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Abstract—We present a method to reconstruct optical trans- analysis. In this paper we are considering two synthesis
mission filters from specific complex spectrum profiles. A dis- methods. The first synthesis method is known as the inverse
crete inverse scattering method, known as layer-peeling, is used scattering technique that uses simple causality arguments to

recursively to reconstruct a long-period fibre grating structure . - .
from a specified realisable complex spectrum by a direct solu- reconstruct the coupling coefficient and filter spectrum from

tion of the coupled-mode equations or transfer matrices, while @ desired target spectrum [5]. The second synthesis method is
simultaneously determining the physical properties of the layered the genetic algorithm, which is a probabilistic search algorithm
tStrUCtUFet; Th? ff%'t?]ﬁve ShO(;t Iflomptlltaﬁ_ft)'? time Wfllen_tcompa;ﬁd based on natural selection, commonly used to seek results in
0 genetic algorithms, and low algorithm complexity are the

main advantages of the layer-peeling method. We demonstrate large search spaces [4].
this layer-peeling method by applying it to the design of high .
performance broadband transmission filters, for application in Analysis
dense wavelength division multiplexing (DWDM) systems. The
theoretical results obtained from this layer-peeling method are
compared to results obtained from a genetic algorithm, and a
conclusion is drawn about the overall performance of the layer-
peeling algorithm.
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I. INTRODUCTION

T HE SYNTHESIS of optical filters, such as fibre gratings,
have attracted many researchers in the field of fibreg, |
optics to find ways of obtaining a grating structure from a
specified, complex spectrum. At present, high-speed opticalThe grating synthesis problem is by no means trivial,
fiore communication devices rely on advanced optical filteesspecially compared to the well-known direct problem of
to perform various tasks such as compensation of link dispesmputing the spectrum from a specific grating structure. At
sion [1] or gain flattening of erbium-doped fibre amplifiers [2]present, several inverse scattering algorithms exist, which are
It is important when designing filters, to strictly monitor thaused in various fields of study [5]-[7]. Poladiat al. [8]
complexity of the index modulation of the grating, such that indicated that the synthesis problem actually is as simple as
can be practically realised in the fibre core during the gratinge forward problem.
manufacturing process. It is recommended when designingThere exist two variations of the inverse scattering layer-
advanced fibre gratings, to permit accurate control of boffeeling algorithm. These are the discrete layer-peeling method
the apodization profile and the local grating pitch along th®LP), and the continuous layer-peeling method (CLP) [7].
grating structure [3]. While the implementation of the DLP and CLP method differs,
Optical filter design consists of two parts, namely filtethe principle behind these methods is the same. The DLP
synthesis and filter analysis [4]. In the analysis of opticéd often more stable and significantly faster than the CLP
filters, the reflection/transmission spectra, time delay, angethod, but in both methods convergence problems (due to the
dispersion properties are calculated, given a known physieacumulation of numerical errors along the grating structure)
optical filter structure. However, the filter synthesis approaate found when strong fibre gratings are reconstructed [9]. It
entails the derivation of the structure and physical propertibas been shown that reflection and transmission filter struc-
of an optical filter from a desired spectrum [4], [5]. Figure 1ures can be reconstructed efficiently from a desired complex
illustrates the relationship between filter synthesis and filtepectrum using the layer-peeling method [5], [10].

Synthesis

Relationship between optical filter synthesis and analysis [4].



