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_Abstract—The role of nonlinearity on quasi-linear pulse trans-  distance, respectively, and’ denotes the slowly varying
mission in strongly dispersion-managed systems with loss and am-envelope of the optical field. With typical choices &f, P,

plification is analyzed. The spectral characteristics of the pulse evo- andz, = zn1, = 1/v P, with v being the nonlinear coefficient
lution are strongly dependent on the relative position of the ampli- * » *

. . "o 2 . .
fier in the dispersion map. The results agree well with direct nu- (which yieldsky = —t;/zyL), we have the nondimensional
merical simulations and recent experiments. perturbed NLS

Index Terms—Dispersion management, optical fiber communi- Ou d(z) 0%u )
cation, optical fiber nonlinearity. i 5 ozt g(2)|ulu = 0. 1)

The functionsd(z) and g(z) describe the dispersion variation

N RECENT YEARS return-to-zero (RZ) optical pulse transof the fiber and the variation of power due to loss and lumped

mission in strongly dispersion-managed fibers has becomgplification, respectively, which are both periodic with pe-
a crucial technology. By suitably employing strong dispersiafiod z,, z, being the nondimensional amplifier distance which
management, researchers have been able to suppress cegaiBsumed smallz, < 1). As is standardg(z) is given by
nonlinear effects [1]. In this case, the RZ pulses are often rg) = 2G exp(2G)csch(2G) exp[—4G(¢ — n — )], o +
ferred to as quasi-linear RZ or chirped RZ (CRZ) pulses, as < ¢ < ¢, +n + 1, g(0) = 2Tz,/[1 — exp(—2Tz,)],
distinguished from solitons where nonlinearity balances disp&jhere ¢ = 2/%q, G = T'z,/2, andT is the dimensionless
sion. In this letter, we provide an analytical framework, whiclbss coefficient. To model strong dispersion management, we
is effective in describing quasi-linear transmission in realistigssume thad(z) takes the formi(z) = (d) + (1/24)A(z/24)
strongly dispersion-managed systems with loss and amplifigghere the constanid) represents the path-average dispersion
tion. The suppression of nonlinear effects is found to be depeghdA (z/z,) describes the rapid variation of group-velocity dis-
dent on large values of the map strengtfa definition of map persion (GVD) with zero average. An appropriate multiscale
strength for two-step maps is given below (3)]. Indeed futugkpansion of the perturbed NLS equation yields the following
systems with channel bit rates of 40 Gb/s and beyond may walleraged equation [7], referred to as dispersion-managed NLS
depend on large values of map strength [2]. (DMNLS) equation (see also [8]). In the frequency domain we

Based on our analysis for large map strengths, we find that thgye
spectral structure of the pulse evolution depends significantly ongU (@ 00
the relative position of the lumped amplifiers within a dispersiopeV. (&) 5 3 3
map period. When the amplifiers are located at the discontinuftﬁz 2 ¥ U+ // dwrdwsUz, 0+ w)U(z w + ws)
point of the dispersion map, the nonlinear phase shift in the fre- R
guency is found to preserve the spectral intensity in a manner xU™(z,w + w1 +w2)r(wiwz) =0 (2)
similar to that found in the lossless case [3]. On the other ha%erea(z,w) - U(z,w) exp[—iC(z/7a)w? /2], iz, w) =

the nonlinearity is responsible for significant spectral reshapi °_dbu(z. t) exp(—iwt), andC(¢) = Co +f0< d¢'A(¢") with

when the amplifiers are positioned in the middle of the anomga==° . '
. ) an arbitrary constant,. The kernel(w;w») defined as
lous or normal dispersion segments. Our results compare favor-

ably with direct numerical simulations and recent experimental 1 /1/2

— o0

observations [4]-[6]. r(x) (2r)2
The analysis begins with the nonlinear Schrédinger (NLS) )
equation in the presence of dispersion variation, loss, afpresents the structure of the map. In what follows we consider
lumped amplifcation. We introduce dimensionless variabl@Symmetric two-step dispersion map as shown in Fig. 1, com-
t = tet/ter 2 = Z1ab/7, v = E//gP,., andd = k" k! posed of fiber segments of equal length with positive and neg-
with characteristic parameters denoted by the subseript ative constant values of GVIA(z) = +A, respectively. The

wheret,.; and z,;, are the retarded time and the propagatio®figin ¢ = 0 is fixed to be the middle point of an anomalous
GVD segment withCy = 0 (the chirp-free point). It is con-

