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ABSTRACT High-baud-rate coherent optical system is essential to support the ever-increasing demand for
high-speed applications. Owing to the recent progress in advanced modulation formats, over 1 Tb/s single-
carrier data transmission has been achieved in the laboratory, and its commercial application is envisioned in
the near future. This paper presented the trend of increasing baud rate and utilizing high-order quadrature-
amplitude modulation (QAM), and several enabling technologies in the coherent optical communication
systems. We first discussed recent progress of high-order QAM system and digital signal processing
technology. Furthermore, we compared the transmission performance of three different ultrahigh-order QAM
formats. The paper then reviewed the commonly used methods of achieving over 100 GBaud optically
modulated signals. Besides, five attractive modulators and their corresponding modulation structures are
illustrated. Key performance parameters including electrode length, 3-dB bandwidth, half-wave voltage,
extinction ratio and optical loss are also compared. Finally, the trade-off between the baud rate and QAM
orders in implementing high-speed systems are investigated in simulations. The results show that for the
coming 800 GbE or 1.6 TbE, PDM-64-QAM might be an idea choice by considering the trade-off between the
link reach and required system bandwidth. By adopting the latest probabilistic shaping technology, higher-
order QAM signals, such as PS PDM-256-QAM, could be favorable for long reach applications while using

extra system bandwidth.

INDEX TERMS Coherent optical communications, high baud rate, QAM, electro-optic modulators.

I. INTRODUCTION

Since Charles K. Kao proposed the feasibility of optical
fiber as a light transmission medium in 1966 [1], fiber
communication has made tremendous progress over the
past half century. During 1990s, wavelength-division mul-
tiplexed intensity-modulation and direct-detection (WDM-
IMDD) systems dominated the commercial links, due to
the emergence of practical erbium-doped fiber amplifier
(EDFA) [2], [3]. However, as it is intensity-only modula-
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tion, IMDD system has relatively low spectral efficiency
(SE), making it difficult to further improve the capacity
within the limited bandwidth. Alternatively, coherent optical
communication was first investigated in the 1980s, and re-
emerged for practical applications in the early 20th century
for high SE transmission [4], [5]. Because of its capability
to carry multi-dimensional information (e.g. intensity, phase
and polarization) and relatively high receiver sensitivity, opti-
cal communication systems can transport information with
higher speed and extended reach using a single wavelength.

Due to the urgent demand from the emerging large-
scale cloud computing, high definition videos and 5G

VOLUME 8, 2020


https://orcid.org/0000-0003-1830-0602
https://orcid.org/0000-0003-2325-2254
https://orcid.org/0000-0001-7876-5722
https://orcid.org/0000-0003-1736-484X
https://orcid.org/0000-0002-7304-9820
https://orcid.org/0000-0002-8291-883X
https://orcid.org/0000-0002-6151-8642
https://orcid.org/0000-0002-6457-0120
https://orcid.org/0000-0003-2436-0273

S.-A. Li et al.: Enabling Technology in High-Baud-Rate Coherent Optical Communication Systems

IEEE Access

applications, both research and industry communities are
exploring ways to further increase the SE and capac-
ity of the optical communication systems. As depicted in
Fig. 1, different multiplexing and modulation techniques
have been extensively studied to increase the total capacity,
including time-division multiplexing (TDM), polarization-
division multiplexing (PDM), wavelength-division multi-
plexing (WDM), quadrature-amplitude modulation (QAM),
mode-division multiplexing (MDM) and space-division mul-
tiplexing (SDM) [6]-[11]. 100 Gigabit Ethernet (GbE) coher-
ent optical communication systems have been successfully
deployed for years, and the 400 GbE standard was also devel-
oped in 2017 [12]. In 2019, 400 GbE client-side pluggable
optical modules started to flourish, and 400 GbE line-side
pluggable modules are expected to debut in 2020. The indus-
try will then be likely marching towards the next generation
800 GbE or even 1.6 TbE. High-baud-rate single-carrier (SC)
coherent optical technology is perhaps a key factor to enable
this trend.

'/\/\ /\‘

d Wavelength b

FIGURE 1. Different multiplexing and modulation schemes used in
high-speed coherent optical fiber transmission.

