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Abstract

This thesis is mainly a study of theoretical issues in the field of fiber Bragg gratings.
The synthesis problem of gratings is investigated in detail. This applies to synthesis
based on desired, complex spectra in reflection as well as in transmission. In addition,
methods for characterization of fiber gratings are proposed.

For the synthesis problem of gratings, a genetic algorithm and a layer-peeling method
are used. The genetic algorithm follows the principle of evolution from nature. As with
nature, the evolution gives good results, but the synthesis process is extremely slow. On
the other hand, the layer-peeling approach is extremely efficient, and the performance of
the designed filters is very good. As the name indicates, one retrieves one layer at a time
using a simple causality argument, and peels off the layers until the whole structure is
reconstructed from the reflection response. We derive, analyze and compare two variants
of the method that have appeared in the literature, a discrete and a continuous version.
The discrete version is simplified and shown to be superior to the continuous version
when it comes to stability and computing time. The continuous version offers some
advantages in flexibility. To demonstrate the generality of the layer-peeling algorithm,
we also apply it for synthesis of thin-film filters.

When designing gratings for use in transmission, one must have the minimum phase
restriction in mind. Despite this restriction, it turns out that it is still possible to realize
a complex response inside a limited bandwidth. The minimum phase condition is then
satisfied by the behavior of the transfer function outside that interval. We propose a
general method for synthesizing limited bandwidth minimum phase filters, and apply it
in particular to design fiber gratings with specified transmission coefficients.

Several methods for characterization of fiber gratings are treated in the thesis. It
is showed that phase reconstruction from reflectivity alone is not possible in general.
Even if such reconstruction is possible for a certain type of grating, this method is not
suitable for experimental gratings owing to bad stability against grating imperfections.
Different kinds of a prior: information can resolve this problem; one possibility is to use
information of the index modulation amplitude. The resulting method is particularly
useful for intragrating sensing since the index modulation amplitude is unchanged when
the fiber is exposed to a spatial variation of strain or temperature. One can also retrieve
the complex reflection spectrum of a grating by measuring the interference spectrum of
the grating and a bare fiber end reflection. The group delay of the grating is obtained
from the periodicity of the resulting Fabry-Perot spectral fringes. Finally, one can mea-
sure the complex reflection spectrum using low-coherence interferometry. By probing
the grating at different positions, one gets the impulse response, from which the complex
reflection spectrum can be determined through a Fourier transform.
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Chapter 1

Introduction

1.1 Background

A fiber Bragg grating is an optical fiber for which the refractive index in the core is
perturbed forming a periodic or quasi-periodic index modulation profile. A narrow band
of the incident optical field within the fiber is reflected by successive, coherent scattering
from the index variations. When the reflection from a crest in the index modulation is
in phase with the next one, we have maximum mode coupling or reflection. Then the
Bragg condition is fulfilled, i.e.

)\B = QHQHA, (11)

where \p is the Bragg wavelength, neg is the effective modal index and A is the pertur-
bation period. By modulating the quasi-periodic index perturbation in amplitude and
(or) phase, we may obtain different optical filter characteristics.

The formation of permanent gratings by photosensitivity in an optical fiber was first
demonstrated by Hill el al. in 1978 [1]. Photosensitivity means that exposure of UV
light leads to a rise in the refractive index of certain doped glasses. Typical values for
the index change are ranging between 107¢ to 1073, dependent on the UV-exposure and
the dopants in the fiber. By using techniques as hydrogen loading [2], an index change
as high as 1072 can be obtained. The physical mechanism behind photosensitivity is
not yet fully understood.

Fiber gratings are nowadays usually fabricated by a variant of the transverse holo-
graphic method first proposed by Meltz et al. [3]. By exposing the fiber to a UV
interference pattern from the side, the pattern is "printed” into the fiber [4], see Fig.
1.1. Only the core is usually doped (for example with germanium), and consequently the
grating is only formed in the core and not in the cladding. In order to write nonuniform
gratings with advanced characteristics, one can use the scheme suggested by Stubbe et
al. [5, 6].

Because a fiber Bragg grating can be designed to have an almost arbitrary, complex
reflection response, it has a variety of applications, well described by Hill and Meltz
among others [4]. For telecommunications, the probably most promising applications
have been dispersion compensation [7] and wavelength selective devices [8]. Examples
of the latter are filters for Wavelength Division Multiplexing (WDM) [9]. Fiber Bragg
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Figure 1.1: The transverse holographic method for writing fiber gratings. Two coherent
UV beams produce an interference pattern in the fiber. The periodicity of the resulting
grating is dependent on the angles of the incident beams.

gratings have also become popular as sensing devices, ranging from structural monitoring
to chemical sensing [10]. Any change in the fiber properties, such as strain, temperature,
or polarization which varies the modal index or grating pitch, will change the Bragg
wavelength. Thus, by determining the peak reflectivity wavelength of the grating, we will
get information about the sensing parameters. Distributed sensing is also possible for
instance by recording the entire reflection spectrum. By applying an inverse scattering
approach, it is possible to determine the grating structure, and thereby the distributed
sensing parameters along the fiber (see Chapter 5). Another noteworthy application of
fiber gratings is to use them as reflectors for fiber lasers [11].

In order to design fiber gratings for various applications, it is crucial to have tools
for analysis, synthesis and characterization of fiber gratings. The most common math-
ematical model that governs wave propagation in gratings is the coupled-mode theory
[12]. The analysis of gratings based on coupled-mode theory is well understood; a review
is given in Chapter 2. The synthesis problem of gratings amounts to finding the grat-
ing structure (grating amplitude and phase) from a specified, complex spectrum. The
synthesis problem will be treated in this thesis; both the design of gratings based on a
desired reflection spectrum (Chapter 3) and based on a desired transmission spectrum
(Chapter 4). Similarly, the task of characterizing fiber gratings is important to monitor
the fabrication process or to monitor the grating as it is exposed to different physical
perturbations as strain or temperature gradients. This problem is not always trivial as
the reflection phase response spectrum is required in addition to the power spectrum for
a complete characterization. Chapter 5 contains a description of methods for obtaining
complete characterization of gratings.

The fiber Bragg grating is analogous to many other physical situations involving
coupling between counter-propagating waves as transmission lines, thin-film filters, and
acoustic filters. Therefore, many of the results in this thesis can be used in other fields.



An example of this is the layer-peeling synthesis method of fiber gratings which has
been adopted for the synthesis of thin-film filters in Section 3.3.

1.2 Thesis history and outline

1.2.1 History

This thesis work was originated as a continuation of my diploma work 1997, which was
about analysis and synthesis of fiber Bragg gratings. The work on the present thesis
started in January 1998. During several stays at the Institute of Optical Research in
Stockholm in 1998, I had the opportunity to test some of the grating theory in practice.
At their grating lab facilities, we developed a low-coherence system for characterization
of fiber gratings (Section 5.4). Back in Trondheim, I worked on phase retrieval of
fiber gratings and application to characterization and distributed sensing (Sections 5.1
through 5.3). During the summer 1999, I was with the Institute of Optics, University of
Rochester, Rochester NY. We investigated the layer-peeling inverse scattering method
in detail and applied it to the synthesis of gratings and thin-film filters (Sections 3.2 and
3.3). Also, the new idea about synthesis of gratings for use in transmission was born
(Chapter 4).

1.2.2 Outline

It is the author’s intention that it should be possible to read the thesis if one has a
general background in physics and mathematics. Therefore, a relatively thorough intro-
duction to the field of fiber Bragg gratings is given in Chapter 2. First the coupled-mode
theory is reviewed and the connection between the mathematical model and the physical
quantities is described. In Section 2.2 the coupled-mode equations are solved analyti-
cally for two situations, uniform gratings and weak gratings. Section 2.3 contains the
most convenient methods for solving the coupled-mode equations numerically. Both the
numerical integration method (Runge-Kutta) and the common transfer-matrix method
are described in addition to a new variant of the transfer-matrix method that is the
counterpart to the discrete layer-peeling method for the corresponding inverse problem.
Chapter 2 is ended by a brief discussion of the most important mathematical properties
of the grating reflection and transmission spectra, and the properties of the transfor-
mation that exists between the grating structure and the spectra. The material in the
Sections 2.1 through 2.3.2 is well-known, while the last Sections 2.3.3 through 2.4.2
contain less known theory.

Chapter 3 is devoted to the synthesis problem of gratings. The first article is about
a genetic algorithm for the synthesis. The idea is to design the grating structure by
numerical optimization using a certain merit function and a goal spectrum. In the
second article, more direct design methods (layer-peeling algorithms) are described.
The layer-peeling algorithm is a general, inverse scattering algorithm, and to show its
powerfulness and generality, it is also applied for the synthesis of thin-film filters in the
last paper of this chapter.

In Chapter 4 we treat a related synthesis problem, namely how to design a grating
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with an arbitrarily transmission response. Because the transmission coefficient is a min-
imum phase-shift function, we limit the bandwidth of consideration to a finite interval.
Then it turns out that the problem becomes that of finding a minimum phase transfer
function with a desired complex response inside a finite frequency interval. The response
outside that interval is unspecified. The problem is treated in a general context in the
first article, and the next article shows how the theory can be applied to the synthesis
of practical gratings. Both articles stand on their own.

The last group of papers deals with characterization of fiber gratings and intragrating
sensing. Intragrating sensing basically means to read out the local Bragg wavelength
profile of the grating, and consequently we can treat this application as a special case
of characterization. The first two papers are about situations where it is possible to
reconstruct the complex reflection coefficient from the power reflectivity, given some a
priori information. The numerical stability is treated. The next paper is about a simple
characterization method that utilizes the interference between the grating and a bare
fiber end reflection, whereas the final paper describes a low-coherence approach to the
characterization.

Finally, the thesis is summed up and lines are drawn into the future in Chapter 6.



Chapter 2

Fiber Bragg grating model

In this chapter, we describe the mathematical model of fiber Bragg gratings (FBG) that
is used in the thesis. The results from coupled-mode theory are briefly reviewed together
with the common numerical techniques for computing the reflection and transmission
spectra of fiber gratings. Finally, we summarize the main properties of grating spectra
and properties of the transformation that exists between the grating structure and the
reflection spectrum.

The contents in Section 2.1 through 2.3.2 are well-known. There are already two
books in the field of fiber Bragg gratings [13, 14], and in addition, there are several review
articles and other articles, see e.g. [4, 12] and the references therein. The numerical
algorithm in Section 2.3.3 and the theoretical grating properties listed in Section 2.4 are
less known although most of the results have been published previously.

2.1 Coupled-mode theory

The relation between the spectral dependence of a fiber grating and the corresponding
grating structure is usually described by the coupled-mode theory. While other tech-
niques are available, we consider only coupled-mode theory since it is straightforward,
it is intuitive, and it accurately models the optical properties of most fiber gratings of
interest. Coupled-mode theory is described in a number of texts; detailed analysis can
be found in [12, 15, 16, 17, 18]. The notation in this section follows most closely that
of Snyder and Love [15] and Poladian [18]. Throughout this thesis, we assume that the
fiber is lossless and single mode in the wavelength range of interest. In other words, we
consider only one forward and one backward propagating mode. Moreover, we assume
that the fiber is weakly guiding, i.e. the difference between the refractive indices in the
core and the cladding is very small. Then the electric and magnetic fields are approx-
imately transverse to the fiber axis, and we can ignore all polarization effects due to
the fiber structure and consider solely the scalar wave equation [15]. The fiber axis is
oriented in the +z direction and we assume that the electric field is z-polarized. The
implicit time dependence is exp(—iwt); a forward propagating wave with propagation
constant # > 0 and frequency w > 0 has thus the form exp[i(Gz — wt)].

The grating is treated as a perturbation on the fiber. The unperturbed fiber has re-
fractive index profile 72(x, y) and the perturbed fiber has the z-dependent index n(z, y, 2).
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Both fibers are weakly guiding so we assume 7 = n = ng = no where n is the index in
the cladding and n.g is the effective index of the supported mode in the absence of the
grating. We write the total electric field as a superposition of the forward and backward
propagating modes,

E.(z,y,2) =b1(2)¥(z,y) + b_1(2)¥(z,y), (2.1)

where the coefficients b4; contain all the z-dependence of the modes. It is clear that
by, are dependent on frequency since they include the harmonic propagation factor
exp(+ifz) with 8 = B(w) = negw/c = negk as the scalar propagation constant. The
transverse dependence is described by the function W, which satisfies the scalar wave
equation for the unperturbed fiber,

{Vi + K7 (2,y) — B°}0 = 0, (2.2)

where VZ = 0%2/92% + 0%/0y?, and k = w/c is the vacuum wavenumber. The total
electric field E, must satisfy the scalar wave equation for the perturbed fiber, i.e.

(V2 + k*n?(2,y, 2) + 0% /02*} E, = 0. (2.3)
By substituting (2.1) into (2.3), and using (2.2), we obtain

Cj_;(bl + b_l)\If + [62 + kQ(nQ . ﬁ2)](bl X b_l)\If _0 (24)

Multiplication by ¥ and integration over the xy-plane leads to

b,
dz? dz?

+ (ﬂ2 + 2kncoD11(z>)(b1 + b—l) — O, (25)

where we have defined the coefficient Dq; as

2 [ (n? - m2)W2dA
Du(z) = T02dA

(2.6)

The refractive index n., & neg is an approximate value for the index in the fiber core,
and the integrations extend over the entire zy-plane. Eq. (2.5) can be decomposed into
the following set of first order differential equations [15]

db ‘ ‘
d_zl — Z(ﬁ + Dll)bl = ZDllb_l
db_, . .
dz + Z(ﬁ + Dll)b—l = —ZDllbl, (27)

as is readily realized by differentiation and summation of the two equations in (2.7).
This decomposition corresponds to separating the total field in (2.1) into its forward and
backward propagating components. Indeed, when n = 7, we observe that the solution
of (2.7) reduces to bi(z) = By exp(+ifz) with constant Biy, i.e. by correspond to
the forward and backward propagating modes. In the absence of the grating, n = n,
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the modes propagate without affecting each other; otherwise the modes will couple to
each other through the quantity Dq1(2).

For a fiber grating, the z-dependence of the index perturbation is approximately
quasi-sinusoidal in the sense that it can be written

n? — 0% = A, a0(2) cos <2K7Tz + 9(2’)) + A€, gc(2) (2.8)

where A is a chosen design period so that 6(z) becomes a slowly varying function of
z compared to a period A. The functions A€, ..(z) and Ae, q.(2) are real and slowly
varying, and satisfy

2
co’

|A€ac(2)] << n |A€ ac(2)] << ngo. (2.9)

It is therefore convenient to express Dy as a quasi-sinusoidal function

2T 27

D11(z) = k(z) exp (ZKZ> + K*(z) exp <_ZXZ> +0(2) (2.10)
where £(2) is a complex, slowly varying function of z and o(z) is a real, slowly varying

function that accounts for the dc index variation from €, 4.(z). In order to simplify (2.7),
we define new field amplitudes v and v by setting

bi(z) = u(z) exp (+z%z) exp <—|—z’ /0 ) U(z')dz')
ba(2) = v(e) exp (~ifz) exp (—Z’ /O Za(z')dz') | (2.11)

By substituting (2.10) and (2.11) into the equations (2.7), ignoring the terms that are
rapidly oscillating since they contribute little to the growth and decay of the amplitudes,
we arrive at the coupled-mode equations

d

d_z = +idu + q(2)v

d

d—z = —ibv + ¢*(2)u. (2.12)

In (2.12) we have defined the wavenumber detuning 6 = # — n/A and the coupling
coefficient ¢ of the grating

4(2) = i(2) exp <—2Z’ /O Za(z’)dz’) | (2.13)

Note that all phase factors in (2.11) are independent of the propagation constant 3 and
therefore the frequency. Hence, we can simply treat the new variables v and v as the
fields themselves once the reference planes have been fixed, since they differ only from
by by constant phase factors. For example, the reflection coeflicient b_;(29)/b1(zp) can
as well be computed by the expression v(zg)/u(zg) once the position z; has been fixed
because the two expressions only differ by a constant phase factor. Also note that all
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the functions u, v and ¢ are slowly varying with z compared to the period A because
B ~ /A when the wavelength is close to the Bragg wavelength Ag = 2n.gA.

To get a feeling of the physical interpretation of the coupling coefficient, we will
examine the relation between the coupling coefficient and the grating parameters. Usu-
ally for a fiber Bragg grating, the induced index change happens in the fiber core only,
i.e. m =7 in the cladding. Moreover, if we assume that the index change is created
uniformly in the core, then (2.6) yields

k 2 =2

Dyy(2) (n® —=7")n (2.14)

2Meo

where 7 is the fraction of the modal power that is contained in the fiber core. By sub-
stitution of (2.8) into (2.14), and comparison to (2.10), we obtain 2|k| = NkA€, ac/2nco,
0 = argr, and 0 = nkA€,qc/2nc. Because the index change is small we can set
A€, = A(n?)) = 2ne,An, and use (2.13) to obtain

NI AN (2)
lq(2)] = o\
argq(z) = 0(z) — an/o Ange(2")dz" + g (2.15)

Note that since the index perturbation is small, (2.8) can be written

n—7 = An,(z) cos (2%2' + 9(2’)) + Ange(2), (2.16)

where An,.(z) and Ang.(z) are the "ac” and ”dc” index change, respectively, and we
have used the approximation n? — 7® ~ 2ne(n — 7). We can therefore interpret the
coupling coefficient in the following way: The modulus of ¢ is proportional to the index
modulation amplitude or the peak-to-peak modulation of the index variation, see Fig.
2.1. The phase of ¢ corresponds to the excess optical phase or phase envelope of the
grating; the term 6(z) is the spatial grating phase and the integral term in (2.15) gives the
optical modification to the spatial phase due to the increased dc index. The derivative
of arg q gives the extra effective spatial frequency of the grating in addition to 27 /A,

dargq/dz = df/dz — 2nkAng.(2). (2.17)

This translates into an effective grating periodicity of

A A"‘M)_l (218)

Aei(z) = A <1 TR )

2w dz Neff

for A = Ap. In the literature, the impact of the dc index change is sometimes incorpo-
rated in 0(z). In that case we would have ¢ = ix. Note however, that x is defined in
different ways, and may or may not include the grating phase and/or the phase due to
the dc index change.
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Figure 2.1: The solid line shows the refractive index profile of a chirped, apodized
grating. Chirp and apodization mean that the grating period and strength are varying
with z. For a typical fiber grating, the period would be much smaller compared to the
grating length than at this plot. The unperturbed index is set to m = 1.5. The dashed
line corresponds to the ac index modulation envelope An,.(z) added to 7 .

