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Abstract The all-optical logic device is the key com-
ponent in the all-optical communication system and
all-optical computing. The research based on the all-
optical logic device is important to improve the com-
munication efficiency. In this paper, using optical soli-
tons, all-optical logic devices are investigated theoret-
ically. Three-soliton solutions are presented through
solving the coupled nonlinear Schrödinger equations.
The condition for forming all-optical logic devices
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(AOLDs) is discussed. Besides, the performance of the
AOLD is analyzed. Results of this paper have theo-
retical research significance for the application of the
AOLD.
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1 Introduction

All-optical logical devices (AOLDs) play a significant
role in the all-optical technique and cause in-depth
investigations around the world [1,2]. The research
of the AOLD not only has great significance in all-
optical communication systems, but also has a pro-
found impact on the application of the all-optical com-
puting [3,4]. In addition, the AOLD can work as a
switcher, which switch optical signals and make sig-
nals output fromdifferent transmission paths [5,6]. The
switch functionmakes the AOLDhave an irreplaceable
status in optical field. To realize an all-optical commu-
nication network so that signals can be transmitted in
the optic fiber, the participation of the AOLD is indis-
pensable, which will affect the quality of optical com-
munications [7,8].

Generally speaking, the AOLDs refer to the opti-
cal devices that implement logic operations by chang-
ing signal transmission to the medium [9,10]. They
are now divided into two types: semiconductor-based
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optical amplifiers (SOA) and nonlinear optical fibers.
The advantage of SOA of long working band makes it
become a hot spot in the study of nonlinear materials
for the AOLD. Compared with the SOA, the advan-
tage of the nonlinear optical fibers is the fast respond
speed (about a few femtoseconds) [11,12]. TheAOLDs
based on them use nonlinear effects of nonlinear opti-
cal fibers to work under normal circumstances. Those
optical devices utilize their switching characteristics to
distribute the energy of optical pulses, so as to realize
the logic results [13,14].

Optical solitons, as a product of dispersion and non-
linear balance, have been applied to the research of
the AOLD based on nonlinear optical fibers, and some
results have been obtained [15–28]. Bright and dark
solitons can be used to study the switching character-
istics of nonlinear directional coupler, and researchers
have analyzed the broadening and compression of dif-
ferent optical solitons [29–32]. The AOLDs have been
demonstrated. Besides, researchers have studied the
transmission characteristics of the optical solitons in
the asymmetric coupler when the dispersion coefficient
has been decreased and discovered the optical logic
function of the asymmetric coupler during the research
process [33]. In 2011, an in-depth study has been con-
ducted on the pulse transmission characteristics of the
AOLD [34].

Here,wewill use optical solitons to study theAOLD.
The interactions among optical solitons are supported
by the coupled nonlinear Schrödinger (CNLS) equa-
tions as follows [35],
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where U1 and U2 are both the soliton intensities of x
and t . ρ1 and ρ2 are related to optical fiber nonlinear-
ity. ε is a small parameter, which is a real number. The
symbol “*” is the complex conjugate. In ref. [35], rogue
waves were studied using the Darboux transformation.
Breathers and dark-bright semi-rational solitons were
also obtained [36]. Furthermore, soliton fusion and fis-
sion was demonstrated [37].

Solutions for Eq. (1) will be derived in Sect. 2.
Discussions about the properties of all-optical logic
devices will be made in Sect. 3. Conclusion will be
derived at last.

2 Analytical solutions of Eq. (1)

To obtain the three-soliton solutions of Eq. (1), the
bilinear forms of it can be get at first. The detail forms
are [37],(
i Dt + D2

x + iεD3
x

)
G · F = 0,

(
i Dt + D2

x + iεD3
x

)
H · F = 0,

D2
x F · F = 2

(
|G|2 + |H |2

)
, (2)

where “Dx” and “Dt” are the Hirota bilinear operators
[38]. G, H and F are the functions of x and t to be
determined with the coefficient constraints ρ1 = ρ2 =
1.

We assume that

G = εG1 + ε3G3 + ε5G5,

H = εH1 + ε3H3 + ε5H5,

F = 1 + ε2F2 + ε4F4 + ε6F6,

(3)

where ε is the formal parameters, and G1, G3, G5, H1,
H3, H5, F2, F4 and F6 are the undetermined functions.
Next, we will get the exactly expression of those func-
tions through Eq. (2).

For simplicity, we set that

G1(x, t) = eϕ1 + eϕ2 + eϕ3 ,

H1(x, t) = −eϕ1 + eϕ2 − eϕ3 , (4)

where

ϕ j = k j x + ω j t + ξ j

= (k j1 + ik j2)x + (ω j1 + iω j2)t

+ξ j1 + iξ j2, ( j = 1, 2, 3). (5)

Substituting expressions (4) into Eq. (2), we can get
the following coefficient relationship,

ω j1 = 3εk j1k
2
j2 − 2k j1k j2

−εk3j1, ω j2

= k2j1 − k2j2 − 3εk j2k
2
j1 + εk3j2. (6)

Assuming that

F2(x, t) = A1e
θ1+θ∗

1 + A2e
θ1+θ∗

3
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we can obtain
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we substitute Eqs. (4), (7), (9) and (11) into Eq. (3) and
can get that
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Moreover, we can assume that
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We assume ε = 1. Finally, solutions for Eq. (1) are
obtained as

U1 = G1 + G3 + G5

1 + F2 + F4 + F6
,

U2 = H1 + H3 + H5

1 + F2 + F4 + F6
,

(17)

where G1, G3, G5, H1, H3, H5, F2, F4 and F6 are pre-
sented in expressions (4), (7), (9), (11), (13) and (15).

