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Effect of Soliton Interaction on Timing
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Abstract—Timing jitter in soliton communication systems is TABLE |
studied, taking into account both soliton interaction and amplifier .
noise. Deviations from Gordon—Haus jitter for closely spaced Bit rate 20 Gbivs
solitons are observed. A new analytical model for the timing Pulse width 10.0 ps
jitter is proposed. The model presented considers interaction in Wavelength 1.55 pm
a random sequence of solitons and the effect of the amplified Total length 3 000 km
spontaneous emission noise added in each amplification stage. Span between amplifiers 20 km
We obtain a good agreement between the new analytical model Dispersion 0.1 ps/(nm.km)
and simulation results for practical communication systems. Attenuation 5.1 dB/km
Index Terms—Communication systems, solitons, timing jitter. Spontaneous emission factor 2.0
Nonlinear coefficient 3.7 W' km?
I. INTRODUCTION

N a long-haul soliton communication system, lumped anfdded in each amplifier is described by a Gaussian probability
I plifiers are used to compensate for fiber losses. The nof@nsity function (pdf) with the standard deviation given by [1]
added to the signal by each amplifier induces an uncertainty in
the soliton arrival time called jitter. Gordon and Haus showed nepnaDH(G — 1)L 1/2
that the statistics of the jitter due to the spontaneous emission 0= 1)

. g . . . . 9T0AeﬂLame
noise added by lumped amplifiers is Gaussian, with a variance

proportional to the cube of the total distance of the link [1]. . o .
where ng, is the spontaneous emission facter; is the

Recent experiments have shown significant deviations fro{%nlinear parameter of the fibeR) is the first-order group-
the Gaussian distribution [2]. The study of the physical effects locity dispersion factor of the fibe, is Planck’s constant,

. . .. . . V|
leading to this deviation has been the subject of considerablg - e . .
amount of study. It was pointed out that soliton interactior?'tEIS the amplifier gain is the total length of the linkZ, is

. N . . dthe soliton width,A.g is the effective mode ared...,, is the
acoustic effects, and polarization mode dispersion can lead {0 ~ ... . .
amplifier spacing, and@ is the power-enhancement factor [7].

deviations from the Gordon—Haus result [3], [4]. However, In communication systems, the solitons are launched close
the soliton interaction is likely to have the dominant effect fotro each other. in orde)r/ © acr,lieve hiah-bit rates. which leads
high bit rate systems. ' g )

to mutual interactions. This perturbation of the soliton propa-

In this work we derive a model for the soliton arrival time___ . ; - T
.. o . . . ... gation due to neighbor pulses significantly changes the timing
statistics considering the soliton interaction and the amplifi .
o . : ._Jifter statistics.
spontaneous emission noise. As full Monte Carlo simulatiohs
for arrival time calculation require huge amount of computin ; - .
time, this new model can be useful in system design [ olved the nonlinear Sabdinger equation (NLSE) for a pseu

[6]. We validate this new model with numerical simulations orandor_n sequence of SOI'thS' we conS|dered an optical
. o . communication system operating at 20 Gb/s, with the param-

of practical communication systems, working at 10, 20, an .
eters shown in Table I.

40 Gb/s. The results show that soliton interaction produces a . s
: . - . he separation between amplifiers was kept much less than
considerable change in the jitter statistics. . . . . : .
the dispersion length, in order to avoid the dispersive waves
that could become another source of timing jitter. We have
II. DEVIATION FROM THE GAUSSIAN solved numerically the NLSE equation for 1600 bits from a
STATISTICS (SIMULATION RESULT) pseudo-random sequence, using 64 sample points for each bit
Gordon-Haus jitter due to the spontaneous emission noglet for accurate jitter measurements. Fig. 1 shows the pdf of

