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Abstract: The first demonstration of a coherent receiver for undersea systems in 2008 was
performed with a channel bit rate of 40Gb/s. In less than 10 years, the channel capacity has
drastically increased to 100Gb/s, then to 200Gb/s, 400Gb/s and lastly up to 550Gb/s by increasing
baudrate, constellation complexity, improving FEC, mitigating nonlinear distortions… Increasing
channel bit rate is an indirect way to reduce cost per transported bit by sharing the keys elements
of a transponder such as modulator, driver, coherent receiver and ASIC among a greater number
of bits. The technologies used to reach 550Gb/s per wavelength over transoceanic distances will
be described, and a tentative forecast of future channel rate will be discussed.
Although increasing channel spectral efficiency has been the essential means to sustain capacity
growth from 2008, this metric tends to saturate as it approaches closer and closer to its upper
bound defined by the Shannon limit. Therefore, other directions have recently been explored to
further increase the system capacity of submarine cables. Increasing cable capacity can be done
with SDM1 technology by increasing fiber count per cable. While typical fiber count in a cable
was often limited around 4 to 5 fiber pairs, this number has now been significantly increased to 8,
12 and even more. The benefit of increasing fiber pairs per cable in a constrained power undersea
system will be described. In addition, scaling the number of fiber pairs per cable, another research
direction to maximize cable capacity can be pursued. Erbium doped fiber amplifiers (EDFA) are
extremely efficient, provide excellent performance and reliability and have been deployed in
submarine systems for almost 25 years. Still, very little progress has been made in the past 20
years and the first demonstration of C+L gain flattened EDFAs for high capacity transmission.
Optical bandwidth of EDFAs operating in C-Band is limited around 40nm, while C+L band
systems exhibits optical bandwidth around 70nm. Recently, ultra-wideband (UWB) transmission
systems based on semiconductor optical amplifiers (SOA) have been reported, with optical
bandwidth larger than 100nm. We will discuss the potential impact of such technology for long
distance undersea systems.
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There is a clear trend in the industry to
increase the per-channel bit rate of
polarization division multiplexed and
wavelength division multiplexed (PDMWDM) coherent transmission systems. The
main drive for this trend is coping with the
ever-increasing throughput requirements
while curbing the cost per bit via reducing the
component count. The feasible bit rate per
wavelength
of
single-carrier
(SC)

Copyright © SubOptic2019

transceivers over transoceanic distances has
been dramatically increased from 40 Gb/s
(0.8 b/s/Hz) in 2008 to 400 Gb/s (6 b/s/Hz)
in 2014 [1-5] thanks to the introduction of
several techniques, such as spectrum shaping
and high order constellations with advanced
signal processing techniques. Dramatic
improvements in forward error correction
(FEC) codes enabled the passing from hard
decision codes using 7% overhead to
multiple advanced soft decision codes with
much higher overheads and net coding gains
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[6]. Nonlinear compensation algorithms have
also been proposed to mitigate fiber
nonlinear impairments in next generation
spectrally efficient advanced transponders
[7].
Recently, capacity-achieving constellations
together with low-complexity bit-interleaved
coded modulation (BICM) have been
introduced
to
