over a bandwidth of ~180 (~300) nm.
Further, in 2019, W. K. Zhao et al. [64] proposed and
demonstrated a novel and ultra-short embedded LPG for
implementing a broadband mode conversion. In this work,
the embedded LPG features an ultra-short length and a
wide bandwidth is formed by locating the perturbation
inside the waveguide where the two coupling modes have
the largest field overlap. In addition, the internal
disturbance implementation also provides a versatile
mechanism for manipulating the phase-matching curve of
the proposed grating by engineering the rectangle
perturbation aspect ratio which further helps to increase the
proposed grating bandwidth. Their fabricated device with

polymer materials, which contains only two periods with a
grating length of 824 um, achieves MCEs larger than
98.2% over the C + L band. The advantage of the proposed
embedded LPG is that its length is only of a quarter of the
length of the standard sidewall or surface LPG but with a
wider bandwidth.

To extend the LPG-based mode converters for the
conversion of any nondegenerate modes of a waveguide,
regardless of their symmetry properties, in 2018 W. Jin
etal. [65] proposed a 3D LPG mode converter with a
controllable grating width and depth which can be formed
at any chosen position on the waveguide core surface.
Using a negative tone photoresist as a waveguide material,
they fabricated several mode converters with their
proposed structure, including the Eu-Eip, Ei1-E2, and
TE21-E1» mode converters, to show the flexibility of the
proposed 3D grating structure. The experimental MCEs
achieved with these three mode converters are higher than
98%, 95%, and 94% at their respective resonance
wavelengths of 1545 nm, 1575 nm, and 1550 nm.

Beside LPG, BG has also been proposed to implement
mode conversion. In 2005, C.M. Greiner et al. [66]
experimentally demonstrated a novel grating which only
produced reflection with a mode conversion in a two-mode
waveguide. Mode conversion is due to the fact that the
index perturbation used in this work has a z-phase shift
with respect to the lateral symmetric axis for the waveguide
modes. Their fabricated device with a silica waveguide
achieves a mode-converting reflection (i.e., MCE) of 99%
from the even (i.e., fundamental) mode to the odd (i.e., first
higher-order) mode, and vice versa, for both TE and TM
polarizations. Using the same principle, in 2019, R. L. Xiao
et al. [67] also proposed an on-chip mode converter which
can achieve a forward conversion between two guided
modes via two cascaded Bragg reflection processes. Their
theoretical and simulation results show that forward mode
conversions from TE; to TEp and to TE,, with adjustable
bandwidth and central wavelength can be realized by
optimizing grating parameters. Their fabricated proof-of-
principle device with SOI achieves the conversion from the
TE; to TEp and to TE; with the MCT of —7 dB.

Mode converters using a dielectric metasurface
structure in silicon to achieve the coupling between the
desired modes have also been proposed. In 2019 H. W.
Wang et al. [68] proposed and demonstrated a compact
silicon waveguide mode converter based on an all-
dielectric metasurface structure with a tilted subwavelength
periodic perturbation. Their fabricated two proof-of-
principle devices can convert the TEo mode to the TE; and
the TE2 mode with coupling lengths of 5.75 and 6.736 um,
the MCL lower than 1 dB and 0.5 dB, the MCT lower than
—10dB in the wavelength range of 1542-1563 nm and
1545-1563 nm, respectively. In 2014 D. Ohana and
U. Levy [69] proposed a novel mode converter in a silicon
waveguide based on a graded index co-directional grating
coupler featuring a periodic variation in its refractive index
along the propagation direction and a graded index profile
along the transverse direction. The graded index profile,
which accounts for maximizing the coupling strength by
increasing the field overlap, is realized by using the
effective medium concept in which a subwavelength
grating with a variable duty cycle is etched into the
silicon waveguide. At 1550 nm wavelength, their designed
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TMo-TM1, TMo-TM3, and TMo-TM3z mode converters with
lengths of 20, 19, and 18.5 um exhibit total transmissions
(MCES) of 97%, 97%, and 96%, the MCTs of —27.9 dB,
—45.1 dB and —23.9 dB. Afterwards, in 2016, D. Ohana and
U. Levy et al. [70] further demonstrated experimentally
their proposed nanoscale mode converter in Ref. 69, the
device they fabricated with SOI achieves the conversion
between the LPo; and the LP1; mode with a measured mode
purity of ~95%, in excellent agreement with theoretical
results in Ref. 69.

