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Abstract: The tremendous growth of data traffic has
spurred a rapid evolution of optical communications for a
higher data transmission capacity. Next-generation fiber-
optic communication systems will require dramatically
increased complexity that cannot be obtained using
discrete components. In this context, silicon photonics is
quickly maturing. Capable of manipulating electrons and
photons on the same platform, this disruptive technology
promises to crammore complexity on a single chip, leading
to orders-of-magnitude reduction of integrated photonic
systems in size, energy, and cost. This paper provides a
system perspective and reviews recent progress in silicon
photonics probing all dimensions of light to scale the ca-
pacity of fiber-optic networks toward terabits-per-second
per optical interface and petabits-per-second per trans-
mission link. Firstly, we overview fundamentals and the
evolving trends of silicon photonic fabrication process.
Then, we focus on recent progress in silicon coherent
optical transceivers. Further scaling the system capacity
requires multiplexing techniques in all the dimensions of
light: wavelength, polarization, and space, for which we
have seen impressive demonstrations of on-chip func-
tionalities such as polarization diversity circuits and
wavelength- and space-division multiplexers. Despite
these advances, large-scale silicon photonic integrated
circuits incorporating a variety of active and passive
functionalities still face considerable challenges, many of
which will eventually be addressed as the technology
continues evolvingwith the entire ecosystem at a fast pace.

Keywords: fiber-optic transport networks; high-capacity
optical transmissions; nanophotonic devices; optical
communications; optical multiplexing; optical trans-
ceivers; photonic integrated circuits; silicon photonics.

1 Introduction

Global Internet traffic has been growing exponentially over
the past 20 years [1–4]. Anticipating a 40% compound
annual growth rate in data demand, a “capacity crunch” in
fiber-optic transmission that could severely constrain the
Internet growth was predicted for around 2020 [2]. The
actual growth of Internet traffic was at a lower rate over the
last few years (20–30%) [3] but shows a spike in 2020 due to
the COVID-19 pandemic that has caused a significant traffic
increase during the lockdown period [5]. The amount of
bytes flowing around the world will continue to scale up
fast in the era of Internet of Things and 5G. It is predicted
that the number of devices connected to networks will be
more than three times the global population by 2023 [6].

The tremendous growth of Internet traffic has spurred
a rapid evolution of optical communication technology for
higher data transmission capacity, as shown in Figure 1.
Digital signal processing (DSP) enabled coherent optical
communications with advanced modulation formats [7],
which led to giant leaps in single-channel data rates from
10 to 400 Gb/s in optical transport networks [8]. Leading
system vendors have recently announced commercial so-
lutions for 600 Gb/s across 1000 km and 800 Gb/s for
shorter reach distances. Next-generation fiber-optic
communication systems exceeding 1 terabits-per-second
(Tb/s) per wavelength will require dramatically increased
complexity that cannot be obtained using discrete optical
components. InP-based 500 Gb/s coherent transceivers
already contain hundreds of optical components and
connectors [9]. An ultrahigh-capacity transmission system
exceeding petabits-per-second (Pb/s) will comprise a vast
number of wavelength-spatial channels on the 10,000
scale (e.g., 100+ wavelengths times 10+ spatial paths; see
Figure 1). Due to this unprecedented complexity, optical
transceivers dominate the cost of coherent transmission
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systems. Photonic integrated circuits (PICs), especially on
the silicon platform, provide a promising solution to
resolve the dilemma of scaling system complexity while
reducing cost per bit.

Along with the explosion of data traffic, silicon pho-
tonics has quickly emerged as an enabling technology to
drastically reduce the energy consumption and cost of
optical communications systems [21–26]. Capable of
manipulating electrons and photons on the same platform,
silicon photonics promises to cram more complexity on a
single chip. It uses the advanced manufacturing process of
microprocessors, known as the complementary metal-
oxide-semiconductor (CMOS) process, where tens of bil-
lions of electronic components have been integrated on a
single chip. This disruptive technology is based on high-
index-contrast materials allowing for extremely strong
optical confinement on the nanometer scale, leading to
orders-of-magnitude reduction in size, energy, and cost.
Furthermore, silicon photonic integrated circuits (Si-PICs)
can be readily integrated with advanced electronics. These
advantagesmake the technology immensely appealing to a
vast number of applications, such as portable sensors [27],
quantum computing [28], and artificial intelligence [29]. In
particular, large-scale silicon PICs are essential to the ca-
pacity scaling of future optical transmission systems.

The capacity of a fiber-optic transmission link C can be
described as follows [1]

C � 2MB log2(1 + SNR) (1)

whereM,B, and SNR represent the number of spatial paths,
the total system bandwidth, and the signal-to-noise ratio
(i.e., the ratio of average received signal power over the
bandwidth to the average power of the noise and interfer-
ence over the bandwidth), respectively. Apparently, this
equation is a simple expansion of the classic Shannon-
Hartley theorem [30] taking into consideration the multi-
plexing techniques in various physical dimensions: po-
larization, optical frequency (wavelength), and space.

The scaling of the overall transmission capacity relies
on advances in these following aspects (Figure 2):
– Spectral efficiency: Leapfrogging in spectral efficiency

(SE) and single-carrier transmission rate has been
achieved using coherent detection with higher-order
modulation formats, such as quadrature phase-shift
keying (QPSK) and higher-order quadrature amplitude
modulation (QAM) enabled by advanced DSP to
compensate for impairments of the transmission link
[31, 32]. Digital pulse shaping in time domain has
pushed the SE to the Nyquist limit for intersymbol
interference-free transmission [33]. However, due to
the logarithmic (sublinear) scaling law (Eq. (1)), only
marginal gain in capacity can be achieved by further
increasing SNR [34]. For example, in a recent trans-
mission experiment using a silicon modulator, an
optical signal-to-noise ratio (OSNR) improvement of
4-dB (i.e., 2.5 times) allows to push the modulation
from 16-QAM to 32-QAM at 60 GBaud, indicating an
enhancement of 25% in SE [35]. Recent advances in
constellation shaping techniques have achieved a tiny
gap of down to 0.1 dB from the Shannon limit [36].
Therefore, further scaling the capacity of optical
transmission systems relies on massive parallelism in
the space-division multiplexing (SDM) × wavelength-
division multiplexing (WDM) space.

– Polarization-division multiplexing: Exploriting two
orthogonal states of polarization doubles the trans-
mission capacity. Compact, broadband, and high-
performance polarization splitters/combiners and ro-
tators can be readily implemented on the sub-
micrometer silicon platform and monolithically
integrated with coherent transceivers for polarization-
division multiplexing (PDM), which has been a
remarkable advantage compared to InP.

– Wavelength-division multiplexing: The total spectral
resource sets the upper bound of the transmission
capacity via a single-mode fiber. It is usually deter-
mined by the limited bandwidth of optical amplifiers
placed periodically along the transmission link.
Erbium-doped fiber amplifiers typically cover the C
band (1530–1565 nm) and can also be extended to the L

Figure 1: Evolution of fiber-optic transmission capacity. The channel
counts are estimated based on the product of amounts of wavelengths
and spatial paths. The data of commercial systems (including symbol
rate, optical interface, WDM capacity and submarine systems) are
extracted from [1, 10] for 2000–2018 and from [11, 12] for 2019–2020.
The lab research results are extracted from [13–20]. WDM, wavelength-
divisionmultiplexing;SDM,space-divisionmultiplexing;λ,wavelength.
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band (1565–1625 nm). C + L transpacific transmission
systems have been recently deployed [37]. Recent ad-
vances in optical amplifiers have enabled demonstra-
tion of ultrawide-band transmissions [38–40].
Compatibility with ultrawide-band operation will be
essential for integrated photonic devices and circuits.

– Space-division multiplexing: Space is the only
remaining dimension that promises a long-term
scaling of system capacity by orders of magnitude
[1]. Parallel single-mode fibers (SMFs) have been used
for point-to-point links such as submarine cables and
data center interconnects, which are regarded as the
first-generation SDM systems [37]. As SMFs are
approaching their fundamental limits, SDM has
become the new research frontier of optical multi-
plexing techniqueswith the emergence of new types of
optical fibers. Large-scale integration of photonic
functions such as arrays of in-phase/quadrature (IQ)
modulators and coherent receiverswill become crucial
for the evolution of optical transmission systems to-
ward massive parallelism.

An envisioned SDM-WDM transceiver system is
shown in Figure 3. Assuming each of the transceivers
delivers 1 Tb/s, a 1 Pb/s system consisting of 1000 sub-
channels (e.g., 100 wavelengths × 10 spatial paths) will
require 4000 modulators and 8000 photodetectors

(4 modulators and 4 balanced photodetectors for dual-
polarization quadrature) and a large number of other
active and passive components (e.g., wavelength and
mode (de-)multiplexers, variable optical attenuators
(VOAs), splitters/combiners, couplers, polarization split-
ters and rotators, etc.). All these components can be in-
tegrated on silicon chips, either monolithically or in a
hybrid manner. Given the very limited gain possibly
achieved by SNR improvement as discussed above, inte-
gration scalability is more critical than performance of
individual functions. Silicon photonics provides an un-
beatable platform to scale the complexity of integrated
WDM × SDM systems.

In this paper, we review recent progress and chal-
lenges in silicon photonics, probing all dimensions of light
to scale the capacity of fiber-optic transmission systems
toward terabit per second and more (Tb+/s) per optical
interface and petabit per second and more (Pb+/s) per
transmission link. The rest of this paper is organized as
follows. In Section 2, we overview fundamentals and the
evolving trends of silicon photonic fabrication processes.
Section 3 reviews recent progress in silicon photonic
coherent transceivers. We will discuss challenges facing
ultrahigh-speed transceivers exceeding Tb/s and possible
solutions. In Section 4, we review recent demonstrations
of on-chip multiplexing functionalities in polarization,
wavelength, and space, such as polarization circuits, and

Figure 2: Scaling the transmission capacity of an optical link in various dimensions, following Eq. (1), including (a) augmenting the spectral
efficiency through higher modulation formats with coherent detection (quadrature) and pulse shaping (time); (b) capacity doubling by PDM
(polarization); (c) WDM × SDM (frequency and space). The required PIC building blocks are listed under respective functions. WDM, wavelength-
division multiplexing; SDM, space-division multiplexing; PDM, polarization-division multiplexing; PIC, photonic integrated circuit.
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wavelength- and space-division multiplexers. We conclude
the diversity paper in Section 5.

2 Overview of silicon nanophotonic
fabrication

In addition to the technological advantages, such as
high-density photonic integration and cointegration with
electronics, the economic promise has motivated the
development of silicon photonics: low-cost per unit
manufacturing can be achieved when chips are massively
produced. This is enabled by the reuse of the mature CMOS
processes (65–130 nm nodes), leveraging the huge capital
expenditures in infrastructure and development already
made by the microelectronics industry [41]. In this section,
we give a brief overview of the silicon photonic material
platforms, fabrication process, ecosystem, and future
trends. We focus solely on material platforms that (1)
support the optical communication windows (∼1.3–1.6 µm
for current systems and may be extended to 2 µm in the
future) and (2) are CMOS compatible and supported by
open-access foundries. Both the silicon-on-insulator (SOI)
and silicon-nitride-on-insulator (SNOI) platforms respect
these conditions. Other silicon-based or hybrid material

platforms are in active development for UV [42] to the mid-
IR applications [43, 44] but beyond the scope of this paper.

