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Abstract: This paper mainly focuses on efficient schemes for simulating propagation in
optical fibers. Various schemes based on split-step Fourier techniques to solve the non-
linear Schrédinger equation (NLSE), which describes the propagation in optical fibers,
are compared. In general, the schemes in which the loss operator is combined with non-
linearity operator are found to be more computationally efficient than the schemes in
which the loss is combined with dispersion. When the global error is large, the schemes
with variable step size outperform the ones with uniform step size. The schemes based
on local error and/or minimum area mismatch (MAM) further improve the computational
efficiency. In this scheme, by minimizing the area mismatch between the exponential
profile and its stepwise approximation, an optimal step size distribution is found. The op-
timization problem is solved by the steepest descent algorithm. The number of steps to
get the desired accuracy is determined by the local error method. The proposed scheme
is found to have higher computational efficiency than the other schemes studied in this
paper. For QPSK systems, when the global error is 10~8, the number of fast Fourier
transforms (FFTs) needed for the conventional scheme (loss combined with dispersion
and uniform step size) is 5.8 times that of the proposed scheme. When the global error
is 1078, the number of FFTs needed for the conventional scheme is 3.7 times that of the
proposed scheme.

Index Terms: Optical fiber communication modeling, numerical simulation, nonlinear
Schrédinger equation (NLSE), split-step Fourier method (SSFM).

1. Introduction

The split-step Fourier method (SSFM) is widely used to solve the nonlinear Schrédinger equa-
tion (NLSE), which describes the evolution of optical field envelope in optical fibers [1]-[4]. In
SSFM, dispersion and nonlinearity operators are assumed to act independently over a small
step size. A pair of fast Fourier transforms (FFTs) is used to solve the NLSE when there is only
dispersion and/or loss and then, a phase shift is introduced to account for the nonlinear effects
when the dispersion is absent. Recently digital back propagation (DBP) has drawn significant at-
tention to mitigate the linear and nonlinear impairments [5]-[11]. In DBP, the NLSE is solved in
digital domain with the reversed signs of dispersion, loss and nonlinear coefficients. Therefore,
efficient algorithms to solve the NLSE have become even more important.
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In solving the NLSE, smaller step size leads to results closer to the exact solution, but it takes
more computational time. Thus, there is a trade-off between the accuracy and computational
cost. The objective of this paper is to compare the accuracy of various SSFMs for the given

computational cost. In the conventional approach [2], the linear operator, D takes into the ac-
count of dispersive and loss effects while the nonlinear operator, N takes into account only the

Kerr effect. Instead, it is possible to include the loss effect along with the Kerr effect in N and
we find that this scheme has higher computational efficiency than the conventional approach. It
is because the path-averaged nonlinear phase shift is introduced which takes into account the
power attenuation due to fiber loss within the step while in the conventional scheme, nonlinear
phase shift is determined by the power at the beginning or the middle of the step. If the losses
were to vary with frequency, introducing losses into the nonlinear operator would not be a sim-
ple task. For optical waveguides, the losses change across the relevant spectrum of the optical
signal and hence, this scheme is not suitable. However, for optical fibers, over the simulation
bandwidth, the loss is nearly constant.

In the presence of fiber loss, the uniform step size is not optimum since the nonlinear phase
shift accumulated in each step decreases exponentially with distance due to loss. The step size
distribution can be optimized using the local error method [4] or minimum area mismatch (MAM)
[12]-[14] or the combination of both. Local error method is a powerful technique to solve the
NLSE, in which the step size is adaptively chosen so as to bound the relative local error. In
MAM, the step size distribution is optimized by minimizing the area mismatch between the expo-
nential curve and its stepwise approximation. In this paper, a novel scheme that combines the
merits of local error method and MAM is introduced. Using this approach, the computational effi-
ciency can be improved by a factor 2.5 to 5, and a factor 1.6 to 3.1 as compared to the conven-
tional and local error methods, respectively, when the global error is in the range of practical
interest.

2. Theory

2.1. Principle of the Split-Step Fourier Method (SSFM)

The NLSE is used to describe the optical pulse propagation in fibers. When the pulse width is
large (> 5 ps) and the higher order dispersion and the delayed nonlinear response are ne-
glected, the NLSE can be written as

24
oT?

