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Sharp Switching in Optical Couplers With Variable
Coupling Coefficient

Truong X. Tran and Xuan N. Nguyen

Abstract—We report the switching behavior of a nonlinear opti-
cal coupler consisting of two straight waveguides forming a small
angle. A very sharp switching can be obtained with these couplers.
The switching power can be reduced up to two times compared to
conventional couplers. The multiple switching can also happen at
two and even more ranges of input powers. Because light switching
is based on the optical Kerr effect, ultrafast switching is possible.

Index Terms—Directional couplers, nonlinear fiber optics, non-
linear optical devices, optical switches.

I. INTRODUCTION

F IBER couplers, also known as directional couplers are used
routinely for a variety of fiber-optical devices that require

splitting of an optical field into two physically separated parts
(and vice versa). Although most applications of fiber couplers
only use their linear characteristics, nonlinear effects have been
studied since 1982 [1]–[3]. Several important nonlinear effects
have been thoroughly studied in parallel couplers and can lead
to all-optical switching among other applications [1], [4], [5].
Conventional couplers consist of two parallel waveguides (or
fibers) which are brought together close enough so that their
evanescent fields overlap, thus they have a constant coupling
coefficient (CCC) along the propagation direction. It is well-
known that the switching sharpness in these couplers is not very
good and several approaches have been proposed to overcome
this drawback. These new approaches are based on three-core
couplers [6]–[8], nonlinear junctions [9], [10], or even a switch-
ing matrix [11]. In this paper we show that the ideal switching
sharpness and the multiple switching can be realized in a cou-
pler consisting of just two straight waveguides forming a small
angle θ [see Fig. 1(a)], thus having a variable coupling coeffi-
cient (VCC). This kind of coupler has been proposed in a recent
study [12] with the focus on the optical non-reciprocality and

Manuscript received January 13, 2014; revised February 11, 2014; accepted
February 20, 2014. Date of publication February 23, 2014; date of current
version March 17, 2014. This work was supported by the German Max Planck
Society for the Advancement of Science through the program for Max Planck
Partner Groups.

Tr. X. Tran was with the Max Planck Institute for the Science of Light,
Erlangen, Germany. He is now with the Le Quy Don University, 10000 Hanoi,
Vietnam (e-mail: truong.tran@mpl.mpg.de).

X. N. Nguyen is with the Le Quy Don University, 10000 Hanoi, Vietnam
(e-mail: fieldtheory2876@gmail.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2014.2307954

Fig. 1. (Color online) (a) Schematic illustration of a waveguide coupler with
two cores forming a non-zero angle θ. (b) Relative output power as a function
of normalized input power (Pi/Pc ) in the CW regime. Black dotted curve: the
standard switching for couplers having CCC with the length L = Lc ; red dashed
and green dashed-dotted curves: light is launched from port 1, then collected
at port 2 and vice versa, respectively, for couplers having VCC with the length
L = 1.3Lc ; blue solid curve: light is launched from port 1, then collected at port
2 for couplers having VCC with the length L = 4Lc . (c) Normalized angles of
incline of the tangent line at each point on the curves in Fig. 1(b) are shown
correspondingly in Fig. 1(c). The type and color of curves in Fig. 1(b) and
corresponding curves in Fig. 1(c) are the same. (d) Relative output power as
a function of normalized input power (Pi/Pc ) in the CW regime for couplers
having CCC with the length L = 4Lc .

“optical diode” action. Even though in the latter study [12] the
switching ability of these couplers has also been mentioned,
but it has not been investigated in detail, and other important
switching features of these couplers such as switching with ideal
sharpness, multiple switching and other aspects have not been
reported there. In this paper we intend to explore these impor-
tant switching features which have been missed in the latter
study [12].

The paper is organized as follows. In Section II, we describe
the two coupled-mode equations governing the light propagation
in couplers consisting of two straight waveguides forming a
small angle. In Section III, we investigate the switching behavior
in the continuous wave (CW) regime of these couplers. The
switching behavior with super-Gaussian pulses is explored in
Section IV. In Section V, we summarize our results and finish
with concluding remarks.