We summarize the grating model as follows. The Bragg grating is characterized
by the following quantities: The design Bragg wavelength Ag, the effective refractive
index neg, and the slowly varying complex coupling coefficient ¢(z). The modulus of the
coupling coefficient determines the grating strength or the index modulation amplitude,
and the phase corresponds to the grating phase envelope. The forward and backward
propagating field envelopes are mutually coupled by the coupled mode equations

duE;; ) = +idu + q(2)v
2
dv(z;6) .
Fa iov + ¢*(2)u, (2.19)

where ¢ is proportional to the frequency detuning with respect to the design Bragg
frequency,

6=0—m/N=(w—wp)ne/c, wp = 2mc/Ap. (2.20)

This model forms the basis for the rest of this thesis.



2.2 Analytical solutions to the coupled-mode equa-
tions

Any solution {u,v} to the coupled-mode equations must satisfy (2.19) and two appro-
priate boundary conditions. For example, the boundary conditions u(0;6) = 1 and
v(L,6) = 0 give the reflection coefficient r(6) = v(0;6) and the transmission coefficient
t(6) = u(L;6) of a grating located in 0 < z < L. There are two well-known, impor-
tant cases where it is possible to find simple closed-form solutions to the coupled-mode
equations. The two cases are weak gratings for which we can use the first order Born
approximation [16], and uniform gratings where ¢(z) = const. [19]. We will use the
boundary conditions above in both cases.

2.2.1 Weak gratings

A weak grating has small influence on the propagating waves. In the limit ¢ — 0,
the coupled-mode equations yield the zeroth order, trivial solutions u = wugexp(idz)
and v = vgexp(—idz). By the boundary conditions above, these solutions reduce to
u = exp(i6z) and v = 0. The first order Born approximation will in this case mean that
the forward propagating wave u is unaffected by the grating, that is u = exp(:¢6z). This
expression in turn is substituted into the last equation in (2.19). By integrating the
resulting first order differential equation using the boundary conditions v(0,6) = r(8)
and v(o0; 6) = 0, we obtain

z

r(6) = —3 /000 q* (5) exp(16z)dz (2.21)

Hence, in the first order Born approximation, the functions r(6) and —1¢* (
Fourier transform pair, and

%) form a

_%q* (%) = /OO r(6) exp(—i6z)do. (2.22)

—0o0

As a rule of thumb, these weak grating relations are valid when the top reflectivity of the
grating is less than about 10-40% or if the area of the coupling coefficient, fooo lg(2)|dz,
is less than about 0.3 to 1.0. Although the Fourier relations break down for stronger
gratings, much of the intuition from Fourier analysis remains still valid as will be shown
in Section 2.4.2.

2.2.2 Uniform gratings

A uniform grating has constant coupling coefficient over a limited range 0 < z < L,
where L is the grating length. In this situation, the coupled-mode equations can be
solved analytically. By differentiation of (2.19) and substitution of the derivatives from
the original equations, we obtain d*u/dz? = (|q|> — 6%)u and d*v/dz* = (|q|* — §*)v. By
solving these simple equations, we obtain expressions for u and v involving 4 constants.
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Figure 2.2: The power reflectivity R = |r|> of a uniform grating with three different
values of the strength gL. When gL = 1, the spectrum is very near to the sinc?-
like spectrum predicted by the Born approximation. For a lcm grating at the Bragg
wavelength A\p = 1550nm, a detuning of 30cm™! corresponds to a bandwidth of about
AX = 0.8nm in a normal fiber.

These constants are determined by substituting the expressions into the original coupled-
mode equations and applying the two boundary conditions. The resulting reflection
coefficient is

(6) = —q* sinh(vyL)
o= v cosh(yL) — i6 sinh(yL)

(2.23)

where we have defined the parameter v = |¢|>—§2. The transmission coefficient becomes

_ g
Ho) = v cosh(yL) — i6 sinh(yL) (224)

We note that both coefficients are meromorphic functions. While the reflection coeffi-
cient has both poles and zeros, the transmission coefficient is zero-free everywhere. As we
will see later, this is typical for all (nonuniform) fiber gratings. Moreover, we note that in
the weak grating limit, the reflection coefficient reduces to r(6) = —¢*L exp(i6 L) sinc 6 L,
where sincx = sinx/z, in consistency with the Fourier relation (2.21). In Fig. 2.2.2
the power reflectivity R(6) = |r(8)|? of a uniform grating is plotted for different values
of the grating strength. We observe that the spectra are sinc*-like, but as the strength
increases, the top reflectivity is pressed down so that it never gets larger than 1.
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2.3 General numerical solution techniques

There is a variety of methods to compute the reflection and transmission spectra for
nonuniform gratings. Here we will only present the two most extensively used methods
in addition to another less known method. In the first method, the coupled-mode
equations are integrated using Runge-Kutta algorithms, whereas in the other, often-
preferred transfer matrix method, one divides the grating into smaller sections [12].
The sections are treated as uniform gratings, yielding the overall spectra by transfer
matrix multiplication. Finally, we present a less known method in which the grating
model is discretized into a stack of discrete, complex reflectors. The overall spectrum is
then found using a simple recursion expression. The algorithm is in some sense similar
to Rouard’s method of thin-film optics which has been applied to corrugated waveguide
filters previously [20]. The difference between the approach in [20] and the present
approach is that they divided the grating into as many sections as there are grating
periods, while in the present approach we will only use as many sections as necessary
to represent the (slowly varying) coupling coefficient with a sufficient accuracy. As we
will see in Section 3.2, the discretized grating model method is the direct counterpart
to the layer-peeling reconstruction or synthesis algorithm [21].

2.3.1 Direct numerical integration

Define r(z;6) = v(z;6)/u(z;6). By differentiation of r(z; ) with respect to z and sub-
stituting from the coupled-mode equations (2.19), we get the following Riccati equation
dr(z; 0
% = —2i6r — q(2)r* + ¢*(2). (2.25)
z
By applying the boundary condition r(L;§) = 0 we can start at the end of the grating
and use Runge-Kutta methods to work the equation backwards to z = 0. The reflection
coefficient of the grating becomes r(6) = r(0;6). Even though this method is simple,
the number of steps of the Runge-Kutta routine must be large to ensure convergence.
Therefore, in some cases the algorithm might be slow compared to the next two methods.

2.3.2 Transfer matrix method

Divide the grating into a sufficient number N of sections so that each section can be
approximately treated as uniform. Let the section length be A = L/N. By applying
the appropriate boundary conditions and solving the coupled-mode equations similar to
the procedure in Section 2.2.2, we find the following transfer matrix relation between
the fields at z and at z + A

[u(z = A)} _ Cosh(”y%) + z'% sinh(vA) 1 sinh(7A)
v(z + A) L sinh(7A) cosh(yA) — i% sinh(yA)

u(z)
L}(z)} . (2.26)
Hence, we can connect the fields at the two ends of the grating through

18] -]
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where T = Ty - Ty_q - ... - Ty is the overall transfer matrix. The matrix T; is the
transfer matrix written in (2.26) with ¢ = ¢; = ¢(jA) the coupling coefficient of the jth
section. As a result, T is a 2 X 2 matrix with elements

T Tip
T = . 2.28
{Tm TQJ (2.28)

Once T is found, the reflection coefficient from the left and the transmission coefficient
are calculated by the relations

T'((S) = —T21/T22
t(6) = 1/T2, (2.29)

obtained by substitution of the appropriate boundary conditions into (2.27). The ad-
vantages with this method are that it is stable and also efficient since relatively few
sections are required for analyzing most common gratings accurately.

2.3.3 Discretized grating model method

Instead of making the piecewise uniform discretization as above, we can discretize such
that the whole grating becomes a stack of complex, discrete reflectors. Each of the
transfer matrices above are then replaced by T4 - T? , where

A exp(16A 0
T :{ p(O ) exp(—i(SA)] (2.30)

is the pure propagation matrix obtained by letting ¢ — 0 in the matrix in (2.26), and

1 —p
P _ (1 _ |p.12)-1/2 Pj
T = (1 - |p, ") [_pj 1] (231)

is the discrete reflector matrix obtained by letting ¢ — oo holding qA constant. The
discrete reflection coefficient is given by p; = — tanh(|g;|A)q;/|g;l|. It is straightforward

to show that the task of transferring the fields using T - T, similar to (2.26), is
equivalent to the recursion

(z6) = LETEE DD PO (2.32)
L+ pir(z + A;6) exp(2i6A)
analogously to (2.25). The reflection coefficient of the grating is obtained by setting
r(L;6) = 0 and then working (2.32) backwards to z = 0, yielding the spectrum r(§) =
r(0; 6). In contrast to the direct numerical integration method, the propagation of r(z; §)
is exact for the discrete model, and the numerical stability is therefore as good as for the
transfer matrix method. In addition, the discrete method based on (2.32) is very fast
as one only needs to evaluate a hyperbolic function O(N) times in contrast to O(N?)
times when using (2.26).
The two latter methods are exact once the grating model has been discretized; the
computational error arises in the model discretization. In the ordinary transfer-matrix

13



approach, the coupling coefficient is assumed to be piecewise uniform, i.e. ¢(z) has a
staircase-like shape. In contrast, ¢(z) has a comb shape in the discretized model. In the
weak grating limit (Fourier), it is clear that the latter discretization is most accurate
in the relevant bandwidth. This is realized from the fact that provided ¢(z) is sampled
with a sufficient number of points according to the Nyquist theorem, the spectrum is
represented exactly in the relevant bandwidth (that is inside one period of the repeated
spectra, principal range). The spectrum of the piecewise uniform approximation will
be the exact spectrum multiplied by a (wide) sinc-function, and hence there will also
be inaccuracies in the principal range. For strong gratings, the situation is opposite
because the Fourier relation breaks down, and the piecewise uniform approximation
models more accurately the multiple reflections inside each section. This conclusion has
been supported by numerical calculations.

2.4 Theoretical constraints

In this section, we will give a summary of the most important mathematical properties
of the grating spectra and the transformation between the coupling coefficient (grating
structure) and the reflection spectrum. Most of the results in this section are either
given in Song [22] or Poladian [23].

2.4.1 Properties of the reflection and transmission spectra

A fiber grating is a two-port device with scattering matrix [24]

T t
= 2.
so =7 1| (239
where r; = r and ry are the reflection coefficients from the left and the right, respectively,
and t is the transmission coefficient. The transmission coefficient is equal for both
directions due to reciprocity. Since the device is assumed to be lossless, the scattering
matrix must be unitary, i.e.

STs* =1. (2.34)
From (2.34) we obtain the relations

Irig)® + [t)? =1

n__=% (2.35)

r3 t*

The first equation expresses the trivial lossless condition. The latter relation connects
the phases of the two reflection coefficients and the transmission coefficient, and was
stated previously in [22, 23].

The transfer matrix of a general grating is determined from the scattering matrix by
the following expression

T(6) = [t N ﬂ , (2.36)



which is readily obtained from the transfer matrix relation (2.27). For a lossless grating,
we can use the properties (2.35) to simplify T, writing

1 r 1 T
ORI A B A (2.37)
t t t

We observe that det T = 1 and that the elements of T satisfy Ty, = 17, and Ty = 17,
as required from the lossless and reciprocity conditions.

It can be shown that the transmission coefficient has no zeros in the complex w plane
[25, 23, 26], and thus that it satisfies the minimum phase condition. If one sets the
input and output reference planes to the same position, the asymptotic behavior of the
transmission coefficient is #(w) — 1 as w — oo. Then the amplitude and phase response
in transmission are uniquely related by means of a logarithmic Hilbert transform,

arg t(w) = H[ln [t(w')]]. (2.38)

The sign in the integral expression of the Hilbert transform H is dependent on the sign
convention of the Fourier transform. Note that in this context, it is more convenient
to use w rather than 6 as the frequency variable. This is due to the fact that some of
the dispersion relations in the literature, analogously to (2.38), are not valid unless we
have conjugate symmetry about w = 0; t(w) = t*(—w). Of course, a similar symmetry
t(6) = t*(—0) is not generally valid. The minimum phase condition of the transmission
coefficient is treated thoroughly in Chapter 4.

Here we will only examine the impact of (2.38) on the reconstruction of ¢. We note
that the modulus of ¢ can be found from the reflectivity R = |r|> when the grating is
lossless. Since the phase of ¢ can be computed from |t|, we conclude that ¢ is uniquely
determined from R, and that the reverse reflection coefficient ry is uniquely determined
from 71 by (2.35). Finally, we remark that the logarithmic Hilbert transform relation is
generally not valid for the reflection coefficient (see Section 5.1).

2.4.2 Properties of the transformation ¢(z) < r(6)

As we have seen in Section 2.3 we can calculate the complex reflection spectrum from
any grating structure g(z). As we will see in Chapter 3, it is also possible to perform the
inverse calculation; one can obtain the grating structure ¢(z) associated with a certain,
realizable complex reflection spectrum. The bidirectional transformation ¢(z) < r(8)
is therefore in some sense analogous to the Fourier transforms. Indeed, it is stated in
Section 2.2.1 that in the weak grating limit the transformation is essentially equal to
a Fourier transform (when ignoring the scaling factors and the complex conjugation in
(2.22)). For general gratings, some of the properties of the Fourier transform break down
since the transformations no longer are linear. The nonlinearity is readily seen as |r| < 1
while |¢| has no theoretical limit. Nevertheless, many of the common properties of the
Fourier transform remain valid. In this section we will summarize the most important
properties. The properties that are not obvious are proved in [22] in a slightly different
form.
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1. Symmetry relations

q(2) is real & r(6) =r*(— (5) t(6) = t*(—9) (2.39)
q(z) is imaginary < r(6) = —r*(=0), t(6) = t*(—9)

q(z) = ( z) < 1(6)/1(6) is real

q(z) = —q"(—z) < r(6)/t(6) is imaginary

q(z) = —q(—2) < 1(6)/t(6) = —r(=0)/t(=0), 1(6) = t*(—-0)

4(z) = q(=2) & r(6)/t(6) = r(=0)/t(=0), t(6) = t"(—0)

2. Global phase shift (6, is a real constant)

q(z) — q(2) exp(ify) < 1(6) — r(6) exp(—iby), t(6) is invariant (2.40)
3. Scaling (a is a real constant)
q(2) — aq(az) < r(6) — r(d/a), t(6) — t(6/a) (2.41)
4. Translation (2o is a real constant)
q(2) = q(z — 20) © 1(6) — r(0) exp(i20zp), t(6) is invariant (2.42)
5. Frequency shift
r(6) — r(6 — bo), t(6) — t(6 — bo) < q(2) — q(z) exp(i26p2) (2.43)
6. Physical inversion
q(z) = —q"(—2z) & r(6)/t(6) — —r*(6)/t*(6), t() is invariant (2.44)

Note that physical inversion means that Di;(z) — Di1(—2) in (2.10) which in turn
implies ¢(z) — —q¢*(—z2) by (2.10) and (2.13). Also note that ¢ is assumed to be real.
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Chapter 3

Grating synthesis

The synthesis problem of a fiber grating amounts to finding the complex coupling co-
efficient ¢(z) that corresponds or approximates a desired reflection response r(6). The
simplest approach is to use the approximate Fourier relation (2.22) that results from the
first order Born approximation. This method is of course only suitable for weak gratings.
For high-reflectivity gratings, one can find the coupling coefficient using classical inverse
scattering techniques. Song and Shin [27] demonstrated how one can design corrugated
gratings by solving two coupled integral equations that is called the Gel’fand-Levitan-
Marchenko (GLM) equations. Their approach is exact but the reflection coefficient must
be a rational function. Later, Frangos and Jaggard proposed two different numerical
approaches [28, 29| to solve the GLM equations without the rational limitation on r(9).
Similarly, Peral et al. [30] proposed an iterative, numerical method to solve the GLM
equations in order to design fiber gratings. Their algorithm is equivalent to the last
algorithm by Frangos and Jaggard [29]. The iterative solution to the GLM equations
is compared with an optimizing Genetic Algorithm (GA) for the synthesis in the next
section. Different trade-offs in the design process is facilitated by the GA algorithm, but
since the GA method is so slow, it has not been extensively used later in this work. In
1999, Feced et al. [21] adopted the so-called layer-peeling algorithm for the synthesis of
fiber gratings. This method is fast and accurate, and in Section 3.2 we simplify it, and
compare it to an algorithm proposed by Poladian [31], which turns out to be a variant
of the layer-peeling algorithm. The layer-peeling algorithm is general and extremely
simple; in fact it is as simple as the forward problem of finding the spectrum from the
coupling coefficient. In order to show its generality it has been applied to a similar
synthesis problem, namely to design optical thin-film filters (Section 3.3).

Note that the sign convention on the implicit time dependence in Section 3.1 does
not correspond to the sign convention in Chapter 2.
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A Genetic Algorithm for the Inverse
Problem in Synthesis of Fiber Gratings

Johannes Skaar and Knut Magne Risvik

Abstract— A new method for synthesis of fiber gratings parameter. The iterative GLM method does not support such
with advanced characteristics is proposed. By combining the g mechanism in a satisfactory way.
Runge—Kutta method for calculating the reflection spectrum of In this paper we present a new approach to the solution

a fiber grating and a genetic algorithm, we obtain a promising : . . .
method for the synthesis. Compared to other methods, the of inverse problems, in particular the problem of synthesizing

proposed method facilitates the task of weighting the different Waveguide gratings. The coupling coefficient is sampled, and
requirements to the filter spectrum. In addition, the method is the N samples are applied as inputs to a “black box,” which

general, and would thus be useful for other inverse problems.  calculates the reflection spectrum. The output of the “black
Index Terms—Fiber Bragg gratingsv genetic a|gorithms‘ syn- bOX" iS an error Value to be minimized in Order to aChieVe
thesis. the aimed reflection spectrum. Thus, the synthesis problem
is reduced to a minimization of a nonlinear, hidden function
of N variables. This optimization problem is solved using a
genetic algorithm [4], i.e., an algorithm that follows the same
classical problem in applied physics and engineeringinciple as the evolution process of nature.
fields is the inverse problem, such as for instance theThe outline of this paper is as follows: Section Il contains
synthesis of a system, for which the analysis method is knowfishort description of Genetic Algorithms, and in Section IlI
An example of such a synthesis is to determine a fiber gratiggeid 1V the theoretical approach and the synthesis algorithm
index modulation profile corresponding to a given reflectiogre presented. Section V contains numerical results and com-
spectrum. This is not a trivial problem, and a variety obarisons to alternative synthesis methods, and finally the main

I. INTRODUCTION

synthesis algorithms has been proposed [1]-[3]. conclusions are drawn in Section VI.
For weak gratings, the synthesis problem of fiber gratings
reduces to an inverse Fourier transform of the reflection II. GENETIC ALGORITHM PRELIMINARIES

coefficient. This is known as the first-order Born approxima-

tion, and applies only for gratings for which the reflectivity |gorithms based on natural selection. GA’s were designed to

is small. For synthesis of corrugated waveguide filters with: "

. L . . efficiently search large and poorly understood search spaces
higher reflectivity, the Fourier transform technique has beer}‘|ere expert knowledae was limited or inaccessible. The basic
extended by Winick and Roman [1], yielding a better appro>\<'\—' P wiedge was iml ! Die. !

imation. An exact solution of this inverse scattering probleﬁ?\rm(:'pIeS Qf GA were first laid down by Holland [5], and are
well described in [4].

was found by Song and Shin [2], who solved the coupled In nature, individuals in a population compete with each

I'fand—Levitan—Marchenk LM) i | i h ”
Gel'fand-Levitan-Marchenko (GLM) integral equations t a(gtperfor resources such as food, water and shelter. In addition,

appear in gquantum mechanics. Their method is exact, bu .
PP 9 mbers of the same species often compete to attract a mate.