2.1 Material platforms and CMOS-
compatible processes

Most recent research and development efforts in both
academia and industry were made on the submicron SOI,
where PICs are defined on a crystalline silicon thin film
having a thickness usually well below micrometer. While
other options are available, the most popular silicon thick-
ness adopted by foundries is 220 nm, even though some
critics suggest that a thicker layermay lead to a better trade-
off between general performance metrics and fabrication
tolerance [45]. Thanks to the large refractive index contrast
between the siliconwaveguide core (∼3.5 near 1550 nm) and
its oxide clad, the submicron SOI allows for low-loss passive
strip and ribwaveguides and very tight bends (below 10 µm)
for a high device density. A diversity of passive components
have been demonstrated for signals routing, filtering, mix-
ing, (de)multiplexing, and polarization control [21, 46, 47]
(Section 4). Efficient optical inputs/outputs for fiber
coupling are available in the forms of grating couplers and
edge couplers [48, 49]. The grating couplers provide a
convenient means of high-tolerance vertical surface

Figure 3: Schematic of an envisioned
SDM-WDM transceiver system that sup-
ports N wavelengths × M spatial paths in a
fiber link. The arrows indicate the optical
signal flows. For example, the transmission
capacity can reach 1.2 Pb/s using 120
wavelength (covering C and L bands) times
10 spacial modes at 1 Tb/s per channel
(e.g., 100 Gbaud DP-64QAM with a 20%
forward error correction (FEC) overhead). A
multiwavelength laser system is used for
both the input (at the transmitter side) and
the local oscillators (at the receiver side). It
can be either a high power optical fre-
quency comb or an array of multiplexed
single-mode lasers. Its power (including all
the wavelengths) is split, equally in the
ideal case, into M spatial paths. Each
transceiver array consists of N × IQ modu-
lators (IQ-Mod) and coherent receivers (Co-
RXs). Pol-Mode (De)MUX, polarization-
mode (de)multiplexer.
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coupling, enabling fastwafer-level test and 2D integration of
optical interfaces [50]. Efficient edge coupling used to be a
big challenge due to the large mode mismatch between a
silicon waveguide and an optical fiber. This challenge has
been well mitigated via techniques such as oxide cantilever
with a silicon inverse taper [51], multilayer thin-film mode
conversion [52], and subwavelength taper engineering [53].
Active devices such as high-speed modulators and photo-
detectors are available through CMOS-compatible doping
process and Ge-on-Si epitaxy. The building blocks required
to obtain those functionalities are shown in Figure 4.

These passive and active functionalities are imple-
mented monolithically by multiple process steps on

submicron SOI wafers (see Figure 5), usually including
multi-level (partial and full) deep UV photolithography
etch of silicon thin films, ion implantation for multi-level
p-type and n-type doping, germanium deposition on sili-
con, etching and implantation for photodetectors, multi-
level metals, oxide deposition, and deep trench for edge
coupling. SOI platformswith a thicker silicon layer, usually
a few micrometers (e.g., 3 µm [54]), also exist for high-
power applications, but they do not offer the high-speed
active functionalities required for datacom and telecom
applications.

The other integrated platform of interest is SNOI, as it
provides complimentary functionalities and strengths [55,

Figure 4: Mock-ups of the most common
building blocks used in silicon photonics,
classified by functionality. The structures
are not to scale, and the top cladding layer
is absent for visibility. The colors of the
materials are the same as in Figure 5.
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56]. It was also demonstrated to be compatible with fabri-
cation by deposition on top of patterned SOI wafers as an
additional back-end-of-line process step [57–59]. Silicon
nitride (Si3N4) is a mid-index contrast optics (MiDex) ma-
terial, transparent from the visible (∼0.4 µm) to the mid-IR
(4 µm) and has a lower thermo-optic coefficient compared
to silicon. These material properties lead to waveguides
with lower propagation loss, phase noise, backscattering,
and sensitivity to temperature variation, which can be used
for high quality and stable passive devices, such as filters
[60, 61] and optical frequency comb generators [62] among
others.

The fabrication compatibility of SOI and SNOI with the
CMOS process is a major advantage of these material
platforms over other alternatives, such as InP. From an
economic perspective, silicon photonic manufacturing of-
fers a low-cost solution for high-volume production by
reusing the legacy CMOS infrastructure, with few or even
no (zero-change) additional process steps. As opposed to
microelectronics [63], the performance of most of the
photonic building blocks does not scale with the critical
dimensions of the fabrication process. However, they can
benefit from lower process variations. While most of the
feature size requirements aremetwith the 130-nmor 90-nm
CMOS nodes (using 248 and 193 nm wavelength lithog-
raphy, respectively), the 65- and 40-nm CMOS nodes can
achieve better accuracy and therefore better performances
and yield. This is due to the fact that these nodes make
uses of immersion lithography and 300-mm wafers.
Immersion lithography can substantially enhance the

photolithography resolution and thus reduce the wave-
guide linewidth variations and lower the waveguide
propagation loss. Larger wafers (300 vs. 200 mm) benefit
from lower silicon thickness variations [47]. Designers can
then select the technology node offering the best trade-off
between cost and performance.

Another key benefit of CMOS fabrication is the pros-
pect of cointegration of photonics andmicroelectronics, for
which various approaches have been demonstrated. State-
of-the-art monolithic cofabrication down to the 28 nmnode
process has been demonstrated [64], but this approach
requires expensive and major process changes. Other ap-
proaches aim to decouple the photonic fabrication process
from electronics so that each of them can be optimized [21].
The latter benefits from advanced nodes for high speed and
efficient transistors, while the former can be fabricated at
lower costs and higher yield on more mature CMOS lines.
This approach of interfacing two wafers with electrical
connections for heterogeneous photonic-microelectronic
integration should remain the dominant paradigm in the
immediate future. Various solutions for dual andmultichip
interfacing includewire bonding, flip-chip integration [65–
67], through silicon vias [68], or fine pitch copper pillars
interconnect [69].

2.2 Ecosystem and trends

The silicon photonics market is growing at a fast pace and
expected to accelerate in the near future [70]. While inte-
grated device manufacturers, such as Intel, have their in-
house manufacturing capabilities to fabricate their self-
designed PICs, a large number of fabless actors rely on a
few open-access foundries with standardized processes
and platforms. Therefore, the manufacturing players are
evolving to the open-access model and translating the
fabrication technology from research institutes to pure-
play industrial foundries for high-volume throughput. In
this model, pure-play foundries specialize only in the
manufacturing steps. A detailed review of the open-access
status is given in the study by Rahim et al. [22].

Different types of manufacturing process are offered to
meet the needs of fabless designers, based on different
material platforms, technology nodes, volumes of chips,
turnaround time, and cost. For proof-of-concepts, rapid
prototyping services (ex: AMO, Applied Nano Tool,
Cornerstone, CNM/VLC, LIGENTEC) offer fast turnarounds
but low functionalities and low volumes of chips, in part
because their fabrication process often relies on e-beam
lithography [71] instead of photolithography (exceptions
include Cornerstone that uses 248 nm photolithography).

Figure 5: Schematic of the cross section of different integrated
photonic devices fabricated with multilayer silicon nitride on
submicron silicon-on-insulator process, comprising a grating
coupler, strip waveguides, a modulator, and a photodetector (not to
scale). It illustrates the different materials and process steps
required during the fabrication.

4634 W. Shi et al.: Scaling capacity of fiber-optic transmission systems



CMOS pilot lines and research institutes propose low-
volume open-access manufacturing while improving the
maturity level of their platform and process (ex: AIM,
CEA-LETI, IMEC, IHP, LIGENTEC, Sandia Lab, VTT). Since
2018, pure-play industrial foundries (ex: AMF, Com-
poundTek, Global Foundry, LioniX, SilTerra, ST Micro,
TSMC, TowerJazz) have granted open access to silicon
photonic fabrication. They propose prototyping and R&D
through multiproject wafer runs, as well as low- to high-
volume manufacturing for commercialization ramp up.

Silicon photonic manufacturing is advancing toward
both standardization and diversification in terms of mate-
rials, layer thickness, and process. Standardization is
essential for improved yield, increased system complexity,
and reduced costs for the most common applications, such
as telecommunications and data center interconnects. On
the other hand, the diversification will be pushed by the
emergence of other application markets, such as mid-IR
sensing for chemical, biological, and trace gas monitoring,
bioimaging in the visible, quantum photonics, high-
performance computing, etc.

3 Silicon coherent optical
transceivers

The quick evolution of the optical transport systems toward
the elastic network paradigm has motivated the develop-
ment of higher baud rate transmitters that can be dynam-
ically adapted to various modulation formats and
transmission distance. InP PICs and integrated coherent
transceivers have achieved remarkable performance and
commercial success in coherent optical transmission sys-
tems [72–75]. After decades of falling behind, silicon pho-
tonics has been able to catch up quickly over the last
decade, thanks to the widely accessible foundry processes
leveraging legacy CMOS facilities, as discussed in Section
2. Silicon photonics is well suited for monolithic coherent
transceivers with performance comparable to discrete de-
vices. Coherent transceivers require a variety of optical
passive and active functions, all of which, except for the
laser, can be tightly integrated on silicon chips. In this
section, we first review the state-of-the-art silicon photonic
coherent transmitters and receivers and discuss about the
paths to higher speed operation through either higher baud
rates or spectral/spatial superchannels. For system ca-
pacity scaling, important considerations, such as
compatibility with ultrabroadband operation and scaling
the bandwidth density, are presented near the end of this
section.

3.1 Single-carrier coherent transceivers

3.1.1 Monolithic coherent transceivers: state of the art

Silicon photonic coherent transceivers are among the most
successful commercial silicon photonic products. Figure 6
shows the typical configuration of a dual-polarization (DP)
coherent optical transceiver fully integrated on a silicon
chip. A continuous wave (CW) input is split into two paths,
performing as a light source and local oscillator (LO) for the
transmitter and receiver, respectively. The transmitter
compromises two parallel IQ modulators for dual polari-
zations. The outputs ofmodulators aremultiplexed using a
polarization splitter-rotator (PSR) and coupled to the fibers
through an edge coupler. Alternatively, a 2D grating
coupler can replace the PSR and edge coupler for polari-
zationmultiplexing [76]. The coherent receiver consists of a
PSR, two 90° hybrid mixers, and four sets of balanced
photodiodes (BPDs). The incoming complex optical signal
interferes with the LO in the optical hybrid so that the in-
phase (I) and quadrature (Q) components can be separately
measured using BPDs. Modern coherent systems use
intradyne receivers [77], where the frequency difference
between the transmitter and LO is within the signal band-
width and can be estimated in the digital domain using
CMOS application-specific integrated circuits.

