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Abstract: Ultra-wideband (UWB) wavelength division multiplexing (WDM) transmission, which
utilizes low-loss spectral windows of single-mode fiber for data transmission, is a highly promising
method for increasing the capacity of optical communication. In this paper, we investigate the
performance of a UWB WDM transmission system that covers the widely used C+L band as well as
the additional O-, E-, and S-bands. We establish the transmission system for UWB and discuss the
effects of the channel, including Kerr nonlinearity and inter-channel interference from inter-channel
stimulated Raman scattering (ISRS) between O-, E-, S-, C-, and L-bands. Moreover, we demonstrate
an optimization scheme for compensating the spectral power tilt caused by SRS in the S+C+L band
system, which utilizes the Raman amplifier and the partition particle swarm optimization (PPSO)
algorithm. The results show that the power tilt value of the algorithm is reduced from 18 to 2.93 dB,
and the iteration speed is improved by 10% compared with the normal particle swarm algorithm. The
scheme provides an efficient way to improve the generalized mutual information (GMI) performance
of UWB WDM systems.

Keywords: optical communication; partition particle swarm optimization; inter-channel stimulated
Raman scattering; ultra-wideband; wavelength division multiplexing

1. Introduction

Recently, the demand for higher capacity backbone networks, data centers, and optical
access networks has increased dramatically due to the popularity of 5G mobile communi-
cations and the transformation of online services driven by the impact of COVID-19 [1,2].
Currently, the transmission capacity of single-mode optical fiber has reached 100 Tbits/s [3],
which is close to the capacity limit of single-mode optical fiber transmission systems. The
contradiction between the lack of growth in fiber optic transmission capacity and the band-
width requirements of internet services will lead to a “capacity crunch”. To expand the
transmission capacity of coherent fiber optic communication systems, two available options
are being investigated: space division multiplexing (SDM) and ultra-wideband (UWB)
wavelength division multiplexing (WDM). For SDM, specialty fibers, such as multi-core
fiber (MCF), few-mode fiber (FMF), and ring-core fiber (RCF) have been developed to
enable multiplexing in several space and mode degrees of freedom [4-8]. This implies the
deployment of new types of fibers and further research on transceivers and amplifiers for
SDM. On the other hand, UWB WDM transmission is a technology that increases transmis-
sion capacity by extending the operating wavelength range of optical transmission systems
to the entire low-loss spectral window of single-mode quartz fiber, i.e., O-, E-, S-, C-, L-,
and U-bands [9]. By introducing transceivers and low-noise optical amplifiers that cover a
wide wavelength range other than the Erbium-doped fiber amplifier (EDFA), a significant
increase in fiber transmission capacity can be achieved without the need to redeploy the

Photonics 2023, 10, 530. https:/ /doi.org/10.3390/photonics10050530

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10050530
https://doi.org/10.3390/photonics10050530
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-0426-0710
https://orcid.org/0000-0003-0506-1059
https://orcid.org/0000-0001-6032-4558
https://orcid.org/0000-0003-1884-5530
https://orcid.org/0000-0003-4797-2184
https://doi.org/10.3390/photonics10050530
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10050530?type=check_update&version=2

Photonics 2023, 10, 530

20f19

fiber transmission. This provides a practical solution for addressing the near-term “capacity
crunch”.

Many studies have demonstrated UWB transmission experiments and systems be-
yond the C+L band (see Table 1). The first WDM optical transmission experiment with
250 wavelength channels of 12.7 THz with SOA has been demonstrated; a net throughput
of 115.9 Tb/s is transmitted over a 100 km SSMF with 49 GBaud probabilistic constellation
shaping (PCS) of 64-ary quadrature amplitude modulation (QAM) [10]. In [11], a 45 GBaud
polarization division multiplexing (PDM) 128QAM signal was used to achieve a record
capacity of 150.3 Tb/s of a low water peak fiber (LWPF) transmission over 40 km with
13.6 THz UWB, and an amplification scheme of EDFA and TDFA was adopted. In [12], hy-
brid distributed Raman/Doped fiber amplifiers were used to demonstrate the transmission
of 660 x 25 GBaud geometric shaping (GS) QAM over 40 km, achieving a record throughput
of 178.08-Tbits/s in a single-mode fiber network with 16.83 THz UWB. Moreover, a 5-band
WDM transmission was demonstrated in [13]; the authors proposed an adaptive modula-
tion format allocation of 100 G quadrature phase shift keying (QPSK) and 200 G 16QAM to
exhaustively use the wavelength-dependent optical signal-to-noise ratio (OSNR). Recently,
a 256.4 Tb/s transmission in the S-, C-, and L-bands with 19.8 THz UWB was demonstrated
over 54 km by using a 25 GHz-spaced PDM-256QAM signal [14]. Reference [15] achieved
a 46 Tb/s transmission over 10,072 km with 15.1 THz UWB utilizing doped fiber and
distributed Raman amplification. In addition, a 25.8 THz UWB (E-, S-, C-, and L-bands)
transmission using a multi-stage distributed Raman amplifier was achieved over 70 km by
using 100 GHz-spaced 30 GBaud PDM-64QAM signals [16].

