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The influence of the nonlinear propagation effect on three 400 Gb/s/ch (400G) optical fiber communication
systems with typical modulation formats, dual-carrier 16-quadrature amplitude modulation (16QAM),
single-carrier 16QAM (single-16QAM), and four-carrier quadrature phase-shift keying, are investigated. The
received optical signal-to-noise ratio (OSNR), affected by the nonlinear interference noise together with the
amplified spontaneous emission noise, are compared with three 400G systems and a standard 100 Gb/s/ch
system by numerical simulations. Both single channel and multichannel cases are considered. Single-16QQAM
is found to have the best OSNR among those modulation formats.
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Benefitting from complex modulation formats and digital
signal processors (DSPs), coherent optical communication
has achieved 100 Gb/s/ch (100G) in last a few years, and
researchers are working towards 400 Gb/s/ch (400G) in
field trials and 1 Th/s/ch in the laboratory now™¥. For
100G systems, the consensus on the modulation format
has been reached: polarization-multiplexed quadrature
phase-shift keying (PM-QPSK)Z¥. For 400G systems,
there are mainly three methods to achieve that bit rate,
and many researchers have done studies about this22Y.
The first way is to speed up the symbol rate, e.g., achieving
400G signals based on 128.8-GBaud PM-QPSK™X, The
second way is to introduce higher-order modulation for-
mats like PM-8\16\32-quadrature amplitude modulation
(QAM) and even 64QAM™, The last way is to increase
the subcarrier number of one channel using techniques like
orthogonal frequency division multiplexing (OFDM)Z2,
At present, there is no common standard for the modula-
tion formats of 400G systems. Four-carrier QPSK (four-
QPSK), dual-carrier 16QAM (dual-16QAM), and single-

compare the OSNRs of the single-channel case and the
wavelength division multiplexing (WDM) system case.
The differences between the signal qualities of a 100G
system and three 400G systems are discussed. We point
out the advantages of the modulation formats of 400G
over that of 100G and which one of the 400G modulation
format has the best OSNR in systems affected by ASE and
NLI noises.

Table 1 summarizes the modulation formats considered
in this Letter, and Fig. 1 shows the abridged general view
of two modulation formats of 400G. Figure 1(a) shows
dual-16QQAM, which has two subcarriers in each
channel and a 16QAM constellation diagram of the signal.
Figure 1(b) shows four-QPSK, which has four subcarriers
in each channel and a QPSK constellation diagram of the
signal. The 400G single-16QAM system and 100G system

Table 1. Parameters of Modulation Formats

carrier 16QAM (single-16QAM)22Y are three of the most Bit Rate 100G 400C 400G 400G

possible strategies for 400G system in the next generation (Gb/s/ch)

eIt of experimental imestigations about the perfor,  Modulation  QPSK Dual: - Four  Single

mance of 400G systems™>2): however, few works think format L6QAM —QPSK  16QAM

about how noises influence 400G signals, especially, and Subcarrier 1 2 4 1

few works have compared the noises of 400G systems with ~ number

different modulation formats. Channel span 50 75 150 75
In this Letter, we analyze the influences of nonlinear in-  (GHz)

terference (NLI) noise and amplified spontaneous emission Symbol rate 25 25 25 50

(ASE) noise on the optical signal-to-noise ratio (OSNR) of (Gbaud)

400G systems. To figure out how seriously ASE and NLI L

noises degrade signal quality, we record the data of the Polarization 2 2 2 2

OSNRs of the received signals in different cases. We also number
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Fig. 1. Spectrum and constellation diagram of 400G with
25 Gsymbol/s. (a) dual-16QAM and (b) four-QPSK.

both have only one subcarrier in each channel. The con-
stellation diagram of the 400G single-16QQAM is the same
as that in Fig. 1(a), and the constellation diagram of the
100G system is the same as that in Fig. 1(b).

Figure 2 shows the setup of the simulation. 2!-1
pseudo-random binary codes are generated, which drive
a Mach—Zehnder modulator to obtain the input optical
signal. The parameters of the transmission fiber are listed
in Table 2. An erbium-doped fiber amplifier (EDFA) is
used to fully compensate the power loss of the signal at
the end of each fiber span, inducing ASE noise at the same
time. The split-step Fourier method is used to simulate the
fiber links. The OSNR is calculated according to the differ-
ential resolution bandwidth discrimination approach2y.
The NLI in our simulations only considers the nonlinear
optical Kerr effect, including self-phase modulation
(SPM), cross-phase modulation (XPM), and four-wave
mixing (FWM).

:

Fig. 2. Setup of simulation. SSMF: standard single-mode fiber,
OSA: optical spectrum analyzer.

