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Optimization of the Average-Dispersion Range for
Long-Haul Dispersion-Managed Soliton Systems

T. I. Lakoba and G. P. AgrawakFellow, IEEE

Abstract—We consider limitations on unfiltered transmission The lower limit for the average dispersion is known to be
of dispersion-managed solitons, arising from the Gordon-Haus set by degradation of the signal-to-noise ratio (SNR) resulting
jitter, adjacent pulse interaction, and signal-to-noise degradation. from accumulation of spontaneous-emission noise from ampli-

We maximize the range of allowed values of average dispersion,f. 11. The t incipal i . ¢ ttina th b d
thereby providing the first step in optimization of dispersion iers [1]. The two principal impairments setting the upper boun

maps for wavelength-division-multiplexed lightwave systems. As for Dy, are the Gordon—Haus (GH) timing jitter and the interac-
specific examples, we consider dispersion maps made of severation of adjacent pulses. Strictly speaking, the latter two effects

different types of optical fiber and study their performance for  are to be considered simultaneously, as the GH jitter affects the
gg?nsg(')sos(‘)'ok”mogolfg ggon%S channels over distances in the range,|se center separation, which is a critical parameter for soliton
' interaction [2], [29], [30]. However, at present, there is ho theory
_Index Terms—Broad-band optical fiber communications, that correctly describes the interaction of DM solitons even ne-
dispersion management, optical noise, optical solitons. glecting the GH jitter (at least in the range of parameters that is
of interest for this study). Therefore we have to adopt the fol-
l. INTRODUCTION lowing procedure. First, we calculate the upper boundi¥gr

. . s given by the GH jitter alone [3], [31]. Then we numerically
HE.GOAL OF th's. StUdy.'S to compare the performance %imulate the full nonlinear Schrodinger (NLS) equatiithout
various types of dispersion maps for long-haul soliton da{

o o . : . e noise sourcand with theD,,, determined at the previous
transmission. Our basic idea is to find the maximum allowe

. . . stlage, and find how much the pulse separation would decrease
range of values for the average dispersion, so that the mMaximyik o the interaction alone. Finally, we adjust the valuBgf
number of wavelength-division multiplexed (WDM) channels ' ’

be t itted at a qi bit rat h LY tﬁlla certain way (cf. Section Il).
can be transmitted at a given bit rate per channel. Here we takg; .o \vall known that in a DM system with a givem, .,

into account the fact that the average dispersian,, as seen by . ; . . ; o :
. S . ” ) . the GH jitter is suppressed, in comparison with the jitter in a
different channels, is different due to the third-order dispersion J PP P J

. uniform-dispersion fiber with the same dispersiby, by a
Clearly, the scope of the problem we have puthned aboye§8-called energy enhancement factor (EEF) [4]. The latter is
too broad, and too complex, to be satisfactorily treated with

Khown to depend strongly on the location of the amplifier(s) in-

one study. Ther_efore, we had to make a n_umber of S'mp“fy”_lgde the dispersion map [5]-[8]. Furthermore, the strength of
assumptions. First and foremost, we considered only those i lse interactions and the EEF follow roughly the same de-
pairments that occur for single-channel transmission. That ndence on details of the dispersion map [8], [9]. That is, a

no limitations due to pulse collisions or gain ﬂuct_ua'uons 1 rger EEF results in more effective jitter suppression but also
different wavelength channels, were considered. It is clear tr?ﬁ\t

L . . . stronger pulse interaction. Thus, the location of the ampli-
maximizing the range ab,,,,, while accounting only for single- fie

. . . X ’ . (s) inside the map must be a critical parameter in any DM
channel impairments is the necessary first step in the deS|grb Eimization. However, since we do not have a formula for de-

_an%/ \li\./DNtlhsytS;.eT' tTh'SbStUdy ams at pr:mt/ltdlng th? 3_u'del"7et rmining the effect of pulse interaction and thus have to resort
In taking that iirst step by éxamining what types of AISpersiog, ¢, nymerical simulations, it is very important to reduce the

maps can potentially yield high transmission capacity. number of free parameters in the problem. Therefore, we vary

Our second important assumption is that the dlspersmn-m@ﬁ\é amplifier location only within the shorter (compensating)

aged (DM) system under consideration has no in-line control %Iéction of fiber and only for one of the map configurations (cf.

oments such as nar “l)"‘t"ba”d f'LterS or tSVQChr&”‘iUS_ mOdUIa:(ggction Ill). Itis likely that not (fully) optimizing the location of
oth fiters and mo ga.ors are known 1o be able 1o Improve thg, amplifier could change our results by a factor of order two
quality of transmission; however, there also exist practical ISt so. However, such accuracy is adequate for the main goal of

suets th'j(.:frf]. mske the use of these elements in a real Iong-hm- study, which is to revedlendsthat can lead to design opti-
system diticult mization rather than to obtain quantitatively correct results.