coherent
fiber-optic
transmission systems [8,9]. Particularly,
probabilistic constellation shaping (PCS) has
attracted much attention. In 2018, employing
PCS-64QAM, we demonstrated new perchannel
transmission
records
over
transoceanic distances with single carrier
(SC) transport of 560 Gb/s and 430 Gb/s at
75 GHz spacing (7.33 b/s/Hz and 5.73 b/s/Hz
resp.) over 6,600 km and 13,200 km
respectively [10]. In this experiment the SC
transceiver design in this work is done in two
steps. First, we optimize the modulation
format according to the signal-to-noise ratio
(SNR) region of interest, corresponding to
~12 dB for 6,600 km transmission and to ~9
dB for 13,200 km. Second, we optimize the
SC symbol-rate. After the transceiver design
is done, we perform SC transmission
measurements. The PCS-QAM is a
technique to approach the linear Shannon
capacity by modifying the a priori
probability of occurrence of the points of
standard square QAM constellations. In
order to minimize the gap to capacity, the
probability mass function (PMF) of the
constellation points is set according to a
discrete Maxwell-Boltzmann distribution
adapted to the target SNR. Fig. 1-a)
illustrates the theoretical achievable
information rates (AIR) in solid lines, and the
achievable AIRs after applying spatiallycoupled low density parity check (SCLDPC) forward error correcting (FEC) codes
[11] in dashed lines, of the two custom
shaped constellations designed for this work.
The source entropies which minimize the gap
to capacity considering FEC implementation
penalties are found to be 4.9 b/symb/pol for
6,600 km, and 4.3 b/symb/pol for 13,200 km.
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The latter is called truncated PCS-64QAM in
this work and is labelled as TPCS-64QAM
[12] since in this case the negligible
outermost PMF tap is forced to zero to reduce
the peak-to-average power ratio. Fig. 1-a) is
generated by running a Monte Carlo back-toback (B2B) simulation per SNR point. Solid
line curves are then calculated based on the
resulting theoretical generalized mutual
information (GMI), whereas the dashed line
curves are calculated by decoding the
simulated waveforms by a family of SCLDPC FEC decoders with rate resolution of
0.01 [11]. After designing the modulation
formats, we optimize the symbol-rate. Fig. 1b) shows the experimental and ideal AIRs as
a function of symbol-rate. We observed that
for our 88 Gsamples/s DAC, the SC symbolrate that maximizes the AIR is 74 GBd.
While the ideal AIR linearly increases with
symbol-rate,
practical
implementation
penalties coming from TX impairments also
increase with symbol-rate such that the
performance is degraded beyond 74 GBd.
Having optimized the modulation formats
and symbol-rate, we proceed to perform
transmission measurements. The WDM
signal was composed of three rails: one test
group consisting of a single tuneable laser
source (TLS), one loading group consisting
on 7 TLS, and a final group consisting of 8
distributed feedback lasers (DFB). Using a
reconfigurable wavelength selective switch
(WSS), the test group was inserted inside the
TLS loading group, which was at the same
time placed amid the DFB loading group.
Fig. 2a illustrates the WDM spectrum of the
transmitted signal used in SC measurements.
Each group was modulated by a dedicated
DAC programmed with a different random
sequence. Throughout this work, we have
used root-raised cosine pulse shapes with
roll-off 0.01. The single-wavelength TLS test
channel and the 7-wavelength TLS loading
group were modulated with 74 GBd signals
spaced at 75 GHz, while the 8-wavelength
DFB loading channels surrounding the TLS
sources were modulated by 49 GBd signals

