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An equation describing the nonlinear pulse propagation in twin-core fibres with birefringence is derived. Particu-

larly, the properties of the nonlinear coupling equation are analysed, and modulational instability is discussed in detail.
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I.INTRODUCTION

The twin-core fibre is a special fibre which has
two parallel cores, and is now used to produce de-
vices widely used in all-optical communication sys-
tems, such as optical switches, optical logic gates,
gain-flattened erbium-doped fibre amplifiers, optical
soliton filters, and other important optical connecting

devices.[12]

Normal mode theory and coupling mode theory
are important methods of investigating pulse trans-
mission in the twin-core fibre. Normal mode the-
ory investigates the interaction between waveguides
by looking upon the two cores and the envelope of the
twin-core fibre as an integrated entity, and it is ac-
curate in resolving some transmission problems when
the fibre refractive index has a special distribution.
The coupling mode theory is used to investigate the
interaction of optical fields between independent cores
of the twin-core fibre. It is direct and simple in resolv-
ing many coupling transmission problems, and is now
used widely in coupling guides and, therefore, has im-

portant applications in many fields.[=5!

When normal pulses, such as Gaussian pulses,
propagate in the twin-core fibre, each pulse may be
split into many pulses and the pulse shape distorted
because of the coupling interaction between the two
cores. Recent research on the twin-core fibre shows
that if the soliton pulses are transmitted in the twin-
core fibre, pulse splitting and deformation can be
avoided.[®7] In 1994, Vallee and Essiambrel® discussed

numerically the long transmission of solitons in the

Their

results showed that the twin-core fibre can be used as

twin-core fibre with successive amplification.

the optimum transmission media.

When pulses propagate in long distance fibre,
there is constant or randomly varying birefrigence in
the fibre due to the slight core ellipticity and asym-

[9:10] Constant

metric stresses of the refractive index.
birefrigence can be used in pulse multiplex to in-
crease the communication capacity, but the influence
of randomly varying birefringence, if present, on soli-
ton transmission in single or twin-core fibre cannot be
neglected. It has been thought of as one of the most
important limiting factors for capacity in optical fibre
communication.[11:12]

In this paper, the equation which describes non-
linear pulse propagation in the twin-core fibre with
birefringence is derived, and the properties of the
nonlinear coupling equation and the modulational
instability are discussed in detail. The influence
of randomly varying birefringence on soliton switch-
ing, propagation in nonlinear fibre couplers, and
polarization-division multiplexed solitons in twin-core
fibres with polarization mode dispersion can be inves-
tigated with the nonlinear coupling equation in the

future.
II. THEORETICAL ANALYSIS

In general, interaction between envelopes of each
polarization of electric field in single-core fibres with
birefringence takes place in the full fibre core.l'3! Also,
when the mode coupling is weak, the electric field in

twin-core fibres with birefringence can be described as
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E(r,0,z,t) =Uy(z,t)Ry(r, 0)e (Froz—wiot) g,
+ Uy (2, t) R (r, 9)e7i(k10z*“’10t)e>{
+ Va(2, )81 (r, 0)ei oz =w10t) g
+ Vi*(z,t)S1(r, t9)e’i(lloz*‘*’lot)dik
+ Uy(2,t) Ry (r, §)el(F20—w20t) g,
+ U3 (2,t)Ro(r, 9)e7i(k20z*‘”20t)e;
+ Va(z,t) Sy (r, 0)elllzoz—w20t) g,
+ V5 (2,t)S2(r, 6’)e’i(1205*"-’2075)d;7 (1)

where U; and V; (i=1,2) designate the slowly vary-
ing envelopes of each polarization in the ¢th core of
the twin-core fibre, k;o and l;y (i=1,2) are the respec-
tive wavenumbers, R; and S; are the transverse linear
mode contributions, and e; and d; (i=1,2) are the unit
vectors which vary with coordinates r and 6.

Linear variations of wavenumbers k;o and [;
(i=1,2) can be expanded as the linear dispersion rela-
tion

1
kio = kio(wo) + k;(w —wp) + Ekil(w — w0)27

1
lig :lio(wg)+l§(w—w0)+§l;'(w—w0)2, 1= 1,2

(2)

The following result is obtained

.8Ui(1inear) _ oU; l " 02U,

e T TN e

. a‘/’i(linear) . avvl 1 62‘/1

=5 =il En +§l§/ 5z ‘=L2 (3)

where j = v/—1.
The nonlinear and coupling variations due to the

Kerr effect can be written as!*?!

8E(n0nlinear and coupling)

0z

-XE-EmE ()

where y is the usual Kerr coefficient.

