
COL 9(4), 041902(2011) CHINESE OPTICS LETTERS April 10, 2011

Bidirectionally tunable all-optical switch based on multiple
nano-structured resonators using backward

quasi-phase-matching
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Based on the second-order nonlinearity, we present a bidirectional tunable all-optical switch at C-band
by introducing backward quasi-phase-matching technique in Mg-doped periodically poled lithium niobate
(MgO:PPLN) waveguide with a nano-structure called multiple resonators. Two injecting forward lights
and one backward propagating light interact with difference frequency generations. The transmission of
forward signal and backward idler light can be modulated simultaneously with the variation of control
light power based on the basic “phase shift” structure of a single resonator. In this scheme, all the results
come from our simulation. The speed of this bidirectional optical switch can reach to femtosecond if a
femtosecond laser is used as the control light.

OCIS codes: 190.4390, 130.3120, 130.3130, 230.1150.
doi: 10.3788/COL201109.041902

Optical switch in lightwave communication has been
proposed for a long time. It aims to achieve controllable
optical signals using interruption in optical paths during
transmission to set optical devices on “ON” or “OFF”
states. Typically, optical switch has one or several trans-
mission windows. The function of optical switch can be
implemented in several ways, such as all-optical switching
in a warm laser pumped rubidium vapor or in the silicon
with a micrometer-sized planar ring resonator, or ultra-
fast low-power photonic-crystal all-optical switching with
high switching efficiency[1−3]. However, most of them
can perform the optical switching function in a single
direction rather than in two directions or in only a single
channel rather than multiple channels, allowing them
to be switchable simultaneously. In this letter, based
on the second-order nonlinearity in nano-structured res-
onators of optical crystal, we propose a type of optical
switching based on magnesium doped periodically poled
lithium niobate (MgO:PPLN)[4−6], which can perform
double-way modulation in a single device and carry out
a simultaneous tunable bidirectional switching. Note
that an all-optical wavelength conversion can also be
achieved accompanied with an all-optical switching in
our presented scheme, enhancing the multifunctional
photonic integration in one optical device.

In this letter, we focus on the idea of back-propagation
frequency conversion in quasi-phase-matching (QPM),
which is used to study the slowing down of the
group velocity of light beams based on the second-
order nonlinearity[7]. This technique can make a large
difference transmission of signal at different wavelengths.
Thus, by designing the waveguide configuration, the all-
optical switching of both signal and idler lights can be
realized, continuously modulating the transmission of
multiple wavelengths by the control light. Thus, the va-
riety of control light can determine the adjustability of
the device. The switching state for forward signal light

can be transformed at a tunable signal wavelength range
due to the different parameter designs in the waveguide.
At the same time, the switching state can affect the
backward idler, i.e., the idler state of transmission is
opposite to the signal.

Figure 1 shows the schematic of the tunable optical
switch, which consists of MgO:PPLN waveguide as the
main body. The signal light of 1550 nm is located in the
C-band of optical communication, and the control light
is set to 1600 nm, which is used as a key button that
can change the state of the switch to “ON” or “OFF”.
In Fig. 1, the signal and control lights are injected into
the waveguide from the left side, and the incidence of
the idler light is from the right side. The wavelength of
the idler light is set to 730 nm for the backward QPM
(BQPM) condition. Moreover, the other lights propa-
gating in the waveguide should satisfy the QPM of the
difference frequency generation (DFG), i.e., ωi = ωs+ωc,
where ωi is the frequency of the idler light, ωs is the fre-
quency of the signal light, and ωc is the frequency of
the control light. Moreover, the phase shift between
the periodic positive and negative domains needs to be
considered as well (Fig. 2). The basic structure called
single resonator (SR) involves a phase shift in the sign of
χ(2), whose length is 2L and the magnitude is microscale.
With two neighboring SR structures, light energy can be
transmitted and reflected due to the frequency conversion
and interactional energy exchange. The large number of
SRs makes the linear array modulate the propagating
beams in a waveguide[7−9]. Figure 2 shows the schematic
of the 3.64-cm-long multiple resonator (MR) waveguide,
with the waveguide length l=2NL, where N is the SR
population and 2L is the unit length of SR. In this kind
of waveguide, we consider two segments of equal length
L in a SR but with the reversed signs of χ(2) as the
“phase shift” of QPM. It is equivalent to a Fabry-Perot
cavity with nonlinear mirror, which introduces the phase
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Fig. 1. Schematic diagram of a tunable all-optical switch
with MR in a MgO:PPLN waveguide. TL: tunable laser; PC:
polarization controller; OC: optical coupler; EDFA: erbium-
doped fiber amplifier; C: collimator; OSA: optical spectral
analyzer.

