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A Mean Field Approach for Simulating
Wavelength-Division Multiplexed Systems

T. Yu, W. M. Reimer, V. S. Grigoryan, and C. R. Menyuk

Abstract—We simulated many-channel, wavelength-divi-  In order to both verify the validity of this approach and to
sion-multiplexed optical fiber transmission systems by following - determine the number of neighboring channels that would be
the full time-domain evolution for only a few channels around 1o ,ired to accurately solve for the behavior of a target channel
a target channel, while treating the rest of the channels as con- . - . . . . .
tinuous-wave radiation. We show a good agreement between our N & realistic setting, we have carried out a series of S|mL_JIat|0r_ls
approach and full numerical simulations. By using our approach, for parameters that correspond to undersea systems in which
one can greatly reduce the computation time compared with full we vary the number of neighboring channels surrounding a
simulations. target channel. Our dispersion map consisted of one 20-km

Index Terms—Fiber transmission systems, mean field approach. segment of conventional single-mode fiber with a dispersion of
16 ps/nmkm at 1550 nm and another 160-km segment of dis-
persion-shifted fiber with a dispersion 62 ps/nmkm at 1550
nm. The dispersion slope was 0.1 psfrkm as is appropriate

ECAUSE of the dramatic increase in capacity of opticdbr fibers with a large effective core area. The total propagation
communications using wavelength-division multiplexinglistance is 9900 km. We use a 64-bit pseudorandom signal
(WDM) [1], [2], there has been an increasing interest in thié each channel with an equal number of marks and spaces,
development of efficient simulation tools to model these syand we verified by testing several different bit sequences that
tems. The split-step method is commonly used [3], [4]; howevejur results did not depend on our choices of these sequences.
this method becomes very computationally time-consuming Bach mark is a raised-cosine return-to-zero pulse. The signal
the number of channels increases. Roughly speaking, the cagnat 10 Gbit/s; so the full-width at half-maximum (FWHM)
putational time increases proportional 4, where N is the pulse duration is 50 ps. The average power of each channel
number of channels. One factor of is due to the increasedis assumed to be 0.6 mW, which is reasonable for WDM
bandwidth, and the second factor is due to the smaller proggstems. We model the receiver using a Bessel filter with an
gation step that is required to resolve the dispersive channgl&Hz bandwidth. These system parameters resemble those of
as they slide through each other. Here, we discuss a simplifi@&rgancet al.[2], but the map length is smaller, which we have
mean field approach. During the transmission, central channfdand yields a better eye diagram.
in a dispersion-managed WDM system are most affected by
their nearest neighbors. Channels that are widely separated slide Il. THEORY
through each other rapidly due to the local dispersion and only ) _ . . )
affect each other through their average intensity. Thus, it is pos-V& may write the equation describing the signal propagation

sible to simulate the behavior of a single channel by retaining tA&

|. INTRODUCTION

full time-domain evolution for only a few neighboring channels 9 " 52 .
o ) Ou BT O 2
around the target channel. By judiciously choosing the target '3, T 2 e + g oy +vlul*u =0 (1)
channels throughout the system bandwidth, it is possible to de- “
termine the behavior of the entire system. In principle, this apshere:
proach reduces the scaling of the computational time /ot u envelope of the signal wave;
to better thanV! since the propagation step size becomes in- »; andt distance and retarded time;
dependent of the number of channels and the number of targeg’’ group velocity dispersion;
channels that one must keep increases at a rate that is lower than loss coefficient;
N. We note that this approach has been incorporated into com~ Kerr coefficient.
mercially available software [5], but it has not previously been For WDM systems with well-separated channels, we may
described in detail. also write
. . . _ . 1 2 ot
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Fig. 1. Schematicillustration of the basic idea behind our mean field approach. ©
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0z 2 ot 2 Fig. 2. Eye diagrams of the output signal from channel 1 in the two channel
—|—2'y(|u_2|2 +ug P+ Jua]® + |u2|2)u0 system when the channel separation is: (a) 0.5, (b) 1.5, and (c) 2.5 nm. The
9 9 w\ i6k1z output is shown normalized with respect to the maximum value.
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- this constant phase rotation has no effect on the received signal
+2y(u—1u2uy™ +u_sugu_1*)e”™* =0 (3) for the channels i, and can be ignored. However, when this
9 9 9 technique is extended to networks in which different channels
whereék, = —(Aw)“ 3", ks = (Aw)"F”, ks = 2(Aw)” 5",

5 *evolve over different distances, it may not be possible to ignore
andéks = 4(Aw)” . One can see that the four-wave mixin

