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ABSTRACT

In order to address the challenges brought by high bandwidth requirements to optical communication networks and
improve the capacity of ultra-wideband wavelength division multiplexing systems, an optical power optimization
algorithm based on the marine predator algorithm is used to optimize the launched power to achieve the goal of maximizing
channel capacity. At the same time, the maximum capacity strategy, high and flat capacity strategy, and flattest capacity
strategy are applied to meet different transmission requirements, achieving a balance between capacity and ripple. The
simulation results show that compared with the brute force search method, the marine predator algorithm-based
optimization algorithm significantly reduces the optimization time required and achieves advantages in both total capacity

and ripple flatness. This method can be used to quickly optimize optical network design before actual deployment.
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1. INTRODUCTION
1.1. Background

The deployment of the fifth generation (5G) mobile communication system and the advent of the big data era have brought
tremendous development to fields such as streaming media platforms and cloud computing, but the requirement for high
bandwidth also poses challenges to the communication network. The continuous growth of network traffic demand has
prompted modern optical communication networks to further improve their transmission capabilities. In order to achieve
this goal, researchers mainly strive in two feasible directions: (a) Space Division Multiplexing (SDM) [1], which can be
achieved using multi-core fibers (MCF) or multi-mode fibers (MMF), or (b) Ultra-Wideband Wavelength Division
Multiplexing (UWB-WDM) systems [2], which will utilize a larger spectral portion of the fiber to improve transmission
capabilities. The SDM solution has great potential to increase transmission capacity, but it requires significant
modifications to existing optical transmission systems, design and deployment of new fibers and equipment, which results
in significant cost investments. Compared to other solutions, UWB-WDM can utilize existing fibers and equipment, but it
maximizes the utilization of multiple bands. This feature makes it the most feasible short-term solution to increase the
capacity of optical network systems. Some research results have addressed the commercial solutions of UWB-WDM
systems in the C+L band [3-5], taking into account the effects of amplified spontaneous emission (ASE), nonlinear
interference (NLI), and stimulated Raman scattering (SRS), and thus defining the generalized signal-to-noise ratio (GSNR)
as a parameter for quantifying the specified optical path quality of transmission (QoT) [6, 7]. In [8], a channel capacity of
94.9Tbps was achieved in 1900km of C+L band transmission, while in [9], a capacity of 150.3Tbps was achieved in 272
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channels over 40km of C+L+S band transmission.

In order to improve the overall transmission capacity of the system, it can be considered to optimize the power allocation
of the channel. However, the increase in computational complexity brought about by GSNR and multi span transmission
is difficult to avoid. To improve computational efficiency, the Gaussian noise model (GN model) and its closed-form
approximation proposed in [10] and [11] are widely used, which has a significant effect on simplifying the calculation of
NLI noise and SRS. Especially in systems with bandwidths below 15THz, its calculation of Raman gain distribution can
greatly reduce the computational complexity of SRS. Meanwhile, a scheme called local optimization leads to global
optimization (LOGO) to some extent solves the optimization problem of multi span transmission [12]. The LOGO scheme
indicates that optimization on one span can determine the overall optimization of the system. Therefore, the optimization
process of multi span transmission systems can be achieved by considering the performance of one transmission link,

which greatly reduces the computational complexity of real systems.

Using iterative search to optimize the function in a given search domain is a simple optimization solution, which achieves
power control on the C+L+S band in [13]. In this work, the power distribution of the band is assumed to be flat, which can
achieve the high-capacity recording achieved in [9]. However, considering the impact of SRS, relying solely on a flat
launched power to achieve optimal capacity will result in larger ripples at the receiving end, which will have a significant
impact on user experience. If each band is considered separately, introducing the center frequency power and power slope
offset of the band can to some extent solve this problem. If a suitable search domain is defined for these two parameters,
and a certain step size is used to search for these two parameters in each band, it can approach the optimal overall capacity
to the greatest extent possible, this scheme is referred to as brute-force searching (BFS) in [14]. However, it is obvious that
this process is time-consuming, especially in actual network planning. Therefore, an algorithm called the Marine Predator
Algorithm (MPA) was applied in this study, which has been proven to have good performance in large-scale optimization
and avoiding local optima [19]. We will apply two algorithms separately to control the power of UWB-WDM systems and

compare their performance.