Table 1 provides a summary of recently demon-
strated monolithically integrated silicon photonic
coherent transceivers. Acacia is a pioneer in commer-
cializing silicon photonic coherent transceivers and
recently reported their first 400 Gb/s transmission over
6600 km in a field demonstration via a transatlantic
submarine cable [78]. Elenion (recently acquired by
Nokia) is another active player in this field. In 2018, they
reported a high baud rate transceiver with a hybrid in-
tegrated tunable laser using an InP gain chip coupled to
an external cavity on silicon (Figure 7(a)) [79]. At OFC
2020, NTT demonstrated a coherent optical subassembly
(Figure 7(b)) that features a high bandwidth of over
50 GHz in both the transmitter and receiver and has
achieved up to 96 Gbaud in 16 QAM [80]. This high
bandwidth has been enabled by a codesigned driver
with variable gain and peaking control.

3.1.2 Ge-on-Si photodetectors and coherent receivers

Ge-on-Si photodetectors (PDs) have shown excellent per-
formance in the telecommunication bands with high speed
(>60 GHz), high responsivity (>1 A/W with over a 90%
quantum efficiency), and low dark current (down to the nA
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level) [83–87]. Like other high-speed PDs, they are
designed in a PIN diode structure operated at a zero or
reverse bias, where the bandwidth of a PD is limited by (1)
the carrier transit time through the depletion region and (2)

the RC constant involving the junction and the load. The
transit time–limited bandwidth ft is given as follows [88]

ftr � 0.44
τtr

� 0.44
vd
W

(2)

Figure 6: Block diagram of a fully integrated
photonic coherent transceiver.

Table : Recent demonstrations of integrated silicon coherent optical transceivers.

Ref. Year Performance Feature

[, ]  DP QPSK//-QAM,  Gbauda Ultrabroad band (O, E, S, C, L)
[]   Gb/s, near  Gbaud . b/s/Hz over  km
[]  DP QPSK/-QAM,  Gbaud Hybrid integrated tunable laser
[]  DP -QAM,  Gbaud + GHz electro-opticelectro bandwidths

a The authors claimed  Gbaud under deployment with constellations up to  QAM for  Gb/s net per wavelength [].
QPSK, quadrature phase-shift keying.

Figure 7: Silicon photonic coherent transceiver subassemblies. (a) a 64-Gbaud coherent transceiver with a hybrid integrated tunable laser
[79] (top: block diagram of the hybrid integrated tunable laser; bottom left: photograph of the transceiver subassembly; bottom right: tuning
performance of the laser); (b) a 95-Gbaud coherent transceiver with a bandwidth >50 GHz [80] (top left: block diagram of the coherent optical
transceiver; top right: photograph of the packaged transceiver; bottom: transceiver (TX) and receiver (RX) frequency response).
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where τtr is the transit time dominated by the carrier drift in
presence of an electrical field, vd is the drift velocity, andW
is the width of the depletion region. For example, ftr is
greater than 65 GHz for a 400-nm depletion region with a
saturation drift velocity of 6 × 106 cm/s.

Both vertical and lateral junctions have been studied
for high-frequency operations with respective advantages
and drawbacks. Figure 8 shows one example for each
case. The vertical junction typically has one contact
formed on top of n-doped Ge and another on p-doped
silicon. However, heavily doped Ge and metal-Ge contact
induce optical absorption, resulting in a loss of respon-
sivity. In addition, the metal-Ge contact also suffers from
a higher resistance that limits the bandwidth [89], which
can be improved by using a SiGe cover layer [90]. To
address these issues, lateral junction structures without
heavily doped Ge were developed, firstly on a large-
section waveguide platform [86] and later on the submi-
cron SOI [85, 91]. Eliminating the need for a Ge-doping
process, the lateral junction design also simplifies the
overall fabrication process. A high bandwidth of up to
67 GHz for 100 Gb/s in a silicon-contact lateral junction
was reported [87]. Nevertheless, the cross section of the
lateral junction design is usually very small (a few hun-
dred nm to a couple of μm in width) to reduce τtr, which
limits its power handling capacity. In this sense, vertical
junction is advantageous because τtr is only limited by
the thickness of Ge and, therefore, the width can be as
large as several μm. This is particularly useful for
coherent detection with a high input from the LO. In the
study by Uetake et al. [90], a 8-μm-wide vertical junction

Ge-on-Si PD achieved a 40-GHz bandwidth for an input
optical power of up to 5.8 dBm while maintaining a high
responsivity of near 1 A/W and a low dark current density
of 0.05 nA/μm2.

Ge-on-Si avalanche photodiodes (APDs) also attracted
considerable attention for high-sensitivity receivers [92–
97]. Compared to PIN diodes, APDs usually have lower
bandwidths and require more complex driving circuits,
making them less popular for high-speed coherent detec-
tion. Nevertheless, they may be useful for circumstances
when the link power budget is tight or a high-power LO is
unavailable. Important figures of merit of APDs include
gain-bandwidth product, bandwidth, and excess noise
factor (depending on k, the ratio of the ionization co-
efficients of electrons and holes). To suppress the excess
noise, an important consideration is to use silicon as the
multiplication region for its exceptional k value (<0.1),
while maintaining a low electrical field in the absorption
region (Ge). The bandwidth is determined by the transit
times over the absorption and avalanche multiplication
regions and the avalanche built-up time. Separate ab-
sorption, charge, and multiplication (SACM) structures
have been explored in both vertical [92, 93] and lateral
junctions [94, 96]. A vertical junction SACM-APD achieved
a gain-bandwidth product of 276 GHz with a bandwidth of
23 GHz [93]; the device showsmore than 3 dB improvement
in sensitivity at 100 Gb/s PAM-4 [97]. An ultrahigh gain-
bandwidth product exceeding 430 GHzwas achieved using
a lateral junction SACM structure; however, its bandwidth
is less than 10 GHz, limited by the carrier drift time in the
multiplication region [94]. A PIN-based APD was recently

Figure 8: (a) Schematic of a lateral junction
Ge-on-Si PD with (b) its 3-dB bandwidth as
function of input power at various bias
voltages [87]. (c) Schematic of a vertical
junction Ge-on-Si PD with (c) its frequency
response (measured with a tran-
simpedance amplifier) at various input
output powers [90].
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demonstrated and achieved a bandwidth of up to 33 GHz
and 40-Gbaud, 16-QAM operation with a moderate effec-
tive k of around 0.2 [96].

In addition to high-speed PDs, coherent receivers also
require high-performance optical hybrids. Optical hybrids
can be realized using a 4 × 4 multi-mode interferometer
(MMI) [98, 99] or a 2 × 4 MMI serially connected with a
2 × 2 MMI [100, 101], as shown in Figure 9(a) and (b),
respectively. They are fully passive and inherently suitable
for optical hybrids because of the specific phase relation at
outputs. Nevertheless, they are vulnerable to the wave-
length dependence and fabrication errors due to the fact
that the length of MMI couplers used in these hybrids is
usually as long as hundreds of micrometers. An alternative
way is to use a structure consisting of several compact
components such as 1 × 2 MMI, 2 × 2 MMI, and phase
shifters (PSs). One example is shown in Figure 9(c) [102],
where a 1 × 2 MMI separates the received signal to the I and
Q arms of the receiver, meanwhile a 3-dB directional
coupler (DC) splits the LO signal into these paths. In the I/Q
arm, thermally tunable PSs enable precise control of the
90° differential phase shift between the received signal and
LO that aremixed by a 3-dBDC and then detected by a BPD.
The study by Guan et al. [103] provides another example
that has a similar configuration but with a more compact
layout and optimized components (such as broadband
2 × 2 MMIs and Y junction), avoiding the need for thermal
PSs, as shown in Figure 9(d). The device has a compact
footprint of 21.6× 27.9 μm2 and an insertion loss of less than
0.5 dB. The measured phase errors and common mode

rejection ratio (CMRR) are of <3° and of >30 dB, respectively.
Later on, a similar structure was also demonstrated using
adiabatic 3 dB splitters/combiners instead of MMIs and
achieved a phase error of <5° and a CMRR of >20 dB within
the wavelength range of 1520–1620 nm [104].

Dual-polarization detection is routinely integrated
with coherent receivers. It is implemented using mono-
lithically integrated polarization splitters and rotators that
will be reviewed in Section 4.1.

3.1.3 Silicon IQ modulators

Relying on the free-carrier plasma dispersion effect [106],
siliconmodulators suffer from relatively low efficiency and
high optical attenuation. Therefore, there exists a stringent
trade-off between the modulation efficiency and band-
width. Challenges, design, and optimization of silicon
modulators for general applications and, in particular, for
pulse amplitude modulation form a broad and rich topic
and have been detailed in recent review papers [107, 108].
New materials heterogeneously integrated on silicon may
effectively improve the modulation efficiency. However,
when it comes to applications that require complex inte-
grated circuits such as monolithically integrated coherent
transceivers, other factors such as compatibility with a
large variety of passive and active components and the
overall yield and cost often become more crucial. There-
fore, all-silicon modulators are preferred for a majority of
applications that require compact, cost-efficient optical
transceivers.

Figure 9: Schematic diagram of (a) optical
hybrid based on a 4 × 4 MMI and (b) optical
hybrid based on a 2 × 4 MMI serially
connected with a 2 × 2MMI [105]; (c) optical
hybrid based on 1 × 2 MMI, 2 × 2 MMI, and
phase shifters [102]; (d) optical hybrid
comprising one Y-junction and three
2 × 2 MMIs [103].
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The system-level performance of a siliconmodulator in
a transmission link can be characterized by the modulator
power penalty (MPP) [107] with contributions from (1) op-
tical attenuation due to the waveguide background loss
(dominated by sidewall scattering), free-carrier absorption
(caused by waveguide doping for optical modulation)
[106], and nonlinear optical processes such as two-photon
absorption [109], (2)modulation loss due to a voltage swing
smaller than Vπ, and (3) intersymbol interference due to
limited electro-optic bandwidth. These three penalty
sources are intricately intertwined. Therefore, an optimal
design for a given process can only be achieved by mini-
mizing the total power penalty. A bandwidth-aware figure
of merit (FOM) was recently proposed for silicon modula-
tors in a pulse-amplitude modulation (PAM) link [107, 110]
to minimize this penalty. A numerical approach was used
for modulator design optimization (minimum MPP) for
coherent transmissions at 400 Gb/s and beyond [111].

Recent efforts have led to record-breaking demon-
strations of coherent optical transmissions using all-silicon
modulators for line rates of up to 1 Tb/s in dual-polarization
higher-order QAMwith a spectral efficiency of 8.4 bits/s/Hz
(4.2 bits/s/Hz per polarization) [112]. Long-distance trans-
missions of 400–600 Gb/s net were also achieved for over
1500 km (Figure 10) [35]. We have seen a clear trend toward
even higher symbol rates. Recent works have achieved up
to 120 Gbaud 16-QAM [113] and 100 Gbaud 32-QAM trans-
missions [114]. Some recent results of coherent optical
transmissions using silicon photonic transmitters are
summarized in Table 2. For comparison, some recently
demonstrated hybrid silicon modulators are also included
in the table.