For a SC coherent optical system, two options are generally
considered to improve the capacity according to:

Data Rate = Bits Per Symbol x Baud Rate €))]

One is to use high-order QAM formats and the other one
is to increase the baud rate of the channel. The first method
can improve system capacity together with SE, achieving a
given data rate with a lower baud rate and smaller bandwidth.
However, higher-order QAM signals require larger optical
signal to noise ratio (OSNR) and are less tolerable to phase
noise and nonlinear effects. Thus it is more suitable for short
reach links. Furthermore, another important parameter that
impacts the choice of higher-order QAM is the effective
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number of bits (ENOB) of the digital to analog convertor
(DAC). Current DACs typically feature 8-bits resolution with
an ENOB of less than 6 bits, which is pretty challenging
to generate a multi-level signal aiming for ultrahigh-order
QAM. In contrast, the second option can adopt a lower-order
QAM to mitigate the above-mentioned drawbacks. Never-
theless, higher baud rate means the signal would be more
sensitive to chromatic dispersion (CD) and polarization mode
dispersion (PMD). Meanwhile, more bandwidths are needed
to achieve a given data rate compared to the former method,
which means it is limited by the available bandwidth of the
optic-electro (OE) and electro-optic (EO) devices.

The growth trend of the baud rates corresponding to differ-
ent QAM orders is shown in Fig. 2. The data points represent
the record-high baud rate of each QAM order over the years.
A demonstration of 192 GBaud (GBd) Quadrature Phase
Shift Keying (QPSK) is so far the highest baud rate, which
was reported in 2019 [13]. It is interesting to see that the
baud rates for different QAM orders increase at a pace of
around 12 GBd per year. To date, an ultrahigh-order QAM
was demonstrated using 3 GBd (72 Gb/s) PDM-4096-QAM
over an all-Raman amplified 160 km fiber link with the SE
of 15.8 bit/s/Hz [14].
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FIGURE 2. Trends for baud rate of different QAM orders (SP: single
polarization).

The achievable net SC bit rates over the past decade are
also summarized for different QAMs in Fig. 3. According
to Fig. 2 and 3, achieving over 100 GBd and 1 Tb/s SC
channels with different QAM orders are the frontiers for
coherent optical systems. With proper overhead (OH) in the
forward error correction (FEC), PDM-64-QAM seems to be
a suitable choice to achieve the best trade-off between the
baud rate and QAM order to for a 1-Tb/s channel. By using
16.3% OH, the 120 GBd SC probabilistically shaped PDM-
64-QAM was achieved with highest 1.04 Tb/s net data rate
over three spans of 80 km pure silica core fiber [15]. This
paves the ways for the upcoming implementation of 800 GbE
and 1.6 TbE, which drives the needs for EO/OE devices with
larger bandwidth.
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FIGURE 3. Trends for SC capacity of different QAM orders.

The receiver always leads the bandwidth competition with
the transmitter. At present, balanced photodiodes (BPDs) can
achieve >100 GHz OE bandwidth, which can satisfy the
latest needs for high-baud-rate coherent optical communica-
tion systems [16]. In contrast, EO modulators face greater
challenges, which are thus discussed with more details in this
review. The bandwidths of widely used commercial modu-
lators are around 40 GHz, which are not sufficient for the
forthcoming above 100 GBd applications [17]. Therefore,
the material and structure choices of the modulators are
becoming the key parts to realize high-baud-rate coherent
optical communication systems.

The rest of the paper is organized as follows: In the
next section, a typical setup of the coherent optical system
and some common advanced digital signal processing (DSP)
algorithms are introduced. Three demonstrated ultrahigh-
order QAM signal transmission are also depicted. Next,
four commonly used high-baud-rate QAM signal generation
methods are summarized. Then, high-efficiency EO modu-
lators are discussed. Five attractive materials are listed and
compared in this section. The trade-off between the baud rates
and QAM orders for high-speed transmissions are investi-
gated through a series of simulations. The latest probabilistic
shaping (PS) technology is also under consideration. Finally,
a summary is made for enabling technologies in high-baud-
rate systems based on QAM formats.

Il. HIGH-ORDER QAM TRANSMISSION
Since 2000, the subject of coherent optical system is moving
to high-order QAM formats to get higher channel rates and
SE. Until now a QAM-based SC could carry the signals that
required an entire WDM setup in 1990s.

A. COHERENT OPTICAL SYSTEM BASED ON QAM
FORMATS

A typical coherent optical system scheme based on QAM
formats is depicted in Fig. 4. A narrow linewidth laser (typ-
ically < 100 kHz) is used to provide a continuous carrier,
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and the carrier is divided for two orthogonal polarization
modes through a polarization beam splitter (PBS) to achieve
PDM. For each polarization mode, two multi-level signals are
generated via an arbitrary waveform generator (AWG) after
performing transmitter-side (Tx-side) DSP, then coupled to
an IQ modulator after amplified to suitable levels. After com-
bined by a polarization beam combiner (PBC), the modulated
signals are amplified by an EDFA and transmitted through an
optical channel. Then an optical filter is added to filter the out-
of-band noise. At the receiver-side (Rx-side), the incoming
light is first split by a PBS and mixed with the light from a
local oscillator (LO) by a 90-degree hybrid then detected by
four BPDs. When the OE conversion is completed, the electri-
cal signal is first filtered by low pass filters (LPF) to mitigate
inter-symbol interference (ISI). After performing analog to
digital convention, the sampled electrical signal is processed
by DSP algorithms for compensation and recovery.