Is restiicted to reflection coefficients that can be express_? ose individuals most successful in surviving and attractin
as a rational function. An iterative solution to the GLM 9 9

equations was found by Perat al. [3], yielding smoother mates will have relative large numbers of offsprings. Poorly

coupling coefficients than the exact method. Their algorithaer;)lrmlng individuals will produce few or even no offspring

is converging relatively fast, and gives satisfying results eVenGenetic algorithms use a direct analogy of natural behavior
for high reflectivity gratings. However, when specifying idea . LT . o '
or hign refie Y9 9 owever, pecifying L\ population of “individuals” is created, each individual

filter responses, it is desirable to have a weighting meChaniSrrgpresentin a possible solution to a given problem. Each
which makes it easier to weight the different requirements;’. ™ g ap N y given p '
individual is ranked after its “fithess,” which is a measure of

F I h hesizi ical fil : : : :
or examp’e, when syn.t esizing an pptlca bandpass Itﬁ%w well the solution complies with the requirements. A new
one may be interested in weighting linear phase more than

: ; .generation is made from the current generation by creating
sharp peaks, because the dispersion may be a more crit . . Lo T
offsprings from a pair of individuals. The more fit individuals
. . . have a higher chance of finding a mate and reproducing. By
Manuscript received November 12, 1997; revised June 11, 1998. . h . f th fit individual | h
J. Skaar is with the Department of Physical Electronics, Norwegian Urﬁavormg t e matlng of the more fit individuals, we explore the
versity of Science and Technology (NTNU), Trondheim N-7034 Norway. more promising areas of the search space.
K. M.'R|swk!s wnh the Department of Computer and Information Sc!ence, Solutions or individuals are encoded as a string of values
Norwegian University of Science and Technology (NTNU), Trondheim N;_. . . . .
7034 Norway. (Fig. 1). This is a direct analogy to genes as described in

Publisher Item Identifier S 0733-8724(98)06670-5. biology. When reproduction occurs between two individuals,

Genetic algorithms (GA'’s) are probabilistic parallel search

0733-8724/98$10.000 1998 IEEE
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backward propagating wave, are related by the coupled
[o]a:]a: s [.--[a] mode equations [7]
Fig. 1. Sample string of values.
dvi(z; 6
71}16(;’ ) =—ibv1 + q(2)v2
Parent 1 Parent 2 §
dva(z; 6 ) N
A N 71226(; ) =+idva + ¢" (#)v1. (2)

lOlllOl 0111011

In (2), v1 and v are the complex amplitude envelopes of
the waves, obtained by removal of the spatial dependence
exp(Linz/A). ¢(z) is defined as the complex coupling co-

O 111101 efficient
—T .
Offsprmg q(z) = 2o An(z) exp[—if(z)] 3)
Fig. 2. Crossover operation. and$ is the phase shift per unit length compared to the Bragg

wavelength), = 2ngA.

Mutation point
2tng 0w

§=f_p =m0 _ T @)
1110011 AA

We further define the local reflection coefficient as

! (= )

p(z; 6) = ——=. 5)
1101111 vi(z; 6)
~ DA - By calculating dp/dz, and substitutingdv, /dz and dv./dz
Mutated individual from the coupled mode equation (2), we get the well-known
Fig. 3. Mutation operation. Riccati equation
dp
the two genes are combined. Sometimes an error occurs in the dz = 2ibp — q(2)p* + ¢" (). (6)

reproduction, in which case the new individual has mutated. _ ) )
The two basic operations on individual (encoded as a strifis differential equation can be numerically solved for the
of values) are crossover and mutation (Figs. 2 and 3). F@&flection coefficient-(6) = p(0, &) at the beginning of the

simplicity, we use binary encoded individuals to show th@rating of lengthL by using the Runge—Kutta 4th order and the
basic operations. boundary conditiom(L, §) = 0. When the number of samples

« Crossover: A new individual is created. Each element ifPf ¢(?) is small, it is necessary to include an interpolation

the new string of values is taken randomly from one ﬁutme to increase the number of samples in order to reduce
the parents of the new individual the error in the Runge—Kutta algorithm. Such an algorithm is

. Mutation: An existing individual is modified. One ele-MmPlémented in C++, yielding an efficient reflection spectrum
ment in the string is altered randomly. calculation algorithm. The computation of a spectrum takes
) . _ about 10-100 ms for a “normal” grating on a Pentium 150
C?e’.‘e.“c algo_rlthms falllmto a category O.f methods foI(/IHz PC. “Normal” means that the number of samplegf)
optimizing nonlinear functions of several variables. BeaSIea}fter interpolation and the number of samples-@f) is both
et al.[6] compare GA to other methods and discuss the theo{%out 50-100.

and applications of GA.

. ANALYSIS METHOD IV. SYNTHESIS USING A GENETIC ALGORITHM

The Bragg scattering of waves in a waveguide occurs when! he objective is now to find a coupling coefficieyit:) that
the refractive index is varying in the longitudinal direction Produces a reflection coefficient as close as possible to the

We assume that the refractive index is varying as a quagqrget spectrum. Since there is no general, exact solution to

sinusoidal function this problem wherL is finite, we will try to utilize a GA to
ox evolve solutions. To rank the solutions, we need to calculate
n(z) = ng + An(z) cos <X z+ 9(z)) (1) an error for a given solution. The error value will be used as

the fitness value for the GA. Given a sample input vegtor

where the functionsAn(z) and 6(z) are slowly varying We can find the error using the following steps:

compared to the grating periofl. If the fiber is in single 1) calculate the reflection spectrum for the input vector
mode operation, it supports only the fundamental mode, which  using the method described above (Runge—Kutta);

has two components propagating in opposite directions. In the2) using a predefined error function, calculate the error of
corrugated region, the forward propagating wayeand the the calculated spectrum related to the target spectrum.
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The error function is a measurement of the distance between
the calculated reflection spectrum and the target reflection

spectrum. It tells the GA how to weight the different parts of Create new
the spectrum. Therefore, it is important that the error function uzndg;l
VI S

is designed according to the filter requirements, especially
when the target filter spectrum is unrealizable. An example
of an error function is

population
d{Rcalm Rtarget} = Z (Rfarget, Jj T Rfalc, j)2 (7) (randormly) e
J

Combine J\ New
individuals _/ Mutate generation
created

whereRcaic, ; and Ra.qct, ; denote theith value of the calcu- Keep some
lated reflectivity spectrum and the target reflectivity spectrum of the best
R = |r|?, respectively. Another more general error function individuals

is obtained by introducing a weighting coefficient in g
metric frequently used in functional analysis [8] ) »
y < 00

dp{ Realc, Rearget} = Z (¢j|Riarget, j — Reale, j1)P| . Fig. 4. GA pipeline.
j

(8) 2) Half-Hamming ThresholdLetting the vector elements
take random values within the right half of a Hamming
For p = 1, we simply obtain the weighted sum of errors, fovindow scaled by a factof,,... Such a constraint will prefer
p = 2 we get a weighted Euclidean metric, and in the lim§ minimum phase solution. This is because the coupling
p — oo, (8) reduces to coefficient will be largest for smalt, which means that the
effective reflection point will be close to the reference point

doo { Reale; Riarget } = max(ej| Riarget, j — Reale, 51)- (9)  for r(6), = = 0.

! When creating a new generation, we will always keep
allncertain percentage of the best individuals from the last
generations unaltered. We also combine individuals from the
last generation to create new offsprings, and create some new
(random) individuals.

When selecting the individuals for crossover, each individ-
ual has a probability to be used in a crossover that is related
to the fitness of that individual. That is, a very fit individual
d=b-dp, {Reate, Reawger} + (1= D) - dpy {Poale: Prasger } is more likely to be used in a crossover than a poorly fit

(10) individual. After a crossover is performed, there is a slight
d =0 dp {Reaic, Riarget} + (1 = b) - dp, {Dearc; Drsarget possibility that the newly created offspring will be mutated.
(11) That is, for some of the newly created offsprings, we introduce
a random value in the string of values.

Thus, p is a parameter that describes how the large errors
the spectrum are weighted compared to the small errors.

For some applications, the phase respopse arg(r) or
the dispersionD  d?¢/d\? is critical as well. Suitable error
functions may for example be

where d,{-, -} is given in (8) andb € [0, 1] decides how
the reflectivity spectrum are weighted compared to the phase
response or the dispersion. )
Now, utilizing this measurement of error, we apply a GA t§\- Bandpass Filter
the problem. The process of solving the optimization problem An interesting application of the synthesis algorithm is to
by a GA can be illustrated using the pipeline in Fig. 4. synthesize a fiber optic bandpass filter. The target bandpass
The individuals are represented as vectors Mfinput filter is characterized by
samples along with the calculated error, that is as [§éirg; ).
To create random individuals we produce vectors of dize [7target ()] = {
of random values. Since we have some domain knowledge of
our problem, we can put a threshold on the random valuseghere 2. refers to the width of the filter. Note that the
We have used two different threshold functions. filter is bandpass in reflection, i.€§| < a corresponds to
1) Rectangular ThresholdThe random vector valuesthe pass band, which in this case should be 0.2 nm wide.
should reside in a rang@max, gmax] Where ¢max is the We have applied (12) as input to our implemented algorithm
maximum achievable coupling coefficient. By investigatingsing the error function (7) witlp = 0.75. Since we will
the coupled mode equations, we have found that by limitirmpare our results to a minimum phase solution from the
g to real values, we will get a symmetrics). iterative GLM algorithm, a half Hamming threshold has been

V. NUMERICAL EXAMPLES AND DISCUSSION

1, b <a

0, |6 >a (12)
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Fig. 5. The coupling coefficient of the genetic bandpass filter, (solid curve),
the causal GLM bandpass filter (dashed curve), and the raised cosine filter 0

(dashed-dotted curve).

utilized in the GA. The maximum coupling coefficient is set -10

to 400 mi %, corresponding to a maximum index modulation
of 2 x 10~ The resulting coupling coefficient is shown in
Fig. 5, and is compared to a raised cosine design. Also shown
in Fig. 5 is the resulting coupling coefficient from the iterative
GLM algorithm [3] using a nonlinear minimum phasesdb) -30
(“causal”) and 12 iterations.

The grating lengths are 3.1 cm, and the corresponding 4ot : :
reflection spectra are shown in Fig. 6. The skirt steepness of _15049.7 1549.9 1550.1 1550.3
the genetic bandpass filter is somewhat higher than for the Wavelength (nm)
raised cosine filter and for the GLM filter, while the side lobesig. 6. calculated reflection spectrum for the genetic bandpass filter (solid
are less for both the GLM filter and the raised cosine grating. ¢arve), the causal GLM bandpass filter (dashed curve), and the raised cosine
order to suppress the side lobes of the GLM filter, the resultififf" (dashed-dotted curve).
coupling coefficient is multiplied by a half Hamming window,

Reflectivity (dB)
b
S

i.e., a window function for which the top value matches the 4007
start position of the gratingz(= 0). Due to the truncation = 300l
of the coupling coefficient, it is necessary to multiply this =3
intermediate coupling coefficient by a constant to achieve the g 200
desired reflectivity of 99%. 2

By using our algorithm, it is not necessary to multiply the g 1007
coupling coefficient by a window function or a final constant. 2 5
However, the choice of an error function is very important, B
because it determines to what extent low side lobes or low S-100
pass band ripple is preferred.

1
[
3
<

1 2 3 4
Grating position, z (cm)

B. Low-Dispersion Bandpass Filter
Fig. 7. The coupling coefficient of the genetic low-dispersion bandpass filter,

For a bandpass filter with low dispersion, the target spectrysalid curve), the noncausal GLM bandpass filter (dashed curve), and the
is given by (12) provided the phase response is linear, 'gised cosine filter (dashed-dotted curve).
equivalently D;,.... = 0. We choose a rectangular threshold
with the sameg,,.. as before, and the error function (11l)btain the error function
with p; = 2 and¢; = 1 for the amplitude part, i.e., non-
weighted Euclidean metric. FurthermI(D)re, we?/vant to optimize ? = ¢ d2{ Reale; Rianger} +(1-0) e [ Deate, i1 (14)
the grating for the worst case dispersion inside the pass b

Therefore, we sebs — oo and a’FHé parameteib is chosen so that the weighting between

the dispersion and the amplitude response is approximately
) equal (the value depends on the dispersion unit). The resulting
c; :{17 JEPB (13) coupling coefficient and reflectivity spectrum is given in
0, j¢PB Figs. 7 and 8, and is compared to a linear phase GLM solution
(“noncausal”) and a raised cosine design.
for the dispersion part, wherd’B denotes the; values Fig. 9 shows the in-band dispersion of the three filters. The
corresponding to samples within the passband. Hence, werst case dispersion inside the pass band are 300, 2900, and



1932

100 iy LA
80r
S
Z’ 60_ .....
=
2
= 40r
Q
a2
20r 1
;'i ; H 4
1?49.7 1549.9 1550.1 1550.3
Wavelength (nm)
0

|
—
(=)
T

Reflectivity (dB)
b
S

-30

1

1549.9
Wavelength (nm)

Fig. 8. Calculated reflection spectrum for the low-dispersion genetic band-
pass filter (solid curve), the noncausal GLM bandpass filter (dashed curveel]

1550.1

15503

and the raised cosine filter (dashed-dotted curve).

EORANY

4000

1

[ 2 i
[
[
L

L]
U

persion (ps/nm)

18

~2000f

D

1549.9 1550

Wavelength (nm)

Fig. 9.

raised cosine filter (dashed-dotted curve).

In-band dispersion for the low-dispersion genetic bandpass filte,
(solid curve), the noncausal GLM bandpass filter (dashed curve), and t

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 16, NO. 10, OCTOBER 1998

after 10 min, and the results given below were found after
approximately two hours using a Pentium 150 MHz PC. For
comparison, the running time of the iterative GLM method is
about a minute. However, Genetic Algorithms exploit a natural
parallel form, which makes it ideal for parallel implementation.
Parallel algorithms are essential for solving complex problems
in a reasonable amount of time. Our proposed method has a
great potential for scaling to problems beyond what is possible
to solve using conventional methods. GA’s can be used to
solve the majority of inverse problems, and are not only limited
to the fields of fiber grating synthesis.

It is also worth mentioning that the resulting index modula-
tion profiles from the synthesis algorithm can be written into
fibers by using for example the method described by Storgy
et al. [9] and Assehet al. [10].

VI. CONCLUSION

A novel method for synthesizing fiber gratings is proposed.
The algorithm is made by combining the Runge—Kutta analysis
method and a genetic algorithm, which is analogous to the
evolution process in nature. The numerical examples presented
show that the method gives results that are comparable or
better than other design methods. In addition, the proposed
method greatly reduces the problem of weighting the different
requirements to the filter response of a fiber grating.
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Abstract
Two methods for grating synthesis which have appeared in the literature recently are
compared directly. In particular, we point out the similarity between the two — both
algorithms are based on propagation of the fields through the structure with simultaneous
evaluation of the coupling coefficient according to simple causality arguments (layer-peeling
algorithms). The first published method [1] (here called the discrete layer-peeling algorithm)
is reformulated in a simpler, more efficient way and it is shown that its implementation can be
made exact. For mathematical comparison, a derivation of the second method [2] (here called
the continuous layer-peeling algorithm) is presented. The methods are compared both
mathematically and numerically. We find that the discrete layer-peeling algorithm is
significantly faster and can be more stable than its continuous counterpart, whereas the

continuous algorithm offers some advantages in flexibility.

1. Introduction

The synthesis of fiber Bragg gratings has attracted many researchers in the field of fiber optics
recently [1-6]. The problem amounts to finding the grating structure (grating amplitude and
phase) from a specified, complex spectrum. Synthesis is useful both as a design tool and for
characterization of already fabricated gratings with complex profiles. It has been a common
view that the synthesis problem is complicated, especially compared to the well-known direct
problem of computing the reflection spectrum from a grating structure. In a recent article [2],
Poladian points out that the synthesis problem actually is as simple as the direct problem; one
can find the grating structure from the reflection spectrum simply by propagating the fields
along the grating structure, while simultaneously evaluating the grating strength using a
simple causality argument. In fact this result has been appreciated in a number of other fields
of physics, and this layer-peeling (sometimes called “differential inverse scattering”)
approach has been used to analyze such systems as transmission lines, vibrating strings,

layered acoustic media, and particle scattering in quantum mechanics [7,8].

25



The purpose of this paper is to first simplify the discrete layer-peeling (DLP) synthesis
method proposed by Feced et. al. [1] to improve its clarity and efficiency, and then compare
this method with the continuous method described by Poladian [2] (referred to here as CLP
for continuous layer peeling). We point out that the continuous method essentially makes use
of the same principle as the discrete method. Both are based on the following procedure [8]:
by causality, the coupling coefficient at the front end of the grating is determined only by the
leading edge of the impulse response, since at the very beginning of the impulse response
light does not have time to propagate more deeply into the grating and hence “sees” only the
first layer. After computing the value of the coupling coefficient in the first layer, the fields
are propagated to the next layer of the grating. This propagation is essentially the direct
(forward) calculation and can be accomplished by numerical integration of the coupled-mode
equations or by the transfer matrix method described below. Now one is in the same situation
as at the beginning, since the effect of the first layer is “peeled off.” The process is continued
to the back of the grating, so that the entire grating structure is reconstructed. Note that the
layer thickness must be chosen sufficiently small that the (complex) coupling coefficient can

be approximated as constant throughout the layer.

