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Abstract: To increase the transmission capacity, ultra-wideband wavelength-division multi-
plexing (UWB WDM) has been exploited to enlarge the spectral range. However, inter-channel
stimulated Raman scattering (ISRS) results in power transition from high-frequency channels to
low-frequency channels in wideband scenarios, which degrades the Q-factor of signals. Hence,
we modify the optimization method of power control by applying the simulated annealing (SA)
algorithm to search for the optimal power slopes and offsets of three bands to construct an
optimum distribution of launch powers over channels. High transmission capacity can be reached
by carrying 384 channels (96+96+192) in the C+L+S band with the consideration of dynamic
Raman gain and channel-dependent parameters. We show that compared to using brute-force
searching (BFS), a comparable and even higher transmission capacity can be achieved by the SA
algorithm. Meanwhile, the searching speed of the SA algorithm is much faster. Also, different
optimizing strategies can be selected to balance the trade-off between capacity and spectral
flatness. This method can be used for designing arbitrary optical fiber UWB WDM systems
before practical testing.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With the development of 5G communication, many applications have been emerging in recent
years, such as the Internet of things (IoT), ultra-high-definition (UHD) video streaming, and cloud
computing. These applications require high bandwidth of transmission. This has brought huge
challenges and opportunities to the backbone network of modern communication. To further
develop the transmission capacity on the digital coherent communication system, efforts can
generally be made in two directions: space-division multiplexing (SDM) [1] and ultra-wideband
wavelength-division multiplexing (UWB WDM) [2]. For SDM, the multi-core fiber (MCF)
[3] and mode-division multiplexing (MDM) [4,5] are two research hot spots. Although SDM
is widely used in the field of wireless communication, its development in the field of optical
communication still faces many hurdles, such as the high cost of deploying brand-new fibers and
difficulties in designing new fibers and amplifiers. Therefore, the SDM still has a long way to go
before commercialization [6]. In contrast, expanding the bandwidth of WDM is more practical
because it can be adopted in the current optical coherent systems. Many studies based on the
UWB WDM have been emerging during recent years. As reported in [7], 94.9 Tbps capacity
with average 9.75 b/s/Hz net spectral efficiency (SE) in the C+L band over 1900 km using
Erbium-doped fiber amplifiers (EDFAs) has been demonstrated. In [8], 150.3 Tbps transmission
was achieved over 40 km with three bands (S, C, and L bands) by using 272 channels with
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45-Gbaud PDM-128QAM signals. One Thulium-doped fiber amplifier (TDFA) and two EDFAs
were applied for amplifying the S-, and C+L bands, respectively, and a higher SE (11.05 b/s/Hz)
was obtained. In 2019, the first-ever 5 bands (E-, O-, S-, C-, and L-band) with 625 channels are
transmitted over 60 km [9], and the total capacity of 106.77 Tbps with a 23.5-THz spectral range
was demonstrated.

With the exploitation of multiple bands, it is significant to take into account the effect of
stimulated Raman scattering (SRS). This is because it can induce the power transfer of WDM
signals which cover 100-nm or wider bandwidth [10]. In other words, SRS always affects
channels within two or more bands. Influence of SRS was experimentally studied over the S+L
band, L+C band, and S+L+C band [9,11,12]. Although these works show that power transition
hardly affects the quality of the signal, the power imbalance results from power transfer over
channels is still an issue. Since the channel at low frequency gains power from the channel at
high frequency, more nonlinear interference (NLI) noise is generated in this channel due to the
Kerr effect during transmission. Meanwhile, the needed gain from the optical amplifier (OA) for
the low-frequency channel is lower and thus the generated amplified spontaneous emission (ASE)
noise power is lower as well. Note that here it is assumed that the noise figure (NF) of OA is flat.
Therefore, distinct power thresholds exist for channels at the different center frequencies. When
the launch power of one channel exceeds the specific threshold, the degradation of the Q factor
of the signal overpasses the improvement degree of the ASE signal-noise-ratio (SNR), which
reduces general SNR (GSNR) shown in Eq. (1). This is undesirable for increasing the capacity.

