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Effects of the Nature of the Starting Population on
the Properties of Rugate Filters Designed with the
Genetic Algorithm

Pieter L. Swart, Abraham P. Kotzé, and Beatrys M. Lacquet

Abstract—The genetic algorithm optimization technique for op- and the quality of the final design. We present data on the
tical filter design is applied to two starting populations, an inverse  design of a 100-nm wide 50% beamsplitter centered at 980 nm,
Fourier transform population and a random population. The which employs two families of starting populations. We are
refractive index profiles after convergence, and the transmittance . ;
of the filter outside the region of support, are markedly different also introducing a novel procedure to enhance the performance

in the two cases. The Fourier filter has lower sidelobes and fails Of the GA with random starting population.
gracefully outside the region of support whereas the random
filter fails catastrophically in this wavelength region. The ripple
in the passband is higher for the random filter. Furthermore,

the average value of refractive index profile and the excursionin - The GA optimization technique is modeled on the evolution
refractive index are much larger for the filter generated with the

random starting population. However, most of the drawbacks of of living Qrganl_zms [10]. The GA pr_e_sumes that the solu_tlon
the random starting population are eliminated by chromosome O @n optimization problem is an individual that can be defined

manipulation in the spatial frequency domain. The filter proper- by a set of parameters [10]. Its basic building block is an al-
ties after this intervention approximate those of the Fourier filter.  phabet letter or nucleotide. For a thin-film filter this represents
Index Terms—Chromosome manipulation, genetic algorithm, any Physical property such as the refractive index, extinction
optical filter, refractive index profile. coefficient, positional index and thickness of a sublayer. The
combination of two or more alphabet letters forms a codon.
A codon can be, for example, the set containing the refractive
index value, the physical thickness, and the absorption coeffi-
HE ADVENT of wavelength-division multiplexing cient of a sublayer in a filter. A set of N codons forms a chro-
(WDM) in fiber-optic communication systems has led tonosome, with N being the number of sublayers in the filter.
a requirement for various wavelength selective devices suchstly, a set of chromosomes forms the starting population that
as narrow-band filters [1], [2]. The wavelength selectivitghe genetic algorithm uses to generate new generations either
can be obtained by dielectric filters, coupled wave devicéy mutating a single chromosome or by combining two or more
or diffractive elements such as Bragg gratings [3]. Dielectrithromosomes. This population is allowed to compete in an en-
filters may be of the high—low stack variety or of quasiconvironment in which the strongest or best individuals in the pop-
tinuous inhomogeneous layers such as rugate filters. We haNation have a better chance of survival into the next generation.
a research program in the design and manufacture of rugd@itee GA evaluates the fithess of a chromosome by using an eval-
filters for optical fiber applications. The design of rugate filtersation or merit function [10]. A suitable merit function used to
is somewhat more complex than the discrete high—low indesturn a single number reflecting the total fitness of a specific
type filters [4]. Several design techniques have evolved suchromosome is given by [11]
as classical rugate design [5], inverse Fourier transform [6],

Il. THE GENETIC ALGORITHM

. INTRODUCTION

[7], wavelet based design [8], and the genetic algorithm [9]. M 2
This paper reports on the effect of the nature of the starting = 1 Z <TT()\j) - TA()\j)) 1)
population on the properties of rugate filters designed with the M = dT;

genetic algorithm. The genetic algorithm or GA is not strictly a

design algorithm but rather a refinement technique [9]. Thergith F' the figure of merit,’7();) the desired target transmit-
fore, it needs a set of initial designs (the starting populatiotgnce of the filter at wavelengtky;, 7.4 (\;) the actual transmit-
that are subsequently refined. These starting populations hasece of the filter, and7; the tolerance.

a definite influence on the convergence rate of the algorithm

I1l. STARTING POPULATIONS
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populations. The first population was compiled by using tt @
inverse Fourier transform synthesis technique given by [6], [1 2%
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with Q(k) an even function of the desired transmittantg;) a
phase functionp(z) the refractive index profilef; = 27 /A the
free-space wave number, andwice the optical distance from 5
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with = the depth variable. Population diversity was obtaine § 06
by using several phase adgi functions [6], [7]. The parame- § 04
ters in the phase functions were selected in a random fashi’ §
The second starting population was created by random sel & %2
tion of the refractive index alphabet letter in each gene for fixe 0
values of the corresponding thickness of the sublayer. We us o6 07 08 08 10 M1 12 43 a4
a uniform probability distribution with mean valug, = 2.35, Wavelength [1im]
standard deviatiom = 0.5, but limited to the refractive index 0 ©
range from 1.5 to 3.2. The optical thickness alphabet letter ._ -5 ’ /f““\
each codon was set at the same fixed value for both the inve S, -1 ‘ | \
Fourier transform and the random starting populations. We & °§ ;g . NJ \ S
plied quintic matching layers [12], each with an optical thick € s A e
ness of 2:m, between the filter and the incident and exit medi § -30 m \/\vl '{\UN\\ AN B
SRR AR
-40