B. ADVANCED DSP ALGORITHMS

Another advantage of the coherent optical systems is the
ability to employ a chain of DSP algorithms for low-loss com-
pensation, instead of using separate optical components. A lot
of advanced algorithms have been developed for higher baud
rate and QAM formats at both the Tx- and Rx-side for pre-
and post-compensation. A typical DSP operation procedure
for high-baud-rate coherent optical communication systems
is given by Fig. 4.

1) TRANSMITTER SIDE

a: PRE-EMPHASIS

The performance of a high-baud-rate high-order QAM signal
suffers the distortions from the transmitter bandwidth lim-
itation. Digital pre-emphasis is used to mitigate the band-
width constraint introduced by EO/OE components [18].
In pre-emphasis, the power of the low-frequency components
is decreased to the same as high-frequency components to
reduce the effect of high-frequency attenuation in the device
frequency response. In generally, the effect of pre-emphasis
on the quality improvement for high-baud-rate high-order
QAM signals is more pronounced. However, in practice, due
to the limited ENOB and bandwidth of the DACs, the per-
formance still gets worse for high-baud-rate coherent optical
communication systems with a given QAM order. In such
scenarios, a lower-order QAM should be selected to adapt to
the limited ENOB, while requiring a higher baud rate. That
means for different applications, there is a trade-off among
ENOB, baud rate and QAM order.

b: PRE-DISTORTION

The nonlinearity of modulation and amplifier is another
obstacle for high-order QAM formats. It is usually intro-
duced by finite extinction ratio of the modulators, total
harmonic distortion of the DAC, and material-dependent non-
linear phase shift. The pre-distortion is used to overcome
the issue by adjusting the level of the incoming signal to
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FIGURE 4. The setup of coherent optical system based on QAM formats.

make it suitable for the transfer function of the devices [19].
At present, a look-up-table (LUT) based pre-distortion is
adopted in long-haul high-speed scenarios through searching
the table by the pattern indexes trained before [20].

2) RECEIVER SIDE
a: EQUALIZATION
According to time-varying or not, the equalization can be
divided into static equalization and adaptive equalization.
Static equalization can further aim at linear and nonlinear
impairments like CD and fiber nonlinearity, respectively.
In nonlinear compensation, the maximum a posteriori (MAP)
estimation is widely applied in the high-speed system, based
on the strong data dependency of the channel nonlinearity
[21]. Compared to the most investigated digital back prop-
agation, it has the advantage of reducing computation.
Meanwhile the adaptive equalization is used for dynamic
impairments compensations. The cascade multi-modulus
algorithm (CMMA) combined with the decision-directed
least-mean-square algorithm (DD-LMS) is a sufficient option
to eliminate waveform distortion and compensate PMD for
high-order QAM formats [20].

b: FREQUENCY OFFSET AND CARRIER PHASE ESTIMATION
The frequency offset is caused by the unlocked frequencies
between the LO and transmitter, while the phase noise mainly
originates from the laser linewidth. As both of them cause the
constellation rotation, similar methods can be used for their
compensation. Multi-stage estimation (MSE) is under great
consideration for high-order QAM transmission, combining a
coarse and a fine estimation [22]. After performing 4th power
operation in the first stage, the second stage is followed using
blind phase search (BPS) or maximum likelihood (ML) to
get fine estimation. The pilot symbol based method can also
be applied in the first stage to achieve a better tolerance but
requires additional OH.

¢: OTHER ESTIMATIONS
Especially in the high-baud-rate systems, some other estima-
tions are applied to mitigate the bandwidth limitation of the
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EO/OE devices. The partially-response maximum likelihood
sequence estimation (PR-MLSE) is a power method using a
partial response equalizer and a 4-state MLSE [23]. Together
with the pre-emphasis, the ISI can be effectively reduced in
high-baud-rate systems.

C. ULTRAHIGH-ORDER QAM TRANSMISSION

With the increase of the QAM order, the system poses higher
requirements for the linewidth of the lasers, the noise figure of
the amplifiers and the number of bits of the AWG. For the
3 GBd 4096-QAM demonstration, the linewidth of the laser
is 4 kHz, and a 12 bits AWG is used to generate multi-
level signals for each IQ channel [14]. It is worth noted that
for ultrahigh-order QAM signals, optical phase lock loop
(OPLL) is generally needed as shown by the dotted lines
in Fig. 4. At the Rx-side, the phase of the LO is locked with
the incoming signal source through a OPLL to mitigate the
phase noise.

