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Abstract—This paper presents a systematic review of several
digital signal processing (DSP)-enabled technologies recently pro-
posed and demonstrated for high spectral efficiency (SE) 400 Gb/s–
class and beyond optical networks. These include 1) a newly pro-
posed SE-adaptable optical modulation technology—time-domain
hybrid quadrature amplitude modulation (QAM), 2) two advanced
transmitter side digital spectral shaping technologies—Nyquist
signaling (for spectrally-efficient multiplexing) and digital pre-
equalization (for improving tolerance toward channel narrowing
effects), and 3) a newly proposed training-assisted two-stage carrier
phase recovery algorithm that is designed to address the detrimen-
tal cyclic phase slipping problem with minimal training overhead.
Additionally, this paper presents a novel DSP-based method for
mitigation of equalizer-enhanced phase noise impairments. It is
shown that performance degradation caused by the interaction
between the long-memory chromatic dispersion compensating fil-
ter/equalizer and local oscillator laser phase noise can be effectively
mitigated by replacing the commonly used fast single-tap phase-
rotation-based equalizer (for typical carrier phase recovery) with a
fast multi-tap linear equalizer. Finally, brief reviews of two high-SE
400 Gb/s-class WDM transmission experiments employing these
advanced DSP algorithms are presented.

Index Terms—Carrier recovery, clock recovery, coherent, digital
signal processing (DSP), equalization, equalizer-enhanced phase
noise, fiber, hybrid QAM, modulation format, nyquist, optical
transmission, phase recovery, pulse shaping, quadrature ampli-
tude modulation (QAM), spectral efficiency (SE).

I. INTRODUCTION

H ISTORICALLY it has been shown that increasing both per
channel data rate and SE effectively reduces the transport

cost. With commercial deployment of 100 Gb/s technology op-
erating at 2 bit/s/Hz, research is shifting to the next generation of
transport interface rate operating at even higher SE. The IEEE
has recently launched a study group to explore development of
a 400 Gb/s Ethernet standard. With 400 Gb/s being expected to
be the next standard interface rate, several technology options
for spectrally-efficient 400 Gb/s transmission have been experi-
mentally explored [1]–[12], including the use of unconventional
channel spacings to maximize the SE [3], [11], [12], in antic-
ipation of the use of flex-grid reconfigurable optical add/drop
multiplexers (ROADMs). However, the ability to place 400 Gb/s
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signals on the conventional 50 GHz or 100 GHz channel grid has
advantages in terms of network management, and may be most
cost-effective, as it could allow increasing the network capacity
through upgrade of current ITU-T grid-based optical networks
to 400 Gb/s per channel.

Several recently demonstrated experiments have revealed
that, by using advanced digital signal processing (DSPs)-
enabled technologies and in combination with low-noise all-
Raman amplification and low-nonlinearity ultra-large area fiber,
400 Gb/s per channel signals can be transmitted over >3000 km
with 50 GHz channel spacing [9], and over 12 000 km with
100 GHz channel spacing [10], at net SE of 8 and 4 bit/s/Hz,
respectively.

This paper intends to provide a comprehensive review
of the enabling DSPs used in those experiments, includ-
ing 1) a newly proposed SE-adaptable optical modulation
technology—time-domain hybrid quadrature amplitude modu-
lation (QAM), 2) two advanced transmitter side digital spectral
shaping technologies—Nyquist pulse shaping and digital pre-
equalization, and 3) a training-assisted two-stage carrier phase
recovery algorithm that is designed to address the detrimental
cyclic phase slipping problem with minimal training overhead.
In addition, this paper also presents a new method for mitigating
equalizer-enhanced phase noise impairments. Through numer-
ical simulation, we show that the impairments caused by the
interaction between the long-memory dispersion-compensating
filter/equalizer and local oscillator (LO) phase noise can be
effectively mitigated by appropriately modifying the carrier re-
covery DSP.

The remainder of this paper is organized as follows. In Sec-
tion II we focus on the SE-adaptable time-domain hybrid QAM
that is enabled by the use of both transmitter side and receiver
side DSP. Advanced digital spectral shaping techniques and
the newly proposed training-assisted two-stage carrier phase
recovery algorithm are presented in Sections III and IV, respec-
tively. In Section V we describe a new method for mitigating
equalizer-enhanced phase noise impairments. Two high-SE 400
Gb/s-class WDM transmission experiments enabled by these
advanced DSP algorithms are described in Section VI. The con-
clusions are drawn in Section VII.

II. TIME-DOMAIN HYBRID QAM

High-order QAM formats such as 8 QAM, 16 QAM, 32 QAM
and 64QAM have recently been experimentally explored for
high-SE 400 Gb/s-class transmission. However, these regular
2m − ary QAM systems may not be optimal for a 400 Gb/s
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Fig. 1. Effective channel bandwidth versus modulation SE at several FEC
code rates for a 400GigE system [9].

