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Performance Enhancement for Ultrashort-Pulse
Wavelength Conversion by Using an Aperiodic

Domain-Inverted Optical Superlattice
Weirui Dang, Yuping Chen, and Xianfeng Chen

Abstract— We propose a designed aperiodic domain-inverted
optical superlattice structure, where the performance of
ultrashort-pulse wavelength conversion, relative-broad and flat
conversion band with high conversion efficiency, has been well-
balanced and enhanced in comparison with those in periodical
or linear-chirped optical superlattices. Using this structure, we
present a 5.5-nm flat band with almost no pulse distortion for
picosecond wavelength conversion in the C-band. Moreover, the
uniformity of all inverted domains may provide more convenience
for poling. The above benefits may bring promising applica-
tions in generating broadband continuous-variable entanglement
source and terahertz source with equivalent generation rate.

Index Terms— Nonlinear optical devices, optical frequency
conversion, optical phase matching, ultrafast optics.

I. INTRODUCTION

ULTRASHORT-PULSE wavelength converters based on
quasi-phase-matched (QPM) nonlinear materials in reg-

ular domain-inverted superlattice have been demonstrated
[1]-[4]. As the small wavelength and temperature tolerances
limit their applications in ultrashort-pulse wavelength con-
version, further progress has been focused on broadening
the phase-matching bandwidth and flattening the efficiency
response. We have already proposed a method of employing
type I interactions [5], but the conversion efficiency was
greatly decreased by the small d31 nonlinear coefficient. The
use of a linear-chirped optical superlattice [6], [7] could offer
a benefit of a large bandwidth with high conversion efficiency,
but it still brings two problems: noticeable ripples on the
conversion efficiency curves lead to a bad flatness response;
the small chirp step in the linear-chirped optical superlattice
(i.e., a few hundred picometers), leads to fabrication diffi-
culties. Recently an efficient wideband with flat efficiency
response has been numerically proposed using the step-chirped
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grating with fixed pumps to efficiently suppress the unwanted
ripples instead of the uniform grating with detuned pumps
[8]. Another technique has also proved to be useful to solve
the problem by changing the duty ratio at both ends of a
chirped or step-chirped grating [9], [10], or by using a deleted-
reversal pattern [11]. However, the smallness of the initial
inverted domain width below 2 μm scale is still a challenge
to avoid the efficiency fluctuation and to put into practical
applications.

To solve the fabrication difficulty as well as obtain an
efficient flattop wideband, we found the aperiod optical sup-
perlattice (AOS) grating is useful due to its uniform domain
width, which has been already proposed for second harmonic
interactions [12], [13]. In this letter, we propose a designed
AOS grating in a MgO-doped lithium niobate waveguide
(MgO:APPLN) with the uniform domain width of 3 μm, to
balance and enhance the main performance of a ultrashort-
pulse wavelength converter, namely the bandwidth, the conver-
sion efficiency and the flatness response. The uniformity of the
domain width avoids the small chirp step in the linear-chirped
optical superlattice and provides convenience in the fabrication
process.

II. OPERATION PRINCIPLES AND NUMERICAL

DESIGN OF AOS GRATINGS

Here, we consider cascaded sum- and difference- frequency
generation (cSFG/DFG) processes for wavelength conversion.
The pulsed signal (λS) located in C-band, generates a sum-
frequency wave (λSF) and subsequent an idler (λi) in company
with two continue wave (CW) pumps (λP1, λP2) through
the cSFG/DFG processes, satisfying the QPM conditions:
1
/
λS FG = 1

/
λS + 1

/
λP1, 1

/
λi = 1

/
λS FG − 1

/
λP2. The

evolution of these five waves can be analyzed by using a plane-
wave approximation [14].

We demonstrated the MgO:APPLN waveguide of 3-cm-long
via electric-field poling of a Z-cut MgO-doped lithium niobate
wafer. The schematic diagram of the structure is partly shown
in Fig. 1, where the sample was divided into uniform domains,
for the superlattice of ferroelectrics is essentially a digitized
structure with a local nonlinear coefficient deff (x) that is either
plus or minus that of the material. Although the smaller
domain width is, the better optimal AOS grating will perform,
the smallness of domain width less than 3 μm will introduce
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Fig. 1. Schematic diagram of MgO:APPLN in part. The black and white
strips represent the positive and negative domains.

poling difficulties with aforesaid engineering methods [6]-[10]
and we consequently chose L0 = 3μm as the domain width for
easing fabrication, which is less than the coherence length of
9.7 μm. The optimal domain distribution was then created by
the simulated annealing (SA) method [15] by selecting appro-
priate objective function to achieve flat efficiency response
with an arbitrary degree of band broadening. In this letter,
we chose a 5.5-nm bandwidth for picosecond wavelength
conversion to accord with the half-width of 1.57 ps hyperbolic-
secant signal pulse spectrum for numerical simulation in
Section III. Thus, the designed efficiency profile can cover
the spectrum of signals, assuring that the spectrum can be
equally converted to the idlers and avoiding the pulse distortion
after conversion.