8A « I . 2
9h_ _%a_ ! Al°A 1
o= —5A— 5T+ A (1)
where A is the complex field envelope, and «a, 62, and ~ are loss coefficient, second order dis-
persion parameter, and nonlinear coefficient. Equation (1) has an analytical soliton solution for a
specific case when 3, < 0. However, for most cases, it has to be solved numerically. SSFM is
extensively used to solve the NLSE numerically. To explain the SSFM clearly, it's convenient to
write (1) in the following form:
0A

= [D + N(A)}A. @)

Here, D and N are the operators that account for dispersion and nonlinearity, respectively. If we
neglect the fiber loss

. i 0 - a2

D=—5hgm. NA)=0HAP. 3)
The cases when the fiber loss is taken into account will be discussed later. In fibers, dispersion
and nonlinearity act simultaneously, but they can be roughly treated as being independent in a

Vol. 6, No. 4, August 2014 7200515



IEEE Photonics Journal Comparison of Split-Step Fourier Schemes

very small distance. If the unsymmetric split-step scheme is employed, (2) has an approximate
solution as [2]

z+h
A(z+ h, T) ~ exp(hD)exp (/ N(z’)dz’) Az, T). (4)

In the symmetric scheme, (2) can be approximated as

z+h

A(z+h,T) ~ exp <g D) exp (/ N(z’)dz’) exp (g D) Az, T). (5)

Equations (4) and (5) are not the exact solutions of (2) since D and N don't commute. Using
Baker-Hausdorff formular [15], the dominant error term of (4) is of the order h?, and the leading
error of (5) is of the order h®. Since the symmetric scheme is more accurate than the unsym-
metric one, it has been utilized in the numerical calculation throughout this paper. The operation
exp(hD/2)A(z, T) can be realized using a pair of FFTs and hence, the computational cost of a
single-step symmetric scheme is approximately twice that of the unsymmetric scheme. How-
ever, after multiple steps, the computational cost is approximately the same. This can be seen
by dividing the fiber length into m steps and the optical field envelope after m steps is obtained
by concatenation of operators in (5), [2]

A(z+mh, T) =~ exp (g D) exp (ihy|A(z +(m=1)h, T) |2) exp(hD)exp (ihy|A(z—s— (m—2)h, T) \2)
S X exp(hD)exp(ihﬂA(z, T)|2)exp (g D)A(z, T). (6)

To evaluate (6), we need only (m+ 1) FFT pairs since the dispersion operators of the neighbor-
ing steps are combined while the unsymmetric scheme requires m FFT pairs. Throughout this
paper, we combine the dispersion operators of the neighboring steps whenever it is feasible,
which reduces the computational cost by a factor of 2.

When the fiber loss is included, there are two options. It could be included with dispersion or
with nonlinearity. For the first case (see Sections 2.2 and 2.4), (3) is modified as

P«

. e
372 5 N1(A) = iv|Al". (7)

- i
Dy = —Eﬂz

For the latter case, we have (see Sections 2.3 and 2.5)

- i 02
D2 = 7562@ (8)
Na(A) = in|AF 3. ©)

The efficiency of the scheme depends on whether the loss is included with dispersion or nonlin-
earity. Also, the step size distribution can affect the scheme performance. In the following sub-
sections, several schemes of SSFM to solve the NLSE will be reviewed and a novel scheme
based on MAM and local error method will be proposed.

2.2. Uniform Step Size, Loss With Dispersion (Scheme la)

The simplest way to realize the SSFM is to introduce uniform step size, in which the accuracy
can be improved by selecting a smaller step size. In scheme la, the loss is combined with
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dispersion [see (7)]. Using the rectangular rule for the integrals in (4) and (5), they become

A(z +h, T) ~ exp(hD; )exp(ihfy|A(z, T)|2)A(z, 7) (10)

» R
A (z+g, T) >exp <%>A(z, T) (11)
where A (z+ h/2, T) = exp(hD1/2)A(z, T).

For a certain nonlinear phase rotation ¢"L, the step size is determined by

A(z+ h, T) = exp (%) exp (ihy

NL
h= 9
7P, peak

(12)

where Py is the peak power of the optical signal launched to a fiber span. The same step
size is used in the following steps within the span.
Using the Baker-Hausdorff formular, the leading error term is found to be (see Appendix A)

02 i

E i 2A4 2A282A2 i282A282
1= 5427 1ARI 572 = 15 9277 1AR I 52 [ARI™ — 45 027 572 | AN

aT2 12 oT?

i284A2 i2A284 i 262A4h3A T
+ %ﬁz')/ﬁ| | +%ﬁﬂ| i W-i-ﬂﬁﬂ ﬁ| | (0,7) (13)

2.3. Uniform Step Size, Loss With Nonlinearity (Scheme lla)

This scheme is almost the same as scheme la except that the fiber loss is included in N [see
Egs. (8) and (9)]. Let us first ignore the operator D in (2). Using (9) for N, we find

A (A -2)a (14)

Let
A=|A€". (15)

Substituting Eq. (15) in Eq. (14) and separating the real and imaginary parts, we find

A S (16)
% =7|AP. (17)
Solving Egs. (16) and (17), we obtain
Az +h,T) = exp(~ 5 h+ inher| A(z, T)P ) A(z. T) (18)
where
hetr = P#M- (19)
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Therefore, (4) and (5) are modified as