2. METHODOLOGY
2.1. Noise analysis in UWB-WDM Systems
a. Nonlinear noise
The nonlinear noise in UWB-WDM system is calculated by Equation 1:
Pyir = PP D

Where P; is the input power of channel of interest i, 1,, is the fiber nonlinear coefficient after n spans, which is
composed of self-phase modulation (SPM) and cross-phase modulation (XPM),
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Where Nspy,;(fi) is the SPM contribution and Nxpu,;(f;) is the total XPM contribution after j spans, P;; is the power
of COI i launched into the j span and P; is the launch power of COI i. The closed-form approximation of GN model
was used to calculate the SPM and total XPM contribution [15], the closed-form approximation for the SPM contribution
is
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b. Analysis of SRS and ASE noise in optical amplifiers

In UWB-WDM systems, the accumulation of SRS in the system will cause power to shift from high frequency to low
frequency, thereby further affecting the power distribution of NLI noise and ASE noise. For non-flat launched power
spectral density (PSD), the gain of SRS can be represented in closed form approximate [16, 17],

Ptote_fk'CrLeffPtot
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where C, is the Raman gain slope, L.y is the fiber effective length and is defined as L.sf = #, P.,; 1s the total
launch power. By deriving a simple formula, the difference in outer channel power transmission under uniform launched
power can be calculated as

Ap(3) [dB] = 4.3 - PtotCrLeffB (6)

It can be observed that when the fiber parameters are determined, the difference in power transfer is only related to the
total launch power and total channel bandwidth. After 80km of transmission in the C-, L-, and S- bands, different uniform
transmission powers are affected by the SRS gain, as shown in Figure 1. The power at the receiving end will show a clear

trend of shifting from high frequency to low frequency.

Moreover, SRS will further affect the ASE noise of the optical amplifier (OA). In different channels, the gain required by
OA needs to consider SRS, which can be expressed as [18],

Goa(f) = e“Dls - Goo () @)

Where a(f) is fiber loss parameter depend on channel center frequency f and Lg is the length of fiber span. From this,
the ASE noise of OA can be calculated,

Pysg = hf - NF(f)(Goa(f) — 1)Bey 3

with h represents the Planck constant, B, represents the bandwidth of the channel, NF(f) is the frequency dependent
noise figure of the OA. Therefore, the gain provided by OA will not be a flat value, and the ASE noise will also be a

frequency dependent value.
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Figure. 1. SRS gain of UWB WDM system after one span 80km transmission under uniform launched power.

2.2. Power control strategy

Due to the influence of SRS gain as shown in Figure 1, in order to ensure the flatness of the ripple at the receiving end, the
center frequency power P,¢rs.; and power slope Slpoe of C-, L-, S- bands are used to control the launched power of

each channel. The launched power of channel i is calculated as
P = Poffset + Slope * (f; — feenter) (C))

The total channel capacity of the UWB-WDM system is calculated as

C =B-log,(1+ GSNR) (10)
Where B is the channel bandwidth, GSNR is defined as GSNR = %. In order to maximize channel capacity and
ASETENLI

ensure ripple flatness, Equation 11 is used as the objective function of the optimization algorithm [14],
N
y=w W + Wz[(CmaxL - CminL) + (Cmaxc - Cminc) + (Cmaxs - Cmins)] (11)
i= L

With w, and w, are weights of two terms, C; is the capacity of COI i. By controlling the values of wl and w2, three
different optimization strategies can be implemented. When w; = 1 and w, = 0, the maximum channel capacity can be
achieved. When w; = 0 and w, = 1, the power control with flattest ripple can be achieved. When w; = 1 and W2 =

10, the power control strategy with flat ripple and large channel capacity can be achieved.
2.3. Optimization algorithm

Marine Predator Algorithm (MPA) is a naturally inspired metaheuristic algorithm proposed by Faramarzi et al. in 2020,

which has been widely validated and applied in the optimization of various engineering problems [19]. It is developed
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based on two foraging strategies among marine predators: Levy and Brownian movements.