1024-QAM
OSNR=27.8 dB

28

2048-QAM
OSNR=36.5 dB

4096-QAM
OSNR=41 dB

FIGURE 5. Transmission performance of 1024-QAM, 2048-QAM and
4096-QAM over 150 km, 150 km, and 160 km, respectively [14], [24], [25].

Fig. 5 lists the constellations of three ultrahigh-order
QAM signals: 1024-QAM, 2048-QAM and 4096-QAM, all
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operating at 3 GBd [14], [24], [25]. The bottom constellations
with red points represent the transmission performance of
each QAM formats. The top constellations with blue points
are their corresponding results we simulated for the back
to back performance under the same devices conditions and
baud rate. The constellations show that the higher the QAM
order, the more sensitive it is to the transmission impairments.
With the increasing QAM orders, the system requires higher
OSNR. For 4096-QAM, to meet the pre-FEC BER of 2 x 1072
using 20% OH, the OSNR after 160 km transmission needs to
be greater than 38 dB [14]. While for 1024-QAM, a 27.8 dB
OSNR is enough after 150 km transmission even adopting 7%
OH [24].

Unless OSNR is further enhanced like reducing the noise
figure of the amplifiers, it is difficult to achieve higher-order
QAM transmission.

lIl. HIGH-BAUD-RATE SIGNAL GENERATION

In order to generate the high-baud-rate signal under the lim-
ited bandwidth of commercial EO/OE devices, several typi-
cal methods of high-baud-rate generation have been widely
investigated to break the limitation, including electronic
time-division multiplexing (ETDM), high-speed DAC, mul-
tiple spectral slices synthesis multiplexing and digital band-
width interleaving (DBI) [13], [26]-[34]. At present, the first
two high-baud-rate high-order QAM generation schemes are
more commonly used because of their relatively simple struc-
tures.

A. ELECTRONIC TIME-DIVISION MULTIPLEXING

Along with the innovations in EO processing components,
the preferred commercial method for high baud rate remains
ETDM. Fig. 6(a) shows a common transmitter setup of
ETDM, in which an optical carrier is provided by an external
cavity laser (ECL). Pseudorandom bit sequences (PRBS)
are generated at X Gb/s and multiplexed to 8X Gb/s using
two pairs of electronical multiplexers (MUX). Then an 8X
GBd QPSK is generated through an IQ modulator (IQM).
By adding attenuators, this method can also generate other
QAM signals. For a 16-QAM, two 6 dB attenuators are used
after one MUX, and mixed with the signals of the other MUX
to generate two 4 level signals [26].

To meet the needs for higher baud rate, two kinds of
structures are commonly used: 4:1 MUX and 2:1 MUX, based
on silicon germanium (SiGe) and indium phosphide (InP)
technologies [27]. By adopting the packaged 2:1 InP dou-
ble heterojunction bipolar transistor (InP-DHBT) selectors,
the all-ETDM record-high 180 GBd PDM-QPSK was suc-
cessfully generated and transmitted over 4480-km standard
single mode fiber [28].

B. HIGH-SPEED DIGITAL TO ANALOG CONVERTER

Based on the common definition, DAC is acting as a different
technology from ETDM in signal generation. High-speed
DACs are effective in coherent optical systems because of
utilizing less components for lower loss [29]. Fig. 6(b) depicts
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aschematic of a 2"-QAM transmitter using high-speed DACs.
Two nX Gb/s PRBSs are fed into two DACs to generate
(2M)93 level electrical signals. Then a carrier from a tunable
ECL is separated into two lanes and modulated by the coming
driving signals through an IQM.

High-order QAM could be generated by two multi-level
DACs without changing the structure, while the sampling rate
and the ENOB are thus considered as the limitations. The cur-
rent DACs can provide sampling rates over 100 GSample/s,
adopting different technologies like complementary metal
oxide semiconductor (CMOS), InP and bipolar complemen-
tary metal oxide semiconductor (BiCMOS). Among them,
BiCMOS shows a good performance and allows for direct
connection with the DSP. In 2017, the SC PDM-64-QAM
signal at 100 GBd (1Tb/s) was successfully implemented
by employing BiCMOS DACs operating at 100 GSample/s.
After transmitting over 306 km of large effective area fiber,
the BER is well below the threshold using 20% OH [30].