Silicon modulators also suffer from nonlinear pattern-
dependent behavior that causes signal distortion in the
presence of very high-order modulations or large driving
voltages. It is higher than conventional LiNbO3 Mach-

Table : Some state-of-the-art demonstrations of high baud rate integrated silicon IQ modulators.

Ref. Year Process Format Symbol rate (Gbaud) Line rate (FEC overhead) Link Net SE/Pola (bits/s/Hz)

[]  Lateral p–n SP -QAM   Tb/s (%) BB .
SP -QAM   Gb/s (%) BB .

[]  Lateral p–n SP -QAM   Gb/s (%) BB .
SP -QAM   Gb/s (%) BB .

[]  Lateral p–n SP -QAM   Gb/s (%) BB .
[]  Lateral p–n DP -QAM   Gb/s (%)  km .

DP -QAM   Gb/s (%)  km .
[]  SISCAPb DP -QAM . . Gb/s (%) BB .

. . Gb/s (%)  km .
[]  SOHc SP -QAM   Gb/s (%) BB .
[]  POHd SP -QAM   Gb/s (%) BB .

aNyquist bandwidth is used in the calculation of spectral efficiency (SE) per polarization (Pol) for simplicity, although the actual pulse shaping
filters used in experiments may be different.
bSISCAP: silicon-insulator-silicon capacitor.
cSOH: silicon-organic hybrid.
dPOH: Plasmonic-organic hybrid.

Figure 10: (a) Photograph of a silicon IQ modulator under test. (b) Back-to-back transmission performance for 60/75/84 Gbaud 16QAM and
60/72 Gbaud 32QAM. Dashed lines: theoretical prediction for an ideal transceiver system. (c) Transmission performance over distance for 60/
75/84 Gbaud 16QAM and 60/72 Gbaud 32QAM. Raw bit rates are reported in the legend and post-FEC overhead bit rates in parentheses [35].
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Zehnder modulator (MZM) due to the nonlinear dynamic
response of the silicon PS in which the modulation band-
width increases with reverse voltage across the depletion
region [119, 120]. To address this issue, a digital predis-
tortion method has been developed based on the iterative
learning control technique [121] and a behaviormodel [115].
Applying these methods with the silicon IQ modulator,
very-high-order QAM operations, such as 256-QAM at
20-Gbaud and 128-QAM at 40-Gbaud, have been achieved
with a spectral efficiency of up to 6.7 bit/s/Hz in single
polarization [115, 121].

3.1.4 How far can we push the speed of a silicon
transceiver?

As next-generation commercial coherent transceivers will
soon go beyond 100 Gbaud, it is pertinent to explore when
we will hit the ceiling of speed in silicon photonics. Ge PDs
for direct and coherent detection are among the most
mature silicon photonic devices. As already discussed in
Section 3.1.2, recent progress in Ge-on-SOI waveguide
photodetectors has achieved a bandwidth of greater than
60 GHz with a responsivity close to 1 A/W [87, 90, 122, 123].
A bandwidth beyond 70 GHz and even approaching
100 GHz should be feasible with amoderate compromise of
responsivity and power consumption. Constraints shall
come more from the transmitter side.

The speed of a depletion-mode silicon photonic
modulator depends on the pn-junction dynamics (carrier
dynamics and RC constant), radio frequency (RF) loss (e.g.,
in traveling-wave [TW] electrodes), photon lifetime (in op-
tical resonator and slow light waveguides), and mismatch
between RF and optical waves. The intrinsic bandwidth of a
reverse-biased pn-junction embedded in a silicon wave-
guide, depending on the junction’s design and bias voltage,
can readily go beyond 100 GHz and typically does not limit
the overall speedof themodulator. Theother limiting factors
put more constraints on the optical modulation speed.
Photon lifetime is usually the primary limiting factor in
resonator modulators. For example, a recently demon-
strated resonator modulator using a lumped electrode
shows an electrical bandwidth near 150 GHz and a photon
life time–limited bandwidth of about 50 GHz [124].

Most demonstrated all-silicon IQmodulators apply TW
electrodes to drive long PSs in MZM configuration to lower
the driving voltage, where the bandwidth is limited by the
loss (on the order of 1–10 dB/mm) of driving signals along
the microwave transmission lines loaded by pn-junctions
[111]. Bandwidths ranging from 30 to 60 GHz [107, 111, 125,
126] have been reported for all-silicon TW-MZMs, depend-
ing on the bias and the length of the modulator. Novel

driving schemes and modulator designs are necessary to
bypass the fundamental trade-off between modulation ef-
ficiency and bandwidth, requiring a higher complexity in
electronic-photonic integrated circuits.

Segmenting the driving electrode provides a convenient
solution for this trade-off. In the conventional TW modu-
lator, the length of the PS limits the bandwidth, due to RF
lossesalongside theTWelectrodeand thevelocitymismatch
between the electrical and optical signals [110]. However, in
the segmented modulator, the driving signals are applied
sequentially to the segments with precisely tunable timing
circuits to match the optical signal delay between different
segments. As a result, the interaction length can be
increased and the driving voltage can be lowered.Weighted
binary codes can be used to determine the length of each
segment for a minimized number of segments, simplifying
the driving configuration. This binary-weighted segmenta-
tion (BWS) scheme has been examined for short-reach links
with direct detection [107, 125, 127], where a PAM signal can
be achieved using binary inputs directly applied to the RF
drivers without a digital-to-analog converter (DAC). This
scheme eliminates the need for an electrical DAC but makes
it impossible to apply advanced DSP such as preemphasis
and pulse shaping that have been crucial enablers of high-
capacity coherent transmissions. To generate higher-order
modulation formats (such as QAM), a PAM signal generated
by aDAC canbe applied to theMZM segments, which allows
for the use of advanced DSP. Despite the addition of a DAC,
the BWS segmentation allows the usage of low-cost, low-
resolution DACs to achieve higher signal quality by gener-
ating higher modulation formats using lower order PAM
signals. For example, to generateQAM-64,we can use either
two segments with PAM-4 or one segment with PAM-8 (the
conventional design).

Preemphasis is also an efficient means to compensate
the limited bandwidth of the DAC and the silicon modu-
lator. The use of an optical filter can reduce the burden of
the digital preemphasis and lower quantization noise.
Independently designed digital and optical filters cannot
achieve the best trade-off of DAC quantization noise and
SNR degradation across the signal frequency band. A joint
optimization procedure of optical and digital preemphasis
filters has proven to be able to effectively improve the
signal quality [128]. Although the optical emphasis was
implemented using a bench-top programmable optical
filter, it can also be integrated on the silicon chip. A
monolithically integrated optical preemphasis was
demonstrated recently using a cascaded Mach-Zehnder
interferometer (MZI) structure [129].

Realizing a transceiver system involves complex trade-
off between performance, energy consumption, and
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economy. Considering that heterogeneous integration of
exotic materials onto silicon still faces the challenges of
yield and cost, it is expected that researchers and the in-
dustry will continue to push the bandwidth of all-silicon
modulators toward their physical limit. An analysis based
on the carrier transit time across the depletion region in a
typical depletion-mode silicon modulator predicted a
bandwidth of 90GHz capable of achieving 140Gbaud [130].
The overall bandwidth of a single-carrier silicon photonic
transceiver will thus be limited by electronic functions
such as a DAC and analog-to-digital converter or, in other
words, the Moore’s law or its end. At this point of time, it
seems reasonable yet ambitious to envision a 1.6 Tb/s sil-
icon photonic transceiver in the coming years.

3.2 Superchannel transceivers

Beyond 40 GHz, the performance of the optical transmitter
starts being severely limited by electronics such as the DAC
and drivers. Signalmultiplexing is needed to overcome this
barrier. In this sense, the concept of superchannel [33]
provides a promising solution for 100 Gbaud and beyond.
A superchannel combines a number of subcarriers for a
wide-band signal, each subcarrier being modulated at an
electrically affordable baud rate. A configuration of a
multisubcarrier superchannel transmitter is illustrated in
Figure 11(a). For example, an aggregate 1.24 Tb/s line rate
(net rate of 1 Tb/s) can be achieved by multiplexing four
optical carriers each carrying a subchannel of 40-Gbaud
16-QAM in two polarizations.

Different from the conventional WDM technique, a
super-channel can be implemented with a zero guard band
between adjacent optical carriers to maximize the spectral
efficiency, e.g., using Nyquist-WDM for a seamless spec-
trum [32, 33]. Another remarkable advantage of the
superchannel technique is its compatibility with the
paradigm of elastic optical networking where the fixed
frequency grid of conventional WDM systems is replaced
by dynamic bandwidth allocation [131]. Compared to the
single-carrier solution, this superchannel architecture also
allows for a lower order modulation format (e.g., 16-QAM-
16 versus 64-QAM) for transmission over a longer distance.
It also helps improve the tolerance to chromatic dispersion
and nonlinear impairments [132, 133].

An MZM-based optical frequency comb generator was
recently demonstrated on a silicon chip [134]. Using this
integrated comb, an 800 Gb/s superchannel (five carriers
with 20-GBaud DP-QAM-16) was achieved, indicating a
promising source solution for few-carrier superchannel
transmitters. Monotonically integrated superchannels
have been successfully demonstrated on InP for C + L band
transmission capable of supporting 1.2 Tb/s per channel
with six subcarriers [135] . To date, no fully integrated sil-
icon superchannel transceiver has been demonstrated,
largely due to the challenges of integration of lasers and
amplifiers. With the rapid progress in integrated multi-
wavelength laser sources and the increasing demand for
bandwidth, we expect to see a silicon photonic super-
channel transceiver in the coming years.

A superchannel can also be implemented in the para-
digm of SDM by grouping a number of spatial paths for

Figure 11: (a) Schematic of a spectral superchannel transceiver. Multiwavelength source can take the form of optical frequency comb or laser
bank. The deMUX at the input side is not needed in the later case. (b) Schematic of a spatial superchannel transceiver for a single wavelength
carrier. Only one polarization path is shown for simplicity.
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dynamic bandwidth allocation in a flexible optical network
[136]. In a simple case as illustrated in Figure 11(b), a single
laser output is split into a number of spatial subcarriers
that can either be individual fibers coupled to the chip
through a fiber array or different cores of a multicore fiber
(MCF). Without using wavelength (de-)MUX, the architec-
ture of the spatial superchannel (Figure 11(b)) appears to be
simpler than that of spectral superchannel (Figure 11(a)).
However, for a WDM × SDM system (Figure 2), the overall
transceiver system complexity should be the same or
similar for a given spectral efficiency.

Despite the advantages, the superchannel imposes a
higher complexity in photonic circuits and RF connections.
High-performance integrated wavelength- and space-
division multiplexers are needed for superchannel trans-
ceivers, which will be discussed in Section 4. In addition,
RF and optical crosstalks between subchannels may cause
signal distortion leading to power penalty in DSP
compensation.

