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Proposal for a Tunable and Switchable
Multiwavelength Laser With Variable

Spacing Based on Broadband Cascaded
Quadratic Nonlinearity

Gang Qu, Yuping Chen, Mingjun Gong, and Xianfeng Chen

Abstract—A scheme to realize a tunable and switchable
multi-wavelength laser with variable wavelength spacing is
proposed based on broadband cascaded quadratic nonlinear
interactions in an aperiodically poled MgO-doped lithium niobate
(MgO:APPLN) waveguide. Four output wavelengths can be gener-
ated simultaneously from the laser and can be switched by tuning
the operation temperature of MgO:APPLN. Additionally, the four
output wavelengths of the laser can be selected by launching two
seeded lights with different wavelengths and wavelength spacing.
This device, capable of wavelength tunable function, will facilitate
applications in the fiber sensing and wavelength routing for dense
wavelength-division-multiplexed (WDM) networks.

Index Terms—Cascaded quadratic nonlinearity, multiwave-
length laser, optical frequency conversion.

I. INTRODUCTION

M ULTIWAVELENGTH laser sources have potential
applications in dense wavelength-division-multiplexed

(WDM) systems, optical instrument testing and characteriza-
tion, optical fiber sensors, and spectroscopy, and such light
sources are particularly in-demand in optical communication
because they provide an efficient and economical solution to
increase the flexibility of WDM systems [1]. Though some
kinds of tunable multiwavelength lasers have been proposed
and developed including multiple distributed-feedback (DFB)
lasers [2], multiwavelength Raman lasers [3], four-wave-mixing
(FWM) effect by utilizing high nonlinear fiber such as photonic
crystal fibers (PCFs) [4], [5], and dispersion shifted fibers
(DSFs) [6], etc, the output wavelengths of these multiwave-
length lasers are not conveniently tunable, which limits their
flexibility and functionality in applications.
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It is well known that, with the quasi-phase-matching (QPM)
technique, it is possible to realize expected wavelength con-
version with relatively high efficiency [7], [8]. Effective
QPM-based wavelength conversions have been demonstrated
with periodically poled LiNbO . However, one distinct
drawback of this kind of wavelength converter is that the
QPM-wavelength and temperature tolerances are very small
[9], [10]. One solution to this problem is using an aperiodic
optical superlattices (AOS) structure which can supply much
more reciprocal vectors for multiple QPM than that of peri-
odically poled crystals, and it has been employed to achieve
multiple and broadband QPM process [11]. Therefore, the cas-
caded nonlinear process, with the broadband second-harmonic
generation (SHG) [12] and difference-frequency generation
(DFG) [13] in AOS, is a novel and effective way to realize
the multiwavelength conversion. In our previous work, we
have reported a flexible multi-wavelength conversion exper-
imentally in periodically poled MgO-doped lithium niobate
(MgO:PPLN) [14], which is based on another type I broadband
QPM by employing the intrinsic dispersion of MgO doped
lithium niobate (MgO:LN) and polarization control of input
lights [15], [16]. The possible candidate way to construct a
multiwavelength laser is to use QPM cascaded second-order
interaction in lithium niobate waveguide, which can present
an ultrafast response, potentially low switching power, wide
wavelength coverage and integration compatibility with fiber
communication system [17], [18].

In this paper, based on our previous theoretical [13] and
experimental results [14], a novel scheme to realize a tun-
able and switchable multiwavelength laser in an aperiodically
poled 5-mol% MgO-doped lithium niobate (MgO:APPLN)
waveguide is proposed, which is implemented by the cas-
caded second-harmonic generation and difference-frequency
generation (cSHG/DFG) process at room temperature. The
wavelengths and the wavelength spacings of the output waves
can be tunable by changing the wavelengths and their spacing
of the two input pumps. In addition, the proposed multiwave-
length laser is also switchable via changing the operation
temperature, which could be beneficial to the flexibility of
WDM fiber network.

