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ABSTRACT: A no�el numerical approach for the efficient synthesis of
dispersion-flattened fibers is presented. This approach is based on the
combination of genetic algorithms and finite elements. Se�ere con-
straints, such as a gi�en maximum monochromatic dispersion le�el and
maximum flatness o�er a desired band, are easily attained. To show the
�alidity and usefulness of our approach, three different profiles are
optimized, and their results are compared with published ones. � 2001
John Wiley & Sons, Inc. Microwave Opt Technol Lett 31: 245�248,
2001.
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I. INTRODUCTION

Although single-mode optical fibers have been widely used in
long transmission networks, one of their main limitation
effect is the chromatic dispersion D. In order to minimize its
impact on signal degradation, and consequently, on the sys-

� �tem transmission rates 1 , it is desirable that, over the
operation band, the chromatic dispersion be as flat as possi-
ble, with levels kept close to, but different from zero. Several
kinds of index profiles matching these requested features

� �have been proposed 2�5 , however, a general technique
capable of synthesizing them in a systematic and effective
way, such as the one proposed here, has not yet been
reported.

Since D is proportional to the second derivative with
respect to the wavelength of the effective propagation con-
stant � , then a high accuracy of � is required. The use of the

Ž .finite element method FEM is widely recognized as a pow-
erful numerical tool for the analysis of microwave and optical

� �waveguides 7 . Highly accurate finite element approaches for
the computation of � , based on second-order Lagrangian
� � � �6�7 and Hermitian 8 polynomials for the one-dimensional
analysis of optical fibers with arbitrary profiles have already
been reported.

Ž .On the other hand, genetic algorithms GAs have proved
to be an efficient tool to optimize electromagnetic structures,

� �as can be realized from the vast literature available 9�11 .
Most of the GA’s electromagnetic applications have been
focused on microwave devices and antennas; for photonics,
however, very few attempts have been reported. The most
attractive GA features are its robustness and capability to
deal with nondifferentiable functions. This characteristic per-
mits a substantially more flexible and simpler definition of
the objective function than differentiable optimization tech-

� �niques 12 .
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II. FINITE-ELEMENT MODEL

The linearly polarized modes LP in a weakly guiding fiber0m
Ž .with an arbitrary index profile n r are governed by the scalar

wave equation

� 2� 1 ��
2 2 2� Ž . � Ž .� � k n r � � �� 0 102 r � r� r

where � represents the mode electric field, � is the effective
Žpropagation constant or also called the effective refractive

.index , k is the wavenumber of free space, and r is defined0
� �over a truncated domain, defined by the interval 0, a .

Dividing the domain 0 � r � a into a number of La-
Ž .grangian line elements, within each element subinterval , �

� 4T� 4is defined as �� N � , where the components of vectore
� 4� are the values of the field �, defined at the correspond-e

� 4Ting nodal points, vector N contains the shape functions,
and T denotes the transpose. Using the finite-element method

Ž .based on the Galerkin procedure applied to 1 leads to the
following eigenvalue matrix problem:

� �� 4 2 � �� 4 Ž .A � � � B � 2

� � � � � � Ž .where A and B are matrices given in 7 . Equation 2 is
� �solved by the subspace iteration method 13 . Along this

Ž .work, second-order quadratic Lagrangian functions were
� � � � � �adopted 8 , as a consequence, matrices A and B are

pentadiagonals.
Ž .It is worth noting that the refractive-index profile n r, �0

� � Ž . Ž .of an optical fiber can be written as 2 n r, � � � r, � �0 0
Ž . Ž .n � , where n � is the refractive index of pure silica SiOs 0 s 0 2

Ž .and � r, � is the normalized refractive index or the relative0
refractive index spatial variation. Next, assuming � to be a

Ž . Ž .function of the radial coordinate only, i.e., n r, � � � r �0
Ž .n � , the Sellmeier constants for the pure silica’s refractives 0

Ž . � � � �index, n � , given in 4 and 14 , can be taken into account,s 0
and thus, the material dispersion is directly included in our
calculations.

Ž .Once � is obtained from 2 within a wavelength range,
the chromatic dispersion, called simply dispersion from here
on, is readily computed by using the well-known expression

� � 2�0 Ž .D � � . 32c ��0

III. GENETIC ALGORITHM AND INDEX PROFILES

The GA adopted here follows the standard binary transfor-
� �mation 12 , and has been successfully tested in the synthesis

� �of Yagi antennas 15 . Thus, if x is a variable parameter of
the index profile that takes real values between x andmin
x , then, it is decoded asmax

N �1xŽ .x � xmax min x j Ž .x � x � b 2 4Ýmin jNx2 � 1 j�0

where the b x, j � 0, . . . , N � 1 are the N bits describing x.j x x
� � � � � �The W 4 , linear chirp 3 , and triangular 5 profiles were

chosen to validate the present approach. The W-profile’s
geometry and its variable parameters are illustrated in Figure
1. We took as reference the parameters corresponding to the

