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The collision characteristics of the orthogonally polarized solitons with initial linear frequency chirp in the linear

birefringent fibre for $2 < 0 are numerically studied. It is found that initial chirp changes the threshold value of solitons

to form the bound-state in the birefringent fibre. The effect of initial positive chirp on the threshold value is more

obvious than that of negative chirp. In the case of § = 0.7 and initial interval 279 = 1.25, the two solitons are mutually
bound for 0.2 < C' < 1, and they do not form the bound-state for —1 < C < 0.2. Frequency shifts increase with the
increase of chirp parameter C' for —1 < C < 0.2, and have the oscillatory structure for C' > 0.2. The effect of positive

chirp on temporal FWHM is greater than that of negative chirp. The peak of temporal waveform oscillates with the

propagation distance. The period and amplitude of the oscillation for the chirped case are greater than those for the

unchirped case, and they vary with the increase of |C|. The peak of output temporal waveform can be controlled by

changing the initial chirp.
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1. Introduction

Soliton collision in birefringent fibre has attracted
attention for its importance in theory and practi-
cal applications of optical logic devices and polar-

[1-14] The initial inter-

ization multiplexing systems.
val between two polarized solitons can be adjusted
in practical applications. In an optical logic device,
one soliton is the data signal, the other is the control
signal. Whether two solitons are bound can be con-
trolled by changing their initial interval and chirp in
the transmitter. The time delay of signals for the soli-
ton bound-state case is less than that for the unbound-
state case; one can either receive the data signal or not
by setting the corresponding delay in the receiver. In
a polarization multiplexing system, two polarized soli-
ton signals are independent and their initial interval
and chirp can be set according to the practical applica-
tions. The soliton bound-state can result in higher bit
rate. Menyuk[®—9! has derived a pair of coupled non-
linear differential equations to describe pulse propaga-
tion in birefringent fibres and investigated the stabil-
ity of soliton propagation. The collision of unchirped

[10—13]

solitons has been studied, but the collision of

chirped solitons has been little investigated. However,

optical pulses generally have frequency chirp which
has great effect on pulse propagation.'®=23 The fre-
quency chirp can be controlled by changing the input
current of laser or changing the length of input fibre,
etc. In the paper, we numerically study the effects of
initial linear chirp on collision characteristics of two
orthogonally polarized solitons in a linear birefringent
fibre for B2 < 0, and compare them with the collision
characteristics of unchirped solitons.

2. Theoretical model of soliton
collision in the birefringent fi-
bre

The soliton propagation in birefringent fibres
is described by the normalized coupled nonlinear
Schrédinger equations (CNLS):6:7]

0 1o} 19?2
(G +057) + 52+ (P + BP)u=0, (1a)
. /0v ov 10%v 9 9
(5 ~957) + 57 * (b + Bluyo =0, (10

where © and v are the normalized complex amplitudes
of the two orthogonally polarized solitons in the CNLS
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system, £ is propagation distance normalized to the
soliton period, 7 is the time normalized to Ty (half-
width of the input pulse), § is the group velocity mis-
match parameter and B is the cross-phase modula-
tion (XPM) coefficient where 0 < B < 1. u is a slow
soliton and v is a fast one for § > 0. Equations (1)
reduce to the uncoupled NLS system for B = 0,6
and reduce to the Manakov equations and have ana-

lytical solutions for B = 1.[6:24-28]

However, Eqgs.(1)
are unintegrable for B = 2/3 in the linear birefringent
fibre.[5=13] We numerically study the collision char-
acteristics of the chirped solitons by use of the split-
step Fourier-method (SSFM) according to Egs.(1) for
B = 2/3. The two orthogonally polarized input soli-

tons are, respectively,

iC(r+10)?

u(§ =0,7) = sech(r + To)exp(— 5 ) (2a)

iC(r

v(€ =0,7) = sech(r — To)eXp(—f_Toy), (2b)

where C is the linear chirp parameter, 27y is the ini-
tial interval between the solitons. The dispersion and
the nonlinearity effects can be taken into account re-
spectively according to the SSFM algorithm when the
pulse propagates from & to £+ h (h being a small dis-
tance). Then, it is simple to deal with the pulse propa-
gation by use of the SSFM. To suppress the edge effect,
we set a larger computational region 7 = (—80,80)
and set the number of sampling to 512.

