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Abstract

In this paper all-optical switching in a new photonic crystal
directional coupler is performed. The structure of the
switch consists of a directional coupler and a separate path
for a control signal called “control waveguide”. In contrast
to the former reported structures in which the directional
couplers are made by removing a row of rods entirely, the
directional coupler in our optical switch is constructed by
two reduced-radius line-defect waveguides separated by the
control waveguide. Furthermore, in our case the background
material has the nonlinear Kerr property. Therefore, in the
structure of this work, no frequency overlap occurs between
the control waveguide mode and the directional coupler
modes. It is shown that such a condition provides a very
good isolation between the control and the probe signals at
the output ports. In the control waveguide, nonlinear Kerr
effect causes the required refractive index change by the
presence of a high power control (pump) signal. Even and
odd modes of the coupler are investigated by applying the
distribution of the refractive index change in the nonlinear
region of a super-cell so that a switching length of about 94
um is obtained at the wavelength of 1.55 um. Finally, all-
optical switching of the 1.55 pm probe signal using a
control signal at the wavelength of 1.3 um, is simulated
through the finite-difference time-domain method, where
both signals are desirable in optical communication
systems. A very high extinction ratio of 67 dB is achieved
and the temporal -characteristics of the switch are
demonstrated.
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1. Introduction

In the past two decades, photonic crystal (PhC) emerges as a
promising technology for optical integrated circuits. This
structure is made of periodic dielectric materials in micron
scale. PhC demonstrates unique optical properties, where the
most interesting one is having adjustable photonic band gap
[1,2]. On the other hand, slow light phenomenon that can be
attained in PhC waveguides is known as a suitable approach
to increase light-matter interactions [3-5]. By this approach,

realization of ultra small nonlinear PhC devices is accessible
[6-8]

A small scale all-optical switch in which the switching path
of optical packets is controlled by another optical wave is a
key component in recent optical systems [9]. In recent years
many different structures have been proposed to implement
all-optical switches. In almost all of the proposed structures
the propagation properties of the devices are fine-tuned by
using materials containing nonlinear optical properties
[10,11]. Among the various nonlinear optical effects, Kerr
effect can be used for all-optical switching operation.

Optical switches using directional couplers which are
primarily proposed by Jensen [12] are based on optical
nonlinearities. Hence, materials in which the nonlinear Kerr
effect is strong enough are used in the waveguides of the
coupler. Thus, by modulating the index of refraction of
either the core or the cladding of the waveguides by a
control signal, the propagation constants of the modes along
the coupler can be modulated accordingly. Therefore, the
coupling length and the power of the control signal have to
be determined accurately to switch the optical signal path
toward the appropriate output ports. So far, many all-optical
switches using directional couplers including the PhC ones
have been designed and demonstrated [13-15]. In fact, an
optical switch based on PhC directional couplers comprising
two parallel waveguides adjacent to each other is the most
appropriate one. In this device, the required coupling length
and control power for switching is reduced considerably due
to the slow light effect.

Here in this paper, first the structure of the proposed
PhC directional coupler for all-optical switching is
introduced. The band structure of the switch with its
corresponding control waveguide and directional coupler
modes are calculated and shown to demonstrate the
improvement obtained in this structure. In section 3, the
principles of the switching in such a structure are presented
and the length of the switch is calculated through the
analysis of the directional coupler modes. Finally in section
4, all-optical switching of the probe signal at the
wavelength of 1.55 pm using a high power pump signal at
the wavelength of 1.3 pm is performed and different
characteristics of the switch including the high extinction
ratio are investigated.



2. Proposed structure

The schematic diagram of the all-optical switch is shown in
Fig. 1. As it is seen, in addition to the PhC directional
coupler, there is a separate path for control signal located
between the waveguides of the directional coupler. In this
path which is called “control waveguide”, the nonlinear
optical Kerr effect is applied [14].

In the proposed optical switch, as shown in Fig. 2, the PhC
lattice arrangement is triangular of lattice constant a. It
consists of rods with high refractive index of ny= 3.5 and
radii of 0.2a embedded in a background material with low
refractive index of n;= 1.3 . This structure has an optical
band gap for TM modes within the normalized frequency
range of 0.265 < a/A < 0.386, where A is the wavelength in
free space.
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Figure 1: Schematic diagram of the all-optical switch based on a
directional coupler.
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Figure 2: Structure of the proposed all-optical switch based on a
PhC directional coupler.

