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The recovery of the self-frequency shift effect on a soliton by optical phase conjugation is investigated. It is proved

that, without third-order dispersion and fiber loss, the soliton self-frequency shift can be completely recovered.

The recoveries for a fundamental soliton and a second-order soliton in the presence of third-order dispersion and

of fiber loss, which is compensated by the distributed erbium-doped fiber amplifiers, are numerically studied.

Recently optical phase conjugation (OPC) was used
for the compensation for chromatic dispersion in a
single-mode fiber. 1,2 The compensation of chromatic
dispersion by OPC was been proposed by Yariv et
al. in 1979.3 In fact, in addition to chromatic disper-
sion, the effect of delayed nonlinear response on an
optical pulse can also be completely recovered by OPC
in the lossless case.4 In Refs. 5 and 6 soliton interac-
tion resulting from the nonlinear Kerr effect is shown
to be undone by OPC with the fiber loss compen-
sated by the optical amplifiers. Because the Raman-
effect-induced soliton self-frequency shift7 (SFS) is an
effect of delayed nonlinear response, the shifts can
also be recovered by OPC in the lossless case. In
this Letter we numerically show recoveries of the ef-
fect of the SFS on the fundamental soliton and the
second-order soliton when the effects of third-order
dispersion and fiber loss are considered, where the
fiber loss is compensated by distributed erbium-doped
fiber amplifiers (DEDFA's) to reduce the soliton pow-
er perturbation.

The soliton propagating in the fiber follows the
modified nonlinear Schrbdinger equation8 (MNSE)

i.aq$ !/32, .1 12.p
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where the self-steepening term has been neglected
for a pulse width >>100 fs; 82 and f3 represent the
second- and third-order dispersion, respectively; n2
is the Kerr coefficient; cr is the coefficient of the
SFS; and a is the fiber loss. When 83 = C, = a = 0,
Eq. (1) becomes the nonlinear Schrodinger equation.
For the nonlinear Schrodinger equation the pulse ex-
periences only second-order dispersion and self-phase
modulation, and there are bright N-soliton solutions
for /2 < 0, where N is a positive integer. For the
fundamental soliton (N = 1) the pulse shape does

not change along the fiber. For the higher-order soli-
ton (N > 1) the pulse shape varies periodically along
the fiber. When the soliton pulse is short, the ef-
fects of third-order dispersion and the SFS become
significant, and the MNSE should be used. The ef-
fect of third-order dispersion is also significant when
the soliton wavelength is near the zero-dispersion
wavelength. For the MNSE there are no soliton
solutions. Third-order dispersion unsymmetrically
distorts the soliton and decreases the group velocity
of the soliton.9 The effect of the SFS downshifts the
soliton frequency through the Raman effect and also
asymmetrically distorts the soliton.7

Following the same procedures given by Ref. 4, one
can easily prove the recovery of the effect of SFS by
the OPC. Replacing the field 0 by its complex conju-
gate 0* and reversing the direction of propagation,
z - -z, yields Eq. (1) with /83 = a = 0:

-iak* _ 12 a2 p0*+n 8 k1,*
az 2 /2 ar 2 ±n2/0okI k

-Cr Ik - *
a~ 7-~

(2)

Notice that Eq. (2) is exactly the complex conjugate
of Eq. (1) with /83 = a = 0. Therefore these effects
on the pulse, which propagates some distance, can be
recovered by the conjugate pulse that propagates the
same distance. However, because of third-order dis-
persion and fiber loss, the combined effect of second-
order dispersion, self-phase modulation, and the SFS
cannot be recovered completely. In the following nu-
merical examples are shown for the recovery of the
combined effect in the fiber.

The soliton wavelength is assumed to be
1.55 ,um, and the following numerical parameters
are used: /2 = -2.55 ps2/km [2 ps/(km nm)], 83 =
0.074 ps3/km, n2 = 3.2 x 10-20 m2/W, and cr =
3.85 x 10-16 ps m/W. The effective fiber cross
section is 35 _Lm

2 . The fiber loss is compensated
by the DEDFA to reduce the effect of the power
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Fig. 1. (a) Power envelope and (b) power spectrum of the
N = 1 soliton with a pulse width rw = 1 ps along two
cascaded DEDFA's. The length of a DEDFA is 30 km.
An optical phase conjugator is placed between the two
DEDFA's. The ideal case is shown by the dashed-dotted
curves for comparison.

perturbation on the soliton transmission.' 0 The
DEDFA is pumped bidirectionally, and its pump
wavelength is 1.48 ,tum. Both the intrinsic fiber
losses at the soliton wavelength and the pump wave-
length are assumed to be 0.23 dB/km. The other
parameters of the DEDFA are the same as those
given in Ref. 10, except the doping density N, of the
erbium-doped fiber, which is given in the following.
To enhance the effect of the SFS, short soliton pulses
are considered. The length of the amplifier is taken
as 30 km. Because the soliton period is only 0.2 km
for the pulse width (FWHM) Tw = 1 ps, a small
power perturbation is required for stable soliton
transmission. The maximum deviation A of the
soliton power in the DEDFA and the required pump
power Pp0 depend on N, and the average power of
the solitons. With rw = 1 ps and a 100-MHz rep-
etition rate, the minimum A = 1.65% for N, =
2.6 x 1021 m-3, and the corresponding Pp0 =
26.8 mW. For larger N,, Ppo decreases and A
increases. For the range of the soliton power con-
sidered in this Letter, the corresponding A's are ap-
proximately 1.6%, 10%, and 20% for N, = 2.6 x 1021,
8.4 X 1021, and 1.14 X 1022 m- 3 , respectively.