A(z + h, T) ~ exp(hDs)exp (— % h+ ivher|A(z, T) |2)A(z, T) (20)

h
Ap (Z +3 T)
where Ap(z+ h/2, T) = exp(hD»/2)A(z, T).
For this scheme, the leading error is found to be (see Appendix A)

h.
A(z+h,T)~ exp (5 Dg) exp (— % h+ inheg

2) exp (g DZ) Alz,T) (21)

Ei (iheﬁﬁw?A,z“a—z—ih a2 Anl - Aol — Ly a2
24 aT2 12 eftP2T 1Rl G\l T g e Tz 1Rl 5T
+ihﬂ2 8—4|A |2+lhﬁ2 A |28—4+ih 3 2 0 | pol® ) BherAO, T (22)
96 1927 g7a 1 Arl” + g5 NV ARl oz + 54 Perr P27 8T2| 2| etA(0, T).
As we will show later, given the same step size, the performance of the scheme when loss is
clubbed with nonlinearity is better than that when loss is with dispersion, especially when the
field change due to loss within the interval [z, z + h] is larger than that due to dispersion. This is
because the operator N in (21) represents the mean nonlinear phase shift in the interval
[z,z + h] taking into account the power loss in that interval. In contrast, the operator Ny in
Egs. (10) or (11) includes only the power |A(z, T)? at the beginning or the middle of the step
and it ignores the nonlinear phase variations within the step due to fiber loss. Although it is
possible to set up an iterative procedure to approximate the integrals in (4) and (5) instead of
the rectangular rule [2], we have found that the computational efficiency (computational cost
for the given accuracy) is lower for the schemes based on the iterative procedure.

2.4. Variable Step Size, Loss With Dispersion (Scheme Ib)

The disadvantage of scheme la is that the nonlinear phase accumulated over a step de-
creases with distance due to fiber loss and the step size determined by the fiber launch power
[see (12)] is too small for steps closer to the end of the span. If we ignore the pulse broaden-
ing due to dispersion, the peak power decreases exponentially with distance. So, (12) is modi-
fied as

¢NL

— =0,1,2,... 2
’preake_azm’ m 0) ) ) ( 3)

hm+1 =
where h, is the step size at z,, 2o =0 and z,, = ka:1 hk. In this scheme, loss is combined
with dispersion and, D and N are given by Egs. (7).

2.5. Variable Step Size, Loss With Nonlinearity (Scheme 1Ib)
In this scheme, the selection of step size is the same as that of scheme Ib. In each step, loss

is combined with nonlinearity, and D and N operators are given by (8) and (9), respectively.
This scheme brings both the advantages of loss with nonlinearity and an efficient step size
distribution.

2.6. Local-Error Method (Scheme )

The method developed in [4] is summarized as follows. Suppose the field A at z is known.
The field at z + 2h can be obtained using (5) as

z+2h
As(z + 2h) = exp(hDy)exp ( /

z

N4 (z’)dZ’) exp(hD1)A(2) = Aexact(Z + 2h) + &4 (24)
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For the symmetric SSFM, the error e, is of the order (2h)3 and hence, (24) may be written as
Ac(z + 2h) = Acxact(Z + 2h) + C(2h)3 +O(hY), (25)

where A:(z 4+ 2h) and Aexact(Z + 2h) represent the coarse and exact solutions at z + 2h, respec-
tively, and C is a constant. The solution at z 4+ 2h can also be obtained by using (5) twice with a
step size of h, which we call the fine solution As

z+-2h z+-h
Ai(z +2h) =exp (/27 D1>exp ( / N4 (z’)dz’) exp(hD+)exp ( / N; (z’)dz’) exp </27 D1>A(z)

z+h
= Aexact(z + 2h) + €2 (26)

where the error e, is of the order 2h®. Equation (26) may be rewritten as

Af(Z 4 2h) = Aexact(Z + 2h) +2Ch® + O(h*). (27)

By taking appropriate linear combination of A, and Ay, the term proportional to h® can be elimi-
nated so that the leading order error is O(h%), i.e.,

4 1
Ai(z +2h) = §A,«(z +2h) — 3Ac(2 +2h) = Asxact(2 +2h) + O(h%). (28)

A4(z +2h) is the solution at z+ 2h with a higher accuracy and used as the input of the next
step. The local error in the coarse solution relative to the fine solution is a measure of the rela-
tive local error, defined as

o Az +2h) — Ac(z + 2h)|]?

29
1Az +2h)|? @)

and || - || is the norm that equals to (/|- |2dt)1/2. The main principle of this method is that, given
a target local error ewget, if the current relative local error is larger than the target error, the next
step size should be reduced accordingly and vice versa. Although the local-error method intro-
duces additional computational cost while calculating the local error, it's still a very efficient
method to control the local error in a certain range, especially when the target global error is
very small.

