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Abstract: A hybrid genetic algorithm (GA) is proposed. Simulating two test
functions shows that the proposed GA can effectively solve the multimodal
optimization problems, and the three movies demonstrate the detailed
procedure of each generation. The conversion efficiency and bandwidth,
based on quasi-phase-matching (QPM) difference frequency generation
(DFG), are optimized by the matrix operator and our GA. Optimized
examples for five-, six- and seven-segment QPM gratings are given,
respectively. The optimal results show that adding the segment number of
QPM can obviously broaden the conversion bandwidth, which is sensitive to
the fluctuation of bandwidth and the variation of QPM grating period.
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1. Introduction
All-optical wavelength conversion is widely recognized as a key technology for future
wavelength division multiplexed (WDM) networks and as an important method of enhancing
routing optical and network properties such as reconfigurability, nonblocking capability, and
wavelength reuse. Among various strategies, quasi-phase-matching (QPM) wavelength
converters based on difference frequency generation (DFG) or cascaded second-order
nonlinear interactions have attracted much attention [1-17], because they offer potential
advantages such as strict transparency, simultaneous multichannel conversion, wide bandwidth,
high efficiency, and low noise. Efficient DFG-based wavelength conversion was realized in
periodically poled LiNbO3 waveguides [4-6]. In the experiments, a normalization conversion
efficiency as high as 790%/W was obtained from a LiNbO3 QPM-DFG device [14], and a
fiber-to-fiber conversion efficiency of –8 dB was demonstrated by using cascaded nonlinear
interactions [16].
In the uniform QPM grating, however, the conversion bandwidth is <90 nm for the
nonlinear length L>25 mm [1-3]. To broaden QPM bandwidth, all kinds of techniques were
theoretically proposed and/or experimentally realized, e.g., chirped [18] and segmented [1, 7, 9,
19] grating method, phase shift method [9, 15, 20], pump detuning [2], multiple QPM [6,10]
and employing nonlinear coefficient d31 [21]. To optimize QPM structure, the matrix operator
[1,7,9] and simulated annealing method [22-25] were demonstrated.
Besides the simulated annealing method, the genetic algorithm (GA) also offers an effective
global optimization method [26-48], which mimics the natural evolution and natural genetics.
It has been successfully applied to finding the global optimum in a variety of unimodal
domains. Unfortunately, a traditional-GA tends to converge towards a single solution and is
even trapped in local optima of the search space due to selection pressure, selection noise, and
operator disruption [27]. However, some problems require the identification of multiple
optima in the domains. Although the simulated annealing method can avoid the local trap and
find the global optimum, it fails to the multiple optima in the searching space. Fortunately,
some methods such as clustering, sharing and crowding are proposed to extend the
traditional-GA to solve multimodal function optimization by forcing a GA to maintain a
diverse population of member throughout its research [26-48].
In this paper, we propose an effective hybrid GA, which includes such techniques as
clustering, sharing, crowding, adaptive genetic operators, elitist replacement, and fitness
scaling. Two test functions prove the proposed GA, and three simulation movies are also
included. By means of our GA, DFG-based wavelength converters of nonuniform QPM
grating structure are optimized.
2. Hybrid GA
The proposed GA is based on our previous GA in [26] and [28]. It not only improves the
searching ability but also accelerates the convergence speed. The main procedure of the
proposed GA is given as follows:
Step 0 (initialization): Initialize the number of peak centers n, the shortest niche radius r, the
number of elitist set M and the number k. Generate N individuals randomly. Set the number of
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generation, g=1. Go to Step 6.
Step 1 (clustering): Sort individuals according to the descending order of the fitness. Find
out n peak centers (see RULE I). Allocate individuals to the nearest peak center (see RULE II).
RULE I: Assign the first individual as the first confirmed niche center, and mark it as
Select k (usually k=n) individuals orderly from the population, which satisfy the
selected.
following conditions: the individuals are not marked as selected; the Euclidean distance from
the individual to all of the confirmed peak centers is larger than r.
Calculate the sum of
distances between each of k individuals and all of confirmed peak centers, assign the
individual with the largest sum of distance as the next confirmed peak center, and mark it as
selected. Repeat and until n peak centers are found.
RULE II: For each individual without being marked as selected, calculate its distances
to n confirmed peak centers. Select the shortest distance and allocate the individual to the
corresponding peak center. Repeat and until N individuals are allocated.
Step 2 (sharing): Calculate the niche count mi of each individual (mi is equal to the
individual count in each peak center). Calculate the shared fitness fi′ of an individual i, i.e.,
fi′=fi/mi (fi is its genuine fitness). Each peak can be considered as a niche in the multimodal
domain. Sharing, one of niching techniques, can maintain population diversity effectively.
Step 3 (selection): Perform a Roulette wheel selection scheme, which is the traditional
selection function with the probability of surviving.
Step 4 (crossover): Implement a single-point crossover and employ an adaptive probability
of crossover pc, i.e.,