Figures 1(a) and 1(b) show the power envelope
and the power spectrum of the N = 1 soliton
with Tw = 1 ps along two cascaded DEDFA's, re-
spectively, for Nt = 2.6 x 1021 m-3 . An optical

phase conjugator is placed between the DEDFA's,
i.e., at 30 km in the figure. The conjugator is
assumed to be ideal, and the operation of the
conjugator is to take the complex conjugate of

the field of the soliton from the first DEDFA. In
the figure the ideal case with 83 = a = 0 is shown
by the dashed-dotted curves for comparison. It is
shown that in the first DEDFA the soliton down-
shifts its frequency, and its group velocity decreases.
After the conjugator, the spectrum of the soliton is in-
verted with respect to the original carrier frequency
wo. For the ideal case, after propagating through
the second DEDFA in the frequency domain the soli-
ton downshifts its frequency to co0, and its spectrum
is restored; in the time domain the soliton moves
back without changes in the delay time and pulse
shape. Thus, the restoration of the soliton is com-
plete for the ideal case. For the case in the presence
of third-order dispersion and power perturbation in
the frequency domain, the soliton almost downshifts
its frequency to coo, but its spectrum distorts; in the
time domain the pulse distorts only slightly but has a
net change of the delay time 8r. The net change in
the delay time is due to both third-order dispersion
and power perturbation. The power perturbation
contributes to the net change in the delay time be-
cause the soliton SFS changes with the soliton power.
Figure 2 shows 6T versus Tw for various NM's, where
the cases without third-order dispersion (,/3 = 0) are
also shown for comparison. One can see that 8r in-
creases as A increases but decreases as rw increases.
The net change in the delay time is due mainly to
third-order dispersion. When A is small the restora-
tions of the pulse shapes are better.

For the higher-order soliton the change in the pulse
shape along the fiber is more serious and the restora-
tion of the soliton by OPC is more difficult. To re-
duce the effect of third-order dispersion, we take a
longer pulse in the example. Figures 3(a) and 3(b)
show the power envelope and the power spectrum of
the N = 2 soliton with rw = 5 ps along two cascaded
DEDFA's, respectively, for N, = 2.6 X 102l m-3 . The
optical phase conjugator is also placed between the
DEDFA's. In Fig. 3, the ideal case with /83 = a c0
is shown by the dashed-dotted curves for compari-
son. One can see that within the first DEDFA the
soliton splits into a small blue-shifted pulse and a
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Fig. 2. Net change of the delay time 67- of the N = 1
soliton versus pulse width rw for various doping densities
Nt's. The cases with /3 = 0 are shown by the dashed
curves.
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Fig. 3. (a) Power envelope and (b) power spectrum of the
N = 2 soliton with a pulse width rw = 5 ps along two
cascaded DEDFA's. The length of a DEDFA is 30 km.
An optical phase conjugator is placed between the two
DEDFA's. The ideal case is shown by the dashed-dotted
curves for comparison.
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Fig. 4. Change ratio y of the rms pulse width of the
N = 2 soliton at the output of the second DEDFA versus
the pulse width Tw for various doping densities Nt's. The
cases with /3 = 0 are shown by the dashed curves.

large red-shifted pulse. The two generated pulses
move apart. After the conjugator, the two pulses
come back and recombine. For the ideal case the
restoration of the N = 2 soliton is complete. In the
presence of third-order dispersion and power pertur-
bation the restoration is not complete but is still good.
In the frequency domain the soliton spectrum also re-
covers well. If the soliton propagates a longer dis-
tance before the conjugator, the restoration is not
so good because the two pulses cannot come back in
time to recombine. Figure 4 shows the change ratio
y of the rms pulse width of the N = 2 soliton at the
output of the second DEDFA versus Tw for various

Ne's, where the cases with /33 = 0 are also shown for
comparison. When /83 = 0 the recoveries are better.
When ,33 + 0 and 7rw is less than approximately 3.5 ps
the two pulses cannot come back in time to recom-
bine. One can see that y increases as A increases
but decreases as rw increases. For the cases with
N, = 8.4 X 1021 and 1.14 X 1022 m- 3 shown in Fig. 4,
the restorations are not good even when rw = 6 ps
because the power perturbations are high.

Notice that the OPC used above is assumed to be
ideal. The conjugation can be achieved by four-wave
mixing (FWM) with the pump frequency at wo. For
the cases shown in Figs. 1 and 3 the FWM should
be backward3; otherwise the spectrum of the conju-
gate soliton cannot be separated from the spectra of
the input soliton and the pump beam. Recent ex-
periments show that a large frequency inversion can
be obtained by use of forward FWM. 1

,
2 In Ref. 1

forward FWM is achieved in the dispersion-shifted
fiber where the pump wavelength is at the zero-
dispersion wavelength. In Ref. 2 forward FWM is
achieved in the semiconductor laser amplifier. Gen-
eration of a phase-conjugate soliton is more feasible
with a semiconductor laser amplifier when the pulse
width is short because the required fiber length of the
dispersion-shifted fiber is long, and the soliton may
be further distorted. If the spectrum of the conju-
gate soliton can be separated from the spectra of the
input soliton and the pump beam with an optical fil-
ter, forward FWM with the pump frequency at co0
can be used. On the other hand, because the soliton
frequency is inverted by the conjugator, it is advan-
tageous to use the conjugator to maintain the soliton
wavelength in the gain band of the amplifier, which
is used to compensate for the fiber loss.

In conclusion, the recovery of the effect of the SFS
on a soliton by OPC is considered. It is proved that,
without third-order dispersion and fiber loss, such an
effect can be completely recovered. In the presence
of third-order dispersion and fiber loss, which is com-
pensated by the DEDFA's, the restorations of the soli-
tons are shown and discussed.
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