Figure 2 shows the basic strategy of MPA, where the population is divided into predators and prey, and the total

number of iterations is evenly divided into three phases.

Phase 1 is exploration, where the movement speed is very fast (i.e. with a high step size). The optimal strategy for predators
is to remain stationary, while prey undergoes Brownian movements. The updates of step size and position of preys are

performed through the following equation,

stepsize, = R—B) ® (ElLteL - R—B) ® Preyl) i=1,..,n
Prey, = Prey, + P. R® stepsize, (12)

Where Ry is a vector containing random numbers based on a normal distribution representing Brownian motion. The

symbol @ means multiplication operations by entry. R is a vector of uniform random number in [0, 1] and P = 0.5.

Phase 2 is exploration and development, where predators and prey have a unit speed ratio. At this phase, the preys adopt
the Levy movement strategy, while the predator's optimal solution is Brownian movement. Eq. (13) describes the process
of prey moment, while Eq. (14) describes the Brownian motion of the predator and the process in which the prey updates

its position as predator moves.

For the first half of the population
stepsize, = RT ® (Elltel - FL ® Preyl) i=1,..,n/2
Prey, = Prey, + P. R® stepsize, (13)

For the second half of the population
stepsize, = z ® (ﬁ &® Elite, — Preyl) i=n/2,..,n
Prey, = Elite, + P.CF @ stepsize, (14)

Iter

Tter )(ZXMax_Iter)

Where FL is a vector of random numbers based on Levy distribution of Levy motion, and CF = (1 — —

is a parameter that controls the predator’s step size, Iter is the current iteration and Max_Iter is the maximum number

of iterations.

Phase 3 is at a low-speed ratio, which focuses on high development ability, so predators adopt the Levy strategy. The

updates of predators’ step size and position are represented by Eq. (15),
stepsize, = FL ® (FL ® Elite, — Preyl) i=1,.,n
Prey, = Elite, + P.CF @ stepsize, (15)
In addition, MPA introduces eddy and fish aggregation device (FAD) effects to avoid local optima. When considering FAD
as a local optimum, studies have shown that predators spend 80% of their time near FAD and the remaining 20% of their

time making longer jumps in different dimensions. Introducing these longer jumps in the simulation process can avoid

stagnation at the local optimum.
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Figure 2. Schematic diagram of MPA optimization process. Phase 1 is exploration, phase 2 is exploration and development,

and phase 3 is development. Introduce Eddy and FADs to avoid local optima. [19]

3. SIMULATION RESULTS
3.1. Simulation setup

In this study, a UWB-WDM system covering the C+L+S band was established, with a total of 384 channels, each spanning
a length of 80km. Among them, the L-band, C-band, and S-band have 96 channels, 96 channels, and 192 channels,
respectively. The protection band between bands is set to S00GHz, and the bandwidth of each channel is S0GHz. Due to
the application of the Nyquist WDM system, the symbol rate of the signal is the same as the channel bandwidth, and it is

assumed that the noise figure (NF) of OAs over bands is flat. The detailed system parameters are shown in Table 1.

Table I. The main parameters of fiber

Parameters of Fiber Values Parameters of Fiber Values
Loss of L-band (a;) [dB/km] 0.21 Channel spacing [GHz] 50
Loss of C-band (a,) [dB/km] 0.20 Bandwidth of guard bands (B,;,) [GHz] 500
Loss of S-band (a,) [dB/km] 0.25 Number of channels 384
Dispersion at 1550 nm (D) [ps/nm/km] 17.0 Optical bandwidth (B,,,) [THz] 19.2
Dispersion slope (S) [ps/nm?/km] 0.091 Reference wavelength [nm] 1454.2
Nonlinear coefficient (y) [1/W/km] 1.2 Noise figure of L-band (NF)) [dB] 4.68
Length of span (Lgpan) [km] 80 Noise figure of C-band (NF,) [dB] 4.25
Symbol rate [Gbaud] 50 Noise figure of S-band (NF,) [dB] 6.5
Channel bandwidth (B,,;,) [GHZz] 50