GSNR =
Pch

PASE + PNLI
(1)

Instinctively, the overall transmission capacity can be improved by optimizing the power
distribution between channels. In [13], an iteration optimization method is reported to control
the power of the S+C+L band. F. Hamaoka et al. optimized the average launch powers of the
S-band and C-band separately for single-band transmission by sweeping the power. Then they
optimized the average power of the L- and S-band iteratively with the three-band transmission
based on the optimum average powers of S- and C-band found until powers of three bands
converged to stable values. A high capacity record, shown above [8], was obtained by using this
method. In their work, flat power distribution in bands was assumed. Different from this, B.
Correia et al. proposed a multiband power control scheme [14,15] based on the hypothesis that
the power distribution in the band is adjustable and a strategy called local optimization leads to
global optimization (LOGO) [16]. LOGO states that the optimization over one span decided
the overall optimization. Therefore, it can be used to simplify the process by optimizing the
performance of the link with the transmission of one span, which decreases the computational
complexity a lot. By sweeping combinations of six parameters of launch power profile (pre-tilts
and offset powers of S, C, and L band) on the LOGO strategy, they optimized the GSNR value
to increase the capacity. Although these two works made significant improvements in capacity,
iterative searching and brute-force searching (BFS) are time-consuming, especially in practical
network planning. Meanwhile, the fixed slope of the Raman gain profile is not applicable when
the total bandwidth is over 15 THz, which especially causes deviations of the gain spectrum at
the outermost channels.

In this paper, we propose a power control method by leveraging the simulated annealing (SA)
algorithm along with the LOGO strategy to quickly search a set of parameters to construct the
multi-band launch power profile to increase the transmission capacity. The set of optimized
parameters are power slopes and power offsets of three bands. We demonstrate that the searching
period of the SA algorithm is faster about 8 times than that of the conventional BFS under the
same optimizing strategy, and the average capacity ripple is much lower than that of BFS when
achieving similar total capacities. We also find that a trade-off exists between the total capacity
and its flatness over channels by comparing three distinct optimizing strategies. The proposed
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technique can be applied before the experiments since each parameter in the optical configuration
can be adjusted according to the real model, which is also promising for the optimization of
optical fiber links.

2. Principle

2.1. SRS in UWB WDM system

As mentioned before, UWB WDM is applied to greatly enlarge the transmission capacity, which
makes the total bandwidth of the signals extremely wide, reaching about 10 to 20 THz. And the
overall launch power reaches a high degree when most channels are loaded over the wideband.
Therefore, in addition to the self-phase modulation (SPM) and cross-phase modulation (XPM),
another nonlinear effect, SRS, will accumulate greatly through signal propagation. In a multi-band
scenario, SRS will cause the power transition from high frequency to low frequency, thereby
influencing the distribution of NLI power. For example, if the launch power of each channel
keeps the same for the S+C+L band at the transmitter side, the average power of the channel in
L-band will be higher than these of channels in C- and S-band after propagation. Then the power
distribution is approximately linear in frequency, i.e. the triangular approximation as shown in
Fig. 1, and the power difference between the two outermost channels can be expressed as [17]

∆ρ [dB] = 4.343 · PtotCrLeff B (2)

where Ptot is the total launch power, Cr is the linear slope of the normalized Raman gain spectrum,
Leff is the effective length of the fiber, and B is the total bandwidth. The ∆ρ increases with the
rise of total launch power. However, this linear triangular assumption of the Raman profile is
only valid when the total bandwidth is less than 15 THz and the launch power distribution is
uniform [18]. Eq. 2 should be corrected to fit for the proposed UWB transmission. A more
accurate Raman profile can be obtained by solving the Raman equations [19] as below

r(k)n = exp(
N∑︂

m=1

gR(wm − wn)
Aeff

Pm[k − 1]Leff ,m(Lstep)) (3)

Pm[k] = exp(−αLstep)r(k)m Pm[k − 1] (4)

rn [dB] = 10 · log10(
Lspan
Lstep∏︂
k=1

r(k)n ) (5)

where N represents the number of total channels, Pm[k − 1] is the power of the m-th channel at
the start of k steps, and Lstep denotes the length of step. In the process of solving the Raman
equation, the iterative number depends on the length of the step. It should be noted that the
attenuation factor is a vector that varies with frequency. Although the Raman profile is unable to
obey the linearity strictly over such a wide bandwidth (about 20 THz) after calibration, the trend
of power transfer is still valid. More details about the Raman gain profile will be illustrated in the
Section 3.2. Note that the closed-form GN model can still work when parts of channels are under
utilization, because the accuracy of closed-form GN model on the mesh network analysis is high
enough [18].