We substitute Eq.(1) into Eq.(4), and average
over the two transverse dimensions. This average in-
troduces an extra factor which roughly equals 1/ 2.013]
We keep only the slowly varying terms, and assume
that U;e; and Uses are in the same direction, as are
Vid; and V,ds. Based on the optical waveguide cou-
pling theory investigated by Snyder and Love,!'! the
coupling in the same (parallel) direction is strong, but

coupling in the orthogonal direction is weak and can

be neglected. We find

aU(nonlinear and coupling)
%

0z
X 2 2012
= |U:i|°U; + S |Vi|"U;
X [iwirus+ 2w
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ix
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0z
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=X v+ Sopv
X Wiy + 2o

+ U2V expl-2j (ko — Lo)]
ix

T3

[Viv;_i Ve

2
F OV V Va4 ) Vo
i=1,2. (5)
We can separate the nonlinear variation and the
coupling variation from Eq.(5), and find
8U.(non1inear)
0z

X 2 2 2
== |U:|"U; + $|Vi|"U;
X+ Sviko

+ BV2U expl 2 (kio — Lo)]
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i=1,2. (7)
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The coupling nonlinear Schrodinger equation,
which describes pulse propagation in twin-core fi-
bres with birefringence, can be derived by combining
Egs.(3), (6) and (7):

oU; oU; 1,,0%U;
. 7 k/ K _ l
J< - TR > 2" e

+

[ 2
\U:|2U; + §|‘/i|2Ui:|

VvizU:eXp[—Qj(kio — le)]

+

UiU3_; +2|Us—i|?

+

ViV, + Vi Vs + V2|2)} Us_; =0,

'+ﬂaw>
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UiZVi*exp[Qj (kio — Lio)]

ViV, + 2|Va_|?

+

+
WIN N[ DX N[X

+

(UiUs_; + U Us—; + |Uz|2):| Vs_; =0,
i=1,2. (8)

We can normalize Eq.(8) by assuming

\s
B =1 =D\ =1,2
i % ) ( )7 ¢ » <y
ky =k, =1l (9)
‘We define
TZ 7rzc2t%
= 2_7 z20 = )
z0 D()\))\o
1 z
t0:0.568’7'0, t= <t>a
to Vg
B 2 8mc 5 TcAn;
vV, = — = — i = —
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1/2 1/2
U; = <K> Uz vV, = <Z> V; 1= 1,2.
2 2

We can find the normalized coupling nonlinear

Schrodinger equation

Ju; ou; 1 0%u; 2

7 +0ior ) — 555 i[Pui + S vl v

‘]<6§+ 87) 28T2+[|uu+3u|u]
1

+ gviujexp[—2ipd¢] + Cisus—i = 0,

. Oy; 68111 n 1 821/i

Wae ™ %7

2 Or2
1
+ g“?”fexp{?jp(sf] + Ciz—iv3—i = 0,
i=1,2, (10)

2
+ [Vi2’/i + §|Ui|2ui]

where C;; and C;3_; (i=1,2) are the coupling coeffi-

cients, and
Cii = |uul_; + 2|us—;|?
i — | UsUg_; Uz —;

_|_

Wl N

M@i+ﬁ%i+mm}
Ciz_i =|vivs_; +2Jvs_|?

+<m@ﬁ+MW%+mfﬂ,

W N

i=1,2. (11)

From Eq.(11), we can see that the coupling coef-
ficients between two cores vary with the intensities of
the propagation pulses in the twin-core fibre. In many
research papers on twin-core fibres, the coupling co-
efficients are thought of as average values,!! 8! but in
fact they vary along the transmission line.

We discuss the properties of the nonlinear cou-
pling equation. If w; =~ wus, and v = v,, then
C11 = Cy, and Cy9 = Cy;. Furthermore, assuming
Uy N U XV R Vg, then Cpy = Cas & C15 = Csq, the
twin-core fibre with polarization can be used in the
polarization multiplex, and its properties are impor-
tant for the polarization multiplexed soliton.['5—17]

In twin-core fibres with randomly varying bire-
fringence, u; &~ wug, and |u; > || (i=1,2), then
Cyi =~ 3C;3_;/2, and the properties are important
for nonlinear pulse (soliton) transmission in twin-core
fibres.!'?!

Neglecting the oscillating and coupling terms, the
solutions to Eq.(10) are

3\ 1/2 )
ui(§,7) = (5) exp{ (14 62)¢ j57’} sec hT,

B | —

J
2
i=1,2. (12)

3\ 1/2 .
vi(§,7) = <5> exp{ (14 62)¢ +j57'] sec ht,

Now we can analyse the modulational instabil-
ity of the normalized coupling nonlinear Schrodinger
equations (10). The solutions to the equation neglect-

ing the oscillating terms are

Ui(f, 7') = UioeXP(jﬁiif)a
Vi(§7 T) = ViOeXp(jﬂi?,_if),
1 =1,2. (13)

Substituting Eq.(13) into Eq.(10), neglecting the

oscillating terms, we can find
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2 .