Fig. 2. Schematic illustration of the proposed time-domain hybrid QAM tech-
nique. (a) Concept of time-domain hybrid QAM; (b) equal Euclidean distance
design concept for optimal linear performance and (c) uniform symbol distri-
bution design concept for optimal nonlinear performance.

system operating on a 50 GHz or 100 GHz grid, as can be seen
from Fig. 1, which plots the effective required channel band-
width for regular 2m − ary QAM formats at several different
forward error correction (FEC) code rates for a 400GigE sys-
tem. One can see that regular polarization-division-multiplexed
(PDM) 8 QAM, 16 QAM, 32 QAM, and 64 QAM (with 6, 8,
10, and 12 bits/symbol, respectively) allow only certain effective
channel bandwidths for a specific FEC code rate.

For a given channel bandwidth and FEC code rate, the per-
formance of a 400 Gb/s system (or beyond) can be improved
by using time-domain hybrid-QAM, a SE-adaptable modula-
tion technique that is enabled by the use of both transmitter-side
and receiver side DSP [8], [13]. For this technique, two regular
2m − ary QAMs with different SE (in terms of bit/symbol) are
assigned to different time slots within each TDM frame as is
shown in Fig. 2, where the two QAMs are denoted as modula-
tion A and B, respectively. Any SE (per TDM frame) that falls
between the SE of the two regular QAMs can be realized by
appropriately designing the TDM frame length and the time slot
occupancy ratio of the two QAMs. To achieve an optimal lin-

ear performance (i.e. additive noise tolerance performance), the
Euclidean distance of modulation A and modulation B should
be designed to be identical as is shown in Fig. 2(b), because an
equal Euclidean distance design will result in identical noise tol-
erance for the two different modulation formats. To achieve an
optimal nonlinear performance for a long-distance transmission
system without using inline optical dispersion compensation,
the symbols of modulation A and modulation B should be dis-
tributed as uniformly as possible within each TDM frame, as
is shown in the left figure of Fig. 2(b). For comparison, group-
ing all the same modulation symbols (within each TDM frame)
together [see the right figure of Fig. 2(c)] will result in worse
nonlinear performance [14], [15]. The reason is that the use
of equal Euclidean distance design will result in higher average
power for the higher-order modulation symbols. Locating all the
higher average-power symbols (belonging to each TDM frame)
together will result in higher local average power, thus reducing
tolerance toward nonlinear effects.

Note that arbitrary SE also can be achieved by using an
orthogonal frequency division multiplexing (OFDM) based hy-
brid QAM technique [6], [16]. Compared to such a frequency-
domain-based method, time-domain hybrid QAM exhibits sev-
eral potential advantages, such as lower peak-to-average power
ratio (PAPR) [17] and better tolerance toward laser phase noise
due to the fundamentally shorter symbol period. These two ad-
vantages could be important for high-SE optical communication
systems where, in addition to additive Gaussian noise, fiber non-
linear effects and laser phase noise also are major performance
limiting factors. Although the higher PAPR of OFDM is less
of a concern (in terms of nonlinear tolerance) for ultra-long-
haul systems using no inline dispersion compensation [18], the
higher PAPR may still be a problem for metro/regional systems,
which have shorter transmission reach, or legacy line systems
utilizing inline optical dispersion compensation.

Non-regular modulation SE also can be realized by using
some multidimensional-constellation-based coding technolo-
gies [19], [20]. For example, compared to the conventional
mapping of multiple binary bits into one symbol, one can map
multiple binary bits into multiple symbols to achieve non-integer
average binary bits per symbol. Through optimal decoding tech-
niques, multidimensional-constellation based modulation for-
mats, in principle, can achieve better performance than the
time-domain hybrid QAM. But the required implementation
complexity may be a problem, if the required mapping dimen-
sion is high. For example, if we want to achieve a SE of 8.2
bit/s/Hz per symbol, then we may have to map 41 binary bits
into five 294-ary symbols (each symbol to carry 8.2 bits on av-
erage), resulting in a constellation size of 2945(> 2.12e + 12).
Optimal decoding for such a large constellation size can be diffi-
cult, although some simpler sub-optimal solutions may exist. On
the contrary, the implementation complexity for the proposed
time-domain hybrid QAM can remain low for any SE because
it does not increase mapping dimensions.

The capability of arbitrary SE also may be realized by using
some code-rate-adaptable FEC schemes [21]. With the same
modulation format, the effective SE can be adjusted by chang-
ing the code rate of the used FEC. However, in order to achieve
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Fig. 3. Schematic illustration of (a) transmitter (b) and receiver functional
blocks for generating and receiving time-domain hybrid QAM.