Table 1. Trends of the SMF transmission beyond the C+L band.

Reference [13] [16] [15] [17] [10] [11] [12] [14]
Capacity
(Tbits/o 35 46 99.35 1159 150.3 178.08 256.4
Distance 60 70 10,072 257 100 40 40 54
(km)
Bandwidth 235 25.8 15.1 12.33 12.7 13.6 16.83 19.8
(THz)
‘;VE;/I O,ES,CL ESCL SGCL S,C,L S,C,L S,C,L S,C L S,C,L
Transmission Coming®
Tansmissio LWPF SSMF  SSMF PSCF SSMF LWPF SMF-28% SSMF
fiber X
ULL fiber
SOA DRA DRA
Amolifi PDFA BDFA  TDFA SOA oA EDFA EDFA TDEA
Tpiher TDFA TDFA  EDFA DRA TDFA TDFA EDFA
EDFA EDFA
Number 625 148 552 247 250 272 660 793
of channels
WDM spacing 375 100 25 50 50 100/50 255 25
(GHz)
Baud rate
(Ghaud) 32 30 245 49 49 45 25 245
. GS-64QAM
Modulation QPSK 16QAM
16QAM  QPSK PCS-640AM  128QAM  GS-256QAM  256QAM
format 16QAM PCS-64QAM GS-10240AM

SSMF = standard single mode fiber, PSCF = pure silica core fiber, SOA = semiconductor optical amplifier,
LWPF = low water peak fiber, DRA = distributed Raman amplifier, BDFA = bismuth-doped fiber amplifier,
TDFA = thulium-doped fiber amplifier, PDFA = praseodymium-doped fiber amplifier, EDFA = erbium-doped
fiber amplifier, PCS = probabilistically constellation shaped, GS = geometrically shaped.

For UWB WDM transmission systems, the wavelength dependence (due to propaga-
tion loss) leads to capacity limitations. Additionally, as the system bandwidth increases,
inter-channel stimulated Raman scattering (ISRS) plays an increasingly important role in
limiting the capacity as a nonlinear impairment that redistributes optical power from short
to long wavelengths during propagation [18]. Several models have been developed for
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nonlinear interference with the inclusion of ISRS [19-22], and various power optimization
methods have been proposed to mitigate the partial depletion of short-wavelength channel
power caused by ISRS [23-28]. In [23], the average fiber input power of the WDM signal in
each S-, C-, and L-band is optimized by a sequential iterative search considering the power
tilt caused by ISRS. Following the sweep optimization of the average input power for single-
band transmissions in the S and C bands, the L and S band power is optimized with the
optimal power in the other bands, thus obtaining a high-capacity record. Meanwhile, the
power pre-tilt and offset strategies in the S, C, and L-band scenarios are proposed [24,25].
The local optimization global optimization (LOGO) algorithm is used to optimize the
general signal-to-noise ratio (GSNR) by sweeping and combining the parameters of the
launch power profile. The computational complexity is greatly reduced by optimizing the
performance of a span transmission link to simplify the process. In [26], the simulated
annealing algorithm is introduced to improve the LOGO strategy, allowing for a faster
search for the optimal parameters of the transmit power; moreover, a higher transmission
capacity can be obtained. In addition, a simple heuristic technique is used for individual
band amplifiers in each S+C+L optical multiplexing section, and all amplifiers have static
gain profiles that enable online compensation of span loss and adjustment of the launch
power [27]. On the other hand, the scheme of embedding a Raman amplifier (RA) as an
auxiliary amplifier after the fiber transmission has been proposed, and controlling the
pumping wavelength and pumping power of the RA can compensate for short-wavelength
signals with low signal power. Machine learning methods can be used to control the
parameters of RAs. In [28], the proposed multi-band RA based on the machine learning
framework uses up to 8 pumps to provide arbitrary gain over a 17.6 THz bandwidth in
the S+C+L band. The power tilt caused by ISRS in UWB WDM systems will be effectively
addressed by this type of method.

In this paper, a UWB WDM system is built for investigating the impacts of ISRS on the
transmission performance between O-, E-, S-, C-, and L-bands with the consideration of
Kerr nonlinearity. To further mitigate channel impacts and improve spectral efficiency, an
optimization scheme to compensate for the power tilt is demonstrated using a RA, and a
partition particle swarm optimization (PPSO) algorithm is introduced to find the optimal
pump power and pump wavelength for the RA when the output signal power spectrum is
flattest. The results show that the power tilt is reduced from 18 to 2.93 dB. The iteration
speed is increased by 10% compared to the normal PSO algorithm.