2

4

1

3

1

2

3

3

2

1

2

 p − ( pch − pcl )( f m 2 − f ave ) /( f max − f ave ), if f m 2 > f ave ,
pc =  ch
otherwise
 pch ,

(1)

where fm2 is the maximum fitness of the two chromosomes being crossed, fmax and fave are the
maximum fitness and average fitness of the entire population, and pch and pcl are the
probability of highest crossover and lowest crossover, respectively.
Step 5 (mutation): Implement a single mutation and employ an adaptive probability of
mutation pm, i.e.,
 p − ( pmh − pml )( f max − f ) /( fmax − f ave ), if f > fave ,
pm =  mh
otherwise
 pmh ,

(2)

where f is the fitness of the chromosome, and pmh and pml are the probability of the adaptive
mutation, the highest mutation and the lowest mutation, respectively. pch=0.99, pcl=0.7,
pmh=0.02 and pml=0.005 in this paper.
Step 6: Calculate the object value of each individual, and its corresponding fitness f.
Step 7 (crowding): If g>2, implement the deterministic crowding, which is described in
[29].
Step 8 (elitist replacement): If g>2, replace M individuals of the population with the lowest
fitness from the elitist set. If g>1, select M individuals as elitist set in order of fitness in each
niche uniformly.
Step 9 (fitness scaling): Employ a linear scaling to scale the fitness function, i.e.,

f ′ = a⋅ f +b,

(3)

a = (Cm − 1) f ave ( f max − f ave )
C f − f max
, if f min > m ave

(
)
(
)
=
−
−
b
f
C
f
f
f
f
Cm − 1
max
max
m ave
ave
ave


a = f ave ( f ave − f min ) ,
otherwise
b = −a ⋅ f
min


(4)

where Cm is a constant, and Cm=1.2 in our simulation; fmin is the minimum fitness of the entire
population; other parameters are the same as Eqs. (1) and (2).
Step 10: If the terminating criteria is satisfied, then stop and output optimal results, else,
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g=g+1 and go to step 1.
3. Matrix operator for QPM-DFG
Reference [9] shows that, although the propagation loss of the waveguide is sensitive to the
conversion efficiency η, it is insensitive to the conversion bandwidth ∆λ. In periodically poled
crystal waveguides (e.g., LiNbO3), the loss, group velocity mismatch, and dispersion of the
material can normally be ignored for lengths L~20 mm [6-10,19]. When the three waves
propagate collinearly in a nonlinear medium with periodic structures (e.g., periodically poled
LiNbO3), each wave is coupled to the other two waves through the second-order nonlinear
polarizability. This process is governed by the coupled-mode equations of QPM three-wave
mixing, which can be derived from Maxwell’s equations by invoking the slowly varying
envelope approximation, and assuming a plane-wave interaction and a first-order diffraction
effect of the grating perturbation [1,3,9,11,17-19]. Because the pump power is far greater than
the signal and idler power, in the typical DFG process, the pump is regarded as undepleting
(i.e., the small-signal approximation). By means of the matrix operator [1, 7, 9], the
QPM-DFG process can be described as
 N1

N 2   E1 (0)  ,


N 4   E2* (0) 

(5a)

KN KN

(5b)

 E1 ( L ) 
 *

 E2 ( L ) 