IV. THE DESIGN PROCESS 06 07 08 09 1.0 1.4 12 1.3 1.4

The design process was implemented as follows: The ¢ Wavelength [1m]

sired transmittance spectrum was generated over the 0,//1.3

wavelength range [7], called the region of support, and saved fa§. 1. (a) Refractive index profile generated by initiating the GA with an
later reference. The following constraints were placed on tHwerse Fourier transform starting population after 10000 new generations.
starting populations: Each chromosome comprised 300_codéﬁ&%g;isepggggﬁrg%?fﬂgt?ltgcf spectrum of the fiter. (c) Corresponding
with a total optical thickness of 22m. This translates into

a physical thickness alphabet letter of approximately 30 nm

for each sublayer. The refractive index alphabet letter was RQPulation (stochastic filter), respectively. These results also
stricted to any value of refractive index within the range dpertain to 10000 generations. Fig. 3 shows the convergence
1.5 < n < 3.2. This corresponds to the values of refractivéates of the figure of merit for both filters.

index obtainable with SilNO, grown in our electron cyclotron ~We make the following observations from Figs. 1-3: The
resonance plasma enhanced chemical vapor deposition sysigrage value of the refractive index of the Fourier filter is
(ECR-PECVD) [13], [14]. For each of the starting populationg.19 in comparison with the 2.33 of the stochastic filter. Also,
150 chromosomes were generated, and the toler#ifiogas set  the refractive index variation in the Fourier filter is between
equal to 1%. For the implementation of the GA, the crossovér05-2.39, whereas it varies from 1.60 to 3.20 for the stochastic
and mutation probabilities were set at 0.6 and 0.05 respectivéiijer. The Fourier filter has a smaller ripple in the beamsplit
The matrix method was used to calculate the corresponding bend -2.3% compared witht2.7%) and a lower reflectance
flectance and transmittance of each filter chromosome [15]. Thetside the beamsplit band (less thani8.5 dB, compared

design process was implemented in MATLAB. with —15.9 dB for the stochastic filter). The filter obtained by
starting the GA with the inverse Fourier transform population
V. RESULTS AND DISCUSSION (Fourier filter) fails gracefully outside the region of support

(design region) from 0.7 to 1.8m. This is in sharp contrast

Th_e filter obtained b.y initiating_the GA With _the invers_eto the filter obtained with the random population (stochastic
Fourier transform starting population refractive index profil lter). It has high reflectance bands between 0.6+, and
(Fourier filter) after 10 000 generations is shown in Fig. 1(ag) j ' '

. . - L2 tween 1.3-1.4m.
and its corresponding transmittance and reflectance in Fig. 1

: . . LS he Fourier filter has a much faster convergence rate (dashed
and (c) respectively. Fig. 2(a)—(c) depicts the refractive index ) . . .
, . . ing) for the figure of merit than that of the stochastic filter (solid
profile, the corresponding transmittance and the reflectance 0

the filter obtained from the GA started with the random startinltlgge?' Aiter fewef than 20 new generations of the Foun_er f_||ter,
Its figure of merit is already smaller than the stochastic filters

IMATLAB is a registered trademark of MathWorks, Inc., Natick, MA USA. figure of merit after 10 000 new generations. The overall fithess
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Fig. 2. (@) Refractive index profile generated by initiating the GA with &g 4 power spectral density of the refractive index profiles after10 000 new
random starting population after 10000 new generations. (b) Correspondiitherations of (a) the Fourier filter, (b) the stochastic filter, and (c) the stochastic
transmittance spectrum of the filter. (c) Corresponding reflectance spectrgiy, after bandpass filtering.

of the filter.