Page 2 of 8

at 50 GHz. The total WDM transmission
bandwidth was 1 THz as shown in Fig. 2-a).

a)

b)
Figure 1: a) achievable information rates
(AIR) of the two shaped constellations
designed for this work, and b) symbol
rate optimization for single-carrier 6,600
km transmission.
The transmission testbed used in this work is
the same as [11] but only using C-band
EDFAs. It consisted of a recirculation loop
composed of 12 spans of 55 km of large
effective area fibers (150 µm²). At the output
of the recirculation loop, the signal was input
on a polarization-diverse coherent receiver,
and was sampled and recorded by a 70 GHz
scope operating at 200 GSamples/s. The test
channel was swept across the loading TLS
wavelengths, leading to 8 measured
wavelengths channels. Each channel was
measured 5 times. The recorded waveforms
were processed off-line as described in [11].
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The digital signal processing consisted of
either chromatic dispersion compensation or
single-channel digital backpropagation
(DBP) with power adaptation to mitigate
nonlinear impairments, followed by pilotassisted multi-modulus polarization demultiplexing, carrier frequency and phase
recovery and least-mean square symbolspaced blind equalization. We used 1% pilots
for polarization demultiplexing and for
cycle-slip removal. Finally, the received
symbols were processed by the family of the
SC-LDPC decoders, and the maximum code
rate resulting in error free transmission was
determined for each channel.
Fig. 2-b) shows the five SNR values per
channel acquisition (circles), the average
theoretical AIR (squares) based on the GMI,
and the actual AIR achieved after FEC
decoding (diamonds) for SC transmission
over 6,600 km. All channels transport more
than 560 Gb/s net bit rate. Fig. 2-c) now
illustrates similar results while transmitting
over 13,200 km. In this case all channels
transport more than 430 Gb/s net bit rate. We
have thus demonstrated the following new
channel-rate transmission records for
transoceanic coherent WDM systems:
single-carrier 560 Gb/s, over 6,600 km, and
430 Gb/s over 13,200 km. These records are
achieved thanks to cutting-edge CMOS
DACs’ technology and wideband receivers,
optimum transceiver design leveraging
probabilistic constellation shaped 64QAM
and digital nonlinear compensation.
As seen in such experiments, the
performance of practical coherent systems
tends to approach fundamental limits.
Therefore, further improvement of system
capacity via channel coding innovations is
increasingly challenging. And it comes with
diminishing returns, as the spectral
efficiency scales logarithmically with the
SNR as expressed below by the Shannon
capacity for dual polarization transmission
systems:
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C = 2.M.B.log2(1+SNR)
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Figure 2: a) Single-carrier transmitted WDM spectrum, b) single-carrier results over 6,600 km
with DBP, c) single-carrier results over 13,200 km with DBP.
with M and B being the number of spatial
transmission link [16].
paths and the optical bandwidth respectively.
For the development of undersea
Fig. 3-a) shows the predicted capacity of
transmission systems, this formula clearly
fully loaded (100x50GHz) PCS-64QAM
indicates that multiplexing techniques
submarine systems made of 120 spans of 55
represented by the pre-log factors are best
km (6600 km) based on SMF as a function of
suited to further increase the capacity of
the total optical power available in the cable.
undersea systems.
Two types of SMF are considered: in yellow
low loss () large effective area (LEA,
2. SDM1 TECHNOLOGY
0.15dB/km and 150µm²) fiber, and in grey
standard single mode fiber (SSMF,
Spatial division multiplexing (SDM) has
0.18dB/km and 80µm²). To ease comparison,
attracted much attention over the past few
the capacity is normalized to the maximum
years significantly increasing the capacity
capacity
predicted
by
numerical
beyond what single mode fibers (SMF) can
computations for the LEA fiber. For N LEA
offer. The use of multi-mode fibers (MMF),
fibers in one cable, the maximum normalized
multi-core fibers (MCF) or multi-core/multicapacity (equal to 1 here) is obtained at the
mode fibers has been extensively
so-called optimum launched power Po,
investigated as a solution to meet the future
providing the best trade-off between ASE
demand for capacity growth [13-15].
noise and nonlinearities. As a comparison, N
Another solution, named SDM1 by ASN,
SSMF in one cable operated at Po would
consists of increasing the integration density
provide a normalized capacity of 0.75. This
of single mode fibers into submarine cables,
graph also shows that doubling the
leveraging the high industrial maturity of
integration density of LEA fibers in
SMF based cables with respect to MMF or
submarine cables and spreading the available
MCF. While increasing the number of SMF
power Po between the 2N fibers immediately
pairs per cable, operating a high number of
leads to a capacity increase of the system up
them in parallel naturally raises the issue of
to 1.84. It can be also noticed that with 2N
power limitation in undersea systems, where
LEA fibers, the capacity of 1 can be achieved
power is supplied from the shore. Hence, the
by reducing optical power by about 6 dB.
maximum attainable power to be delivered to
Another option offered by higher integration
the optical amplifiers is limited due to shoredensity in submarine cables is the possibility
end maximum voltage limits [8]. This
to significantly reduce the overall cost of the
practical limit modifies the optimization of
system by substituting the expensive low loss
the wet plant as maximizing the total
large effective area fibers by standard SMF.
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As illustrated in Fig. 3-a), the use of 2N
SSMF per cable operated at Po would yield a
normalized capacity of 1.5. As a
consequence, as illustrated in Fig. 3-b), high
integration density of standard SMF in
submarine cables (as enabled by SDM1
technology) appears very attractive in
achieving cost efficient Pb/s undersea
systems in the near future.

a)

b)