0733-8724 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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II. THE THEORETICAL MODEL

The two coupled generalized nonlinear Schrödinger equa-
tions that describe the system can be written as [4]

i∂zA1 + D(i∂T )A1 + κ(z)A2 + γ

(
1 +

i

ω0
∂T

)

× A1(z, T )
∫ ∞

0
R(t′)|A1(z, T − t′)|2dt′ = 0 (1)

i∂zA2 + D(i∂T )A2 + κ(z)A1 + γ

(
1 +

i

ω0
∂T

)

× A2(z, T )
∫ ∞

0
R(t′)|A2(z, T − t′)|2dt′ = 0 (2)

where A1 and A2 are electric field envelopes in each waveguide,
z is the longitudinal coordinate, and T is time. The linear dis-
persion operator and the nonlinear response function are given
by D(i∂T ) and R(t), respectively [see [12] for more details].
The effect of the shock term is through the derivative (i/ω0)∂T ,
where ω0 is the central frequency of the input pulse.

In the case of two identical circular cores, the coupling co-
efficient κ(z) can be calculated by using the following known
empirical expression (see [13]):

κ(z) =
π
√

n2
co − n2

cl

2anco
exp[−(c0 + c1 d̄(z) + c2 d̄

2(z))] (3)

where a is the cores radius, nco,cl are the refractive in-
dices of cores and cladding, respectively, and d̄(z) ≡ d(z)/a
is the normalized center-to-center spacing between the two
cores (d̄ > 2). Constants c0 , c1 , and c2 depend on the
fibers V -parameter (see [12] and [13]). If the angle be-
tween the two cores of the coupler equals θ, then d̄(z)
varies along z. As a result, the coupling coefficient κ(z)
is not a constant along z: κ(z) = κ0 exp(−α1z − α2z

2),
where κ0 ≡ [(π

√
n2

co − n2
cl)/(2anco)] exp(−c0 − c1d(0)/a −

c2d
2(0)/a2), α1 = c1θ/a, and α2 = c2θ

2/a2 . This forward–
backward asymmetry of the structure leads to the optical non-
reciprocity in the light propagation [12]. In the case of square
cores, it turns out that one can still use (3) to approximately
calculate the coupling coefficient if the effective core radius
aeff = b/

√
π, where b is the side of square cores, is used instead

of the core radius a [12]. We now introduce dimensionless vari-
ables ξ = z/z0 , τ = T/T0 , u = A1/

√
P0 and v = A2/

√
P0 ,

where z0 = 1/κ0 . The power scale is P0 = 1/(γz0). With these
new variables, Equations (1)–(2) are equivalent to the following
dimensionless equations:

i∂ξu +
z0

LD
D(i∂τ )u + v exp(−α1z0ξ − α2z

2
0 ξ2)

+
(

1 +
i

ω0T0
∂τ

)
u

∫ ∞

0
r(τ ′)|u(ξ, τ − τ ′)|2dτ ′ = 0 (4)

i∂ξ v +
z0

LD
D(i∂τ )v + u exp(−α1z0ξ − α2z

2
0 ξ2)

+
(

1 +
i

ω0T0
∂τ

)
v

∫ ∞

0
r(τ ′)|v(ξ, τ − τ ′)|2dτ ′ = 0 (5)

where LD = T 2
0 /|β2 |, β2 is the group velocity dispersion, the

dimensionless function r(τ) is obtained by rescaling time t with

T0 in the response function R(t) (see [12]). The standard split-
step Fourier method [14] will be adopted for simulations in this
paper.

III. OPTICAL SWITCHING IN THE CW REGIME

In the CW regime, the dispersion terms in (4)–(5) will be
eliminated, whereas the nonlinear parts will now contain just the
well-known Kerr terms for materials with Kerr nonlinearity. In
this paper we investigate the widespread material AlxGa1−xAs
which has a great nonlinearity n2 = 1.5 × 10−13cm2/W and
low loss in the infrared region where the photon energy is less
than half the semiconductor bandgap [15]. The refractive index
of this material can be calculated and depends on the parameter
x [16]. The coupler is formed by two identical step-index square
waveguides with cladding having x = 0.185, and core having
x = 0.18. The similar (but not exact) compositions have been
used to fabricate waveguide arrays [17]. Note that the concepts
expressed here are independent of the precise nature and geom-
etry of the two waveguides, provided that they are identical.