2
10 - Fourier filter The question of whether the two filters generated from the
- = Stochastic filter two different starting populations approach the same global
o T e -~ CMGA filter solution still remains to be answered. Although the transfer
functions look very similar in the region of support, it is difficult
\ to compare the refractive index profiles. The stochastic filter has
N a large random component that masks the filter chromosome.
The underlying structure of the chromosome is conveyed much
-~ A better in the spatial frequency domain. Fig. 4(a) and (b) shows
, : -~ . A the power spectral density of the refractive index profiles of the
10 P TR e Fourier and stochastic filter respectively. It is clear from these
spectra that the key spatial frequency information lies in the
spatial frequency range of approximately 0.2—0.42 (normalized
=2 v with respect to the Nyquist frequency). This point is illustrated
4 | well by filtering the refractive index profile of the stochastic
1 10’ & 10 ot filter. Fig. 4(c) shows the power spectral density obtained by
Number of new generations processing the data with a 20th-order Butterworth bandpass
filter with a passband of 0.2—0.42. Similar to the Fourier filter,
Fig. 3. Convergence rates of the figure of merit for the filters with atNiS spectrum also contains three prominent peaks around
inverse Fourier transform starting population (dashed line), a random startifge normalized frequency of 0.3. The filtered refractive index
population (solid line), and a chromosome-modified filter with random startinﬁrof”e and its transmittance and reflectance are displayed in
population (dotted line). . . o
Fig. 5(a)—(c) respectively. Although it is clearly not the same
of the Fourier filter(¥' = 0.91), as represented by the figurerefractive index profile, there are similarities in the envelopes.
of merit after 10 000 generations, is significantly better than tliédhe stochastic filter seems to be an approximate transpose of
corresponding value for the stochastic fil{éf = 1.52). the Fourier filter. We think this similarity is fortuitous. It is

Figure of merit
d
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Fig. 5. (a) Refractive index profile generated by initiating the GA with ¢ § 1.9
random starting population. The profile generated after 10000 generatic £ fr
1)
o

was bandpass filtered with a 20th-order Butterworth filter with a passbar 1.7 :
from 0.2 to 0.42. (b) Corresponding transmittance spectrum of the filter. ( \
Corresponding reflectance spectrum of the filter.
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Optical thickness [1im]
well known [16] that the inverse problem (i.e., synthesis ¢ (b)
the refractive index profile from a given reflectance function /
is unique only if a minimum phase function (zeros restricte g °® " ' ’
to one half of the complex frequency plane) is assumed. / & 06 ’ :

we do not have control over the phase function in the gene § ¢4

algorithm, the solution space consists of humerous minin
corresponding to arbitrary phase functions.

We tested the robustness of the GA by initializing the algc 0
rithm with 46 different random populations and by running eac

Transmittance
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A . . : Wavelength [1im]

population for 2000 generations. All of the filters have figure ©

of merit that cluster around a mean value of 1.56. The stande 0

deviation is 0.15. These results confirm that the GA is very rc z 12 A i \

bust as it apparently reached one of the global minima for ea % 15 / I

of the 46 random starting populations used. E’ 20 |y MV\/\ r/" \[\ /\1 N |
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VI. CHROMOSOMEMANIPULATION jg | | |
The process of bandpass filtering of the refractive index pr o7 - wave/e;;th [#,;]'1 21 e

file as discussed in the previous paragraphs suggests a NGve,
procedure to enhance the performance of the GA with random o , _

. lati I th h b dified Fig. 7. (a) Refractive index profile of the CGMA after 8000 new generations.
starting pOPU a_t'ons' t ec romos_omes can be moame @? Corresponding transmittance spectrum of the filter. (c) Corresponding
bandpass filtering early in the evolutionary cycle, the stochastigiectance spectrum of the filter.



SWART et al. PROPERTIES OF RUGATE FILTERS DESIGNED WITH THE GENETIC ALGORITHM 857

(a) . (a)

1.0 pr—w Cae o ” 120 T T T T T
\ / : 100 Fourier filter
0.8 ® i 1
$ o6 E 80 AN 1
S o 5 she b B N
T \.«vJ S 60 | ’
@ 04 ! S el ‘
5 -E 40 S - 1
= 02 5 140 -
= 20 b 1
Fourier filter el :
0 0 | 1 1
0.6 07 0.8 0.9 1.0 1.1 1.2 1.3 1.4 0 05 1.0 15 2.0 2.5 3.0
Wavelength [1im] Change in figure of merit
(b) (b)
1.0 ——— =7 120 T T T T T
\/\»\ Stochastic fiiter
o 08 \ 0 100 T : . )
2 2 g | 1
8 06 b
g S 60 7
§ 0.4 3
& gaor ]
~ 02 3
o > 2 1
Stochastic filter
0 0 1 | I
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 0 0.5 1.0 1.5 2.0 25 3.0
Wavelength [tim] Change in figure of merit
(o) ©
1.0 p= Gad T T = 120 T T T T T
q - : CMGA filter
0.8 «» 100 | 1
22| Sl -
3 06 : s 80
= S 60 | ’ 1
5 04 3
3 S a0 | i
8 1S
= 02 g 20 F g
CMGA filter e
0 0 I '
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 0 0.5 1.0 1.5 2.0 2.5 3.0
Wavelength [um] Change in figure of merit