As described in section 2.2., P,¢rg.; and Slope are used to control the transmission power of each channel, so for the C
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-, L -, and S- bands, 6 parameters need to be optimized. The search domain range of Slope is controlled to be -
1.5dBm/THz to 1.5dBm/Hz, and the search domain range of Pyffs.; being -13dBm to -1dBm. The brute force search
(BFS) algorithm with search step sizes of 0.5dBm/THz and 2dBm for Slope and Pysr., generated a total of 117649

results, which were used to approximate the global optimum.
3.2. Simulation result

When setting the convergence threshold to 107 and considering the use of the maximum capacity strategy, the MPA's 5
optimization processes are shown in Figure. 3.(a), and the algorithm will converge after approximately 60 iterations. From
Figures. 3. (b) and (c), it can be observed that MPA has a significant advantage in optimization time, completing the
optimization in only about 1/25 of BFS’s time. Despite adopting the strategy of maximizing capacity, MPA did not pay
attention to ripple flatness and still achieved a 2.7Gbps reduction in average ripple compared to BFS. In Figure 4, the
optimized channel capacities of BFS and MPA are shown in detail, achieving total capacities of 213.79 Tbps and 214.53
Tbps, respectively. Combined with the results in Figure 3, MPA has advantages over BFS in all aspects and is also more

detailed in search granularity.
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Figure. 3. (a) The convergence process of MPA five time stochastic optimization. (b) Comparison of BFS and MPA optimization time,

and (c) Comparison of Ripples between BFS and MPA using maximum capacity strategy.
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Figure. 4. Comparison of channel capacity after MPA and BFS optimization respectively
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In 2.2., three different optimization strategies were designed to control the final optimization scheme. Fig.5. shows the
results obtained by applying these three optimization strategies using the MPA algorithm. Among them, Fig.5. (a) and (b)
respectively show the optimized input power and capacity per channel for these three strategies. Fig.5. (c) and (d) provide
a more intuitive representation of the total capacity and average ripple after optimizing the three strategies. It can be
observed that the maximization strategy has the maximum channel capacity (214.53 Tbps), but also the maximum average
ripple (23.19 Gbps), which is extremely unfriendly to end users. Relatively speaking, the high-capacity and flat ripple
strategy reduces the average ripple to 1.08 Gbps while losing less than 5 Tbps of total capacity, and its performance on
both total capacity and average ripple is acceptable. The flattest ripple strategy achieves the lowest average ripple and is
the most user-friendly strategy for end-users, but it loses a total capacity of 20 Tbps and 16 Tbps compared to the
maximizing strategy and the high-capacity ripple flattening strategy, respectively, which is unacceptable. Overall, the high-
capacity and flat ripple strategy achieves a balance between capacity and average ripple, considering both end-user

friendliness and maximizing the total system capacity. This strategy can be used in the optimization process of the system.
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Fig. 5. (a) Optimized launch power of each channel based on three strategies, (b) Capacity of each channel optimized based
on three strategies, (c) Total system capacity optimized based on three strategies, and (d) System average ripple optimized

based on three strategies.
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4. CONCLUSIONS

In this paper, a power control optimization technique based on MPA is proposed. We applied the LOGO strategy and
optimized the system using BFS and MPA algorithms respectively. We compared the optimization time, total system
capacity, and average ripple of the two algorithms, proving that MPA is leading in all aspects. Meanwhile, in order to
balance capacity and ripple, three different power control strategies were adopted for the optimization process of MPA.
The results showed that the high-capacity and ripple flat strategy can achieve power flatness at the receiving end with
minimal loss of capacity. This study has saved a lot of time in optimizing the launched power of UWB-WDM systems and

can adjust the power control strategy as needed.
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