2. Analysis of the UWB WDM Transmission System
2.1. System Model and Simulation Setup

To investigate the effect of nonlinearity on the signal performance of UWB WDM
systems, the nonlinear Schrédinger equation for optical pulse transmission in a single-
mode fiber is first given as [29]

B3 O3E;

OE, —a lijﬁzain Bs
6 9T3

9z 2 Y 2 912

+

i

N
Ei|2+22|5k|2] E;. 1
oy

where E; is the slow-varying envelope of the i-th channel optical field, z is the transmission
distance, N is the number of channels, « is the attenuation coefficient, B, is the chromatic
dispersion (CD) parameter, 33 is the dispersion slope, and < is a nonlinear coefficient.
The first term on the right side of (Equation (1)) represents the loss of the optical field.
The second and third terms represent the CD and dispersion slope of the fiber, while
the third term is the phase change caused by nonlinear impairments, including the self-
phase modulation (SPM) and cross-phase modulation (XPM). In UWB WDM systems,
wavelength-dependent channel characteristics have to be coped with dispersion coefficient
ranges from —5 ps/nm/km to 22 ps/nm/km; fiber loss « is 0.18 dB/km to 0.38 dB/km; and
the nonlinear coefficient y is 1.28 1/W /km to 1.6 1/W /km. Table 2 shows the attenuation
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and CD coefficients for the five bands (O—L-band) of the ITU-T G.652.D fiber measured
in [9], and the nonlinear coefficients for each band can be considered constants.

Table 2. Parameters of different bands [9].

. Nonlinear Attenuation CD
Band Wa\;eler)lgth Fre(egt;ler;cy Bal&ig I;Ith Coefficient  Coefficient Coefficient
nm z z (1/W/km) (dB/km)  (ps/nm/km)
(@] 1260-1360 220.59-238.10 17.25 1.6 0.38-0.28 —5-4
E 1360-1460 205.48-220.59 14.81 15 0.28-0.22 4-12
S 1460-1530 196.08-205.48 9.13 1.4 0.22-0.18 12-16
C 1530-1565 191.69-196.08 413 1.3 0.18 16-18
L 1565-1625 184.62-191.69 6.96 1.28 0.18 18-22

Subsequently, a UWB WDM transmission system covering O-, E-, S-, C-, and L-bands
was built in VPIphotonics based on the wavelength-dependent channel characteristics, and
the nonlinear Schrodinger equation was solved by the split-step Fourier method (SSFM),
commonly used for numerically solving the nonlinear Schrodinger equation and simulating
WDM signal transmissions. The simulation setup is shown in Figure 1. At the transmitter,
100 continuous wave (CW) light sources were placed with a spacing grid of 100 GHz for
WDM transmission in O and E bands. In the S-, C-, and L-bands, 90, 40, and 70 CW sources
were placed, respectively. It should be noted that the simulation time of SSMF can be
substantial even with fast computing hardware, especially for UWB WDM transmission
beyond the C+L band. Therefore, to speed up the system computation process, the signal
was modulated to the carriers of five channels in each band, and the carriers of the other
channels were unloaded to reduce the computational complexity. The CW light of five
channels in five bands were emitted to the IQ modulator (IQM) of each band with the
linewidths of 100 kHz. The arbitrary waveform generator (AWG) was used to drive the IQM
for the 32 GBaud polarization division multiplexing (PDM) signal modulation. The signals
were root-raised cosine-shaped with a roll-off of 0.05. The light of the modulated channels
and unmodulated channels were coupled together in each band. A multiplexer (MUX)
was then used to combine the signals of the five bands. After 20 km of SMF transmission,
the modulated WDM signals were separated by a de-multiplexer (DEMUX) for each band.
Subsequently, the signal lights were amplified by the praseodymium-doped fiber amplifier
(PDFA) in the O-band, BDFA in the E-band, thulium-doped fiber amplifiers (TDFAs) in
the S-band, and EDFA in the C+L band, respectively. A variable optical attenuator (VOA)
was used for power control, and an optical band-pass filter (OBPF) was used to filter light
beyond the desired wavelength. At the receiver, band-ideal coherent receivers were used
to detect the signal, which was then fed to digital signal processing (DSP) to compensate
for the impairment. The receiver DSP consisted of the Gram—Schmidt orthogonalization
procedure (GSOP), digital back-propagation (DBP), the constant modulus algorithm (CMA),
and carrier recovery.
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Figure 1. System schematic for the 5-band WDM transmission.