II. BASIC PRINCIPLE OPERATION

Fig. 1 shows the schematic diagram of the tunable multi-
wavelength laser in the MgO:APPLN waveguide. The insert is
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Fig. 1. Schematic diagram of the tunable multiwavelength laser in
MgO:APPLN waveguide. EDFA, erbium-doped fiber amplifier; PMF, po-
larization-maintaining fiber; PC, polarization controller; BPF, bandpass filter.

an illustration of the two pumps and the converted waves with
the same angular frequency spacing , and denote
pump waves, and , , and represent
converted waves. Here, we employ the quadratic cascading
nonlinear wavelength conversion in MgO:APPLN to generate
new wavelengths. This multiwavelength laser consists of a
MgO:APPLN waveguide as main device, two couplers, a
polarization controller, an EDFA as light power amplification,
PMFs, an isolator and a bandpass filter. The PC inserted after
the EDFA is to ensure the two input pumps as extraordinary
lights. The input pumps P1 and P2 participate in the cSHG/DFG
nonlinear interactions and generate new converted waves C12,
C21, C121 and C212 (the meanings of the number signs will be
explained in part III). The pump sources as seed lights are two
strong pumps at the 1.55 m in the configuration, which cannot
be used as pump for erbium-doped fiber (EDF). The waveguide
sample is divided into layers with the same thickness which
is less than the coherence length of the DFG process. The
positive and negative signs in each layer stand for the poling
orientations of QPM, corresponding to the signs of nonlinear
optical coefficient. The total length of LiNbO sample in our
proposed device is 19.8 mm, and it is divided into 6600 layers
with the same thickness 3 m of each layer. The irregular poling
orientation of each layer, corresponding to the sign of nonlinear
optical coefficient, can be determined through the simulated
annealing (SA) method when we select an appropriate object
function. And this aperiodical domain-inverted structure can
provide desirable reciprocal lattice vectors for multiple QPM
than that of periodically poled crystals to meet the expected
phase matching conditions, and it has been employed to achieve
multiple and broadband QPM process. [19], [20].

In the design, the flattop bandwidth of SHG QPM is sig-
nificant, which decides the numbers of output wavelengths
and their output powers. After specified calculation through
choosing the optical arrangement carefully, we can obtain the
prescribed broaden flattop bandwidth as shown in Fig. 2. Since
the pump and second-harmonic waves are all extraordinary

Fig. 2. Comparison of effective quadratic nonlinearity called � with dif-
ferent flattop bandwidths of 3 nm and 6 nm.

waves, the SHG process utilizes the largest component of the
nonlinear coefficient tensor . Then we use (1):

(1)

to calculate the conversion efficiency, where refers to the
reduction in effective nonlinearity comparing with that for the
perfect phase-match process[13], [21].

We design two AOS QPM structures and give their compar-
ison. We find that, there is a tradeoff between the conversion ef-
ficiency and the flattop bandwidth in designing this device. The
comparison of with different flattop bandwidths is shown
in Fig. 2.

The solid line and dashed line represent the 3 nm and 6 nm
flattop bandwidths with same central wavelength 1560.25 nm,
respectively. Obviously, if is bigger, the flattop bandwidth
is smaller. The maximal is about 0.112 with pre-designed
for 3 nm flattop bandwidth at 21 C. While the pre-designed
flattop bandwidth is 6 nm, the maximal approximately de-
creases to 0.075, which corresponds to lower conversion effi-
ciency.

III. THE QUADRATIC CASCADING NONLINEAR PROCESS

In the quadratic cascading nonlinear process of cSHG/DFG,
when the pump beam P1 ( ) propagating along the
MgO:APPLN waveguide, a second-harmonic wave SH1
( ) is yielded with the frequency doubled ( )
through the SHG process. In the subsequent DFG process,
pump beam P2 ( ) interacts with the second-harmonic
wave SH1 ( ) to generate a converted wave C12
( ). Here, C12 denotes the cSHG/DFG
process of , . Here-
after, C21 represents the process of ,

; C121 denotes the process of
, and C212 de-

notes the process of , .
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In the following discussions, we assume that the optical
waves propagate as a single waveguide mode along axis in
the MgO:APPLN waveguide. The propagation loss is neglected
since it does not qualitatively change the response of the device
except for reducing the amplitude of the field distribution. It
is noticed that the second-harmonic waves generated by the
converted waves C12 and C21 are neglected since the two input
pump powers are much higher than the powers of the C21
and C12. For simplicity, we take the generation of converted
wave C12 as an example to illustrate the nonlinear process and
calculation in the following discussion.