When designing complex optical filters it is often desirablée coupling coefficient. The detuning parameiefor LPG
to consider a weighting mechanism, which makes it easigiructures is defined as [12]:
to balance the different requirements. An example may be to
weight linear phase more than induced index change, because 5 l(ﬁme _ e ) _r ()
dispersion may be a more critical factor. In retrospect one can 2 clad A

choose which parameters are more important than others dufwhere 3,,,. is the propagation constant of the core mode,
ing the synthesis problem, making this approach more flexitdgd B" . is the propagation constant of thé” cladding
than the layer-peeling approach. Optimization methods sugfpde.

as genetic algorithms (GAs) are ideally suited for this task. The use of inverse scattering methods to reconstruct an
Genetic algorithms have the capability of obtaining an |ndq_>pG is by Nno means an easy task to perform, since a reflec-
modulation profile that can be more practically implemented tibn grating is an infinite-impulse-response (IIR) filter, and a
the fibre core, by specifying restrictions to specific parametafgnsmission filter (i.e. long-period grating) is a finite-impulse-
in the design [2]. Genetic algorithms have been applied fgsponse (FIR) filter [13]. These types of optical filters have
design fibre Bragg gratings (FBGs) [11] and long-period fibigistinct restrictions on the relationships between the phase and
gratings (LPGs) [2]. However, the computation time it takegmplitude responses for each filter. For transmission filters the
to obtain a suitable solution to the synthesis problem usingeftire grating structure is necessary to determine the points in
GA is very long. The genetic algorithm approach is slow, du@e impulse response, and special care should be taken in the
to the large number of individuals and generations requiredrmulation of the inverse scattering algorithm to reconstruct

but it produces results which can be practically implementeghese types of filters [14], [15]. The discretised-coupling model
The remainder of the paper is organised as follows. Bf an LPG is illustrated in figure 2.

Section Il the inverse scattering layer-peeling method is briefly
discussed, and theoretical design results are produced for, —— Az ——> Az
optical transmission filters. Section Il discusses the basic con- Fast mode
. . . . . Un U1 UM-l
cepts behind a genetic algorithm and provides results obtained
for the same type of optical filter. Concluding remarks are
given in Section VI about the two different algorithms usec”
to design high performance transmission filters.
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In this section the inverse scattering method proposed by _ '
Fecedet al. [10] is used to obtain the reconstructed LPG Fig. 2. The discrete model of an LPG structure [15].
spectra from a target core mode spectrum. The refractive-

index modulation of a fibre grating along the optical fibre '€ grating structure is divided intt/ layers separated by
propagation axis can be written as [12]: a distanceAz, and the main aim is to obtain the required

strength of the instantaneous scattering poipis, given
_ o a valid pair of transmissiorl/y;(z,0) and cross-coupling
n(z) =na + 5”007“6{“005 (XZ + ¢(z))} (M) W, (2,0) spectra [15]. From equation 4}; and IV, are the
i i ) . . amplitudes of the fields traversing through a secjiaf length
where A is the grating periodn, is the average effective 5, \yhere the coupling coefficient(jAz) is unique for each
refractive-index,¢(z) denotes the local phase variation andection ;. The matrix G describes the propagation through
grating chirp, v is the fringe visibility, anddncore is the goch sectionj and is given by [14], [15]:
induced index change spatially averaged over the fibre grating
period. Based on the coupled-mode theory, the coupling
between two co-directional propagating modes is described [UM} =(GuGu-1- ..o G- Gh) {UO} 4)
by the well-known coupled-mode equations [12]: W Wo

dU(z,0 where
C(ZZ ) iU (2, 8) + ig(=)W (2, 6)
) ) ¢ {Slwl“w‘is’lm i3 Sipg } ©)
i= - q* -5
WVE0) e ()02, 6) — oW (2,6) BrSwee Swg =5, Swg2)
dZ b )

and v, = /|¢q|? + 62. The elements in the above matrix
equations are defined aSj,;1 = cos(yrAz), and Sipge =

whereU(z,0) and W(z,d) are the slowly varying ampli- sin(y;Az). The piecewise uniform coupling model [12] can
tudes of the co-directional propagating modes, afid) is be further approximated by separating the distributed coupling



that takes place in a grating structure, into a stack of discrefienply expressed agy; = wjs(0)/up(0) . Since the value
instantaneous scattering points [10]. The mad¥ix describes of ps; is known at the final layer, we can now remove this
the coupling in theg'*” layer of an LPG structure, and the otherlayer and obtain the impulse responses of layér— 1 as
Ga, describes the propagation between the instantanedoiows [15]:
scattering points [15]:

upoa(r) = L Pirtur(7) (19

Gy =[Py 2 | ©® w1

—p
wpr(7) — ,OMUM(T).