2.2. Five-Band Individual Channel Performance Analysis and Modulation Format Assignment
First, we investigated the performances of individual channels in each band and

assigned the appropriate modulation format in each band. The dual polarization optical

signal-to-noise ratio (OSNR) can be expressed as [30]

R

By, f

OSNR = SNR, )

where R; is the symbol rate and B, is the reference bandwidth. The reference bandwidths
in this paper are 17.7 GHz, 15.3 GHz, 13.3 GHz, 12.5 GHz, and 11.7 GHz (O—L), respectively.
In Figure 2, the SNR (in the five channels as a function of OSNR) is shown at 1300 nm,
1400 nm, 1500 nm, 1550 nm, and 1600 nm. With an OSNR of more than 36 dB, there is a
ceiling of 22.5 dB and 22.7 dB for the O/E-band, respectively. For the S-, C-, and L-bands,
the SNR peaks at approximately OSNR = 38 with 24.9 dB, 24.9 dB, and 24.2 dB, respectively.
The SNR gap versus the theoretical, as well as the SNR ceiling, are caused by the amplified
spontaneous emission (ASE) noise from the band-dependent optical amplifier and the
transceiver noise. Depending on the resulting SNR, we chose PDM-16QAM or PDM-
32QAM modulation schemes to reduce the excess margins for different bands. Assuming
a BER threshold of 3.8 x 103 for FEC, the SNR at the FEC threshold should theoretically
be about 16.5 dB at 16QAM and about 19.2 dB at 32QAM. In consideration of the SNR
penalty in the WDM system, we allocated 16QAM to the O and E bands and 32QAM to
the S-, C-, and L-bands to ensure an adequate SNR window. Figure 3 illustrates the OSNR
of the individual 5-wavelength channels as a function of launch power. The OSNR of
the channel is maximized when the launch power reaches 2 dBm, and then the OSNR of
the system decreases due to nonlinear interference enhancement. Moreover, the OSNR
of the O/E-band is from 29.8 dB to 37.8 dB, and the OSNR of the S-, C-, and L-bands is
from 34.5 dB to 43.9 dB, which is in accordance with the requirements for the assigned
modulation format.
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Figure 2. SNR versus OSNR for five wavelengths in different bands.
44 |
2
40
238 F
S
[
Z 36
m
O -
34 |
r —4— 1300 nm in O-band
32+ —&— 1400 nm in E-band
. 1500 nm in S-band
30 | —=— | 550 nm in C-band
I —&— [600 nm in L-band
28 1 L 1 " 1 " 1 i 1 n 1 L | 1 L 1 " 1

-10 -8 -6 -+ -2 0 2 4 6 8
Launch Power (dBm)

Figure 3. OSNR versus launch power for five wavelengths in different bands.

Figure 4 shows the BER for each band as a function of the OSNR of each channel. With
the lower modulation order, the BER of 16QAM signals in the O/E-band is generally lower
than that of 32QAM signals in the S-, C-, and L-bands. When the OSNR is increased to 30 dB,
all five-band channels are available at the FEC threshold. Figure 5 shows the BER for each
band as a function of launch power. The BER of the five channels reaches their respective
minima from 6 to 8 dBm, while the OSNR shown in Figure 3 achieves the respective maxima
at 2 dBm. This is because, at the launch power < 6 dBm, the contribution of the launch
power boost to SNR is greater than the performance degradation from nonlinearity. At the
launch power > 8 dBm, nonlinear degradation dominates, and the system performance
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degrades. Additionally, it can be seen that the C-band performance is optimal, and the
launch power increase is the most significant for the C-band performance improvement,
which is consistent with the results in Figure 3.

10"
X =5 320AM —&— 1300 nm in O-band
—&— 1400 nm in E-band
1500 nm in S-band
—#— 1550 nm in C-band
—&— 1600 nm in L-band
1072 F -
16QAM
o Q
m
m
10° F
1 n 1 L 1 " 1
21 24 27 30
OSNR (dB)
Figure 4. BER of individual channels in five bands as a function of OSNR.
—¢— 1300 nm in O-band
—o— 1400 nm in E-band
107 B 1500 nm in S-band 320AM
—=— 1550 nm in C-band
—e— [600 nm in L-band
107 E
[~
0
aal
107
10° £
1 1 | L 1 L 1 " | n | " 1 " 1 n | L |

-6 -4 -2 0 2 4 6 8 10 12 14 16
Launch Power (dBm)
Figure 5. BER of individual channels in five bands as a function of launch power.