Fig. 4. Back-to-back SNR penalties for QPSK, hybrid QPSK-8QAM, and
8QAM, all operating at 9.7Gbaud and relative to theoretical QPSK sensitivity.

rate-adaptable capability, the FEC performance usually has to
be compromised. For real-world applications, more studies are
needed to understand the performance and implementation com-
plexity trade-offs between code-rate-adaptable FEC techniques
and the time-domain hybrid QAM technique.

Compared to conventional systems using regular QAMs, the
time-domain hybrid QAM only requires a slight modification
of the bits-to-symbols mapping functional block at the trans-
mitter [see Fig. 3(a)] and the symbol-to-bits mapping functional
block at the receiver [see Fig. 3(b)]. Due to this significant im-
plementation advantage, time-domain hybrid QAM could be a
good candidate for realizing a fine-granularity rate-adaptable
transponder [14], [22]. Recently it has been shown that, through
channel-by-channel capacity/SE optimization, the use of fine-
granularity rate-adaptable transponders could enable us to re-
duce the network transport cost by up to 30% for a realistic
reach-diverse long-haul optical network [22].

The proposed time-domain hybrid QAM has been experi-
mentally demonstrated at different net SEs. Fig. 4 shows the
measured back-to-back results for using regular QPSK, 8QAM
and hybrid QPSK operating at 9.7Gbaud. For the hybrid QPSK-
8QAM, each TDM frame consists of 128 symbols, where 77
symbols are 8QAM and 48 are QPSK. The extra 3 symbols are

Fig. 5. Back-to-back SNR penalties for 32QAM, hybrid 32–64QAM and
64QAM, all operating at 9.7Gbaud and relative to theoretical QPSK sensitivity.

used as training symbols for carrier phase recovery, resulting in a
net modulation SE of 2.55 bits per symbol. The measured results
are shown as symbols in Fig. 4. For comparison, the theoreti-
cal prediction is shown as a solid line. From this measurement,
the hybrid QPSK-8QAM is about 1 dB better than the regular
8QAM, which agrees with the theoretical prediction. The inset
of Fig. 4 shows the measured constellation diagram of hybrid
QPSK-8QAM. The use of equal Euclidean distance design re-
sults in an 8QAM-like constellation with un-equal constellation
occupation probability: the outer four constellation points have
fewer symbols than the inner four constellation points. Such
a hybrid QPSK-8QAM is found to be optimal for operating
400 Gb/s system over 100 GHz WDM grid using 20% FEC
overhead and is one of the key enablers for our recent record-
breaking 400 Gb/s class transmission experiment: 8 × 495 Gb/s
over 120 000 km using the standard 100 GHz ITI-T WDM
grid [10], where 10 subcarriers are used to create each 495 Gb/s
per channel signal.

Fig. 5 shows the measured back-to-back results for regular
32QAM, 64QAM and hybrid 32–64QAM, also operating at
9.7Gbaud. For the hybrid 32–64QAM signals, each TDM frame
consists of 128 symbols, where 28 symbols are 64QAM and 97
are 32QAM. The extra 3 symbols are used as training symbols
for carrier phase recovery, resulting in a net SE of 5.1 bit/s/Hz.
The 64QAM symbols are uniformly distributed within each
TDM frame. This hybrid 32–64QAM enables generation of
a 495 Gb/s signal (including 20% FEC overhead) using only
48.5 GHz optical bandwidth, which can be placed into a 50G
Hz channel grid [9]. As compared to the regular 64QAM, this
hybrid 32–64QAM improves the SNR (signal-to-noise ratio)
sensitivity by 2.3 dB.

III. TRANSMITTER SIDE DIGITAL SPECTRAL SHAPING

50 GHz-spaced 100 Gb/s transport systems are basically en-
abled by the use of coherent detection and receiver-side DSP.
For a 400 Gb/s system operating at a higher SE, transmitter-side
DSP also could become indispensable. Transmitter-side DSP
enables the realization of flexible modulation, such as the time-
domain hybrid QAM described before, as well as several critical
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Fig. 6. Simulations of Nyquist pulse signaling: (a) illustration of three Nyquist
pulses in the time domain; (b) frequency-domain spectrum with roll-off factor
= 0.01 and (c) eye diagram of a Nyquist-shaped 32–64 hybrid QAM signal.

spectral shaping techniques [23], including Nyquist pulse shap-
ing and digital pre-equalization.

