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First-order nonlinear perturbations of several fiber spans may be summed up linearly to yield the total non-
linear response of a group of spans, if nonlinear effects are neglected beyond the first order. Such linear addi-
tivity of first-order nonlinear perturbations about the nonlinear coefficients enables nonlinear compensations
between one span with stronger nonlinearity and a group of spans with weaker nonlinearity, provided that
there is a scaled translation symmetry between the strongly and the weakly nonlinear spans, and the disper-
sion of each span is properly managed. Excellent nonlinear compensations are achieved both in systems with
an optical phase conjugator in the middle and in systems without. © 2006 Optical Society of America

OCIS codes: 060.2330, 190.3270.
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. INTRODUCTION
roup-velocity dispersion and nonlinearity of optical fi-
ers are two factors limiting long-distance transmission
ystems.1,2 Many efforts have been made in seeking meth-
ds to overcome or mitigate such limitations, among
hich are recent developments of simultaneous compen-

ations of the dispersion and nonlinearity of conventional
ransmission fibers by dispersion-compensating fibers
DCFs) that are either cabled into the transmission line
r coiled into compact modules, without the need of dis-
ributive amplification in transmission fibers.3–11 In par-
icular, the importance of a scaled translation symmetry
STS) has been recognized for simultaneous compensa-
ions of dispersion and nonlinearity in practical transmis-
ion systems using conventional fibers and
mplifiers.7,8,10 The great advantage of nonlinear compen-
ations using STS is that a pair of matched fiber seg-
ents are required to have the same sign for the loss or

ain coefficients and opposite dispersions. Such condi-
ions are naturally satisfied in conventional fiber trans-
ission systems using transmission fibers and DCFs with

ppositely signed dispersions. An STS between two
atched fiber spans could cancel some of their intrachan-

el nonlinearities,9–11 or compensate all nonlinear effects
p to the first-order perturbation if optical phase conjuga-
ion (OPC) is performed in the middle.6–8 Furthermore,
any pairs of matched spans in STS may be arranged

nto a mirror-symmetric order about a midpoint (with or
ithout OPC) to form a long-distance transmission line,
hose second part could undo or compensate the nonlin-
0740-3224/06/102032-8/$15.00 © 2
ar distortions due to the first part that may have accu-
ulated far beyond the regime of perturbations.8

To be a bit more specific, for two fiber segments to be
atched for a translation symmetry in the scaled sense

bout an optical phase conjugator, their parameters need
o obey the following scaling rules8:

��z�

���z��
= −

�2�z�

�2��z��
=

�3�z�

�3��z��
=

��z�P0

���z��P0�
=

g�z,t�P0

g��z�,t�P0�
=

z�

z
=

1

R
,

�1�

here ��z�, �2�z�, �3�z�, ��z�, and g�z , t� denote the loss co-
fficient, second-order dispersion, third-order dispersion,
err and Raman nonlinear coefficients, respectively, for
ne fiber segment stretching from z=0 to z=L�0, while
he primed parameters are for the other segment stretch-
ng from z�=0 to z�=L /R; R�0 is a scaling ratio; and P0
nd P0� are the power of optical signals at z=0 and z�=0,
espectively. Such STS proves to enable nonlinear com-
ensations between the two matched fiber segments up to
he first-order nonlinear perturbations.8 The seemingly
imited compensation capability based on perturbations is
n fact quite relevant and powerful in practice, because
he nonlinear response of each fiber segment is indeed
erturbative in long-distance transmission lines, and
atched fiber pairs may be arranged in a mirror-

ymmetric order to effectively undo the nonlinear distor-
ions that may have accumulated far beyond the regime of
erturbations.8 In the absence of OPC, a conventional
ransmission fiber and a DCF may still be arranged into
006 Optical Society of America
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n STS according to the following rules to cancel the most
etrimental intrachannel nonlinear effects10:

��z�

���z��
= −

�2�z�

�2��z��
= −

�3�z�

�3��z��
=

��z�P0

���z��P0�
=

z�

z
=

1

R
, �2�

here again �� ,�2 ,�3 ,�� and ��� ,�2� ,�3� ,��� are param-
ters of the two types of fibers, respectively. Even though
he effect of dispersion slope may be neglected within a
ingle wavelength channel, the inclusion of the �3 param-
ters in the scaling rules of Eq. (2) ensures that good dis-
ersion and nonlinearity compensations are achieved for
ach wavelength channel across a wide optical band. On
he other hand, in both cases of scaling rules [Eqs. (1) and
2)], the requirements for the third-order dispersions may
e relaxed; then the two fibers are not in strict STS across
band of wavelength channels, rather the scaled symme-

ry and nonlinear compensations between them become
pproximate. Nevertheless, such an approximation is of-
en a good one when the value of ��2 /�3� is high, so that
he percentage change of �2 is only small across the band,
hich is exactly the case for standard single-mode fibers

SMFs) in the 1550 nm band.
It becomes apparent that a transmission line designed

or nonlinear compensations may choose pairs of fiber
egments having linear parameters in proportion with
ne ratio, i.e.,

����z��,− �2��z��, ± �3��z��� = R���z�,�2�z�,�3�z��, R � 0,

�3�

nd nonlinear parameters with another ratio, namely,
��z��=Q��z�, Q�0, or ����z�� ,g��z� , t��=Q���z� ,g�z , t��, for
imultaneous compensations of both Kerr and Raman ef-
ects with the help of OPC. The two ratios Q and R may
e, and usually are, different. The scaling rules of the lin-
ar parameters in Eq. (3) between pairs of fiber segments
arrying high signal power, in conjunction with proper
ispersion and slope adjustments disregarding the scal-
ng rules in fiber segments experiencing low signal
ower,8,10 ensure that the high-power signals flowing in
ach pair of matched fiber segments are kept proportional
nd complex conjugate with respect to each other over sig-
ificant distances along the two fibers. Consequently, the
rst-order nonlinear terms due to Kerr- or Raman-
ediated signal mixing are also proportional and complex

onjugate with respect to each other along the two fibers.
t becomes possible to adjust the power levels relatively in
ach pair of matched fibers to make the first-order non-
inear perturbations in the two fibers commensurate, so
hat the pair compensate each other’s nonlinear effects in
he presence of OPC, or cancel the most detrimental in-
rachannel nonlinear effects without OPC.

Although most fibers are made of similar materials
ith similar nonlinear susceptibilities, their guided-wave
onlinear coefficients measured in W−1 km−1 could be
uite different due to the wide variation of modal sizes.
nless the ratio Q of nonlinear coefficients matches the

atio R of linear parameters, the signal powers in two con-
ugate fibers may have to differ by several decibels as re-
uired by the scaling rules of Eq. (1) or (2) for an STS.
owever, it may be desired to have a similar level of sig-
al power in all fiber spans for a uniform design and simi-
ar characteristics of power repeaters as well as simpler
ystem management. This paper discusses an alternative
ethod of scaling and compensating nonlinear effects,
hich takes advantage of the linear additivity of first-
rder nonlinear perturbations and adjusts the signal pow-
rs in different fiber spans only slightly, such that one
pan of a type with stronger nonlinearity may compen-
ate several fiber spans of another type with weaker non-
inearity. A span of stronger nonlinearity and a group of
pans of weaker nonlinearity corresponding to it are said
o form a compensating pair. Through both mathematical
nalysis and computer simulations, it will be demon-
trated that by arranging many compensating pairs mir-
or symmetrically about a midpoint of a long transmis-
ion line, the two parts of the line, before and after the
idpoint, could have their nonlinear effects compensated

n a distributive manner, although each part could accu-
ulate much nonlinearity well beyond the regime of per-

urbations. The nonlinear compensations are especially
ood when the system has an optical phase conjugator in-
talled at the midpoint. Even without a phase conjugator,
he proposed configuration could suppress the so-called
ntrachannel nonlinear effects. This paper is organized as
ollows. In Section 2 we introduce the linearity of nonlin-
ar perturbations about the nonlinear coefficients, based
n which the method of one-for-many (in terms of fiber
pans) nonlinear compensations is proposed in Section 3.
ection 4 shows the effectiveness and robustness of one-

or-many nonlinear compensations by comparative nu-
erical simulations, and the conclusions are drawn in
ection 5.