=

 N1

N3

= N m N m −1

N2 


N4 
 N l ,1

Nl = 

*
 N l ,3



N 3

,

1

N l ,2 
,
, l = 1, 2,..., m
N l*,1 

N l ,1 = cosh(Ql Ll ) +


l


i ∆k
sinh(Ql Ll ) e1 ,
2 Ql


(5c)
(5d)

N l ,2 = −i (M 1 / Ql ) sinh(Ql Ll ) e2 ,

(5e)

N l ,3 = −i( M 2 / Ql ) sinh(Ql Ll ) e2 ,

(5f)

*

where N l ,2 and N l*,3 are the conjugate of Nl, 2 and Nl, 3, respectively, Ll is the length of the
l-th segment (i.e., Ll =zl-zl-1), and zl-1 and zl are the input and output places of this segment,
*
2
respectively (See Fig. 1). e1=exp(-i∆klLl/2), e2=exp(-i∆kl(zl-1+Ll)/2), and Ql = M 1 M 2 − (∆k l 2)
for the phase mismatching ∆kl of the l-th segment. ∆kl=k3-k2-k1-2π/Λl under the
approximation of the first-order periodic perturbation effect. Mj=ωjdeffE3(0)/(njc) (j=1, 2). Λ
and c are the grating period and the speed of light in the vacuum, respectively. k j, n j and E j are
the wave vector, the index of refraction, and the electric field under light-frequencies ω j
(j=1,2,3; and ω 1, ω 2 and ω 3 denote the signal, idler and pump waves), respectively. E3(0) is
the electric field of pump at the input port (See Fig. 1).
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E1(0)
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E2(L)
E3(L)

…

E3(0)
Λ1
0

Λl

Λ2

zl-1

Λm

zl

z
L

Fig.1. Model of nonuniform grating structure. Directions of the arrows represent those
of the nonlinear coefficient. E2(L) accounts for the idler wave.

4. Test function
Real optimization problems often require the identification of multiple optima, either global or
local or both. Our hybrid GA can maintain population diversity and permit it to investigate
multiple peaks (including global and local) in parallel, and can prevent the GA from being
trapped in local optima of the search space. To prove these points, we employ two multimodal
functions of different difficulty. One test function is
y(x)=x+10⋅sin(5x)+7⋅cos(4x), x∈[2.3, 5.8].

(6)

This test function consists of three unequally spaced peaks with nonuniform height, which is
demonstrated in Fig.2. Maxima are located at approximate x values of 2.9213, 4.1903, and
5.2468. Maxima are of approximate heights 16.2937, 9.3492, and 10.4057, respectively. Other
test function is
 H 2  R2

2
 2i R  2 − 2  + H i , if R ≤ Ri 2 , x ∈ [0, 10] and y ∈ [0, 10]



z ( x, y) =  Ri
R
 i


otherwise

0,

(7)

2

where R = X 2 + Y 2 , X=x-xci, Y=y-yci, ci=(xci, yci), and Ri={1.5, 2.5, 1, 0.75, 3}, Hi={2, 4.4, 3,
4.5, 4}, ci={(2, 8), (3, 4), (5, 7), (7, 8.5), (7, 4)}. This test function consists of five peaks
(center ci, radius Ri and height Hi), which are displayed in Fig.3. The value of five peaks are
4.5 at (7, 8.5), 4.4 at (3, 4), 4 at (7, 4), 3 at (5, 7), and 2 at (2, 8). Fig.3 shows that the area of the
second highest peak is much larger than that of the global peak and its local peak value of 4.4 is
very close to the global peak value of 4.5. It results in the difficulty in finding the global peak
without special technique.
Each symbol “*” in Figs. 2 and 3 corresponds to each individual in the last generation of
GA, and different color symbols in Figs. 2 and 3 represent the population of different peaks,
respectively. In the simulation, n=k=3, r=0.2, N=45, g=35 and M=3 for Fig. 2; and n=k=5,
r=0.25, N=300, g=25 and M=50 for Fig.3. Fig. 2(a) shows the curve of y(x) and the distribution
of all individuals in the 35-th generation, and Fig.2(b) demonstrates the procedure how our
hybrid GA finds the global maximum and two local maxima of Eq. (6) in each generation. Fig.
3(a) exhibits the three-dimension figure of z(x, y) and the distribution of all individuals in the
25-th generation, Fig. 3(b) illustrates the contour of z(x, y) and the projection of all individuals
of Fig. 3(a) in the xy-plane, and Fig. 3(c) and (d) demonstrate the procedure how our hybrid
GA finds the global maximum and four local maxima of Eq. (7) in each generation.
In comparison with the traditional-GA, Figs. 2 and 3 show that our GA not only is able to
find all peaks but also obviously accelerates the convergence speed. In fact, the traditional-GA
usually finds the second highest peak of Fig. 3 instead of the global peak. Therefore, our
proposed hybrid GA can effectively solve multimodal optimal questions and escape from
#2589 - $15.00 US