Fig. 1(b) shows the relative output power Pi−j , which denotes
the ratio of the output power at the port j to the total input power
Pi launched into the system through the port i, as a function
of the normalized input peak power p = Pi/Pc , where Pc ≡
4κ0/γ = 4P0 , see [4]. The black dotted curve represents the
well-known standard switching P1−2 for conventional two-core
couplers having CCC with the length L = Lc = π/(2κ0) [18];
red dashed and green dashed-dotted curves show the switching
when light is launched from port 1, then collected at port 2
and vice versa, respectively, for couplers having VCC with the
length L = 1.3 Lc (these two curves also demonstrate the non-
reciprocality in couplers having VCC, see [12]); blue solid curve
demonstrates the switching when light is launched from port 1,
then collected at port 2 for couplers having VCC with the length
L = 4 Lc . Parameters used to obtain Fig. 1(b) are: effective core
radius of the two square cores aeff = 2 μm, center-to-center
spacing at the front end d̄(0) = 4.0, angle between two cores
θ = 3.4 mrad, wavelength λ = 1.55 μm. With these parameters
the power scale is calculated to be P0 = 660 W, coupling length
Lc � 0.49 mm, and the nonlinear parameter γ = 4.8W−1/m.
Fig. 1(c) plots the normalized angle of incline α/(π/2) of the
tangent line at each point on the curves shown in Fig. 1(b). The
type and color of curves in Fig. 1(b) and corresponding curves
in Fig. 1(c) are the same. The switching sharpness of couplers
can be quantitatively characterized by the absolute value of the
normalized angle of incline |α|/(π/2). In terms of switching
sharpness, the switching is ideal if the angle of incline of curves
shown in Fig. 1(b) would be |α| = π/2 in the switching region.
In that case, a slight change of the input power will be able to
switch the output signal from one output port to the other one. In
other words, the greater |α|, the better the switching sharpness
of couplers. From Fig. 1(b) and (c) one can have following
remarks.

Firstly, the switching sharpness of couplers having VCC is
improved as compared to the standard switching in conven-
tional two-core couplers having CCC, and it can be almost
ideal in the case of the coupler length L = 4 L c (see solid blue
curve with the vertical fragment). Indeed, one can see from
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Fig. 1(b) that the slope at the switching region (when the nor-
malized input power is around unity) of the curve represent-
ing the conventional two-core couplers having CCC (the black
dotted curve labeled “standard”) is less steep than slopes of
other curves representing couplers having VCC. This feature is
also demonstrated in Fig. 1(c), where the maximum absolute
value of the normalized angle of incline of the tangent lines will
be |α|/(π/2) = 0.7863, 0.8176, 0.85, and 0.96, respectively, for
the black dotted curve representing couplers having CCC, the
green dashed-dotted curve and the red dashed curve represent-
ing couplers having VCC with the coupler length L = 1.3Lc ,
and the solid blue curve representing couplers having VCC with
the coupler length L = 4Lc . The increase in switching sharp-
ness of couplers having VCC can be explained qualitatively as
follows. To be specific, we will now focus on the red dashed
curve labeled “P1−2” in Fig. 1(b) where light propagates from
the front end to the rear end in Fig. 1(a). First, it is well-known
that for conventional couplers, in the linear regime when the
input power is small, at the coupler length L = Lc = π/(2κ0),
light launched at one core will be completely transferred into
the other core [4]. This is the case with the black dotted curve
labeled “standard” in Fig. 1(b). However, for couplers having
VCC, when moving from the front end to the rear end in Fig. 1(a)
the coupling coefficient will decrease [κ(z) < κ0], as a result,
the effective coupling length for couplers having VCC will now
be larger than Lc = π/(2κ0), and for the specific set of param-
eters used in Fig. 1 the effective coupling length for couplers
having VCC equals to 1.3Lc . That is the case of the red dashed
curve labeled “P1−2” in Fig. 1(b). Second, it is also well-known
that for conventional couplers, at the coupling length, the switch-
ing happens around the input power Pi = Pc = 4κ0/γ [4] [see
the curve labeled “standard” in Fig. 1(b)], however, for couplers
having VCC we have κ(z) < κ0 , as a result, the switching power
for couplers having VCC is smaller than in the case of conven-
tional couplers. Thus, we can interpret that the red dashed curve
labeled “P1−2” in Fig. 1(b) is formed by shifting the top part of
the black dotted curve labeled “standard” in Fig. 1(b) to the left
side while fixing the bottom part. This is a possible reason why
the switching sharpness is enhanced in couplers having VCC as
compared to conventional couplers.