Using a grating-assisted coupler to implement mode
conversion has also been proposed by H. Y. Qiu et al. [71]
in 2011. The device designed with SOI achieves the
conversion from the fundamental mode of the access
waveguides to the 1%, 2" and 3 modes of the bus
waveguide, and vice versa, the corresponding coupling
lengths are of 250 um, 150 pm, and 90 pm, respectively.
MCTs of demultiplexers of the channels 1 (1% mode),
2 (2"™mode), and 3 (3" mode) are of —22.6 dB, —26.8 dB
and —30.3 dB, respectively. Compared with the conven-
tional ADC, the grating-assisted coupler offers the
advantage that the mode coupling can be flexibly
controlled by designing the grating period at the phase-
matching condition. Especially, high selectivity for the
coupling wavelength makes it easy to incorporate the
DWDM and MDM technologies into the same device.

Beside the above fixed mode converters, reconfigurable
or switchable mode conversion devices based on the
thermo-optic and electro-optic effects have also been
proposed [72-76]. In 2018, W. K. Zhao et al. [72] proposed
and demonstrated a thermally induced LPG integrated with
an asymmetric Y-junction to achieve a reconfigurable
mode conversion. In this work, a periodic heating electrode
deposited on the two-mode waveguide induces the LPG
designed for the Eii-E21 mode conversion by applying
electric power to the electrodes. Thus, the mode conversion
can be switched by controlling the electric power applied
to the heater. Their typical fabricated device with polymer
material shows a mode selectivity higher than 12 dB over
the C+L band at a switching power of 198 mW which
means a high MCE. In 2018, X. Z. Zi et al. [73] proposed a
simple thermo-optic mode-selective switch based on an
asymmetric directional coupler. The proposed device
consists of a two-mode waveguide, a single-mode
waveguide, and two heating electrodes deposited on the
two waveguides, respectively. With such a device layout,
mode conversion between the LP11, mode in the two-mode
waveguide and the LPo; mode in the single-mode
waveguide can be switched by controlling the electric
power applied to the single-mode waveguide electrode.
The device they fabricated with polymer materials is
16.5-mm long and shows the MER larger than 10 dB,
switching powers of 52 mW, and 109 mW in the C-band
for both modes, respectively, as well as the corresponding
switching times are of 300 ps and 400 ps.

Considering the fact that the switching speed of
thermo-optic devices is slow, reconfigurable or switchable
mode conversion devices based on the electro-optic effect
have also been proposed. In 2015 W. Jin et al. [74]
proposed and demonstrated a mode switch based on an
electro-optic activated LPG formed in an LN two-mode
waveguide. Their fabricated device with a z-cut LN
consists of an 8-mm long LPG induced by the electro-optic

effect. At a driving voltage of 35 V, it can switch between
the TMoo and TMo; modes with a maximum MCE of 98.5%
at a wavelength of 1544 nm and a 3-dB bandwidth of
~25 nm. Subsequently, in 2020 W. Jin et al. [75] further
developed their proposed electro-optic activated LPG to a
higher level by realizing a complete reconfigurable mode
conversion for three spatial modes with three cascaded
LPGs. In this work, gratings at the two ends were designed
to achieve the conversion between the TMg and TMyo
modes while the grating in the middle was designed to
achieve the conversion between the TMgo and TMoi modes.
Their fabricated device with z-cut LiNbOs; uses three
graphene electrodes to drive the gratings and an aluminum
electrode heater to achieve wavelength matching for the
second grating. The use of graphene electrodes can do away
with the buffer layer traditionally needed to isolate the
electrodes from the waveguide, and, hence, reduce the
grating driving voltage. Their typical fabricated device,
which is 26-mm long, shows that the half-z voltages of the
three EO activated gratings are of 48V, 37 V, and 43V,
respectively, and the maximum MCE of the gratings at
~1545 nm is higher than 99%.

In addition, in 2018 M. R. Zhang et al. [76] proposed
and demonstrated an LN optical waveguide ADC for the
realization of an electro-optically switchable mode
conversion. Their typical fabricated device for the
conversion of the LPy and LPi;a modes achieves a
maximum MCE higher than 90% and the operation
wavelength can be tuned over a wide range of ~240 nm by
varying the driving voltage between —23 V and +20 V.