2.7. MAM Combined With Local-Error Method (Scheme 1V)

In order to further increase the efficiency, we propose a novel scheme by roughly bounding
the local error of the first step, fixing the total number of steps M per span, and then using an
optimal distribution of the dispersion operator and nonlinear operator in SSFM. The optimal step
size distribution has an elegant feature that the local error within a fiber span has a relatively
less variance, so that the local error of the first step is a rough estimate of those of the following
steps.

Before describing the novel scheme in detail, we will present the principle and technique to
optimize the Dand N operator. To explain the method more clearly, it's better to transform the
NLSE into its lossless form by the transformation

Az, T) = e “?2U(z,T) (30)
to obtain
ou i U ., 0
E**éﬂZﬁJﬂﬂw ) (31)
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Fig. 1. Stepwise approximation of the effective nonlinear coefficient. (a) The case when M=3.
(b) The general case. A; and A; denote area mismatch of the jth section.

where

v = ~vexp(—az). (32)

~' is the effective nonlinear coefficient that exponentially decreases with the distance. In the nu-
merical methods like SSFM, the efficient way is to divide the fiber into several segments with
fixed dispersion and effective nonlinear coefficients. As a result, the effective nonlinear coeffi-
cient is an approximated stepwise nonlinearity-decreasing curve instead of an ideal exponential
one. If the total number of steps M is sufficiently large, these two curves will almost coincide.
Define the nonlinear multiplication factor K;,j =1,2,..., M, for each step, and the stepwise ef-
fective nonlinear coefficient is

;= Kp- (33)

Fig. 1(a) shows the ideal exponential curve and its stepwise approximation (K;) as a function
of distance for M = 3, and Fig. 1(b) shows a more general case for the kth step. The split-step

algorithm may be written as
[
U (Z + El)

where U(z+ 1;/2) :exp(/,-DQ/Z) -U(z). We have 2M — 1 adjustable parameters, namely,
Ki,Ko,...,Ky and Iy, b, ..., Iy_1. The parameters could be so chosen that the global error is
minimum. Alternatively, these parameters can be determined using the MAM technique [12]-
[14]. In Section 3, it will be shown that the optimum step size determined using the minimum
area mismatch technique minimizes the global error, for the case of M =2 . In Fig. 1(a), the
absolute area mismatch between the area under the ideal exponential curve (solid line) and

its stepwise approximation (dashed line) is y = Zf:1 (Aj+ A) with A; >0 and A; > 0. J; and
K; are so chosen that the total area under the exponential curve should be the same as that

under its stepwise approximation curve and the area mismatch x should be minimum. So,
we have

2
U(z+ ) =exp <é Dg) exp (iK/’y I,-) exp (;i bg) U(z) (34)

Ly Iy,

/ exp(—az)dz = 3 K. (35)

0 J=1

Equation (35) states that the total nonlinear phase shift accumulated over a span of length L,
should be equal to the sum of the nonlinear phase shifts in each step /.. This is an optimization
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problem with 2M — 2 parameters. The number of parameters can be reduced by a factor of 2 if
we impose a constraint that K; is the mean of exponential function in the segment /, i.e.,

Z

K = 1 / exp(—az)dz = exp(=azj-1) — exp(=az) (36)
} al
Zj-1
where
j
z = Z I (37)
k=1

20 =0, zy = L,, and L, is the fiber span length. Now, we consider the optimization problem with
M — 1 unknown parameters (z;,j =1,2,..., M — 1) with the condition that x should be minimum.

We solve this problem using the steepest descent algorithm [16]. In Fig. 1(b), let x be the dis-
tance at which the exponential curve and its stepwise approximation line intersect. So, we have

Ki = exp(—ax). (38)
The area mismatch A, and A are given by

e %1 — K,
Ac=— KX — zk1) (39)

«
, Kx — e %
A, = Ki(zx — X) — "# (40)
Using (36), we have A, = Aj.
We randomly choose an initial set of z,, k =1,2,..., M — 1, and iteratively update the value
of every zx towards the inverse gradient direction until the optimum points are reached. So, tak-
ing the derivative of the total mismatch area x with respect to z, we find

ox ., (Ink, g% gz _ gon
= =2 — Zi_ —

o Zk — Zk-1 oz — zk_1)2
InK e % e % — @ %
+2 <¢ + Zk) - + 5| — 2% +2Kiy1.  (41)
« Zk1 — Zk a(Zk+1 - Zk)

Then use the following iterative procedure to update z

0
2V = XN k=12, M1 (42)

where z,ﬁ’” is the value of z, in the nth iterative step and Ay is the step size of the steepest de-
scent algorithm. Once the optimum values of z, are found, (36) and (37) can be used to obtain
the best distribution of the nonlinear multiplication factor K; and the segment length /.