Fig. 8. Effect of normally distributed random perturbations in the refractiveig. 9. Distribution of the changes in the figure of merity for normally
index profile on the transmittance of the filter generated by initiating theistributed perturbations in the refractive index profile of filters generated by
GA with (a) and inverse Fourier transform starting population, (b) a randofitiating the GA with (a) an inverse Fourier transform starting population,
starting population, and (c) a random starting population with chromosorfl® @ random starting population, and (c) a random starting population with
manipulation after 100, 200, and 400 generations. The dashed curves defligpmosome manipulation after 100, 200, and 400 generations.
transmittance for the perturbed filters.

We make the following observations from Fig. 7. The av-

erage value of the refractive index of the CMGA filter is 2.13
or noise components of the population can be reduced. Tl{scomparison to the 2.33 of the stochastic filter. The refrac-
should improve the convergence, the final figure of merit angje index variation of the CMGA filter is between 2.00-2.25,
the performance outside the region of support. It is clear frofhereas it varies from 1.60 to 3.20 for the stochastic filter. The
Fig. 6(a) that the signal component and the noise componenixiGA filter has a somewhat smaller ripple in the beamsplit
the refractive index power spectral density can be clearly disand ¢-2.29 compared with-2.7%) and lower reflectance out-
tinguished after as few as 100 generations. Based on this gpfe the beamsplit band (less thai16.5 dB compared with
servation we implemented the stochastic GA with chromosome; 5.9 dB for the stochastic filter). Similar to the Fourier filter,
manipulation (CMGA) as follows: the entire population was filthe CMGA also fails gracefully outside the region of support
tered after 100 generations with the bandpass filter as descrilpggsign region) from 0.7 to 1,8m, except for a single peak at
in Section V. This procedure was repeated after 200 and aggigg ;m.
after 400 generations, and then the GA was allowed to evolve
for a total of 8000 generations.

The rate of convergence is significantly improved as can be

seen from the dotted curve in Fig. 3. The figure of merit reachedOne can expect random variations in the refractive index pro-
avalue of 0.96 after 8000 generations. This compares favorablg of ECR-PECVD grown films of up to 1%. We have studied
with the figure of merit of 0.91 of the Fourier filter after the saméhe effect of process variations on the three filters numerically
number of generations, and it is significantly better than the stoy using a normal distribution of refractive index variations with
chastic filter after 10000 generationd” = 1.52.) Fig. 6(b) a standard deviation equal to 1% of the mean value of the refrac-
depicts the power spectral density of the chromosome manipire index profile. This implies in practice that refractive index
lated stochastic filter after 8000 generations. Its refractive indeariations of up to 4% will occur. This is larger than can be rea-
profile and transmittance and reflectance are shown in Fig. 7sonably expected, but it was chosen to make the effects more

VII. SENSITIVITY
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visible. Each of the filter profiles were perturbed with these [2] B. E. Lemoff, L. B. Aronson, and L. A. Buckman, “SpectraLan: A
random variations, and the reflectance, transmittance and figure ~ow-cost multiwavelength local area networkjéwlett-Packard J.vol.

f . d. Thi d d ath 48, no. 5, pp. 42-52, 1997.
of merit were computed. IS procedure was repeated a t Ou[3] J. J. Pzn and Y. Shi, “Dense WDM multiplexer and demultiplexer with

sand times. The effect of such perturbations on the Fourier trans- 0.4 nm channel spacingZlectron. Lett, vol. 34, no. 1, pp. 74-74, 1998.

form, stochastic and chromosome-manipulated filters is showr]4] P. Baumeister, "Design of optical multilayer coatings,"fmoc. SPIE
. . . . . . Optical Interference Coating§. Abeles, Ed. Grenoble, France, 1994,
for a typical filter in Fig. 8(a)—(c), respectively. Fig. 9(a)—(c) vol. 2253, pp. 2-9.

shows the distributions of the changes in the figure of merit for [5] W. E. Johnson and R. L. Crane, “Introduction to rugate filter tech-

each of these filters. These distributions are skew and cannot be g‘r’)'gg;’i"cg‘at'i’r{ggj iP:JEobIP:vcv)gglgi\?\?gsea\r}grlslé?si-lng%mgﬁgﬁ?us
well represented by Gaussian functions. We obtained the best \ya 1993 vol. 2046, pp. 88-108. ’ ’

fits in the least squares sense by beta functions of the form [17]6] P. V. Bulkin, P. L. Swart, and B. M. Lacquet, “Fourier transform design
and ECR-PECVD manufacturing of lossy optical coatings with inhomo-
—1 b—1 eneous refractive index&ppl. Opt, vol. 35, no. 22, pp. 4413-4419,
y=cz® (1 —x) (4) ggge_ PRI OP PP
[7] H. Fabricius, “Gradient-index filters: Designing filters with steep skirts,
wherea, b andc are adjustable constants. The average figure of  high reflection, and quintic matching layer&\ppl. Opt, vol. 35, no. 25,