Nyquist signaling is also known as an orthogonal time-
division-multiplexing technique, because although each sym-
bol pulse spreads into many adjacent time slots, no ISI occurs
if the sampling is performed at the center of each symbol due
to the nature of sinc-shaped pulses, as can be seen from the
simulation in Fig. 6(a). Nyquist signaling can achieve the high-
est SE for any given modulation format, because the spectrum
has very sharp rising/falling edges. A square spectrum occu-
pying a bandwidth equal to the baud rate can be achieved by
using a raised-cosine pulse with a frequency-domain roll-off
factor equal to 0. For any practical Nyquist signaling with non-
zero roll-off factor, the signal will occupy an extra-bandwidth
equal to the product of the roll-off factor and the signal sym-
bol rate. In Fig. 6(b) we show the calculated spectrum of a
raised-cosine signal with a roll-off factor equal to 0.01. Due to
the nearly square spectrum, Nyquist signaling allows multiple
WDM channels or multiple sub-channels to be closely packed
(to increase WDM SE) without using tight optical filtering. Us-
ing an OFDM-based technique also can generate nearly square
spectra, but an OFDM-modulated signal inherently exhibits a
higher PAPR and is also less tolerant to laser phase noise due to
the long symbol period.

Fig. 7. Optical spectrum of a 495 Gb/s PDM hybrid 32–64QAM signals
generated using five subcarriers.

In Fig. 6(c) we show a simulated eye diagram for a Nyquist-
shaped 9Gbaud time-domain 32–64 hybrid QAM signal with
a roll off factor equal to 0.01. One can see that a Nyquist-
shaped signal has very small eye openings, indicating that it is
inherently vulnerable to clock timing errors. But such a problem
can be effectively mitigated by using fast digital equalization
algorithms that have already been widely adopted in today’s
digital coherent optical communication systems. In order to
achieve the best noise tolerance, the Nyquist signaling filter
H(f) can be divided into two identical filters,

√
H(f), with one

being implemented at the transmitter as a pulse shaping filter
and a second being implemented at the receiver as a matched
receiving filter.

Transmitter-side pre-equalization can be used for pre-
compensation of the band-limiting effects caused by the D/A
converters and the IQ modulators, as well as the narrow filter-
ing effects from wavelength routing devices such as ROADMs.
For transmitter-side band-limiting effects, pre-equalization
performs better than post-transmission equalization, because
post-equalization will enhance the noise components [24]. For
distributed band-limiting effects caused by ROADMs, joint pre-
and post-transmission equalization should perform better than
post-transmission-only equalization.

Fig. 7 shows the measured optical spectrum of a 495
Gb/s PDM hybrid 32–64QAM signal generated by using five
frequency-locked subcarriers (subcarrier spacing 9.9 GHz, sym-
bol rate per subcarrier 9.7Gbaud) [9], where close to ideal digital
Nyquist pulse shaping (roll-off factor = 0.01) was used to con-
fine the optical spectrum to be within 49.3 GHz and digital
pre-equalization was used to reduce the implementation penalty
(from the transmitter band-limiting effects). With a guard-band
of only 200 MHz between two adjacent subcarriers, the mea-
sured inter-subcarrier crosstalk is still smaller than 0.2 dB at
bit-error-ratio (BER) of 2 × 10−2 (see Fig. 8).

Nyquist pulse shaping, digital pre-equalization as well as
fiber dispersion pre-compensation all can be implemented in
the frequency domain by using a single digital spectral-shaping
filter [see Fig. 3(a)]. The reception of a Nyquist-shaped signal
requires a longer receiving filter (i. e. the matched filter) for
optimal performance. To reduce the receiver implementation
complexity, one can divide the receiving filter into two parts, a
long, matched static filter followed by a short, regular adaptive
filter, as is described in [25]. Note that the matched filter can
share the same static filter used for the fiber dispersion post-
compensation.
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Fig. 8. Measured back-to-back BER performance versus OSNR under three
different conditions for a 495 Gb/s PDM hybrid 32–64QAM signal consisting
of five subcarriers.

The use of high-SE Nyqusit signaling requires re-design of
the clock recovery circuit, because the classic Gardner timing
error [26] detector as expressed in the following equation (1)
could fail [17] when the Nyquist filter roll off factor is small (the
clock tone completely disappears for an ideal Nyquist signal)

τerr =
N/2−1∑

n=0

[x(2n − 1) − x(2n + 1)] · x∗(2n). (1)

In equation (1), x (n) denotes a complex input sequence sam-
pled at two samples per symbol, and ∗ denotes complex conju-
gation. Recently, a modified Gardner phase detector algorithm
has been proposed for Nyquist-shaped signal [27], [28]. For this
method, the phase error detector is given by

τerr =
N/2∑

n=1

[P (2n + 1) − P (2n − 1)] · P (2n) (2)

where P is the power of the received signal (assume two samples
per symbols). It has been shown that such a modified timing error
detector greatly improves the performance for a Nyquist-shaped
signal. Alternatively, the standard deviation of the amplitude of
the received signal also can be used as a measure of timing
phase error [17] for Nyquist-shaped signals. For these modified
algorithms aimed at Nyquist-shaped signals, more work needs to
be done to understand their tolerance toward channel distortion.

