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Symmetric Slope Compensation in a Long-Haul
WDM System Using the CRZ Format

R.-M. Mu, Student Member, IEE&Bnd C. R. MenyukFellow, IEEE

Abstract—In this letter, we numerically compared symmetric to the nonlinear interpulse interaction inside a single channel,
and asymmetric dispersion slope compensation schemes in aand it is not significantly affected by ASE noise or by inter-
long-haul,  chirped-return-to-zero, — wavelength-division-mul- -hanne| interactions. In this letter, we focus on presenting the
tiplexed system. Symmetric compensation has significant . . . .
advantages over asymmetric compensation. We elucidate the results of our single-channel stu_dleswnhoutAS_E noise because
physical reasons and the system implications. these results most clearly elucidate the physical origin of the

. . ) . advantage that symmetric compensation has. In particular, we

Index Terms—Chirp, chirped return-to-zero, fiber communi- = ¢\ ,¢ 014 case in which the average dispersion in the trans-
cations systems, phase modulation, wavelength-division-multi- "~~~ . : o !
plexing. mission line differs significantly from zero, as is the case for
most channels in a WDM system. We note that this issue of indi-
vidual channel compensation only occurs in WDM systems with
a significant third-order dispersion. It would not be an issue in a

URRENT wavelength-division-multiplexing (WDM) sys- single-channel transmission system. The dispersion map that we

tems have a substantial amount of third-order dispersidsged for this study has a segment with = —2.125 ps/nmkm
so that it is often necessary to separately compensate for @iéength L; = 160 km, andD, = 17.0 ps/nmkm of length
dispersion of individual channels at either the beginning or tde = 20 km at1.55 m, corresponding to the point at which
end of the transmission or both [1]-[3]. In a linear system, ihe average dispersion is zero. We assume a dispersion slope
would make no difference where the dispersion compensatiéR?/dx = 0.075 ps/nnt-km, and a channel that is displaced
was done. However, modern-day systems are significantly igh-8 nm from the point of zero average dispersion. After the ap-
pacted by the Kerr nonlinearity. Signal pulses in the outer WDRropriate conversions, we find tha{' = 3.128 ps’/km, and
channels undergo a large amount of expansion due to highéf-= —21.22 ps*/km. The amplifier spacing is 45 km, the fiber
order dispersion, which combined with the nonlinear interpuldess is 0.21 dB/km, the Kerr coefficient is 2.6 x 10~ cn?/W,
interaction, leads to signal degradation if the dispersion cotthe effective areal.s = 50 pm?, and the total propagation
pensation is done improperly. Simulations indicate that syrdistance is 5040 km. These parameters correspond to the ex-
metric compensation leads to less signal degradation than asp@-iments of Berganet al. [2], [3], except that our disper-
metric compensation [4], [5]. More recent testbed experimerfi®®on map period is smaller. We chose the map period so that
by Berganoet al. [2], [3], that emulate undersea transmissiorfhe dispersion management strength parameter 2[(/3 —

. . — —=/!

used symmetric slope compensation, as opposed to older exgenl, — (35 — 3 ) La]/ 2w [6] corresponds to the value at
iments that did not [1]. These results imply that it is preferablghich earlier studies [7] showed the largest power margin. For
to use symmetric compensation in long-haul dense WDM syadr simulations in this section, we chose a phase modulation
tems. In this letter, for the first time, we elucidate the physical = —Ax cos(2¢) with a modulation deptbd = —0.6, where
reason for the better performance of symmetric compensati@yi2x is the bitrate of the signal, which equals 10 Gh/s. We veri-
and the implications for future system design. fied that this value of4, which corresponds to an average power

In order to determine the physical reason for the advantagi0.25 mW, yields almost the largest eye opening. This system
of symmetric compensation over asymmetric compensation, ieshown schematically in Fig. 1. We determine the evolution
systematically increased the complexity of our system, beginy solving the nonlinear Schrédinger equation, modified to take
ning with a single pulse propagating in an optical fiber, theinto account spatially varying gain and loss, third-order disper-
moving to a single channel without amplified spontaneous em&en, and ASE noise, as described in [8].
sion (ASE) noise, next adding ASE noise, and finally moving to Chirped-return-to-zero (CRZ) pulses undergo a somewhat
full WDM simulations. Our studies show that this effect is dueomplex evolution; however, this evolution is dominated by

, _ _ _ the linear dispersion, which is one of the major reasons that
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Fig. 1. Schematic illustration of the WDM transmission system used by :
Berganocet al. [2], [3]. Time (ps)