xp (7 wy—1(t—1) =
Ga= [P S @ v S Frl

Equations 13 and 14 can now be used to obtain the discrete
{Uj(é)} —GAG |:Uj—1(5):| @) coupling ratiopy, 1, and this procedure is repeated until all
W;(6) P IW;-1(0) the layers have been reconstructed [15]. However, Erdogan
wherel < j < M, and the discrete coupling coefficient iset al. [14] have provided simplified expressions for the field

obtained from the coefficients; using the relation [15]: amplitudes at the end of the/*" layer, after considering that
. light starts propagating in the core and travels until the end of
d(Az) = 1 arctan(| p; |) 9) the M*"-layered LPG structure as illustrated in figure 3.
Az | p; | !

If we reformulate the discretised-coupling model into thi > e Az
space-time domain, the inverse-scattering method will be the
most efficient [10]. Let us assume that a normalised spectru p FPathl
is incident to the fast mod& and nothing to the slow mode }
W. The time delay is defined such that the light propagates
in the medium without delay in the fast mode. Since the time
domain field vectors at layer is related to the spectral fields
by a discrete-time inverse Fourier transform, they are discredg. 3. Illustration of an long-period grating structure indicating the two
and have contributions from all possible paths as illustrated dptical paths associated with the*" layer [14].
figure 2 [15]. From figure 2 the responses at any layer consist
of at mostM + 1 pulses, since a unit impulse is incident to According to Erdogaret al. the impulse response has a
the fast mode and no light to the slow mode. The time-domai@ntribution from only path 1 in figure 3 during core mode
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field coefficients are defined as follows [15]: transmission at timer; = nc,reAzM/c, and for cladding
mode transmission the impulse response has a contribution
U;(6) = Zﬁio u;(T) exp(12Az07T) from only path 2 at timers = [neoreA2M/c — (Neore —
(10) newa)Az/2c). The impulse responses in the time domain
W;(8) = Zﬁio w; () exp(i2Az67) for cogedmode and cladding mode transmission are given as
psorectad(zy = [reorecad ovn(—iwr)dw/2n. The transmis-

: M
whergf =01, M, -the spectral f|e|d£]j(§) and Wj(5) sion functionst$y™¢ andt§/*? are defined as follows [14]:
are periodic with a periodr/Az. From equation 10 it takes

the signal the normalised tin®A z to propagate through one t5ore = Upy(8) el (MAz)+(EMAzBeore )]
layer in the slow mode. The transfer matrix model defined (15)
in equation 8, can be easily transformed to the time-domain, tolad — WM(5)6[+(iMA25)+(iMAzﬁ;‘M)].

where Ga operates by delaying the slow mode by one time

unit with respect to the fast mode [15]; Given a realisable complex spectruffv) in the interval

—0,/2 <6 < 0,/2, the aim is to find the coefficients; for

j =1,2,..., M [15]. The bandwidth§,, = 7/Az is usually
[uj(T)} =G, [ uj-1(7) } . 1<j<M. (11) specified, which normally dictates the spatial resolution. The
w;(7) wj-1(7 —1) o layer-peeling algorithm is based on the fact that the first
At the end of the LPG structure (i.e. lay@r), the time- point of the impulse response must be independent of the

domain response is given as follows [14], [15]: p;'s for 7 > 2 due to causality, thup; = h(1). Sincep; is
known, we can simply propagate the fields using the transfer
un (1) = [uar(0) unr(1) oo uar(M)] matrices. The discrete layer-peeling algorithm may now be