Figure 2 represents the efficiency profile for the designed
AOS grating as well as uniform and linear-chirped gratings
with the same length, where the reduced effective nonlinear
coefficient dreff [13], [16] divided by deff clarifies the structure
effect on the efficiency response. The uniform grating period
is 19.03 μm and the chirped grating period changes from
19.01 μm to 19.07 μm. The pumps are located at 1540 nm
and 1535 nm to avoid occupying the 1555 nm communi-
cation channel of C-band. In Fig. 2, we can see that the
uniform grating provides a quite narrow bandwidth of 0.47 nm,
while the AOS grating enhances the bandwidth tenfold at the
cost of peak efficiency decreased by 0.65, which provides
a comparable flattop efficiency response to the linear-chirp
grating, and saves the efficiencies at the edge of the conversion
band so as to decrease the group velocity dispersion (GVD)
effect and consequent pulse shape broadening [3]. Thus, it
is possible to use the AOS grating to achieve ultrashort-
pulse wavelength conversion without using any additional
optical equalization. Additionally, the efficient response with
pulse reshaping and amplitude modulation for ultrashort-pulse
wavelength conversion can be achieved with different target
conversion band by designing the objective function in the
SA method.

III. NUMERICAL INVESTIGATION AND DISCUSSION

In order to illustrate the benefit of the AOS grating in
ultrashort-pulse wavelength conversion, we numerically sim-
ulated the wavelength conversion processes for picosecond
pulsed signals. The cSFG/DFG interaction processes in the
MgO:APPLN waveguide can be described by the coupled-
wave equations [17], which can be numerically solved by using
the finite difference beam propagation method (FD-BPM) [18].
The pulsed signal is assumed to be a hyperbolic-secant pulse
and the two pumps are CW waves. Other parameters are
addressed in Table I, where the conversion efficiency with
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Fig. 2. Detuning from the phase-matching wavelength as a function of signal
wavelength for different superlattice gratings. All the calculations are based
on cSFG/DFG processes with the same device length.

TABLE I

PARAMETERS OF MgO:APPLN WAVEGUIDE [19]

Symbol Description Values

L length of MgO:APPLN 3 cm

L0 domain width 3 μm

Lc coherence length 9.7 μm

αS propagation loss of each wave 0.35 dB/cm

de f f effective nonlinear coefficient ±27 pm/V

Aef f effective nonlinear interaction area 50 μm2

τ S0 signal pulse width 1.57 ps

λS signal wavelength 1555 nm

λP1 pump1 wavelength 1540 nm

λP2 pump2 wavelength 1535 nm

λi idler wavelength 1560 nm

IS signal power 16.02 dBm

IP1, Ip2 pump1 power & pump2 power 26.98 dBm

Ii output idler power from AOS −6.99 dBm
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Fig. 3. Idler pulses from AOS (dashed black line), uniform (dashed blue
line), and chirped (dashed red line) gratings with the same length of 3 cm.
The bandwidth of idler pulses are 1.91, 3.37, and 2.21 ps, respectively.

AOS grating is calculated to be −23 dB, slightly higher than
−25 dB with the chirped grating [7].

Converted idler pulses from AOS, uniform and chirped
grating with the same length are presented in Fig. 3. The
input signal pulsewidth was 1.57 ps, and the converted idle
pulse from AOS was slightly broadened with a pulsewidth of
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Fig. 4. Destructive effect of domain error in the efficiency profile.

1.91 ps in comparison with 2.21 ps output from chirped grating
and 3.37 ps output from uniform grating. Obviously, the pulse
broadening has been effectively suppressed by the designed
AOS due to its good flat efficiency response and relative broad
bandwidth. The caudated distortion of the idler wave is also
considered due to group velocity mismatch (GVM).

For the inverted domains possibly grow beyond the width
of the metal electrode under current room-temperature poling
technique, the destructive effect of domain error is unavoid-
able. The inverted domains may extend its edge into adjacent
layers with the un-inverted domains shortened, or they do not
reach their pre-designed edges so that the un-inverted domains
are consequently lengthened. Figure 4 indicates the destructive
effect of domain error in efficiency profile and bandwidth with
random domain shortening and lengthening. As the absolute
domain error increases from 1 μm to 2 μm, the effective
nonlinear coefficient and the quality of the broadened flattop
obviously decreased from 93% to 86%. The domain error also
leads to a sloping band when the bandwidth has almost no
change.

IV. CONCLUSION

We have shown that the engineered AOS in MgO-doped
lithium niobate waveguide provides a large bandwidth and a
flat phase-matching response with high conversion efficiency.
This technique effectively reduces the ripple in the tuning
curves of the linear-chirped grating device and completely
avoids the fabrication difficulty due to small chirp step or small
initial width of poled region. Finally, We employed FD-BPM
to help to demonstrate a cSFG/DFG interaction processes with
a flattop bandwidth of 5.5 nm, which fulfills ultrashort-pulse
wavelength conversions of 1.57 ps signal pulse, where the
conversion bandwidth is enhanced to be tenfold wider than
that of a fixed periodic grating with the same waveguide
length, at the cost of peak conversion efficiency decreased
only 1/3. In a wider context, the AOS technique applied in
nonlinear optics is useful for generating broadband variable
entanglement source [20] and THz source with equivalent
generation rate.
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