� �optimum values given in 4 . Next, we fixed � � 1.00, and1
Ž .defined around the reference values the intervals shown in

Table 1.
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� �Figure 1 W profile, suggested in 4 , and variable parameters

TABLE 1 Interval Limits for the Variable Parameters Related
[ ]to the W-Profile in Figure 1 4

l l l1 2 3
Ž . Ž . Ž .� � � �m �m �m2 3 4

Max. value 0.9945 0.9990 0.9970 4.4 8.5 16.5
Min. value 0.9930 0.9975 0.9950 4.0 8.0 16.0

� �Following 4 , the fitness or objective function was defined
considering the following restrictions: find an optimum index

Ž .profile such that the dispersion curve D � behaves as flat as
� �possible over a wavelength range I: � , � , and exhibitsmin max

zero values at 1.3 and 1.5 �m. Thus, the fitness function
proposed for the profile p is written as follows:

Ž . Ž .F p � � D p , 1.3 �m
��1.5 �m

Ž . Ž . Ž .� D p , 1.5 �m � D p , � . 5Ý
��1.3 �m

The triangular profile’s geometry and its variable parame-
Ž .ters are illustrated in Figure 2 a . We took a reference profile

� �based on typical values given in 5 . After exhaustive at-
tempts, it became clear that the best results are obtained with
the first clad being as thin as possible. This strongly suggested

� Ž .�that a triangular single clad Fig. 2 b is enough to achieve
Žthe optimum behavior. Next, we defined around the refer-

.ence values the variation intervals shown in Table 2.
The linear chirp profile’s geometry is defined by

� � Ž . Ž 2 2 .�41 � 	 1 � exp �
 r cos 2�Nr �a , r � aŽ .� r � ½ Ž .1 � 	 , r 	 a
Ž .6

and is illustrated in Figure 3. Two different sets of values are
shown, demonstrating its sensibility. As a reference, we used

� �typical values given in 3 , and as before, the variable parame-
Ž .ters N, 	, 
 , and a were allowed to vary around the

reference values, over the intervals shown in Table 3.
The fitness function was requested to match the following

restrictions: find an optimum index profile such that the
Ž .dispersion curve D � behaves as flat as possible over a

� �Figure 2 Triangular profile, suggested in 5 , and variable parame-
Ž . Ž .ters for double a and single b clad

TABLE 2 Interval Limits for the Parameters Related to the
[ ]Triangular Profile Shown in Figure 2 5

Ž . Ž .� � � l �m l �m1 2 3 1 2

Max. value 1.004 0.9990 1.0010 8.0 l � 5.81
Min. value 1.003 0.9970 0.9990 7.0 l � 2.81

Figure 3 Two different linear chirp profiles. N � 1.87742, a �
Ž .7.0 �m, 	 � 0.01565, 
� 0.11613 solid curve , which correspond to

optimum parameters, and reference parameters: N � 1.0, a �
Ž .7.0 �m, 	 � 0.008, 
 � 0.1 dotted curve
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TABLE 3 Interval Limits for the Variable Parameters Related
[ ]to Linear Chirp Profile Shown in Figure 3 3

Ž .N 	 
 a �m

Max. value 2.0 0.015 0.2 7.5
Min. value 0.0 0.001 0.0 6.5

� �wavelength range I: � , � , and exhibits a maximummin max
dispersion value D at a given wavelength � , which be-max 0
longs to I. The fitness function proposed here is given by

���ma x Ž Ž ..� D p , �0Ž . Ž .F p � � D � D p , � � .Ý maxž / ����� min

Ž .7

The values � � 1.5 �m, � � 1.6 �m, � � 1.55 �m,min max 0
and D � 0.2 ps�km � nm were adopted.max

IV. NUMERICAL RESULTS

The W-profile’s optimum dispersion curves obtained using
� �the present scheme and the one described in 4 are shown in

Figure 4. Our optimum dispersion curve corresponds to the
values � � 1.00, � � 0.9944, � � 0.9983, � � 0.9960, l �1 2 3 4 1
4.106 �m, l � 8.133 �m, l � 14.60 �m. It is clear that the2 3
result obtained here satisfies in a better way the requested

Ž .restrictions in 5 . We notice that our starting point was the
� �optimum profile reported in 4 . Therefore, our scheme im-

proved that result both in flatness and zero chromatic disper-
sion at 1.3 �m and 1.55 �m.

The triangular profile’s optimum dispersion curves ob-
� �tained using the present scheme and the one described in 5

are shown in Figure 5. Our optimum dispersion curve corre-
sponds to the values � � 1.00343, � � 0.99778, � �1 2 3
1.00007, l � 7.600 �m, and l � 12.147 �m. The result1 2

Ž .clearly satisfies the restrictions imposed by 7 .
The optimum dispersion curves for the linear chirp profile

are shown in Figure 6. Here, our optimum parameters are
a � 7.0 �m, 	� 0.01565, 
 � 0.11613, and N � 1.87742.