3. Effect of initial linear chirp on

collision characteristics

3.1. Effect of chirp on variation of the
interval between the two solitons

The interval between the two solitons is defined
as

AT(E) = Tihax(§) = Taax(§); (3)
(€) and ¥

u
where T, o ax

max

|u(&,7)| and |v(€, T)| reach maximum value, respec-

(€) are the positions at which
tively. We can obtain 7%, (§) = —72..(§) from
Egs.(1) and (2). The slow soliton precedes the fast one
when A7(§) < 0. The two solitons will separate when
A7(§) always increases with the increase of propaga-
tion distance. If A7(&) varies slower and slower with
propagation distance and becomes finally stabilized
at 0 = Otn, Otn is known as the threshold value of

soliton bound-state. The two orthogonally polarized
solitons can be mutually bound for § < d¢y,, and sepa-
rate from each other for § > &in. The threshold value
Ot of soliton bound-state in the birefringent fibre can
be determined by the variation of the interval with
propagation distance. We assume that the two input
solitons partially separate and 27y = 1.25. Figure 1
shows the interval between two solitons varying with
propagation distance (soliton periods &) in the case of
279 = 1.25. The dashed curve is for § = 0.832 and
C = 0.5, and the solid curve for § = 0.615 and C' = 0,
and the dotted curve for § = 0.46 and C = —0.5.
It is found from Fig.1 that éy, = 0.615 for C' = 0,
Ogn = 0.832 for C = 0.5 and dy, = 0.46 for C' = —0.5.
It shows that initial chirp changes the threshold value
dgn of soliton bound-state in the birefringent fibre.
The positive chirp enhances the nonlinear effect and
makes the threshold value &, larger, the negative one
makes the threshold value d¢, smaller. This is impor-
tant to applications in optical switches.
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Fig.1. Variation of the interval between two solitons with
propagation distance in the case of 279 = 1.25. The
dashed curve is for § = 0.832 and C' = 0.5, solid curve

is for 6 = 0.615 and C = 0, dotted curve is for § = 0.46
and C' = —0.5.

3.2. Effect of chirp on evolution of soli-
tons mixing

The soliton mixing parameter m(§) for describing
collision characteristics is defined as

T ue, ) |v(E, T)|dT
€ =0,7)2dT

— 00

m(§) =

(4)

The m(&) shows that the mixing degree of two solitons,
which can vary from 0 to 1. Two identical solitons
overlap exactly when m(¢) = 1, completely separate
when m(§) = 0, and trap each other to form a bound-
state when m(€) approaches 1. Figure 2 shows the
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mixing parameter m() of linear chirped solitons vary-
ing with the normalized propagation distance (soliton
periods &) for 6 = 0.7 and 279 = 1.25. The curves
(1-5) are for C = —0.5, —0.3, 0, 0.3 and 0.5, respec-
tively. It is found from curve 4 that two solitons with
C = 0.3 partially separate and m = 0.78 at £ = 0, the
fast soliton catches up with the slow one and m ~ 1
at £ =~ 0.5. Then, they separate again and m ~ 0.6
at & &~ 1. The chirped soliton traps a small part of
the other one and m increases with the increase of the
propagation distance. Finally, the two chirped soli-
tons are mutually bound and m oscillates about 0.9
for £ > 4.

Two linear chirped solitons can be bound to-
gether with the increase of the propagation distance
for 0.2 < C < 1 when £ > 4. The larger the
value of C, the earlier the solitons are bound. Two
chirped or unchirped solitons are separated from each
other with the increase of the propagation distance for
—1<C < 0.2 when £ > 4.
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Fig.2. Variation of the parameter m(&) of the solitons
with propagation distance £ for § = 0.7 and 279 = 1.25.
The curves (1-5) are respectively for C = —0.5, —0.3, 0,
0.3 and 0.5.