3 Discussion

Expressions (17) are analytical solutions of Eq. (1). To
analyze the three-soliton interactions, we set ε = 0.05
and select the relevant parameters as shown in Fig. 1 to
realize the effective control of the logic structure of the
AOLD with soliton interactions. As shown in Fig. 1(a)
and (d), the intensities of optical solitons on the left are
amplified when k11 = 1.9. Increasing the value of k11,
such as k11 = 2.5 in Fig. 1(b) and (e), the intensities of
signals can be further increased on the left. Adjusting
the value of k11, such as k11 = 1.2 in Fig. 1(c) and (f),
the logic structure of the AOLD is changed to amplify
another signal. The intensities of solitons on the right
are increased. Therefore, by adjusting the value of k11,
the signal on and off functions can be realized, so as to
effectively increase the processing speed of the AOLD.
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Fig. 1 Effective control of logic structure of the AOLD with
soliton interactions. Relevant parameters are: k21 = −1.8,
k31 = −1.6, k12 = −1, k22 = −0.1, k32 = 3, ξ11 = −2,

ξ12 = −1, ξ21 = 2, ξ22 = 2, ξ31 = −3, ξ32 = 3 with a
k11 = 1.9; b) k11 = 2.5; c k11 = 1.2; d has the same value as a;
e has the same value as b; and f has the same value as c

Next, we will discuss the influences of k21 on the
properties of the AOLD. Compared with Fig. 1, the
sign of the values of k11 and k21 is opposite in Fig. 2.
At first, we assume that k21 = 2.7 and can find that
the energy exchange occurs between optical solitons,
but the effect is not obvious due to the small change
of intensities of optical solitons in Fig. 2(a) and (d).
Decreasing k21, such as k21 = 2 in Fig. 2(b) and 2(e),
interactions among solitons can be weakened, and the
switch effect is obvious after interactions. On the con-
trary, by increasing the value of k21, such as k21 = 3
in Fig. 2(c) and (f), we can see that the signal light
becomes stronger, the control light becomes weaker,
and the interactions among them becomemore intense.
In this case, we should minimize the value of k21, so as
to realize the effective control of the AOLD.

In Fig. 3, we will analyze the parameter k31 on the
AOLD performance. The values of k11 and k21 are neg-
ative. In Fig. 3(a) and (d), when k31 = 2.6, there is
more energy exchange after the interactions of optical
solitons, and the optical switching effect is obvious,
which can effectively realize the function of signal on
and off. Increasing the values of k31, such as k31 = 2.8
in Fig. 3(b) and (e), we can find that the signal light is

amplified, which is benefit to the realization of the “on”
function of the AOLD. When we decrease the value of
k31, such as k31 = 2.5 in Fig. 3(c) and (f), the inten-
sities of the signal are reduced, while the intensities
of the pump increase. This is conducive to the realiza-
tion of the “off” function of the AOLD. Therefore, by
adjusting the value of k31, we can realize the effective
control of the logic structure of the AOLD.

4 Conclusion

TheAOLDs have been investigated through solving the
CNLSEq. (1) analytically. Three-soliton solutions (17)
have been obtained using the bilinear method. Interac-
tions among three solitons have been discussed. The
AOLDs have been demonstrated based on the soliton
interactions. The influences of k11, k21 and k31 on the
AOLD performance have been analyzed. Parameters
k11 and k31 have the significant impact on the perfor-
mance of the AOLD. By adjusting the relevant param-
eters, the logic structures of the AOLD have been obvi-
ously controlled to realize the “on” and “off” functions
of different optical signals. Results are benefit to the
development of theAOLD to improve optical switching
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Fig. 2 Effective control of logic structure of the AOLD with
soliton interactions. Relevant parameters are: k11 = −1.2,
k31 = −1.6, k12 = −1.5, k22 = −0.5, k32 = 2, ξ11 = 2,

ξ12 = 1, ξ21 = 2, ξ22 = 2, ξ31 = 1, ξ32 = 3 with a k21 = 2.7;
b k21 = 2; c k21 = 3; d has the same value as a; e has the same
value as b; and f has the same value as c

Fig. 3 Effective control of logic structure of the AOLD with
soliton interactions. Relevant parameters are: k11 = −1, k21 =
−2.2, k12 = −1.5, k22 = −0.5, k32 = 2, ξ11 = 2, ξ12 = 1,

ξ21 = 2, ξ22 = 2, ξ31 = 1, ξ32 = 3 with a k31 = 2.6; b
k31 = 2.8; c k31 = 2.5; d has the same value as a; e has the same
value as b; and f has the same value as c
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efficiency and transmission stability of communication
systems.
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