We do not consider contributions to the timing jitter coming
from the acoustic effect and the polarization mode dispersion
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be estimated to be much less than the GH jitter for the typfs weakening of the nonlinear effects due to the fiber loss, and
of fiber considered here and fdD,,)max > 0.1 ps/nm/km, the nondimensional parameteis given by

which we always find to be the case in this study. Also, we

do not include effects of third-order dispersion and stimulated ¢ = 7P Limap- ®)

Rf?manhscattberlng %n smgllg cthnelbtransmlllsfsmr;{ smceb'Fh%ﬁ% parameter measures the size of the nonlinearity compared
effects have been shown [13], [14] to be small for the com N8 that of the local dispersion. In (4), the nondimensional dis-

tions of bit ra_tes and dls_tances co_nS|dered_ here. persion coefficient is explicitly written as a sum of the constant
The remainder of this paper is organized as follows. |

Section I, we present the theory from which the upper aﬁ%/erage part

lower bounds forD,, are found. Section Il describes our _ (D1Ly + DsLy)Liap  DayLiay (A2 6
optimization procedure. Section IV contains the main results ““° = |Dy — Do|LiLy T2\ <_> )
of this study: it shows the estimates for the maximum number

of WDM channels that various types of dispersion maps cgﬁ]d the periodic part

2me

transmit, assuming only the single-channel impairments. Main sgn(D1) Liap/ L1, 0< 2z < Li/Lpap
. . h d(2) = 7
results are summarized in Section V. { —sgn(D1) Luap/L2, L1 /Liap < 2 < 1 @)
[l. THEORY whose average vanishejﬁ: d(z)dz = 0.
A. Unperturbed DM Soliton In the regime of strong DM, local dispersion is much greater

, ) than both the average dispersion and nonlinearity; henee
Our model is based on the standard NLS equation that 99Vin (4). The high local dispersion determines the functional

erns propagation of optical pulses in fibers form of the DM soliton in terms of chirped Hermite—Gaussian

I9A 1 PA functions [15], [33], of which the largest is a chirped Gaussian

oA 1, p94 24 ¢ _
i57 ~ 3P D g TlATA=59(2) —ajd. (1) ” [ 2 il )} ©
Uy = —exp | — . ip(z
Herep, = [-A?/(2xrc)]|D, D is the dispersion coefficienty V1416 275 (1 +8)

is the operating wavelength (assumed to be 1550 nns)the where
speed of light, and is the nonlinearity coefficient. The effect 1 [®
of fiber loss and its periodic compensation are included through §=6(2) =60+ = / D(')d 9)
the parameters and g(z), respectively. Changing their form, 7o Jo
we can study various cases of lumped amplification, as well aad the form of the phas#(z) is not relevant to this study. The
the case of distributed amplification. In a DM systel?(Z) is  paramete$ is proportional to the chirp. The pulse width reaches
a piecewise-constant, periodic function with valdgsand D> its minimum,ro, atthe points in the map wheféz) = 0. In Ref.
in the two sections of the dispersion map. The lengths of thefg®] it was shown that higher-order Hermite—Gaussian functions
two sections aré;; andL., respectively, and,; + L> = Lnap,  may contribute to the evolution of a perturbed DM soliton by
where Ly, is the period of the map. no more than 5-6% (this does not pertain to the interaction of
Itis common to introduce normalized variables and write (Hdjacent DM solitons). Thus in what follows we do not consider
in a nondimensional form. We introduce new variables as  those higher order terms.
With the Gaussian approximation for the pulse shape, and for
2 =Z[Limap, T =T/Tom a sufficiently smalle, the balance between the average disper-

L L z , , sion and nonlinearity sets the following two conditions for the
u=Aexp | 307 — 5/0 9(Z")dz Vi (2 stationary propagation of a DM soliton

Cr 5 o <ReI2 CR>
i ime- i Iml, = e——, dy = |ag|"T +e— 10
whereTpy is a time-scaling parameter chosen such that 2 12 0 = |ao|7g NG 3 (10)
Tom = ([N/(2r0)]| Dy — D2|LILQ/LMP|)l/2 (3) where the coefficient, is obtained from
1 . n/2
The parameteF, is a reference power used for normalization I, = / I, dz, I, = G(z) <1 + L5>
and equals the peak power in an idealized lossless fiber. Its rela- 0 V1I+6\1—16
tion to the average pulse power in a fiber with periodically com- n=0,12, ... (11)

pensated loss is specified after (11). In terms of the normaliz_?
variablesz, 7, and«, we obtain the following hondimensional
form of the NLS equation:

He first condition in (10) determines the pulse initial chirp,
and the second condition determines the relation among the
pulse amplitude, width, and the average dispersion parameter
Ou 1 9% 1. 8% ) do. These equations generalize those derived in [6], [17],
ryn §d(z)w te <§d0W + G(2)|u| “) =0 (4 [15], and [33] via including the next-order terms in The
factor 1/Rd; is proportional to the energy enhancement factor
where the periodic coefficient mentioned in Section |. The form &f; and Cg is specified
G(z) = exp(Lmap( [y 9(2')d2’ — az)] accounts in the Appendix. The details of the periodic amplification
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are included via the functiod:(>) in the integrals/,,. This Gaussian approximation for the probability density of the de-
provides a uniform framework for dealing with both lumpedected signal [21]
and distributed amplification cases. Furthermore, the soliton

) . . SNR
amplitude,ag, can always be normalized to unity by a proper Q=vVM—ur————— (14)
choice of the reference pow#, and we use this normalization v 2SQNR +1+1
in what follows. In such a case, the average DM soliton power BER ~ exp(—@Q /2)' (15)
equals Pyly, where I, is defined by (11). Alternatively, the V2@