(12)  summarised as follows:
’LUIW(T) = [wM(O) wM(l) wM(M)]
where uj,(0) and wy,(0) denote the two shortest optical « (1) Start with a physically realisable complex spectrum
paths through the LPG structure from causality requirements. ¢(4). One should specify a desired cross-coupling spec-
The discrete coupling ratio in the grating structure is then trum W (J), and design an\/** order FIR filter using,



e.g., windowing. After designing the FIR filter, one 6
should then obtain the polynomi&l(z) by a root-finding .
procedure, or using the discrete Hilbert transform [15],  [~~~~7~ BRGE
where U(z)U.(z) + W(2)W.(z) = 1 (the asterisk in
the subscript indicate the para-Hermitian conjugate). The
z-transform of the impulse response$r) and w(7),
produces thel/*" order polynomiald/(z) and W (z).

« (2) Calculate the coefficien;.

« (3) Propagate the fields using the transfer matrices from

Induced index change [x 107
Coupling coefficient [cm‘l]

1-10

equations 13 and 14. i phase shift 112
e (4) Repeat step (2) until the entire filter structure is ll s
reconstructed. o5 = r = PSR o

Position along grating [mm]

A nt of the number of rations for this algorithm

h Couht 0 ht € u.be .O ope ?tohs Odt S ag02t Fig. 5. Reconstructed LPG coupling coefficient (1/cm) and index modulation
shows that the running time IS 1n the order 6f(M*) _profile simulated using the layer-peeling method.
when compared to the conventional approach of computing

the direct problem. We now consider an example where the

target cross-coupling spectrum in the cladding has a flat-taxceed—39 dB, indicating that this is a very strong transmis-
nearly rectangular passband described by a "Super-Gaussigioh filter. The coupling coefficient illustrated in figure 5 did

function [7]: not exceed 1.67 ¢m ™!, the maximum index change obtained
was0.58 x 103, and the grating chirp wak66 nm/cm. It was
H5) = VE x exp (6)20 (16) found that the LPG structure exhibited a sinc-like envelope,
Spb and has uniform periods, where there exists jphase shift at

each minimum point of the index modulation profile. Zhang

_ : > et al. illustrated similar effects on the modulation index when
0.99, and the desired passband widip, at full-width half- reconstructing LPGs using the layer-peeling method [16]. It
maximum (FWHM) is11 nm. The designed wavelength isiook only 786 milliseconds to reconstruct the LPG on a
Ar = 1550 nm, and the gﬁective refractive index difference g6 GHz Pentiumd computer using MATLABT.

between the two interacting modes A,y = 3.4 x 107°. However, to implement the results presented in a manu-
The grating period equald = 456 um. The length of the tactyuring process, these results must first be adjusted such
grating is L, = 30 mm, and the number of layers usednat it is more practically suited for the manufacturing of
to reconstruct the transmission spectrum wafe= 202. The 5, | pG. Figures 68 illustrate theoretical results obtained
simulation results of the transmission filter reconstructed usigghen the index modulation profile was adjusted in such a

the discrete layer-peeling method are illustrated in figures,ghy as to allow the filter structure to be practically realisable.

and 5. From figure 8 the dispersion result is small (exhibiting a
small ripple in the passband) when the LPG is reconstructed,
but increases when the filter structure results are adjusted for
practical implementation.

where the maximum transmission in the passbang is
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Fig. 4. Target/Reconstructed LPG transmission spectrum for the core mode
and cross-coupling spectrum for the cladding mode in logarithmic scale.
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From figure 4 the core mode transmittance was kept H)g 6. Target/Reconstructed LPG transmission spectrum for the core mode

—34 dB (with a ~ 2 dB ripple in the passband of the coreand cross-coupling spectrum for the cladding mode in logarithmic scale
mode spectrum), and the cladding mode transmittance did r@tsidering practical implementation issues.
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implementation issues.
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long-period grating structure. The target transmission was set
to 0.9, operating at a center wavelength D§50 nm, with

a 52 nm bandwidth at FWHM. The spectrum was designed
to exhibit a "Super-Gaussian”-profile, the grating length was
chosen to b0 mm, and the grating period wd$5 um. The
lower and upper bounds of the coupling coefficient was set
to 0 and 184 cm ™!, respectively. The induced index change
of the designed filter exhibits a positive hyperbolic tangent
profile, and the filter was designed to exhibit a grating chirp
of 13 nm/cm. Figure 9 illustrates the target and reconstructed
transmission spectrum of an non-uniform LPG, as well as
theoretical results obtained when the filter structure is adjusted
such that it can be practically realised.