IV. TRAINING-ASSISTED TWO-STAGE PHASE RECOVERY

For a coherent optical receiver, accurate and reliable carrier
phase recovery is indispensable for demodulating any coher-
ently modulated optical signals. Because high-speed DSP re-
quires high-degree of parallel processing, feed-forward-based
fast phase recovery algorithms are preferable for high-speed
optical systems, especially if high-order modulation formats
are employed. So far, several feed-forward-based blind phase
recovery algorithms have been proposed, including the clas-
sic Viterbi-Viterbi based algorithms [29], the minimum mean
square error based blind phase search (BPS) algorithm [30], the

Fig. 9. Schematic illustration of cyclic phase slipping problem.

Fig. 10. Functional block illustration for the proposed phase recovery
algorithm.

multi-stage hybrid BPS and maximum likelihood (ML) algo-
rithm [31], and mutli-stage hybrid phase-locked-loop and ML
algorithms [32].

For these proposed blind phase recovery algorithms, however,
differential coding and decoding is required to deal with the
detrimental cyclic phase slipping problem. The cyclic phase
slipping problem occurs if the signal constellation exhibits a
certain degree of phase symmetry, which is the case for most of
the QAMs, as is illustrated in Fig. 9, where a π/2 phase rotation
of a 16QAM signal is still a 16QAM signal. With such phase
symmetry, an accidental π/2 phase jump due to the impact of
random noise or nonlinear phase noise could result in phase
jumps for many of the following symbols, causing a long burst
of errors.

Although differential coding/decoding is an effective method
to address this problem, it will result in about 0.5 dB to 1 dB sen-
sitivity penalty (depending on the chosen modulation format)
for a system using a high coding gain FEC. To remove the need
for differential coding and decoding and improve the receiver
sensitivity, a new training-assisted two-stage phase recovery
algorithm has recently been proposed and demonstrated [9].
This new algorithm could effectively mitigate the cyclic slip-
ping problem by using a relatively small training overhead
(around 2% or less). The functional block illustration of the
proposed phase recovery algorithm is shown in Fig. 10. For this
new method, training symbols that are known at the receiver
are periodically inserted into the data stream to assist in the
phase recovery. To reduce the training overhead, training sym-
bols are only sparsely inserted at the transmitter. At the receiver,
the received data is processed block by block, where each block
contains at least two training symbols. For each block of data,
first the average phase over this block is estimated by using
the inserted training symbols through, for an example, the well-
known ML based phase estimation method [33]. Second, each
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Fig. 11. Recovered carrier phases using two different algorithms: training –
assisted two-stage algorithm and single-stage BPS algorithm, for a 400G WDM
transmission experiment using a time-domain hybrid PDM-32–64QAM modu-
lation format.

block is divided into multiple groups, and then the phase of
each group is refined by using a BPS algorithm [30] over a
small phase-varying range that is centered at the average phase
estimated through the training symbols.

The validity of this new method has been verified by a 400
Gb/s experiment using a time-domain hybrid 32–64QAM mod-
ulation format [9]. This new algorithm is shown to be very robust
against cyclic phase slipping or phase jumping, as is shown in
Fig. 11, which displays the recovered carrier phases using two
different algorithms: the proposed training–assisted two-stage
algorithm and the conventional BPS are displayed for a back-
to-back measurement with OSNR = 24.2 dB (corresponding
to a bit-error-ratio of 2e-2 when using the training-assisted al-
gorithm). For the new algorithm, three training symbols are
introduced for every 128 symbols, and the training symbols are
uniformly distributed within each block. One can see that there
was no phase jump when using the proposed training-assisted
two-stage algorithm, whereas the phase-jump problem was se-
vere when using the conventional single-stage BPS algorithm
(due to low OSNR, non-ideal equalization, and imperfect sig-
nal constellation in this experiment), thus mandating the use of
differential coding.

In terms of laser phase noise tolerance, this new two-stage al-
gorithm is comparable to the single-stage BPS algorithm, but the
implementation complexity is much lower. The required train-
ing overhead can be further reduced by exploring joint phase
recovery over two orthogonal polarization states for current po-
larization multiplexed transmission systems or joint phase re-
covery over multiple spatial channels for future space division
multiplexed systems [34].

V. DIGITAL MITIGATION OF EQUALIZER ENHANCED PHASE

NOISE IMPAIRMENTS

The carrier phase recovery algorithms developed so far are
mostly optimized based on the additive Gaussian noise as-
sumption. The impact of a long-memory equalizer, such as the
1 × 1 chromatic dispersion (CD)-compensating filter and/or the
multi-input multi-output equalizer-based large inter-modal dis-
persion compensator (in few-mode fiber based space division
multiplexing systems), has not been considered in the design of
carrier phase recovery.

Fig. 12. Major receiver functional blocks for the conventional coherent re-
ceiver (a) and the proposed improved coherent receiver (b).