2.3. Results of the Five-Band WDM Transmission

To evaluate the performance penalty of the five-Band WDM system transmission
compared with the single-carrier transmission, the BER and generalized mutual information
(GMI) are first calculated for the five test channels. The presence or absence of crosstalk
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essentially depends on the WDM frequency spacing, and inter-channel crosstalk becomes
important as the channel spacing approaches the symbol rate. In our setup, the WDM
frequency spacing is set to 100 GHz, and the impact of crosstalk is minimal or negligible [30].
This implies that the WDM penalty introduced by the five-band system is primarily from
inter-channel nonlinearity. Figure 6 illustrates the BER of the test channel as a function of
OSNR in five-band WDM transmission. The OSNR penalty of the E-band test channel is
significantly larger in the five bands compared to the results in Figure 2, which suggests
that the signal will be dominated by nonlinear interference in the E-band. The GMI versus
OSNR for the five-band test channels is given in Figure 7. The value of GMI gives the
maximum number of bits of information transmitted with the error vanishing probability
and can be used to estimate the system throughput. The dashed line represents the GMI gap
for WDM transmission, defined as AGMI = GMIs;g1e — GMIwpum. The test channel of the
O-band features the lowest AGM I, even with the highest < in the five bands. It is predicted
that there is a correlation between the high noise tolerance of 16QAM assigned by the
O-band and the higher noise factor of the optical amplifier, together with the transmission
distance of 20 km, where the accumulated nonlinear interference is not dominant. For the
S-, C-, and L-bands, the AGMIs are higher due to the lower noise tolerance of 32QAM,
with the penalty being the highest for the L-band. Figure 8 shows the GMI as a function of
the launch power for five-band WDM transmission. For the O/E-band, there is a narrower
high GMI window for the E band due to nonlinear interference. Likewise, the test channel
at 1600 nm in the S, C, and L-band features a smaller window of high GMI due to the
higher penalty. The launch power of each band reaching the maximum GMI has different
offsets. Considering the power consumption, we choose the launch power when the GMI
just reaches the ceiling as the optimal launch power for the five-band WDM system, and
the optimal launch powers for the O to L-band are 7, 5, 5, 6, and 7 dBm, respectively.

‘\
y —&— 1300 nm in O-band
10 ¢ — 32QAM —e— 1400 nm in E-band
[ \ 1500 nm in S-band
E —m@— 1550 nm in C-band
\. —8— 1600 nm in L-band
\< -~
4 \l\‘\
e \\ 7o N e
2 A, et
m 16QA o m__ \.__.
10-2 - ’ .\. .\.\ ""-..\
[ \ “'--... (| ~e
9. —~e .
~N N LN
0\ o -
e
~.
0—-\‘__\
10° E
18 20 22 24 26 28 30 32 34
OSNR (dB)

Figure 6. The BER of the test channel as a function of OSNR in five-band WDM transmission.
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Figure 7. The GMI and AGMI of the test channel as a function of OSNR in five-band WDM transmission.
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Figure 8. The GMI of the test channel with and without ISRS as a function of launch power in
five-band WDM transmission.

Furthermore, the effect of ISRS becomes non-negligible as the bandwidth of the WDM
signal increases, especially in WDM systems beyond the C+L band. ISRS effectively causes
energy transfers from shorter wavelengths to longer wavelengths, peaking at 100 nm. The
coupling between the WDM ith channel and all other channels, considering ISRS and fiber
attenuation, is described as [19,31]

o _
oz

i—1 ¢ N
—“(fi)Pi—Z]égR(Vi—ijJﬁZ sr(|fi = fil)- 3)
=

177 j=i+1
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where P; represents the power of the ith channel, f; is the frequency of the ith channel,
«(f;) is the fiber attenuation profile in the absence of ISRS, and k = 1 indicates the channel
with the lowest frequency. The first term on the right-hand side of (3) describes the fiber
attenuation of the i-th channel, the second term describes the power transfer from the
i-th channel to the lower frequency channel, and the third term illustrates the power
transfer from the higher frequency channel to the i-th channel. It is assumed that the
Raman gain coefficient gg varies negligibly over the bandwidth of each channel. The
nonlinear Schrodinger equation is still solved numerically by SSFM, considering the effect
of ISRS. The wavelengths we chose for the WDM test channels were 1300, 1400, 1500,
1550, and 1600 nm, which are the central wavelengths of each band. They are mostly
subject to interference from in-band nonlinearity and feature a wavelength difference of
around 100 nm, providing the strongest ISRS. It has been shown that the crosstalk penalty
originating from the amplitude fluctuations of the interaction channel is negligible [32,33].
Therefore, we focus exclusively on the ISRS-induced optical power tilt. Figure 9 shows the
optical power transfer of each channel. Due to the aggregated power transfer effect of the
five bands, the short-wavelength channels in the O-, E-, and S-bands provide power gain
for the C and L-band signals as pump channels while being partially depleted. While the
quality of the long-wavelength channels is guaranteed, the short-wavelength channels may
be underpowered, resulting in a decrease in system throughput.

U
(]

Power(dBm)
=

—&— 1300 nm in O-band

-6 - —*— 1400 nm in E-band
1500 nm in S-band
—um— 1550 nm in C-band
—&— 600 nm in L-band
-8 with ISRS
- = -W/OISRS i | |
0 5 10 15 20

Fiberlength (km)
Figure 9. Power transfer in the 5-band transmission.