While the principle behind the DLP and CLP methods is the same, the implementation of the
two methods differs. The DLP model is based on a discretization of the grating model itself;
i.e., the grating is approximated as a series of discrete, complex reflectors. Once this
approximation is made, though, the reconstruction or synthesis algorithm can be made exact.
In the CLP method the coupling process is treated continuously, but discretization is
introduced in the actual computation of the coupling coefficient and the propagation of the
fields. This qualitative comparison is described more precisely and in mathematical terms
below. Differences in the implementations of the two methods lead to differences in the
numerical performance. As illustrated in the examples below, we find that the discrete layer-
peeling algorithm is significantly faster and often more stable than its continuous counterpart,
whereas the continuous algorithm can be more flexible. For example, in contrast to the DLP
method, the CLP method allows the layer thickness to be varied for a given frequency
bandwidth.

The remainder of this paper is organized as follows. In Section 2 we reformulate the discrete
layer-peeling algorithm reported in [1], showing that a “moving reference frame” simplifies
the algorithm and improves its performance. In Section 3 a derivation is provided for the
continuous layer-peeling algorithm, since this has not been published yet, and it is necessary
for a clear comparison between the two methods. In Section 4 we compare the two methods
mathematically, showing that they are equivalent in certain limits and how they differ in
others. Also, several numerical examples are provided to demonstrate the relative

performance of the two methods. Finally, in Section 5 we summarize and draw conclusions.
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2. Discrete Layer Peeling

In this section we describe the layer-peeling method for synthesis of gratings from an
inherently discrete model [1]. It was first developed by geophysicists like Goupillaud and
Robinson, and was extended and generalized by Bruckstein et. al. (see refs [7,8] for excellent

reviews).

The starting point for the discretization is the well-known transfer matrix 7 of a Bragg

grating, which connects the fields at the point z + A with the fields at z,

(1)

o, 5)} cosh(yA)+i§sinh(7A) %Smh(m) {M(Z, 5)}

[V(Z +4, 5) g sinh(;/A) cosh(yA) - ié sinh(yA) V(Z’ 5)
4 4

Here u(z,0) and v(z,é' ) are the slowly varying amplitudes of the forward and backward
propagating fields, respectively, and y° = |q|2 — 67, where g = g(z) is the coupling coefficient
and 0 = f— 3, is the wavenumber detuning compared to a Bragg design wavenumber f£,.
The implicit harmonic time dependence is assumed to be exp(—i a)t) , and the spatial
dependence exp(iiﬂ Bz) has been removed from the fields. We refer to (1) as the piecewise
uniform model since the grating is considered uniform in the interval [z,z + A]. A further

discretization approximation involves replacement of the matrix 7" by the product of two

transfer matrixes 7,7,, one of them (7)) describing a discrete reflector, and the other (7} )

describing the pure propagation of the fields [1], or

11 I — p*
7,=(1-[f) [_p | ] @
exp(ioA 0
N ©)
exp(—l5A)
where the discrete, complex reflection coefficient is given by
p=—tanh(|g|a) L. )

4]
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Fig. 1: The discrete model of a fiber grating; the forward (uJ) and backward (Vj) propagating fields

associated with each layer are indicated on the drawing.

The transfer matrix 7, can be obtained from 7' by letting all coupling take place at a single

point in (1); i.e., q| — oo, while the product gA remains constant. It can also be written

directly since it merely describes the standard transfer matrix of a discrete reflector with p
. . . . : 12
and —p the reflection coefficients from the left and right, respectively, and (1 — | p|2) the

transmission coefficient for both directions.

The discrete model of the entire grating is thus a series of N discrete, complex reflectors with

a distance A between all reflectors. From a realizable complex reflection spectrum #, (5) we
wish to reconstruct the complex reflector amplitudes p,, j=1,2,..., N. Define the forward
and backward propagating fields before the jth section as u (5 ) and v, (5 ), see Fig. 1. The

fields before the first section are then given by

[ZEQH&J- ©)

The causality argument illustrates how to find the complex amplitude of the first reflector. We
note that the impulse response of the reflector stack for time ¢ = 0 is independent of the

reflectors p; for j 22 because light does not have sufficient time to propagate to and from

the second and higher reflectors. Thus, when looking at the impulse response of the stack for
t =0, we obtain the same response as if only the first reflector were present. Therefore, we

can compute p, from the inverse Fourier transform of () = v,(6)/u,(5) evaluated at time

¢ =0. Since we then know p,, we can use 7,7, to transfer the fields to the next section. At
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this point we find ourselves in the same situation as with the first reflector, so in effect the
first layer is “peeled off.” This procedure can be repeated until the entire series of reflectors is

determined. The coupling coefficient function ¢(z) is then determined from Eq. (4).

Using (2) and (3) it is straightforward to show that the task of transferring the fields by the

transfer matrix product 7,7, can be described in terms of the local reflectivities as

n()-p

- pir(o) ©

1, (8) = exp(—i25 A)
where r,(5) = v,(6)/u;(6). It is interesting to note that (6) is equivalent to a recursion formula

proposed by Schur for testing the boundedness of an analytic function outside the unit circle

of the complex plane [8].

To obtain an explicit expression for the determination of p, by the inverse Fourier transform,

we note that the spectrum 7, (5 ) can be written as a discrete-time Fourier transform (Fourier

series) of the impulse response 7, (r),

=)

I (5) = Zhl (r) exp(ié' T2A), (7)

=0

because the impulse response is discrete with the sample period 2A | which is equal to the
“round-trip” propagation length of one layer. We have defined 7 =1/2A as the discrete time
variable with ¢ as the normalized time. Since the impulse response for 7 =0 is the same as if

only the first reflector were present, we can see that py is simply the zeroth Fourier coefficient

of the series (7), or

p=h(0)=2 [r(s)s. ®)

—7/2A

Thus far the model is based on inherently discrete functions that describe the grating structure.
For numerical implementation, the spectral dependence must also be discrete, and hence the

calculation of p, by the inverse Fourier transform of 7,(5) can be achieved by the discrete

Fourier transform

pr=-3 () ©

where r;(m) denotes a discrete version of the spectrum 7;(5) in the range |5| <7z /2A, and

M > N is the number of wavelengths in the spectrum. Note that Egs. (7)—(9) are valid for all
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layers j by substituting 1 — j in the subscripts, because the reference plane is transferred to

the actual layer through (6).

The desired impulse response #, (z‘) must be nonzero for 7 > 0, and if necessary, it should

therefore be apodized to reduce the Gibbs phenomenon, and shifted so that it starts at 7 =0
[1]. The apodizing-windowing procedure reduces the undesirable oscillations in the spectrum
due to the finite length of the desired impulse response that is represented in the computer.
Note that M, the number of wavelengths in the discrete spectrum, which is equal to the
number of points in the impulse response, should be greater than or equal to the number of
layers N. The number N is chosen from the desired grating length or detuning range, or is
chosen such that we obtain a desired accuracy in the realized spectrum.

The discrete layer-peeling algorithm may be summarized in the following simple steps:

i) Start with a physically realizable reflection coefficient r,(5) (see Appendix).

i1) Compute p, from Eq. (9).

i11) Propagate the fields using the transfer matrixes (2)—(4) or the equivalent expression (6).

1v) Repeat step i1) until the entire grating structure is determined.

A count of the number of operations shows that the running time is of the same order O( MN )

as the conventional approach for computing the direct problem, i.e., computing the spectrum

1(8) from the reflector amplitudes p ; using the transfer-matrix. We also note that the inverse

problem actually is as simple as the forward problem.

A difference between the approach described here and that of Feced [1] is that we move the
reference plane as we propagate through the structure (or peel off the layers). The reference
plane in [1] is always located at z = 0, and consequently it is necessary to take into account
the propagation of the fields back and forth from z = 0 to the layer being reconstructed. While
this approach certainly works, it unnecessarily increases the computation time and the clarity

of the presentation.

We conclude this section by discussing the implications of choosing the frequency domain vs.
the time domain for implementation of the layer-peeling algorithm. In a similar fashion to
that chosen by Feced [1], we implement the algorithm in the frequency domain. The main
disadvantage with this choice is that, strictly speaking, the synthesis algorithm is not exact
unless we have perfect spectral resolution (M — ). However, this is not a fundamental
limitation of the DLP method, because the algorithm can be made exact by transforming it
into the time domain [7]. By an inverse Fourier transform of the discrete transfer-matrix

relation, we find
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Uy (t+4) 2T o ()
=(1-|p. 1
[ S I I 10
where u].(t) and v].(t) are the inverse Fourier transforms of the fields uj(é') and u_/(5),

respectively. Since the reference plane for the fields u_/.(t) and v].(t) is fixed at z=0, the local

reflectivities are simply

vV

P;=—"

U,

(11)

t=jA

The vector u,(¢) is initialized to the unit impulse function, and v,(7) is set equal to the desired
impulse response in agreement with (5). From Egs. (10) and (11) we can then determine the

local reflectivities exactly from the impulse response (by O(N 2) operations), and we therefore

expect better accuracy than with the frequency-domain DLP implementation. However, for
the frequency-domain approach, if the number of spectral points M is set significantly larger
than N, for example M=2N, the performance in most practical situations is about the same as
for the time-domain implementation. Finally, we note that only the first N points of the
impulse response are needed to reconstruct the grating up to layer N. In principle, this
requirement applies frequency-domain DLP also, but since errors associated with the
utilization of band-limited reflection spectra are repeatedly propagated and thereby
exacerbated by Eq. (6), the accuracy of the frequency-domain DLP procedure improves when
we increase the number of points in the impulse response (i.e., increase the spectral

resolution).

3. Continuous Layer Peeling

The continuous layer-peeling (CLP) method was first developed by Bruckstein et. al. and
Corones et. al. [8,9]. In this section, we summarize the main principles of the method for
synthesis of Bragg gratings, particularly as they relate to the discrete layer-peeling method.
The synthesis relation resulting from the causality argument is derived, and it is shown that

the method introduced in [2] is clearly a version of the continuous layer-peeling method.

The continuous model for coupling of counter-propagating modes in a grating is described by
the familiar coupled-mode equations,
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4 (z,8) = +iSu(z,6) + g (2)v(z,0)
& (12)
—W(z,6)==idv(z,8)+q"(2)u(z,6)

dz

where all of the parameters are defined in the previous section. The two coupled equations
can be combined into a single Riccati equation for the local reflectivity
r(z,68) =v(z,6)/u(z,8) by computing dr(z,5)/dz and substituting the derivatives from (12),

%r(z,a) = 2i51(z,8)—q(2)r(z,6) +¢'(2). (13)

Eq. (13) can be solved numerically by Runge-Kutta integration methods. Thus the model
itself is not inherently discrete (like a series of localized reflectors); nevertheless some form
of discretization must be introduced in order to numerically solve the coupled-mode or Riccati

equations to propagate the fields.

As indicated previously, inverse scattering relies heavily on causality, so in order to find a
relation analogous to (8) we must also consider the time domain in the description of

propagation in the grating, or

lzt) | _ou=0) Lo

0z ot
(14)
av(z,t) . 8v(z,t) N q*(z)u(z 9
0z ot ’

where Eqgs. (14) are obtained by inverse Fourier transform of Egs. (12). Note that the time ¢
here is normalized such that the velocity of the waves equals unity. Now, we imagine that the
grating is probed by a wave with a leading impulse. The grating is assumed to be dark at

t =0, so by causality the fields must vanish for ¢ < z and have the form [8]

u(z, t) = 5(t - z) + H(t - z)ﬁ(z, t)

, (15)
v(z,0)= H(t - z)¥(z,1)

where ', vV are some functions describing the fields in the grating, H (t — Z) denotes the unit

step function that is 0 for 7 < z and 1 for 7 >z, and (¢ —z) is the Dirac delta function. By

substituting (15) into the second of equations (14), and equating the coefficients of §(¢ —z) on

both sides, we obtain
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q*(z)z—ZV(z,t=z+)=—2v(z,t=2+). (16)

By the initial value theorem for the unilateral Fourier transform (Laplace transform) [10], we
have v(z,t =0 ) = —;1_{215\/(2,5), and therefore v(z,t =z ) =_ (lyl_r>1:z5v(z,§) exp(—idz) from

the shift property of the Fourier transform. Hence we can write

¢ (z)=1lim2i5v(z,8)exp(— i&):(lsim2i5r(z,5), (17)

S0

where the last equality results from the fact that u(z, 5) - exp(i 52) as 0 — oo according to

(15). By using the initial value theorem once again, we can see that the complex conjugate of
the coupling coefficient is equal to the leading edge of the impulse response multiplied by a

factor of -2, or

:—1/7[_[ zéexp l50+)d5. (18)

In [2] this relation is incorrectly written as ¢"(z) = -1/ 7Z'J‘ r(z,6)d5, after translation to our

convention for the coupled-mode equations. However, because the impulse response is
discontinuous at ¢ = 0, the Fourier integral evaluated at =0 is given by the average of the
impulse response at £ =0~ and ¢ = 0". Therefore, one should either multiply the synthesis
relation in [2] by a factor of 2, or be careful to write the relation explicitly in the form (18).
This problem does not occur in the discrete layer-peeling algorithm because there we choose

the spectrum r, (5 ) to be the discrete-time Fourier transform of the discrete impulse response

(see discussion in Section 4).

The continuous layer-peeling algorithm is thus performed by following these simple steps:
i) Start with a physically realizable reflection coefficient (0,5) (see Appendix).

ii) Compute g(z) for the present z value from (18) or

2)==2/x | r(z6)ds5. (19)

The integral may be evaluated using standard numerical integration routines, such as
Simpson’s rule.

ii1) Propagate the fields using the transfer matrix relation (1), or by integration of (13) using a
backward difference scheme.

iv) Repeat step ii) until the entire grating structure is determined.
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The primary sources of error in the continuous layer-peeling procedure are the evaluation of

the synthesis integral (19) and the propagation of the fields.

4. Comparison and Numerical Properties

In this section we first consider the similarities and differences between the two methods from
a fundamental, mathematical standpoint. Then we compare the numerical performance using

several realistic examples.

First, we expect that the two methods should be equivalent in the limit where the
discretization step (layer thickness for matrix multiplication) approaches zero. By letting

A — 0 in (4), we obtain p — —¢q A. Substituting this result into (8) gives

1 7/2A

q'(ja)=-— [r(oWs (20)

-7/2A

for the jth layer. In the limit of small A, we obtain the relation (19) (divided by 2). However,
we must be careful at this point, because the spectra r,(5) and r(jA, ) are not exactly
equivalent to one another. For a fixed position given by z = jA the spectrum r( jA,é') is the
Fourier transform of a continuous impulse response, whereas rj(é‘) is a Fourier series with a
discrete impulse response as its coefficients. While the determination of the impulse response
using r(jA,S) requires a factor of 2 to fix the “wrong” convergence of the inverse Fourier
integral at ¢ =0, the determination of the Fourier coefficient (8) from 13(5) does not. With
this subtle difference taken into account, relations (19) and (20) are consequently equivalent

in the limit A — 0.

Owing to the nonequivalence between r,(5) and (A, &), the target spectra r,(5) and r(0,6),
the starting physical realizable spectrum for DLP and CLP respectively, should ideally be

specified in different ways. The discrete model spectrum 7, (5) should equal a discrete-time
Fourier transform of a causal, discrete impulse response, whereas the continuous model
spectrum 7(0,5) should equal the Fourier transform of a causal, continuous impulse response.
Therefore, if one starts with a true grating spectrum in both DLP and CLP (reconstruction
problems), the DLP will give wrong result for the coupling coefficient of the first section,
whereas the CLP will give the right answer. Similarly, the situation will be reversed in
synthesis problems where one starts with a spectrum that is a discrete Fourier transform of a

discrete impulse response. Usually, this does not impose any problems as long as the grating
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starts smoothly at the front end. If this is not the case, one could fix the algorithm at the first
layer by including an extra factor of 2 in (9) for reconstruction problems, and exclude the

extra factor of 2 in (19) for synthesis problems.

To make the equivalence between the two methods clearer, it is also instructive to derive the

synthesis relation (8) from a more physical standpoint than that of the derivation in Section 2.
As above, we assume the grating is comprised of a series of N discrete reflectors separated by
equal distance of A. Also, the scattering is assumed to happen at the beginning of each layer.

At the beginning of the (j +1)st layer, r(z = jA, ) is the corresponding local reflectivity
associated with the grating beyond that layer. Recall that the reference plane is shifted from

z=0 to z=jA, and the associated definition of zero time is also shifted to the layer of

interest.

The reflection of a single layer between z and z + A is simply that of a discrete reflector at

z = jA followed by a free propagation of distance of A. Thus, according to Eq. (2), the
reflection from this layer only is o ;. Note that this single-layer reflection is independent of

frequency, which is a direct result of the discretization of the coupling process. Based on

causality, at time 7 = 0" the impulse response contains a contribution only from the reflector

at z = jA . Therefore we can write

/2A

/2A
L pyexp(=idT)ds| . = L/Mr(z, 8)exp(~ist)dd| . . 21)

‘ =0"

The limits on the integral arise because the discrete grating model produces a periodic
spectrum with periodicity of 6 = 7/A. Consequently, only a single period of the spectrum

should be considered.

Next, we note that since p; is independent of the detuning &, the integral on the left may be

evaluated so that Eq. (21) becomes
T (" s 57)dS
Piy= [;/Mr(z, )exp(~idr)ds| . . (22)

According to the definition of p; in Eq. (4), this expression may be written in terms of the

coupling coefficient as

G tanh(|q(z)|A)% = [7 Hz.b)exp(-isr)ds| . . (23)

la(2)|
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Eq. (23) is the integral form of the synthesis relation for the discrete layer peeling (DLP)
method, analogous to Eq. (8). By taking the limit as A — 0, on both sides of Eq. (23), the
synthesis relation (18) for the continuous layer peeling (CLP) method is readily obtained:

¥ ()= -+ [r(z.8)exp(-i507)ds5. (24)
T

Although simple, this analysis makes it clear that the CLP method is essentially identical to
the DLP method in the limiting case of infinitesimally thick layers, or A — 0.