Reconstructed LPG coupling coefficient (1/cm) and index modu-
lation profile simulated using the layer-peeling method considering practical o
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Fig. 9. Target/Reconstructed transmission spectrum of a non-uniform LPG
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¢ simulated using a genetic algorithm.
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The target spectrum differs from the reconstructed spectrum,
Fig. 8.  Filter dispersion obtained using the layer-peeling method aftim the sense that the reconstructed spectrum bandwidth does
practical implementation issues were considered. not match the target set. However, the grating chirp influences
the LPG structure dramatically, as well as the implementation
I1l. TRANSMISSIONFILTER SYNTHESIS BY GENETIC of the apodization profile. The hyperbolic tangent apodization
ALGORITHM profile [18] was chosen, since it provided the best results in
Genetic algorithms are probabilistic parallel search algdiaintaining a broad bandwidth, a near flat top passband, a
rithms, which are based on natural selection [4], followingnaximum reduction in the time delay ripple, and a minimal
the same principle as the evolutional process of nature. Meduction in transmission loss. Other apodization profiles
the following example an attempt is made to reconstructfailed in maintaining a broad bandwidth, and a near flat top
transmission filter using a genetic algorithm. The constrairggectrum. However, the small sidelobes in the reconstructed
placed on the design are as follows: A fixed value was chosgpectrum are a problem, but an efficient LPG structure has
for the length, bandwidth and power of the transmission filtdpeen reconstructed, exhibiting a high transmission loss. The
The genetic algorithm was then used to obtain the requirititial individuals in the population was set th0, and the
refractive index profile for the filter structure, from a pregenetic algorithm searched for optimal solutions in o2y
specified transmission spectrum. The starting population of tgenerations. From figure 9 the reconstructed LPG results
genetic algorithm was generated randomly, consisting/fof obtained correspond in some ways to the target set, where
chromosomes, each consisting 8f codons, which representa maximum transmission loss of8.93 dB was obtained,
the N random numbers generated between the upper and lowéth a passband bandwidth 68 nm, operating at a center
bounds of the coupling coefficient for the specific design. Aftavavelength ofl550 nm. The passband ripple was0.16 dB,
the target spectrum is specified and the number of populatidngicating that the reconstructed spectrum did not have a flat
and generations are set, the genetic algorithm is executed Uil
the target spectrum is reached. Figure 10 illustrates the index modulation profile of the
The genetic algorithm optimization toolbox (GAOT) dereconstructed transmission filter, where a maximum index
veloped by Joinest al. [17] was used to reconstruct thechange 0f9.09 x 10~2 was obtained. The genetic algorithm
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Fig. 10. Reconstructed index modulation profile of a non-uniform LPG usi
a genetic algorithm.
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complex to implement in a manufacturing process. Howevbi® € Eser b b Zenes i | Laning, ‘ontniaten of spodec
the genetic algorithm technique had a problem to reconstruct of Quantum Electronicsvol. 34, No. 5, 1998.

transmission filters, because of the complex nature of the
LPG structure. This algorithm was very time consuming
in producing results. The index modulation profile results
obtained from the GA, looked in the end more practical to
implement in a manufacturing process, when it is compared
to results obtained from the layer-peeling method. A trade-off
between computation time and implementation complexity for
the synthesis algorithms should be made in order to obtain"
solution that will be acceptable for the individual.
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