. LINEARITY OF NONLINEAR
ERTURBATIONS
he slow-varying envelope,

E�z,t� = A�z,t�exp�i�z

�0���d� − i�0t� , �4�

s often employed to represent a waveguided optical sig-
al, which may be of a single time division multiplexed
hannel or a superposition of multiple wavelength divi-
ion multiplexed channels. Here, t denotes time, z is the

istance along the waveguide, and �0�z� =
def

���0 ,z� is a
ave propagation constant at a carrier frequency �0. The
volution of the envelope A�z , t� in an optical fiber of
ength L is governed by the nonlinear Schrödinger
quation,12,13

�A�z,t�

�z
+ 	

k=2

+� ik−1�k�z�

k! 
 �

�t�
k

A�z,t� +
��z�

2
A�z,t�

= i��z��A�z,t��2A�z,t� + i�g�z,t� � �A�z,t��2�A�z,t�, �5�

z� �0,L�, in the retarded reference frame with the ori-
in z=0 moving along the fiber at the signal group veloc-
ty. In Eq. (5), ��z� is the loss–gain coefficient,
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�k�z� =
def 1

2�0�z�� �k��2��,z��

��k �
�=�0

, " k � 2, �6�

re the z-dependent dispersion coefficients of various or-
ers, ��z� is the Kerr nonlinear coefficient of the fiber,
�z , t� is the impulse response of the Raman gain spec-
rum, and � denotes the convolution operation.13

Had there been no nonlinearity, namely, ��z�=g�z , t�
0, Eq. (5) would reduce to

�A�z,t�

�z
+ 	

k=2

+� ik−1�k�z�

k! 
 �

�t�
k

A�z,t� +
��z�

2
A�z,t� = 0, �7�

hich could be solved analytically using, for example, the
ethod of Fourier transform. Let F denote the linear op-

rator of Fourier transform; then a signal A�z , t� in the
ime domain can be represented equivalently in the fre-

uency domain by Ã�z ,�� =
def

F�A�z , t��. Through a linear fi-
er, a signal Ã�z1 ,�� at z=z1 would be transformed into
�z2 ,��=H�z1 ,z2 ,��Ã�z1 ,�� at z2�z1, where the transfer

unction H�z1 ,z2 ,�� is defined as

H�z1,z2,�� =
def

exp�i	
k=2

+� �k

k!�z1

z2

�k�z�dz −
1

2�z1

z2

��z�dz� .

�8�

n the time domain, the signals are related linearly as
�z2 , t�=P�z1 ,z2�A�z1 , t�, with the linear operator P�z1 ,z2�
iven by

P�z1,z2� =
def

F−1H�z1,z2,��F. �9�

amely, P�z1 ,z2� is the concatenation of three linear op-
rations. First, the Fourier transform is applied to con-
ert a temporal signal into a frequency signal, which is
hen multiplied by the transfer function H�z1 ,z2 ,��; fi-
ally the resulting signal is inverse Fourier transformed
ack into the time domain. In terms of the impulse re-
ponse,

h�z1,z2,t� =
def

F−1�H�z1,z2,���. �10�

�z1 ,z2� may also be represented as

P�z1,z2� = h�z1,z2,t� � . �11�

hat is, the action of P�z1 ,z2� on a time-dependent func-
ion is to convolve the function with the impulse response.
ll linear operators P�z1 ,z2� with z1	z2, also known as
ropagators, form a semigroup for the linear evolution
overned by Eq. (7).