To sum up, the advantages of the ADC-based mode
converters are that they are capable of achieving a quite
large MCE, a quite low MCT, and a large bandwidth
through flexible design and varied structure. They are easy
to cascade to achieve more mode conversions
simultaneously in a single chip. They are also easy to
incorporate the electro-optic or thermo-optic effect to
achieve reconfigurable mode converters. By contrast,
although the grating-based mode converters also offer
partly the above advantages, their performances are slightly
inferior to those of the ADC-based mode converters,
especially, in the aspect of the bandwidth and MCT.

3.3 Mode evolution type

Operation principle of the mode evolution converters is
based on the mode field adiabatic transformation. Such an
evolution requires conservation of the optical wave
momentum before and after evolution which is indicated by
their modal effective index matching, i.e., effective indices
of the two mutually converting modes should be equal or
the closest. Nowadays, to implement mode converters
using the mode evolution principle, several structures,
including multichannel branching waveguides [77,78],
asymmetric Y-junction [79-84], stacked waveguide [85],
and tapered waveguide [86,87], have been proposed. Their
key performances have been summarized in Table 3 in the
Appendix.

In 2003 B. T. Lee etal. [77] proposed and demonstrated
a novel mode-order converter structured with a mode
splitter, four tapered waveguides, and a mode combiner.
Their designed and fabricated device with polymer
materials, which can convert the TEq into the TEz mode



A. K. Memon et al. | Opto-Electronics Review 29 (2021) 13-32 20

and the TEjo into TE» mode, and vice versa, shows MCTs
less than -10.2dB for all conversion at 1550 nm.
Subsequently, a five-order mode converter using a similar
structure was also proposed by A. L. Y. Low et al. in 2004
[78]. Their well-designed device allows the conversion
among the TEqo, TEio, TE2o, TEszo, and TE4 modes in a
cyclic manner with the MCEs larger than 93.88% and the
MCTs less than —12.3 dB for all conversions at 1550 nm.

The unique mode-sorting characteristics of asymmetric
Y-junctions make it an important structure for the mode
conversion implementation. In 2012 N. Riesen and J. D.
Love [79] extended a quantitative description of the
performance of mode-conversion in bimodal Y-junctions
to N-arm Y-junctions with N modes in the stem. To
demonstrate their developed design criteria for optimal
mode-sorting, they presented the cases of three- and four-
arm asymmetric Y-junctions for the conversion among the
second, third, and fourth modes in the stem into the first
(fundamental) mode of different output arms, respectively.
In 2013 J. B. Driscoll et al. [80] designed and fabricated a
silicon waveguide asymmetric Y -junction mode
(de)multiplexer. The device can achieve mode conversion
between the fundamental and the first odd mode with a
minimum MCT of -30 dB at 1580 nm, the MCT less than
—9 dB over the C band, and the on-chip IL less than 1.5 dB.
In 2016 J. Feng et al. [81] designed and fabricated a two-
mode asymmetric Y-junction with polymer materials for
the conversion between the LPg; and LP11, modes. Their
experimental results show that the MCT is —22.2 dB at the
wavelength of 1550 nm and the 10-dB bandwidth is of
~40 nm. In 2016 W.W. Chen et al. [82] designed and
fabricated a three-mode (de)multiplexer with SOI based on
two cascaded asymmetric Y-junctions (CAYJ). Their
measured results show that the MCTs for a pair of
fabricated CAYJ-based three-mode (de)multiplexers are
between —31.5 dB and —9.7 dB within a bandwidth from
1537 nm to 1566 nm. The measured insertion loss is less
than 5.7 dB at a wavelength of 1550 nm. In 2018 T.
Fujisawa et al. [83] proposed and fabricated with silica a
novel scrambling-type mode multiplexer based on a
cascaded Y-branch waveguide and an integrated mode
rotator. Their proposed device is for the implementation of
the LPgi-LP11a and the LPy-LPip conversions with a
moderate MCE to mix these three modes. However, no
experimental and theoretical MCE or MCT are presented
in that work. In 2019 Y. Gao et al. [84] proposed a six-
mode (de)multiplexer based on a 3-arm asymmetric Y-
junction cascaded in each arm with a mode rotator and then
a 2-arm asymmetric Y-junctions. Their designed device for
the TM polarization achieves the conversions of the E11-E21
and E11-Es1 modes with an asymmetric Y-junction directly,
and the conversions of the Ei1-Eiz, E11-E2, and Ei1-Es2
modes with an asymmetric Y-junction combined with the
aid of a mode rotator. Their simulated MCTs are less than
—24 dB and the on-chip ILs are less than 0.96 dB at the
operation wavelength of 1550 nm.