2.2. Power control over UWB WDM system

To compensate for this gain imbalance, we intuitively think it may work by adjusting the signal
launch power spectrum to make the channel power increase as the frequency increases, thereby
counteracting this power transfer. The schematic diagram of the power profile before launching is
shown in Fig. 2(a). For each band, there are two parameters to denote the linear power distribution.
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Fig. 1. Schematic diagram of power profile over L+C+S band when the signal (a) is
launched at fiber and (b) is transmitted after one span

As mentioned before, UWB WDM is applied to greatly enlarge the transmission capacity, which
makes the total bandwidth of the signals extremely wide, reaching about 10 to 20 THz. And the
overall launch power reaches a high degree when most channels are loaded over the wideband.
Therefore, in addition to the self-phase modulation (SPM) and cross-phase modulation (XPM),
another nonlinear effect, SRS, will accumulate greatly through signal propagation. In a multi-band
scenario, SRS will cause the power transition from high frequency to low frequency, thereby
influencing the distribution of NLI power. For example, if the launch power of each channel
keeps the same for the S+C+L band at the transmitter side, the average power of the channel in
L-band will be higher than these of channels in C- and S-band after propagation. Then the power
distribution is approximately linear in frequency, i.e. the triangular approximation as shown in
Fig. 1, and the power difference between the two outermost channels can be expressed as [17]

Δ𝜌 [𝑑𝐵] = 4.343 · 𝑃𝑡𝑜𝑡𝐶𝑟𝐿𝑒 𝑓 𝑓 𝐵 (2)

where 𝑃𝑡𝑜𝑡 is the total launch power,𝐶𝑟 is the linear slope of the normalized Raman gain spectrum,
𝐿𝑒 𝑓 𝑓 is the effective length of the fiber, and 𝐵 is the total bandwidth. The Δ𝜌 increases with
the rise of total launch power. However, this linear triangular assumption of the Raman profile
is only valid when the total bandwidth is less than 15 THz and the launch power distribution
is uniform [18]. Eq. 2 should be corrected to fit for the proposed UWB transmission. A more
accurate Raman profile can be obtained by solving the Raman equations [19] as below

𝑟
(𝑘)
𝑛 = 𝑒𝑥𝑝(

𝑁∑︁
𝑚=1

𝑔𝑅 (𝑤𝑚 − 𝑤𝑛)
𝐴𝑒 𝑓 𝑓

𝑃𝑚 [𝑘 − 1]𝐿𝑒 𝑓 𝑓 ,𝑚 (𝐿𝑠𝑡𝑒𝑝)) (3)

𝑃𝑚 [𝑘] = 𝑒𝑥𝑝(−𝛼𝐿𝑠𝑡𝑒𝑝)𝑟 (𝑘)𝑚 𝑃𝑚 [𝑘 − 1] (4)

𝑟𝑛 [𝑑𝐵] = 10 · 𝑙𝑜𝑔10 (
𝐿𝑠𝑝𝑎𝑛

𝐿𝑠𝑡𝑒𝑝∏
𝑘=1

𝑟
(𝑘)
𝑛 ) (5)

where 𝑁 represents the number of total channels, 𝑃𝑚 [𝑘 − 1] is the power of the m-th channel at
the start of k steps, and 𝐿𝑠𝑡𝑒𝑝 denotes the length of step. In the process of solving the Raman
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The first one is the slope of power spectrum, and the second is the offset power of the center
channel. Hence there are 6 parameters to be controlled over three bands for maximizing the
capacity, and the power distribution can be expressed as

Pi(f ) = Slope · (f − fcenteri ) + Poffseti (i = L, C, S) (6)

equation, the iterative number depends on the length of the step. It should be noted that the
attenuation factor is a vector that varies with frequency. Although the Raman profile is unable to
obey the linearity strictly over such a wide bandwidth (about 20 THz) after calibration, the trend
of power transfer is still valid. More details about the Raman gain profile will be illustrated in the
Section 3.2. Note that the closed-form GN model can still work when parts of channels are under
utilization, because the accuracy of closed-form GN model on the mesh network analysis is high
enough [18].
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Fig. 2. (a) Schematic diagram of power profile before launching and (b) typical gain
and noise figure of commercial OAs over S+C+L band

To compensate for this gain imbalance, we intuitively think it may work by adjusting the signal
launch power spectrum to make the channel power increase as the frequency increases, thereby
counteracting this power transfer. The schematic diagram of the power profile before launching
is shown in Fig. 2(a). For each band, there are two parameters to denote the linear power
distribution. The first one is the slope of power spectrum, and the second is the offset power of the
center channel. Hence there are 6 parameters to be controlled over three bands for maximizing
the capacity, and the power distribution can be expressed as

𝑃𝑖 ( 𝑓 ) = 𝑆𝑙𝑜𝑝𝑒 · ( 𝑓 − 𝑓𝑐𝑒𝑛𝑡𝑒𝑟𝑖 ) + 𝑃𝑜 𝑓 𝑓 𝑠𝑒𝑡𝑖 (𝑖 = 𝐿, 𝐶, 𝑆) (6)