A. Coupled Equations

Under the slowly varying envelope approximation and non-
depletion approximation during the cSHG/DFG processes, the
cSHG/DFG processes can be modeled by a set of simplified
coupled equations.

(2a)

(2b)

(3a)

(3b)

where , and represent, respectively, the field distribu-
tion, wavelength and power at . The subscripts denote the
pump P1, pump P2, second-harmonic wave SH1 and converted
wave C12, respectively. The refractive indexes of different ex-
traordinary optical waves can be given by Sellmeier equa-
tions [22].

and represent the phase mismatch for the
SHG process and DFG process, respectively. And is the
SHG coupling coefficient given by

(4)

where is the DFG coupling coefficient given by

(5)

is the permeability of free space, is the effective
nonlinear interaction area, and denotes the light velocity in
vacuum.

B. Analytical Solutions

To gain insight into the device operation, the small-signal ap-
proximation is employed, in which and are as-
sumed to be constant during the interactions. We utilize a sim-
ilar derivation process [23] to get analytical solutions. When the
phase-match conditions of the SHG process are satisfied, the
mismatch of wave-vector , then the (2b) can be
solved as

(6)

Substituting (6) into (3b), we can derive

(7)

where is the length of the AOS structure. So, the optical power
of converted wave C12 is

(8)
and the expression of is

(9)

When the phase-match conditions of the DFG process are sat-
isfied, the mismatch of wave-vector , then we can
obtain

(10)

Following the power calculation steps above, we can obtain the
other power expressions of the converted waves C21, C121 and
C212.

C. Numerical Simulation and Performance of Device

The wavelengths of the converted waves C12 and C121 are
calculated by (11) and (12), respectively,

(11)

(12)

The wavelengths of the converted waves C21 and C212 are cal-
culated by (13) and (14), respectively,

(13)

(14)

Obviously, from the above (11)–(14) , , and
are tunable through tuning the pump wavelengths

and .
In our simulation, we adopt the length of each layer
m, and the number of the layers , so the total length

of the AOS structure is 19.8 mm. The flattop bandwidth for
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3 nm is pre-designed with the central wavelength at 1560.25 nm.
The effective nonlinear interaction area is m .

Fig. 3 shows the powers of the converted waves and pumps
at 21 C. The input powers of the two pumps are both set at
400 mW. ( ) is the wavelength spacing
between the two input pumps. The solid lines represent the
powers with wavelength spacing nm, corresponding
to the frequency spacing of 50 GHz. The powers of the con-
verted waves for C12, C21, C121 and C212 are dBm,

dBm, dBm and dBm, respectively. We
can see that, even if there is a flattop bandwidth of SHG, the
conversion efficiency of cSHG/DFG at different input wave-
lengths is different when referred from the (10). So the powers
of converted waves, such as C12 and C21, produced in the first
cSHG/DFG process are much higher than C121 and C212,
those produced in the second cSHG/DFG process. The dashed
lines represent the powers with nm, corresponding
to the frequency spacing of 150 GHz. The powers of converted
waves for C12, C21, C121 and C212 are 9.37 dBm, 9.39 dBm,

dBm and dBm, respectively. Apparently,
C121’s power declines a lot, because C21 is outside the flattop
bandwidth where the value of falls sharply. Table I shows
the outputs for different input wavelengths (one input fixed at
1560 nm) with different wavelength spacings of 0.4 nm, 0.8 nm,
1.2 nm and 1.6 nm (the corresponding frequency spacings are
50 GHz, 100 GHz, 150 GHz and 200 GHz, respectively).
Assuming no output with the power less than dBm, we use
hollow circles to represent them, which stand for “off” states,
while solid circles represent effective outputs above dBm,
which stand for “on” states. We find that there are 4 outputs
when the frequency spacings are 50 GHz and 100 GHz as C12
and C21 are both seated in the flattop bandwidth, and just 3
outputs are “on” with the frequency spacings of 150 GHz as
C21 is outside the flattop bandwidth. At frequency spacing of
200 GHz, both C12 and C21 are outside the flattop bandwidth,
only 2 outputs are at “on” states. Since the flattop bandwidth is
fixed, and the broader the frequency spacings are, the fewer the
number of outputs is.