(C) 2003 OSA

Received June 09, 2003; Revised July 03, 2003

14 July 2003 / Vol. 11, No. 14 / OPTICS EXPRESS 1682

being trapped in local optima of the search space. Additionally, the numerical simulation also
proves that the computing time T of our GA is obviously shortened in comparison with the
traditional sharing GA. The reason is that T∝(kN) for our GA, but T∝(N2) for the traditional
sharing GA [27].

n=k=3, r =0.2
N=45, g=35, M=3

x=2.9213, y=16.2937
x=4.1903, y=9.3492
x=5.2468, y=10.4057

(a)

(b)
Fig. 2. Curve of y(x) and the distribution of all individuals. (a) for the 35-th
generation. (b) (298 KB) Film showing the procedure of each generation.
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n=k=5, r =0.25
N=300, g=25, M=50

(a)

(b)

(c)

(d)

Fig. 3. Test function z(x, y) and the entire population in the 25-th generation. (a) For the three-dimension
figure of z(x, y) and the distribution of all individuals. (b) For the contour of z(x, y) and the projection of
all individuals of (a) in the xy-plane. (c) (1120 KB) Film showing the procedure of each generation in the
three-dimension figure. (d) (1193 KB) Film showing the procedure of each generation in the contour of
z(x, y). Five different color symbols represent the population of five peaks, respectively.
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5. Optimized results by means of hybrid GA
Although two-, three-, and four-segment QPM structures were optimized by the exhaustion
method in [1, 9], more effective algorithms have to be implemented when the segment number
m≥5. Fortunately, our proposed GA can availably overcome these difficulties. In the
simulation calculations, we employ the representative data of periodically poled LiNbO3 [1, 3,
9, 17]: the pump power P3=200 mW and wavelength λ3=775nm; deff =15 pm/V and L=20 mm;
the signal channels spaced 1 nm/channel are from 1440 nm to 1660 nm, and each input signal
power P1=1 mW; the effective channel waveguide cross section is 30µm2; the lengths of all
segments are assumed to be equal, i.e., L1=L2=…= Lm. The relation between the light intensity
I and the electric field E is that I=ε0cn|E|2/2, and ε0 is the dielectric permittivity in the vacuum.
Additionally, N=1500, M=150, n=k=5, g=100 and r=0.1 (here r is the normalized Euclidean
distance).
Figures 4 (a)-(c) show the optimal results of the conversion efficiency η and its
corresponding bandwidth ∆λ versus the signal wavelength λ1 in five-, six- and seven-segment
structures, respectively. Their corresponding optimal values of Λ are tabularized in tables 1-3.
pl (l=1, 2, …, 5) in figures and tables represents the l-th peak center, and ∆λ is the
corresponding optimal conversion bandwidth. In the optimal simulation of Tables 1-3 and Fig.
4, we assume that: the conversion efficiency is >–6 dB, the fluctuation of the conversion
bandwidth is <1dB; and The variation of the grating period Λ is 1 nm [see Fig. 4 (a)].
the optimal bandwidth ∆λ is
It is easily seen, from Tables 1-3 and Fig. 4, that
broadened with an increase in the segment number m, e.g., ∆λ=192 nm for seven segments
against ∆λ=150 nm for five segments; there are the same or approximately the same ∆λ for
each peak center for a given segment number; to realize the fixed ∆λ in the experiments,
therefore, there are several candidates by the optimization of our GA, and this result has
our proposed GA can effectively
important applications in the design of QPM structure;
avoid the local trap during the optimal procedure; the global maximum value ∆λ lies in the
first peak center p1, as is determined in the assumption of our GA.