We use OAs to shape the power profile of UWB WDM channels. Two EDFAs are used for the
amplification of the C+L band, respectively, and the TDFA is more suitable for the wavelength
range of the S-band. The typical characteristics of gain and NF of commercial OAs over three
bands are illustrated in Fig. 2(b). All the gains here work for launch power as high as ~0 dBm,
and the gain will increase over 30 dB as input power drops. And it should be noted that the
covering wavelength range of the current commercial TDFA cannot fully fill the S-band from
1460 nm to 1520 nm. Therefore, we consider two amplification schemes in Section 3.1. One is
that the channels in S-band are amplified by only one TDFA, and the other is that two TDFA
are applied. Detailed comparison of two schemes on the performance of optimization on power
control will be discussed in Section 3.2. It is worthwhile to be noted that the Raman amplifier
(RA) is another kind of potential amplifier to construct the hybrid amplifying scheme with
EDFA to further decrease the ASE noise. In that case, the additional Raman gain profile and
corresponding NF should be taken into consideration.

2.3. Analysis of linear and nonlinear noise

For an UWB WDM system, the theory capacity limit for single polarization can be decided by
total bandwidth and GSNR, as shown in Eq. 7.

𝐶 = 𝐵 · 𝑙𝑜𝑔2 (1 + 𝐺𝑆𝑁𝑅) (7)
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We use OAs to shape the power profile of UWB WDM channels. Two EDFAs are used for the
amplification of the C+L band, respectively, and the TDFA is more suitable for the wavelength
range of the S-band. The typical characteristics of gain and NF of commercial OAs over three
bands are illustrated in Fig. 2(b). All the gains here work for launch power as high as ∼0 dBm,
and the gain will increase over 30 dB as input power drops. And it should be noted that the
covering wavelength range of the current commercial TDFA cannot fully fill the S-band from
1460 nm to 1520 nm. Therefore, we consider two amplification schemes in Section 3.1. One is
that the channels in S-band are amplified by only one TDFA, and the other is that two TDFA
are applied. Detailed comparison of two schemes on the performance of optimization on power
control will be discussed in Section 3.2. It is worthwhile to be noted that the Raman amplifier
(RA) is another kind of potential amplifier to construct the hybrid amplifying scheme with
EDFA to further decrease the ASE noise. In that case, the additional Raman gain profile and
corresponding NF should be taken into consideration.

2.3. Analysis of linear and nonlinear noise

For an UWB WDM system, the theory capacity limit for single polarization can be decided by
total bandwidth and GSNR, as shown in Eq. (7).

C = B · log2(1 + GSNR) (7)

To improve the capacity, the essential goal is improving the GSNR of every channel. We
exploit the Gaussian noise (GN) model [20] which takes SRS into account and ASE equation to
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comprehensively analyze the effects of nonlinear and ASE noise on the GSNR. The ASE noise
power is mainly generated from the process of amplification, which can be expressed as

PASE = hf · NF(f )(G(f ) − 1)Bch (8)

where the h denotes the Planck’s constant, Bch represents the bandwidth of the channel, and
NF(f ) and G(f ) are noise figure and gain from OAs which are frequency-dependent. Because of
the Raman gain, the required gain of OA can be expressed by

G(f ) = α(f ) · L − GRaman(f ) (9)

Hence, the SRS effect not only transfers power from high frequency to low frequency, but also
causes the distribution of ASE noise unequal. Not to mention the influence of the frequency-
dependent attenuation factor. The NLI noise accumulates from propagation in fiber link, which
is related to the total power and transmitted distance. It can be calculated with the closed-form of
the GN model as below. By leveraging the closed-form GN model, a relatively accurate NLI
power distribution can be obtained within a short time period [18], which is much faster than
calculating the NLI using the integral form [20].

PNLI = ηnP3
i (10)

where Pi is the power of i-th channel in the first span the ηn represents the NLI coefficient after n
spans, which consists of self- and cross-channel NLI power terms and can be written as

ηn(fi) ≈
n∑︂

j=1
[Pi,j

Pi
]2 · [ηSPM,j(fi)nϵ + ηXPM,j(fi)] (11)

where the Pi,j denotes the power of the i-th channel in the j-th span, ϵ is the coherent factor,
which is dependent on the frequency and all system parameters [21], and ηSPM,j and ηXPM,j are
contributions of SPM and XPM effects in the j-th span, which are given by [18].