For the first numerical comparison example, we consider a dispersionless band-pass filter. We
take the ideal spectrum to be a flat-top, nearly rectangular pass-band filter described by the

“super-gaussian” function
1) =R exp|- (/55 )° 25)

where the maximum reflectivity is R = 0.90 and the width is determined by Spg = 19.2 cm—1,

which corresponds to a pass-band full width at half maximum (FWHM) of 37.84 cor—1 in

wavenumber, or 1 nm in wavelength at a center wavelength of 1550 nm. We choose the

detuning window (frequency range) to be 157 cm~!, which corresponds to a wavelength
window of about 4 nm. This choice determines the layer thickness, since for the DLP method

the layer thickness Apy p and detuning window 6, must be related by

T
Ayp =—. 26
L (26)

w

Thus App p = 0.02 cm. Furthermore, we choose the length of the grating to be L = 10 cm,
which therefore determines the number of layers N = L/Ap; p; in this case N = 500. Finally,

we choose the number of wavelengths A = 1000. For both methods, the actual target
spectrum is obtained as the discrete Fourier transform of the impulse response associated with
(25), windowed to be causal and apodized by a Hanning function. Ideally, for comparison we
would like to choose the same parameters for the CLP method. However, for this choice of
parameters we find that the CLP method does not converge on a reasonable solution. In fact
this behavior appears to be a general result (at least for some structures) — the CLP method
does not yield a reasonable structure for layer thickness roughly greater than or equal to that
dictated by the DLP method (through (26)). Therefore, for the CLP simulation we must
choose a smaller layer thickness. We pick 0.01 cm, and keep all other parameters equal. We
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note that this ability is actually an inherent advantage of the CLP method — the layer

thickness can be adjusted independently of ), , as long as it is not made too large.

Unfortunately, the smaller layer thickness does not enable a totally fair comparison, so we

also include for a third case a DLP simulation with the same layer thickness (0.01 cm), but

because of the constraint in (26) we must increase the frequency range to 314 cm~1, and we
double the number of wavelengths (M = 2000) in order to keep the frequency sampling
resolution constant. To summarize, the three cases considered for the first example are
denoted (by layer thickness) as “DLP 0.02 cm,” “CLP 0.01 cm,” and “DLP 0.01 cm.”

500
—— DLP 0.02cm
| | — CLP 0.01cm
_ -~ DLP 0.01cm
E o = JW
-E 4
.0
o
& -500-4
[}
o
(@]
o))
C
2 -1000 -
>
e}
(@]
-1500_ . T T T T T ! T '

Grating Position (cm)

Fig. 2: Plots of the (real) coupling coefficient reconstructed from a nearly ideal, flat-top,
dispersionless reflection spectrum using both DLP and CLP methods and different sets of parameters.

The three calculations for this example had associated processor run times of 0.66 sec, 25.26
sec, and 2.25 sec, for the “DLP 0.02 ¢cm,” “CLP 0.01 cm,” and “DLP 0.01 cm” cases,
respectively. These were implemented using the program MATLAB on a 550 MHz Pentium
III computer. The DLP method is at least an order of magnitude faster than the CLP method.
In Fig. 2 we plot the coupling coefficient (which is real for this example) determined for each
of the three cases described above. On this plot it is very difficult to distinguish the three
curves. The main difference is a slight lateral shift in the position of the profile with respect
to the spatial window. In Fig. 3(a) we show the calculated reflectivity spectra for the three
cases. Note that all spectra in this figure are computed using the “exact” transfer matrix
method described by Eq. (1). Fig. 3(b) shows the group delay curves associated with the
power spectra in 3(a). Again all are nearly indistinguishable, except for a slight difference in
the absolute delay, which is expected given the lateral shifts seen in Fig. 2. From the power

reflectivity curves, we observe that the layer thickness is important in determining how well
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the spectrum of the reconstructed grating approximates the target spectrum. For the direct
comparison of the DLP and CLP methods with the same layer thickness (0.01 cm), the DLP
method synthesizes an excellent approximation to the target spectrum for reflectivities down
to about —40 dB, whereas the CLP method is able to match the spectrum down to about —50
dB. However, sidelobes produced by the CLP method do not fall off quite as rapidly as those
produced by the DLP method.
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Fig. 3: Plots of the (a) reflectivity spectra, and (b) group delay curves associated with the
reconstructed gratings in Fig. 2. All spectra are computed using the “exact” transfer matrix
described by Eq. (1).

In Section 2 we make the claim that except for the approximation resulting from the grating
coupling model itself (the discretized transfer matrix model), the DLP method can be made
exact. This claim is now verified numerically, although we use the frequency domain
implementation of the DLP, so here it is “exact” only within the error resulting from the finite
spectral resolution limitation discussed in Sec. 2. In Fig. 4 we plot the reflection spectrum for
the example above, but only for the case “DLP 0.02 cm.” The dashed line is from Fig. 3(a),
and the solid line is computed from the same coupling coefficient, but for the forward
problem calculation we use the discretized matrix (2)—(4) instead of the “exact” matrix (1).
Here we obtain an excellent approximation to the target spectrum for reflectivities down to
about —170 dB. Of course this result is not necessarily physically significant, since for strong
gratings the actual spectrum is usually more accurately predicted by the piecewise uniform

(“exact”) matrix calculation, but it shows that the method is exceptionally self-consistent — it
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does an almost perfect job of reproducing the desired spectrum within the limits of the

discretized-matrix approximation.

Discrete Matrix
Exact Matrix
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Reflectivity (dB)
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1548 1549 1550 1551 1552
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Fig. 4: Reflection spectra for the case “DLP 0.02 cm” in Fig. 2 computed using the discrete and the

“exact” transfer matrixes.

For a second example, we consider for the target reflection spectrum a simple gaussian

function with a quadratic phase (non-zero dispersion) of the form
r(6) =R expl- (8/855)* fexpl- 8L e/ m)? /2], @7)

where the maximum reflectivity is R = 0.95 and the width is determined by dpp = 12.3 em—1,

which corresponds to a pass-band full width at half maximum (FWHM) of 20.4 em1 in
wavenumber, or 0.54 nm in wavelength at a center wavelength of 1550 nm. The dispersion is

described by the product of the S, parameter (second derivative of the propagation constant
with respect to frequency) and a characteristic length Ly for an optical fiber. Here we assume
P =217 ps2/km (D = 17 ps/nm-km) and L =30 km, so that the grating is capable of
compensating the dispersion of a standard (non-dispersion-shifted) fiber over a length of 30
km. The detuning window and layer thicknesses are the same as in the first example. The
length of the grating is chosen to be L = 12 cm, which determines the number of layers N =
600. For this example the number of wavelengths is M = 1200. As in the example above, to

present the fairest comparison we consider three cases: DLP with equal layer thickness to
CLP, DLP with equal detuning window to CLP, and the CLP method.
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Fig. 5: Plots of the (a) magnitude of the coupling coefficient, and (b) relative chirp of the grating
period with respect to a nominal period (arbitrarily defined to be at the middle of the grating), for
gratings reconstructed from a constant-dispersion, gaussian-shaped reflection spectrum using both
DLP and CLP methods and different sets of parameters.

The three calculations for the second example had associated processor run times of 0.93 sec,
35.92 sec, and 3.29 sec, for the “DLP 0.02 cm,” “CLP 0.01 cm,” and “DLP 0.01 cm” cases,
respectively. The relative run times among the three cases for this example are almost
identical to those for the first example. The coupling coefficient profiles are plotted in Figs.
5(a) and (b), where 5(a) shows the magnitude of the coupling coefficient and 5(b) shows the
relative chirp of the grating period with respect to a nominal period (arbitrarily defined to be
at the middle of the grating). Again the curves are nearly indistinguishable. In Fig. 6 we plot
the spectra associated with the reconstructed gratings. For this example there is almost no
difference among the spectra, indicating that for relatively smooth functions both methods

work equally well for practical applications.
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Fig. 6: Plots of the (a) reflectivity spectra, and (b) group delay curves associated with the
reconstructed gratings in Fig. 5. All spectra are computed using the “exact” transfer matrix
described by Eq. (1).
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5. Conclusion

We have reformulated the discrete layer-peeling method for the synthesis of fiber gratings and
showed how the discrete grating model can be reconstructed exactly from its spectrum, since
the only approximation in this method is that resulting from the discretization of the mode
coupling itself. The continuous layer-peeling method for grating reconstruction has been
derived and it has been compared both mathematically and numerically to the discrete
method. We show that the methods are based on the same principle, and that the continuous
method is essentially equivalent to the discrete method in the limit of infinitesimally thin

layers.

A numerical comparison reveals several interesting facts and apparent trends. First, we find
that the DLP method is significantly faster than the CLP method, due in large part to the
absence of any calculation of special (hyperbolic) functions for wave propagation and to the
sufficiency of simple summations instead of more sophisticated numerical integration
routines. Both of these simplifications result from the discretized approximation to the
transfer matrix, and they come at a price — the DLP method is fundamentally limited by the
degree of approximation associated with the simplified matrix calculation. The CLP method
has the advantage that it allows for a variable layer thickness for a given choice of the spectral
window. However, we find empirically that the method is not able to produce reasonable
results for layer thicknesses similar to or greater than the thickness required for the DLP
method. Thus CLP seems to inherently require smaller layer thickness than the DLP method,
a characteristic which, while compounding its computation-time disadvantage, does allow it
to yield somewhat better results for difficult structures (like those with rapidly varying
coupling coefficients). When both methods are implemented with equal layer thicknesses (but
a significantly larger frequency window and identical frequency resolution used for the DLP
method), we still find about an order of magnitude improvement in the computation time for
the DLP method over the CLP method. In this case the accuracy is similar for the two
methods. Decreasing the layer thickness in the CLP method so that it is much smaller than the
thickness dictated by the DLP method (i.e., for thicknesses down to even just a couple of
grating periods), does not appear to provide much improvement in the accuracy with which

the reproduced spectrum matches the target spectrum.
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Appendix: Spectrum Realizability

When using the layer-peeling algorithm for synthesis of actual filters, the desired reflection
spectrum is not necessarily realizable for a series of N reflectors or a grating of length L. To
obtain a realizable reflection spectrum, we can use the (apodizing-)windowing procedure that
is common in digital finite-impulse-response (FIR) filter design. This procedure was used by
Feced for the synthesis of practical fiber gratings using the layer-peeling algorithm [1]. It
consists of forcing the impulse response to be zero outside of a certain window, apodizing the
windowed impulse response to cause the tails to approach zero more smoothly, and then
shifting the whole response so that it starts at # = 0. This new impulse response is referred to
as the “target impulse response,” and we note that it has a finite duration. Strictly speaking,
the (complex) reflection spectrum of any real fiber grating structure contains poles, and
consequently the associated impulse response has infinite duration. In other words, even the
target impulse response is not exactly realizable — the impulse response of the realized
grating contains tails that extend beyond the windowed target impulse response, and these
tails have nothing to do with the tails that were windowed. The realized tails cause
undesirable fluctuations in the realized reflection spectrum, but as the examples in Feced’s

paper indicate [1], the influence of the tails is small for most practical filters with N>>1 and

‘pj‘<<l .

This windowing procedure is not necessarily optimal for the synthesis of finite length gratings
as the following example demonstrates. Suppose one desires to synthesize a grating of length
L with reflection spectrum (&), and assume that 7(5) happens to be identical to the reflection
spectrum of a certain shorter grating , but of course this coincidence is not known in advance.
Then, by using the windowing procedure, one gets a target spectrum 7, (5) that is
approximately realizable for a grating of length L. By applying the layer-peeling algorithm to
this spectrum, one ends up with a grating of length L with a spectrum that approximates the
desired function r(5). Since the spectrum could have been realized exactly using a shorter
grating, we would have been better off shortening the starting grating length than attempting
to window the starting impulse response. Thus it should be clear that adjusting the
windowing is not necessarily the best way in all cases to achieve the simplest structure to
match a desired reflection spectrum. Nevertheless, it is a straightforward approach and often

yields good results in practice.

It should also be noted that for the case of a discrete grating model, the realizable filter
functions can be identified exactly. For N reflectors, the class of realizable filters is Nth order
rational functions of z™' = exp(i28 A) with rather strict conditions on the coefficients [11].
However, these conditions are difficult to handle, and it is not a trivial problem to find the

allowed coefficients that give the best fit to a desired response.
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We present an efficient and accurate method for synthesis of optical thin-film structures.
The method is based on a differentional inverse scattering algorithm and considers
therefore both the phase and amplitude reflectance data. We apply the algorithm to the
synthesis of filters with arbritrary index layers and two-material filters consisting of only
high and low index layers. The layered structure is approximated by a stack of discrete
reflectors with equal distance between all reflectors. This mirror stack is in turn
determined from the desired, complex reflection spectrum by a layer-peeling inverse
scattering algorithm. The complexity of the design algorithm is about the same as the

forward problem of computing the spectrum from a known structure.

1. Introduction

Optical thin-film structures consisting of alternating layers of high- and low-index
dielectric materials are vital components for many applications, including architecture,
energy management, automobiles, scientific instruments, data storage, and display
devices [1]. In addition to their use as high-reflection mirrors and anti-reflection
coatings, thin-film structures form the basis for optical filters with sophisticated complex
responses (reflection and transmission). In particular, thin-film filters enable tailorable
dispersion for ultra-short pulse lasers [2] and extremely thick films are now a key
technology for wavelength-division-multiplexed (WDM) fiber-optic communication
systems. Thin-film filters with hundreds of layers have become possible to fabricate [3]
and hence the ability to synthesize structures with increasingly demanding filter

characteristics is a critical tool.
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The calculation of the optical characteristics of a particular structure, i.e., the forward
problem, is straightforward, whereas the calculation of a structure associated with
specified optical characteristics, the inverse problem, is signficantly more difficult.

Many approaches to the inverse problem for thin-film design can be classified into two
main categories: numerical refinement and thin-film synthesis [1,4]. Both rely heavily
on optimization algorithms, and hence tend to be based on a reasonable starting guess at
the final structure. In this paper, we propose a new method for the synthesis of multilayer
optical filters based on a specified complex reflection spectrum. The method is a direct
approach analogously to the Fourier transform method [5]. However, in contrast to the
Fourier method, the layer-peeling inverse scattering method is exact, i.e. the layers are
exactly determined from the associated spectrum. The inverse scattering algorithm is
based on direct inversion of the transfer matrix model after the following principle:
Consider the desired impulse response which is determined by an inverse Fourier
transform of the desired spectrum. At the leading edge of the impulse response, the light
“sees” only the first layer because at the very beginning of the impulse response the light
does not have time to propagate more deeply into the structure. By this causality
argument one can determine the first reflector and hence the first transfer matrix. Then
one can use the transfer matrix to propagate the fields to the next layer. Now one is in the
same situation as at the beginning, since the effect of the first layer is “peeled off”. The

process is continued to the back of the filter.

With this method, any thin-film filter structure can be reconstructed from the associated
complex reflection spectrum. For synthesis problems, however, the desired reflection
spectrum does not necessarily have to be realizable for a thin-film filter since the
required Fresnel reflectivities might be complex. To come around this problem, we first
synthesize a mirror stack consisting of discrete, complex reflectors, and then approximate
the stack by an inhomogeneous layer filter or a two-index thin-film filter. The remainder
of this paper is organized as follows: In section 2 we give the basic principles behind the
layer-peeling inverse scattering synthesis algorithm. In section 3 we first consider the
easiest problem, namely to synthesize filters consisting of layers with arbritrary refractive
indexes. Although this class of filters might be realizable in practice, at least in the
future, for practical reasons it is often desireable to design filters consisting of only two

different refractive indices, high (n,) and low (#,). Two-material structures could be

47



achivied by transforming the arbritrary index layers using the standard Herpin
equivalent-index concept [6]. In this paper however, we compute the two-material filters
directly from the discrete reflectors, and this procedure is described in section 3. In

section 4, we present numerical examples of filters in both categories.

2. The layer-peeling inverse-scattering algorithm

In this section, we review the basic principles behind the differentional inverse scattering
algorithm. It was first developed by geophysicists for the recognition of layered-earth
media from scattering data. A thorough analysis and comparison to other algorithms can
be found in Bruckstein [7,8]. Whereas Bruckstein used the algorithm only for real
reflectors, we extend the algorithm to consider complex reflectors. This is done to enable

synthesis of asymmetric filter characteristics, which require quasi-periodical structures.

We state the inverse scattering problem as follows. We assume a stack of N discrete,
complex reflectors with distance d between all reflectors. From the corresponding

complex reflection spectrum r(k) we wish to reconstruct the complex reflector
amplitudes p i J=12,.,N, where k =27/ is the vacuum wave number. This inverse
scattering problem is inherently discrete in nature, and may be solved exactly by the
layer-peeling algorithm. The running time of this algorithm is of the same order O(N : )

as the conventional approach for computing the forward problem, i.e., computing the

spectrum r(k) from the reflector amplitudes p ; using the transfer-matrix method [9].

B, B,
<— o <—
1 P
Al A2 2 p3 .
— | —> | .
d d
H_J
unit cell 1

Fig. 1: The stack of discrete reflectors. The distance between the reflectors is d, and the complex

fields before the jth sectionis A; and B;.
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For a physical picture of how the layer-peeling algorithm works, we imagine that the
filter is probed by a delta-function pulse. Thus the forward and backward propagating

fields before the first section, 4, and B, respectively, are

a0) o] v

Each "unit cell" of the reflector stack is composed of the discrete localized reflector
followed by a pure propagation section, as illustrated in Fig. 1. The jth unit cell is

therefore described by the transfer matrix product 7,7, ;, where

ikd 0
o b @
0 exp(—lkd )
is the standard propagation matrix, and
12l 1 - ,0*-
7, =(-lef) [_p_ 1"} G)
J

describes a pure, discrete reflector. The discrete reflector is generally complex, with p,

12
and —p the reflection coefficientsfrom the left and right, respectively, and (1 — ‘ 0 j‘z)

the transmission coefficient for both directions. If we manage to determine the first
reflector, we can use 7,7, to transfer the fields to the next section. We then find

ourselves in the same situation as with the first reflector, so in effect the first layer is

"peeled off". This procedure can be repeated until the entire stack is determined.

In order to find the complex amplitude of the first reflector, we note that the impulse

response of the reflector stack for time ¢ < 2d/c is independent of the reflectors p, for

J =2 because light does not have sufficient time to propagate to and from the second and
higher reflectors. Thus, when looking at the impulse response of the stack for # < 2d/c,

we obtain the same response as if reflector 1 was alone. Therefore, we can compute p, as
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the inverse Fourier transform of r(k) = B,(k)/ 4,(k) evaluated at time r =0. More

precisely, because r(k) is periodic with period z/d, we find

d  B(k)
P, =— dk  or P, = =, 4)
1 T pe;'i‘od Al(k) l M ; A

where m denotes the sample number of the ratio B,/ 4, and M > N is the number of
spectral points, in one spectral period. We must ensure that M is chosen to be sufficiently
large to represent the target r(k) with a desired accuracy. Strictly speaking, we must
have M = - to make the layer-peeling algorithm truly exact. However, in practical
situations, it turns out that M does not have to be considerably greater than N. For the
examples in this paper, we used M = N . A way of getting the layer-peeling procedure
strictly exact is to transform it to the time domain, and represent the intermediate results

(fields) as time domain responses [7,8].