Table 2. Fiber Parameters

Span length (km) 100
Nonlinear index coefficient 2.6 x 10720
Core area (m?) 80 x 10710
Loss (dB/km) 0.2
D (ps/(nm - km)) 17

In the simulation of the transmitter, unless otherwise
specified, for all four systems, the direct output powers
of each laser before modulation (we call it the input chan-
nel power in the following text) are the same, no matter
how many subcarriers there are. We note that the same
input channel power does not imply the same average
signal power in the fibers because the modulation losses
are different for different modulation formats. For exam-
ple, the modulation loss of 16QQAM is slightly larger than
that of QPSK because there is amplitude modulation
in 16QAM.

We compare the performances of the 100G system and
three 400G systems with a single channel. Figure 3 shows
how the signal OSNR changes along with the input power
after signal propagates for 5 fiber spans. For a system with
a single channel, when the input power is so low the ASE
noise is much larger than the NLI noise, the OSNRs of the
four systems are linearly proportional to the input powers.
In addition, we find the single-16QAM system is better
than the dual-16QAM system and 100G is better than
four-QPSK. Under the influence of ASE noise, more
subcarriers mean a worse OSNR, because the input power
is the sum of all the subcarriers’ powers.

When the input power is high enough, the OSNRs of all
the systems decrease with the increase of the input power
due to the NLI noise. Single-16QAM is the best, while
100G is the worst one among the four systems. For the
single-channel case, 100G is the most easily affected by
NLI noise, and it has the fastest drop speed of the OSNR,
as the input power increases. The subcarrier and constel-
lation diagram will lower the signal power, so the SPM
decreases, but the subcarrier will increase the XPM and
FWM. So single-16QAM has the best OSNR due to the
lower signal power for the constellation diagram, and
there are no XPM and FWM effects among the subcar-
riers. It is the last one whose signal OSNR starts to
decrease, and it shows the best OSNR. Dual-16QQAM, sim-
ilar to four-QPSK, is not the best, but it is not the worst.
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Fig. 3. Signal OSNR versus input power of the 100G single chan-
nel system and the three 400G single-channel systems, consider-
ing both ASE and NLI noises in uncompensated links with 5 fiber
spans.
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In later sections, WDM systems are considered. In the
simulations, all systems keep the same bit rate at 1.2 Th/s.
There are three channels for 400G systems and twelve
channels for 100G system, and all the systems’ channel
powers are same. Figure 4 plots signal the OSNRs after
5 fiber spans of the 100G system and three 400G systems
under the effects of different noise.

Figure 4(a) shows the trend of the signal OSNR versus
the input channel power, where only ASE noise affects the
signal quality. The conclusions draw from this figure are
the same as in the case of the single channel with low
input power.
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Fig. 4. Signal OSNRs of the 100G system and the three 400G
systems with different noises considered. (a) ASE noise only,
(b) NLI noise only, and (c) both ASE and NLI noises. The total
bit rates are 1.2 Th/s for all four systems.

When only NLI noise is considered, the trend of the
signal OSNR versus the input channel power is shown
in Fig. 4(b). From this figure, it is also apparent that the
OSNR is inversely proportional to the input power and
the slope is —2, since the power of the NLI noise is the cube
of the input power. The 100G system has the worst signal
OSNR, as shown in Fig. 4(b). Among 400G systems,
four-QPSK is the worst, dual-16QQAM is better than
four-QPSK, and single-16QAM is the best. This can be
explained by the following reason: more subcarriers result
in more serious XPM and FWM. Besides, the signal power
after the modulation of QPSK is slightly higher than that
of 16QAM. Therefore, four-QPSK is the worst in these
400G systems, while single-16QAM is the best.

The case with both ASE and NLI noises is plotted in
Fig. 4(c). Under the actions of ASE and NLI noises,
single-16QAM keeps the best signal quality in the 400G
systems, followed by dual-16QAM; four-QPSK is the
worst. With the increase of the input power, the OSNRs
of all 400G systems increase at first but then decrease after
reaching a threshold power. As mentioned before, when
the ASE noise dominating the NLI noise, we can say the
100G system and single-16QQAM perform better than the
others because of their single-subcarrier modulation for-
mat. However, when they face NLI noise, things change.
The 100G system is the worst one due to its large number
of channels, which it needs to achieve the same bit rate as
the 400G systems, while single-16QAM is still the best
performer. This proves single-16QQAM has the lowest NLI
noise power.

Compared with the single-channel case, all threshold
powers (the powers where the curves change their direc-
tions) decrease when there are multiple channels. In the
single-channel case (Fig. 3), the OSNR of dual-16QAM
is lower than that of four-QPSK at a high input power,
and this means the NLI noise in dual-16QQAM is more seri-
ous. However, in the WDM case [Figs. 4(b) and 4(c)], we
find that the effect of the NLI noise on four-QPSK is larger
than that on dual-16QQAM, which is opposite to the single-
channel case. This can be interpreted as follows: the SPM
is the main NLI effect in the single-channel case, but XPM
and FWM are the main NLI effects in the WDM system.
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Fig. 5. Signal OSNR of 400G systems with the ASE and NLI
noises versus (a) the input channel power and (b) the average
signal power in the fiber. The total bit rates are 2.4 Th/s for
all three systems.
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To confirm the conclusions above for 400G systems, sys-
tems with more WDM channels are compared, as shown in
Fig. 5(a). Moreover, 400G systems with the same average
signal power in the fiber, instead of the input channel
power, are compared in Fig. 5(b). From Fig. 5(a), one
can find that these curves have the same trend as those
of the 3-channel 400G systems shown in Fig. 4(c). The
curves in Fig. 5(b) also have the similar trend as those
in Fig. 5(a). Therefore, from Fig. 5, we can draw the same
conclusions as those from Fig. 4.