Several methods are known to introduce and control the
dispersion curves of guided modes in the photonic band gap
of a PhC [16]. In order to have a path for the control signal,
a single-mode waveguide is made by removing a row of
dielectric rods from the center of the structure as shown in
Fig. 2. In addition, the width of this waveguide is reduced by
moving the lower half of the structure upward and the upper
half downward. By decreasing the width of the control
waveguide, the dispersion curve of the guided mode shifts
toward lower frequencies. Consequently, in the structure
shown in Fig. 2, the control waveguide is constructed in
such a way that a pump signal at the wavelength of 1.3 pm
is guided when its width is reduced to o_g(aﬁ ). Afterward,

the PhC directional coupler is created by setting two
symmetric single-mode waveguides at the top and bottom of
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the control waveguide. Each waveguide of the coupler is
constructed by reducing the radius of a row of dielectric rods
to 0.la, as shown in Fig. 2. However, in the previous
structures reported in [13-15], the directional coupler is
made by removing a row of rods entirely. Applying such a
modification in this work provides the following advantages.
Fig. 3 shows the band structure of the proposed all-optical
switch. As it is shown, there are three guided modes within
the band gap including the control signal mode, odd and
even directional coupler modes. The control signal mode has
an even symmetry and is strongly confined within the
control waveguide. Since there is no frequency overlap
between the control waveguide mode and the directional
coupler modes (see Fig. 3), it is guaranteed that the control
signal cannot leak to the waveguides of the directional
coupler. This is an improvement with respect to the old
similar structures [14,15]. Therefore, a very good isolation
between the optical signals at the output ports of the switch
is expected. It is shown in the last section that by utilizing
the proposed switch, a higher extinction ratio is achievable.
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Figure 3: Band structure of the proposed all-optical switch shown
in Fig. 2.

3. Theory of switching

A 2 x 2 directional coupler consists of two adjacent
parallel waveguides and has two eigenmodes referred to as
even and odd modes. The length of the adjacent waveguides
at which the phase difference between these two modes are
odd multiple of m, is called the coupling length and is
obtained as follows:

(2n+1)7r
ke_ko

c=

)

where n is an integer number and k. and k, are wave-
numbers of the even and odd modes, respectively. Similarly,
if the phase difference between the two modes is even
multiples of & (i.e. 2mm) lightwave is fully coupled to the
first waveguide again.

The refractive index of the nonlinear Kerr material, at the
presence of an intensive optical signal, changes in
proportion to the intensity of the optical field as follows:



n=n,+n,l )
where ny is the linear refractive index of the material, n,is
the nonlinear Kerr coefficient and / is the intensity of the
applied optical field. Therefore, by using Kerr effect in the
control waveguide the refractive index of the coupling
region between the coupler waveguides will be modulated in
proportion to the intensity of the control signal.
Consequently, the dispersion curves of the even and odd
modes are displaced. Hence, in the nonlinear case and at a
specific frequency, wave-numbers of the odd and even
modes are changed into k,,;, and k..., respectively. For
switching operation based on the directional coupler the
following conditions must be satisfied [17]:

ke,lin - ko,lin LSW = (2n + 1)” (3)
ke,nlin - ko,nlin LSW = 2m (4)

where k., and k, ;, are wave-numbers of the even and odd
modes in the linear case, respectively. Lgy is the switching
length as shown in Fig. 2. From Eq. (3) and Eq. (4), the
switch length can be obtained as follows [17]:
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Fig. 4 shows the distribution of the refractive index change
within the nonlinear control waveguide at the presence of
the control signal. We determine the optical intensity of the
control signal in such a way that maximum value of the
refractive index change of An,.x = 0.1 at the center of the
control waveguide is obtained. It is trivial that the refractive
index changes are periodic over the entire length of the
control waveguide with a periodicity of the lattice constant
a.

The value of the lattice constant is taken as a = 465 nm in
order to set the operating point of a/A = 0.3 at A= 1.55 pum.
The Even and odd modes of the photonic crystal directional
coupler around the wavelength of 1.55 pm are shown in
Figs. 5(a) and (b), respectively. Each figure shows both the
linear and nonlinear cases of the corresponding modes. The
dispersion curves of the modes in the nonlinear cases are
achieved by introducing the refractive index distribution
within the control waveguide shown in Fig. 4 in our
calculation. Using the value of the wave-numbers shown in
Figs. 5(a) and (b) and according to Eq. (5) the switching
length of Lgy = 203a at the wavelength of 1.55 um is
obtained that is about 94 um for the considered value of the
lattice constant.

At the end of this section, the estimated switching length
vs. wavelength for different values of maximum refractive
index changes in the control waveguide is also depicted in
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Fig. 6. As can be seen, for larger values of refractive index

changes, shorter switching lengths are required.
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Figure 4: Distribution of the refractive index change within the
control waveguide when an intense control signal is applied.
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Figure 5: Dispersion curves of (a) the even and (b) the odd modes
of the directional coupler for the linear and nonlinear cases.
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Figure 6: The relationship between the switching length of the
PhC directional coupler and the wavelength for different values of
maximum refractive index changes in the control waveguide.