We can summarize the algorithm in the following simple steps:

i) Start with a physically realizable reflection coefficient (k) (see the remark below).
ii) Compute p, from eq. (4)

ii1) Transform the fields using the transfer matrixes, or by using the equvivalent Schur

recursion expression

Bl(k) — P
jig = exp(—i2kd)% (5)
— P Al(k)

Eq. (5) results from the transfer matrix muliplication and is similar to a recursion
formula proposed by Schur for testing the boundedness of an analytic function
outside the unit circle of the complex plane [8].

iv) Return to ii until the entire filter is determined.

When using the layer-peeling algorithm for synthesis of actual filters, the desired

reflection spectrum r(k) is not neseccarily realizable, even for a stack of complex

reflectors. To obtain a realizable reflection spectrum, we use the windowing procedure
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that is common in digital FIR filter design [10]. The same procedure was used by Feced
et al. for the synthesis of fiber Bragg gratings using a layer-peeling algorithm [11]. First
we compute the inverse Fourier transform of the desired spectrum to obtain the impulse
response. This response is then forced to be causal and realizable by multiplying it by a
window function, and shifting it so that it is nonzero only for times ¢ > 0. The window

function should be smooth in order to reduce the Gibbs phenomenon. The realizable r(k)

is finally obtained by Fourier transform of the windowed impulse response. Note that the
target impulse response has a finite duration. Strictly speaking, the impulse response of
any stack consisting of two or more mirrors must have infinite duration, so the target
response is not exactly realizable for a stack of N reflectors. Thus there is always an
unwanted tail in the realized impulse response. The realized tails cause undesirable
fluctuations in the realized reflection spectrum, but as the examples below and the

examples in ref. [11] indicate, the influence of the tail is small for most practical filters

with N >>1 and ‘pj‘<< L.

3. Design of thin-film structures

In this section we show how to convert the stack of complex, discrete reflectors into a
physical filter. If we were designing a corrugated filter, e.g., a fiber Bragg grating, this
procedure would be very simple: comparison to Feced [11] shows that the samples of the
complex coupling coefficient of the grating are related to the discrete reflection

coefficients by the relation

%

q;,=- % ‘/,Z—j‘ arctanh‘ o; ‘ . (6)

In this paper however, our goal is a layered thin-film filter. For simplicity, we neglect all
kinds of loss in the structure. First, we consider the simplest problem, namely to find a

layered structure with arbitrary indexes. The indexes n, must satisfy n, <n; <n,, where

n, and n, is the lowest and highest realizable indexes, respectively. From the Fresnel

reflection coefficients it is straighforward to obtain index jumps that realize real p,

provided
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‘,0_,-‘ <(n, _nl)/(nh +n). (7)

The refractive index profile must be held between the limits #, and #»,. If the required
index of the jth layer becomes too small or too large, one can simply insert a section

corresponding to a round-trip phase shift of 7 to reverse the index jump. The phase of p,

must be realized by deviating the positions of the index jumps compared to the positions
of the discrete reflectors. This is clearly an approximation as the induced phase response
will be frequency dependent (linear phase) whereas the discrete reflectors are
independent of frequency. However, this approximation is apparently good for
bandwidths that are much less than the center frequency, Ak << k, which usually is true

for the usable bandwidth of thin-film filters.

In practice, it is often more desireable to design two-material thin-film filters consisting
of only high (»,) and low (n,) refractive index layers. Such filters can be designed from
the corresponding inhomogenous layers above by the standard Herpin equvivalent-index
concept [6]. In this work however, we present another, more direct approach of obtaining
the layer thicknesses from the desired stack of discrete reflectors. By using the transfer
matrixes, we show that a symmetrically defined Bragg period (see Fig. 2) can be

approximately represented by a discrete reflection coefficient.

4y d, s
2 2
“—FP—r——>
"
_ "
P P P+l
| z
. >
A A

Fig. 2: Refractive index profile of the thin-film filter. The symmetrically defined Bragg period, or

“unit cell,” is the region between the dashed vertical lines. The discrete reflectors p ; are

indicated below the profile.
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We assume that the grating is perfectly matched to the surrounding media (the refractive

indexes of the surrounding media are assumed to be ;). Furthermore, we define d,, ; and
d, ; as the thicknesses, and ¢, ; = kn,d, ; and ¢, ; = kn/d, ; as the phase shifts in the high-

and low-index layers, respectively, all in the jth symmetrically defined Bragg period or
“unit cell” (see Fig. 2). Using a standard transfer-matrix method, we find the complex

reflection coefficients of each “unit cell” to be [9]

—2irsing,

r

(ET ST SR S ) "

where the parameter r = (n, —n,) / (n, +n,) denotes the Fresnel reflectivity at each index

step. Eq. (8) results from a transfer matrix multiplication of the two index-step matrices
inserted between the appropriate propagation matrices. Now, we want to represent the
above reflectors with discrete, complex reflectors to be able to apply a layer-peeling
synthesis algorithm. To force the reflection coefficient (8) to be independent of
wavelength, we must make an approximation. Therefore we define the amplitude of the

wavelength-independent discrete reflector to be

L _ 2rsing, ; ’
‘P,‘ "’;L:AB (1+r4—2”2 Cos(2(ﬂh,_/))l/2 ,1:13’ )

where A5 denotes a design Bragg wavelength and we have assumed 0 < ¢, < 7. The

phase of the reflection associated with the jth unit cell at A5 is

sin(p,  +¢, )-r’sin(e, . —@, .
;= agr;|,_, =arctan ((01,1 (/7;1,,) ((pl’j (ph’]) ) (10)

i, COS((DM +(ph’j)—r2 cos(%,j —¢h,j) A=A,

where we have ignored the phase shift due to the factor —i in (8) since it is the same for

all unit cells. We account for the variation in the phase shifts ¢, ; resulting from variation

in the layer thicknesses by assigning a phase factors to the discrete reflection coefficients
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p;,such that p, = ‘ p_].‘ exp(i (p].). That is, we let the distance between the discrete

reflectors be constant, and account for chirp due to variation in the layer thicknesses

using ¢ ;. The phase difference between reflections from two neighboring reflectors must

equal the phase difference between reflections from two neighboring unit cells, so that
Q=@ 2=, — @, FQ, L TQ T, T P (11)

Here we have moved the reflection reference planes of the unit cells j and j—1 to the
same position, namely to the middle of unit cell j—1. This transformation, which is done
to enable comparison of the phases, yields the last four terms in (11) (see Fig. 2). The
same transformation is performed on the left-hand side, but the round-trip propagation
phase between reflector j and j—1 is simply set to 27 since the distances between all

neighboring reflectors is the same and since we will require ¢, — ¢, | =0 if the right-

hand side is 2.

Now that we have modeled the thin-film filter as a stack of discrete, complex reflectors

p,; with identical distances between all reflectors, then once the discrete reflectors p, are
found by use of the layer-peeling method, the layer phase shifts can be computed from
(11) and through inversion of (9) and (10): From the known ‘ o, j‘ and ¢, eq. (9) gives
@, forall j. After substituting (10) into (11) the only remaining unknowns are ¢, ;and
@, ;- Thus the inversion is initiated by picking an arbitrary value for ¢, . Then (11)
gives @, ,; the rest of the ¢, ; are determined by repeated application of (11). The

equation solving is conveniently performed by numerical optimization packages.
However, for most practical situations the Fresnel reflectivity of each interface is small,

or r << 1, so that egs. (9) through (11) may be approximated by the relations
lp,|=2rsing, | (12)
and

0, +0,=7+(0,—0,,)/2. (13)
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In fact, this approximation can be justified even if the Fresnel reflectivity is relatively
large since the approximation that the reflection coefficient of each unit cell is
independent of wavelength, implicit in egs. (9) and (10), is usually more significant.
Therefore, equations (12) and (13) are sufficient to compute the layer phases from the
synthesized stack of discrete reflectors. Finally, we obtain the layer thicknesses from the

definitions ¢, , = k,n,d, , and ¢, ; = kynd, ,, where k, denotes the design Bragg wave

number.

4. Numerical examples

As a numerical example, we first apply the synthesis algorithm to design dispersionless
square filters with high reflectivities. Such filters are potentially important for the
Wavelength Division Multiplexed (WDM) communications technology of the future.
The target filter is a square filter with maximum reflectivity of 99.9%, no dispersion, and
a bandwidth of 0.13 um. In order to make the target filter causal and realizable the
impulse response is apodized using a Kaiser;o window [10], and shifted so that it starts at
time ¢ = 0. We take the number of reflectors to be 150. We have synthesized both an
inhomogenous layer filter (fig. 3), and a thin-film filter consisting of high- and low-index
layers (two-material filter, fig. 4). In the latter case the indexes of the materials are set to
1.5 and 2.0, which are close to the indexes of the standard dielectric materials SiO, and
Ta,0s, respectively. The total thicknesses of the resulting filters are 39 um and 52 pm,
respectively. The filter performances have been computed by an exact transfer matrix
method, and are shown in Figs. 5 and 6. In Fig. 5, the reflectivity spectra for the two
filters are compared. We observe a small ripple of 4-107 in the pass band for both filters.
The side lobe level is -24dB and -19dB for the inhomogenous-layer filter and the two-
material filter, respectively. As can be observed in Fig. 6, the ripple or deviation of the
group delay dispersion is roughly 20 fs* and 50 fs* inside the pass band for the

inhomogenous layer filter and the two-material filter, respectively.

Next, we show an example of synthesis of a dispersion compensating bandpass filter.
This type of filter has become important in ultra-fast laser physics [2]. The target
dispersion for this example is 275 fs?, that is the group delay is linear as a function of

wave number. The dispersion is specified after the windowing process. The number of
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layers is set to 200. The maximum reflectivity and the indexes of the materials are the
same as in the previous example. The result of the synthesis is shown in Figs. 7 through
10. As expected, the performance of the filters is about the same as their non-dispersive
counterparts, but the group delay dispersion is nearly constant as a function of wave
number in the reflection band. While we choose a linear group delay for the sample
dispersion response, the power of the layer-peeling method is its ability to synthesize an
arbitrary group delay spectrum based on the known dispersive properties of the system

that requires compensation.

One of the main advantages of the layer-peeling algorithm compared to the conventional
optimization methods is the efficiency: Because the running time is of the same order as
the forward transfer matrix calculation of the spectrum, we can design extremely thick
filters very fast. The two calculations in this paper had associated run times of less than
0.2sec using the program MATLAB on a 300MHz Pentium computer. In addition, it is
evident from the examples that the layer-peeling method is particularly suitable for
designing filters when the entire spectrum is relevant to the designer, not only a small
bandwidth. For example, one observes that the spectra of the designed filters match well
to the goal spectrum in both the reflection (pass) band and also the stop band. The
disadvantage is clearly that one cannot weight different trade-offs in the same way as
with optimization methods. However, if a certain parameter is critical, as for example the
group delay dispersion, one can use numerical refinement techniques to optimize for that

parameter with the layer-peeling design as a starting point.

5. Conclusion

We have proposed a method for synthesis of thin-film filters using a layer-peeling
inverse scattering algorithm. This method is particularly useful for designing filters with
many film layers, and has the advantage that no knowledge of a reasonable starting guess
at the final structure is necessary. The method has been used for designing filters
consisting of arbitrary index layers and for designing two-material thin-film filters. The
running time of the synthesis algorithm is about the same as the running time of the

conventional transfer matrix method for computing the spectrum from a known structure.

56



2.6

2.4¢

2.2}

n(z)

1.8}

18 10 20 30 40
z/um

Fig. 3: The refractive index profile of the inhomogenous layer non-dispersive bandpass filter.
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Fig. 4: Layer thicknesses of the two-material non-dispersive bandpass filter. The dots represent

the thicknesses of the low-index layers (d 1.;) whereas the lined-through dots are 5 times the

thicknesses of the high-index layers (dh,j).
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Fig. 5: Reflectivity of the non-dispersive bandpass filter. The dashed line is the spectrum of the
inhomogenous layer filter, whereas the solid line represents the spectrum of the two-material

filter. The spectra are shown in both linear and logarithmic scales.
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dispersion of the two-material filter.
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Fig. 7: The refractive index profile of the inhomogenous layer dispersive bandpass filter.
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Fig. 8: Layer thicknesses of the two-material dispersive bandpass filter. The dots represent the

thicknesses of the low-index layers (d 1.j) whereas the lined-through dots are 5 times the

thicknesses of the high-index layers (d ni)-
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Chapter 4

Synthesis of fiber gratings for use in
transmission

This chapter is devoted to a related subject to that of the previous chapter. A method
for synthesis of gratings with desired complex transmission coefficients is developed.
Because the transmission coefficient of a fiber grating satisfies the minimum phase con-
dition, only a limited bandwidth is considered for the synthesis. Then the minimum
phase condition can be fulfilled due to the behavior of the transmission coefficient outside
that bandwidth.

The first paper contains a general method for synthesis of minimum phase functions
with a desired, complex response inside a finite bandwidth window. Dependent on
the required asymptotic behavior, one gets two different variants of the method. The
transfer functions resulting from the method in this paper is not necessarily passive, and
consequently, a modification is required when designing practical filters without gain.
In the next paper, we apply the general design method to fiber gratings and show how
one can obtain passive filters. Practical gratings are designed, and the performance of
the designs are discussed. For an introduction to the field, consult the introductions in
the respective papers.
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Synthesis of limited bandwidth minimum phase
filters

Johannes Skaar

Department of Physical Electronics, Norwegian University of Science and Technology,
N-7491 Trondheim, Norway

Abstract. A method for designing minimum phase or minimum delay filters with an
arbitrary complex transfer function inside a finite frequency interval is proposed. The
method is based on a result of Krein and Nudel’'man [Problemy Peredachi Informatsii
11, 37-60 1975]. The filters are divided into two classes, depending on their asymptotic
behavior for large frequencies. For filters with asymptotic value different from zero,
a straightforward and completely general synthesis method is proposed yielding good
numerical results. A similar method is shown to be suitable for a limited class of filters
whose responses are required to approach zero in a certain sense.

1. Introduction

Several physical filter configurations yield so-called minimum phase transfer functions.
By minimum phase transfer functions, we essentially mean transfer functions that are
zero-free in the lower half of the complex w plane. The minimum phase characteristic is
often a fundamental property of the physical configuration itself, rather than a desired or
designed response. Examples of such configurations are transmission lines [1] or optical
transmission filters, e.g. optical thin-film filters or fiber Bragg gratings that work in
transmission [2, 3, 4, 5. One important property of such transfer functions is that
the amplitude and phase responses are uniquely related. Thus there are fundamental
constraints that strongly limit what is possible to realize. On the other hand, in
some applications it is desirable to realize a certain complex transfer function inside
a relevant bandwidth without changing the overall filter configuration. Since it is in
general impossible to realize an arbitrary minimum phase transfer function H = H(w)
for all frequencies, we will limit our bandwidth of consideration to a finite interval,
say 0 = (w1, ws), where 0 < w; < ws < oo. This means that we want to obtain a
desired minimum phase transfer function H(w) for w € Q, but we do not care what
H(w) is for w ¢ €. If we do not restrict ourselves to minimum phase transfer functions,
the solution to this continuation problem is unique and can be found by the Carleman
formula [6]. A condition for existence has been given by Krein and Nudel’'man [7, 8J; it
is rather strict, and in addition, the transfer function solution might have a large energy.
Therefore, Krein and Nudel’'man also solved the similar problem of finding a minimum
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norm solution to the problem, given a desired precision on 2. If we do restrict ourselves
to minimum phase filters, the solution to the continuation problem will of course still
be unique, but the existence condition will be stricter, as the continuation into the
lower half-plane must be zero-free. Therefore, we will consider the problem of finding a
transfer function H, which approximates a desired response for w € (), and satisfies the
minimum phase condition due to its behavior outside §2.

This paper is organized as follows: In section 2, we make the minimum phase
condition precise, and divide the most common physical filters into two classes,
depending on their asymptotic behavior as w — oo. Moreover, we state the synthesis
problems for those classes, and propose corresponding solution methods. In section 3,
a numerical solution algorithm is described and examples are given.

2. Synthesis of minimum phase systems

A linear system is characterized by an impulse response h(t), which we assume can be
written as

h(t) = ab(t) + hpa(t), (1)

where a is a real constant and hz» € L*(0,00). L2(0,00) denotes the real Hilbert space
consisting of all real-valued functions in the complex Hilbert space L?(0,00). We write
h in this form because we will include transfer functions of linear transmission systems
where the transfer function approaches a constant (for example 1) as w — oo. The
number a is determined by the type of the filter. The transfer function is defined as the
Fourier transform of A,

H(w) = (Fh)(w) = /0 " h(t) exp(—iwt)dt, 2)

where F is the Fourier transform operator. Similarly, we define H;» as the Fourier
transform of hyz, Hr2 = Fhyz, so

H(w) = Hr2(w) + a. (3)

The lower limit in (2) is set to zero due to causality, i.e. hz2(t) = 0 for ¢ < 0.
Consequently, the real and imaginary part of Hj:(w) = H(w) — a form a Hilbert
transform pair by the Titchmarsh theorem [9]. However, we are interested in the
connection between the modulus and phase of H. In general, there is no such unique
relation owing to zeros of H in the lower half-plane [10]. But for an important class
of filters, there are no zeros of the transfer function in the closed lower half-plane,
and we can derive relations between the modulus and phase. This filter class is called
minimum phase (shift) functions. The form of the relations may differ, depending on
the asymptotic behavior of H as w — oo. In addition, there is a variety of equivalent
relations for the same class of filters [10, 11, 12]. Here, we will use the original Hilbert
transforms to connect the modulus and phase. We must therefore form a function
G = G(w) with its real and imaginary parts derived from the modulus and phase of H.
G must satisfy the Titchmarsh theorem, that is: (i) it must be square integrable along



Synthesis of limited bandwidth minimum phase filters 67

the real axis, (ii) it must be analytic in the lower half-plane, and (iii) there must be a
uniform bound k < oo such that

/O:O |G (2 +iy)]Pdx < k for y < 0. (4)

The hypotheses (i) through (iii) are equivalent to the condition that G belongs to the
Hardy space H? of the lower half-plane [13]. Since the asymptotic behavior is dependent
on the value of a, we must treat two cases separately.

2.1. Filter class with a # 0

First we assume that a # 0. This is the case for example for typical transmission filters
where the input signal is going straight through the filter outside a certain pass band.
The number a is determined by the asymptotic value of H. For this class, consider

G(w) = log H(w)/a. (5)

Because H is a minimum phase function, it is zero-free in the closed lower half-plane.
Then G is analytic in the lower half-plane. Provided that |H(w)| > € for a certain
€ > 0 in the closed lower half-plane, the function G satisfies the integrability condition
(4). Then, the Titchmarsh theorem is applicable for G, which means that the real and
imaginary parts of G form a Hilbert transform pair. The modulus and phase of H are
therefore uniquely related by means of a logarithmic Hilbert transform [12].