3.3 Compatibility with ultrawide-band
systems

Silicon photonic transceivers can well support the long-
term evolution of ultrawide-band transmission systems.
Crystalline silicon is transparent in a very wide spectral
range from 1.0 to 8.5 μm [137], well covering all the trans-
mission bands of conventional single-mode fiber ranging
from 1260 to 1675 nm (i.e., 54 THz includingO, E, S, C, L and
U bands). Recent breakthroughs in low-loss photonic
crystal hollow-core fibers have raised great interest in a
transmission window around 2 μm, falling within the

amplification range of thulium-doped fiber amplifiers
(1700–2100 nm) [138, 139], which promises a significant
increase in the spectral resource [140]. To date, only a very
limited amount of transmission experiments at relatively
low rates were demonstrated [141, 142] due to the imma-
turity of the fiber and the lack of high-performance electro-
optic components in this new band.

Thanks to the broadband nature of the free-carrier
plasma dispersion effect, silicon modulators can work in a
very broad range [143]. In a hero demonstration, 240 Gb/s
16-QAM was achieved with a commercial silicon photonic
coherent transceiver over a 370-nm wavelength span from
O to L bands [81], as shown in Figure 12. High-speed silicon
modulators in the depletionmode at 1950 nmwere recently
demonstrated [144, 145]. Although the data rates achieved
so far were limited by available detection systems, the
performance of these devices is expected to be comparable
to their counterparts in O and C bands.

Performance of a silicon transceiver at longer wave-
lengths is limited by the Ge photodetectors whose
responsivity shows a sharp roll-off after 1600 nmdue to the
bandgap of Ge grown on silicon (around 0.782 eV) [84].
Heterogeneously integrated InGaAs-on-Si photodetectors
have shown exceptional performance [84, 146] but require
complex wafer bonding processes that are generally not
available in CMOS-photonics foundries. Fortunately, a
resonator structure can significantly enhance the respon-
sivity [147]. Assisted by a whispering-gallery cavity, a Ge-
on-Si photodetector has achieved a responsivity of up to
0.45 A/W at 1630 nm [148]. Toward even longer wave-
lengths, GeSn alloys grownon siliconhave attracted a lot of
attention [149, 150]. Recent works toward mid-IR imaging
have extended the cut-off wavelength to 3.65 μm [149].

Figure 12: Performance of a commercial
silicon photonic coherent transceiver over
370 nm at 240-Gb 16-QAM [82].
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GHz-level GeSn-on-Si photodetectors were reported with a
responsivity of 0.04 A/W at 1900 nm and a dark current
density of 31 mA/cm2 [150]. Another interesting approach
makes use of midgap states in silicon through
implantation-induced defects, by which 20 Gb/s at
1960 nm with a responsivity of 0.3 A/W has been achieved
[151]. Tensile strain in Ge can extend its wavelength
responsivity; a recent work has achieved a responsivity of
0.31 A/W at 1850 nm [152].

3.4 Scaling the bandwidth density

A high-capacity transmission system requires a large
number of coherent transceivers (Figure 3). As the
number of SDM-WDM channels increases, footprints of
photonic chips become a crucial consideration. The
essential question is how much bandwidth we can pack
into a unit on-chip real estate (i.e., 2D bandwidth density
in Gb/s/mm2). In extreme bandwidth-dense applications
such as hyperscale data center switches [153, 154] where
optical interconnect chips are copackaged with electronic
switching circuits, the interface bandwidth density
(i.e., 1D bandwidth density in Gb/s/mm) becomes also
crucial. Careful considerations are required to minimize
RF crosstalk in densely integrated PICs. Ultracompact
transceivers will be essential for the continuous scaling
of bandwidth density.

3.4.1 RF crosstalk

Severe RF crosstalk may occur when two high-frequency
electro-optic devices are placed closely on the same
chip. In the study by Jiang et al. [155], a crosstalk
of −20 dB for frequencies greater than 10 GHz was
measured for a pair of parallel silicon TW-MZMs with a
separation distance of 200 μm, resulting in a consider-
able OSNR penalty (about 2 dB). A similar crosstalk was
also reported in InP modulators [156]. It was shown that
the impact on OSNR penalty becomes negligible when
the separation is increased to 600 μm with an RF cross
talk of near −30 dB [155].

The RF crosstalk also causes signal degradation in an
IQ modulator, which put a constraint on its footprint. For
example, in the study by Zhalehpour et al. [112], a spacing
of 700 μm between the I and Q branches is used in an IQ
modulator, achieving a bandwidth density of 596 Gb/s/mm
at a net data rate of 833 Gb/s. In the study by Chen et al.
[157], DSP is applied to compensate for the strong coupling
between I and Q branches of a silicon IQ modulator,

leading to a 4.4 dB improvement in Q2 factor on 64-QAM
signals.

3.4.2 Ultracompact, low-power devices

While Ge-on-Si waveguide photodiodes are very compact
(on the scale of 10 µm in length), silicon optical modulators
often require long PSs on the millimeter scale, not to
mention the large spacing between driving electrodes due
to RF crosstalk, as discussed above. Therefore, there exists
a strongmotivation to develop ultracompact silicon optical
modulators. While long-reach transmissions systems have
a less stringent power budget than short-reach applica-
tions such as intradata center optical interconnects, energy
consumption or efficiency (in bits per joule) of optical
transceivers is becoming increasingly important as the
system scales up. Silicon modulators also dominate over
detectors in energy consumption that should be lowered as
their footprints. The energy efficiency of silicon TW-MZMs
is inferior to that of the state-of-the-art LiNbO3 and InP
modulators due to the relatively high Vπ and the inherent
loss from the plasma dispersion effect. Their modulation
efficiency is typically on the order of 100 fJ/bit to 1 pJ/bit,
depending on the modulation formats and driving config-
uration [127].

Resonator modulators provide an effective means of
reducing the footprint and energy consumption, among
which microring modulators (MRMs) [158–160] are most
popular due to their easy implementation and low back
reflections. Compared to the TW-MZMs, their energy effi-
ciency can be improved by 10–100 times and down to the
fJ/bit level [159, 160]. Bandwidth densities of over 1 Tb/s/
mm2 have been demonstrated using WDM MRM hybrids
integrated with 14 nm FinFET [161]. In addition, MRMs can
work simultaneously as MUX andmodulators, thus greatly
simplifying WDM transmitters [162, 163]. However, reso-
nator modulators suffer from impairments such as strong
nonlinearity and chirp [160, 164]. In the study byDong et al.
[164], a 56 Gb/s QPSK generated by silicon microring
modulators is demonstrated, where resonator-induced
chirp has been identified as the factor limiting the overall
performance. The chirp issue can be largely addressed
using a dual-ring push-pull configuration [165] that has
been proven effective in enabling a longer distance PAM
transmission [166] but not yet demonstrated to date for
coherent transmission.

There are in general two groups of nonlinear responses
in a silicon modulator: (1) the static nonlinearity due to the
spectral transmission shape determined by the optical
transfer function of the interferometer (for MZM) or reso-
nator (for MRM) and (2) dynamic nonlinearity due to the
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voltage-dependent frequency response that is stronger in
MRMs compared to MZMs because the frequency response
of an MRM is strongly dependent on the detuning from its
resonance [160]. Both of them can be compensated digi-
tally as shown in a recently demonstrated 112 Gb/s PAM-4
MRM with a CMOS driver [167]. In addition, thermal stabi-
lization (including the self-heating effect in presence of a
high-power optical input [168, 169]) and limited optical
bandwidth are well-known challenges facing MRMs.

Slow light [170] provides another solution for compact,
low-power modulators through enhanced light-matter in-
teractions that can shrink the footprint of silicon modula-
tors to the 100-μm scale. Well-engineered slow-light
waveguides allow for modulation enhancement, as well as
operation insensitive to temperature fluctuations [171–173].
The enhancement inmodulation efficiency is characterized
by the enhancement factor γ defined as the ratio of group
index of a slow-light waveguide over that of the conven-
tional silicon rib waveguide (around 3.8), which can also
be explained as the proportional decrease in the FOM Vπ⋅L.
Using 2-D photonic crystal waveguides, a high group index
in the range of 8–9 (γ > 2) is reported over 42 nm covering
the entire C-band; 25 Gb/s was achieved with a shifter of
200 μm in length [171]. An IQ modulator using 2D photonic
crystal waveguides (Figure 13(a)) achieved 15 GBaud QPSK
modulation [174]. Nevertheless, fabrication of 2-D photonic
crystals is still challenging using optical lithography.

One-dimensional periodic photonic structures such
as Bragg gratings are relatively easier for fabrication
[175, 176]. In the study by Brimont et al. [177], an MZM

based on Bragg grating waveguides was demonstrated
(Figure 13(b)). Working on the photonic band edge, the
modulator is characterized by a group index of 8 (γ∼ 2) over
an optical bandwidth of 1.3 nm. Cascaded resonators can
also slow down light effectively, where low-quality factor
cavities with a short photon lifetime can be designed for
broader optical bandwidth [172, 173]. These resonators are
usually overcoupled for simultaneous achievement of
enhanced phase modulation and a broader optical band-
width (and thus a broader temperature operational range).
In the study by Romero-García et al. [172], an MZM with
each branch coupled to a number of microring resonators
(Figure 13(c)) achieved an enhancement γ ∼ 7 and an op-
tical bandwidth of 3.8 nm. Slow-light modulators in
cascaded phase-shifted Bragg gratings were demonstrated
[173, 178], which are essentially coupled resonators in 1D
photonic crystals. In the study by Jafari et al. [173], an MZM
assisted by cascaded phase-shifted Bragg gratings
(Figure 13(d)) achieved an enhancement γ ∼ 7 over an op-
tical bandwidth of 3.5 nm. Nevertheless, slow-light mod-
ulators usually suffer from a higher passive loss that scales
nonlinearly with the group index [179, 180] and increased
velocity mismatch between optical and RF signals, indi-
cating a more complex trade-off between efficiency, loss,
and bandwidth and requiring a thorough optimization in a
system context.

Given the challenge of achieving high-bandwidth,
low-power modulators in pure silicon, heterogeneous
integration of advanced materials onto silicon for optical
modulation has attracted considerable attention.

Figure 13: Slow light modulators.
(a) IQ modulator in 2D photonic crystals with interleaved p-n junctions [174]; (b) Bragg grating modulator working in the slow-light region
(i.e., at the photonic band edge) [177]; (c)MZMmodulator using slow-lightwaveguides in cascadedovercoupledmicroring resonators [172]; (d)
MZM modulator using cascaded phased-shifted Bragg gratings (i.e., coupled 1D photonic crystals) [173]. MZM, Mach-Zehnder modulator.
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Exceptional performance has been demonstrated using InP
[181, 182] and lithiumniobate thin films [183] throughwafer
bonding and silicon-organic hybrid (SOH) [117] and
plasmonic-organic hybrid (POH) structures [118]. Using
SOH and POH IQmodulators, 100-Gbaud 16-QAM has been
demonstrated [117, 118, 184]. An extremely compact
(4 × 25 × 3 μm) IQ modulator with an ultralow modulation
energy consumption on the femtojoule-per-bit level has
achieved 400 Gb/s [118]. Other newmaterials, including 2D
materials such as graphene [185], ferroelectric materials
such as lead zirconate titanate [186] and barium titanate
[187], and transparent conductive oxide such as ITO [188,
189], also hold great promises for compact, low-power
optical modulators. Heterogeneous integration on silicon
photonics involves rich physics and engineering tech-
niques [190], which is beyond the scope of this paper. It is
still an open question if and how these new materials will
eventually be adopted into a silicon photonics foundry
process for mass production. We foresee continuous
progress and breakthroughs in this active research field.