For the case with additive Gaussian noise, the phase noise
from the signal source and the LO have essentially similar sys-
tem impact, which can be minimized by using a fast single-tap-
based phase rotation equalizer, as is shown in Fig. 12(a). For
a coherent system using a long memory equalizer (assume to
be employed at the receiver side) to compensate for the fiber
dispersion, however, the impacts of signal and LO phase noise
become quite different, because the signal source experiences
both positive CD from the fiber and negative CD from the digi-
tal equalizer, but the LO only sees negative CD from the digital
equalizer. Due to the fact that CD can convert phase noise into
amplitude noise (and may also enhance phase noise), the im-
pact of LO phase noise becomes significantly more severe than
the signal source phase noise [35]–[37], and the additional am-
plitude distortion caused by a long-memory equalizer cannot
be mitigated by using conventional phase recovery algorithms.
It is also found that, the penalty from such an equalizer-phase
noise interaction (EPNI) increases with the symbol rate [36] and
can be a significant problem for future 400-Gb/s and beyond
systems operating at very high baud rate. To address this prob-
lem, a hardware-based laser phase noise compensation method
has recently been proposed [38]. However, this method is very
complex and costly, because it requires an additional coherent
receiver to measure the laser phase noise.

Here a purely DSP-based solution is proposed to address this
challenge. The basic idea is based on the following observations:
if the laser linewidth is small and signal baud rate is high,
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Fig. 13. Operational principle of the proposed EPNI mitigation method.

the amplitude and phase distortions caused by EPNI will be
highly-correlated over quite a few symbols (tens to hundreds
of symbols depending on the laser linewidth and the symbol
rate), and more over, such distortions can be modeled as the
result of a time-varying multi-tap linear filtering effect where,
although the filter coefficients change over time, over every
limited time block (consisting of tens to hundreds of symbols),
the filter coefficients can be well approximated as unvarying
constants. Thus, by replacing the commonly used fast-tracking
single-tap phase rotation equalizer with a fast-tracking multi-tap
linear equalizer, as is shown in Fig.12(b), both the amplitude and
phase distortion caused by EPNI can be mitigated.

Because laser phase noise typically varies 2 to 4 orders of
magnitude faster than the state of polarization change, the adap-
tion rate for the proposed EPNI mitigation equalizer should be
much faster than the regular polarization equalizer. Very fast
adaptation rate can be realized by using feed-forward-based
adaptation algorithms, for example, the classic block-by-block
least-squares (LS) based algorithms. To reduce the impact of
imperfect decision accuracy, multiple iterations may be applied
to each data block for filter coefficients update, as is shown in
Fig. 13. The initial decision is made based on performing pure
phase recovery over the current data block. But the initial de-
cision may also be made by applying the recovered phase of
the prior data block to the current data block or by directly ap-
plying the EPNI filter coefficients acquired from the prior data
block to the current data block (the starting phase or EPNI filter
coefficients can be obtained using a starting training sequence).
Because the block length cannot be too large due to the need
of rapid adaption and the time-varying nature of EPNI, the ac-
cumulated amplifier noise may degrade the performance of the
proposed EPNI equalizer. This problem may be alleviated by
joint optimization of the proposed EPNI filter over both polar-
izations, because the phase noises in X- and Y-polarizations are
usually correlated (typically they are from the same source).

The proposed new impairment mitigation method has been
numerically verified for a 7-channel 50 GHz-spaced 49Gbaud
PDM-16QAM system (operating at 392-Gb/s per channel bit

Fig. 14. Simulated BER performance vs. laser linewidth for a 7channel
49Gbaud PDM-16QAM WDM system (at 3dBm launch power and 2000 km
transmission of an ultra-large area fiber) with and without using the proposed
EPNI mitigation technology.

rate, with Nyquist pulse shaping using a roll off-factor of 0.01)
by using a block-by-block iterative LS algorithm. The trans-
mission link consists of 20 total spans composed of 100 km of
large area fiber (dispersion coefficient and fiber loss are assumed
to be 21 ps/nm/km and 0.18 dB/km, respectively) and EDFA-
only amplification (noise figure is assumed to be 5 dB). No in-
line optical dispersion compensation is used for this simulation.
For simplicity, polarization-mode dispersion and polarization-
dependent loss are not considered in this simulation. For the
laser sources, we assume that the signal source and the LO have
identical linewidth.