We recall that our problem is to find a minimum phase transfer function H(w) =
Hp2(w) + a approximating a desired response in 2. From the above discussion it seems
plausible that this problem can be reduced to the problem of finding another transfer
function G = log H/a approximating a function F in €. Since we would like the transfer
function H to be as close as possible to a outside {2, we optimize for least norm of G.
This problem has been studied by Krein and Nudel'man [7, 8], and we adopt their
problem formulation:

Given a desired response F' € L*(w;,w;) and a number €, (0 < € < [|F]]), find a
g € L*(0,00) having least norm ||g||, and such that

[ 1Fw) - Ge)Pds < & ()

where G = Fg € L*(—o0, ).
The minimum phase transfer function H is then given by

H(w) = aexp[G(w)]. (7)

H satisfies the Hermitian property H(—w) = H(w), and in the Appendix we show that
H — a belongs to L? and satisfies the Titchmarsh theorem (H;: € H?) if F satisfies
the Lipschitz condition and vanishes as w — w; and w — wy. Moreover, H is zero-free
in the closed lower half-plane, and it is therefore realizable as a transfer function of
the minimum phase transfer function class with a # 0. The condition that the goal
function F' must vanish at the endpoints is not a further constraint as it can be fulfilled
by extending the interval {2 with a smooth termination of F'.
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The problem above has a unique solution, and can be solved by finding the function
g from the integral equation [7, 8]

) + 7 [Tl Il s g, 0st<x 0
where
f(#) = Re % / “’ F(w) expliwt)dw, (9)

and p = p(e) is some positive function of e. This function is defined in [7, 8]; it is
dependent on F' and is decreasing monotonically to zero as € | 0. In the next section,
we solve (8) numerically by extrapolating to the negative semiaxis, and transforming to
the frequency domain.

2.2. Filter class with a =0

When a = 0, we have H = Hy2 € L?(—00,00). The asymptotic condition must in this
case be treated with care, as |log H| — 0o. One common, possible asymptotic form of
log |H]| is [12]

log|H| - —(n+1)loglw|+ A  w— oo, (10)

along the real axis, where n > 0 and A is a real constant. For integer n, this asymptotic
form may arise when the nth derivative of h has a jump at the origin, while the lower
order derivatives are zero. If log H is differentiable and |H| has the asymptotic form
(10), we can construct the function

dlog H _i'dH

=1 = —=— 11
Glw) =i dw H dw (11)
with asymptotic form
1
ImG—>—n+ w — £oo0. (12)
w

Now, the idea is to use Krein-Nudel’'man to synthesize a function G. Then, by
integration of (11), it turns out that we may obtain a function H € H? that is zero-
free in the closed lower half-plane. Note that this time, we have assumed the specific
asymptotic condition (10), and not every g € L?(0,00) will correspond to a G = Fg
satisfying (12). Therefore, the results of Krein and Nudel’'man are not always directly
applicable to this case. To come around this problem, we can modify the synthesized
G from Krein and Nudel’'man for |w| larger than a certain wp to obtain the asymptotic
behavior (12) along the real axis. We must ensure that the new function is analytic in
the lower half-plane, so we are only modifying the imaginary part of G to satisfy (12),
and adjusting the real part accordingly,

Im G =1Im G + A, Re G = —HIm G. (13)
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In (13), A € L? is the required modification function that is zero for |w| < wp, and H
denotes the Hilbert transform. The error we have introduced in this procedure is i
~ 1 A(w')dw’

Re G(w) — Re G(w) = —(HA)(w) = /w/w =, (14)
and can therefore be made arbitrarily small in €2 by choosing wg large enough. Finally,
we compute the minimum phase transfer function by using G in (11). In practice,
we integrate along the real axis choosing the origin as the starting point, and adjust
a suitable multiplicative integration constant of H to satisfy the desired amplitude
response in Q. The integral [" —iG(w')dw’ is well-defined for any point w in the closed
lower half-plane. Moreover, the integral as a function of w is clearly analytic in the lower
half-plane, and hence its real and imaginary parts are harmonic conjugate functions.
Since log | H| gets the asymptotic behavior (10), it follows that H € L?, and also that

< log |H(w)

|
Therefore, H must belong to H? [13]. In addition, since the integral [’ —iG/(w')dw’ is
finite for finite w in the closed lower half-plane, H is zero-free there. The Hermitian

dw > —o0. (15)

property of G translates into the same property of H, H(—w) = H(w). The function
H is therefore realizable as a minimum phase transfer function of the class with a = 0.
Note that in this case, it is not necessary to restrict the goal function F' to be continuous
or Lipschitz because any function G € H? with the right asymptotic behavior (12) yields
by (11) a function H in L2 Also note that we have no control of the energy of H—a = H
in this case, the filter is rather optimized for small energy of G.

3. Numerical algorithm and examples

In this section, we solve the integral equation (8) numerically and apply the algorithm to
the synthesis of different minimum phase filters. To the best of the author’s knowledge,
the integral equation of Krein-Nudel’'man has not been solved numerically previously.
First, we must transform equation (8) in a way that is suitable for discretization
and numerical implementation. By extrapolating (8) to the whole t-axis and Fourier
transforming, we see that the extrapolated solution g. is an entire function with the
representation [8]

ge(t =5 / Ge(w) exp(iwt)dw 0= (—wa, —w1) U (w1, wa) (16)
where
PGe(w) + G(w) = F(w), w € (. (17)

1 Physically, this error corresponds to an error in the group delay or the derivative of the phase
response.
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This is realized from the fact that the integral terms in (8) correspond to the transmission
of a signal g(t) through an ideal filter with pass band €. G is the causal version of G,
that is

G(w) = /0 ~ exp(—iwt)ge(t)dt = % /0 ” exp(—iwt) /Q exp(ist) G (w')dw'dt (18)

We can therefore connect G and G, through the following Hilbert transform relation
/ !/
Glo) = 3Gul) — 5= [ CADW e (19)
The integral is taken in the principal value sense. Note that (19) can be extrapolated
to the entire w axis provided that G, (w) is set equal to zero outside Q. By substituting
the expression above into (17), we obtain [§]
/ /
(+ %) Go(w) — QLM / % _Fl),  weQ (20)
Our goal is to solve (20) and then substitute the resulting G, into (19) yielding the
solution G. In fact, an explicit solution to (20) is given in [8], see (A.2) in the present
document. However, this expression is not suitable for numerical calculations due
to the fast oscillating exponential expressions. Therefore, we will instead discretize
(20) directly. The truncated Hilbert integral operator in (20) is linear so its discrete
counterpart can be represented as a matrix. Therefore, the equation can be solved
numerically by a simple matrix inversion. Once G, is found, G can be calculated from
(19) using a discrete Hilbert transform.
By representing GG, and F' as vectors of samples in the interval ), the discrete
approximation of (20) becomes

1 1 _
(u 4 5) G.- o (H G.+HG,) =F, (21)

where H_G, and HG, corresponds to the Hilbert transform integral of G, in (—ws, —w1)
and (wy,ws), respectively. First, we will treat the case when w; is considerably larger
than zero, that is when the term H_G, is negligible. Later, we will show how to deal
with the problem when w; is or is near to zero.

The matrix H corresponds to integration of a singular integrand. The most common
way to perform such a Hilbert transform numerically is to use Fast Fourier Transforms
(FFT). Therefore, we can use the expression for the discrete Fourier transform to obtain
the matrix H. By comparing (18) and (19) we obtain the relation

/ / %)
—QLM, / % _ % [ esp(iwt) (utr) - %) [ eplinG. )t (22)

where u(t) is the unit step function. The discrete counterpart of (22) is

n=1 p—_N-1

(HG.) (m) = % > ENI sgn(k)G.(n) expli2rk(n — m)/N], (23)
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where
-1 for £ <0
sgn(k) =40 for k=0 . (24)
1 for k >0

In (23) m € {1,2,..., N}, and we have for simplicity assumed that N is an odd number.
When discretizing (22), G becomes periodical, so in order to limit the resulting errors,
we imagine that G, is padded with so many zeros that the contribution from the repeated
spectra is eliminated. In practice, this means that the number NV is increased from the
number of samples of F', and that we are only using a certain inner square of the Hilbert
transform matrix H below. That is we effectively pad G, with IV, zeros on each side by
setting the Hilbert transform matrix in (21) equal to

(H) (m,n) = % E_ sgn(k) exp[i2rk(n —m)/N] (25)

2

for myn € {N,,N, +1,...,N, + Ng},
where N is the number of samples of F' and N = Ng + 2N,. It is convenient to use
the number N, that corresponds to the extra bandwidth for which we want to calculate

G(w) on each side of Q. Now, we can solve (21) by inverting the matrix (2u+1)I—H/4,
which has the dimension Npx Np. The (discrete) Hilbert transform is energy conserving,

|ul| = ||v]| in the {?>-norm, for any Hilbert transform pair {u, v} with zero mean value.
Thus the truncated Hilbert operator (25) will satisfy
Hl/2p+1) <1, >0 (26)

Therefore, the matrix (24 +1)I—H/i is guaranteed invertible [14]. Once we have found
G., G is computed from a discrete Hilbert transform of a zeropadded version of G.,
according to (19). To sum up, the algorithm goes as the following:

(i) Pick a p > 0.
(ii) Solve (21) for the desired F' by matrix inversion.

(iii) Calculate G by a Hilbert transform of Ge padded with zeros outside € (discrete
version of (19)).

(iv) Compute € as the rms error of the elements of F — G (discrete version of (6)).

(v) If € is not small enough, pick a smaller p and return to ii.

As the chosen p is getting smaller, the error € is decreasing and |G| is growing. Usually,
this means that the transfer function is getting more difficult to realize. At a certain
point, the error is not decreasing further due to finite bandwidth in the calculations.
This bandwidth can be increased by increasing N, in (25) and padding G, with more
zeros in step iii. Finally, it is not possible to get any less error due to the quantization
errors in the computer.

The Hilbert transform in step iii is computed using FFT, so the algorithm scales
with the total bandwidth as O(N,log N,). Note that the computation time of (25)
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scales only linearly with N,. Owing to the matrix inversion involved, we also observe
that the algorithm scales with the resolution in Q as O(N3).

When w; = 0, we can use the same procedure as the one described above simply by
redefining  to the interval (—ws,ws). If wy is near zero however, we must take the term
H_G. into account. This term is trivial, since it corresponds to a simple integration of
a non-singular integrand. The integrand is found from the Hermitian property of G,
and the integration may for example be performed using the trapezoidal formula. By
splitting (21) into the real and imaginary parts, it is possible to invert the equations in
a similar way as we did in the situation above.

3.1. Reconstruction of a Hilbert transform pair

In the first example, we define a Hilbert transform pair {u,v} by

u(w) = { (W — wp) /2wy for |w — wo| < wy (27)

0 for |w — wo| > wy

where 2w, is the window size of €2, and wy is the middle frequency. For simplicity
we assume that wg >> w,, so the negative frequencies can be ignored in (20) or (21).
The function v is found from a Hilbert transform of u defined in (27). Now, we set
G =u+ 1w and apply F = G for w € 2 to the algorithm to see how well the function
G is reconstructed outside €2. The results are showed in figure 1. We observe that the
produced solution for ;4 = 1 has less norm than the original, as expected. For p less
than about 0.1, the reconstructed and original G is virtually identical. In figure 2 the
dependence of the rms error is shown for 10 different values of p. The figure shows the
expected behavior; the error decreases with decreasing p until a certain point where
the finite bandwidth and/or quantization error is dominating. The bandwidth in the
simulation is 14w,,. By increasing this bandwidth, it is possible to get considerably less
r'ms error.

3.2. All-pass filter with cubic phase response, a = 1

First, we will try to design a minimum phase filter of the category with @ = 1. This
category corresponds to typical transmission filters, e.g. optical transmission filters.
The logarithm of the transfer function shall be as near as possible to

F(w) :0—@(“’_”0)3

Wy
in Q, that is for |w — wp| < wy,. Note that F' is defined for negative frequencies by

(28)

the Hermitian relation F(—w) = F(w). Again, we assume that wy >> w, so that
the negative frequencies can be ignored in (20) or (21). Eq. (28) corresponds to a
filter with a flat pass band of unity transmission and a cubic phase response. F(w)
is not approaching zero at the edges of €2, and we should therefore extend 2 with a
smooth termination of F(w). However, according to the discussion in the Appendix,
this procedure is sufficient but not necessary, and in numerical calculations we might
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Figure 1. Real and imaginary part of the original G (solid curves) and reconstructed
G (dashed curves) using ¢ = 1. The reconstructed G for p less than about 0.1 is
virtually identical to the original.
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Figure 2. Rms error inside 2 for different values of p.

omit it. If the produced transfer function has no singularities, then it was acceptable to
use the discontinuous F'.

By applying the expression for F' to our algorithm we get the responses given in
figure 3 and 4. The results are shown for 1 = 1073 and a simulation bandwidth of 40w,,,.
The corresponding rms error is approximately 0.06, and we observe a small ripple in the
amplitude response in Q. This ripple/error will decrease if p is decreased, but ||G|| will
increase correspondingly, making the filter harder to realize.

3.8. Filter with flat pass band and quadratic group delay response, a =0

We will also try to design a similar filter as the above, but of the category with a = 0.
For a flat pass band and a quadratic group delay response (cubic phase response as
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Figure 3. Amplitude response |H (w)| of the designed filter with cubic phase response
and flat pass band. The asymptotic value a = 1. The dashed curve shows the desired
response as defined within a limited range.
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Figure 4. Phase response arg H(w) of the designed filter with cubic phase response
and flat pass band. The dashed curve shows the desired response.

above), the goal function F' must according to (11) be set to

F(w) =0 — (‘” — ‘”0)2 (29)

Way

for |w —wo| < wy. By applying (29) to the algorithm, we obtain G. In this case, G turns

out to have approximately the right asymptotic behavior, so only a small A is required.

The resulting spectra for ;4 = 10™* are shown in figure 5 and 6, and shows relatively
small errors. The rms error is approximately 0.09 in €.

If we would like to design a filter of the class a = 0 with a similar goal function

s (29), but with opposite sign, the resulting asymptotic behavior would be far from

the desired. Although the modification method described in Section 2 would fix this
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Figure 5. Amplitude response |H(w)| of the designed filter with quadratic group
delay and flat pass band. The asymptotic value a = 0.
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Figure 6. Re G, the derivative of the negative phase response, that is the negative
group delay of the designed filter (¢ = 0). The dashed curve shows the desired response.

behavior, this synthesis method is not always appropriate in practice, as the filter energy

may be very large in such cases. Note that this disadvantage only applies for the filters

of the a = 0 class.

4. Conclusion

We have proposed a method for synthesis of minimum phase filters with desired complex

transfer functions inside a limited bandwidth window. The method is general and

straightforward in the case of asymptotic value a # 0. For a = 0, the method is suitable

for a restricted class of filter responses. A numerical solution technique is given and

applied for the synthesis of specific filters of both classes.
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Appendix A.

A minimum phase transfer function of the class with a # 0 is found from the transfer
function G by the formula

H(w) = aexp|G(w)]. (A.1)

The function G is the solution of Krein-Nudel’'man’s problem of finding a transfer
function (in H?) approximating a desired F' € L%*(w;,ws) with a certain precision
parameter u. Here we will show that the function Hiz(w) = H(w) — a, where H is
given in (A.1), satisfies the Titchmarsh theorem, Hy> € H?, if F satisfies the Lipschitz
condition [9] and vanishes as w — w; and w — wy. This condition is sufficient but not
necessary.

First we must ensure that Hy2 € L?(—o00,00). We recall that G € L*(—o0,00),
and that G essentially is a Hilbert transform of a function G, of finite support (19).
Define Q as Q = (—ws — €, —w1 + €) U (wy — €,wy + €) for a small € > 0. Then, G
is bounded for real w ¢ Q. So provided that G does not have singularities in Q, Hy,
must belong to L?(—o00,00). To analyze the behavior in ), we need information on the
form of G.. As in ref. [8], we assume with no loss of generality that Q = (0, 1), that is
Q= (—1—¢,1+¢). Krein and Nudel’man gives a formula for G, in this case which can
be written as
Ge(w) = L1/ 1/2'uF(w) + iBexp {iAln ! +w} /1 F) exp {—z’Aln Ly

1+ p l-wl/aav—-w 1—v
-l<w<l

dv, (A.2)

In (A.2) A and B are real constants that depend on p, and F is defined for negative w by
the Hermitian relation F(—w) = F(w). Now we take a truncated Hilbert transform of
(A.2) on the interval (—1,1) and look for singularities. If we assume that F' approaches
zero as w — =*1 and satisfies the Lipschitz condition of order «, the Hilbert transform
of the first term in (A.2) will be bounded [9]. The Hilbert transform of the second term
needs a more thorough examination around w = £1. We note that the integral in (A.2)
equals the Hilbert transform of a function F'(v)exp {—iA In }“_L—I’j] It is straightforward
to show that this product adopts the Lipschitz property from F(v), and consequently
the Hilbert transform of this expression will be bounded and also satisfy the Lipschitz
condition of order a. Therefore, we consider the integral

1 , 1+2] do
I(w)—/_lB(x)exp [ZAlnl—x —

(A.3)
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where B(z) is a bounded Lipschitz function. Eq. (A.3) can be transformed by the
substitution £ = In[(1 4+ z)/(1 — z)] to

0o 23(€)efetAsde o 20(&€)efetede
Iw) = [T et 2 2 - (A.4)
—oo (6§ + D)[(ef + 1w — ef + 1] —oo (€8 + 1)[2 + € + e€f]
where 3(¢) = B((e* —1)/(e*+1)) and we have set w = 1+4¢, € > 0 in the last expression.
We observe that 3(£) is bounded and that 5(§) — B(%1) as & — Foo. The integral

from —oo to 0 is therefore bounded, so we consider only the integral
0 23(&)(ef + 1 — 1)e*4ed¢
/0 (e +1)[2 + €+ eef]
< / ©  2p(§)eedg ’ / o 26()ed¢
o (ef+1)[2 + €+ eef] mi/e 2+ €+ eef |’
We realize that the first and the last integral in the right-hand side of (A.5) are bounded
as € | 0, and the other satisfies
In1/e (2 + €+ ee® — € — €e)B(€)eedE
/0 2+ €+ eet ’