In 2015 T. Watanabe and Y. Kokubun [85] proposed a
mode-evolutional (de)multiplexer using stacked polymer
waveguides to achieve the conversion of the TEgo-TE10 and
the TEgo-TEo; modes. Their fabricated device achieves the
MERs from 6.5 dB to 9.7 dB for the case of LP1o and from
6.4 dB to 8.7 dB for the case of LPy: for both the TE and
TM polarized modes within the C + L band.

The mode converters based on a tapered waveguide are
particularly noteworthy for their unique function to convert
the modes with different polarizations. In 2012 D. X. Dai
et al. [86] investigated theoretically and experimentally the
mode conversion between the TM fundamental mode and
the TE higher-order modes in tapered submicron silicon
ridge optical waveguides due to the mode hybridization.
Their simulation results show that a very high MCE close
to 100% could be achieved in both the regular lateral taper
and the bi-level taper SOI rib waveguides for the
conversion from the TMp to the TE; and TEs modes.
Meanwhile, their experimental results also demonstrated
the mode conversion from the TMo to TE1 mode, but no
MCE data were presented. Afterwards, in 2015, D. X. Dai
and M. Mao [87] proposed a mode converter formed with
a SOl inverse taper buried in a SiN strip waveguide again.
Their designed device enables the conversion of the TEaj,
TE21, TEs1, TE4;, TMa1, and TM12 modes in a multimode
SOI waveguide into the TM11, TE11, TE12, TM21, TM12, and
TE>; modes (which are like the LPo1, LP114, LP11, modes in
a few-mode fiber) in a SiN strip waveguide, with the MCEs
higher than 95.6% for all desired mode conversions and
negligible losses.

In general, the mode evolution converters can achieve
a quite large bandwidth but with a slightly large MCT
usually. In addition, it is difficult to incorporate the electro-
optic or thermo-optic effect to achieve reconfigurable mode
converters because a quite precise tuning for the refractive
index of the involved waveguides is required.

4.  Conclusions

A wide range of PLC-based mode converters has been
reviewed in this paper which covers the basic principles,
materials, structures, and performances of such devices.
Undoubtedly, remarkable advancements have been made
through the efforts of a global community of researchers
and engineers. Nowadays, the ADC-based mode converters
have shown excellent comprehensive performance and
promising application prospects. However, to make the
PLC-based mode converters to meet the requirements of
the future MDM systems, there are still several key issues
needed to be overcome. For the mode converters used in
the MDM fiber communication system, firstly, it is still
necessary to further minimize the complexity, reduce the
IL and MCT, and improve efficiency of the mode
conversions, especially, for the LPo;-LP1ip, LPoi-LP21a,
LPo1-LP21p, and LPo1-LPo, mode conversions. Among these
reported mode converters, only a few devices can realize
the LPo1-LP21a, LPo1-LP21p, and LPop-LPo; mode
conversions, but they are complex and with low MCE
which cannot meet the requirement for the practical
applications. Secondly, it is impending to achieve simple
and high-efficiency mode conversions between the
fundamental mode and the fourth (including the
degenerated LP1, and LP3; modes), as well as the fifth
(including the LPgs and the degenerated LPy,, and LPa;
modes) mode group so that to (de)multiplex more modes in
the MDM fiber transmission system. Up to now, there are
no reports on the mode conversion above. At last, it is
significant to further research and develop high-
performance reconfigurable or switchable mode converters
able to manipulate all the first six modes due to the fact that
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they are basic building blocks for the reconfigurable or
switchable mode (de)multiplexer used to realize the agile
MDM optical networks. As for the mode converters used in
the MDM on-chip optical interconnection system, similar
conclusions hold true.
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Table 2

Key performances of the mode converters based on the mode coupling principle.
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