4. Simulation results and discussion

Now, in order to observe the operation of the proposed
switch, the structure is simulated using finite-difference
time-domain (FDTD) method along with fully absorbing
layers at the borders to minimize reflections from the outer
boundary of the computational cell. The resolution is set to
47 x 47 pixels/ pm?. First, the linear case of the switch in
which no control signal is launched, is considered. As it is
shown in Fig. 7(a), the input signal at the wavelength of 1.55
pm (probe signal) is transmitted to the output port 1. In the
nonlinear case, the control signal with the appropriate power
and at the wavelength of 1.3 um is launched at the input of
the control waveguide to induce the desired maximum
refractive index change of 0.1. As it is expected, the probe
signal is directed to the output port 2 as shown in Fig. 7(b).

The transmitted powers to the output ports vs. wavelength
for the linear and nonlinear cases around the wavelength of
1.55 um are shown in Figs. 8(a) and (b), respectively. It is
seen that in both cases the power of the probe signal is
mostly transmitted to the desirable output port of each case.
From Figs. 8(a) and (b) an extinction ratio of 67 dB is
calculated that is a higher value compared with the previous
works [15,18]. It is also seen that the leakage of the power to
the output of the control waveguide is negligible. For the
sake of completeness, Fig. 8(c) is presented to show the
isolation between the output ports around the wavelength of
1.3 pm in the nonlinear case. In this case the control signal
at the wavelength of 1.3 pm is highly guided through the
control waveguide so that there is a great isolation between
the control waveguide and output ports 1 and 2.

At this point, it should be mentioned that from a practical
point of view there are some factors which result in radiation
losses in our proposed optical switch. Generally, one of the
main losses could be the one due to fabrication disorders.
Disorders in photonic crystals cause scattering and
reflections into the reverse-direction waveguide mode. Such
losses have an inverse relationship with the group velocity
of guided modes [19]. Therefore, disorder-induced losses are
so considerable in slow light regimes of modes like near the
band edges where the group velocities are very small.
However, in our proposed structure the operating points are
taken away from the band edges so that the group indices of
even, odd and control modes are 3.57, 4.76 and 5.56,
respectively. These values of group indices are much smaller
than moderately slow light waveguides with group indices
of approximately 20 [19]. Hence, significant disorder-
induced losses will not be expected in our proposed
directional coupler.

Finally in order to investigate the time-domain
characteristics of the switch, the power of the output ports 1
and 2 vs. time are presented in Fig. 9. The control and the
probe signals are turned on simultaneously at t = 0 to put
the switch in the nonlinear state. After t =2 ps the steady
state is obtained in which the probe signal is highly guided
to the output port 2. Att = 3 ps the control signal is turned
off for the linear case. It is seen that at t = 5 ps the probe
signal starts to travel toward the output port 1. The transition
time after which the probe signal is completely coupled to
the output port 1 is about 1 ps.
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Figure 7: Snapshots of the probe signal at the wavelength of 1.55
um propagating down the PhC directional coupler switch when
(a) no control signal is launched (linear case) and (b) a control
signal at the wavelength of 1.3 pm is launched (nonlinear case).
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Figure 8: Transmitted power to the output ports of the PhC
directional coupler for (a) the linear case, (b) the nonlinear case
around 1.55 um and (c) the nonlinear case around 1.3 um.



o
®
T

o
o
T

o
S
T

----- Output port 1 7
— Output port 2

Normalized power

o
)
T

ey k. "\ L L
3 4 5 6 7 8
Time (sec)

0 ‘
0 1
x10

Figure 9: FDTD results of the PhC directional coupler to show

its time-domain switching characteristics.

5. Conclusions

In summary, we proposed a new structure of PhC directional
coupler for all-optical switching. After presenting the
principles of the switching operation and calculating the
even and modes for the linear and nonlinear cases, the
required switching length of about 94 um at the wavelength
of 1.55 um was obtained. The transient simulation of the all-
optical switch using finite-difference time-domain method
was performed and the corresponding time-domain
characteristics were shown. A high extinction ratio of 67 dB
was obtained by our proposed structure that is an
improvement in comparison with the previous works. It was
also demonstrated that no frequency overlap occurs between
the control waveguide mode and the directional coupler
modes in our proposed structure which results in a good
isolation between the probe and control signals at the output
ports. As another advantage, we performed the all-optical
switching of a 1.55 pm probe signal using a control signal
with the wavelength of 1.3 um. As it is known, both of these
wavelengths are desirable in optical communication
systems.
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