2.4. Optimization algorithm by using the SA algorithm

According to the LOGO strategy mentioned before, we focus on optimization by considering
one-span transmission. After calculating distributions of the ASE noise and the NLI noise,
the GSNR and capacity can be obtained successively. In other words, once the distribution of
launch power is set given knowing all the parameters of optical configuration, the achievable
transmission capacity can be obtained in a fast way. To optimize the set of parameters including
power slopes and power offsets of three bands, we define two metrics in the target function below

y = w1 · N∑︁N
i=1 Ci

+ w2 · [(CmaxL − CminL ) + (CmaxC − CminC ) + (CmaxS − CminS )] (12)

where w1 and w2 represent the weights of these two terms, respectively, and Ci denotes the
capacity of i-th channel among N channels. The first term is set as the reciprocal of the average
capacity, and the second term represents the sum of ripples over L-, C-, and S-band. Each
ripple denotes the difference between the highest and lowest capacity within one band. By
changing values of two weights, w1 and w2, distinct optimization strategies are generated to get the
corresponding desired distribution of capacity. For instance, the strategy of maximizing the total
capacity is achieved by keeping the first term (i.e. w1 = 1, w2 = 0). On the contrary, leveraging
the second ripple term only (i.e. w1 = 0, w2 = 1) leads to the flattest capacity distribution. And
keeping these two terms with proper weights (i.e. w1 = 1, w2 = 10) will make the distribution
both high and flat. It is important to introduce the weight of the ripple term because controlling
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the capacity ripple of a band within a reasonable small range means fairness to different terminal
users. This combination of two weights (w1 = 1, w2 = 10) is selected by pre-simulation to make
sure that both terms are comparable to achieve the target of high and flat capacity.

Simulated annealing (SA) algorithm [22] is a method that can assist to approach the global
optimal solution of one given function. Compared to the BFS technique, SA is a more effective
way, especially when the variable space and ranges of constraints are large. As for other
optimization algorithms like genetic algorithm and particle swarm optimization [23,24], they
are inferior to the SA in terms of complexity and robustness. One special feature of the SA
algorithm is that it will accept the worse solution with a certain probability in the process of the
optimization, it can escape from the local optima and approach the global optima. The probability
to accept worse solutions temporarily is related to the temperature parameter in the algorithm,
and the higher the temperature, the higher the probability. The detailed pseudo-code of the SA
algorithm is as follows

Algorithm 1 Process of SA algorithm
Input: up, low, Tmax, Tmin, L, maxstay
Output: generation_xbest, generation_ybest

1: Random initialization: x = {xi, xi ∈ [lowi, upi], i ∈ [1, 6]}
2: Initialization:

xcurrent, xbest = x
ycurrent, ybest = Capacity(x)
stay = 0, epoch = 0, T = Tmax
generation_xbest = [], generation_ybest = []

3: while (T ≥ Tmin) and (stay ≤ maxstay) do
4: for j = 1 → L do
5: Update xnew via Eq. 13
6: ynew = Capacity(xnew)
7: df = ynew − yycurrent

8: if exp(− df
T )>rand(0, 1) then

9: xcurrent = xnew
10: ycurrent = ynew
11: if df<0 then
12: xbest = xnew
13: ybest = ynew
14: end if
15: end if
16: end for
17: epoch + = 1
18: Update T via Eq. 14
19: generation_xbest.append(xbest)
20: generation_ybest.append(ybest)
21: if |generation_ybest(end) − generation_ybest(end − 1)|<1e − 3 then
22: stay + = 1
23: else
24: stay = 0
25: end if
26: end while

We develop the SA algorithm in MATLAB by referring to the python package, scikit-opt
[25]. It is worthy to note that the x in the initialization process represents a random-generated
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six-dimensional vector. The first three elements in x represent slopes of the power profile of three
bands and they range from -1.5 dBm/THz to 1.5 dBm/THz. The last three are corresponding
average power offsets, which vary from -13 dBm to -1 dBm. From the updating function in
Eq. (13) we can see these two boundary terms strictly limit the generating range of parameters
within the range mentioned above. The function Capacity(x) represents using the GN model to
calculate the NLI noise power and further to obtain the capacity with the input of variable, x,
which is the set of parameters for optimization. The history of target optimization is stored in the
variable of generation_ybest. And we use the Eq. (14) below to update the temperature

xnew = xcurrent + sign(r) × T × [(1 + 1
T
) |r | − 1] × (up − low) (13)

T = Tmax · exp[−exp(−1) · epoch] (14)

where the r in Eq. 13 is a randomly generated parameter, ranging from -1 to 1, which controls the
sign of the updating increment of the input vector. And the Tmax is the initial temperature, which
should be an appropriate value because it takes a lot of time to converge if the Tmax is set too high.
Conversely, a lower Tmax prevents accepting bad temporary updates. Thus we set Tmax = 300 for
its good performance.