4 Silicon photonic devices for
fiber-optic multiplexing

As indicated by Eq. (1), the transmission capacity can be
doubled using two orthogonal states of polarization and be
scaled linearly by increasing spectral and spatial channels,
leading to intensive studies of optical multiplexing tech-
nologies, including PDM, WDM, and, more recently, SDM.
Hybrid multiplexing combining all these techniques is
regarded as the only approach to boosting the data rate to
Pb/s level. A series of Pb/s transmission experiments uti-
lizing hybrid multiplexing technologies have been carried
out in recent years [17–19, 191, 192]. In the study by Rade-
macher et al. [20], a record transmission capacity of
10.66 Pb/s over 13 km was achieved with 114 spatial mul-
tiplicities through a 38-core three-mode fiber using C + L

bands. Among various multiplexing and demultiplexing
techniques, silicon-based (de)multiplexers have attracted
a tremendous interest because of their ultracompact foot-
prints, decent performance, and low cost. They are ex-
pected to play a critical role in next-generation fiber-optic
communication systems. PDMusing silicon PSRs is already
adopted in commercial monolithically integrated dual-
polarization coherent transceivers [82].

A variety of (de)multiplexers have been proposed on
SOI in the past several years [193–195]. In this section, we
review recent progress in SOI-based (de)multiplexing
technologies. In Section 4.1, we review the PDM devices on
the SOI platform, which double the channel counts in a
cost-effective way. In Section 4.2, we review wavelength
(de)multiplexers with a focus on dense WDM (DWDM) that
exploits tens or hundreds of wavelengths to augment the
overall throughput. In addition to PDM andWDM, we have
seen impressive demonstrations of SDM on silicon for
multimode and multicore fibers to overcome the capacity
limit of single-mode transmission, which will be reviewed
in Section 4.3.

4.1 Polarization splitters and rotators

PDM can be realized using polarization-orthogonal modes
in silicon waveguides, i.e., transverse electric (TE) and
transversemagnetic (TM)modes. For instance, the capacity
of an 8-channel WDM system can be effectively doubled by
using a hybrid WDM-PDM (de)multiplexer with dual po-
larizations [196], as shown in Figure 14. A variety of po-
larization multiplexing circuits have been proposed in
recent years [197] using either polarization beam splitters
[198, 199] or PSRs. A PSR is often preferred in practical
applications because, in addition to splitting the polari-
zations, it also converts one of the polarization (usually TM
to TE) so that the rest of functional devices (such as mod-
ulators and PDs) can all work in the same polarization,
eliminating the need for an additional set of designs for the

Figure 14: Schematic of a 16-channel hybrid
WDM-PDM (de)multiplexer [196].
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other polarization. At the transmitter side, the PSR is used
as the polarization combiner in the reciprocal way, where
the modulators can be designed in the polarization having
the largest light-matter interaction and thus the highest
efficiency (usually TE on submicron SOI).

To separate and rotate the fundamental TM mode,
there are commonly two approaches: (1) higher-ordermode
conversion, where the input TM0 is firstly converted to the
first-order quasi-TE (TE1) mode that is then converted to
fundamental TE (TE0) using structures such like Y-
branches, MMI, or adiabatic couplers (ACs) [200–202]; (2)
hybrid mode coupling, where the input TM0 is directly
coupled into a hybridmode (partial TE and partial TM) that
is then converted adiabatically into TE [203–205]. The
principles of these two approaches are illustrated in
Figure 15(a) and (b), respectively. Both of them require a
structure with an asymmetric refractive index profile in the
vertical direction so that the fundamental TM can be
effectively rotated. For strip waveguides, a simple way to
break the vertical waveguide symmetry is to use an upper
air cladding [206, 207]. However, a top cladding of silicon
dioxide for protection is generally preferred in silicon in-
dustry packaging.

PSRs based on partially etched waveguides have been
developed without requiring a clad other than SiO2. An
experimental demonstration of PSRs compatible with
standard foundry processes was presented by Guan et al.
[203] in 2014. This PSR is based on a partially etched DC
with a compact length of 27 µm. A low mode conversion

loss of 0.5 dB and a low crosstalk of −20 dB were observed
over a wavelength regime from 1540 to 1570 nm. In the
same year, Sacher et al. [202] demonstrated a PSR using a
bilevel tapered mode converter and an adiabatic coupler.
The tested device has a crosstalk of less than −13 dB over a
bandwidth of 50 nm. They also improved the crosstalk
to −22 dB over a bandwidth of 80 nm by integrating
cascaded polarization filters. In 2017, Tan et al. [204]
demonstrated an ultrabroadband PSR supporting O-, C-,
and L-band operation. They verified the performance of the
fabricated PSR within wavelength range of 1240–1360 and
1520–1620 nm, with the mode conversion efficiency of
above −0.97 dB and crosstalk of better than −12 dB. In 2018,
Guo and Chu [208] demonstrated PSRs for both 1550 and
1310 nm using an optimized bilevel taper and a ridge-
waveguide coupler to shrink the coupling length, showing
an insertion loss of less than 1 dB and a crosstalk of less
than −20 dB within a 80-nm bandwidth. We summarize
some experimentally demonstrated PSRs with SiO2 clad-
ding in the Table 3.

4.2 Wavelength (de)multiplexers

To increase the aggregate bandwidth, WDM is widely used
in optical transmission systems [209]. As per the standard
ITU G.694.1, a DWDM system can scale up to 160 channels
with a channel spacing of 50 GHz or even 25 GHz [210].
Opticalfilter structureswidely studied on silicon for DWDM

Figure 15: Schematics of two types of PSRs.
(a) higher-order mode conversion: TM0 is
firstly converted to TE1 using a bilevel taper
and then to TE0 through adiabatic coupling;
(b) hybrid-mode coupling: TM0 is converted
to TE0 through the evolution of a hybrid
mode. PSRs, polarization splitter-rotators;
TE, transverse electric; TM, transverse
magnetic.

Table : Survey of PSRs on SOI with SiO cladding near  nm.

Ref. Year Structure Crosstalk (dB) Insertion loss (dB) Bandwidtha (nm) Length (µm)

[]  Bilevel MC + AC − .  

[]  Partially etched DC − .  

[]  Partially etched DC − .  

[]  Partially etched DC − .  

[]  Bilevel MC + AC − .  

[]  Bilevel MC + AC − .  

aBandwidth is defined by the spectral range within which both the claimed crosstalk and insertion loss are achieved.
PSRs, polarization splitter-rotators; MC, mode converter; AC, adiabatic coupler; DC, directional coupler; SOI, silicon-on-insulator.
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applications include arrayed waveguide gratings (AWGs)
[211–214], echelle gratings (EGs) [215], cascaded MZIs [216],
microring resonators (MRRs) [163, 217, 218], and Bragg
grating filters such as contradirectional couplers [176, 219].
AWGs, EGs, and cascaded MZIs are classified as finite im-
pulse response (FIR) filters, which split input light to
dispersive paths and recombine them at different outputs
with regard to wavelength. Usually, SOI-based multi-
plexers with a smaller channel spacing require longer and
more delay lines. However, they are also more vulnerable
to phase errors and losses [212, 220, 221]. While the channel
spacing (determined by the group index) can be well
controlled through a calibrated process, the alignment of
center wavelengths to the ITU grid requires compensation
for fabrication errors and temperature drift via, e.g., post-
fabrication trimming or thermo-optic tuning [222]. MRRs
and Bragg gratings belong to infinite impulse response
(IIR) filters. They are extremely compact [221] but suffer
from sensitivity to fabrication errors and temperature var-
iations. In contrast to AWGs and EGs, the center wave-
length of each channel requires individual tuning and
stabilization.

4.2.1 FIR filters

Recently reported SOI-based FIR filters are summarized in
Table 4. AWGs outperform for a smaller channel spacing,
while EGs are mostly used for multiplexing of fewer
channels with a larger spacing. Different than AWGs, EGs
implement reflective facets in a slab area to disperse and
refocus light. Since the slab waveguide has significantly
lower dispersion and group index compared to the wave-
guides used in an AWG, the delay length of EGs needs to be
larger to obtain the same free spectral range (FSR)
compared to AWGs, which causes a faster increase in
footprint whenmany delay lines are needed. Besides, high-

performance EGs also require high-quality reflecting facet,
which is vulnerable to the thickness variation of wave-
guides [220]. In the study by Pommarede et al. [215], an EG
with 16 channels and a 100-GHz spacing is presented on a
300-nm-thick SOI wafer, where Bragg mirrors are utilized
to enhance the efficiency and the tolerance to fabrication
variations.

Cascaded MZI filters route light through series of
2 × 2 MZIs, which stand for the wavelength splitter on each
stage. Although their performance can be theoretically
improved by cascading more MZI filters, the uncertainty in
coupling coefficients and optical delays at each stage leads
to increased crosstalk [221]. Therefore, postcorrection of
phase errors is usually required. In the study byMunk et al.
[216], photosensitive As2Se3 chalcogenide thin films
deposited on top of silicon waveguides are used to
compensate for fabrication errors in a cascaded
MRR-assisted MZI filter; a narrow spacing of 17 GHz has
been achieved. Postfabrication phase trimming using
germanium implanted waveguides is another means for
fine tuning [223, 224]. In the study by Chen et al. [223], high-
accuracy phase control was realized using a scanning laser
that sequentially annealed sections of the implanted
waveguide, by which an effective index change of 0.19 was
achieved. However, as the footprint and complexity of
cascaded MZIs scale quickly as the channel count in-
creases, their suitability for massive DWDM channels re-
mains questionable.

AWGs are among the most promising candidates for
high-density wavelength multiplexing with massive
channels. Several AWGs with a 25-GHz spacing have been
demonstrated on the SOI platform [211, 213]. In the study by
Cheung et al. [213], a 512 × 512 silicon AWG router was
demonstrated, as shown in Figure 16, covering S, C, and L
bands. Considering the high spectral density and ultrawide
FSR, its footprint is actually quite compact (11 × 16 mm for

Table : Brief survey of FIR filters demonstrated on SOI.

Ref. Year Type Channel spacing (GHz) Channel number Crosstalk (dB) Feature

[]  EG   − -nm-thick wafer
Bragg mirrors as reflector

[]  Cascaded MZI   − Postcorrection using AsSe
Nested MRR for band shaping

[]  AWG   −  arrayed waveguides
Footprint of  ×  mm

[]  AWG   − Postcorrection via heaters
Footprint of . cm

[]  Interleaved AWG   − Bidirectional AWG
MZI-based interleaver

AWG, arrayedwaveguide grating; FIR, finite impulse response; SOI, silicon-on-insulator; EG, echelle grating;MZI,Mach-Zehnder interferometer;
MRR, microring resonator.