The constraint of (36) is not really essential. If we do not impose this constraint, computational
complexity of the steepest descent algorithm increases roughly by a factor of 2. However, the
improvement in accuracy (in terms of global error) is only marginal and hence, the simulation re-
sults of Section 3 are obtained by imposing the constraint of (36).

The steepest descent algorithm converges quickly and Table 1 shows the look-up table for
the optimum segment lengths when « = 0.2 dB/km and L, = 80 km. One of the advantages of
this method is that the optimum segment lengths neither depend on the launch power nor on
the nonlinear coefficient. Once the look-up table such as that shown in Table 1 is made for a
particular fiber type, it can be used for a range of launch powers and other system parameters.
Using (34), the optical field at the end of the link can be calculated for the given M. However, M
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TABLE 1
Look-up table for the optimal step size distribution o = 0.2 dB/km, L, = 80 km
Length
(km) M=2 | M=3 |[M=4 | M=5 | M=6 | M=7 | M=8
I 244 | 145 | 104 | 806 | 659 | 558 | 4.84
I 556 | 21.8 | 136 | 988 | 7.77 | 640 | 545
I3 - 437 | 19.8 | 128 | 946 | 7.51 | 6.23
Iy - - 36.3 | 181 | 121 | 9.08 | 7.27
Is - - - 311 | 16.8 | 115 | 873
Is - - - - 273 | 156 | 109
Iz - - - - - 243 | 146
Ig - - - - - - 22.0

| |
((‘ E’ """""" @% comp((:ezsator

Fig. 2. Schematic of a fiber-optic transmission system.

is undetermined. To relate M with the desired accuracy, we introduce a technique that combines
the local error method with the MAM.

Given an initial M and a target local error ewrget, calculate the relative local error for the first
step ey by (29). If ey is larger than 10eanget, M will be updated by 2M. Else if ey is larger than
€arget and less than or equaling to 10eaget, then M will be replaced by[21/3M1. Here, [x] rounds
the element of x to the nearest integer towards infinity. If ey is less than or equal to €arget/10, M

will be decreased to |[M/2'/3], where | x| rounds the element of x to the nearest integer towards
minus infinity. Finally, if e; is in the target range which is (earget/ 10, Etarget], that M will be used
to find the optimal parameters in the look-up table, which will be used to model the pulse
propagation.

In our scheme, the local error for each step will not have a large fluctuation since the step
size distribution is optimized for every M. As a result, we can roughly bound the local error by
controlling that of the first step. The implementation for our scheme is different from the local-
error method in that we find the total number of steps as well as the step size distribution at the
very beginning, instead of adjusting the step size along the fiber length, which saves the compu-
tational cost. Since we can combine the dispersion operator [the same way as in (6)] of the
neighboring steps, the computational cost can further be reduced by a factor of 2. We will dis-
cuss the simulation results in the later section. Since we do not make any assumptions about
the system configuration, or the modulation format of the signal, this scheme is system indepen-
dent and can be widely used for various cases with high efficiency.

3. Comparison of Schemes

In this section, we compare the performance of the different schemes described in Section 2 of
the SSFM. The system schematic is shown in Fig. 2, which includes a transmitter, a fiber-optic
link consisting of N spans of fibers and amplifiers, and a chromatic dispersion (CD) compensa-
tor. The amplifier compensates for the fiber loss exactly, without adding noise. Before imple-
menting the schemes, we simulate a signal propagation in the fiber by the split-step method
using a very small step size with the nonlinear phase accumulated per step of 0.00001 radians,
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TABLE 2
Single-step error versus step size
10 Gbaud 25 Gbaud
h (km) Single-step error | Single-step error | Single-step error | Single-step error
(scheme I) (scheme I1} (scheme 1) (scheme Il)

0.5 1.29e-15 3.43e-17 5.38e-15 4.69e-15
1 8.05e-14 2.15e-15 3.39e-13 2.96e-13

2 5.01e-12 1.33e-13 2.17e-11 1.8%e-11
1.05e-9 2.85e-11 5.07e-9 4.48e-9

10 5.45e-8 1.45e-9 2.86e-7 2.50e-7
20 2.22e-6 6.10e-8 9.41e-6 7.76e-6
25 6.87e-6 1.88e-7 2.16e-5 1.77e-5
30 1.68e-5 4.59e-7 3.94e-5 3.57e-5
40 6.12e-5 1.73e-6 1.02e-4 1.19e-4
50 1.53e-4 4.46e-6 2.26e-4 2.74e-4
60 3.07e-4 9.79e-6 4.14e-4 4.34e-4

such that the fiber output is very close to the exact solution of NLSE. This output is the refer-
ence signal with which we compare the outputs of various schemes. Then, using the same fiber
input signal as that used to obtain the reference signal, NLSE is solved by different schemes,
and the accuracy and the computational cost are compared. To measure the accuracy, we de-
fine the global error by

1An — Arer||?