DM soliton energy immediately after an amplifier equal

12 6 H H H
TG Zamp) PoToni 70, WhereG(zump) i the value ofG(z) at srhe values 10*< and 10° of BER, which we use later in this

s : tudy, correspond t@ ~ 7 and@ = 4.75, respectively. As-
the amplifier's location. stua .
When the nonlinearity and the average dispersion are smséflmmgM = &, (14) yields SNR~ 17.2 and SNRv 9.0, re-

(i.e.,e < 1), (9)-(11) indicate that the single parameter that dgpectively. Using (5), (6)’ (.13)’ anq the main-order ‘em?s in (1.0)’
termines properties of an unperturbed DM soliton is the norm ne obtains the following inequality for the average dispersion

ized pulse widthg = To/Tpm. HereTy is the minimum width v

of the Gaussian pulse, related to the full width at half maximum ToRelLTpy [ 27¢
(FWHM) asTrwanm = 2v1n 275. For easy comparison with Dav = SNREM )nsphi (G — 1)(Z/Laml’)oT27rDM <V)
previous work, we use a related nondimensional paranster (16)
called the map strength and defined as follows:

1 In the case of distributed amplification, this equation is modi-

=—— fied usingG — 1 = g Limap. The nonlinearity coefficieny
21n 275 corresponds to either section of the dispersion map; the specific
|(P1 = Day)Ly — (D2 — Day) L | <)\_2> (12) choice affectd, via G(z), so that the product in the numerator
2me of (16) is not affected. Since this lower bound fox,, was found

, to yield rather small values db,,,,, theO(¢) terms in (10) could
whereD,,, = (D1L1 + D3L3)/Lua.p. TO Support stationary be safely neglected.

propagation of a DM soliton at zero average dispersion, one rerha most restrictive upper bound fér,., is set by the GH

quires a specific valug' = So where the quantity Rle van-  ining jitter and pulse interaction. The variance of the GH jitter
ishes [cf. the second of (10)]. Accordingly, the average d|sp%—[3] [31]

sion should be “normal” fo5 > Sy. For both lossless and pe-
riodically amplified cases, the value 6f was found [6] to be o Nsph(G = 1)(Limap/ Lamp)

) ) odn = 5 x Fan(z) (17)
approximately equal 4.7. When one takes into accounttfa¢ 15 TonmPo/7
terms in (10) (which should be done when the pulse power is = =
sufficiently high), one finds that fo6 > S,, the DM soliton FGH(z)IQ/ (d(2")+edo) dz'/ (d(2")+edo) [z +1] dz”
can exist for either sign of average dispersion [18], [34], [35]. 0 0

2
TFVV HM

—|—2'r§6amp/ (d(z")+edo) [¢'+1] d2’
0

B. Upper and Lower Bounds fdp,,,
+2(75 + 75 62myp) (18)

Since the soliton power is approximately proportional to
the average dispersion [cf. (5) and (6)], the lower bounghere
for D, is imposed by the requirement that the SNR after. , _ Z/Lyap  Normalized distance;

N(= Z/Lampy > 1) amplifiers be greater than a threshold integer part of:;
necessary _to maintain a give_n bit_error rate (BER). I—@ris_ Samp value ofé(z) evaluated at the amplifier.
thedimensionalotal propagation distance. From [19], we f'anquation (17) is written for the case of one amplifier per map
that period; generalization to other cases is straightforward [3], [31].
SN PyroTomy/m 3 The same equation can also be derived using the variational
R= (Z) Lo Pan i (2N (G — 1) (13)  method [22] with a Gaussian ansatz. _
The leading-order term on the right-hand side of (18) equals
where (edo)?22/3, i.e., its value for the conventional soliton in a uni-
nsp  Spontaneous emission factor (we assupe= 1.5); form-dispersion fiber. In all cases considered, we found that
hv energy of one photon; the upper bound foD,,, corresponds ted, = O(0.1). With
G total gain within one amplification stage. z = O(100), corresponding to a trans-oceanic distance, the size

The parametel/ is identified with the number of independentof the O(2?) term is estimated to be on the order of 10% of the
degrees of freedom in one polarization of the signal (cf. [20kading term, and thé&(z) term is even smaller. Thus, when
[21]). The factor two in front ofA/ is included because the re-writing down the analytical expression for the upper bound (see
ceiver is assumed to be sensitive to both polarizations. Eq9), shown at the bottom of the next page), we retain only the
tion (13) is written for the case of lumped amplification. Fo(z3) term in order to make that expression more transparent.
distributed amplification, the fact@G — 1)/ L., iS replaced However, in the numerical calculations, whose results are pre-
with «.,, the average loss coefficient. The relation between tisented in Section IV, we use the full expression (18) for the vari-
SNR and the BER is established via the param@tarsing the ance of the GH jitter.
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Further, we assume, as done in most studies, that the probametimes even wheh,; ~ L.,..;,/2, with only a few percent
bility densityp(é7) of the deviation of the pulse from the centenf their energy being shed into radiation. However, already for
of the bit slot, is Gaussian with the varianggy . Thenthe prob- L,; = Ly.,/3 we never found a stable DM soliton. Thus, in
ability of the pulse center to be found outside of the bit slahost cases, the condition
Ts equals2 f;:/Q p(é7)d(67). ForTp > 6ogp. this proba-
bility is approximated quite well by twice the right-hand side Linap < L (22)
of (15), where is replaced withQcu = T/(20Gx). Com- plays the role of an additional upper boundBp,. Using rela-
bining (17) and (18) with (5) and (10), we arrive at the following;, 1o (21), (10), and (6), this can be rewritten as
upper bound for the average dispersion, imposed by the GH
jitter alone, as shown in (19), whefe = 1/7 is the bit rate. D < (Rela/ V2 + eCr/8)m8 T3\ <@) (23)
Sincee, appearing in the denominator, is proportionalg,, o IoLnap A2