Secondly, as explained previously, from Fig. 1(b) one can
easily see that the switching power in couplers having VCC is
smaller and can be reduced up to two times compared to the
standard switching power. Because the switching sharpness in
three-core couplers is improved at the expense of the higher
switching power in comparison to the standard switching [6],
[7], thus the switching power in couplers having VCC can be
even much smaller than the one in three-core couplers.

Thirdly, in the case of couplers having VCC the multiple
switching is possible if the coupler is long enough. For in-
stance, when L = 4c as indicated by the blue solid curve with
U-like pattern in Fig. 1(b), the switching can happen around two
normalized input powers Pi/Pc = 0.59 and 0.86 (compared to
Pi/Pc = 1.07 for couplers having CCC). This multiple switch-
ing has also been reported for nonlinear junctions [9], [10]. It is
worth mentioning that in the case of conventional couplers hav-
ing CCC the coupler length is a crucial parameter determining
switching characteristics. It can be numerically shown that the

overall switching characteristics in couplers having CCC will
be worse if the coupler length is much different from Lc . On
the contrary, the length of couplers having VCC can be cho-
sen in a much larger range in which they still maintain good
performance as switching device.

For the sake of completeness in comparing the switching per-
formance between couplers having CCC and VCC, and also for
understanding the reason why the multiple switching is possible
with couplers having VCC, in Fig. 1(d) we show the relative out-
put power Pi−j as a function of the normalized input peak power
p = Pi/Pc for conventional two-core couplers having CCC with
coupler length L = 4Lc . It is clearly shown in Fig. 1(d) that the
switching performance of couplers having CCC gets worse in
this case as compared to couplers having VCC. Indeed, although
from the bottom of the letter V one can switch into both sides
and vice versa, but because the region of the bottom of the
letter V is very tiny (unlike the letter U), it would be difficult
to switch exactly into the bottom of the letter V (and we need
to switch into that bottom in order to have a good switching
contrast). Moreover, the oscillatory features on the right-hand
side of the letter V in Fig. 1(d) have big amplitudes, thus they
would decrease the switching contrast when the switching takes
place from the bottom of the letter V to the right-hand side and
vice versa. As clearly shown in Fig. 1(b) and (d), at the length
L = 4Lc another weak point of couplers having CCC is the
switching sharpness with the letter V as compared to the letter
U. The similar switching behavior with V-like pattern also hap-
pens at the coupler length L = 2Lc for conventional couplers.
This is understandable, because for conventional couplers with
the length L = 2qLc , where q is an integer number, in the linear
regime when the input power is small, at the output light will
be transferred back to the input core [4]. Meanwhile, at large
input powers, light also gets trapped in the same input core. On
the other hand, at the intermediate input powers a big amount
of input light can be transferred to the other core. Therefore,
the switching with V-like pattern is possible in conventional
couplers with the length L = 2qLc . For couplers having VCC,
the switching with V-like pattern can also be possible, however,
as explained above, the switching sharpness of couplers having
VCC is enhanced as compared to conventional couplers, thus the
letter V is transformed into the U letter. This is a possible mech-
anism explaining the multiple switching with U-like pattern in
couplers having VCC as shown in Fig. 1(b). Note that unlike
the coupler length L = 2qLc with q being an integer number
required to form the V-like pattern for conventional couplers,
in order to obtain the U-like pattern for couplers having VCC
the coupler length can be varied in a large range, provided that
couplers are long enough. The specific coupler length L = 4Lc

with the factor of 4 for the U-like pattern shown in Fig. 1(b) for
couplers having VCC is just a coincidence.

One of crucial parameters for couplers having VCC operating
as a switching device is the angle θ formed by the two cores. It is
obvious that the angle cannot be large, otherwise, the coupling
coefficient will decrease (increase) extremely fast along z if
light propagates from the front (rear) end to the rear (front) end
in Fig. 1(a). As a result, the device will operate as a coupler
for a very short length at the front end, but for the big portion
at the rear end the two cores are practically not coupled. For
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Fig. 2. (Color online) Switching for super-Gaussian input pulse with m = 15
in couplers having VCC. All labels in Fig. 2(a) have the same meanings as labels
in Fig. 1(b). (b) Normalized angles of incline of the tangent line at each point on
the curves in Fig. 2(a) are shown correspondingly in Fig. 2(b). The type and color
of curves in Fig. 2(a) and corresponding curves in Fig. 2(b) are the same. (c) and
(d) Intensity profiles for the input and output pulses when p = N 2 /Pc = 0.85
and 0.88, respectively, for couplers having VCC with length L = 4Lc .

such a short coupler length the device is not able to perform the
switching well. On the other hand, if the angle θ is too small, we
will have a device similar to conventional couplers. For specific
parameters used in Fig. 1 our simulations show that, in order to
perform the switching well, the angle θ should have a value of
several milliradian.