3. Results and discussions

3.1. Setup

In this work, we leverage L (96 channels) + C (96 channels) + S (192 channels) band to carry
signals. Based on the ITU-T G.694.1 [26], the frequency ranges of three bands are set as 185.975
THz ∼190.775 THz, 191.275 THz ∼196.075 THz, and 196.575 THz ∼206.175 THz, respectively.
Since the Nyquist-WDM system is applied, the symbol rate of signals is set as same as the channel
spacing, 50 GHz. The guard bands between L- and C-band, C- and S-band are 500 GHz. For
fiber network topology, we consider all the spans are identical with standard single-mode fiber
(SSMF), and the length of each span is 80 km. The nonlinear coefficient γ = 1.2 W/km. Based
on the ITU-T G.652D [27], the attenuation factors of L-, C-, and S-band are set as 0.21 dB/km,
0.20 dB/km, and 0.21 dB/km, respectively. The group velocity dispersion (GVD) parameter D is
17 ps/(nm · km) at 1550 nm which varies with the lambda with the dispersion slope S of 0.091
ps/(nm2· km), as shown in Eq. 15.

D(λ) = D1550 + S1550(λ − 1550) (15)

As mentioned in Section 2.1, two amplification schemes are used respectively. The first one
possesses 2 EDFAs for L- and C-band and 1 TDFA for S-band, separately. The second scheme
uses two TDFAs and each amplifies half of the S-band beside two EDFAs. In the optimization
process, we assume the NFs of OAs over bands are spectrally flat and their average values are 5
dB, 5 dB, and 6.5 dB for L-band, C-band, and S-band, separately. All parameters are listed in
Table 1.

3.2. Results and discussions

As stated in Section 2.1, it is better to apply the dynamic iteration method to calculate the Raman
gain. To observe its difference with the triangular approximation, we generate three Raman gain
profiles with distinct input power distributions shown in Fig. 3. For the uniform power input
with -10 dBm per channel shown in Fig. 3(a), we can see from Fig. 3(b) that the middle parts of
Raman gain generated by the triangular assumption and dynamic iteration are quite close and
keep good linearity. The error happens at outer band channels if the fixed Cr is used. When we
input the tilt power shown in Fig. 3(e) with similar total power with the uniform distribution, the
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Table 1. System parameters

Parameters Values

Loss of L-band (αl) [dB/km] 0.21

Loss of C-band (αc) [dB/km] 0.20

Loss of S-band (αs) [dB/km] 0.25

Dispersion at 1550 nm (D) [ps/nm/km] 17.0

Dispersion slope (S) [ps/nm2/km] 0.091

Nonlinear coefficient (γ) [1/W/km] 1.2

Length of span (Lspan) [km] 80

Symbol rate [Gbaud] 50

Channel bandwidth (Bch) [GHz] 50

Channel spacing [GHz] 50

Bandwidth of guard bands (Bgb) [GHz] 500

Number of channels 384

Optical bandwidth (Btot) [THz] 19.2

Reference wavelength [nm] 1454.2

Noise figure of L-band (NFl) [dB] 5

Noise figure of C-band (NFc) [dB] 5

Noise figure of S-band (NFs) [dB] 6.5

Raman profile in Fig. 3(f) is basically the same as that shown in Fig. 3(b). We also increase the
per-channel power from -10 dBm to -8 dBm as shown in Fig. 3(c), then the total power increased
from 15.84 dBm to 17.84 dBm. From Fig. 3(d), it can be observed that the shape of Raman
gain maintains the same. Meanwhile, the gain is equivalent to multiplying a rescaling factor.
Although the deviations are quite low (about 0.5 dB at the outermost channels), it is better to
apply this dynamic iteration method to decrease the error of the GN model.

Then, we test the performance of the SA on searching optimal parameters. The optimization
history of five random trials is shown in Fig. 4(a). It can be seen that all the target values converge
to almost the same value, although their initial values are different. Even more, we select the best
set of parameters by finding the lowest target value and its corresponding capacity distribution.
We then can compare this distribution with which generated by the parameters found by BFS, and
illustrate the result in Fig. 4(b). For BFS, we set the searching grid of power offset and the power
slope with the step of 2 dBm and 0.5 dBm/THz to control the traversing time in a reasonable
period. Thus, 117649 sets of parameters are finally generated and tested. Even so, it is clear from
Fig. 4(c) that the BFS is inferior to the SA algorithm in terms of time required and achievable
average capacity ripple. It is indeed that the overall performance using BFS will be higher if
the sweeping granularity becomes finer. However, the number of combinations to be swept will
exponentially rise, and the required searching time is so long and impractical for optimization.
Therefore, higher capacity and less optimization time validate the excellence of the SA algorithm.