(43)
[ Aver®

€global =

where A, is the numerical result for scheme n, and A, is the reference signal. Note that we
use the square of the norm instead of the norm itself in (43). We use the number of FFTs as a
measure of computational cost since the computational time is roughly proportional to the num-
ber of FFTs.

At first, we simulate a fiber-optic system shown in Fig. 2 for 32 quadrature amplitude modula-
tion (QAM) at a symbol rate 25 Gbaud. The following parameters are used throughout this paper
unless otherwise specified. A random symbol sequence consisting of 8192 raised-cosine pulses
with a roll-off factor of 0.8 is launched to the fiber. The fiber-optic link consists of 10 fiber spans,
each 80 km long, and 10 amplifiers. The parameters of the fibers are as follows, the loss coeffi-
cient o = 0.046 km~', the dispersion parameter 3, =5 ps?/km, and the nonlinear coefficient
v=22Wkm~'. We employed different schemes in Section 2 to carry out the SSFM. After
that, a CD compensator is introduced right after the fiber link. Finally, the global error of each
scheme is calculated using (43).

Table 2 shows the error in a single step for 10 Gbaud and 25 Gbaud systems, respectively.
When the loss is combined with nonlinearity (scheme lla or b), the single-step error is signifi-
cantly lower for 10 Gbaud as compared to the case when the loss is combined with dispersion
(scheme la or b). However, for 25 Gbaud, scheme Il has a lower error only when h < 40 km.
When h is larger, scheme Il does not perform better because of larger variation of the optical
field within the step size due to dispersion.

Fig. 3(a) and (b) show the computational cost (in units of number of FFTs) as a function of the
global error for schemes la, lla, Ib, and IIb when the fiber launch power is 0 dBm and 3 dBm, re-
spectively. As can be seen, when the global error is greater than 10~7, scheme llb (loss com-
bined with nonlinearity and variable step size) is the most efficient scheme of the four schemes.
When the global error is large, it corresponds to small number of steps. In this case, uniform
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Fig. 4. Area mismatch vs /; and global error vs /; for the case when M = 2, launch power = 0 dBm.

step size is not a good choice because the nonlinear phase shift accumulated in a low power re-
gion is small and the step size is unnecessarily large wasting the computational resources.
When the global error is 10~°, the number of FFTs required for scheme llIb is reduced by a fac-
tor of 2 as compared to scheme la when the launch power equals to 0 dBm. However, when the
global error is less than 107, scheme lla (loss combined with nonlinearity and uniform step
size) is the most efficient scheme of the four schemes and it is marginally better than scheme lib.
In either case, schemes in which loss is combined with nonlinearity (schemes lla and b) outper-
form the schemes in which the loss is combined with dispersion (schemes la and b). For the
simulation of fiber-optic transmission system, the region of most practical interest corresponds
to a global error in the range of 10-8 — 1072, Typically, practical power of telecom systems
range from —6 dBm to 3 dBm depending on the reach and modulation format. The purpose of
simulations with higher power (3 dBm) is to evaluate the effect of stronger nonlinear effect in
various schemes.

Fig. 4 shows the area mismatch and global error [calculated using (43)] as a function of /;, for
M = 2. As can be seen, the value of /; that minimizes the area mismatch (x) also corresponds
to minimum global error.

Next, we consider the performance of the local error method (scheme IIl) and MAM combined
with local error method (scheme IV). The results are shown in Fig. 5(a) and (b). Scheme llI
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Fig. 6. Plot of the time vs global error of the 32QAM system for the schemes I-IV. (a) 0 dBm and
(b) 3 dBm.

gives a better performance than the schemes la, lla, Ib, and llb when the global error is less
than 108, and it has a flatter slope, which means the required additional computational cost to
achieve a smaller error is the minimum. However, when the global error is large (> 10*8), the
local error method is not efficient. Similar results are found in [4] in which the efficiency of
the local error method is comparable to the other schemes when the global error is large.
Fig. 5(a) and (b) show that the MAM combined with local error method is the most efficient one
in that, for obtaining the same error, it needs the least number of FFTs. In Fig. 5(a), when the
global error is 1078, the number of FFTs needed for scheme la is 4.4 times that of scheme 1V,
and the number of FFTs required for scheme Il is 3.1 that of scheme IV. When the global error
is 1078, the number of FFTs needed for scheme la is 2.7 times that of scheme IV and the num-
ber of FFTs required for scheme lll is 2.5 times that of scheme IV. Comparing Fig. 5(a) and (b),
we find that the proposed scheme is the most efficient scheme even at higher launch power.
Fig. 6 shows the computational time as a function of the global error. Comparing Figs. 5 and 6,
we find that the number of FFTs is a good measure of the computational cost.