IV. OPTICAL SWITCHING WITH PULSES

High power CW beams often cause damage to optical materi-
als. A common practical solution is to use pulses with high peak
power. When input pulses are used instead of CW beams, one
needs to use all terms in (1)–(2) and in (4)–(5). It has been exper-
imentally demonstrated that in conventional two-core couplers
square pulses can be switched much better than bell-shaped
pulses [18]. So, in this paper we will focus on super-Gaussian
pulses with flat top which resemble square pulses. Fig. 2(a) illus-
trates this case when a super-Gaussian pulse is launched at one
port, for instance A1 = Nexp[-0.5(t/T0)2m ] and A2 = 0 with
T0 = 1ps and m = 15. The super-Gaussian pulse will resemble
the square pulse more and more when the parameter m increases.
All curves shown in Fig. 2(a) denote the same meanings as the
corresponding ones in Fig. 1(b) (only now the input is a super-
Gaussian pulse). The normalized angle of incline α/(π/2) of
the tangent line at each point on the curves in Fig. 2(a) are shown
correspondingly in Fig. 2(b). The type and color of curves in
Fig. 2(a) and corresponding curves in Fig. 2(b) are the same.
Comparing Fig. 1(b) with Fig. 2(a), Fig. 1(c) with Fig. 2(b) one
can see that switching characteristics such as switching sharp-
ness, switching power, multiple switching with long enough
couplers almost remain unchanged, only the switching ratio is
slightly reduced in the super-Gaussian case [curves with label
P1−2 and P2−1 do not go up to the maximum value (unity)
in Fig. 2(a), whereas they do touch that level in Fig. 1(b)]. In
most cases, the switching ratio of couplers having VCC and

Fig. 3. (Color online) Pulse propagation in cores of couplers having VCC
with length L = 4Lc . (a) and (b) p = 0.85: pulse is launched from port 1, then
propagates in both cores 1 and 2, respectively. (b) and (d) Same as (a) and (b),
but now p = 0.88.

standard ones is practically the same [compare the red dashed
and green dashed-dotted curves versus black dotted curves in
Fig. 1(b) and Fig. 2(a)]. The switching ratio of couplers having
VCC decreases for the case where the multiple switching hap-
pens [compare blue solid curves versus other curves in Fig. 1(b)
and Fig. 2(a)]. But it is noteworthy to mention that the multiple
switching is impossible with standard couplers.

For this specific case with large pulse duration (T0 = 1 ps)
our numerous calculations show that the Raman part contained
in the response function R(t) in (1)–(2) does not play a big role
in the pulse propagation process, thus one can simply take the
Kerr nonlinearity to simulate (1)–(2).

In the remainder of this paper we will analyze in detail the
switching process of that super-Gaussian pulse in couplers hav-
ing VCC with the length L = 4Lc . Fig. 2(c) and (d) show
the intensity profiles for the input and output pulses when
p = N 2/Pc = 0.85 and 0.88, respectively, for couplers hav-
ing VCC with length L = 4Lc ; whereas Fig. 3 shows the pulse
propagation in two cores of couplers. At first, we take the value
p = N 2/Pc = 0.85 for the input pulse [see Fig. 2(c)]. This value
corresponds to the input super-Gaussian pulse (launched to the
port 1) with the label I0 in Fig. 2(c) and one point in the dip
(P1−2 = 0.17) of the blue solid curve in Fig. 2(a) close to the
vertical fragment. With this initial condition, at the output, only
a small portion of energy (17% of the input) will be collected at
the port 2 [indicated by the curve with label I1−2 in Fig. 2(c)],
whereas much of the energy (83%) will be transferred to the port
4 [indicated by the curve with label I1−4 in Fig. 2(c)]. The pulse
propagation in cores 1 and 2 for this case (p = 0.85) is shown
in Fig. 3(a) and (b), respectively. From Fig. 3(a) and (b) one can
see that only a small portion of input energy will remain in the
core 1 during the propagation, whereas much of input energy
will be transferred from the core 1 to the core 2.