. . . the arrival time obtained by simulation and the Gordon—Haus
Manuscript received May 12, 1997. This work was supported by a JNICT It
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To study the effect of the soliton interaction we have

and Telecommunications, University of Aveiro, Aveiro 3810 Portugal. due to the soliton interaction. The pdf of the arrival time is not
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0.2k Fig. 2. In the three-soliton system in phase, the interactions of solitons A
and C relative to B are of opposing signs.
v Simulation )
0.1} a“ .
« . a—zé =4 exp(—2q)sin(2¢). (5)
x * ¥ C
3 0 3 Equations (4) and (5) show that the dynamics of the
Time (ps) soliton pair are entirely due to interaction forces that depend

exponentially on their separation and sinusoidally on their
Fig. 1. Probability density function for the timing jitter of a 20 Gbls systenyelative phase. If, and, are the initial separation and phase
The line is the Gordon—Haus result and the starts are the simulation resulaiﬁerence respectively, we obtain the followings expressions
for ¢ and+ during the propagation in (6) and (7) shown at
I1l. ANALYTICAL MODEL OF SOLITON INTERACTION the bottom of the page.
When we launch more than one pulse in a fiber, the presenceince a zero phase difference between neighboring solitons
of neighbor pulses disturbs the soliton, which changes its tirfR@ds to the worst case, we consider this case only. Choosing
position. If the neighbor solitons are in phase, this interactiégty = 0 in (6), we obtain the following expression for the

is attractive and solitons move closer. separation between the two solitons:
To study multiple-pulse systems, we start with the NLSE for
the case of two solitons. An approximate solution for the case q = ¢o + ln[cos(a()] (8)

of two solitons based on the quasiparticle approach was pre-
sented by Karpman and Solov’ev [8]. Another approximatiomyhere a = 2exp(—gq,).
was derived by Gordon directly from the exact two solitons To extend the above results to the three-soliton case, we
equation [9]. The expression for a soliton pair has the generaite that the force between adjacent solitons depends on their
form separation and relative phases. Then in a system of three
. , solitons where the distance and relative phases between side
u(7, q) = exp(iSt){Ay sechAy(r — g)] exp(ify) solitons (Fig. 2, A and C) and the middle soliton B are the
+ Az sech[Ax(7 + ¢)] exp(if2)}. same, the interaction of solitons A and C relative to B, are of
(2) opposing signs. The middle soliton is fixed because of these

At h boint inside the fiber th lized i balancing forces.
€ach point inside the fiber the normalized separation,, e " yo-soliton case, the separation is equal2tp

between the solitons i, the. amplitudes .Of the two SOIItonsHowever, in the three-soliton case, because the middle soliton
are A.l an.d.AQ, and th_e relat|\{e phase differencefis — 6,. is fixed, the separation between side solitons and the middle
For simplicity of notation, we introduce = (¢, — 61)/2. one isq, + g whereq,, is the initial separation. If we use this

It can be shown that fact in (4) and (5), we obtain the following pair of equations

pexp(q + i) = 2cosh((, + ip¢) (3) for the three-soliton dynamics:
where( is the distance of propagatiop,and(, are constants 82q
determined by the initial separation, phase difference and its ol = —2aexp(—q)cos(2¢) (9)
. . X o ¢
first derivative. The first and second space derivatives of (3) e
combine to yield the equations of motion [8], [9] % =2aexp(—q) sin(2¢) (20)
9%q
— = —4dexp(—2q) cos(2y 4
a¢? p(=2q) cos(29) @ wherea = 2exp(—q,).
1 cosh[4 exp(—q, ) sin(), )| + cos[4d exp(—q,) cos(2),
¢o=%+§m{ hexp(=g) ()] + confhenp(=gp) cos(vo)] )

cos[2exp(—qo,) exp(—itp, )(] (7)
cos[2exp(—q,) exp(irh,)(] |

1
w©=m+gm[
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Fig. 5. To analyze the solitons interaction in a long sequence of pulses we
can divide the sequence in small slices and analyze each slice.
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In a lightwave communication system making use of pulse-
code modulation, the pulse sequence is random, containing
long sequences of pulses, but also isolated and pairs of pulses.
To analyze the solitons interaction in a long sequence of pulses,
we can divide the sequence in small slices and reduce each
slice to one of the cases presented above.

5 PP P P In Fig. 5, we have a sequence of 12 bits that we can reduce
Dispersion lengths to the cases of isolated pulse (H), two-soliton case (A and B,
and L) and three-soliton system (D and E and F).

In order to analytically determine the arrival time statistics,
it is enough to consider at most four neighbor solitons because
the interaction forces decrease exponentially with solitons
separation. We consider a random binary sequence2withl

bits that contains all possible sequences of 5 bits [10].