Fig. 14 shows the BER performance of the middle channel
(ch.4) versus the laser linewidth at the optimal signal launch
power 3 dBm/channel. The diamonds-shaped symbols give the
results using a conventional coherent receiver, where the phase
is tracked by using the previously described training-assisted
two-stage phase recovery algorithm. (The phase is firstly esti-
mated by using three training symbols that are uniformly dis-
tributed over every 128 symbols, and then the 128 symbols are
divided into four groups and the phase over each group is re-
fined by using a blind phase recovery algorithm [30] over a small
phase varying region.) The square-shaped symbols give the re-
sult using the proposed EPNI mitigation method, where a 5-tap
Ts−spaced (Ts denotes the symbol period) 1 × 1 linear equal-
izer operating with a block-by-block adaptive LS algorithm is
used for each polarization for simultaneous phase recovery and
additional EPNI distortion mitigation. For this study, the block
length is chosen to be 95 symbols (including 5 overlap symbols),
and two iterations are applied for each data block, where the ini-
tial decision for each data block is made based on the same phase
recovery algorithm used for the conventional coherent receiver
(i.e. for the diamond-shaped symbols).

The effectiveness of the proposed algorithm is evident from
Fig. 14. For a laser linewidth 0.8 MHz (a typical linewidth
for widely used DFB lasers), the new method improves the
Q performance by 1.35 dB by using only two iterations. As
we further increase the number of iterations, the performance
gain is small, as can be seen from Table I. It is interesting to
note that, even without laser phase noise, the introduction of a
five-tap EPNI equalizer improves the performance by 0.22 dB,
indicating that the proposed method also helps in mitigating fiber
nonlinear effects. To confirm this, we also simulated the results
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TABLE I
SIMULATED BER VERSUS NUMBER OF ITERATIONS (LASER LINEWIDTH =
0.8 MHZ) WHEN USING THE PROPOSED EPNI MITIGATION ALGORITHM

Fig. 15. Back-to-back performance comparison (OSNR = 23 dB) when using
the conventional one-tap filter-based phase recovery method and the proposed
multi-tap filter-based impairment mitigation method.

by switching off the fiber nonlinearity and found that the use of
EPNI mitigation equalizer does not improve the performance.
In fact, when the fiber nonlinearity is switched off, the use of
EPNI mitigation equalizer slightly degrades the performance
(BER = 2e – 5 versus BER = 1.8e – 5 when using the normal
phase recovery algorithm).

A similar result is observed in our back-to-back simulations,
as shown in Fig. 15. One can see that: 1) for conventional one-tap
filter-based phase recovery, increasing the laser linewidth from
0 to 0.8 MHz only results in a small performance degradation
when there is no EPNI effect; and 2) the use of the EPNI mit-
igation filter does not improve the performance when there are
no EPNI effects. The small performance degradation caused by
the EPNI mitigation filter when there are no EPNI effects (ap-
parent in Fig. 15) probably occurs because the block length of
95 symbols is not long enough for optimal estimates of the five
complex EPNI filter coefficients. (Note that the normal phase
recovery only needs to estimate one real filter coefficient, the
phase angle.)

VI. HIGH-SE 400 GB/S WDM EXPERIMENTS

A. 8.25 b/s/Hz, 3200 Km WDM Transmission [9]

By using PDM, time-domain hybrid 32–64QAM, close to
ideal Nyquist pulse shaping, training-assisted two-stage car-
rier phase recovery and both pre- and post-transmission digital
equalization, transmission of ten 494.85 Gbit/s DWDM sig-
nals on the standard 50 GHz ITU-T grid over 32×100 km
of ultra-large-area (ULA) fiber has been successfully demon-
strated. After excluding the 20% soft-decision FEC overhead,
a net transport SE of 8.25 b/s/Hz, and SE distance product of
26 400 km.b/s/Hz was achieved.

To overcome the limitation of available digital-to-analog
(D/A) converter bandwidth, five subcarriers were utilized to

Fig. 16. 50 GHz-spaced,10 × 494.85 Gbit/s DWDM transmission setup,

Fig. 17. Optical spectra measured prior to and after 3200 km transmission.

create the 494.85 Gb/s per-channel signal. The five frequency-
locked subcarriers were generated from a single laser source
by using two Mach-Zehnder modulators (MZMs), each driven
with a 9.9 GHz clock, and followed by either a 12.5/25 GHz
interleaver filter (ILF) or two cascaded 25/50 GHz ILFs, as
shown in [9]. The odd and even subcarriers were modulated
by two independent I/Q data modulators, each driven with a
Nyquist-shaped 9.7Gbaud pre-equalized time-domain hybrid
32–64QAM (SE = 5.1 bit/symbol) signal, having 215 pseu-
dorandom pattern length.

The recirculating-loop-based WDM transmission setup is
shown in Fig. 16, where each loop consists of four 100-km spans
of ULA fiber having, at 1550 nm, 135 um2 average Aeff and
0.179 dB/km average attenuation. The spans are configured for
all-Raman amplification, resulting in total span losses (fiber +
components) of between 19.7 and 20.1 dB. For each span,
counter-pumps at 1435 and 1455 nm with 310 and 650 mW,
respectively, provide an average of 17 dB on-off Raman gain,
while co-pumps at 1455 nm with 180 mW power provide an av-
erage of 3 dB on-off gain. After the last span, a loop-synchronous
polarization controller is followed by a wavelength-blocker-
based channel power equalizer.