Fig. 2. Schematic diagram of nano-structured resonators. (a)

SR consisting of the BQPM waveguide, where the sign of χ(2)

reverses periodically with one phase shift in the middle; (b)
MR consisting of a large number of SR. In our simulation, N
= 30, L = 606.7 µm, and the effective transverse area of MR
waveguide is Sw =1 µm2.

shift of the nonlinear coefficient d31
[7]. In the cavity, the

forward-propagating photons with a frequency ω0 will
be reflected as backward-propagating photons with the
new resonant frequency ω′

0 = ω0 +ωc satisfying the DFG
condition. These behaviors of the forward light and back-
ward light are both similar to those when they propagate
in the waveguide, satisfying the Bragg condition. The en-
ergy flow of the forward light is continuously transferred
to the backward light with the variation in control light
power based on the “phase shift” structure in SR. The
function of a large number of SRs is considered a cou-
pled BQPM MR; thus, this kind of waveguide structure
can engender two high reflectivity bands for the incident
forward light and two high transmission bands for the
incident backward light in the spectrum, respectively[10].
Hence, this characteristic of MR waveguide can be uti-
lized to implement tunable optical switching.

Assuming all lights to be TM polarization, a set of cou-
pled equations for counterpropagating waves in the DFG
process is derived as follows:

dAs

dz
= κAiej2∆βz,

dAi

dz
= κAse−j2∆βz,

(1)

where As, Ai represent the electric fields of the signal and
idler, respectively. The total phase mismatching is

∆β = βs + βi + βc − 2π/Λ, (2)

where βs, βi, and βc are the propagation constants as-
sociated with ωs, ωi, and ωc, respectively, which are the
angular frequencies of signal, idler, and control lights; Λ
is the poling period of BQPM.

In Eq. (1), the coupling coefficient can be expressed as

κ =
4
π

d31

c

√
ωsωi

nsninc
η0

Pc

Sw
, (3)

where Pc is the control power, η0 is the vacuum
impedance, Sw is the effective transverse area of the
waveguide, and ns, ni, nc are the refractive indices of
the signal, idler, and control lights, respectively. In our
scheme, we choose 1550 and 730 nm as the wavelengths
of the signal light and the idler light, respectively. Thus,
N = 30 and L = 606.7 µm. Λ is equal to 182 nm to
satisfy Eq. (2), where the grating period of 182 nm is
too small to be fabricated in our laboratory currently.
However, the precision nanoscale domain engineering of
lithium niobate through ultraviolet laser-induced inhibi-
tion of poling has been realized[11], which can make the
proposal of the nano-structured resonators in this letter
feasible.

To characterize the MR waveguide structure, we first
calculate the reflection and transmission coefficients of
this device as[7,12−14]

r =
Ai(0)
As(0)

= −κ

s

tanh sl

1 + j∆β
s tanh sl

,

t =
As(L)
As(0)

=
cosh−1 sl

1 + j
∆β

s
tanh sl

,

(4)

where s =
√

κ2 − (∆β)2.
To illustrate how to realize a tunable bidirectional all-

optical switch in this structure, we investigate the power
of the signal and idler dependent on the power of control
light by tuning the signal from 1548 to 1552 nm, where
the control light and idler are fixed at 1600 and 730 nm,
respectively. To solve the mode matching problem in the
waveguide, we can generate idler light at 730 nm through
broadband QPM second harmonic generation[5] by in-
putting 1460-nm wavelength[15]. There are two types of
PPLN waveguides that can be utilized in optical com-
munications: proton-exchanged PPLN waveguide, which
can be doped by Mg[15], and titanium-diffused PPLN
waveguide[16]. In our scheme, the MR waveguide sample
for the optical switch with the length of 3.64 cm can be
fabricated by the first method, where the crystal sample
LiNbO3 is dealt with by the electrical poling method
and is thereafter annealed by the proton-exchanged pro-
cess. Here, we assume that the waveguide sample is a
3.64-cm-long lithium niobate crystal, with the effective
area of the waveguide as Sw = 1 µm2, ni = 2.1681, nc =
2.1285. Figure 3 (colorful online) shows the normalized
output profiles of signal light and idler light in the MR
waveguide. The cold-color region represents low power,
whereas the warm-color region denotes high power. At
the edge of the blue and red regions, the change in all-
optical switch states “ON” or “OFF” can be carried out
by manipulating the power of the control light. In Fig.
3(a), by increasing the control power, the normalized
output power of the signal is maintained at a near zero
value when the wavelength is 1550.7 or 1549.2 nm. The
blue region represents the near zero value of the control
power and is stretched in the signal profile. At the sig-
nals of λ1 = 1549 nm and λ2 = 1551 nm, the normalized
output power of the idler light is almost 1 (Fig. 3(b)) and
shows a performance opposite to that in Fig. 3(a). Note
that the located areas of the output power of signal (Fig.
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Fig. 3. Normalized output power of (a) signal light and (b)
idler light with variable powers of pump light in different
signal wavelengths, where λ1 = 1549 nm and λ2 = 1551 nm.