The relationship between GMI and launch power in the presence of ISRS is shown
in Figure 8. The O/E/S band experience GMI penalties for each test channel compared
to the absence of ISRS, while the C- and L-band acquire GMI gain, which is consistent
with the results in Figure 9. Simultaneously, there is no effect of SRS on the launch power
value of each test channel reaching the GMI ceiling. The relationship between SNR and
GMI versus wavelength for five modulated channels per band in the five-band WDM
transmission at optimal launch power is shown in Figure 10. The curves of OSNR and GMI
with and without ISRS both intersect in the C-band, which is consistent with the results in
Figure 9 that the C- and L-bands acquired performance gain in the O/E/S-band via ISRS.
At the optimal launch power, the GMI of the test channel in the O/E/S-band decreases by
0.2 bits/symbol, 0.08 bits/symbol, and 0.09 bits/symbol, respectively, while the GMI of
the test channel in the C- and L-bands increases by 0.09 bits/symbol and 0.1 bits/symbol,
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respectively. Since we only have five test channels for modulated signals in each band,
the throughput is coarsely evaluated by considering each band. The throughput can be
expressed as

T= Z(Nband * GMIyqpq * Rs)r 4)

where T is the throughput, Ny,,,; is the number of channels per band, and GMI,,,; is the
average GMI of the test channels for each band. Without ISRS, the GMI,,,,4s of the O—L
band test channels in Figure 10 are 7.94 bits/symbol, 7.87 bits/symbol, 9.89 bits/symbol,
9.79 bits/symbol, 9.69 bits/symbol, and the system throughput is 113.312 Tbits/s. Con-
sidering ISRS, the total system throughput is 112.496 Tbits/s, resulting in a throughput
reduction of 816 Gbit/s.
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Figure 10. SNR and GMI as functions of the wavelength in the five-band WDM transmission at the
optimal launch power. The illustration below shows the constellation of each band.

2.4. Conclusions and Discussion

We demonstrate a five-band UWB WDM system with VPIphotonics, analyzing the
single-wavelength performance per band and assigning an appropriate modulation format
based on the SNR margin of the band. In addition, the five-band WDM transmission is
demonstrated, and the launch power of each band is optimized on a band basis in this
configuration. ISRS in the UWB WDM system is analyzed to evaluate the impact on the
system, resulting in a system throughput degradation of 816 Gbit/s, ultimately leading to a
total throughput of 112.496 Tbits/s. The transmission distance is limited to 20 km due to
the cumulative nonlinearity and the computational complexity of the model. Therefore, in
short-distance scenarios such as data center interconnects, where there is a high demand
for dense network traffic and large-capacity UWB WDM transmission, it is expected that
UWB WDM transmission will be applied first in this area.

In the simulation research, the total system bandwidth exceeded 50 THz, leading to a
sharp increase in computational complexity and a system simulation time of up to 20 h even
with a high-performance graphics processing unit (GPU). More efficient and fast methods
can be introduced to evaluate the system performance for UWB WDM transmission, such
as Gaussian noise (GN) models, which will be our focus for future work.
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In addition, it is necessary to adequately address the impact of ISRS in the design of
UWB WDM systems to reduce the throughput penalty. Several studies have been conducted
to address the power tilt due to ISRS by optimizing the launch power profile or adding
complementary fiber gratings. In Section 3, we focus on the power tilt compensation in
S-, C-, and L-bands by introducing a RA as an auxiliary amplifier after fiber transmission
to achieve simple and fast compensation of the power tilt by controlling the pumping
wavelength and pumping power.

3. Compensation Scheme for Spectral Power Tilt
3.1. Compensation Scheme for ISRS

The gain spectrum of the RA is completely determined by its pump wavelengths and
pump power. Therefore, a channel of any wavelength can be amplified by a RA with a
proper pump source. Our compensation scheme is demonstrated in the S-, C-, and L-bands
of the UWB WDM system described in Section 2. The optimization setup for the S-, C-,
and L-bands in the UWB WDM system is shown in Figure 11. A RA is added after the
fiber transmission, and the pump source of the RA is connected to a control unit, which
introduces a PPSO algorithm to control the pump wavelength and pump power of the
RA according to the flatness of the output power spectrum. The pseudo-code of the PPSO
algorithm is shown in Algorithm 1.

Algorithm 1 Partitioned particle swarm optimization.

Initialize vy, vy, k=1,...,m
Compute f(xk,o)rB;f —xk=1,...,m
for i=1toN do
Compute f(xi;),k=1,...,m
Compute f(x;) < mean{f(x;)}
Compute Bf
Compute ABS < BS — BY
if ABS < ¢ then
c+—c+1
end if
if ¢ > cmax then
if f(xgi) < f(xxi—1), k=1,...,m then
Xy i < Xii—1Gaussian(1,1)
else
Xii £ Xkji-1
end if
else o
if f(xg;) > f(x;), k=1,...,m then
Ny <— (tmax — t)/t
Xk,i ¢ Xpi-1[1 +n:C(0,1)]
else
Uk i ¢ C10k,i—1 + cprand - (B};Fl — Uk,i—l)

+czrand - (Bfifl — vk,i_l)
Xg,i €= Xgi-1+ Ui
end if
end if
end for
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Figure 11. The optimization setup for the S-, C-, and L-bands in the UWB WDM system.