The measured optical spectra prior to transmission and after
3200 km transmission are shown in Fig. 17(a) and (b), respec-
tively. The measured BERs of all the ten WDM channels after
3200 k transmissions are shown in Fig. 18. The recovered con-
stellation diagrams after 3200 k transmissions are also shown
as insets.
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Fig. 18. Measured BER of ten 494.85 Gb/s DWDM channels after 3200 km
transmission.

B. 4 b/s/Hz, 12 000 Km WDM Transmission [10]

Just recently, we reported a record-breaking 12 000 km trans-
mission of 100 GHz-spaced, 8 × 495 Gbits/s PDM QPSK-
8QAM DWDM signals over ULA fiber at a net SE of 4.125
bit/s/Hz (after excluding the 20% soft-decision FEC overhead).
Novel, improved carrier-phase recovery and equalization algo-
rithms and time-domain hybrid QAM were key enablers. Com-
pared to the prior 3200 km transmission of 495 Gb/s hybrid
32–64QAM signals, we gain 7.9 dB in OSNR sensitivity due
to QPSK-8QAM and ∼1 dB due to the larger effective area
(150 μm2) and lower loss of the ULA fiber. After 12 000 km
transmission, more than 1.5 dB Q margin was observed for all
the eight channels. The resulting SE·distance product is 49 500
(bit/s/Hz)·km.

For this experiment, ten subcarriers are utilized to create each
495 Gb/s per-channel signal, as shown in [10]. Two 49.8 GHz
spaced, narrow linewidth lasers are first combined and sent
through a MZM driven with a 9.9 GHz clock, followed by
an erbium-doped fiber amplifier (EDFA). After a 3 dB coupler,
four subcarriers result after the 12.5/25 GHz ILF. Six additional
subcarriers are generated by a second MZM also driven with
a 9.9 GHz clock, followed by two cascaded 25/50 GHz ILFs.
The two sets of subcarriers then are modulated by two indepen-
dent I/Q data modulators, each driven with a Nyquist-shaped
9.7Gbaud pre-equalized time-domain hybrid QPSK-8QAM
(SE = 2.5545 bit/symbol) signal, having 215 pseudorandom
pattern length.

The recirculating-loop based WDM transmission setup and
the measured WDM spectra can be found in [10]. The measured
BER of the middle channel vs. transmission reach is shown in
Fig. 19, where the received constellation diagrams after 6000,
12 000 and 15 200 km are also shown as insets. The measured
BER is still smaller than 2e-2 after 15 200 km transmission.

VII. CONCLUSION

We presented a systematic review of several advanced DSP
techniques that have been proposed and demonstrated for 400
Gb/s and beyond optical networks. We have shown that time-
domain hybrid QAM can be used to fine tune the spectral ef-
ficiency of the modulation format to optimize the transmis-
sion performance for specific channel bandwidth and FEC re-

Fig. 19. 100 GHz-spaced, 8 × 495 Gb/s DWDM transmission results: Mea-
sured BER of a center channel (1556.6 nm) vs. distance.

dundancy requirements. This technology also provides a new
means to build fine-granularity rate-adaptable optical transpon-
ders, which can be used to perform channel-by-channel capac-
ity/SE optimization to maximize the overall network capacity
(thus reducing the cost per transmitted bit) for a reach-diverse
network.

We showed that advanced digital spectral shaping technolo-
gies improves the performance of high-SE 400Gb/s-class trans-
mission systems, and aggressive Nyquist signaling allows us
to achieve spectrally efficient multiplexing without using opti-
cal filtering, and pre-transmission digital equalization performs
better than post-transmission equalization for fighting transmit-
ter side-band-limiting effects. Nyquist-pulse shaping and pre-
equalization, as well as dispersion precompensation, can be im-
plemented by a single digital spectral-shaping filter. However,
at the receiver side, Nyquist pulse shaping requires modified
clock recovery algorithms.

To increase the receiver sensitivity, we introduced a new
training-assisted two-stage carrier recovery algorithm. This al-
gorithm effectively mitigates the detrimental cycle slipping
problem, enabling up to 1 dB receiver sensitivity improvement
by removing the need for differential coding and decoding.

We also described a novel DSP-based method for mitigation
of equalizer-enhanced phase noise impairments. Through nu-
merical simulation we showed that the performance degradation
caused by the interaction between the long-memory dispersion-
compensating filter and LO phase noise can be effectively mit-
igated by replacing the commonly used fast single-tap phase
rotation equalizer (for typical carrier phase recovery) with a fast
multi-tap linear equalizer.

Finally, we presented a brief review of two high-SE 400 Gb/s-
class WDM transmission experiments recently demonstrated
and enabled by the use of advanced DSP techniques.
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