(19) provides anmplicit upper bound for),,,. Our numerical which is solved iteratively using (6). Since this upper bound on

code implements an iterative procedure to solve for the value gof . : : -
P P %av is not as rigorously set as the one imposed by the GH jitter

Efig';ur)per bound, while taking into account all terms in (10) anand pulse interaction, we use it as a guidance only. That is, we

To account for pulse interaction, we use the following simpf%lways verify whether the DM soliton is stable when (23) is not

trick. We numerically solve (4) with the parametek, found satisfied.
from (6) and (19). For a given propagation distagoee find
the changeér;,:, in the pulse separation, that is due only to
the interaction. We set the conditiém;,, > 0.415 to indicate One map configuration that we consider las., = Lamp.
pulse collision, when the interaction prohibits system operatidinere, we have two adjustable parameters. One is the location
that otherwise would have been allowed by the GH jitter alonef the amplifier inside the compensating section of fiber. The
For smaller relative values d¥r;,;, we simply use inequality other is the ratidFwnn /25, which we vary between 0.12 and
(19), but with an adjusted bit slof;z = Ts — 67:. Thus, 0.28 with an increment 0.01. We observe that the GH jitter and
as the upper bound fdp,,, imposed by both the GH jitter and the SNR yield the optimah D,,,, when the amplifier is located

lll. OPTIMIZATION PROCEDURE ANDFIBER PARAMETERS

pulse interaction, we use an estimate at either end of the compensating section of fiber, whereas pulse
) interaction is the least restrictive when the amplifier is close to
D,y = Dou(1 — 67,0, B)%. (20) the middle of that section. However, due to the strong depen-

dence of the map strength (12) on the pulse width, the latter is

In the absence of a theory that would have simultaneously deund to affect the system performance significantly more than
counted for both the GH jitter and pulse interactions, we hatlee amplifier location does.
to resort to such a crude estimate to avoid time-prohibiting nu-Another map configuration hat; = N L.y, whereN is
merical simulations. an integer. There, each of the fird&t amplifiers exactly com-

The last restriction that sets an independent upper bound ffiensates the loss in the preceding segment of lehgftv of
D,,, is the following. It follows from (6) and (10) thdD,., de- the fiber with dispersio;, and the [V 4 1)st amplifier com-
pends on two independent parameteesdrg (or, equivalently, pensates the loss in the shorther fiber section. The location of
the map strengtly). The parameteris related to the character-the amplifiers in this case is fixed, and the only adjustable pa-
istic nonlinear lengthL,,; = 1/(vP,.), whereF,, is the av- rameter is the pulse width. For the third map configuration, with

erage pulse power, by Lamp = N Luap, we fix the amplifier location to be at the be-
ginning of everyNth map period. There, as well as for the map
€ = Lyap/(Lnido)- (21) with distributed amplification, the pulse width is also the only

adjustable parameter.
As we have mentioned earlier, stationary propagation of a DMWe use (16) to determine the lower bound 19y, and the
soliton is supported by a balance between the nonlinearity amdre restrictive of expressions (20) and (23) to determine the
the average dispersion, the stronger local dispersion providimgper bound. For fixed values of the bit rate, propagation dis-
only the functional form of the pulse. This means that the chaance, and BER, our main result is the dependence of the op-
acteristic length associated with nonlinearity and average disnal range ofD,,, on the map period..,..;,, where optimiza-
persion should be much larger than the local dispersion lengtion is done with respect to the adjustable parameter(s). By the
in order to ensure stable pulse propagation. This results in thgtimal, we mean such a rangeD,,,,, for which the quantity
conditionLy,; > Luap, Ore < 1. In our numerical simulations AD,, Zrwv, proportional to the allowed number of WDM
we observe that pulses remain stable wiigp ~ L., and channelsNchannels, IS the maximum. Indeed, if we assume that

Do < 3V2r(1/B)2roT3\ (2mc/ A?)