Firstly, each parameter is bounded, including the particle swarm D, the number of
particles m, maximum iteration N, velocity bounds v,in and v,,ax, learning factors c1, c2, 3,
and the threshold of the global optimal solution é. Then, the position and velocity of each
particle in the particle swarm are randomly initialized. The fitness value (FV) of each
particle f(x;;),k = 1,...,m, the individual optimal solution B,’f , and the global optimal
solution (GOS) of the particle swarm B,‘g are calculated. The variation of GOS ABS and the

average value of FV f(x;) also need to be obtained. The count ¢ will be incremented by one
if ABS is less than the variation threshold J. When ¢ > cmay, the optimization is considered
to be caught in the local optimum, and then strategy 1 is introduced to move out of the
local optimum. On the contrary, strategy 2 is used to update.

Strategy 1. The positions of the particles are updated by adding a Gaussian disturbance
to avoid falling into the local optimum. The updated formula is as follows:

| xpi—1 Gaussian (1,1)  (f(xxi) < f(xxi-1))
i = { i1 (Fxr) > Fxein)) ©)

where Gaussian (1,1) denotes a Gaussian function with a mean of 1 and variance of 1. If
the fitness of the updated parameter is less than that of the original, the parameters of the
swarm will be updated according to (3). Otherwise, the original parameter array remains
unchanged.

Strategy 2. The particles are grouped according to their fitness values. For f(x;;) <

f(xi), the particle is considered a preferred particle, while for f(x;) > f(x;), the particle
is considered a suboptimal particle. For the preferred particles, the Cauchy formula is
introduced to update the parameters and more particles are generated in the preferred
region to enhance the global detection of the particles. The formula is as follows:

Xi+1 = Xi . [1 +ny - C(O,l)} 6
oL gt ©)

tmax

where C(0, 1) is the random number generated by the Cauchy distribution function, fmax
is the maximum number of iterations, and t is the current number of iterations. For the
suboptimal particles, the particles should be accelerated to the evolution of the preferred
particles, and the parameters are updated by the following formula:

Uk = C10ki—1 + corand - (Blf,ifl — vk,ifl)

+ c3zrand - (Bf,i—l - Uk,i_1) 7)

Xi = Xgi—1 T 0 8)

where denotes a random value from 0 to 1.
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Note that the particle update speed and position should be limited. If the velocity or
the position of the particle exceeds the set range, the boundary value is used as the updated
value. When the maximum number of iterations is reached, the optimization is terminated
after updating all particles, and the optimal positions of the particles and the global optimal
solution are produced as outputs.

For this algorithm, the population is dynamically divided into two subgroups, and
different evolutionary mechanisms are designed for the particles in each subgroup, which
can enhance the diversity of the population and accelerate the speed of obtaining the global
optimal solution. Meanwhile, the algorithm overcomes the problem of being trapped in
the local optimum by adding a Gaussian interference.

3.2. Simulation and Results

In the simulation, the optimal launch power values for the S, C, and L-band WDM
transmissions are 4, 5, and 6 dBm, respectively, by using the method in Section 2. The power
optimization scheme based on RA with PSO (Raman-PSO) or RA with PPSO (Raman-PPSO)
is investigated for both the 3 dBm launch power scenario and the scenario with optimized
launch powers. The pump wavelength and pump power are employed as optimization
parameters, and the mean squared deviation of the output signal spectrum is considered
the particle fitness. The exact form of fitness can be expressed as

o \/ X — E(X)

n

)

where 7 is the initial number of particles, X is the output signal power, E(X) is the average
value of the output signal spectrum. The parameters of the algorithm and the optimization
parameters of the two power optimization schemes are given in Tables 3 and 4, respectively.

Table 3. The parameters of the PPSO algorithm.

Parameter Value Parameter Value
D 30 Xinin 1579 nm
m 20 c 0.3
Umax 10 cp 1.5
Omin —10 C3 1.5
Xmax 1250 nm o 0.1

Table 4. Optimization parameters of Raman-PSO and Raman-PPSO.

Raman-PSO Raman-PPSO
Pump Wavelength Pump Power Pump Wavelength Pump Power
(nm) (dBm) (nm) (dBm)

1476.7 23 1498.8 22.6

Figure 11a 1419.6 20 1367.8 242
1441 21.2 1494.9 19.2

1466.2 22 1375.2 23.2

Figure 11b 1409.1 21.5 1498.6 22.4

1388.2 20.1 1455 20.1
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Figure 12. Output power spectrum for no optimization, and optimization with Raman-PSO and
Raman-PPSO, respectively. (a) Launch power = 3 dBm; (b) the launch power is the optimal
launch power.