W. Shi et al.: Scaling capacity of fiber-optic transmission systems 4647



1200 arms). Due to the large channel count, the average
delay length and phase errors rise up, leading to a rela-
tively high crosstalk (∼−4 dB). Similar to the study byMunk
et al. [216], the performance can also be enhanced by phase
error compensation. In the study by Gehl et al. [214], a
record resolution of 1 GHz is achieved by active phase
correction using integrated thermo-optic PSs on the
arrayed waveguides, at the cost of increased complexity
and power consumption.

Another potential solution for a high-performance fil-
ter with massive channels is dual-stage or multistage
filtering using a cascaded configuration [226, 227] or an
interleaver [225, 228], whose principles are shown in
Figure 17(a) and (b), respectively. For both approaches, the
filter is disassembled to multiple components with less
channels or lower resolution. Compared to the cascaded
filters composing of a low-resolution primary filter and
several high-resolution secondary filters, an interleaved
structure offers a smaller footprint because only one high-
resolution interleaver is needed [228]. The major concern
about an interleaved filter is the requirement for critically
aligned central wavelengths for all secondary filters. In the
study by Chen et al. [225], the authors proposed a

multiplexer consisting of an MZI-based interleaver and a
single bidirectional AWG (similar to an AWG router). The
bidirectional AWG works equivalently as two unidirec-
tional AWGs, enabling a halved channel spacing without
doubling the footprint. It also eliminates the need for
alignment between odd and even channels because they
share the same arrayed waveguides connected to outputs
of an MZI-based interleaver.

4.2.2 IIR filters

Serially coupledMRRs, often referred asmicroring coupled
resonator optical waveguides, can achieve a flat response
[229]. For DWDM applications, a large FSR is often needed
to expand the total number of channels, along with a
tunable filter response for channel allocation. Decreasing
the ring radius is the most straightforward way to enlarge
the FSR. With a tiny radius of 2.5 µm, a large FSR of 32 nm
can be obtained [230]. For the tunability, microheaters are
commonly used to change the effective index of silicon
waveguides, by which the transmission spectrum of MRRs
can be efficiently tuned. In the study by Bélanger-de Villers
et al. [218], a thermally tunablefilter in cascadedMRRswith

Figure 16: (a) Layout of 512 × 512 25-GHz AWG. (b) Image of the fabricated device on the SOI platform. (c) Measured spectrum across the
512 channels, covering S, C, and L bands [213]. AWG, arrayed waveguide grating; SOI, silicon-on-insulator.

Figure 17: Schematic diagram of
(a) cascaded filters and (b) interleaved
filters.
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a small diameter and ultrawide FSR of 35 nm covering the
entire C-band was demonstrated (Figure 18). The device
consists of three serially cascaded rings with radii of 2.5 µm
and waveguide widths of 450 nm. TiN heaters sit 2 µm over
the waveguides for simultaneous tuning of all the rings
with a single control voltage. To precisely align the filter,
an N-doped silicon strip is placed close to each ring. By
applying voltages to the heaters, the passbands can be
redshifted over a 32 nm range with 120 mW power, as
shown in Figure 18(c).

Silicon MRRs are sensitive to temperature variations
due to the high thermo-optic coefficient of silicon
(1.86 × 10−4 K−1). They are also vulnerable to fabrication
errors. For example, for a silicon microring with a wave-
guide width of 0.5 µm and a height of 0.22 µm, a very small
variation of 1 nm in the width would introduce a 0.8 nm
(100 GHz) shift in the resonant wavelength [231]. At the
130 nm node (200mmwafers and 193 nm dry lithography),
the 3σ variation of the waveguide width and thickness is
around 8 and 6 nm, respectively [232]. It is thus crucial to
precisely control the resonance for practical applications.
For a few-MRR design, transmission spectra compensation
via thermal tuning is relatively easy. However, the situa-
tion becomes complicated when hundreds of MRRs are
integrated in a large-scale WDM system; hence, low-
consumption and robust solutions for resonance locking
withstanding temperature variations are vitally important.
Padmaraju and Bergman [233] provide a review on the

thermal challenges for MRRs, in which both athermal so-
lutions and control-based solutions are discussed in detail.
Athermal solutions usually require adding an exotic ma-
terial with a negative thermo-optic coefficient (e.g., TiO2).
However, the hurdles in this solution lie in the difficulty of
precisely tuning the thermo-optic coefficient and the
incorporation with the standard fabrication process. An
alternative way is embedding the MRR in a thermally
matched MZI. This solution does not require any new ma-
terials and is compatible with current CMOS fabrication
techniques. However, it also suffers from the susceptibility
to fabrication errors and the footprint increasement of fil-
ters. Therefore, control-based solutions are generally
preferred for large-scale integration of MRRs. Recently,
Jayatilleka et al. [234] proposed a photoconductive heater
toward automatic resonator locking for large-scale MRR
circuits. Figure 19(a) illustrates the photoconductive heater
integrated in an MRR. A lightly n-doped (5 × 1017 cm−3)
waveguide is embedded in the resonator, performing as a
heater and power monitor concurrently. The doping cre-
ates interband defects in silicon for optical absorption and
photocurrent generation. By sweeping the power applied
onto the heater, a synchronization of intracavity optical
power and photocurrent can be observed, as shown in
Figure 19(b). Hence, the ring can be resonator locked
automatically by maximizing the photocurrent [235]. This
photocurrent heater allows individual rings to be precisely
sensed and controlled simultaneously without any

Figure 18: (a) Schematics of the cascaded microring filter; (b) transmission spectrum of the cascaded microring filter; (c) transmission
spectrum of the cascaded microring under different applied power; [218].

Figure 19: (a) Illustration of a
photoconductive heater integrated into the
MRR; (b) measured drop-port transmission
(left axis) and photocurrent from the
photoconductive heater (right axis) of the
ring as a function of the supplied electrical
power to the heater [234]. MRR, microring
resonator.
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additional photodetector or fabrication steps, providing a
low-cost solution for large-scale MRR-based multiplexing
systems.

4.3 Optical interfaces for SDM transmission

Recently, the capacity of SMF has been boosted to 151 Tb/s
by using 400 × 23.6-GBaud WDM-PDM-256 QAM signal
[236]. To break the capacity crunch, parallel SMFs have
been currently used to substantially increase the trans-
mission capacity of submarine systems, which is regarded
as SDM 1.1 [37]. A “cost-per-bit cruch” is foreseen as the
number of SMFs scales up, which creates a strong demand
for disruptive technologies beyond the SMF-based SDM. In
this context, MCFs, few-mode fibers (FMFs) or multimode
fibers (MMFs), and few-mode multicore fibers (FM-MCFs)
have been extensively studied, offering tens of spatial
channels within a single strand. Channel numbers of 37
and 45 have been achieved using MCFs and MMFs,
respectively [237, 238]. A large channel count exceeding
100 has been experimentally examined using FM-MCFs
[239, 240]. Microscope photos of example MCFs and
FM-MCFs are shown in Figure 20(a) and (b), respectively.
However, achieving a larger channel count is challenging
due to the requirement of a larger cladding diameter that
induces instability of the fiber. On the other hand, multi-
plexing in orbital angular momentum (OAM) modes at-
tracts much attention in recent years. Compared to linearly
polarized (LP) modes, OAM modes are formed by eigen-
modes with potentially lower interactions and thus lower
cross talk, which facilitates a transmission system
requiring less complex DSP. Many OAM fibers were
designed and demonstrated during the past years [241–
243]. Figure 20(c) shows an OAM fiber that supports 36
OAM states (OAM order from −9 to 9 in two orthogonal
states of polarization) [243]. For transmitting information
from chips to these specially crafted fibers, novel optical
interfaces are inevitable. These interfaces are usually
composed of a number of grating couplers or 3D wave-
guides, coupling light to different cores or fiber modes. In

this section, we review the recent process in silicon pho-
tonic interfaces for MMFs (LP modes and OAMmodes) and
MCFs.

4.3.1 Optical interfaces for LP mode (de)multiplexing

Most reports on LP modes (de)multiplexers use grating
couplers (GCs) as the interface, taking advantages of flex-
ible arrangement for mode shaping and multiplexing. The
general principle is to project single-mode inputs onto the
fiber modes through on-chip linear optical functions,
which can be described using the transfer matrix method:

Eo � MCMLEi (3)

where Ei(o) � [Ei(o), 1,Ei(o), 2…]′ is the amplitude vector of the
input (output) modes and ML and MC are the transfer
matrices for the on-chip linear operation and coupling
coefficients at the optical interface, respectively. In the
ideal case of a perfect one-to-one mode conversion pro-
cedure, the product of MC and ML should be an identity
matrix. In practice, its nondiagonal elements represent
mode crosstalk.

The on-chip linear operationML can be realized using a
number of waveguide couplers and PSs. For example,
Figure 21(a) shows the schematic of a mode multiplexer
based on a grating coupler array [244]. Light injected to CH1
is split into two beams, which reaches output ports 2 and 4
with a phase difference of π, thus exciting LP11−ay. Similarly,
a total of 8 LP modes can be generated, six of which can be
clearly observedas shown inFigure 21(b) since the FMFused
in experiment does not support LP21 modes. By employing
an aluminummirror, a coupling efficiency of −10.6 dB with
3.7 dB mode-dependent coupling loss is achieved. In the
study by Tong et al. [245], a single 2D grating coupler was
used to multiplex modes into FMF, as depicted in
Figure 21(c). Injecting TE0mode to the LP01−y launching port
generates the LP01mode at the output interface. If TE0mode
is fed into the LP11−y launching port, the fundamental mode
will be converted to TE1 mode and LP11−y mode, instead.
Similarly, LP01−x and LP11−x modes can be generated as
light is injected to corresponding launching ports. The

Figure 20: Optical microscope photo of (a)
MCF with single-mode 37 cores [237]; (b)
FM-MCF with 12 hexagonally arranged
10-mode cores [240]; (c) OAM fiber sup-
porting 36OAMstates [243].MCF,multicore
fibers; FM-MCF, few-mode multicore fiber;
OAM, orbital angular momentum.
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experimental results are shown in Figure 21(d). In this work,
grating structures are optimized with genetic optimization
algorithm, thus a coupling efficiency of −4.9 dB with 1.2 dB
mode-dependent loss of is achieved.

There are few reports on multiplexers using edge
coupling, as the submicron-thick silicon wafer usually
does not support higher-order modes in the vertical di-
rection. However, GCs have a relatively narrow bandwidth
(typically 30–50 nm) and, therefore, side coupling is
indispensable for ultrawide-band operation. In the study

by Dai and Mao [246], they proposed a multimode
convertor using a SOI inverse taper buried in a 3 × 3 µm2

multimode SiN strip waveguide, as shown in Figure 22,
where six modes in the SiN waveguide (analogous to the
LP01, LP11a, LP11b modes in x and y polarizations of a FMF)
can be respectively coupled to different modes of a multi-
mode silicon waveguide (simulation results are shown in
Figure 22(e)). Although the number of modes is limited by
the geometry of the SiN waveguide, this technology is
promising for FMF transmission.