3.3. Effect of chirp on variation of fre-
quency centroid

The frequency centroids of the two solitons are
defined as

2 fu(g, w)lPdw

/

wcent(é) = _j_;o |u(§,w)|2dw ) (53)
JI3 wlv(g,w)Pdw
Uoe(€) = . b
wccnt(ﬁ) f:roo: |v(§,w)|2dw (5 )
We can obtain w® () = —wZ,.(§) from Egs.(1),

(2) and (5). Figure 3 shows the frequency centroids

wl (&) and wZ, (&) of the solitons with different
chirp parameter C varying with the normalized prop-
agation distance for § = 0.7 and 27y = 1.25. Solid
curves (1-5) show w (&) for C = —0.5, —0.3, 0,
0.3 and 0.5, dashed curves (6-10) show w?, (&) for
C = —-0.5, —0.3, 0, 0.3 and 0.5, respectively. It is
found from Fig.3 that the frequency centroid wg,.(§)
of slow soliton shows to bathochromic shift before col-
lision and changes to hypsochromic shift after collision
because of the interaction between the birefringent ef-
fect and nonlinearity. Frequency centroid wZ,(§) of
fast soliton acts in the opposite way. As a result, the
group velocities of the solitons change, the slow soliton
becomes fast and the fast one becomes slow. Finally,
the two chirped solitons propagate at same velocity for
C > 0.2. Frequency shifts increase with the increase
of chirp parameter C' for —1 < C < 0.2, and have a
clear oscillatory structure for C' > 0.2.

1.0 T T T
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Fig.3. Variation of frequency centroid of the solitons with
propagation distance for § = 0.7 and 279 = 1.25. The solid
curves (1-5) show wl (&) for C' = —0.5, —0.3, 0, 0.3 and
0.5, dashed curves (1-5) show w?, . (£) for C = —0.5, —0.3,

cent

0, 0.3 and 0.5 respectively.

3.4. Effect of chirp on variation of tem-
poral FWHM

Tiwen and Ty are respectively the temporal
full width at half maximum (FWHM) of the two soli-
tons. We obtain T yyv = Téwam from Egs.(1) and
(2). Figure 4 shows the variation of temporal FWHM
T¥wum With propagation distance for ¢ = 0.7 and
219 = 1.25. The curves (1-5) are for C = —1, —0.5, 0,
0.5 and 1, respectively. It can be found from numerical
results that the pulse initially compresses near £ = 1
for 0 < C' < 1 mainly because of cross-phase modu-
lation (XPM), although positive chirp also enhances
the effect. The temporal FWHM performs damped
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oscillation with the propagation distance. The period
and amplitude of the oscillation increase with the in-
crease of |C| for -1 < C < 0.2 and 0.6 < C < 1,
decrease with the increase of C for 0.2 < C' < 0.6. For
a given magnitude of initial chirp, oscillatory ampli-
tude of temporal FWHM for positive chirp is greater
than that for negative one. It shows that the effect of
positive chirp on temporal FWHM is greater than that
of negative one. The variation of temporal FWHM is
consistent with the prediction of the chirped solitons.

Temporal FWHM

£ /soliton periods

Fig.4. Variation of temporal FWHM with propagation
distance for 6 = 0.7 and 279 = 1.25. The curves (1-5) are
respectively for C = —1, —0.5, 0, 0.5 and 1.

3.5. Effect of chirp on evolution of tem-
poral waveform

It can be obtained from Eqgs.(1) and (2) that
u(f,T) = 0(57_7-)'

waveform of the slow soliton |u(,7)| varying with

Figure 5 shows that temporal

propagation distance for C' = 0.5, § = 0.7 and
279 = 1.25. That of the fast soliton |v(, 7)| is its mir-
ror image about 7 = 0. It can be found from numeri-
cal results that the chirped solitons with C' = 0.5 are
initially separated mainly because of initial position.
Then, they are firstly compressed, and are gradually
bound together after collision. The edges of tempo-
ral waveform produce obvious dispersive waves mainly
because of XPM and initial chirp. The peak of tempo-
ral waveform oscillates with the propagation distance.
The period and amplitude of the oscillation for the
chirped case are greater than those for the unchirped
case, and they vary with the increase of |C|. Variation
of the peak with propagation distance is opposite to
that of temporal FWHM. Therefore, the peak of out-
put temporal waveform can be controlled by changing

the initial chirp. It is useful to applications in the

optical switches. The radiation of dispersive waves
is expected to exist because the Egs.(1) are uninte-
grable. The larger the value of |C| is, the stronger the
dispersive waves near the edges of the chirped solitons

are.