Now the opposite outcome will happen if we slightly increase
the energy of the input pulse p from 0.85 to 0.88 [see the input
curve with the label I

′
0 in Fig. 2(d)]. With this slight increase

in energy for the input, the corresponding point on the blue
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solid curve in Fig. 2(a) will jump up from the dip (P1−2 =
0.17) to the high level (P1−2 = 0.82). Correspondingly, at the
output, a great portion of energy (82% of the input) will now
be collected at the port 2 [indicated by the curve with label
I

′
1−2 in Fig. 2(d)], whereas only a small portion of the energy

(18%) will be transferred to the port 4 [indicated by the curve
with label I

′
1−4 in Fig. 2(d)]. The pulse propagation in cores

1 and 2 for this case (p = 0.88) is shown in Fig. 3(c) and (d),
respectively. From Fig. 3(c) and (d) one can see that now a great
portion of input energy will remain in the core 1 during the
propagation, whereas only a small amount of input energy will
be transferred from the core 1 to the core 2. So, it is possible
that one can steer a great amount of the energy of a strong input
pulse to a desirable output port just simply by turning ON/OFF
a very weak controlling pulse. It is noteworthy to mention that
the switching in couplers is based on the optical Kerr effect,
so the switching could be as fast as 8ps for couplers made of
AlxGa1−xAs [19] and even faster if other materials with almost
instantaneous response time for Kerr effect, for instance, fused
silica [14], are used.

V. SUMMARY

In conclusion, we demonstrate numerically that a coupler
consisting of two waveguides forming a small angle is able to
switch CW beams or super-Gaussian pulses to desirable output
ports. The switching characteristics such as switching sharp-
ness, switching power of this coupler are much enhanced as
compared to the conventional coupler consisting of two parallel
cores. In particular, the switching sharpness of the new couplers
can be almost ideal. The switching power of the new coupler
is smaller and can be reduced up to two times compared to the
standard switching power in the conventional coupler. The mul-
tiple switching of the new coupler can also be realized at two
and even more ranges of input powers, provided that the coupler
length is long enough. Our results suggest that this new kind of
coupler can have great potential in ultrafast nonlinear switching
applications.

ACKNOWLEDGMENT

The authors would like to thank F. Biancalana for useful
discussions

REFERENCES

[1] S. M. Jensen, “The nonlinear coherent coupler,” IEEE J. Quantum. Elec-
tron., vol. QE-18, no. 10, pp. 1580–1583, Oct. 1982.

[2] A. A. Maier, “Optical transistors and bistable devices utilizing nonlinear
transmission of light in systems with undirectional coupled waves,” Sov.
J. Quantum. Electron., vol. 12, pp. 1490–1494, Oct. 1982.

[3] K. Kitayama and S. Wang, “Optical-pulse compression by nonlinear cou-
pling,” Appl. Phys. Lett., vol. 43, pp. 17–19, Apr. 1983.

[4] G. P. Agrawal, Applications of Nonlinear Fiber Optics, 2nd ed. San Diego,
CA, USA: Academic, 2008, pp. 54–99.

[5] S. R. Friberg, A. M. Weiner, Y. Silberberg, B. G. Sfez, and P. S. Smith,
“Femtosecond switching in a dual-core-fiber nonlinear coupler,” Opt.
Lett., vol. 13, pp. 904–906, Oct. 1988.

[6] Y. Chen, A. W. Snyder, and D. J. Mitchel, “Ideal optical switching by non-
linear multiple (parasitic) core couplers,” Electron. Lett., vol. 26, pp. 77–
78, Jan. 1990.

[7] N. Finlayson and G. I. Stegeman, “Spatial switching, instabilities, and
chaos in a three-waveguide nonlinear directional coupler,” Appl. Phys.
Lett., vol. 56, pp. 2276–2278, Jun. 1990.

[8] M. G. da Silva, A. F. Teles, and A. S. B. Sombra, “Soliton switching in
three-core nonlinear directional fiber couplers,” J. Appl. Phys., vol. 84,
pp. 1834–1842, Aug. 1998.

[9] Y. Silberberg and B. G. Sfez, “All-optical phase- and power-controlled
switching in nonlinear waveguide junctions,” Opt. Lett., vol. 13, pp. 1132–
1134, Dec. 1988.