1

2

3

4

5

Table 1. Optimized Bandwidth ∆λ for Five-Segment QPM structure
Λ1 (µm)
16.211
16.242
16.211
16.208
16.225

p1
p2
p3
p4
p5

Λ2 (µm)
16.215
16.205
16.217
16.213
16.218

Λ3 (µm)
16.217
16.209
16.217
16.216
16.218

Λ4 (µm)
16.218
16.212
16.218
16.217
16.200

∆λ (nm)
150
148
148
147
146

Λ5 (µm)
16.240
16.214
16.240
16.239
16.240

Table 2. Optimized Bandwidth ∆λ for Six-Segment QPM structure
Λ1 (µm)
16.213
16.216
16.217
16.240
16.214

p1
p2
p3
p4
p5

Λ2 (µm)
16.204
16.204
16.205
16.197
16.244

Λ3 (µm)
16.212
16.213
16.214
16.237
16.235

Λ4 (µm)
16.215
16.215
16.215
16.212
16.231

Λ5 (µm)
16.219
16.219
16.219
16.196
16.248

Λ6 (µm)
16.239
16.239
16.239
16.183
16.197

∆λ (nm)
176
174
173
162
160

Table 3. Optimized Bandwidth ∆λ for Seven-Segment QPM structure
p1
p2
p3
p4
p5

Λ1 (µm)
16.223
16.194
16.230
16.237
16.235
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Λ2 (µm)
16.250
16.239
16.185
16.189
16.202

Λ3 (µm)
16.234
16.232
16.239
16.239
16.213

Λ4 (µm)
16.236
16.208
16.236
16.238
16.217

Λ5 (µm)
16.253
16.191
16.211
16.194
16.235

Λ6 (µm)
16.246
16.245
16.230
16.197
16.187

Λ7 (µm)
16.210
16.195
16.238
16.197
16.253

∆λ (nm)
192
192
190
189
187
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∆λ

1 dB

-8

η (dB)

Five-segment QPM grating

p1, ∆λ=150 nm
p2, ∆λ=148 nm
p3, ∆λ=148 nm
p4, ∆λ=147 nm
p5, ∆λ=146 nm

-12

-16
1.45

1.50

1.55

1.60

λ 1 (nm)

1.65

(a)
-6 dB

-8

η (dB)

Six-segment QPM grating

p1, ∆λ=176 nm
p2, ∆λ=174 nm
p3, ∆λ=172 nm
p4, ∆λ=162 nm
p5, ∆λ=160 nm

-12

-16

1.45

1.50

1.55

λ 1 (nm)

1.60

1.65

(b)
-5
-6 dB

Seven-segment QPM grating

η (dB)

-10

p1, ∆λ=192 nm
p2, ∆λ=192 nm
p3, ∆λ=190 nm
p4, ∆λ=189 nm
p5, ∆λ=187 nm

-15

-20
1.45

1.50

1.55

λ 1 (nm)

1.60

1.65

(c)
Fig. 4. Optimal results for the conversion efficiency η and bandwidth ∆λ of signal wavelength
λ1 in five-, six-, and seven-segment QPM grating: (a) five-segment, (b) six-segment, and (c)
seven-segment.η is assumed to be >-6 dB, the fluctuation of ∆λ is <1 dB, and the variation in
the grating period Λ is 1 nm.
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Although Tables 1-3 and Fig. 4 are obtained from Eq. (5), which is valid under the
condition of loss free (corresponding nonlinear length L<20 mm [9]), the optimized conversion
bandwidth ∆λ is still right by use of Eq. (5) when the waveguide loss is taken into account for
20<L<50 mm. But, for this case, the conversion efficiency η decreases. These results are
consistent with [9]. The reasons are that, with the waveguide loss, the depletion of signals and
pumps leads to the decrease of converted waves, and the approximately same decrease of
signals and converted waves makes ∆λ be almost unchanged. For the practicable design of
QPM devices, the experimental conditions limit the variation of Λ and the tolerance of phase
mismatch. In the following parts, we give an example under the condition of the Λ variation of
10 nm instead of 1 nm. Of course, our proposed algorithm can effectively optimize the
nonuniform QPM grating structures at any value of the Λ variations.
To clearly understand the relationships of the conversion efficiency η and bandwidth ∆λ
with the fluctuation of ∆λ and the variation of Λ, we give two optimized examples for η and
∆λ versus λ1 under the conditions of the ∆λ fluctuation of <2 nm and the Λ variation of 10 nm
in five-segment QPM structure, respectively. The optimized results are illustrated in Fig. 5. By
comparing Fig. 4(a) with Fig. 5, it is found that ∆λ=168 nm in the ∆λ fluctuation of <2 nm
against ∆λ=150 nm in that of <1 nm and ∆λ decreases from 150 nm to 117 nm when the
variation of Λ is from 1 nm to 10 nm under the same other conditions. The simulated results
improving the property of the ∆λ fluctuation (i.e., decreasing the ∆λ
also show that
extending the
fluctuation) is at the cost of narrowing the conversion bandwidth ∆λ and
variation of Λ also makes ∆λ narrowed.