However, the existence of nonlinear terms in Eq. (5)
akes the equation much more difficult to solve. Fortu-

ately, when the signal power is not very high so that the
onlinearity is weak and may be treated as perturbation,
he output from a nonlinear fiber line may be represented
y a linearly dispersed version of the input, plus nonlin-
ar distortions expanded in a power series of the nonlin-
ar coefficients.14,15 In practical transmission lines, al-
hough the end-to-end response of a long link may be
ighly nonlinear due to the accumulation of nonlinearity
hrough many fiber spans, the nonlinear perturbation
erms of higher orders than the first are usually negligi-
ly small within each fiber span. Up to the first-order per-
urbation, the signal A�z2 , t� as a result of nonlinear
ropagation of a signal A�z1 , t� from z1 to z2�z1 may be
pproximated using the following expressions:

A0�z2,t� = P�z1,z2�A�z1,t�, �12�

A1�z2,t� =�
z1

z2

P�z,z2��i��z��A0�z,t��2A0�z,t�

+ i�g�z,t� � �A0�z,t��2�A0�z,t��dz, �13�

here A�z2 , t��A0�z2 , t� amounts to the zeroth-order ap-
roximation that neglects the fiber nonlinearity com-
letely, whereas the result of the first-order approxima-
ion A�z2 , t��A0�z2 , t�+A1�z2 , t� accounts in addition for
he lowest-order nonlinear products integrated over the
ber length. The term A1�z , t� is called the first-order per-
urbation because it is linearly proportional to the nonlin-
ar coefficients ��z� and g�z , t�. By linearity of nonlinear
erturbations, it is referred to as the linear accumulation
f first-order nonlinear perturbations as in Eq. (13). Fur-
hermore, the linear additivity of first-order nonlinear
erturbations may still hold for a small number of re-
eated fiber spans.

. ONE-FOR-MANY NONLINEAR
OMPENSATIONS
hen a plurality of spans of one type with weaker non-

inearity are scaled symmetric to the same span of an-
ther type with stronger nonlinearity according to the fol-
owing,

���n��z�n��,− �2
�n��z�n��, ± �3

�n��z�n���

= R�n����z�,�2�z�,�3�z��, R�n� � 0, �14�

���n��z�n��,g�n��z�n�,t�� = Q�n����z�,g�z,t��, Q�n� � 0,

�15�

z�n� = z/R�n�, 0 	 z 	 L, �16�

n� �1,N�, the scaling rules for the Raman coefficients
g�n��z�n� , t��n=1

N may be omitted when it is not an option to
ompensate the stimulated Raman effect. The scaling
ules of linear parameters in Eq. (14) between pairs of fi-
er segments carrying high signal power, in conjunction
ith proper dispersion and slope adjustments disregard-

ng the scaling rules in fiber segments experiencing low
ignal power, ensure that the high-power signals �A0

�n�

�z�n�=0, t��n=1
N injected into fiber spans of the first type

re kept proportional and complex conjugate with respect
o A0�z=0, t� injected into the span of the second type. Ac-
ording to Eq. (13), the first-order nonlinear terms due to
err- or Raman-mediated signal mixing generated in

pans of the first type are also proportional and complex
onjugate with respect to that generated in the span of
he second type, namely,
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A1
�n��z�n� = L/R�n�,t� = �Q�n�P0

�n�

R�n�P0
�A1

*�z = L,t�, " n � �1,N�,

�17�

here the asterisk denotes complex conjugation, and

0
�n�= ��A0

�n��0, t��2� and P0= ��A0�0, t��2� are the average sig-
al powers in the beginning of the fiber spans. By choos-

ng the number N and adjusting the power levels �P�n��n=1
N

nd P0, it becomes possible to render the accumulated
rst-order nonlinear perturbations of the N spans of the
rst type commensurate with that of the span of the sec-
nd type, that is,

	
n=1

N

A1
�n��z�n� = L/R�n�,t� = A1

*�z = L,t�, �18�

o that the single span of the second type compensates the
onlinear effects of the group of N spans of the first type

n the presence of OPC, or cancels the most detrimental
ntrachannel nonlinear effects without OPC. It is neces-
ary to scale the signal powers as