If a system achieves its best signal OSNR at a threshold
input power [Fig. 4(c)], this threshold power is referred to
as the optimal input power here. Figure 6 shows how the
OSNR changes along with the fiber spans under the effects
of both ASE and NLI noises in uncompensated links, with
the optimal input power of each system obtained from
Fig. 4(c). From Fig. 6, we can see the maximum reachable
distance of each system at a specific OSNR limitation. For
the same OSNR limitation, the signal of single-16QAM
can propagate the longest distance in those WDM sys-
tems, followed by dual-16QAM, four-QPSK, and 100G,
in that order. It should be noted that for a demanded
bit error rate (BER), the requirements for the receiver
OSNR (OSNR margin) are different for those modulation
formats. This OSNR margin is determined by the relation
between the BER and the OSNR, which can be evaluated
roughly by the formula derived in Refs. [25,26]. In general,
single-16QAM has the highest OSNR margin, followed by
dual-16QAM, four-QPSK, and 100G. So, when consider-
ing the same BER limitation, the conclusion for the maxi-
mum reachable distances may vary.

In the simulations above, the input channel powers are
kept the same for all four systems, no matter how many
subcarriers there are. Here we consider another case,
where the subcarrier powers are same for all modulation
formats. Figure 7 shows the trend of the signal OSNR after
5 fiber spans versus the input subcarrier powers, which
are kept the same for all systems. Just like the trend in
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Fig. 6. Signal OSNRs versus the fiber span number of the 100G
system and the three 400G systems with both ASE and NLI
noises in uncompensated links. The input power of each system
is optimized to get the maximum OSNR [as shown in Fig. 4(c)].
The total bit rates are 1.2 Th/s for all four systems.
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Fig. 7. Signal OSNRs of the 100G system and the three 400G
systems versus the subcarrier power. The total bit rates are
1.2 Tb/s for all four systems.

Fig. 4(c), with the increase of power, the OSNR of each
system increases at first and then decreases after a thresh-
old power. For single-subcarrier formats (single-16QQAM
and 100G), the data in Fig. 7 are the same as those in
Fig. 4(c). For the multicarrier modulation formats
(four-QPSK and dual-16QAM), the channel power is
higher; thus, the OSNRs of the two formats in Fig. 7
increase about 3 and 6 dB higher than the OSNRs in
Fig. 4(c), respectively, when the power is low. Also, no
matter how many subcarriers there are, the signal power
in the spectral domain is same for the formats with the
same constellation diagram. So in the low input power
area in Fig. 7, we can see the coincidence of the OSNRs
for the formats with the same constellation modulation.
But what we need to worry about is that the multisubcar-
rier in this case means a higher total power, which would
lead to a more serious NLI effect, and so we find that both
dual-16QAM and four-QPSK start to decrease the OSNR
earlier when compared with Fig 4(c).

In conclusion, the influences of NLI and ASE noises on
the received OSNRs of a 100G system and three 400G sys-
tems with typical modulation formats are investigated and
compared. We find that 100G has the best OSNR with the
effect of ASE noise only, while dual-16QQAM and four-
QPSK are the worst. When considering the effect of NLI
noise, single-16QAM has the best OSNR among all the
three 400G modulation formats. Under the conditions of
the same bit rate and input channel power, 100G is the
worst. For the single-channel case and the WDM case,
the results are different when compared with the OSNRs
of dual-16QAM and four-QPSK. We attribute this to
the fact that the main NLI noise for dual-16QAM and
four-QPSK is SPM in the single-channel case, but in the
WDM systems, XPM and FWM become important.
Furthermore, we conclude that single-16QAM does better
than the others, followed by dual-16QAM, then four-
QPSK, and 100G at the same OSNR limitation and total
bit rate on the maximum reachable distance with the
effects of ASE and NLI noises for the WDM system case.
More simulations with different system parameters give
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similar conclusions. It should be noted that the overall
performances of coherent communication systems with dif-
ferent modulation formats depends on not only the magni-
tude of the noise, but other factors, e.g., the endurance of
the modulation formats when exposed to noise, and the
OSNR margin for a specific BER. More investigations
about modulation formats for 400G are required in the
future.

This work was supported by the National Key Scientific
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China under Grant No. 2014YQ510403.
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