In Figure 12, the yellow carve indicates the tilt in the output power spectrum due to
the transfer of the signal power from the S-band to the L-band induced by the ISRS. We
define the power tilt AP = Pyux — Py, For launch power = 3 dBm, the unoptimized AP is
9.55 dB and the APs are 1.93 dB and 1.44 dB after optimization by both Raman-PSO and
Raman-PPSO schemes, respectively. The latter scheme can effectively compensate for ISRS
and it provides a 0.49 dB improvement over the Raman-PSO scheme. For optimal launch
power, AP reaches a considerable 18 dB. After optimization, APs are 4.45 dB and 2.93 dB for
Raman-PSO and Raman-PPSO, respectively, which means a much flatter received power
profile for Raman-PPSQO. Figure 13 shows the fitness value as a function of the number of
iterations, the proposed Raman-PPSO scheme iterates 10% faster than Raman-PPSO, which
indicates more efficient power tilt mitigation.

To evaluate the system transmission performance, three wavelength channels from the
S-, C-, and L-bands were received: 1496, 1550, and 1600 nm. Figure 14 shows the system
performance without optimization, with Raman-PSO and Raman-PPSO optimization. For
launch power = 3 dBm, the OSNR of the short-wavelength channel shows wavelength
dependence due to the power transfer, and the OSNRs of the three channels in the S-, C-,
and L-bands without optimization are 27.8, 32.3, and 35 dB. For the Raman-PPSO scheme,
the OSNRs of the three channels are 34.2, 34.2, and 36.1 dB, respectively. For the Raman-
PPSO scheme, the OSNRs of the three channels are 35.9, 34.7, and 36.2 dB, respectively. The
OSNR of the short-wavelength channel is effectively enhanced. The GMI curves show a
similar trend, with the GMI of the Raman-PPSO scheme being 2.5 bits/symbol higher than
that of the unoptimized GMI in the S-band test channel. There is a slight improvement
in the C/L band optimization. For the optimal launch power, the GMI of the Raman-
PPSO scheme is 1.2 bits/symbol higher than the unoptimized GMI and 0.2 bits/symbol
higher than the Raman-PSO scheme in the S-band test channel. The Raman-PSO scheme
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and Raman-PPSO scheme mitigate the wavelength-dependent performance degradation
due to the power tilt and maintain the performance of long-wavelength channels. This
implies that there is a significant performance in the machine learning-assisted RA after
fiber transmission in compensating for the multi-band power tilt. In addition, the PPSO
algorithm is superior in terms of convergence accuracy and convergence rate compared to
the PSO algorithm.

Optimization with Raman Amplifier and PPSO Algorithm
®— Optimization with Raman Amplifier and PSO Algorithm
4 . -
[}
=
©
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3 oo
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Figure 13. Fitness value versus iteration for optimization schemes.
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Figure 14. OSNR and GMI versus wavelength for no optimization, and optimization with Raman-
PSO and Raman-PPSO, respectively. (a) Launch power = 3 dBm; (b) the launch power is the optimal
launch power.
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3.3. Discussion

In this section, we utilize machine learning-assisted RAs to compensate for the power
tilt induced by ISRS after optical fiber transmission. A PPSO algorithm is proposed in this
study for controlling the pump wavelength and pump power of RAs. An analysis was
conducted on the performance of the PPSO algorithm in compensating for the power tilt.

The limitations of the Raman-PPSO scheme also need to be discussed. Specifically,
the scheme is limited to the S, C, and L wavelength bands, and finding a feasible solution
becomes increasingly difficult when there are fewer particles involved. The stochastic
nature of the PPSO algorithm further complicates the search for a solution that can com-
pensate for all five wavelength bands. To address these challenges, future research will
focus on developing machine learning-assisted Raman amplification schemes with wider
bandwidths. Additionally, there is a need to further examine the performance and cost
implications of applying this scheme to multi-span systems.

4. Conclusions

In this paper, we present a demonstration of a five-band WDM system that uses
an adaptive modulation format assignment based on channel characteristics, employing
16QAM for the O/E-band and 32QAM for the S-, C-, and L-bands. We analyze the im-
pairments of the five-band WDM transmission, including Kerr nonlinearity and ISRS,
and optimize the transmission power for each band accordingly. The impact of the ISRS-
induced wavelength-dependent power distribution on the system throughput was also
analyzed. Furthermore, we propose a power tilt compensation scheme using RA and the
PPSO algorithm that effectively mitigates the wavelength dependence of OSNR and power
tilt in the S-, C-, and L-bands. Our results demonstrate that the power tilt is reduced from
18 to 2.93 dB, and the GMI of the S-band increases by 2.5 bits/symbol. We also discuss
the potential applications of UWB WDM systems and highlight issues for future research.
However, we acknowledge the bandwidth limitation of the Raman-PPSO scheme for S-,
C-, and L-bands and suggest future research to develop machine learning-assisted Raman
amplification schemes with wider bandwidths.
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