[10] J. P. Sabini, N. Finlayson, and G. I. Stegeman, “All-optical switching in
nonlinear X junctions,” Appl. Phys. Lett., vol. 55, pp. 1176–1178, Sep.
1989.

[11] G. J. Liu, J. Liu, B. M. Liang, Q. Li, and G. L. Jin, “Nonlinear optical
switching matrix,” Opt. Lett., vol. 28, pp. 1347–1349, Aug. 2003.

[12] Tr. X. Tran and F. Biancalana, “Nonreciprocal behavior and switching in
optical couplers with longitudinally varying coupling coefficient,” Opt.
Lett., vol. 37, pp. 1772–1774, May 2012.

[13] R. Tewari and K. Thyagarajan, “Analysis of tunable single-mode fiber
directional couplers using simple and accurate relations,” J. Lightw. Tech-
nol., vol. 4, no. 4, pp. 386–390, Apr. 1986.

[14] G. P. Agrawal, Nonlinear Fiber Optics, 5th ed. New York, NY, USA:
Academic, 2013.

[15] F. Lederer, G. I. Stegeman, D. N. Christodoulides, G. Assanto, M. Segev,
and Y. Silberberg, “Discrete solitons in optics,” Phys. Rep., vol. 463,
pp. 1–126, Apr. 2008.

[16] S. Adachi, “GaAs, AlAs, and Alx Ga1−x As: Material parameters for use
in research and device applications,” J. Appl. Phys., vol. 58, pp. R1–R29,
Apr. 1985.

[17] P. Millar, J. S. Aitchison, J. U. Kang, G. I. Stegeman, A. Villeneuve,
G. T. Kennedy, and W. Sibbett, “Nonlinear waveguide arrays in AlGaAs,”
J. Opt. Soc. Amer. B, vol. 14, pp. 3224–3231, Nov. 1997.

[18] A. M. Weiner, Y. Silberberg, H. Fouckhardt, D. E. Leaird, M. A. Saifi,
M. J. Andrejco, and P. W. Smith, “Use of femtosecond square pulses to
avoid pulse break-up in all-optical switching,” IEEE J. Quantum Electron.,
vol. 25, no. 12, pp. 2648–2655, Dec. 1989.

[19] A. D. Bristow, J.-P. R. Wells, W. H. Fan, A. M. Fox, M. S. Skolnick,
D. M. Whittaker, A. Tahraoui, T. F. Krauss, and J. S. Roberts, “Ultrafast
nonlinear response of AlGaAs two-dimensional photonic crystal waveg-
uides,” Appl. Phys. Lett., vol. 83, pp. 851–853, Jun. 2003.

Truong X. Tran was born in Thai Binh city, in 1975. He received the B.S.
and M.S. degrees in laser techniques and laser technologies from the Saint Pe-
tersburg National Research University of Information Technologies, Mechanics
and Optics, Saint Petersburg, Russia, in 2002 and 2004, and the Ph.D. degree in
optics from the same university, in 2007. In 2009–2012, he was a Postdoctoral
Researcher at the German Max Planck research group “Nonlinear Photonic
Nanostructures” at the Max Planck Institute for the Science of Light, Erlangen,
Germany. Since 2013, he has been a Lecturer at the Department of Physics, Le
Quy Don University in Hanoi, Vietnam. He is the author of about 30 scientific
articles in peer-reviewed journals. His research interests include linear and non-
linear fiber optics, optical solitons, waveguide arrays, photonic crystal fibers,
simulation of quantum effects with optical platforms, and laser technologies.
Dr. Tran has won a project to establish a Max Planck Partner Group in Hanoi
from 2013–2016 with a potential two-year extension (up to 2018). This Partner
Group has been financially supported by the German Max Planck Society for
the Advancement of Science.

Xuan N. Nguyen was born in Hanoi city, in 1976. He received the B.S. and M.S.
degrees in theoretical physics and mathematical physics from Hanoi National
University, Hanoi, Vietnam, in 1999 and 2003, and the Ph.D. degree in quantum
field theory from the same university, in 2009. Since 2009, he has been a Lecturer
at the Department of Physics, Le Quy Don University, Hanoi, Vietnam. He is
the author of about ten scientific articles in peer-reviewed journals. His research
interests include high energy physics, gauge field theory, gravity theory, methods
of mathematical physics, and nonlinear fiber optics. Dr. Nguyen has been a
member in Dr. Tran’s Max Planck Partner Group in Hanoi since 2013.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