< (19)
Zg(ZQGH)LnyQnap (ReIQ + FC(R/(le\/z)) nsphl/(G - 1)(Lmap/Lamp)
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TABLE | T T 250
FIBER PARAMETERS B
Type of | Dispersion | Dispersion slope | Power loss | ¥ = 27na/{Xeq) ¢ Tl 1200
fiber | [ps/nm/km] | [ps/nm?/km)] [dB/km)] [(W km)™1]
SSMF 17 0.056 0.2 1.3
DSF 15 0.07 0.25 1.9 061
DCF?® -104 -0.35 0.5 52

o
'S
T

Number of channels

the wavelength separatiak\ between channels is a fixed mul-
tiple of the single-channel spectral width, thA\ o TFwnm-
The maximum allowed number of channels is

Average dispersion (ps/nm/km )

o
(M)
:

Nchannels = A-Da'l;/( |aDab/a)‘|A)‘) (24) 9

wheredD,, /0X is the average dispersion slope. Two obvious
ways to increas&Veiannels are to either increasé D, (or
AD,,/A)) or decreasddD,,/0A| by carefully designing
the compensating fiber. In this study we focus on maximizin
the former parameter. Now, dispersion management is mc gl
effective when the average dispersion is much less than t
local dispersion in the map. Consequently, we expect that o

[}
achieve largeAD,,, we need the map to be composed o=9022f <
fiber sections with high dispersion coefficients. (Note the § 2
using high-dispersion fiber is also beneficial for suppression 'go w8l , |4 8’§
WDM-induced impairments.) Table I lists relevant parametel 2 al T Z
of the existing types of fiber, that we consider in this study
The acronyms in the left-most column stand for the standa ¢.14f 5t/ Tg
single-mode (SSMF), dispersion-shifted (DSF), and dispe
sion-compensating (DCF) fibers. - S

As we said in Section 1I-B, we do not have an analytic for %55 g pys ry
mula for the effect of pulse interaction and thus have to evalue Map period (km )
it numerically for the maximum value db,,, allowed by the (b)

CH jitter. Whenever we findri,,,; /T > 0.4, we declare that . | ssur 4 pcr z = 10000 km, B = 10 Gb/s/channel,

the interaction prohibits the transmission. Since the interactigf),, = L.... (a) Range ofD,, (solid) and Nepamnets (dashed); (b)

strength is proportional to the average dispersion [23], transmikatios of the optimal pulse width (solid, left axis) and the decrease in pulse

sion would still be possible for some lower valueldf,. How- separation (dashed, left axis) to the bit slot, and the optimal map strength (right
- !

ever, without an analytic expression for the effect of pulse inter-

action, we are unable to efficiently determine the corresponding

upper bound. strength § > 2) than we consider here.) As follows from (12)
and Table I, the only combination of fibers for which this range
IV. RESULTS of S is possible, when the soliton width is about 1/5th of the
o bit slot andLy..p, is about 30—40 km, is the SSMF DCF. The
A. Transpacific Distance corresponding range of allowed valuesiaf,, is plotted in Fig.

Here we consider propagation over 10000 km and requitéa). The reasons limiting this range can be understood from the
that the BER at the output be at most1®. We consider the behavior of the optimal pulse width paramet&sym /75, the
bit rate of 10 Gb/s per channel and the map configuration wittssociated optimal map strengi, and the pulse interaction
Lmap = Lamp. parameter§r,.,., /T [Fig. 1(b)]. For all values oL.,.,;, consid-

The GH jitter suppression is most efficient in strong mapseyed here, the optimal map strength is noticeably larger than 1.6,
since then the EEF, which mainly determines the suppress&mund which we expect pulse interactions to be the weakest.
factor in comparison with the uniform-dispersion case, is larg€his rather larges appears to be necessary to suppress the GH
On the other hand, pulse interaction rapidly increases as fiteer, which increases witlh. 5, = Lamp due to the exponen-
map strengthS exceeds a certain value, which in the lossledil increase of the amplifier gaildy = exp(aLamy); cf. (17).
case was found to be about 1.6 [24]. Moreover, the conditi@n the other hand, the increase of the paranBtefun /15,

(23) is violated for too large values of the EEF (recall that EESeen in Fig. 1(b), clearly indicates that, to limit pulse interac-
~ 1/Rels). Thus, one needs to use a map witlin the range tion, S has to be reduced. However, this increase of the pulse
between 1-2. (Let us note that the theory of DM soliton interawAdth can limit the interaction via the reduction sfonly up to

tion, found in [8], [23], is applicable for larger values of the map certain point, because for too large a width, the pulses begin
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35— ' ' - ; ——3500 the map strength that are high enough to yield significant jitter
RAE suppression. At the same time, even though pulse spreading is
Nehannels 13000 larger in those stronger maps, pulse interaction can still be not
too strong owing to an increased pulse separation relative to the
12500,  pulse width. We defer detailed examination of this venue of per-
formance improvement until the next section.

n
&)

2r "20004f In the remainder of this section, we examine another way of

* increasing the total transmission capacity, which is evident from

13y 115005 (19) and (23). 3) For a fixed map strength, the upper bound for
2 ‘ D,, set by the GH jitter is inversely proportional to thabe

—y
T
—
(=
[=
(=]

of the bit rate (sinceoTpym ~ Trwam ~ 1/B). If the al-
lowed rangeAD,, were set by the GH jitter alone, the total

Average dispersion ( ps/nm/km )

0.5¢ 1 o : : .
Drin 500 transmission capacity N..amnneis X (Single-channel bit rate))

0% , ;,i , e ‘ ﬂ . would increase by eight times if one uses 5-Gb/s channels in-

80 90 100 110 120 130 stead of 10-Gb/s ones. Similarly, the other upper bound given

Mep period (km ) by (23) would yield a four-time increase in that case. The lower