It can be shown that the statistics of the arrival times
is represented by a bar graph, with 50% weight for zero-
time deviation, 25% corresponding to a deviation equal to

A B ¢ D the two-soliton system, and 25% with a deviation equal of
_ _ _ _ the three-soliton system. Moreover, since the deviation can
Fig. 4. In the four-soliton system the middle solitons (B and C) are pra

- . . N o
tically fixed because each one is surrounded by neighbor pulses exer&% positive or negative the 25% prObablllty of two and three
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Fig. 3. Normalized distance between solitons. The solid line is the analytical
solution, the dashed line is obtained by numerical solution of the NLSE.
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opposing forces. solitons should be split into two bars of 12.5% on the two
sides. So, we should expect a jitter pdf given by
The solution of (9) and (10), in the case of in-phase pulses pt) = 36(t) + 16(t — to) + L6(t + 1)
provides: 1 L
. + g0(t — t3) + gO(t +t3). (12)
— 2
=g +n [COS <EGC>}- (11) Values ofty andts are given by
Comparing (11) with the correspondiqg solution (8) .for ty =T, In [COS <iz>} (13)
the two solitons case, we see that despite the square in the Lp
cosine function, in the case of three solitons, the periogd3s _7 1 9 a
times the period of the two-soliton system. This means that ts =T, In |cos \/QLDZ (14)

the soliton interaction is weaker for the case of three—solitonh . ) . . .
compared to the case of two-soliton where T, is the soliton width,L; the dispersion length,
To test the validity of our analytical result, we performed t:I ?eXI;L_j;b}[th/ (2T"t).]’TIbi‘ IS the.b|tt.per|od tandz Is the

a simulation by numerically solving the NLSE for the castPt@ length of the optical communication system.

of two and three-soliton. The results are shown in Fig. 3. A{\ﬁ To check the validity of our analytical result, we repeat

we can see, the numerical results are in agreement with 8_30 ?bls T_¥Stem s[nlélatlor;, diﬁcr'btef Ilr; Se;’:lor; ”f with
analytical ones. an ideal amplifier(ns, = 0) and with a total length of nine

To generalize our results, we start with the four-solito ispersion lengths. From Fig. 6 we can see a good agreement
case. in which the two midcile solitons (B and C in Fig. 4 etween our analytical deduction and the numerical results.

are practically fixed, because each one is surrounded Qere are a broadening in the delta function produced by
neighbor pulses exer’ting opposing forces. With a good deg finite numerical resolution (resolutiea 0.78 ps), but the

- ' ; ; sition of the side bars are exactly the positions predicted
of approximation, we can assume that the two middle solltogg our model and their relative hei }r/ns mgtch the ?ediction
are fixed and the side solitons (A and D) behave in a simil F’ 9 P

way to the three-soliton system. of (12).
It is obvious that we can extend this approximation to the
case of more than four solitons. In a long sequence of pulses,
the only ones where the interaction forces are important areln a long-haul soliton communication system, the fiber
the first and the last one of the sequence. So the case of mosses are compensated by the use of in line lumped amplifiers.
than three solitons can be reduced to the three-soliton syst@inese amplifiers restore the signal power but the amplification

IV. EFFECT OF SPONTANEOUSEMISSION NOISE
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Fig. 6. Arrival time statistics of a pseudorandom sequence, after the prop-

agation of nine dispersion lengths. The bars were obtained by numerical Time (ps)
simulation. We used expressions (13) and (14) to determinesttend t;. @)
The arrows inside the bars are the delta function obtained by expression (12).
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Fig. 7. Probability density function for the 20 Gb/s system. The line is the (b)

Gordon—Haus result, the starts are the simulation result, and the dashed-,ﬂfée_z 8. Probability density function for (a) a 10-Gb/s system and (b) a

is our model. 40-Gb/s system. The line is the Gordon—Haus result, the starts are the
simulation result, and the dashed-line is our model.

process is accompanied by the emission of spontaneous noise
[11]. The noise that is outside the bandwidth of the opticaxpressions (13) and (14), and with the variance given by
signal can be removed, using an appropriate optical filtehe Gordon—Haus expression (1). So, we can expect to have
although it is not possible to remove in-band noise. This noisejitter pdf given by
copropagates with the signal.