In Section 2.1 and Section 2.3, it is mentioned that we perform the optimization by using two
amplification schemes with 3 OAs and 4 OAs, respectively, and apply three kinds of optimization
strategies by changing two weights shown in Eq. 12. Therefore, we compare the performance
between two amplifying schemes and three strategies over three bands (96+96+192 channels) in
Fig. 5(a). In terms of amplification scheme, results of 3 OAs schemes are represented by solid
lines, and dash lines denote schemes with 4 OAs. Note that to optimize schemes with 4 OAs,
the length of the parameter vector increases from 6 to 8 due to the newly added power slope
and power offset. It can be seen that the capacity distributions obtained by these two schemes
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on the ITU-T G.652D [27], the attenuation factors of L-, C-, and S-band are set as 0.21 dB/km,
0.20 dB/km, and 0.21 dB/km, respectively. The group velocity dispersion (GVD) parameter D is
17 ps/(nm · km) at 1550 nm which varies with the lambda with the dispersion slope S of 0.091
ps/(𝑛𝑚2· km), as shown in Eq. 15.

𝐷 (_) = 𝐷1550 + 𝑆1550 (_ − 1550) (15)
As mentioned in Section 2.1, two amplification schemes are used respectively. The first one

possesses 2 EDFAs for L- and C-band and 1 TDFA for S-band, separately. The second scheme
uses two TDFAs and each amplifies half of the S-band beside two EDFAs. In the optimization
process, we assume the NFs of OAs over bands are spectrally flat and their average values are 5
dB, 5 dB, and 6.5 dB for L-band, C-band, and S-band, separately. All parameters are listed in
Table 1.

3.2. Results and discussions
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Fig. 3. (a) Uniform launch power with -10 dBm per channel and its corresponding
(b) Raman gain profile generated by the triangular approximation (fixed Cr, orange
line) and dynamic iteration (blue line); (c) Uniform launch power with -8 dBm per
channel and its corresponding (d) Raman gain profile; (e) Tilt launch power and its
corresponding (f) Raman gain profile
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set of parameters by finding the lowest target value and its corresponding capacity distribution.
We then can compare this distribution with which generated by the parameters found by BFS, and
illustrate the result in Fig. 4(b). For BFS, we set the searching grid of power offset and the power
slope with the step of 2 dBm and 0.5 dBm/THz to control the traversing time in a reasonable
period. Thus, 117649 sets of parameters are finally generated and tested. Even so, it is clear from
Fig. 4(c) that the BFS is inferior to the SA algorithm in terms of time required and achievable
average capacity ripple. It is indeed that the overall performance using BFS will be higher if
the sweeping granularity becomes finer. However, the number of combinations to be swept will
exponentially rise, and the required searching time is so long and impractical for optimization.
Therefore, higher capacity and less optimization time validate the excellence of the SA algorithm.

In Section 2.1 and Section 2.3, it is mentioned that we perform the optimization by using two
amplification schemes with 3 OAs and 4 OAs, respectively, and apply three kinds of optimization
strategies by changing two weights shown in Eq. 12. Therefore, we compare the performance
between two amplifying schemes and three strategies over three bands (96+96+192 channels) in
Fig. 5(a). In terms of amplification scheme, results of 3 OAs schemes are represented by solid
lines, and dash lines denote schemes with 4 OAs. Note that to optimize schemes with 4 OAs,
the length of the parameter vector increases from 6 to 8 due to the newly added power slope
and power offset. It can be seen that the capacity distributions obtained by these two schemes
over different strategies are basically the same. We compared the total capacities between two
amplifying schemes in Fig. 5(b). And the similar results over three strategies indicate that
the number of OA has almost no effect on the overall capacity. Therefore, using one TDFA is
more cost-effective as long as the wavelength range of commercial TDFA can cover the whole
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over different strategies are basically the same. We compared the total capacities between two
amplifying schemes in Fig. 5(b). And the similar results over three strategies indicate that the
number of OA has almost no effect on the overall capacity. Therefore, using one TDFA is
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more cost-effective as long as the wavelength range of commercial TDFA can cover the whole
S-band. And the power control strategy can be applied with different amplifying schemes based
on practical requirements.