. . . . venient to introduce a parameter= (d — (d))z,/4 = A/4
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Fig. 1. Schematic diagram of two-step dispersion map.

and K, — 0). From (5), the evolution of the intensity is
described as

o102
0z
wheref(z,w) = Ja(z,w)U*(2,w) + J5 (2, w)U (2, w). Sinces
is large, the solution of (7) can be approximated by

U@ % 100.0)P £ Z 0w @®

= 72 4(z0) ™)

for moderate values of.
When¢, = +1/4, from (3) the kernel is found to be

1 G

in the middle of the anomalous GVD segment. From Fig. 1, v(/éx’ s)= (2m)2 (sx)24+G?

see that], can be restricted in the rangel/2 < {, < 1/2.

We look for the asymptotic behavior of the nonlinear term in

DMNLS equation for large map strengilfsee also [3] and [10]
where lossless cases are discussed). The kefmeb) in the

symmetric two-step dispersion map is obtained by a straightfor-
ward integration of (3). In a system including loss and lumped

amplification (hamely when(z) # 1), the kernek(z) depends

not only ons but also or(,, . In the following, we study four cases

x4 (exp(@)csch G—1) sz sin(sz)
+Gcos(s) £ [( exp(—G)sech G—1)
X ST Cos(sa:)—l—Gsin(sa:)}}. 9)

In this case, (2) wher > 1 is written as

where amplifiers are positioned (i) in the middle of anomalous){” (d) 20 R Lo -
GVD segment{¢, = 0), (ii) in the middle of normal GVD ‘g, ~— 5 ¢ U+ (L log s —L1)J1(7,w) = —J2(z,w) = 0
segment$—1/2), (iii) at the boundary between anomalous and (10)

normal GVD segments-1/4), and (iv) at the boudary betweenwhere the constants, and L, are defined ad., = (G/2r)

normal and anomalous GVD segmef(itg4).
When(, = —1/4 £1/4 (i.e.,{, = 0 and—1/2), from (3)
the kernel is found to be
1 G
(2m)2 (s2)? + G?

r(x;s) = [sa: sin(sx)csch G + G

+isz(1 — cos(sz)sech G)} . @)

Assuming that/(z,w) depends only weakly or, an asymp-
totic expansion of the nonlinear term in (2) fors- 1 yields

U (d)

Laz 2

wQU—i-%(Kologs—Kl)jl(z,w)
L o) F 2 sz 0) =0 (B)
where
Ji(zw) =0z, 0)PU (2, w) (6)
) <0(e0) [ |G )R ) (6)

(z,w) ][ ][ dwlde Ulz,w+wy)
Wi
X U(z,w+w)U*(z,w +wi +wy)  (6C)

and h(w) = (1/m) [~ dtlog|t|exp(—iwt). The constants
Ko, K1, and K, are defined ad{y = (G/27)(exp(—G)csch
G+ 1), Ki = (G/4n)csch Glexp(G)Ig1+ exp(—G)(3vy +
log G — Igo)|+(G/27)(2y + log G), and K> = G/4, where
Igy =[5 dvexp(—2)/z, Ig2 = fOG dz(exp(z) — 1)/z, and
v = 0.57722 is Euler’s constant. In the limit off — 0, (5)
reduces to the result obtained in [3{{ — 1/2x, K1 — ~/2w,

exp(—2G)esch G, Ly = (G exp(—G) /4m)csch Glexp(G)lg:
+exp(—G)(3y + log G — Ig2)] — (Gexp(@)/2n)1g1. Ne-
glectlngO(l/s ) terms, we find from (10) that the spectral in-
tensity|U(z, w)|? is preserved during pulse propagation. Corre-
spondingly, the solution of (2) is