The copropagation of signal and noise changes the arriving

) . ) . 1) =1f,(t Lf,(t—t Lf,(t+t
time statistics presented in expression (12) and also degrades P(t) =2 fo(t,0) + 5ot = £2,0) + 5yt + t2,0)

1 1
the signal noise ratio. Expression (12) is not valid any more, + 5ot —t3,0) + 5 fo(t +t3,0) (15)
due to the Gordon—Haus effect and because the interaction
forces are phase and amplitude sensitive. where f,(t,o) is given by

In a soliton communication system, the noise power is much
smaller than the signal, so we can assume that the noise only 1 /2
produces a small change in the phase and amplitude of each fy(t,0) = —exp {__2} (16)
pulse. Making this assumption, we will expect to have a jitter V2ro 20
pdf related to the one presented in (12). However, instead
of five discrete lines, we should have a five-lobe Gaussi#ime values of; and¢s are given by expressions (13) and (14),
function, with the center of each Gaussian determined bgspectively, andr is given by (1).
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V. COMPARISON BETWEEN THE [11] G. P. Agrawal,Fiber-Optic Communication SystemsNew York: Wi-
ANALYTICAL AND NUMERICAL RESULTS ley, 1992, pp. 329-383.

To validate our model, we apply it firstly to the simulation
results presented in Fig. 1.

As we can see in Fig. 7, the new model gives a goc~ Armando Nolasco Pintowas born in Oliveira do
approximation to the pdf of the arrival time. In particular, th Bairro, Portugal, in 1971. He received the electrical
. . . and telecommunications engineering degree from
tails qf the pdf are very well apprommgtgd by our model. Sinc the University of Aveiro, Portugal, in 1994. He
the tails are the main feature determining error rates values ™ = is currently pursuing the Ph.D. degree with the
high quality systems, we can expect improved bit error rat Optical Communication Group in the Department
. . . . . . of Electronic and Telecommunications, University
estimation applying this model to practical communicatio of Aveiro, Portugal.
systems. His main research interests is in optical soliton
In order to analyze the behavior of the new model f communication systems. He has been working in

. . . . . the European soliton communication project called
different bit rates we applied !t to systems working at 1_QSTHER in the framework of ACTS (Advanced Communications Technolo-
and 40 Gb/s. These are the bit rates of the next generatygs and Services). _ _ _
of optical communication systems. The results are printed jpMr. Pinto is a student member of the Optical Society of America (OSA).
Fig. 8 where we can see again good agreement between the
new analytical model and simulation results. Furthermore the
deVIatlon. of the .Jltter pdf from the Gaussian shape, IS S’[rong&gvind P. Agrawal (M’83—-SM’'86—-F'96) received the B.S. degree from the
as the bit rate increases. University of Lucknow, India, in 1969 and the M.S. and Ph.D. degrees from
the Indian Institute of Technology, New Delhi, in 1971 and 1974 respectively.
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' ONCLUSIONS University of New York, New York, and AT&T Bell Laboratories, Murray

; ; ; ; il, NJ, he joined the Faculty of the Institute of Optics at the University
We have derived a S|mple analytlcal Expression for to Rochester, Rochester, NY, in 1989, where he is a Professor of Optics.

jitter pdf of soliton systems, taking into account both solitofys research interests focus on quantum electronics, nonlinear optics, and
interaction and amplified spontaneous emission noise. Mofeger physics. In particular, he has contributed significantly to the fields of

Carlo simulation results have shown good agreement Wﬁﬁniconductor lasers, nonlinear fiber optics, and optical communications. He
IS, an author or coauthor of more than 250 research papers, several book

analytical ones, thus confirming th? Val_idity an_d accuracy @hapters and review articles, and three books entBethiconductor Lasers
the new model presented. The soliton interaction producegNaw York: Van Nostrand Reinhold, 1993Nonlinear Fiber Optics(New
; ot i ; ot ifork: Academic, 1995), anBiber-Optic Communication Systerfisew York:
considerable deviation from jitter Gaussian statistics for hlqﬁley’ 1997). He has also edited the bodRentemporary Nonlinear Optics
speed systems. (New York: Academic, 1992) an8emiconductor Lasers: Past, Present and
Future (New York: AIP Press, 1995).
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