B = U%O + 51/120 + cy1ug0explj(Baz — B11)],
2 .

Bio = 1/120 + gufo + c12v20explj(B21 — Br2)],

2 .
B2z = u§0 + 51/30 + ca2u10explj(Br1 — B22)],

2 .
Bo1 = Vi, + gugo + caav10exp(j(Biz — Bo1)]. (14)

Considering the oscillating terms, the solutions of
Eq.(10) can be written as

ui(§,7) = (uio + U )exp(jBiif),

vi(§,7) = (vio + Vi )exp(jBiz—i&),
i=1,2. (15)

where u; and 7; (1=1,2) are small perturbations.

Substituting Eq.(15) into Eq.(10), we can find the
linear equation

NG AN i

Noe "%ar ) " 2707
2

+udy (T +al) + gufo(vi +77)

+ Ciuz_iexplj(B3—iz—i — Bii)] = 0,

[ O; N 5‘851- 1 0%y,

Nog "%ar ) " 207
2

+vio(Ti +77) + Juio(W +77)

+ Ciivs—i expli(Bs—ii — Biz—i)] = 0,
i=1,2.

(16)

Approximately, we assume that the propagating
pulses in two cores of the twin-core fibre have the same
propagation constants (811=0822 and B12=021), and

u; = m; + jn;, v; = r; +js; (1=1,2), and also assume

u; = (mgo + jngo)explj(KE — 027)],
Uy = (rio + jsio)explj(K¢& — 027)],

i=1,2. (17)

Substituting Eq.(17) into Eq.(16), we can find the

linearized equations

i o a9 iiM3—i = U,
o€ or | 2 9r2 8
8774 ] Bnl 1 81’I’LZ

T % T2 e

4
+ 2mgugy + 3 ViotioTi + Cimsz_; =0,

81‘1' Bri + 1 8281‘ + C 0
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8Si 881‘ 1 827‘i

T Var Ta e

4
+ 2rvZ + 3 wioVioMMi + Ciz—ir3—; =0,

1=1,2. (18)
We assume
my ( mio
1 n1o0
T1 T10
S1 S10 .
= explj(K¢ — 27)],
ma mago
T2 n20
T2 20
i=1,2. (19)

The dispersion relation can be obtained as

(K — 8,0)%(K + 6,2)%(K — 62)%(K + 6502)?

94 92 02
— Tclgczl <2U%0 — 7) <2u§0 — 7)

4 22 2?2
— 7011022 <2V120 — 7) <2V§0 — 7) = (20)

We can expand the solution to Eq.(20) as different
powers of §, and find

s ? ”?
0= i{ g [erem (0 ) (- )
92 02 1/8
o) 2}

252 71/2
5152} Q. (21)

Kl:[é%ws

We can find the maximum growth rate of instability
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at

=13 C120%1 (ufy + uby) + C11Coa (v, + 30)
8 C12C21 + C11C2

+ { P % C12051 (ufg + udy) + C11Con (v + V%o)] ?
3 C13C51 + C11C22)
1/2
_ <l > Cr2Cnuyud, + 011022V120V220> }1/2
2 C12C51 + C11C
(22)

In twin-core fibres with randomly varying bire-
fringence, namely u; = ug, and |u;| > |vi|, (i=1,2)

the maximum growth rate of instability is located at

2
) ) X (uio + u%o)}

. 1/27 1/2
— <§ X ufou§0> } . (23)

When the twin-core fibre with polarization can

3 3
2= _X(U%O‘*‘u%o)‘i‘{[_

be used in polarization multiplex, namely u; ~ uy =

v1 & vy =1, and C1; = Cyy =~ C3 =~ Cy1, the maxi-
mum growth rate of instability is located at 2 = |n|.
Based on the equation about the nonlinear pulse prop-
agation in twin-core fibres with birefringence, we have
discussed soliton train transmission in twin-core fibres

12] Tn the future,

with randomly varying birefringence.|
we shall investigate the influence of randomly varying
birefringence on soliton switching, soliton propagation
in nonlinear fibre couplers, and polarization-division
multiplexed solitons in twin-core fibres with polariza-

tion mode dispersion.

. CONCLUSION

In this paper, an equation which describes non-
linear pulse propagation in twin-core fibres with bire-
fringence is derived by separating the linear, nonlinear
and coupling variations. The properties of the nonlin-
ear coupling equation are analysed particularly and
modulational instability, both when the twin-core fi-
bre with polarization can be used in the polarization
multiplex and when the twin-core fibre is of randomly

varying birefringence, is discussed in detail.
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