C. MULTIPLE SPECTRAL SLICES SYNTHESIS
MULTIPLEXING

Another effective approach based on spectral synthesis has
been proposed through a novel structure splitting the optical
spectrum. The transmitter setup is described in Fig. 6(c).
In the digital domain, the spectrum of a high-speed signal is
divided into 7 slices with equal width. In the optical domain,
the light from an ECL passes through a pulse carver and
is filtered out to n lines from an optical filter. The divided
signals are delivered to n sets of IQMs, modulating the filtered
carriers. By utilizing an optical delay line (DL) for each
path, the spectral slices are synchronized before recombining.
Finally, a high-baud-rate SC signal is achieved by composing
these n slices through an optical combiner.

The generated QAM order depends on the bit resolution
of DACs. With Nyquist pulse shaping, a SC PDM-16-QAM
signal up to 127.9 GBd was well synthesized and transmitted
over 3000 km, achieving a record 1 Tb/s line rate [31].

D. DIGITAL BANDWIDTH INTERLEAVING

Although all-electronically multiplexed high-speed high-
order QAM signals over 100 GBd have been demonstrated
in the laboratory, increasing the speed and bandwidth of a
single multiplexer or DAC to even higher has proven to be
difficult [32]. Through extending the analog bandwidth of
DAC, DBI is an alternative approach to solve the problem
[33]. The main idea of DBl is to split a wide-band signal into
several narrower bands in the digital domain as if the signal is
generated from one single wide-band DAC. Fig. 6(d) shows
the architecture of a DBI-based DAC. The wide-band signal
is first digitally cut into three slices which are low-frequency
(LF), medium-frequency (MF), and high-frequency (HF).
The seed tones with two frequency components are generated
by an extra DAC. They are synchronized with other signals
and up-converted for the MF and HF bands, respectively. This
requires the complex conjugate MF spectrum generated by
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the corresponding DAC. After passing through a triplexer,
a wide-band signal output is finally synthesized.

A 240 GSample/s 100 GHz DBI-based DAC was suc-
cessfully demonstrated and an all-electronically 180 GBd
QPSK was further generated and detected [34]. At present,
several other bandwidth multiplexing methods are demon-
strated like Digital-Preprocessed Analog-Multiplexed DAC
(DP-AM-DAC) [35]. This method uses an analog multiplexer
(AMUX) instead of the mixers used in DBI, generating the
current highest 192 GBd [13].

IV. HIGH-EFFICIENCY EO MODULATORS

After being able to successfully generate a high-baud-rate
signal, modulation is another faced key limitation in imple-
menting a high-baud-rate system. Recent progress in various
EO modulators provides the potential possibility of realizing
higher baud rate. According to the materials, EO modulators
are mainly categorized into lithium niobite (LiNbO3) modu-
lators, plasmonic modulators, polymer modulators, InP mod-
ulators and all-silicon modulators. The modulation mecha-
nism of these materials are mostly based on the linear EO
effect, which changes the refractive index of the material in
terms of the applied electrical signal, and further control the
phase of the light that propagates through. Mach-Zehnder
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modulators (MZM) is the most widely used structure in
commercial coherent optical system. It consists of two phase
modulators and could achieve the conversion from phase
modulation to intensity modulation, as a result of construc-
tive or destructive interference while working at the push-pull
mode.

A. LiNbOs MODULATOR

LiNbO3 is the most mature EO material with large band-
width, low half-wave voltage (V ), low optical loss and good
linear EO properties [36]. However, due to its weak optical
confinement, the conventional LiNbO3 modulator is usually
bulky and difficult to be integrated.

Recently, an emerged LiNbO3-on-insulator platform pro-
vides a new way to break through the challenge in integration
[37]. In this method, a LiNbOs3 film is bonded on top of
a low-index substrate, then the waveguides are created by
dry etching the LiNbO3 layer. In 2018, an integrated thin-
film LiNbO3; modulator has been demonstrated with a band-
width larger than 100 GHz, optical insertion loss lower than
0.1 dB, and electrode length less than 0.5 cm [38]. Using
the MZM structure as shown in Fig. 7(a), the modulation of
a 210 Gb/s amplitude shift keying signal was successfully

111323



IEEE Access

S.-A. Li et al.: Enabling Technology in High-Baud-Rate Coherent Optical Communication Systems

achieved, showing that the thin-film LiNbO3 modulators can
satisfy for power-efficient and high-speed applications.

B. PLASMONIC MODULATOR
Plasmonics is the technique of controlling and detecting sur-
face plasmon polariton (SPP). In plasmonics, light is first
converted into SPP, then the surface wave propagates at the
metal-dielectric interface [39].