(a) (b)

(c) (d)

Fig. 5. (a) The capacity distributions and (b) the comparison of total capacity and (d)
the average ripples with two kinds of amplification schemes, and (c) the launch power
distribution (4 OAs scheme) generated by three strategies

S-band. And the power control strategy can be applied with different amplifying schemes based
on practical requirements.

For the SA algorithm, the optimization strategy is more significant due to its huge effect on
the distribution of capacity over channels. Take the performance of three strategies on the 3
OAs scheme as an example, it is obvious that although the maximizing strategy gets the highest
total capacity (224.34 Tbps in Fig. 5(b)), the capacity distribution over channels is tilted and the
average ripple is large (32.7 Gbps in Fig. 5(d)) which is undesired in the WDM system because it
is unfair for users at different terminals. On the contrary, applying the flattening strategy satisfies
the fairness principle within the band (0.792-Gbps ripple), but it can only get a much lower total
capacity (199.4 Tbps). The third strategy combines the advantages of the first two strategies with
only 8 Tbps capacity decrease (216.21 Tbps) compared to the maximizing strategy and relatively
good flatness (1.92-Gbps ripple), which can be seen in Fig. 5(d).

Finally, we show the distributions of launch power over the whole band generated by the
parameters found from three strategies with the 4 OAs scheme in Fig. 5(c). It is observed that
for power distributions found by high and flat strategy (orange line) and flattest strategy (green
line), all slopes are positive which agrees with the conception in Section 2.1 about amplifying
high-frequency channels to higher launch powers. However, the power distribution generated by
the max strategy is counter-intuitive with a negative slope at the right half of the S-band. This
indicates optimizing power distribution by BFS at a positive range of slope doesn’t work for
maximizing capacity strategy. Besides this, the irregular mean power of each band also violates
our initial idea of resisting Raman linear gain by setting a high-frequency channel with a higher
power. This proves the capability of SA based on the target function without relying on unreliable
presuppositions.

Due to the limitation of experimental conditions, this work is mainly based on simulation.
But the ability to optimize a set of parameters for launch power control with arbitrary optical
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total capacity (224.34 Tbps in Fig. 5(b)), the capacity distribution over channels is tilted and the
average ripple is large (32.7 Gbps in Fig. 5(d)) which is undesired in the WDM system because it
is unfair for users at different terminals. On the contrary, applying the flattening strategy satisfies
the fairness principle within the band (0.792-Gbps ripple), but it can only get a much lower total
capacity (199.4 Tbps). The third strategy combines the advantages of the first two strategies with
only 8 Tbps capacity decrease (216.21 Tbps) compared to the maximizing strategy and relatively
good flatness (1.92-Gbps ripple), which can be seen in Fig. 5(d).

Finally, we show the distributions of launch power over the whole band generated by the
parameters found from three strategies with the 4 OAs scheme in Fig. 5(c). It is observed that
for power distributions found by high and flat strategy (orange line) and flattest strategy (green
line), all slopes are positive which agrees with the conception in Section 2.1 about amplifying
high-frequency channels to higher launch powers. However, the power distribution generated by
the max strategy is counter-intuitive with a negative slope at the right half of the S-band. This
indicates optimizing power distribution by BFS at a positive range of slope doesn’t work for
maximizing capacity strategy. Besides this, the irregular mean power of each band also violates
our initial idea of resisting Raman linear gain by setting a high-frequency channel with a higher
power. This proves the capability of SA based on the target function without relying on unreliable
presuppositions.

Due to the limitation of experimental conditions, this work is mainly based on simulation.
But the ability to optimize a set of parameters for launch power control with arbitrary optical
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system architecture in a few minutes is valuable. Indeed, more works need to be done under
scenarios with reconfigurable optical add-drop multiplexer (ROADM) over longer transmission
mesh networks, which are left for future research.

4. Conclusions

In this work, we propose a power control technique by leveraging the SA algorithm. A set of
optimum parameters, describing the launch power profile, can be searched to make the total
capacity high and meanwhile keep the capacity distribution flat over bands. We demonstrate
that using the SA algorithm is much faster than using the BFS scheme and higher achievable
transmission capacity can be obtained as well. It is observed that a trade-off exists between the
total capacity and its spectral flatness over bands by comparing three optimization strategies.
Finally, the launch power profile is illustrated whose pattern can guide the design of the optical
line system. That is to say, this method can be applied with arbitrary configurations of the UWB
WDM systems according to the practical requirements, which is time-saving and promising when
planning new point-to-point links and mesh networks.
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