) ) ) ) Fig. 2. Optical eyes before and after the transmission line. We show (a)
the maximum compression. The nonlinearity leads to a sm#k input and (b)-(d) the output with (b) symmetric compensation, (c)

offset in the total average dispersion that we found as part of diif-compensation, and (d) postcompensation.
investigation. Keeping the overall system parameters the same, @) ) ©
we examined three dispersion slope compensation schemes: 1) 4
precompensation—only adding the dispersion compensation at __
the beginning; 2) post-compensation—only adding the com- <
pensation at the end; and 3) symmetric compensation—adding
equal amounts of compensation at the beginning and at the end.
After the dispersion compensation, we find the overall average
dispersion of the whole transmission libe= 0.041 ps/nmkm

(B" = —0.052 pst/km). So the line is undercompensated. We
do our compensation by adding two segments of fiber 10 km
in length with D = 93.5 ps/nmkm to the transmission line.
For precompensation, both segments are at the beginning; for
postcompensation, both segments are at the end; for symmetric 0 3000 0 5000 0 5000
compensation, both segments are split between the beginning Z (km)

and the end.
. . . Fig. 3. The offset of the CRZ pulse pairs in the time and frequency domains,
Fig. 2 shows the Input and outputs of a 64-b pU|Se train thésgwell as the accumulated dispersion in the individual configurations. (a)

went through the transmission link in all three configurationSymmetric compensation. (b) Precompensation. (c) Postcompensation. The
The output pulses are compressed to less than half their initiaghed line corresponds to the earlier pulse, and the solid line corresponds to
pulse duration. Moreover, Fig. 2(c) and (d) suggests that most st '3ter Pulse.

the degradation from asymmetric compensation is due to non- , hii d dth | h . |
linearly induced timing jitter from interpulse interactions. correction each time we detected the pulses, whose size was cal-

In order to explore the physical reason why symmetric sloﬁé'lated by_setting the total dis_p_e_rsion _afterthe dispersive correc-
compensation reduces the intersymbol interference due to nbA" FO Oﬁt'ma"y balange \t/r\;e ]|cn|t|a(ljc2|rp, S0 Ithatr:he pglsle:._c, ar;
linearly-induced timing jitter, we considered a case in which wgaXimally compressed. We found the results shown in Fig. 3.

Z
only launched two pulses, separating by 100 ps. Using the dERF €ach of the three cases, we also stow= [* D(2") d2’
initions the total dispersion accumulation, whefeis the propagation

distance along the optical fiber. We note that there is a substan-

/t|q(t)|2 dt /f|§(f)|2 df tial frequency shift in all three compensation schemes. There is

{t) = and (f) = 1) _atendgncy for the pulse_s to initially attract due to no_nlmegnty,
/|q(t)|2 dt /ld(f)lQ df just asin the case (_)f so_llton_s, and the pulses must shift their f_re-
guencies in opposite directions to attract. This frequency shift,

Bcﬂlowed by the motion of the pulses toward each other, leads to

|5ning jitter. However, in the case of symmetric compensation,
the dispersion reverses its sign midway through the transmis-
sion. As a consequence, two pulses that initially attracted each
At=(t)—to and Af=(f)—fo (2) otherbegintorepel, and the effectis for the motion in the second

half of the transmission to nearly erase the motion in the first

whereq(t) andg(f) are the pulse profiles in the time and frealf of the transmission.

guency domains, respectively, afgdand f are the initial posi-  These results have important implications for system design.
tions of the pulses. We calculated the pulse positions at the ddidpersion compensation is commonly used in most systems

of each map, and in order to retrieve the individual pulse shapeih single-channel data rates at 10 Gb/s, and there is typi-
in the middle of the transmission link, we added a dispersiwally a substantial overlap between neighboring pulses in any
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we carefully traced the pulse positions along the transmissi
link, then we calculated the offsets of the pulse positions in t
time and frequency domains separately according to
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10-Gb/s system, whether it is based on a return-to-zero or a non3] N. S. Bergano, C. R. Davidson, C. J. Chen, B. Pedersen, M. A. Mills,
return-to-zero (NRZ) format. (In the latter case, the pulses may
consist of several bits.) The nonlinear pulse attraction results in
timing jitter, particularly of isolated marks in an NRZ system.

However, by carefully designing the dispersion map to be nearlyl4] K

symmetric, it is possible to minimize this effect.
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