Since the 1980s, novel plasmonic modulators have started
to debut, which have been demonstrated with compact foot-
prints, low power consumption, and large bandwidth up to
hundreds of gigahertz [40]. A typical plasmonic phase mod-
ulator shown in Fig. 7(b) consists of two metallic electrodes
forming a metal-insulator-metal slot waveguide filled with a
nonlinear organic material. A strip waveguide is used to feed
light to the plasmonic slot waveguide and a taper transforms
the light to a SPP. After modulated by the coming signal,
the SPP is coupled back to the waveguide. Because of the
small RC time constant, the bandwidth of the modulator
is ultra-broad and flat. In 2019, a plasmonic MZM with
bandwidth up to 500 GHz and a short length of 25 um were
experimentally demonstrated [41].

C. POLYMER MODULATOR

Polymer modulator has been investigated for many years
due to fast EO response and lower cost. According to the
different characteristics of modulators, they are classified into
different types like all-polymer waveguide modulator, sol-
gel waveguide modulator and polymer-silicon hybrid mod-
ulator [42]-[44].

Due to the inherent limitations of the single material mod-
ulator and the requirement of integration, the research on
polymer-silicon modulator has gradually become a hotspot,
especially the silicon-organic hybrid (SOH) modulators. For
an SOH phase modulator whose typical structure is depicted
in Fig. 7(c), the optical field is guided by a silicon waveguide,
while the EO effect is provided by an organic cladding.
An SOH phase modulator with a 3-dB bandwidth of at least
100 GHz was first demonstrated in 2014 [44]. The length of
the device is around 0.5 mm and the voltage-length product is
11 V-mm. Such characteristics were very competitive among
the available modulators.

D. InP MODULATOR

InP modulators mostly adopt multiple quantum well struc-
ture with high modulation efficiency and low driving volt-
age, making it compact and easy to integrate. But the high
series resistance of the semiconductor is becoming a problem
towards higher-baud-rate systems.

Optimizing its structure may be the key to overcome the
problem. In 2017, an ultrahigh bandwidth MZM with a 3-dB
bandwidth over 67 GHz was reported [45]. A low optical loss
of 2 dB and alow V, of 1.5 V were achieved by employing a
new n-i-p-n structure shown in Fig. 7(d). A p-type thin layer
is added to the previous n-i-n structure, allowing the electric
field to be applied more efficiently to the non-doped i-type
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layer. The top n-type layer uses a reverse trapezoid to reduce
the contact resistance. Two years later, the modulator employ-
ing the same structure achieved bandwidth up to 80 GHz,
which is the best InP-based modulation performance reported
so far [46].

E. ALL-SILICON MODULATOR
Compared with other materials, all-silicon modulator has the
greatest advantage to integrate in a CMOS chip with other
optical and electrical components. The small size and excel-
lent compatibility make it stand out in integrated optics [47].
All-silicon MZM based on carrier depletion could be the
most cost-efficient in commercial applications, whose typical
structure is shown in Fig. 7(e). However, it is a challenge to
achieve high efficient modulation in high-baud-rate systems,
limited by carrier diffusion and weak EO linearity. The use
of p+ and n+ doped layers can reduce electrical contact
resistance and avoid high optical loss from the p++ and n++
layers. The loss imbalance between the phase shifters can also
be alleviated to get a higher extinction ratio (ER). Higher
bandwidth can be obtained by increasing the bias voltage
and reducing the doping concentration, but at the cost of
modulation efficiency. By implementing mid doping, an all-
silicon modulator with high ER of 25 dB, alow V; of 4.1V,
and a bandwidth of 21 GHz was demonstrated [48].

F. COMPARISON OF DIFFERENT MATERIALS

Generally speaking, to achieve high-baud-rate modulation,
a larger bandwidth of modulator is needed, but it also means
a larger V. Thus, there is usually a trade-off between 3-dB
bandwidth and V; in most cases, as shown in Fig. 8. It is
observed that for the achievable bandwidth per volt, the thin-
film LiNbO3 and InP with around 50 GHz/V have great
potential in high-baud-rate systems.

= 120 - 50 GHzIV' /20 GHzIV /" 40 GHziv -
T [38] ® g
¢ 100 [ ] ] - * .
~ 46] " 5 GHz/V
% 80 om - =
'§ I ® L R , .
5 60 [45) % Lo -
% L ¥ D il 4
m 40 .0 [ ] ® /nP H
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FIGURE 8. Comparison of 3-dB bandwidth and half-wave voltage of
different materials.