Fig. 2. Same as in Fig. 1(a), blit = 5 Gb/s/channel. Squares (diamonds).bound would also decrease by a faCt(_’r of two [cf.(16)], but this
configuration WithL, = 2L,ap (L1 = 3Lumap)- would not affectA D,,, as much as the increase of the two upper

bounds [cf. Fig. 1(a)]. Thus, the total capacity can, at least in
to overlap too much, causing the interaction to increase. TRBNCiple, increase by four to eight times, if one decreases the

increase of the interaction parameter is clear from Fig. 1(f)it rate per channel by a factor of two.
In fact, the interactions render the system unusable soon aftefo Verify this, we modified our map so as to keep the map

Liap = Lamp €xceeds 40 km. strength approximately the same as. in the cas#& ot 10
The dashed line in Fig. 1(a) shows an estimate for the m&gb/s/channel, which meant we had to use the map period about
imum number of channels, calculated using (24) @ndl = three to four times larger than that in the latter case. The most

0.8 nm for the interchannel separation. This\ corresponds appropriate configuration is then the one with = N Loy,
to roughly five spectral widths of a single channel. For a rath#fhereL is the length of the first fiber section in the map. We
small range ofD,,,, €.9.,AD,,, =~ 0.2 ps/nm/km atL,,,, = 35 performed calculations for the cases whén= 2 and N = 3,
km, the number of channels is still very larg€{,auneis ~ 120) and setAi = 0.4 nm. The results foA D, and Nepanners are
due to the very small average dispersion slope of the configifesented in Fig. 2, from which we see that using 5-Gb channels
ration SSMF+ DCF. It is, therefore, quite likely that the limits increases the total capacity by a factor of about five compared
for the total transmission capacity in this case are set not by #éh the case of 10-Gb channels.
GH jitter and pulse interactions, but rather by the WDM impair- .
ments and the availability of amplifiers with a flat gain over th8- Transatlantic Distance
bandwidth of 96 nm=£ 120 x 0.8 nm) and a high output power.  For the single-channel bit rate of 20 Gb/s, one cannot use
The same remark also pertains to the results shown in Figa2lispersion map composed of the combination of the SSMF
below. + DCF fibers and havind.yap > Lamp, Simply because the
We performed similar calculations for the same combinaerresponding map strength is too high7) for all realistic
tion SSMF+ DCF, with distributed amplification, which we values of the amplifier spacings. To reduce the map strength,
assumed to exactly compensate for the fiber loss. For map pee option is to use the combinations DSFSSMF, in which
riods of 25 and 30 km, the average dispersion range is abthg longer section of fiber has significantly lower dispersion
40% larger than in the system with lumped amplification. Thikhan the SSMF. However, even in that case, it is difficult to
is due to the larger upper bound fér,, allowed by the GH find values of adjustable parameters in our optimization scheme
jitter (because the amplifier noise is reduced by a fapfo—  which would yield a positive rangA D,,,,. This occurs because
1)/(tvqw Limap ). However, already fok.,...;, = 35 km, that upper the upper bound foD,,,, set by the GH jitter, is proportional
bound becomes so high that pulse interaction prohibits the trates¢1/B)* and thus is dramatically decreased for 20 Gb/s com-
mission. pared with the case of 10 Gb/s. In order to increase that upper
From this example, we make the following observations asound to a level where it would again make sense to consider
how the performance of the SSMFDCF configuration could optimization of the system, we need to reduce the propagation
be further improved. 1) If, instead of the SSMF with= 17 distance by about the same factor by which we increased the
ps/nm/km, one could use a fiber with a lower value of dispebit rate [cf. (19)]. In this ection, we considéf = 6000 km,
sion, one would effectively decrease and thus would be able which is a typical transatlantic distance. In addition, we set the
to use pulses with smaller widths. Then pulse interaction wouddlowed BER to a lower value of I, assuming that forward
limit the transmission less severely. 2) One could use the ideaeofor correction can bring it down to an acceptable level. Expect-
“dense” DM, proposed in [26], where the map period is an iredly, we then find that\ D,,,, for the DSF+SSMF combination
teger fraction of the amplification distanck;..;, = La.wpp/N. IS as large as that for the map considered in Section [V-A [com-
With small enoughL,,..;,, narrower pulses (for the same bit ratepare Fig. 1(a) with the first line in Table II]. Note, however, that
could be used. This gives one the freedom to operate at valuethaf number of WDM channels for the DSFSSMF combina-
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TABLE I
AVERAGE DISPERSIONRANGE FOR VARIOUS MAPS
Distance Bit rate Fiber Lenap Lamp Drin Dinax Optimal
km Gb/s/channel | combination | km km ps/nm/km | ps/nm/km | Trwam/Ts

6,000 20 DSF+SSMF | 30-55 | = Limap 0.02-0.03 | 0.31-0.24 0.18-0.21
6,000 20 SSMF+DCF 5 30-55 0.02 0.43-0.29 = 0.2
6,000 10 SSMF+DCF | 10-12 | 30-55° 0.02-0.04 | 2.88-1.78 = 0.15
3,000 40 DSF+SSMF | 10-16 | 80 or 84 @ 0.02 0.10-0.09 0.19-0.24
3,000 20 DSF+SSMF 40 80 0.05 0.40 0.21

tion must be very small (about 2), due mostly to the much largerission capacity. Note that the conditidh,, < Di,c.1 iS Ot
average dispersion slope of this fiber combination. violated in this case.