Fig. 7 shows the relative local error as a function of distance when the launch power is 0 dBm
and the number of steps per span is 5. Dashed and solid lines in Fig. 7 show the results for the
case of uniformly distributed step size (scheme la) and an optimally distributed step size using
MAM (scheme 1V), respectively. Both curves show a periodic characteristic due to the system
configuration. When the uniformly distributed step size is utilized, the local error is the maximum
at the beginning and decreases with distance in each span. This is because the accumulated
nonlinear phase per step decreases exponentially with distance in each span due to fiber loss
and, smaller accumulated nonlinear phase leads to a more accurate result. In the case when
the step size is distributed through the MAM technique, the nonlinear phase accumulated is op-
timized such that the local error will be smaller and has less variation. From Fig. 7, we see that
the local error fluctuation for scheme 1V is about one or two orders of magnitude smaller than
that for scheme la.
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As a next example, we have simulated a fiber-optic system based on quadrature phase shift
keying (QPSK). The system configuration and all the parameters of the system are the same
as the previous ones. Fig. 8 shows the number of FFTs as a function of global error for all the
schemes. Fig. 8(a) and (b) are obtained when the launch power is 0 dBm and 3 dBm, respec-
tively. In Fig. 8(a), when the global error is 108, numbers of FFTs needed for scheme la and
scheme Il are 5.8 and 2.5 times that of scheme IV, respectively. When the global error is
1078, the numbers of FFTs required for scheme la and scheme Il are 3.7 and 2.4 times that

of scheme |V, respectively. Similar results are obtained when the launch power is 3 dBm [see
Fig. 8(b)].

4. Conclusion

In this paper, we have studied various schemes using SSFM to solve the NLSE for a fiber-optic
system based on two different modulation formats and compared their performances. We pro-
posed a novel scheme combining the local error method with the method based on minimum
area mismatch (MAM). The optimum step size for the given number of steps (M) is found by
minimizing the area mismatch between the exponential curve and its stepwise approximation.
The steepest descent algorithm is used for this optimization. The number of steps to have the
desired accuracy is determined using the local error method. The advantage of this scheme is
that the local error is not calculated at each step which saves the computational cost. The step
size distribution is pre-determined by the steepest descent algorithm so that the dispersion op-

erators of the neighboring steps can be combined. The simulation results show that the pro-
posed scheme outperforms the other schemes.
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In general, the schemes in which the fiber loss is combined with nonlinearity have higher
computational efficiency than the schemes in which the fiber loss is combined with dispersion.
When the global error is large (> 1077), the schemes with variable step size outperform the
schemes with uniform step size. As for the local error method, it has a flatter slope and outper-
forms the schemes with uniform or variable step size distribution, especially when the global er-
ror is very small.

Appendix A
The derivation of the error per step for scheme | and Il is as follows. The Baker-Hausdorff form-
ular for two noncommuting operators a and bis [2]

1 .

exp(a)exp(b) = p<a+b+§[ , b] +11—2 [é— b, a, b]} +> (A1)

where [a, b] = ab — ba. By using the Baker-Hausdorff formular twice, we obtain

a 1. 1. 1 .. 1 _ .. 1. . 1 .
exp( )exp exp(2> = exp<a+b 2bba—6bab+12aba—24aab—24baa+123bb>.
(A.2)
Let us set the right hand side of (A.2) equal to exp(H + E), where
H=a+b (A.3)
E— . bba— Lbab+ - aba—  aab— . baa+t - abb (A4)
12 6 12 24 24 12 ’ '
In the symmetric SSFM, let
a=hD, b=hN. (A.5)
From (A.4), we find that E « h®. Using Taylor expansion, we find
H+E? (H+E)?
exp(H+ E) =1 +(H+E)+( ; ) +( ; )
1+H L E E? + HE + EH
(+ +tort 3') [+2( + HE + EH)
+%(E3 + HE? + H?E + EH? + E?H + HEH + EHE) | +
~exp(H) + E + O(h*). (A.6)

In (A.6), E is O(h®) and the higher order terms such as E? and HE are O(hf) and O(h*), re-
spectively. So the leading error term for symmetric SSFM is E. When loss is with dispersion
(scheme 1)

a1 = D1 ( ﬂg 87—2 — g) h (A7)

by =Nih = in|AnPh (A.8)
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and the leading error is

1. - 1. . ¢ 1 ... 1. .2 1. .. 1.
E,:(ﬁb1b1a1—éb1a1b1+—a1b1a1——a1a1b1—ﬂb1a1a1+ﬁa1b1b1>A(0,T)