In addition, comparison of key metrics of EO modulators
using different materials is also summarized in Fig. 9. Elec-
trode length, 3-dB bandwidth, V,, ER and optical loss are
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FIGURE 10. The record high baud rate achieved by LiNbO5, InP and
Silicon of different QAM orders.

under consideration. For novel thin-film LiNbO3 modulator,
it has a better performance in bandwidth, loss and ER. But
compared to other materials, the length of electrodes is still
relatively large. Thus, further reducing the size of the mod-
ulator becomes a critical issue to be addressed. For plas-
monic modulator, large bandwidth and compact size of the
modulator have outstanding advantages. However, because
of the interconversion of plasmonic and light, the loss of the
modulator is the almost highest among these materials. For
all-silicon modulator, the bandwidth and optical loss seem
to be the critical obstacles. In high-speed systems, all-silicon
modulators need to seek breakthroughs in these two aspects
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to achieve effective integration. As for InP modulator, it has
good performance in ER, V. But due to poor CMOS com-
patibility, there are shortcomings in terms of mass production
and cost compared to all-silicon. Finally, as for polymer
modulator, the parameters are not prominent but balanced.
However, the modulators using organic materials have little
chance for mass production, because of its sensitivity to
oxygen atmosphere and risk of losing the poling when heated.

Among them, MZM modulators based on LiNbOs3, InP
and all-silicon have been commercially used. The modulation
performance of different QAM orders are listed in Fig. 10.
With superb EO properties, LiNbO3 modulators show clear
advantages in different QAM orders. While with the structure
optimized, the performance of the InP modulators gradually
improves. The highest 192 GBd SC QPSK signal was gener-
ated using InP n-i-p-n heterostructure recently [13]. Although
the EO properties of silicon are not as good as the other
two, its potential high integration makes it widely applied.
At present, 100 GBd 32-QAM signal employing all-silicon
modulator was successful generated, achieving a net data rate
of 416.7 Gb/s with pre-compensation and Rx-side DSP [49].

V. SYSTEM TRANSMISSION PERFORMANCE

When there are the proper generation methods and device
conditions to support, it becomes meaningful to further inves-
tigate the performance of high-order QAM formats in high-
baud-rate systems.

In general, QPSK, 16-QAM and 64-QAM are three com-
monly considered formats for commercial deployment. There
are different options for applications with various distances
and capacities. The trade-off between the increasing baud rate
and QAM orders on the distance could offer some references
for practical high-speed applications. The system we used in
the simulations is similar to the Fig. 4 and some chosen basic
parameters listed in TABLE 1, where BR stands for baud rate.
Our simulated SC PDM systems consider all the typical fiber
impairments. For different QAM formats, a set of optimized
optical filter and Rx-side LPF bandwidths are selected. The
pre-distortion is used in the Tx-side DSP, while the CD
compensation, adaptive MIMO TDE and multi-stage (BPS
and ML) phase recovery are adopted in the Rx-side DSP. For
QPSK, CMA is selected in the adaptive TDE, while for the
other formats, MMA is used for better compensation. The
number of DSP taps is optimized individually for different
QAM signals to achieve longest possible transmission dis-
tance. The 20% OH soft-decision FEC with a pre-FEC BER
threshold of 2.4 x 1072 is considered [50]. It is worth noting
that, the performances of various devices, like DAC and laser,
also have impacts under different circumstances. Here we
focus on investigating the interrelation between QAM order
and baud rate, and thus relatively good parameters of the
individual components are chosen to minimize the impact
accordingly. Furthermore, these parameters of the compo-
nents used in the simulations are achievable in practice.

The relative reach of these QAM orders and baud rates
for various SC capacities are depicted in Fig. 11(a). The
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TABLE 1. Basic parameters used in simulations.

Parameters Descriptions
laser & LO linewidth 1 kHz
laser & LO power 10 mW
roll of factor 0.2
MZM bandwidth 100 GHz
MZM extinction ratio 35dB
transmitter output power 1 mW
optical filter bandwidth 1.5xBR
amplifier noise figure 4dB
QPSK: 0.8xBR

Rx-side LPF bandwidth 16-QAM: 0.8xBR

64-QAM: 1.1xBR
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FIGURE 11. The relative reach of different (a) uniform QAM and (b)
probabilistic shaped QAM with baud rates aimed for SC 100 Gb/s,
200 Gb/s, 400 Gb/s, 800 Gb/s and 1 Tb/s (b/s: bits/symbol).

