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Abstract

Influence of stochastic deviations of domain boundary and varying effective index on the conversion efficiency of

difference frequency mixing (DFM) in quasi-phase-matching waveguides are analyzed. By simplifying the coupled equa-

tions of DFM in waveguide according to the actual situation, we provide analytical expressions of the conversion effi-

ciency for the first time. Four models for random errors of domains and variations of effective index are investigated.

The results demonstrate that, when the effective index varies regularly along the waveguide, the normalized conversion

efficiency ĝ of DFM is dramatically reduced and the curves of ĝ on phase mismatch are no longer sinc2 function but

ripple profiles, which is different from the situation in bulk crystals. With the same magnitude, random period error

cast much larger effect on ĝ than random duty cycle error, which is similar with the case in bulk crystals.
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1. Introduction

As the demand for optical fiber communica-

tions bandwidth grows, the implementation of sig-

nal processing functions using all-optical

techniques becomes increasingly attractive. In

recent years, a number of methods have been used
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to perform functions such as wavelength conver-

sion for WDM systems and all-optical switching,

etc. [1–5]. People are showing increasingly interests

on optical frequency mixers implemented using an-

nealed proton exchanged (APE) waveguides in
periodically poled lithium niobate. In a difference

frequency mixer, inputs at frequencies xp (pump)

and xs (signal) generate an output at frequency

xout = xp � xs (wavelength-converted-signal).

For communication applications, operation is

typically near degeneracy, where the signal and

output wavelengths are both in the 1.55 lm band,

and the pump is around 0.78 lm [6]. These devices
consist of APE waveguides in periodically poled

lithium niobate (PPLN). The electric poled process

is described in [7].

Limited by the fabrication technique, the

actual parameters of periodically poled crystals

always have some deviations from those of ideal

structures. In bulk periodically poled crystals,

the effect of the random errors of domains and
deviations of temperature, wavelength and period

length on second harmonic generation has been

analyzed by Fejer et al. [8]and that on singly res-

onant oscillation by Yunchu et al. [9]. However,

the case in waveguides is somewhat more compli-

cated in that the electric field consists of multiple

waveguide transverse modes instead of uniform

planewaves. In addition, the effective indices are
determined by more parameters, such as the

thickness and width of the waveguides, and show

more complex variation. Investigations on effect

of the random errors of domains and varying

effective index on QPM-DFM would be signifi-

cant to optimize the design of difference fre-

quency mixers in waveguides. In our former

work, we have fabricated periodically poled LiN-
bO3 crystal [10]. In this paper, we investigated

influence of stochastic deviations of domain

boundary and varying effective index on QPM-

DFM in waveguides under the assumption of

low conversion efficiency and continuous-wave

(cw) or long-pulse interaction. The results demon-

strate that, when effective index varies regularly

along the waveguide, the normalized conversion
efficiency ĝ of DFM is dramatically reduced and

the curves of ĝ on phase mismatch are no longer

sinc2 function but ripple profiles, which is differ-

ent from the situation in bulk crystals. With the

same magnitude, random period errors cast much

larger effect on ĝ than random duty cycle error,

which is similar with the case in bulk crystals.

2. Theoretical approach

Both the theoretical description of second-order

nonlinear interaction and the coupling of energy in

waveguides have been treated by several authors

[11–13]. The electric field is expanded in frequency

and in terms of the waveguides transverse modes.
The z-axis is taken to be the axis of the fiber, then

the electric field is [14]

~Eðx,y,z,tÞ ¼
X
l,m

~elmAlmðzÞemðx,yÞ

� exp½iðblmz� xlt þ UlmÞ� þ c:c:, ð1Þ

where l refers to the frequency, m the mode num-

ber, blm the wavevector, Ulm the phase, Alm the

amplitude, ~elm the polarization vector, em the

transverse distribution and xl the frequency. Con-

sidering that the transverse distribution �m(x, y) is
normalized, we have [15]Z þ1

�1

Z þ1

�1
emðx,yÞe�mðx,yÞ dx dy ¼ 1: ð2Þ

For the sake of simplicity, we limit the pump, sig-

nal and wavelength-converted-signal waves to sin-
gle modes labeled p, s and c [14]. The coupled wave

equations for DFM are described as:

dAðxs,zÞ
dz

¼ i
xs

nsc
dðzÞIvolAðxp,zÞA�ðxc,zÞeiDbz, ð3aÞ

dAðxc,zÞ
dz

¼ i
xc

ncc
dðzÞIvolAðxp,zÞA�ðxs,zÞeiDbz, ð3bÞ

dAðxp,zÞ
dz

¼ i
xp

npc
dðzÞI�volAðxs,zÞAðxc,zÞe�iDbz, ð3cÞ

where c is the light speed in vacuum space, d(z)

consists of domains of nonlinear ±deff with sign

ak changing at the position zk, i.e., d(z) = ak
deff = (�1)k deff. Ivol and Db are as follows [15]:

Ivol ¼
Z þ1

�1

Z þ1

�1
epðx,yÞe�s ðx,yÞe�cðx,yÞ dx dy, ð4Þ
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