U(z,0)=U(0,w) exp {—%w [|ﬁ(o,w)|2] z}
(11a)
v [|U(z,w)|2} :é [(LO log s— L)|U(z,w)[2

Lo / Ao/ )0 ()] (a1b)
where h(w) is given above. After the linear phase shift
exp(—i{d)w?2/2) is removed by means of pre- or post-trans-
mission compensation, the averaged dynamics of the
quasi-linear pulse transmission is characterized only by
the nonlinear phase shifiy;.(z,w) = ¥[|U(0,w)[?]z as in the
lossless limitG — 0 [3] (Lo — 1/27 andL; — ~/27).

In order to test the above analysis, we compared our results
with direct numerical simulations of (1) with) = 0, I' = 10,
andz, = 0.1 (namelyG = 0.5). The incident pulse is given by a
Gaussiam(0, t) = exp(—t%/2). With the choice of, = 2.2 ps,

v =22W~tkm™! andP, = 1 mW (i.e.,zx1, = 450 km and

k"’ = —0.01 ps*/km), the pulse has the path-average peak power
of 1 mW and the FWHM of 3.7 ps (at minimum). The fiber loss
is 0.2 dB/km and the amplifier period is 45 km.

In Fig. 2, we show comparison of the spectral pro-
file of the quasi-linear pulse fors = 50 (corre-
sponding tok” = 422 pg/km), after a propagation of
z = 20 (210, = 9000 km), as well as the initial profile with
(&) ¢, = 0 and (b)—1/2. The analytical result is obtained by

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 02,2010 at 01:11:12 EST from IEEE Xplore. Restrictions apply.



1084

A

Amplitude lu(z,m)!

A

Amplitude lu(z,w)]

(b)

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 13, NO. 10, OCTOBER 2001

2.8

27| ¢ = T

Lo=0)

26 | -

A

2.4 T

23 I M
a ) ~-

Amplitude lu(
e
1
rS

Frequency, ® 22 0 5 1b ll5 20

Distance, z

Frequency, @

Fig. 2. The spectrum of the quasi-linear Gaussian pulse for50. () (. =

0. (b) (. = —1/2. The solid curve is the pulse at = 20 (i.e., 9000 km) . -

obtained from the direct simulation, and the dashed curve shows the analytfdgl 3-  The evolution of the spectral peak amplitjiide:. - = 0)| for several

result obtained from (5). The dotted curve is the initial profile, which is belowalues 0. . Solid lines are the resuits obtained from the direct simulation, and

the final profiles in (a) and above in (b). the dashed lines show the analytical approximation obtained from (8). Dotted
line shows a reasonable upper limit of the validity of (8), i.e., in the direction of
the arrow.

solving (5) numerically. We see that the nonlinearity yields

spectral compression and broadening wligr= 0 and—1/2,  dynamics of quasi-linear transmission depending on the rela-
respectively. Remarkable agreement between the analysis g8l position of the lumped amplifiers. When the amplifiers are
numerical results is Obtained, which confirms the Valldlty %]aced at the locations where the dispersion Changesy the spec-
our model. Since the spectral evolution is a consequence of tha intensity is found to be preserved in the evolution. Other-
nonlinearity, considerable spectral reshaping may be obserygde the spectral intensity varies @1/s) and spectral com-

by increasing the launch power. Note, however, that the nonligression/broadening is obtained. We have quantified the phase

earity is mitigated for large, by O(log s/s) and the spectral shift and the amount of spectral reshaping due to nonlinearity.
reshaping effect i$)(1/s). We also note that whef), = 0 or

—1/2, since the spectral reshaping is not associated with phase
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