One might be tempted to consider the same trick as that usedrinally, we report on an interesting observation, which we
in Section IV-A, i.e., to usé3 = 10 Gb/s instead of 20 Gh/s permade when trying to increase the transmission capacity by
channel, to boost the total transmission capacity of the systamsing the combination SSME DCF for the dispersion map.
However, this does not work for the DSF+SSMF combinatiofffansmission of 40-Gb channels in such a map would require
simply becaus®,,,, cannot be increased much without violatingextremely short map periods of less than 1.5 km. For this
the conditionD,, < Di.ca1- TO get around this problem, onereason, we concentrate on 20-Gb channels. Recall that we
needs to use the combination SSMFDCF, where the local have already demonstrated viability of 20-Gb/s transmission
dispersion is much higher. In order to keep the map strength motSSMF + DCF maps in the previous section. Surprisingly,
too high, one has to choose the map period to be smaller thantlogy, for twice as short a distance, we could not find a range
amplification spacing. Thus we are naturally led to considerirgf parameters where transmission would be possible near or
the “dense DM” [26] configuration WithL ., = Lamp/N, at the upper bound fab,, set by the GH jitter. The reason
where, forB = 10 Gb/s/channell,,,;, should be about 10 km behind this is the following. The amplifier spacing of 80 km,
in order to have the map strength not too high. used for terrestrial systems, is about twice of that considered in

The maximum allowed ranges d@?,,, for the combination Section IV-B. The pulse power at the amplifier, that is needed
SSMF+ DCF and for the bit rates 20 and 10 Gb/s, are reportéd guarantee a given average power, increases exponentially
in Table 11 (lines 2 and 3). FaB = 20 Gb/s, we sef ., =5 with L., and leads to a corresponding increase in pulse
km and varyN accordingly. ForB = 10 Gb/s, we selV = 3 interaction, which appears to be the main limiting factor in
for Lymp = 30 and 35 kmN = 4 for L.y, = 40 and 45 km, this case. We expect that the use of distributed amplification
andN =5 for L, = 50 and 55 km, so that.,;, is always would lead to a decrease of the pulse peak power and thus make
between 10-12 km. For the 20 Gb/s case, the optimum putsgnsmission possible. In fact, we expect that, it would provide
width is set mostly by a compromise between the GH jitter aradgreater range ab,,, than we found in Section IV-B for the
pulse interaction, witti rwin being close to 20% of the bit same map configuration.
slot. As in Section IV-A, we note a significant increase of the
total transmission capacity when using the single-channel bit
rate 10 Gbh/s instead of 20 Gb/s. For the 10-Gb/s case, we find
that the low-power condition (22) severely decreases the uppefThis study addresses optimization of parameters of long-haul
bound forD,, that is otherwise allowed by the GH jitter. TheDM soliton systems while considering the impairments set only
optimum value of rw v /15 is found to be between 0.15-0.16by the amplifier noise and pulse interaction. From the results
for all values ofLL,,;,; for smaller pulse widths (which imply presented in Section IV we draw the following four main con-
smaller L,;), the DM solitons are not stable. Thus, if smalleclusions.
values ofL,,,, were used in this case, the allowed radg®,., First, in order to have the upper bound By, sufficiently
would have been larger. large, the smaller of the dispersion coefficients of the two fiber
sections has to be much larger thag,,, so as to ensure the con-
dition D, < Dioca. If the latter condition is not satisfied, the

If we want to increase the single-channel bit rate to 40 GbMispersion map cannot be expected to significantly improve the
we need to consider shorter propagation distances, as explaisggtem performance over that in the uniform-dispersion case.
in the preceding section. As a challenging terrestrial scale, whus, the SSMF DCF combination is expected to provide a
take Z = 3000 km, and the amplifier spacing is the standatdgerAD,,. than a combination involving some type of a DSF.
80 km. To have values of the map strength in the range betwdaraddition, WDM impairments are suppressed by high local
1-2, we are required to consider dense DM configuration evdispersion.
for the combination DSK- SSMF. For this combination, we can Second, in order to avoid large pulse spreading (which leads
take L., to be anywhere between 10-16 km to transmit twim increased pulse interaction) when operating at more than 10
or three 40-Gb channels spaced 1.6 nm apart (cf. Table Il). Si@b/s in a SSMF, one needs to use “dense DM” configuration
ilarly to the results of the preceding subsections, using 20-@there the map period is chosen to be a fraction of the amplifi-
instead of 40-Gb channels significantly increases the total tragstion spacing. This allows one the freedom of using sufficiently

V. CONCLUSION

C. Terrestrial Distance
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narrow pulses. The latter leads to more efficient jitter suppres- APPENDIX
sion via the increased EEF, and at the same time, pulse interaﬁ;4

tion is reduced because of an increased pulse separation reI::}Hv ere we present the explicit form of the teris and C'r

to their width. Let us note, however, that using dense DM do Srolu0)H I:gi;:gn%a:%ge@ri% ; leii ndilrr:t% t:(:ec(r::ﬁ? (c))gl O{h[:ele]

not always help to reduce pulse interaction. Even though the 9 ing . ny
o i zeroth- and second-order Hermite—Gaussian functions. The

condition Ly > Luap May be satisfied for very short maps, me results could also be obtained by extending the equations

the nonlinear length can still be hundreds of times shorter thiﬁ he variational method for the DM sZIiton thI’OL? h theqsame

the transmission distance. Then pulse interaction, whose effgrc er 9

is accumulated over that many nonlinear lengths, may become "