[u(€, )]

Fig.5. Evolution of temporal waveform of |u(, )| with
propagation distance for C' = 0.5, § = 0.7 and 279 = 1.25.

3.6. Effect of chirp on the relationship
between ¢, and 27

It is considered that the two solitons are com-
pletely separated for |279| > 5. The fast soliton pre-
cedes the slow one and their interaction can be ne-
glected for 279 < —5. The slow soliton precedes the
fast one for 27y > 5, and their interaction is the same
as that for 279 = 5. Figure 6 shows the effect of linear
chirp on the relationship between the threshold value
Otn and initial interval 279 between two solitons. The
solid curve shows the relationship for C' = 0, dashed
curve shows that for C' = 0.5, dotted curve shows
that for C = —0.5. It is found from Fig.6 that the
threshold value is determined by initial interval and
chirp of two solitons. In the case of C' = 0, it ob-
viously decreases with the increase of initial interval
for |279] < 3, is maximum for 75 = 0, and remains
The variations are
consistent with those in Refs.[11-13]. In the case of

C = 0.5, the threshold value is obviously greater than

almost unchanged for 5 > 3.

that of unchirped case for —1 < 279 < 2.1, much less
than that for 2.1 < 27y < 5, and slightly less than
that for —4 < 279 < —1. In the case of C = —0.5,
it is slightly larger than that of the unchirped case
for —5 < 2719 < 0, and much less than that for
0 < 279 < 5. The maximum value of d;, shifts to
the region of 79 > 0 for C' > 0, shifts to that of 79 < 0
for C' < 0.
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It is shown that the initial chirp change the
threshold value dyy, of solitons trapping. The effect of
initial positive chirp on the change of threshold value
Otn is greater than that of negative chirp. In design-
ing optical switches one should therefore consider the
effect of initial chirp.

1.0

0.8

0.6

0.4

0.2

Group velocity mismatch parameter §

Initial interval between solitons (279)

Fig.6. The relationship between d;;, and initial interval
270 between two solitons. The solid curve shows the rela-
tionship for C' = 0, dashed curve shows that for C = 0.5,
dotted curve shows that for C' = —0.5.

4. Conclusion

The collision characteristics of the orthogonally
polarized solitons with initial linear frequency chirp

are numerically studied in the linear birefringent fibre
for B2 < 0. It is found that initial chirp changes the
threshold value d¢y, of solitons forming the bound-state
in the birefringent fibre. The effect of initial positive
chirp on the threshold value is greater than that of
negative chirp.

In the case of § = 0.7 and 279 = 1.25, the two
solitons are mutually bound for 0.2 < C' < 1, and
they do not form into bound state for —1 < C < 0.2.
Frequency shifts increase with the increase of chirp
parameter C' for —1 < C < 0.2, and have oscillatory
structure for C' > 0.2. The temporal FWHM per-
forms damped oscillation with the propagation dis-
tance. The period and amplitude of the oscillation
increase with the increase of |C| for —1 < C < 0.2
and 0.6 < C < 1, decrease with the increase of C' for
0.2 < C < 0.6. The effect of positive chirp on tempo-
ral FWHM is greater than that of negative chirp. The
peak of temporal waveform oscillates with the prop-
agation distance. The period and amplitude of the
oscillation for chirped case are greater than those for
the unchirped case, and they vary with the increase
of |C|. The peak of output temporal waveform can be
controlled by changing the initial chirp. This is useful

for applications in optical switches.
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