. . . PR pp. 5191-5196, 1992.
merit for the Fourier transform starting population is degraded[B] W. H. Southwell, R. L. Hall, and W, J. Gunning, “Using wavelets to

by AF = 1.32, for the stochastic filter byAF" = 1.24, and design gradient-index interference coatings, Pinc. SPIE Inhomoge-
for the chromosome-manipulated stochastic filter hy' = neous and Quasi- Inhomogeneous Optical Coatidgé. Dobrowolski

; ot and P. G. Verly, Eds. PQ, Canada, 1993, vol. 2046, pp. 46—49.
1.30. The corresponding standard deviations were 0.37, 0'35[9] S. Martin, A. Brunet-Bruneau, and J. Rivory, “Darwinian evolution of

and_ 0.36. These deleterious _eﬁeCtS are mostly manifes_ted BY" homogeneous multilayer systems,”Rmoc. SPIE Optical Interference
an increase in the passband rippletid.22 dB for the Fourier Coatings vol. 2253, F. Abelés, Ed., Grenoble, France, 1994, pp.

1 i~ fi 168-174.
filter, to £0.45 dB for the stocha_stlc filter, and #0.35 dB for 410] K_F. Man, K. S. Tang, S. Kwong, and W. A. Halar@gnetic Algorithms
the chromosome-manipulated filter. The mean values of the reé- ~ for control and Signal Processinger. Springer-Verlag Series, K. F.

flectance changed from3.0dB to—3.1dB,—3.2dB, and-3.4 Man, Ed. New York, 1997.

dB, respectively. We do not as yet have an explanation for thg1l J: A- Dobrowolski, . C. Ho, A. Belkind, and V. A. Moss, "Merit func-
. h . . tions for more effective thin film calculations&ppl. Opt, vol. 28, no.
detailed behavior of the three filter types with random perturba- 14, pp. 2824-2831, 1989.

tions applied to their refractive index profiles. [12] W. H. Southwell and R. H. Hall, “Rugate filter sidelobe suppression
using quintic and rugated quintic matching layeippl. Opt, vol. 28,
no. 14, pp. 2949-2951, 1989.
VIIl. CONCLUSION [13] P. V. Bulkin, P. L. Swart, and B. M. Lacquet, “Electron cyclotron reso-

. . . N . nance plasma enhanced chemical vapor deposition and optical properties
The starting population used in the GA optimizationtechnique  of Sio, thin films,” J. Non-Cryst. Solvol. 226, pp. 58-66, 1998.

has amarkedinfluence onthefinal refractive index profile aswell14] P. L. Swart, P. V. Bulkin, and B. M. Lacquet, “Rugate filter manufac-

; . ; ; turing by electron-cyclotron resonance plasma enhanced chemical vapor
as the transmittance of the filter outside the region of support, deposition of Si.” Opt. Eng, vol. 36, no. 4, pp. 1214-1219, 1997.

and the ripple in the passband. This was demonstrated by a 3-dB5] p. Yeh,Optical Waves in Layered Media New York: Wiley, 1988.
beamsplitter designed for 980 nm. Furthermore, thefilter realizetié] A. V. Tikhonravov, “Some theoretical aspects of thin-film optics and
by application of the GAto the stochastic starting population ha,, % ebPicaons e O, vol 52 1 28, 417 51261385,
large refractive index excursions in consecutive layers. This can ~ and System Analysiand ed. New York: Holt, Rinehart, and Winston,
be detrimentalto the filter performance asitmayleadtoincreased 1986, p. 373.

film stress which may lead to delamination at high power densi-

ties. In addition, it will complicate the manufacturing process as

the film composition will have to change drastically from sub
layer to sublayer. The sensitivity of the filters to random chang
inthe refractive index of the sublayers is not overly influenced t
the nature of the starting population.

We introduced a new technique of chromosome manipul
tion where a random starting population was used and the ch
mosomes were subjected to a bandpass filter early in the e
lutionary cycle. Thls mtervenﬂon |mproyed the rate pf conve : at The University of British Columbia, Vancouver,
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