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Tolerance of Dispersion-Managed Soliton
Transmission to the Shape of the Input Pulses

V. S. Grigoryan, G. M. Carter, and C. R. Menyuk

Data Input - To Receiver

Modulator

Abstract—We showed that long-distance transmission is
affected by the source pulse tails. Fast tail dropoff dramatically

improves the transmission. We found that the tails must be at least
20 dB down 50 ps from the peak in order to successfully transmit
signals over 20 000 km at 20 Gbit/s with anomalous path average
dispersion. While tails that are 15 dB down 50 ps from the peak
are sufficient to transmit data at 10 Gbit/s over 20 000 km with
anomalous path average dispersion, the tails must be down at least
25 dB 50 ps from the peak to transmit data with slightly normal
path average dispersion.

Index Terms—Optical fiber communication, optical solitons, op-
tical fiber dispersion, optical propagation in nonlinear media.

Fig. 1. Recirculating fiber loop setup.
I. INTRODUCTION

NE of the major impairments in long-distance, high-data- Il. SYSTEM CHARACTERISTICS

rate, dispersion-managed soliton (DMS) systems ISthem'(%)ur experimental setup is shown in Fig. 1. The dispersion

te_rpulse interaction between adjacent pul;es. Prev'lous. stud %p consists of 100 km of dispersion-shifted fiber with a
this problem was mostly focused on the soliton—soliton interac-

tions [1]-[5]. A notable exception is [6], where the interaction Or];gormal dispersion of-1.2 ps/nm km followed by 7 km of the

. . standard fiber with an anomalous dispersion of 16.7 pskim
return-to-zero pulses was considered. However, in real systegis

the initial puls differs from the final soliton shape. The pulsesy detuning the central wavelength of the S'g'f‘a' pulses we
. . were able to vary the path-averaged dispersion from 0.03
pass through a complex transient regime before transformin

; . s ) . Inm km (anomalous) to about0.01 ps/nmkm (normal).
into solitons [7], and propagation in the transient regime can . . ;
) . T'he details of the experimental setup have been reported in [9].
as long as 10 000 km. Our analysis shows that when the ini L . .
: ; ) . : e model pulse propagation in the loop using the modified
pulses have slowly dropping tails, the interpulse interaction |n

. . S - __nonlinear Schrddinger equation
the transient regime can be significantly stronger than the inter- gereq

pulse interaction in the soliton regime. The transient interpulsgg 1 D 0 8%q id83q 9
interaction can be so strong that it completely destroys the wholg, T 3[2(2) — ib(2)l 55 + gd g +lal"e
pulse train at distances much shorter than the transient regime. =ig(2)g+ F(z,t). (1)

In this case, a true DMS propagation never appears.

We note that source noise by itself can limit the transmissiditere, the pulse envelopg; is normalized asq =
distance [8], but it is not a major factor in our experiments [7]E(nowoLp /Aenc)'/? where E is the electric field enve-

In the present letter, we study both theoretically and expeldpe,n, = 2.6x 107° cm?/W is the Kerr coefficientwy is the
mentally the tolerance of long-distance DMS transmission incentral frequencyd.q = 47 um? is the effective area; is the
recirculating fiber loop to the magnitude of the input pulse tailspeed of lightZ » = 73/, is the dispersion lengtt ands,

We find the minimum extinction ratio that is required for sigare characteristic scale time and scale dispersion, respectively.
nals to propagate beyond the transient regime at 10 Gbit/s in fiee distancer is normalized az = Z/Lp, whereZ is the
anomalous dispersion regime, at 10 Gbit/s in the slightly nornaihysical distance, and the timés the retarded time normalized
dispersion regime, and at 20 Ghit/s in the anomalous dispersionZs. Normalized dispersion, filtering, and dispersion slope
regime. coefficients areD(z) = —"(2)/8,, b(z) = B(z)/;, and

d = —f /B, To, respectively, whergd is the third-order

dispersion and3(») is the filter curvature. The gain(>) may

be written as
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fiber, L...p is the amplifier length. The noise contributidn =) _
. . . Y F L T T
from the amplifiers has the autocorrelation function b b . . oo eecossommmm—
2L S 20,000 £ .
~ ~ < L « 1
(P2, ) B (2 ) = 2000(2) "2 2=L 5(z — )6 (t — ¥ z @ ]
AcgThe "2 s ]
@ £ 10,000 ]
wheref(z) is the spontaneous emission factgr = 1.3 when §
Zn < 7 < 2y + Lamp, and we seb(z) = 0 elsewhere. To § E
accurately calculate the interpulse interaction in the transient 0 b
regime we model the saturated gain dynamics using the rate 3 T ——— e
equation E 20,000¢ A
° b t ot
% + 9n — 90 _ _gn|Q|2 3) % [ (b) .
at Ta 7_a-Psa,t § E
. I . 'S 10,000¢ < ]
wherer, is the relaxation time of the amplifier set to 1 ms and § : .
Py, isthe saturation power of the amplifier setto 10 mW. While 2 .
these values do not precisely equal the experimental values, and, g R ST
consequently, the details of the transient evolution are somewhat § 50 40 30 20 10
H

different in the experiment and the theory [9], the extinction
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Extinction ratio (dB)

ratios that we calculate are not sensitive to these choices.