2

1

1

2

∆λ=168 nm

-5

<2 dB
∆λ=117 nm

η (dB)

-10
Five-segment QPM grating

-15

Λ1=16.27,Λ2=16.20
Λ3=16.21,Λ4=16.23,Λ5=16.21 (µm)
Λ1=16.210,Λ2=16.217
Λ3=16.218,Λ4=16.239,Λ5=16.213 (µm)

-20

1.45

1.50

1.55

λ 1 (nm)

1.60

1.65

Fig. 5. Optimal results for the conversion efficiency η and bandwidth ∆λ of signal wavelength
λ1 in five-segment QPM grating: Red and blue curves account for the ∆λ fluctuation of <2 nm
and the Λ variation of 10 nm, respectively. Other parameters and assumptions in Fig. 5 are
consistent with those in Fig. 4(a).

Although Figs. 4 and 5 and Tables 1-3 only denote some specific examples, e.g., five-, six-,
and seven-segment QPM grating structures, our proposed hybrid GA can provide powerful tool
for all kinds of the nonuniform QPM grating structures. In virtue of the inherent merits of GA
[27, 33], our GA can be implemented into all sorts of practical tolerances and requirements
after little modification. Therefore, our proposed GA can effectively offer the optimal tool for
the practical design of QPM grating under the determinate conditions.
6. Conclusions
In the paper, we have proposed a hybrid GA, which includes such techniques as clustering,
sharing, crowding, adaptive genetic operators, elitist replacement, and fitness scaling.
Simulating two test functions shows that our GA can obtain the global and all local peak values
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in parallel, and three movies demonstrate the detailed procedure of each generation. By means
of the matrix operator and hybrid GA, DFG-based wavelength converters in nonuniform QPM
grating structures are optimized. Three examples (i.e., five-, six- and seven-segment QPM
gratings) and five peak values are obtained in parallel, respectively. The optimal results show
that increasing the segment number of QPM grating can availably broaden the conversion
decreasing the fluctuation of ∆λ (i.e., improving the properties of the
bandwidth ∆λ,
fluctuation of ∆λ) is at the cost of ∆λ, e.g., ∆λ=168 nm in the ∆λ fluctuation of <2 nm against
∆λ=150 nm in that of <1 nm, and extending the variation of Λ decreases ∆λ, e.g., ∆λ=150
nm in the Λ variation of 1 nm against ∆λ=117 nm in that of 10 nm. Our proposed GA has
important applications in the practical design of nonuniform QPM grating structure.

1

2

3

Acknowledgment
This work was supported by the National Natural Science Foundation of China (60132020).
The authors would like to thank Dr. Xin-Jun Liu and Dr. Xinjie Yu, Tsinghua Univ., for helping
to make three movies and fruitful discussions on the GA, respectively.
Xueming Liu is currently engaged in postdoctoral work at School of Electrical Engineering,
Seoul National University, Seoul 151-744, Korea.

#2589 - $15.00 US

(C) 2003 OSA

Received June 09, 2003; Revised July 03, 2003

14 July 2003 / Vol. 11, No. 14 / OPTICS EXPRESS 1688