Figure 3: a) Normalized cable capacity
versus optical power per cable after 6600
km, and b) foreseen evolution of
submarine cable throughput vs time.
3. ULTRA-WIDEBAND SYSTEMS
An orthogonal direction for the development
of future transmission systems is to further
increase the bandwidth of the optical
amplifiers. Recently SOA have been
demonstrated to exhibit more than 100 nm
operation bandwidth under custom design
[17]. The use of SOAs as WDM line
amplifiers was ruled out during the past two
decades, mainly because of their poor
performance compared to EDFAs in terms of
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noise figure and signal distortions induced by
SOA nonlinearity. However, this paradigm is
now being shifted because on the one hand
the capacity of C-band single-mode EDFAbased systems is limited by their ~4.5THz
bandwidth, and on the other hand ultrawideband (UWB) SOAs for in-line
amplification are now feasible. Combining
these novel extended-bandwidth SOAs with
the most recent advances in DSP and
powerful
flexible
rate
approaches
(modulation formats and forward error
correction (FEC) coding), together with the
rigorous theory of signal propagation in
SOA-amplified multi-span coherent WDM
systems, significant improvements in the net
throughput of the coherent WDM systems
may be obtained [18]. We report in the
following on the perspectives provided by a
novel 100+ nm wide optical amplifier based
on SOA technology. We review the
characteristics of such a device as required
for future UWB WDM transmission systems,
and the first demonstration of 100+nm wide
optical system over a 100 km-long span
enabling a total throughput of 115Tb/s.
Based
on
semiconductor
optical
amplification, we recently developed
100+nm UWB optical amplifiers tailored for
WDM transmission systems. Fig. 4-a) shows
typical amplified spontaneous emission
(ASE) noise spectrum obtained with these
novel devices. As a comparison, we also
plotted the ASE noise spectrum from a
standard EDFA, with a 3-dB bandwidth of
about 35 nm. Our novel device exhibits a 3dB optical bandwidth around 105 nm, three
times the bandwidth of the EDFA. Fig. 4-b)
now shows typical gain and noise figure. On
the left axis, circles show the UWB amplifier
gain for wavelengths ranging from 1508nm
up to 1611nm. The novel 100+nm wide
amplifier exhibits a gain varying from
16.5dB (for shorter and longer wavelengths)
up to 19.8dB around 1550nm. On the right
axis, the measured small signal noise figure
(diamonds) indicates values as low as 5.5 dB
for longest wavelengths, which is a
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remarkable result for packaged SOA
reaching the best reported values in the
literature. The noise figure increases towards
the shortest wavelengths up to almost 8 dB,
which is mainly attributed to worsened
population inversion for higher energy
levels. Improvements of noise figure at the
shortest wavelengths may be expected
through further design optimization of the
SOA.

Fig. 4-c) shows the total output power versus
input power for different driving currents
ranging from 1.4 to 3A. The inset in this
figure shows the packaged device including
a Peltier cooler. In fig. 4-c), the output power
is well above 20 dBm for all driving currents
when an input power of 0 dBm or more is
injected in the UWB amplifier. Such a high
output power is also a remarkable result for
packaged SOA devices, enabling their use
for WDM optical transmission systems.
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Figure 5: a) Transmitted 100+nm
seamless optical signal and b) net channel
bit rates after 100 km transmission, with
total throughput of 115.9 Tb/s.

c)

Figure 4: a) ASE noise spectrum of UWB
SOA-based amplifier compared with
standard EDFA noise spectrum, b) gain
(left) and noise figure (right)
characteristics versus wavelength; and c)
output power versus input power.
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Using such novel UWB amplifiers, we
demonstrated the first seamless 100+nm
ultra-wideband WDM system using lumped
amplification over a 100 km-long span
enabling a total throughput of 115Tb/s. We
generated a 100+nm wide optical spectrum
by combining amplified spontaneous
emission (ASE) noise sources and modulated
laser channels, as shown in Fig. 5-a), and we
successfully transmitted 250 channels spaced
by 50GHz and modulated with PCS64QAM. The link was composed of 100 km
of pure silica core fibre with an effective area
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of 110 µm². We performed experimental
measurements of the performance of our
ultrawide transmission system by sweeping
the wavelength of the test channel over all the
250 channels ranging from 1507.63 to
1608.33 nm. All PCS-64QAM channels were
decoded using 11 members of a family of
SC-LDPC codes with rates between 0.8 and
0.91. For each wavelength, the maximum
rate resulting in error-free FEC decoding was
found. Circles in Fig. 5-b) show the
maximum net throughput for each of the 250
channels, leading to a total throughput of
115.9 Tb/s.
4. CONCLUSION
Transmission capacity of undersea systems
has dramatically increased over the last
decade, leveraging the introduction of
coherent technology to significantly increase
the spectral efficiency in the available
transmission bandwidth in submarine cables.
However further improvement of spectral
efficiency via channel coding innovations is
increasingly challenging as the performance
of coherent systems approaches fundamental
limits. In that context, we discussed in this
paper approaches to further reduce the cost
per bit and to increase the capacity of future
undersea systems. Firstly, pushing optoelectronics to its limits in terms of bandwidth
and speed, together with innovative digital
signal processing to mitigate transmission
impairments. This is a clear drive to curb the
cost per bit via reducing the component count
in the terminals. Then, improving the
integration density of SMF in submarine
cables is strategic to sustaining the capacity
growth in the wet plant while remaining cost
efficient. By being able to increase the spatial
light paths made of standard SMF, the SDM1
approach enables a flexible optimization
between transmission capacity and cost of a
submarine cable. Tripling the optical
bandwidth of SMF systems is another
approach to further increase the capacity in
undersea systems, although research efforts
are still required to improve the performance
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of ultra-wideband systems based on SOA to
match the requirements of undersea systems.
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