� �Unfortunately, the results obtained in 3 seem to be inaccu-
� �rate. The optimum curve shown in 3 is similar to our

optimum one shown in Figure 3. However, plugging the
� �optimum parameters given in 3 into our direct code, what

Figure 4 W-profile dispersion curves: optimum, using the present
Ž . � � Ž .algorithm solid , and reference parameters taken from 4 dotted

Figure 5 Triangular single-clad profile dispersion curves: optimum,
Ž .using the present algorithm solid , and reference or intervals mean

Ž .parameters dashed

Figure 6 Linear chirp profile dispersion curves: optimum, using the
Ž .present algorithm solid , reference or interval mean parameters

Ž .dotted , and convergent solution for optimum parameters found in
� � Ž .3 dashed

we, in fact, obtained, after reaching convergence, is the
dashed curve shown in Figure 3. On the other hand, the

� �optimum profile reported in 3 was obtained by mapping
D versus only 
 and N, and not through a systematic andmax
general optimization approach as shown here.

V. CONCLUSIONS

In this work, we have proposed a new approach for the
synthesis of dispersion-flattened index profiles. This approach
combines the GA for optimization and the FEM as a numeri-
cal tool for the direct calculation of monochromatic disper-
sion curves. The results obtained for the three profiles ana-
lyzed here show the usefulness and competitiveness of this
approach. The optimum profiles were obtained after a mod-
erate amount of computer time: around 40 min using a SUN
ULTRA 5 station, 250 MHz, HD 4.3 Gbytes, and 128 Mbytes
RAM.
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ABSTRACT: The scattering from finite frequency selecti�e surfaces
( )FSSs characterized by planar interfaces is analyzed, resorting to two
PO-based hybrid techniques. The hybrid techniques, �alidated with a
full-wa�e numerical technique, are easy to implement, fast, and already

quite accurate for medium-size FSSs. � 2001 John Wiley & Sons, Inc.
Microwave Opt Technol Lett 31: 248�252, 2001.

( )Key words: frequency-selecti�e surfaces FSSs ; scattering;
hybrid techniques

1. INTRODUCTION

In this paper, the scattering from finite frequency-selective
Ž .surfaces FSSs characterized by planar interfaces is analyzed,

resorting to two PO-based hybrid techniques. FSSs are peri-
odic structures exhibiting specific filtering properties with
respect to the frequency. The optimization of their electrical
characteristics allows one to design high-performance multi-
band and�or broadband antenna systems. Several numerical
techniques have been successfully implemented to character-

� �ize the electromagnetic behavior of infinite FSSs 1�3 . For
this kind of analysis, it is sufficient to consider the elementary
cell of the FSS and the imposition of the periodicity condi-
tions on the lateral walls of the cell itself. Due to their finite
dimensions, the properties of real FSSs can significantly differ
from the ones relevant to the corresponding infinite FSSs. To
account for the finite dimensions of FSSs, several strategies

� �recently have been adopted; see, for instance, 4�11 . For
most applications, FSS structures are too large, in terms of
wavelengths, for a full-wave rigorous analysis to be imple-
mented. That is the reason why approximate techniques are
normally implemented for finite FSSs.

The most efficient solutions proposed to describe finite
FSSs are hybrid techniques combining numerical techniques

� �and high-frequency techniques. In 4 , for instance, a PO-
based technique has been implemented to analyze the plane-
wave scattering from a finite array of metallic waveguides. In
� �7 , a heuristic uniform geometrical theory of diffraction
Ž .UTD solution for plane-wave scattering from edges in peri-
odic planar surfaces has been proposed and successfully

� �compared with a full-wave solution. In 9 , the physical-optics
Ž .PO technique has been used together with a finite element

Ž .method FEM to study the electromagnetic field scattered
from finite periodic structures. Independently of the high-
frequency technique chosen, the starting point in the imple-
mentation of these hybrid techniques, is always the charac-
terization, via a rigorous numerical technique, of the
corresponding infinite FSS structure.

� �An alternative hybrid procedure, recently presented 11 ,
is based on commercial electromagnetic solvers not devoted
to the analysis of infinite periodic structures, like the method-

Ž . � �of-moments MoM -based FEKO 12 . These commercial
tools are efficient in the electromagnetic modeling of finite
FSSs limited to a maximum size determined by the capabili-
ties of the work station used. To model, using these commer-
cial solvers, finite FSSs with dimensions exceeding this maxi-
mum size, we extract from the assigned FSS structure a finite
portion. The scattered field, relevant to this reduced-size FSS,
sampled along the near field cuts chosen in such a way that
the diffraction effects can be neglected on them, can be
approximated with the field relevant to the corresponding
infinite FSS. By imposing that this field is expressed in a
Floquet mode expansion, an estimation of the Floquet mode
amplitudes characterizing the corresponding infinite FSS
structure is obtained. Finally, resorting to a standard uniform

Ž .asymptotic physical-optics UAPO procedure, the electro-
magnetic field associated with the initial FSS structure can be
estimated. Once the hybrid approach is implemented, it is
quite simple to modify the structure and perform a new
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