Figure 21: (a) Schematic of a mode
multiplexer using a grating coupler array
and (b) its generated modes observed after
transmission through a 5-m long FMF that
supports only LP01 and LP11 modes [244]. (c)
Schematic of a 2D grating coupler–based
multiplexer and (d) its generated mode
profiles measured after fiber transmission
[245]. FMF, few-mode fiber.

Figure 22: (a) Schematic ofmode convertor; (b)–(d) cross section of a convertor at different locations; (e) simulated light propagation showing
the mode conversion [246].
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Thanks to the rapid development of heterogeneous 2D/
3D photonic integration technology [247], SOI-PICs can be
efficiently connected to 2D/3D waveguides on other mate-
rial platforms via optical wire bonding [248] or interlayer
coupling [249]. This opens the possibility of mode multi-
plexers via flexible polymer and glass waveguides among
others [250–253]. 3D PICs can be formed by either ultrafast
laser inscription or multilayer stacking. In the study by
Gross et al. [250], a three-core asymmetric mode-selective
coupler was fabricated using the femtosecond laser direct-
write technique,multiplexing LP11a and LP11bmodes across
a wavelength range exceeding C band, as illustrated in
Figure 23(a). Similarly, a multilayer asymmetric coupler
was fabricated with polymer materials, showing high
coupling ratios of above 90% for the two LP11 modes, as
shown in Figure 23(b) [251]. Taking advantage of edge
coupling, both the couplers mentioned above have rela-
tively low insertion loss, low wavelength sensitivity, and
low polarization dependency, promising for multidimen-
sional multiplexing in the near future.

4.3.2 Optical interfaces for OAM modes (de)
multiplexing

OAM modes are characterized by helical phase fronts that
can be obtained by MRRs with periodically coupled emit-
ters [254–257], superposed holographic fork gratings [258],
and star couplers [259–262]. OAM generators based on
MRRs are ultracompact and can be flexibly engineered for
high-order OAM. However, in these structures, OAMbeams
are generated at resonances, where the topological charge
depends on the resonator’s longitudinal mode [254–257].
As a result, they are wavelength selective and, therefore,
generally not compatible with WDM transmission. In the
study by Zhou et al. [258], the authors proposed a

broadband OAM generator based on a 2D subwavelength
surface (superposed holographic fork gratings). The
generator has an ultracompact footprint of 3.6× 3.6 μm2, by
which 4 OAMmodes (x-/y-polarized OAM+1/OAM−1) can be
generated from 1500 to 1630 nm. It will be interesting to see
if this method can support a larger number of OAMmodes.
Alternatively, in the study by Fontaine et al. [259], the au-
thors proposed a scalable OAM generator using a star
coupler and a circular grating coupler and experimentally
observed 9 OAM states.

The state of polarization is essential for transmission
via OAM fibers that carries modes in circular polarization
states [263]. Most OAM generators demonstrated on silicon
are in cylindrical polarization (either azimuthal or radial)
[254, 256, 257, 259, 264]. Using two star couplers and 2D
antennas, a circularly polarized OAM generator/multi-
plexer was proposed [261] and experimentally demon-
strated [262]. The block diagram is illustrated in
Figure 24(a). By injecting signals to the upper or lower star
coupler, OAMmodes with left circular polarization state or
right circular polarization state can be excited, respec-
tively. A DC array is used to control the polarization state of
OAM, by which a circular polarization can be achieved at
output. A series of 2D grating couplers are arranged in a
circlematching themode profile with a ring-core OAM fiber
[243]. OAM orders ranging from −3 to +3 are successfully
achieved, in both left and right circular polarization states,
as shown in Figure 24(d).

Table 5 summarizes some of the experimentally
demonstrated mode-division multiplexing (MDM) (LP and
OAM) on the SOI platform. We can see that the insertion
losses of these devices are very high and should be
improved by optimization in design and fabrication.

4.3.3 Optical interfaces for multicore transmission

Compared to MMFs, single-mode MCFs have no or less
requirement for multiple-input multiple-output DSP and,
therefore, may be adopted earlier in real applications. They
also provide an effective means of dense fiber-to-chip
integration because they offer a small spacing and two-
dimensional arrangement for fiber-to-chip couplers. Using
Si-PICs and MCF, several SDM links have been demon-
strated in the past few years. A chip-to-chip interconnect
with a capacity of 80 Gb/s (4 × 20 Gb/s) was presented in
2017, using 9 cores of a 19-core MCF (as illustrated in
Figure 25(a)), alongside plasmonic modulators and
germanium photodetectors [265]. Later on, an aggregate
capacity of 100 Gb/s over 1 km was demonstrated using 4
cores of an MCF with 25 Gb/s modulation, as shown in
Figure 25(b) [266]. Also in 2017, De Heyn et al. [267]

Figure 23: (a) Schematic of a laser-write 3D coupler for LP11a and
LP11b multiplexing; insert: end-face microscope image of the three-
core coupler [250]. (b) Schematic of a multilayer asymmetric coupler
for LP11a and LP11b multiplexing; insert: cross section of the three-
core coupler [251].
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demonstrated an MCF optical link with an aggregate ca-
pacity of 896Gb/s. This 16-channel SDMsystemoptical link
utilizes a 37-core MCF coupled to a 2D array of grating
couplers on a silicon chip where a dense array of 56 Gb/s
GeSi electroabsorption modulators and photodetectors are
cointegrated, as shown in Figure 25(c).

Combining multimode and multicore techniques,
FM-MCFs allow for an even higher capacity. GC-based
solutions for LP or OAM (de)multiplexing take a relatively
large footprint, making the mode matching a significant
challenge for an FM-MCF that has a narrow core pitch of
about 50 µm [192]. In this case, optical interfaces via edge
coupling may become crucial. A potential solution is to
use hybrid integration with 3D waveguides. For instance,
a monolithic FM-MCF multiplexer based on 3D wave-
guides was proposed in the study by Riesen et al. [268],

Figure 24: (a) Block diagramof anOAMgenerator/multiplexer; (b) Scanning eletronmicroscopy (SEM) imageof the fabricated emitter section;
(c) SEM image of a 2D grating coupler; (d) measured interferograms for different OAM orders [262]. OAM, orbital angular momentum.

Table : Survey of experimentally demonstrated multi-mode
(de)multiplexers on SOI.

Ref. Year Structure Mode
type

Channel
number

Loss
(dB)

[]  GC array with back-
side mirrors

LP  .a

[]  D GC LP  .b

[]  Holographic GC OAM  .c

[]  SC + circular GC OAM  –
[]  SC + GC array OAM  .c

aFiber-to-fiber.
bOnly emitter loss.
cOn-chip loss and emitter loss.
OAM, orbital angular momentum; GCs, grating couplers; SOI, silicon-
on-insulator; SC, star couplers.

Figure 25: (a) Schematic of an 80 Gb/s
optical interconnect where 9 cores of a
19-core fiber were utilized: one core for CW
input, 4 cores for transmitter outputs, and 4
for receiver inputs [265]. (b) Illustration of a
silicon photonic SDM transmitter for
100 Gb/s 4-channel MCF transmission
[266]. (c) Schematic of a 16-channel trans-
ceiver with a capacity of 896 Gb/s through
37 cores of a 61-channel fiber array: one
core for CW input, 32 for transmitter outputs
and receiver inputs, 2 for reference test, and
2 for alignment [267]. CW, continuouswave;
SDM, space-division multiplexing; MCF,
multicore fiber.
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which addresses multiple SMFs, each coupled to a
designated LP mode of one core of an FM-MCF fiber, as
shown in Figure 26. In this study, 3 modes × 4 cores were
excited over S + C + L band, with a low insertion loss of
1.8 dB. Meanwhile, the device exhibits a high mode
extinction ratio of around 22 dB, along with a low inter-
core crosstalk of less than −28 dB. In addition, the mul-
tiplexing capability can be scaled in an increasing
number of modes or cores. Considering its broad band-
width, low loss, and volume scalability, such a hybrid
integration strategy is attractive for future development of
SDM systems.

5 Conclusion

The demand for low-cost, integrated solutions in optical
communications has been amajor driving force behind the
emergence and rapid development of silicon photonics.
This disruptive technology will continue evolving at a fast
pace in the next decade to support the scaling of capacity of
fiber-optic transmission systems. In the next few years,
commercial Tb/s silicon photonic transceivers will be
available for various distances ranging from hundreds
meters to thousands of kilometers for a vast diversity of
application scenarios including intradata and interdata
center interconnects, 5G access networks, terrestrial opti-
cal transport networks, and submarine cables. Silicon
photonics will play an essential role in enabling massive
WDM-SDM multiplexing by providing high-density, low-
cost, and low-power optoelectronic functions (such as
modulators, PDs, and VOAs) and compact wavelength and
spatial multiplexing solutions.

Silicon photonics still faces severe challenges. Toward
100+ Gbaud transceivers, innovations in driving

configuration and CMOS-photonics cointegration are
needed to break the trade-off between modulation effi-
ciency and bandwidth in silicon modulators. Densely in-
tegrated electronic-photonic circuits are essential for
massively parallel transmission systems to realize the full
potential of the WDM × SDM paradigm. With the ever-
increasing demands for bandwidth density and energy
efficiency, commercial systems may eventually adopt
novel photonic structures (e.g., resonators and slow-light
modulators) and heterogeneously integrated devices using
materials such as III-V compounds, LiNO3, plasmonic,
polymer, graphene, etc. Instead of competing with silicon,
these materials will more likely be incorporated onto the
silicon platform and enrich the silicon photonics library.
The performance of silicon multiplexers for DWDM is
inferior to their counterparts on traditional platforms such
as glass planar lightwave circuits. Their advantages lie in
the prospect of monolithic integration with other active
and passive functions. Owing to its extreme flexibility and
wide accessibility, silicon photonics provides a unique
platform for the exploration of novel concepts such as
multiplexers for novel SDM fibers and systems.

Some silicon photonic devices have not been covered
by this review but are also crucial for next-generation high-
capacity tranmission systems. On-chip lasers and ampli-
fiers via heterogeneous integration are under active
development [190, 269]. Microresonator-based optical fre-
quency combs have shown a great potential for multi-
wavelength sources in massively parallel optical
communications [270–272]. Optical switching without the
optical-electrical-optical conversion may enable high-
efficiency, low-cost optical networks. Large-scale inte-
grated optical switches have been demonstrated in Si-PICs
using thermo-optic [273, 274], electrostatic [275], and
electro-optic [276] effects.

Figure 26: (a) 3D schematic of FM-MCF
multiplexer. (b) Microscope image of cross
section of few-mode coupler; (c) the adia-
batic mode evolution in few-mode coupler;
(d) infrared images of LP01, LP11a, and LP11b
modes of one core. (e) Top view of multi-
plexer; (f) cross section of a 3-mode 4-core
fiber and modes excited in each core [268].
FM-MCF, few-mode multicore fiber.
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