_ _ _ _ %his phase rotation.
(FWM) terms oscillate rapidly as a function of distance whién
and the channel separation becomes large. For a three-channel
system, there is only one term that contributes to four-wave
mixing, corresponding to the terfyu_;u;uo* €*#2% in (3). We begin our numerical investigations by studying the inter-
For a five-channel system, there are already six terms, and 2g§on between two channels as a function of the wavelength
the number of channels increases, there is a rapid proliferatisiparation. When the separation is only 0.5 nm, there is a
of terms. Thus, this decomposition is not useful unless the FWa#frong FWM interaction between the channels as is evident in
terms can be ignored. We will show in Section 1l that the FwNhe strong pattern dependence of the output signal in Fig. 2(a).
interaction between channels can be ignored for the pararf- contrast, when the wavelength separation is 1.5 nm, the
ters that we are considering when the channel spacing becor®@y pattern dependence that is visible is what is expected
larger than approximately 1.5 nm. This spacing is large relati{@" & single channel, as shown in Fig. 2(b). We have verified
to the actual channel spacing in realistic systems, which is £t when the second channel is replaced by continuous-wave

nm or less [2]. However, this observation suggests the followifigdiation, there is no change in the eye diagram. When the
procedure: We write wavelength difference increases further, there is also no change

in the eye diagram, as shown in Fig. 2(c). When the wavelength
U= U, + Up (4) separation is 1.5 nm, we have verified that the power in the
FWM products is 30—40 dB below the signal power.
Whereuc contains all the channels within 1.5 nm of the target We now direcﬂy investigate the convergence of a WDM
channel and:, contains the rest of the channels. We comsystem as we increase the number of channels, using the central
pletely follow the temporal evolution af., while treatingu, as  channel as the target channel. We study cases with tfivee,
continuous-wave radiation, which is equivalent to ignoring th€aven, nine, and 11 channels with a spacing of 0.8 nm. Because
FWM interactions between. andu,, as shown schematically channels treated in the mean-field approximation only lead
in Fig. 1. Equation (1) is thus replaced by to an unimportant phase change in the central channels, as
P " oa2 . discussed in the previous section, the three-channel simulation
Ou, B 0fu. @ 9 9 ) ) ] . . .
i — = a5+ goue + ylue|ue + 29[us[*u. = 0. (5) is equivalent to an 11-channel simulation in which the eight
0z 2 ot 2 outlying channels are treated in the mean-field approximation.
This approach is not expected to yield an accurate solution fiie five-channel simulation is equivalent to an 11-channel
the channels at the edge of the central region included mut  simulation in which the six outlying channels are treated in
should yield an accurate solution for the target channel, as tiee mean-field approximation, and so on. The eye diagrams
will explicitly verify using simulations in Section IIl. for thesefive cases, neglecting amplifier spontaneous emission
A consequence of ignoring FWM contributions between tH&ASE) noise, are shown in Fig. 3. Normalizing the means
channels ini,. and the channels i, is that there is no energy and the standard deviations of the marks, measured at the
transfer between the two sets of channels. Thysg? is simply central point of the time window, to the mean-value for the
a constant number, independentzgfin (5), and it leads to a three-channel simulation, we find that the means for the three-,
constant phase rotation of all the channelsinFor point-to- five-, seven-, nine-, and 11-channel simulations are 1.00, 0.963,
point systems of the sort that we are considering in this pap@r970, 0.984, and 0.975 and the standard deviations are 0.173,

I1l. SIMULATION RESULTS
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Fig. 3. Eye diagrams of the output signal from the central channelina WDM, , Eye diagrams of the output signal from the central channel in a WDM

system with: (a) three channels, (b) five channels, (c) seven channels, (d) % em with: (a) three channels, (b) five channels, (c) seven channels, (d) nine

channelg, and (€) 11 channels. The output is shown normalized with respe Hgnnels, and (e) 11 channels. ASE noise is present and the output is shown
the maximum values. normalized with respect to the maximum values.

0.158, 0.157, 0.159, and 0.159. Five or more channels, these
numbers are nearly the same. With three channels, the farth®s€l0ing two-channel simulations. For point-to-point systems,
out channels are only 0.8 nm from the target channel, whi€hannels that we treated in the mean-field approximation only
is much less than the requirement of 1.5 nm predicted by dgad to an unimportant phase rotation in the central channels
two-channel simulations, while witive or more channels, the @nd can be ignored. We validated this approach for parameters
farthest out channel is 1.6 nm or more. Consequently, the resiftat are typical for undersea systems. Other simulations that
are consistent with what is expected from the two-chann&g have made indicate that this approach is also valid for
simulations. terrestrial systems, although the number of channels that must
Finally, we add ASE noise to the system and compare fille kept differs depending on the systems parameters. Using
simulations to the mean field approach. The eye diagrams & approach we can significantly reduce the computational
shown in Fig. 4. In this case, the means are 1.00, 0.99, 1.tme compared to full simulations. The gain is proportional
1.03, and 1.01, and the standard deviations are 0.272, 0.206N° /Ny, Nearger, Where N is the total number of WDM
0.248,0.261, and 0.254, respectively. In this case, we need se&8ANNelS Vs, is the number of channels used in the central
channels before the behavior really converges, indicating tfggion around the target channel, aligh..: is the number of
one must go somewhat further than what is predicted by ti¥get channels that is needed to fully explore the spectra of the
two-channel simulations to obtain reliable results in the pre8ystem.
ence of ASE noise for reasons that are unclear at present. We
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