	
n=1

N �Q�n�

R�n��P0
�n� = P0, �19�

n addition to the scaling rules of Eqs. (14)–(16). When it
s desired to have a similar level of signal power in all fi-
er spans for a uniform design and similar characteristics
f power repeaters as well as simpler system manage-
ent, it is possible to adjust the signal powers in different

ber spans only slightly from the same nominal power
evel and have one span with stronger nonlinearity to
ompensate several fiber spans with weaker nonlinearity.
uch a method may be called one-for-many (in terms of
ber spans) nonlinear compensations.
On the basis of the idea of one-for-many nonlinear com-

ensations, a multispan long-haul transmission line may
e designed using two types of fiber spans having rela-
ively stronger and weaker nonlinear responses, where fi-
er segments in the two types of spans experiencing high-
ower signals are configured according to the scaling
ules of an STS, while fiber segments carrying attenuated
ignals manage the dispersion and dispersion slope. In
articular, if each span with weaker nonlinearity is dis-
ersion compensated to have approximately zero accumu-
ated dispersion, and each of several such spans in cas-
ade may indeed induce approximately the same
onlinear response, then for a reasonably small number
f such cascaded spans with weaker nonlinearity, the
verall nonlinear response may still be well approximated
y a combined first-order perturbation, which is just the
um of the first-order perturbations of individual spans.
he overall nonlinear response may be compensated by
ne span with stronger nonlinearity that generates the
quivalent amount of nonlinearity. The span of stronger
onlinearity and the corresponding group of spans of
eaker nonlinearity are said to form a compensating pair.
y arranging many compensating pairs mirror symmetri-
ally about a midpoint of a long transmission line, the two
arts of the line, before and after the midpoint, could have
heir nonlinear effects compensated in a distributive
anner, although each part could accumulate much non-
inearity well beyond the regime of perturbations.8,10 The
onlinear compensations are especially good when the
ystem has an optical phase conjugator installed at the
idpoint, in which case nonlinear compensations take

lace distributively between each compensating pair for
ll nonlinear mixing terms that are proportional to the
err or Raman coefficients, both within individual wave-

ength channels and among different channels. Even
ithout a phase conjugator, the proposed one-for-many

onfiguration in an STS may be able to suppress the so-
alled intrachannel nonlinear effects, e.g., amplitude and
iming jitters due to intrachannel four-wave mixing
IFWM) and intrachannel cross-phase modulation, which
re often the dominating nonlinear impairments in sys-
ems with high modulation speeds of 40 Gbits/s and
bove.15 With the dominating amplitude and timing jit-
ers due to intrachannel nonlinearities being suppressed,
n on–off keying system may still suffer from IFWM-
nduced ghost pulses into the 0 slots where there are
riginally no optical pulses.16–19 The growth of ghost
ulses may eventually limit the transmission distance. An
nteresting method suggests the use of channelized self-
hase modulation (SPM) in the middle of two parts of a
ransmission line,20 where each part is designed to sup-
ress the dominating amplitude and timing jitters, and
he two parts would generate ghost pulses at the same
evel when operating independently. Intriguingly, the

idway SPM makes the second part of the transmission
ine generating oppositely signed ghost pulses with re-
pect to, and hence cancel, the ghost pulses generated by
he first part.

For a practical example, consider a transmission line
sing standard SMFs and the so-called reverse dispersion
bers (RDFs),21,22 which are arranged into two types of
pans: �SMF+RDF� and �RDF+SMF�, respectively, where
he plus sign indicates “followed by” so as to achieve si-
ultaneous dispersion and nonlinear compensations.
DFs have loss and dispersion coefficients comparable to

hose of SMFs, namely, �RDF��SMF�0.2 dB/km, DRDF�
DSMF�−16 ps (nm/km) around 1550 nm. But the effec-
ive modal area of RDFs is usually small, typically
30 �m2, which is far less than that of SMFs, typically
80 �m2. As the fiber nonlinear coefficients are inversely