transmission distance of 30 GBd PDM-QPSK is considered
as a reference for 100%. In the low capacity scenarios, PDM-
QPSK shows significant advantage in the transmission dis-
tance, especially for 100 Gb/s and 200 Gb/s applications. For
the same capacity, PDM-16-QAM can reach around half the
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distance of PDM-QPSK, while PDM-64-QAM can achieve
only a third of the distance of PDM-16-QAM. Meanwhile, for
the same QAM orders, doubling the baud rate results in nearly
half of the distance reduction. That means as the capacity
increases, the distance advantages brought by lower orders
will gradually mitigate. At 400 Gb/s, the transmission dis-
tance of 120 GBd PDM-QPSK is more close to 60 GBd PDM-
16-QAM, while the latter saves half the bandwidth. At higher
capacities, the advantages of high-order QAM formats are
more obvious. For applications of 800 Gb/s and above, the SC
PDM-QPSK requires baud rate exceeding 240 GBd, which is
not achieved at present. Therefore, it can be analyzed that for
long-haul or low-speed scenarios, PDM-QPSK is more effec-
tive, while for short-reach or applications above SC 800 Gb/s,
PDM-16-QAM and PDM-64-QAM would be better choices
because of their lower bandwidth requirements.

Prob: Il
0.2 0
A e e . | 4 » ‘
SEBRE e w
£ * $ B &
5-6 0 g ' ‘ 0 b S50
s B R X
C2 -2
. W W &
-4 -4
4 2 0 2 4 4 2 0 2 4
In-Phase In-Phase
Uniform 16-QAM PS 16-QAM
b/s=4 b/s=3

FIGURE 12. The concept of probabilistic shaped 16-QAM and
corresponding uniform 16-QAM (b/s: bits/symbol; Prob: Probability).

In recent years, PS has attracted significant attention com-
bined with various high-order QAM formats to approach
the Shannon limit and extend the transmission distance
[51]. In the bandwidth-limited additive white Gaussian noise
(AWGN) channel, high-order QAM with uniformly dis-
tributed symbols exhibited an asymptotic loss of 1.53 dB
compared to Shannon limit. PS shapes the probability
of occurrence of the constellation points to approximate
Gaussian signaling to overcome the limitation, as shown
in Fig. 12. It alleviates the impact of channel impairments
on QAM constellations, making higher-order QAM signals
have the potential to be applied. By adopting the same
system parameters in TABLE 1, we take the higher-order
PDM-256-QAM into account in the simulations, and also
considering 20% OH SD-FEC. Here, we choose the widely
used Maxwell-Boltzmann (MB) distribution, making the
achievable information rate (AIR) 3, 5 and 7 bits/symbol
for 16-QAM, 64-QAM and 256-QAM, respectively. For an
obvious comparison, we still take the transmission distance
of 30 GBd PDM-QPSK as 100% for reference. Compared
with the results in Fig. 11(a), at the same SC net data rate
(<800 Gb/s), the transmission distance of PDM-16-QAM
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and PDM-64-QAM with PS is nearly double that of the uni-
form ones, as shown in Fig. 11(b). However, using PS requires
higher baud rate for a given data rate, thus the restrictions
brought by higher baud rate have gradually become more
prominent as the capacity increases. Especially for PDM-
16-QAM, a baud rate higher than 160 GBd is required to
achieve above 800 Gb/s. In this case, the distance advantage
brought by PS is less obvious. So it can be analyzed that for
applications below SC 400 Gb/s, PS PDM-16-QAM would
be a competitive choice, while in the face of higher-speed
requirements, it is more effective to adopt higher-order PS
QAM formats with much lower baud rate.

VI. CONCLUSION

In this review, we have surveyed the recent progress of
the enabling technologies in high-baud-rate coherent opti-
cal communication systems. High-order QAM signals with
various advanced DSP algorithms have the great potential
for achieving high-speed systems. To date, the bandwidth
of the devices at the Tx-side is still limited, such as DAC
and MUX. Thus four typical methods to generate high baud
rate have emerged as needed. Then, to be able to modulate
high-baud-rate signals, various modulators are flourishing.
LiNbO3 modulator is still one of the most competitive option
in commercial applications. Especially the recent research
of LiNbOs film is more promising to achieve breakthroughs
in integrated optical systems. Plasmonic modulator shows
great potential in large bandwidth, but the loss introduced
by conversion between SPP and light is the problem need to
be solved urgently. Meanwhile, all-silicon modulator is more
suitable for monolithic integration, but the limited bandwidth
would be an obstacle. As the current high-baud-rate systems
and devices like pluggable transponders are moving towards
higher-level integration, these three modulators might have
broad prospects. Because increasing QAM orders and baud
rates both limit system performance, there is usually a trade-
off according to the applications with different distances
and capacities. As a newly emerged method to extend the
transmission distance, PS also provides a new direction for
improving the performance of high-baud-rate systems. For
the coming 800 GbE or even 1.6 TbE, PDM-64-QAM might
be a better choice. By adopting PS, extended transmission
distance can be achieved with additional bandwidth. Further-
more, higher-order QAM formats like PDM-256-QAM can
also be considered for commercial system applications.
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