To StUdy the 'nteer|Se Interactions In our S'mU|at_|0nS' V‘ﬁg. 2. Dependence of the transmission distance on the extinction ratio 50 ps
propagate two pulses that are separated by 100 ps in the dasethe peak at (a) 100-ps pulse separation corresponding to 10-Gbit/s data
of our studies at 10 Gbit/s and by 50 ps in the case of offgnsmission and (b) 50-ps pulse separation corresponding to 20-Gbit/s data

. . . . . transmission, with an anomalous path average dispersion of 0.02 m
studies at 20 Gbit/s. Our propagation distance is 24 500 ki, ” ge disp pisfn
corresponding to the maximum experimental value [7], [10]. We

choose Gaussian initial pulses having long trailing tails at large . ] )
positive times such that bits/s. We varied the pulse durations in a range of 15-25 ps,

9 obtaining little change in the results. Hence, an extinction ratio
9(0,%) = Aexp[—d(t/7)7] + Bsech(t/4r) of 15 ngis certainl? sufficient. However, when the interpulse
att > 0 and separation is 50 ps, corresponding to a data rate of 20 Gbits/s,
¢(0,t) = (A + B) exp[—4(t/7)?] as shown in Fig. 2(b), the transmission distance drops signifi-
att < 0. We vary the extinction ratio of the pulse by changifg cantly when the tails at 50 ps from the peak becomes larger than
and we vary the pulse duration by changingor a 20-ps pulse, —19 dB due to stronger overlap of the pulses. Thus the extinc-
7 equals 11.34 ps. We note that our initial condition is asynion ratio should be larger than about 20 dB. Again, varying the
metric, which is consistent with our experiments as we descripelse durations over a range of 15-25 ps made little difference
later. However, we have found that replacing this asymmetiitthe results. The spread of the data in Fig. 2 occurs because the
initial condition with a symmetric initial condition in which ~ power level of the spontaneous emission noise nearly equals that
(0, 1) = Aexp[—4(t/7)?] + Bsech(t/4r) of the tail at the point Where it o_verlapg the neighboring pulse.
. . hus the strength of the interaction varies by almost 100% from
for all ¢ has little effect on the results. We choose a shift of 5. 2se to case. When the path average dispersion becomes slightly

ps as the criterion for safe transmission at 10-Gbit/s data r%t(‘?rmal, the stretching factor of the DMS significantly increases

Eﬁ the cen:ral ;cclrfoegsta_\::]darldo%eV|a:_|on Ofl 5t'6 ps cor_responsdoso/rlfif\], thus increasing the overlap of the adjacent pulses. For this
It error rateé o with a “PS ime Siot, assuming an feason, the transmission distance degrades far more rapidly than

safety window and a Gaussian distribution of the time shifts. V\ﬁwen the dispersion is in the anomalous dispersion regime, as

set Fhe transm.|SS|on d'lstance t9 24 500 km when the shift du own in Fig. 3. With a 100-ps pulse separation and a normal
the interpulse interaction remains smaller than 5.6 ps. Althou

for 20-Gbit/s t i<sion th fe standard deviati fth th average dispersion ef0.01 ps/nmkm, the transmission
or £9-LbIUs transmission the sale standard deviation ottne Ceflsi y 06 goes not exceed 7000 km when the extinction ratio is
tral time is smaller than 5.6 ps, we still use the same criteri

) . . €19 4B. In order to achieve propagation over the full distance of
in order to compare the SFref‘gth of the interpulse Interactiongf 5 km, the extinction ratio must be at least 25 dB. In the
10- and 20-Gbit/s transmission. normal dispersion regime, the pulse durations must be shorter
than in the anomalous dispersion regime, and the powers must
be substantially higher. We varied the initial pulse durations in

Fig. 2 shows the dependence of the transmission distancetlom range of 6—15 ps with little change in the results. We note
the extinction ratio at 50 ps from the pulse peak in a loop witthat there is much less case-to-case variation in Fig. 3 than in
a path average dispersion of 0.02 ps/km. In Fig. 2(a), we Fig. 2(b), indicating that the spontaneous-signal beat noise does
see that there is a remarkable tolerance of the transmission dist play an important role. Instead, the increased nonlinear in-
tance to the pulse tails up t613 dB at 50 ps when the inter-teraction due to the large stretching factor dominates the ob-
pulse separation is 100 ps, corresponding to a data rate ofskdved behavior.

e pulse durations in this case are 20 ps.

I1l. SIMULATION RESULTS
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We carried out our recirculating loop experiments with two
different sources. Our earlier experiments at 10 Gbits/s weftig. 4. (a) Initial pulse shape with which we achieved 28 000 km of error-free

; ; ; ; _ propagation at 10 Gbits/s [7] but with which it was not possible to achieve
done using a source that consists of a LiNtnplitude m(_)d . long-distance propagation at 20 Gbits/s. (b) Autoccrrelation trace of the initial
ulator followed by a pulse compressor. However, the extinctiQfise shape with which we achieved 20 000 km of error-free transmission at

ratio in this case is only 15 dB, and it was not possible for us #9-Gbit/s data rate [10]. Note the nonzero dc level corresponding to zero power
use it to successfully propagate signals at 20 Gbits/s. I\/IOI‘GO\}@H"e tails as expected for an autocorrelation trace that is not background-free.
these pulses fail to propagate at 10 Gbits/s in a loop with zero or _ )
slightly normal path average dispersion [11]. Fig. 4(a) shows tH& t0 successfully propagate pulses long distances in these two
pulse shape in this case. In addition to a poor extinction ratag’tter cases. We have verified these predictions experimentally.
the pulse is noticeably asymmetric.
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