roportional to the effective modal area, a typical RDF
as Kerr and Raman nonlinear coefficients that are ap-
roximately 80/30 times those of SMFs, namely, �RDF
2.7�SMF, gRDF�·��2.7gSMF�·�. In this case, one may

chieve matched nonlinear compensations by slightly
uning the signal powers injected into the different spans,
ither raising the input power to the �RDF+SMF� spans
relative to the input power to the �SMF+RDF� spans] by
nly 0.3/2.7�10% to have one �RDF+SMF� span gener-
ting the equivalent amount of nonlinearity, hence com-
ensating the nonlinear effects, of three �SMF+RDF�
pans; or lowering the input power to the �RDF+SMF�
pans by just 0.7/2.7�26% to have one �RDF+SMF� span
ompensating the nonlinear effects of two �SMF+RDF�
pans. Alternatively, if the same level of signal power is
njected into the �RDF+SMF� and �SMF+RDF� spans,
hen one �RDF+SMF� span may compensate approxi-
ately 90% of the nonlinear effects due to three �SMF
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RDF� spans, leaving a little residue of nonlinearity un-
ompensated. These are some examples of using the one-
or-many method for nonlinear compensations. It is noted
hat the same principle and similar fiber arrangements
ith proper adjustments of signal powers are applicable

o systems using other types of fibers, such as dispersion-
hifted fibers and nonzero dispersion-shifted fibers, which
re known to be suitable for the design of scaled
ranslation-symmetric systems.8

. SIMULATION RESULTS AND
ISCUSSIONS
series of numerical simulations have been carried out

sing a commercial transmission simulator (VPItrans-

ig. 1. System in one-for-many STS between �RDF+SMF� and
issionMaker, Virtual Photonics Inc.) to verify the pro-
osed method of simultaneous compensations of disper-
ion and nonlinearity in one-for-many system
onfigurations. First, we have simulated a transmission
ystem using �SMF+RDF� and �RDF+SMF� spans, as
hown in Fig. 1. The system has an optical phase conju-
ator in the middle, and on each side of OPC there is a
oop recirculating four times. Each loop consists of three
SMF+RDF� spans, each consisting of 40 km SMF
40 km DCF +16 dB erbium-doped fiber amplifier

EDFA), and one �RDF+SMF� span consisting of 40 km
CF +40 km SMF +16 dB EDFA. The SMF has loss �
0.2 dB/km, dispersion D=16 ps�nm/km�, dispersion
lope S=0.055 ps�nm2/km�, effective modal area Aeff
80 �m2, and the DCF has ��=0.2 dB/km, D�=
16 ps�nm/km�, S�=−0.055 ps�nm2/km�, and Aeff�
30 �m2. The EDFA has a noise figure of 4 dB. The inputs
re four 40 Gbit/s channels, return-to-zero modulated
ith a peak power of 10 mW and a duty cycle of 33%. The

hannel spacing is 200 GHz. The optical multiplexer and
emultiplexer consist of Bessel filters of the seventh order
ith a 3 dB bandwidth at 100 GHz. The system is config-
red such that each �RDF+SMF� span on the left side cor-
esponds to and compensates the nonlinear effects of
hree �SMF+RDF� spans on the right side, and each
RDF+SMF� span on the right side corresponds to and
SMF+RDF� spans with OPC in the middle. TX, transmitter; RX,
eceiver.
ig. 2. (Color online) Typical eye diagram of optical signals received at the end of the one-for-many scaled translation-symmetric system
hown in Fig. 1.
ig. 3. (Color online) Typical received optical eye diagrams of the two comparative systems. Left: the system with no one-for-many STS
ut with OPC in the middle. Right: the system with neither one-for-many STS nor OPC.
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ompensates the nonlinear effects of three �SMF+RDF�
pans on the left side. We have tried a case with all spans
eing injected with exactly the same amount of signal
ower and a case with the �RDF+SMF� spans being fed
ith 10% more power compared with the �SMF+RDF�

pans. No observable difference is found in the transmis-
ion performance, which indicates robustness of the sys-
em design against reasonable parameter deviations. Fig-
re 2 shows a typical eye diagram of the received optical
ignals at the end of the transmission, which demon-
trates excellent signal quality after 2560 km transmis-

ig. 4. (Color online) Optical eye diagrams at the midpoint of tra
sing all SMF+RDF spans without one-for-many STS.