Fig. 4. Characteristic of the MR waveguide under two
different control powers Pc = 1 and 5 W. (a) Transmission of
signal light; (b) reflectivity of idler light.

3(a)) and idler (Fig. 3(b)) have the normalized values
of “1” to “0” as shown on the bar in Fig. 3. They are
dependent on the wavelength of the signal and the input
power of the control light, which make up the conditions
of all-optical switching.

In our proposal, the wavelength of the signal light at
the edge is about 1549 or 1551 nm. If the power of the
control light is increased from 1 to 5 W, a great con-

trast in the transmission of signal can be produced (from
“ON” state to “OFF”, as shown in Fig. 4(a)); the same
occurs for the reflectivity of the idler (from “OFF” state
to “ON”, as shown in Fig. 4(b)). Using the charac-
teristics of transmission between the signal and idler, a
“bidirectional optical switch” can be performed in the
MR structure simultaneously.

In Fig. 4(a), selecting the signal wavelength of 1549
and 1551 nm, respectively, when Pc = 1 W, the trans-
mission of signal is 0.87. Increasing the control power
to 5 W, the transmission of signal is decreased to 0.13,
which means that the signal changes from the “ON” state
to the “OFF” state. The extinction ratio is defined as
Re = 10 lg(PON/POFF), where PON and POFF are the
“ON” and “OFF” normalized optical powers; in Fig.
4(a), it emerges at 8 dB. The corresponding “ON” state
for Pc =1 W is at the wavelengths of λ1 and λ2, whereas
the “OFF” state for Pc = 5 W lies in the same wave-
length as the previously “ON” state.

In Fig. 4(b), assuming no loss in the optical crystal, the
transmission of idler varies from 0.13 to 0.87 at the sig-
nal wavelength of 1549 or 1551 nm. The idler goes from
the “OFF” state for Pc =1 W to the “ON” state for Pc

= 5 W. By comparing the simulated results in Figs. 3
and 4, the responses of the two beams (i.e., signal and
idler) have the similar and opposite characteristics. The
state of the idler switches from “OFF” to “ON” once the
control power is changed to 5 W. Evidently, the same
situation occurs in the “OFF” state of the signal. Thus,
the variety of control light can determine the adjustabil-
ity of the device. The switching to forward signal light
can be transformed from one single wavelength to an-
other depending on the different parameter designs of
the waveguide. At the same time, it can affect the be-
havior of the switching of backward idler, i.e., the idler
state of transmission is opposite to the signal.

Considering the fabrication errors in the grating spac-
ing dependence on sensitivity, these errors in the nonlin-
ear frequency conversion efficiency of signal or idler are
proportional to the length of the device[17], which is 3.64
cm in our design, whereas the fabrication errors’ magni-
tude is less than 1 µm. Thus, the sensitivity dependence
on grating errors has 10−4 orders of magnitude, which
has no influence on the switching performance. We also
study the wavelength sensitivity of MR optical switching.
If the transmission of signal or idler is less than 50%, the
switch can be considered invalid. Thus, in Fig. 4, the
maximum wavelength drift is less than 0.1 nm to make
the switch available when using the 3.64-cm-long waveg-
uide sample, which requires high long-term stability for
the input lasers. The bandwidth of our switch is related
to κ in Eq. (3). By increasing the value of κ, we can ob-
tain a wider bandwidth using a larger control power or
a smaller effective area of the waveguide. However, with
the increase in control power, the maximum wavelength
drift of the signal light allowed for the device can increase
up to 0.3 nm for PON = 1 W and POFF = 10 W.

In conclusion, we present a new method to achieve a
bidirectional all-optical switch with the BQPM technique
in a MgO:PPLN waveguide. In our simulation, three
separated light beams go through the waveguide with
different phenomena, which can carry out bi-passing op-
tical switching at the C-band. The second-order QPM
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nonlinear conditions and the power of control light pro-
vide the key contributions to the entire scheme. This
bidirectional all-optical switching has potential applica-
tions in optical integrated circuits in the future.
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