IV. SWITCHABLE PERFORMANCE OF DEVICE

With the variation of the operation temperature, the central
wavelength of the flattop band in Fig. 2 shifts while the shape
of the broadened flattop does not change as illustrated in Fig. 4.
The inset in Fig. 4 shows the central wavelength of the broad
flattop depends linearly on the operation temperature and the
tuning rate of temperature with the central wavelength is about
0.32 nm C.

Fig. 4 shows that the proposed multiwavelength laser can be
switchable by tuning the temperature from 21 C to 24 C. As-
suming the powers of the converted waves below dBm
can be neglected. When the operation temperature is 21 C, all
the output wavelengths locate in the flattop bandwidth, where

is the maximal, and all the output waves are at “on” states.
With increasing the operation temperature to 24 C, the central
wavelength is shifted to 1561.21 nm, then the outputs C12 and
C121 are out of the flattop bandwidth, meanwhile, declines
sharply, so the power of the converted wave C212 decreases to

Fig. 3. Powers of the converted waves vs. input pumps with different multi-
wavelength spacings of 0.4 nm and 1.2 nm at 21 C. The insert is the corre-
sponding SHG QPM broadened flattop bandwidth of 3 nm for the inputs of
1555 nm and 1565 nm.

Fig. 4. Switchable performance (C212 is “off” at 24 C) with shift of broad
flattop bandwidth by tuning operation temperature from 21 C to 24 C. The in-
sert is the temperature dependency of the central wavelength of the broad band-
width.

TABLE I
THE OUTPUTS OF CONVERTED WAVES WITH DIFFERENT WAVELENGTH

SPACING FROM 0.4 NM TO 1.6 NM

dBm as C212 is produced from the cSHG/DFG process
, and becomes “off” state. Then, 4 si-

multaneously generated wavelengths at 21 C fall to 3 only via
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TABLE II
THE “ON” AND “OFF” STATES OF OUTPUT CONVERTED WAVES WITH

TEMPERATURE FROM 16 C TO 26 C

increasing the operation temperature from 21 C to 24 C. Fol-
lowing the above performance, we demonstrate the “on” and
“off” states of all converted waves with the temperature varia-
tion at the room temperature in Table II. Similar to Table I, the
solid circles represent “on” states and the hollow circles mean
the corresponding wavelengths are “off” states.

V. CONCLUSION

We have proposed a novel scheme to fulfill a tunable and
switchable multiwavelength laser based on the cascading
nonlinear process cSHG/DFG in MgO:APPLN waveguide. An-
alytical expressions are derived and provide an insight into the
operation characteristics of this device. 4 tunable wavelengths
are generated simultaneously through tuning the wavelengths
of the two input pumps in flattop bandwidth. The pre-designed
flattop SHG bandwidth of MgO:APPLN can be increased
through choosing more appropriate poling orientation of each
layer to increase the numbers of multiple wavelength outputs.
However, there is a tradeoff between the bandwidth and the
conversion efficiency, i.e., the wider is the flattop bandwidth, the
smaller is , corresponding to lower conversion efficiency.
So we have to design the optimal arrangement of APPLN to
balance the numbers of output lasers and their output powers.
The wavelength spacings of outputs and their numbers are
variable by inputting two seed lights with different wavelength
spacing and changing external temperature. If the inputs and
the external temperature are stable, then the outputs cannot be
changed.

For the cascaded quadratic nonlinear processes are trans-
parent in signal format and high speed response, the proposed
device here has other potential multiple practical applications
when integrated with its other network functions, such as
wavelength conversion and optical delay line in high bit rate
WDM networks.
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