I g . We only write the form ofC; andCr, that is valid for map
rong enough rohibit the transmission. Th mpromise__. ! . .
strong enough to prohibit the transmissio US & COMProMESh figurations WithLaimp = Linap, L1 = N Lamp, and the dis-

value for L,.,,,, based on the above considerations, should ﬁ%)utedly—amplified case. For the “dense DM” configuration,

chosen. . . .
Third, using distributed amplification can increase thglIth Lamp = NLmap, these expressions can be easily general-

allowed range AD,.,, because the GH jitter in a dis-'2€

tributedly-amplified system is reduced by a factor of )

(exp(aLomp) — 1)/(Lapmp) compared with that in a system . = 31§ =, o,

with amplhzication spacinlgLamp. However, this increase of Cr= /0 dz (Io(z) * §REI4(z)>/O & (Relp(#') = L)
AD,, is less than the maximum possible increase, given by -1 . "z .

the above exponential factor, because the upper bound for +/ dz (gllnf4(z))/ d7'Tml>(2')

D,, may be set by pulse interaction rather than by the GH 0 0

1
jitter alone. On the other hand, as we noted in Section IV-C, + <§I — 3Rel, — 7/ dz (sz(z)))
maximum pulse power in a distributedly amplified system is . 0
less than that in a systen_"n with I_umped amplification, which ] %IQ _/ dx (zRefQ(z))
may help to reduce pulse interaction. 0

Fourth, using a lower bit rate per channel can significantly 1 .
increase the total transmission capacity. This occurs because ~ + 31mls / dz (Zhnb(z)) (A1)
the maximum allowed range @1, increases dramatically with 1 0 .
the decrease of the bit rate. Moreover, WDM impairments ar¢>p = / dz (%Im_&(z)) / dz/(Re_fQ(zl) — L)
also ameliorated in systems using lower bit rates per channel. 0 . 0 ;

Specmcall'y, tolgranpe to the timing j|t.ter. induced by collls_lons +/ dz (-fo(Z) _ §Re.f4(z))/ dz/hnjé(zl)

of DM solitons in different channels is inversely proportional 0 2 0

to the bit rate [27]. For the nonreturn-to-zero (NRZ) transmis- 3 5 L .

sion format, the impairments due to four-wave mixing and inter- + <_%IO —pRely + 7/ dz (ZIO(Z)>>

channel Raman cross-talk were shown to also be less severe 1 0

for a WDM system based on a lower bit rate per channel [28]. / dz (ZIIan(Z))

Since these types of impairments are similar in character for 0 .

the_sollton and NRzZ sys_tems (com_pare, e.g., [13] and [2_8]), we _ %Imh <%12 _ / dz (zReE(z))) (A2)
believe that the conclusion stated in the beginning of this para- 0

graph will hold true when all types of transmission impairments 3

are taken into account. We note that this conclusion is not spéaere functions/,, are defined in (11). We note that for suf-
cific to DM systems; it certainly was made earlier in regards fiiciently high power of a DM soliton (equivalently, suffiently
both the soliton- and NRZ-based transmissions in uniform-digwgee) it is more accurate, and probably even easier, to find the
persion systems. A new twist which is specific to DM systenisitial value for the soliton chirp and the relation betwebn

is that the value of the bit rate per channel must be carefutiyndry by directly solving the variational equations, as in [18],
chosen so as to ensure the main conditibp, < Do (cf.  [34], [35]. In this study, however, finding th@(e) corrections
Section IV-B). to (10) using (Al) and (A2) was quite adequate.

Finally, we note that the results presented in Section IV for
the SSMF- DCF map and indicating the possibility of having
atotal transmission capacity of several terabit per second should
be interpreted with caution. Consider, for example, Fig. 2. It [1] F. M. Knox, W. Forysiak, and N. J. Doran, “10-Gbt/s soliton communi-
is not realistic that transmission of thousands of 5-Gb/s chan-  S21on systems over standard fiber at 1,56 and the use of dispersion

compensation,J. Lightwave Technalvol. 13, pp. 1955-1962, 1995.
nels spaced at 0.4 nm would ever be possible in a single-modg] C. R. Menyuk, “Non-Gaussian corrections to the Gordon—Haus distri-

fiber, because of the limitations imposed by the requirements on gggoggsigg‘sg from the soliton interaction<Jpt. Lett, vol. 20, pp.

the amplifier gain uniformity and output power. Instead, Fig. 2 [3] R-M. Mu, V. S. Grigoryan, C. R. Menyuk, E. A. Golovchenko, and A.

shows that single-channel impairments do not impose signifi-  N. Pilipetskii, “Timing-jitter reduction in a dispersion-managed soliton
cant restrictions on transmission in that particular case. Thus, _ System,"Opt. Lett, vol. 23, pp. 930-932, 1998.

furth L. f the di . hould f [4] N. J. Smith, W. Forysiak, and N. J. Doran, “Reduced Gordon—-Haus
urther optimization of the dispersion maps shou ocus on jitter due to enhanced-power solitons in strongly dispersion-managed

minimizing the WDM impairments. systems,’Electron. Lett, vol. 32, pp. 2085-2086, 1996.
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