ig. 5. (Color online) Optical eye diagrams at the end of transmi
ll SMF+RDF spans without one-for-many STS.

ig. 6. (Color online) Typical eye diagram of optical signals rec
idway SPM.
ions. We have also simulated two comparative systems to
ee how effective the method is for one-for-many nonlin-
ar compensations with STS. One of the comparative sys-
ems has all identical �SMF+RDF� spans on both sides of
PC; the other has neither one-for-many STS nor OPC.
verything else remains the same. Lacking an STS, both
omparative systems are seriously impaired by fiber non-
inearities, as shown by the typical eye diagrams of re-
eived optical signals in Fig. 3.

For an example of intrachannel nonlinear compensa-
ions using one-for-many STS, we have simulated an op-

sions. Left: the optimized system. Right: the comparative system

Left: the optimized system. Right: the comparative system using

at the end of the optimized system with one-for-many STS and
nsmis
ssions.
eived
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imized system using �SMF+RDF� and �RDF+SMF�
pans, which is the same as Fig. 1 except with the trans-
ission loop recirculating twice and without OPC. A com-

arative system using all �SMF+RDF� spans has also
een simulated. The parameters of fibers, EDFAs, multi-
lexers and demultiplexers, and input signals are all the
ame as in the previous simulations for nonlinear com-
ensations with OPC. Note that the optimized system is
onfigured such that each �RDF+SMF� span corresponds
o and compensates the intrachannel nonlinear effects of
hree �SMF+RDF� spans. The comparative system has no
ne-for-many STS. Again we have tried a case with all
pans being injected with exactly the same amount of sig-
al power and a case with the �RDF+SMF� spans being

ed with 10% more power compared with the �SMF
RDF� spans, and we found no observable difference. Fig-
re 4 shows typical eye diagrams of the optical signals at
he midpoint of the transmissions, namely, after the first
ransmission line of 640 km for each system. The eye dia-
ram of the optimized system shows significantly reduced
mplitude and timing jitters than the one of the compara-
ive system, which demonstrates the effect of intrachan-
el nonlinear compensations with a one-for-many STS. At
he end of the 1280 km transmissions, as shown in Fig. 5,
he comparative system suffers from both interchannel
nd intrachannel nonlinearities and has significantly
ore signal degradations than the optimized system es-

ecially in terms of amplitude and timing jitters of the
ark pulses, which are compensated by the optimized

ystem. However, it is noted that the optimized system is
lso penalized by the accumulation of noise energy in the
riginally empty time slots. A good part of the noise en-
rgy may be due to the growth of ghost pulses, which is
ot suppressed by the one-for-many STS alone. Fortu-
ately, when channelized SPM20 is introduced in the
iddle of the optimized system without OPC above, the

host pulses may be substantially removed from the sig-
als received at the end of the 1280 km transmissions, as
hown in Fig. 6, in sharp contrast to the left diagram of
ig. 5.

. CONCLUSION
e have discussed the linearity of nonlinear perturba-

ions and applied it to nonlinear compensations. We have
roposed and tested methods of one-for-many nonlinear
ompensations using STS, which realize simultaneous
ompensations of both dispersion and nonlinearity over a
ide optical band. When OPC is employed, a transmis-

ion line may consist of many pairs of compensating fiber
pans mirror symmetrically ordered about the phase con-
ugator, where each pair may include one fiber span of
tronger nonlinearity and several conjugating fiber spans
f weaker nonlinearity. First-order nonlinearities are well
ompensated between spans within each pair, and the
irror-symmetric ordering of conjugating pairs about the

hase conjugator helps to prevent the accumulation of
onlinearities over a long transmission distance. When
here is no OPC in the middle, a transmission line config-
red into a one-for-many STS may still suppress the in-
rachannel nonlinear effects.
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