12 24
(g eiat g 2g 2 e o O, 0 P
_(.24[327 Anl" gz = 32 %20 1Al gz 1An | = g P27 5z A 5
e e e, 2 O 5 ) 4
+965278T4|A/1\ +96527|A/1| 8T4+24ﬂ27 972 |An[" | h°A(0, T). (A.9)
When loss is with nonlinearity (scheme II), let
a —Dh——ihﬁa—z (A.10)
2 = 2l = ) 287-2 .
by = fgh+ifyheff|A,2|2 (A.11)

and the leading error now is

1. 4 . 1. . - 1. .. 1. .- 1. .. 1. . &
E, = <Eb2b282 — ébgagbg +—aphoay — — arasby — ﬂbgagaz +ﬁ32b2b2)A(0, T)

12 24
i Y O N B
= (ﬂheffﬁzv’ |Ar| ﬁ—ﬁheﬂﬁﬂ |Ar| ﬁb‘\lz\ —Ehﬂﬂﬁv\/ﬂ 972

i 94 i ot 92
+56 hﬂgvﬁ |Apl? + % hB3~|Apl? FIZREY, Reft 327/ 57 |A,2|4) hhe A0, T).  (A.12)

References

[1] R. H. Hardin and F. D. Tappert, “Application of the split-step Fourier method to the numerical solution of nonlinear
and variable coefficient wave equations,” SIAM Rev. Chronicle, vol. 15, p. 423, 1973.
[2] G. P. Agrawal, Nonlinear Fiber Optics, 5th ed. Oxford, U.K.: Academic, 2013.
[3] G. Bosco et al., “Suppression of spurious tones induced by the split-step method in fiber systems simulation,” IEEE
Photon. Technol. Lett., vol. 12, no. 5, pp. 489-491, May 2000.
[4] O. V. Sinkin, R. Holzléhner, J. Zweck and C. R. Menyuk, “Optimization of the split-step fourier method in modeling
optical-fiber communications systems,” J. Lightw. Technol., vol. 21, no. 1, pp. 61-68, Jan. 2003.
[5] X. Li et al., “Electronic post-compensation of WDM transmission impairments using coherent detection and digital
signal processing,” Opt. Exp., vol. 16, no 2, pp. 880—888, Jan. 2008.
[6] E. Ip and J. Kahn, “Compensation of dispersion and nonlinear impairments using digital backpropagation,” J. Lightw.
Technol., vol. 26, no. 20, pp. 3416-3425, Oct. 15, 2008.
[7] E. Ip, “Nonlinear compensation using backpropagation for polarization-multiplexed transmission,” J. Lightw. Technol.,
vol. 28, no. 6, pp. 939-951, Mar. 15, 2010.
[8] E. Mateo, F. Yaman and G. Li, “Efficient compensation of inter-channel nonlinear effects via digital backward propa-
gation in WDM optical transmission,” Opt. Exp., vol. 18, no. 14, pp. 15 144—15 154, Jul. 2010.
[9] L. B. Du and A. J. Lowery, “Improved single channel backpropagation for intra-channel fiber nonlinearity compensa-
tion in long-haul optical communication system,” Opt. Exp., vol. 18, no. 16, pp. 17 075-17 088, Aug. 2010.
[10] R. Asif, C.-Y. Lin, M. Holtmannspoetter, and B. Schmauss, “Optimized digital backward propagation for phase modu-
lated signals in mixed-optical fiber transmission link,” Opt. Exp., vol. 18, no. 22, pp. 22 796-22 807, Oct. 2010.
[11] F. Yaman and G. Li, “Nonlinear impairment compensation for polarization-division multiplexed WDM transmission
using digital backward propagation,” IEEE Photon. J., vol. 2, no. 5, pp. 816-832, Aug. 2010.
[12] W. Forysiak, F. M. Knox, and N. J. Doran, “Average soliton propagation in periodically amplified systems with step-
wise dispersion-profile fiber,” Opt. Lett., vol. 19, no. 3, pp. 174—176, Feb. 1994.
[13] S. Kumar and J. Shao, “Optical back propagation with optimal step size for fiber optic transmission systems,” IEEE
Photon. Technol. Lett., vol. 25, no. 5, pp. 523-526, Mar. 2013.
[14] J. Shao, S. Kumar, and X. Liang, “Digital back propagation with optimal step size for polarization multiplexed trans-
mission,” IEEE Photon. Technol. Lett., vol. 25, no. 23, pp. 2327-2330, Dec. 2013.
[15] G. H. Weiss and A. A. Maradudin, “The Baker-Hausdorff formula and a problem in crystal physics,” J. Math. Phys.
vol. 3, no. 4, pp. 771-777, Jul. 1962.
[16] S. Haykin, Adaptive Filter Theory, 4th ed. Upper Saddle River, NJ, USA: Prentice Hall, 2002.

Vol. 6, No. 4, August 2014 7200515




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