[ megensa [ e A, (4.6

/hl Ve 23(€)e4dg
0

A.
2+ e+ eet (A-5)

<

2

where the last integral is clearly bounded. The first integral is also bounded as can

be realized by setting 3(£§) = [(o0) + B(£) — B(o0) and noting that [3(£) — F(o0)| =
|B(w) — B(1)] < Cl(e* —1)/(ef + 1) — 1|* < 2Ce™ by the Lipschitz condition on B,
where C'is a constant and 0 < a < 1. Hence I(w) is bounded as w | 1. Next we make

the substitution € — —e into (A.4), and split the integral into four parts
00 Qﬁ(g)efe“‘fdg Inl/e In3/e 00
o= [ L A7
(1€ = (e +1)[2 — € — eef] * Ini/e  Jin3/e (A7)
By a similar argument as above, we find that the first, second and fourth integral in the
right-hand side of (A.7) are bounded. Using the substitution 7 = € we find that the
third integral is (Cauchy principal value)

eiA InT

/13/6 D dr () =28 (T - 1) ¥r), )= : (A.8)

Je 2—€—€T T+1 T+1
By differentiation of v and using the Lipschitz condition on B, we get |u(7+A7)—u(7)| <
C1E2|AT| + Cye' 22| AT|* for € sufficiently small. Thus the integral in (A.8) is bounded
as € | 0. From the symmetry of (A.3) it is then clear that I(w) is bounded as w — %1,
and we can conclude that G is bounded in . Hence we have shown that both G and
H;:> belong to L?(—o00,00) N L*®(—00, 00).
Finally, we must check the behavior of H;2> in the lower half-plane. Since G is

analytic here, Hy» is analytic as well, and approaches zero as w — oo. Like G, it must
also satisfy the square integrable condition (4). Hence Hp: satisfies the Titchmarsh
theorem, and H;: € H,. It is also zero-free in the closed lower half-plane since G is
bounded there.
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A method for designing fiber Bragg gratings with desired complex transmis-

sion coefficients is proposed. The transmission coefficient of a fiber grating
satisfies the minimum phase condition when ignoring the linear phase from
the pure propagation. Therefore, only a finite bandwidth is considered for
the synthesis. The algorithm is based on a result of Krein and Nudel’man
[Problemy Peredachi Informatsii 11, 37-60 1975]. A numerical algorithm is
developed and by numerical examples it is demonstrated that it is possible
to realize gratings with specified complex transmission responses inside the
considered bandwidth. The method is also applicable for thin-film filters. (¢)
2000 Optical Society of America

OCIS codes: 050.2770, 060.2340

1. Introduction

Fiber Bragg gratings have become very useful components for realizing complex optical filter
functions.'? By using inverse scattering design methods an arbitrary complex filter function
can be approximated by the reflection spectrum of the grating. Synthesis of such reflection
filters consists in determining the grating strength and grating period as a function of position
to obtain the desired, complex spectrum.? In some applications however, there are several
reasons for rather using the fiber grating in transmission. When the grating is operating in
transmission the complexity and cost of the system are reduced as it is not required to use a
coupler or a circulator. In addition the phase response in transmission is often more robust
to imperfections in the grating structure compared to the phase response in reflection. In
some applications, as for example Wavelength Division Multiplexing (WDM), one uses the
grating both in reflection and transmission at the same time, and it is therefore desirable to
get a better understanding of how one can obtain a certain complex transmission coefficient.
Unfortunately, it is much harder to realize a given complex filter function in transmission.
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The reduced flexibility compared to the reflection spectrum is due to the fact that the
transmission coefficient will satisfy the minimum phase condition when ignoring the linear
phase associated with the pure propagation through the grating.>” Thus, there is a unique
relation between the amplitude and phase response in transmission, which strongly limits
what is possible to realize. In addition, the synthesis problem will not be unique as opposed
to the situation in reflection. This ambiguity arises because a grating with a given reflection
amplitude response will correspond to the same complex transmission coefficient, no matter
what the reflection phase response is. For example, if we reverse a fiber grating, the complex
transmission coefficient will remain the same, whereas the complex reflection spectrum or
grating structure of course are different in the case of an asymmetric grating.

The use of fiber gratings in transmission has been discussed in several papers. Ouellette®
studied theoretically the use of uniform Bragg gratings for dispersion compensation using the
highly dispersive regions near the band edge of the grating. Later, dispersion compensation
using uniform gratings was demonstrated both experimentally and numerically by Eggleton
et.al.? and Litchinitser et.al.!® The performance of the pulse compression was improved by
use of apodized gratings.!® Furthermore, Hinton* analyzed the transmission performance for
dispersion compensation near the band edge of a couple of different apodization functions.

Dispersion compensation using fiber gratings in transmission is an example of a situation
where one wants a certain amplitude and phase response inside a limited bandwidth. The de-
sired amplitude response is in this case flat, whereas the desired phase response is quadratic
in the same area (linear group delay). The purpose of this paper is to find a general method
for obtaining a grating profile (apodization and chirp profile or complex coupling coefficient)
to approximate any desired complex transmission spectrum. Since it is generally impossible
to realize an arbitrary complex transmission coefficient for all frequencies, we limit our band-
width of consideration to a finite interval, say Q2 = (w1, ws), where 0 < wy < we < 0o. That
is we want to obtain a desired transmission coefficient H(w) for w € €, leaving the response
for w ¢ Q unspecified.!! By using a fast and simple algorithm, we demonstrate that we can
obtain a function H(w) which approximates the desired complex spectrum in €2, and also
satisfies the required minimum phase condition due to its behavior outside {2. The algorithm
is based on a theory by Krein and Nudel’'man on approximation of L?(w;,ws) functions by
Hardy class functions.'>'® H may be synthesized as a fiber grating by synthesizing a filter
with reflectivity R(w) = 1 — |H(w)|* and arbitrary reflection phase response, for example
linear phase or minimum/maximum phase.

This paper is organized as follows: In Section 2 the minimum phase condition on the
transmission coefficient is reviewed. In Section 3 the synthesis problem is stated, and we
apply the theory of Krein and Nudel’'man to a derived function of H, and show that the
produced transfer function can be made realizable as a transmission coefficient of a fiber
grating. In Section 4 the numerical algorithm is described in detail, and it is applied to
three examples in Section 5. The first example deals with reconstruction (extrapolation) of a
transfer function from data inside a limited bandwidth, and the next two examples present
designs of second and third order dispersion compensating filters.
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2. Minimum phase and the transmission coefficient of fiber gratings

The transmission coefficient H(w) of a fiber grating satisfies the minimum phase condition
when ignoring the linear phase response from the pure propagation.®” Mathematically, the
minimum phase condition states that all the zeros of H is located in the upper half of
the complex w plane. Physically, the minimum phase condition means that the filter with
the given amplitude response has the least possible phase response and group delay for all
frequencies. The amplitude and minimum phase response are uniquely related by means of
logarithmic Hilbert transform relations. The form of the relations may differ, depending on
the asymptotic behavior of H as w — o0. In addition, there is a variety of equivalent relations
for the same class of filters.!4 16

Consider the transfer function H(w). If we set the input and output reference planes to
the same position, the transmission coefficient will equal the Fourier transform of an impulse
response h(t) which vanishes for ¢ < 0 (causality)

H(w) = (Fh)(w) = /0 " h(t) exp(—iwt)dt, (1)

where F is the Fourier transform operator. The impulse response has a Dirac’s delta com-
ponent in the origin

h(t) = 8(t) + hy2(t). 2)

In Eq. (2), hz2 is a real, square integrable function (hz2 € L?(0,00)). Similarly, we define
H;> as the Fourier transform of hy2, Hr2 = Fhye, so

H(w) = Hp2(w) + 1. (3)
We observe that the asymptotic value of the transmission coefficient is
H(w) —1, w — 00. (4)

Physically, this behavior makes sense since the optical wave is not altered by the passive
grating outside a certain bandwidth. Due to the causality (hz2(¢) = 0 for ¢ < 0) the real
and imaginary parts of Hy2 form a Hilbert transform pair by the Titchmarsh theorem (see
e.g.1”). The causality condition is also equivalent to the condition that H;: is analytic in the
lower half-plane and [ |H2(w)|?dw < ¢ for some number ¢ along any line parallel to the
real axis, uniformly in the closed lower half-plane.

In order to examine the relation between the amplitude and phase response, we study
the function

H(w) = In[H(w)]. (5)

The transmission coefficient H of a fiber grating is a minimum phase function, and con-
sequently it is zero-free in the closed lower half-plane. Hence H is analytic in the lower
half-plane. Moreover, [*_|H(w)[?dw < ¢ for some number ¢ along any line parallel to the
real axis, uniformly in the closed lower half-plane. The integrability is realized from the corre-
sponding integrability of Hy2> and because there is an € > 0 such that |H(w)| > € uniformly
in the closed lower half-plane. Then, the Titchmarsh theorem is applicable for H, which
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means that the real and imaginary parts of H form a Hilbert transform pair. The modulus
and phase of H are therefore uniquely related by means of a logarithmic Hilbert transform

1 oo In|H (W
arg H = H{ln |H|},  argH(w) =~ /_Oo Hdw', (6)
where H stands for the Hilbert transform operator, and the integral makes sense by means
of the Cauchy principal value. Note that Eq. (6) is not necessarily valid if the asymptotic
behavior were H(w) — 0 for w — o0. In some of these cases however, a similar relation can
be derived, provided that the behavior of In H at infinity is sufficiently well controlled.!* 6
Another solution would be to apply the Hilbert transform to the derivative of In H.!!

3. Synthesis method

We recall that our problem is to find a transmission coefficient H that approximates a
desired complex function Hy.s in 2. This problem can now be divided into three parts: First
we must find a minimum phase transfer function approximating a desired function in (2.
Then, if necessary, we must modify the resulting filter so that it is passive, |H(w)| < 1 for
all real w, and so that the asymptotic behavior is correct. Finally, we can design a grating
with the resulting reflectivity R(w) =1 — |H(w)|*.

A first naive approach to the first problem would be to use an extrapolation technique
for functions that are analytic in the lower half-plane. In fact, such extrapolation is unique
if it exists, and can be found by the Carleman formula.'® However, the existence condition
on the transfer function data inside 2 is rather strict. Of course, the condition will be even
stricter when the continuation to the lower half-plane must be zero-free. Therefore, it is more
desirable to utilize a result by Krein and Nudel’'man on approximation of the goal function
given a desired precision. Their formulation is as follows:

Given a function F' € L*(w;,ws) and a number ¢, (0 < ¢ < || F||), find areal g € L?(0, 00)
having least norm ||g||, and such that

[ 1Pw) - GPdo < &, (™

where G = Fg € L*(—o0, ).

The unique solution ¢ to this problem can be found from a certain integral equation,!
and in Section 3 we show how to find the transfer function G numerically. In the rest of this
section we simply assume that we have the solution to Krein-Nudel’'man’s problem at hand.
As follows from the problem formulation, the resulting G will be analytic but not necessarily
zero-free in the lower half-plane. A possible remedy is to apply Krein-Nudel’'man to a certain
branch of F(w) = In[Gges(w)], and form the solution

3

H(w) = exp|G(w)]. (8)

Then H will be zero-free and analytic in the lower half-plane. Moreover, it is shown in ref!!
that H — 1 belongs to L? and satisfies the Titchmarsh theorem if F' satisfies the Lipschitz
condition and vanishes as w — w; and w — wy. The condition that the goal function F' must
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vanish at the endpoints is not a further constraint as it can be fulfilled by extending the
interval €2 with a smooth termination of F'. The Lipschitz condition is certainly satisfied if
F' is once differentiable. When the problem is discretized, however, none of these conditions
is important as the finite number of samples of F' always can represent a continuous and
differentiable function. By Eq. (8) and Krein-Nudel'man’s result, we have now constructed
a function with the desired properties.

One important point remains to be treated, namely what if the produced transfer func-
tion H is not passive? Indeed, we have no guarantee that |H(w)| < 1 with the method
outlined above, so in many cases it is necessary to modify the transfer function. This modifi-
cation is usually easier if we redefine Eq. (8). As an extra bonus with the following definition,
F' does not have to satisfy the Lipschitz condition or have to vanish at the endpoints; it is
sufficient that F' € L?(wy,ws).

We will apply Krein-Nudel’'man to the function

F(w) = z% In[H ges(w)], 9)

yielding a solution GG. The corresponding transfer function solution is set equal to
H(w) = exp[G1(w)], (10)

where (1 is a modified version of the integral of —iG. We modify only the real part of the
integral to satisfy Re G; < 0 for all (real) w and Re G; — 0 as w — oo, and adjust the
imaginary part accordingly such that Im G; = H{Re G;}. To be more concrete we set the
real and imaginary parts of G equal to

Re Gy (w) = [¢Im G(W)dw' + C  for ‘u) — et < g (a1
¢ e = 0 for ‘u) — “’1'2“"2 > wp
Im Gh(w) = H{Re G1(w)} (12)

Here, wp is a bandwidth satisfying wg >> wy —w; and C is chosen such that Re G;(w) < 0.
This modification procedure introduces an error in the imaginary part of Gy (w) in the relevant
bandwidth = (w1, ws), and therefore in the group delay —d arg H/dw of the filter. By (9) it
follows that the original, unmodified group delay is Re G(w). Define wy = (w1 +w2)/2 + wp
and Gy = Re G1(wy). The group delay error due to the above modification can then be
written

—%Im G1(w) —Re G(w) = —%HRe Gi1+Hlm G = H{—%Re G1 + Im G}
1 /w— Im G(w')dw' N 1 /00 Im Gw)do' G- G+

+

wy W —w T(w. —w) 7(wy —w)’ (13)

T J- w —w T

where we have interchanged the order of differentiation and Hilbert transformation. Since
Im G(w) — 0 as w — oo, this error can be made arbitrarily small in € by choosing
wp large enough. The last two terms result from the discontinuous points w,, and can be
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further reduced if Gy(w) is made smoother around wy. By the modification method we
conclude that the resulting H satisfies |H(w)| < 1 and has the right asymptotic behavior
H(w) — 1. Moreover, it is by Eq. (10) zero-free and analytic in the lower half-plane. The
analyticity is realized from the fact that the real and imaginary part of Gy form a Hilbert
transform pair, and consequently (G is analytic in the lower half-plane. The resulting transfer
function H is therefore realizable as a transmission coefficient of a fiber grating (or a thin-film
filter'?). Note that according to Eq. (9), the goal function F' contains the group delay and
the derivative of the amplitude response. In other words it is the group delay and not the
phase response which is matched to the desired response. This corresponds to the common
practice of specifying dispersion in terms of group delay. The absolute level of the resulting
amplitude response is determined by the bandwidth wp and the integration constant C'.
From the above discussion we sum up the synthesis method in the following steps:

1. Find the solution G of Krein-Nudel’'man’s problem using the input function F' defined
by Eq. (9) and the algorithm described in the next section.

2. Use Egs. (10) and (11) to determine the transmission coefficient |H|. The filter per-
formance can be somewhat improved by smoothing the intermediate response G (w)
around w = w4.

3. Synthesize a fiber grating with reflectivity R(w) =1 — |H(w)|? and for example linear
phase response. Fiber grating synthesis is fast and conveniently performed by use of a
layer-peeling inverse scattering algorithm.32°

4. Numerical algorithm

In this section, we present a numerical algorithm for solving Krein-Nudel’'man’s problem. It

can be shown that the solution G can be found from the integral equation!!!3
1 1 Ge(w)dw'
2\ Guw) — — [ ZDN b, Q. 14
(’“”rz)G(w) zm/@ W —w @), we (14)

where G, is a noncausal version of G, that is

1 oo . . / /
Gw) = %/0 exp(—iwt) /Q exp(iw't)Ge(w')dw'dt (15)
or equivalently
1 1 Ge(w')dw'
G(w) = §Ge(w) 9 /Q 0 —w w € Q. (16)

The integrals in Eqgs. (14) and (16) are taken in the principal value sense. The interval of
integration is () = (—waq, —w1) U (w1, ws), but for optical filters, the center frequency is many
orders of magnitude larger than the typical bandwidth, and consequently we can ignore
the negative frequencies in the Hilbert integral, i.e. set (! = Q. Furthermore, y = w(e) is
some positive function of ¢; it is dependent on F' and is decreasing monotonically to zero as
€ — 07.1213 It is not necessary to have this function at hand; we can instead use p as the
precision parameter.
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The truncated Hilbert integral operator in (14) is linear so its discrete counterpart can
be represented as a matrix. Therefore, the equation can be solved numerically by a simple
matrix inversion. Once G, is found, G can be calculated from (16). Note that (16) can be
extrapolated to the entire w axis provided that G.(w) is set equal to zero outside Q. By
representing GG, and F' as vectors of samples in the interval €2, the discrete approximation of
(14) becomes 1 ,

(u + 5) G.— o-HG, =F, (17)
where HG, corresponds to the Hilbert transform integral of G in (w;,ws). The matrix H
corresponds to integration of a singular integrand. The most common way to perform such
a Hilbert transform numerically is to use Fast Fourier Transforms (FFT). Therefore, we can
use the expression for the discrete Fourier transform to obtain the matrix H. By comparing
(15) and (16) we obtain the relation

1 Ge(Wdw' 1 o . 1 - N
—5— /Q 0 3 /_Oo exp(—iwt) (u(t) - 5) /Qexp(zu) t)Ge(w')dw'dt (18)
where u(t) is the unit step function. The discrete counterpart of (18) is

N—-1

(HG,) (m) — % S Y sgn(k)Ga(n) expliznk(n — m)/N], (19)
n=1 k:—%
where
-1 fork <0
sgn(k) = { 0 fork=0. (20)
1 for k>0

In (19) m € {1,2,..., N}, and we have for simplicity assumed that N is an odd number.
When discretizing (18), G. becomes periodical, so in order to limit the resulting errors,
we imagine that G, is padded with so many zeros that the contribution from the repeated
spectra is eliminated. In practice, this means that the number N is increased from the number
of samples of F', and that we are only using a certain inner square of the Hilbert transform
matrix H below. That is we effectively pad G, with N, zeros on each side by setting the
Hilbert transform matrix in (17) equal to

. N1
(H) (m,n) = % ij_% sgn(k) exp[i2mk(n — m)/N]
for myn € {N,,N, +1,...,N, + Ng}, (21)

where Np is the number of samples of F' and N = Ng + 2N,. It is convenient to use the
number N, that corresponds to the extra bandwidth for which we want to calculate G(w)
on each side of ). Now, we can solve (17) by inverting the matrix (2 + 1)I — H/4, which
has the dimension Ng x Ng. Because the (discrete) Hilbert transform is energy conserving,
|ul| = ||v|]| for any DC-free Hilbert transform pair {u,v} in the [?>-norm, the truncated
Hilbert operator (21) will satisfy

H[/2n+1) <1, p>0. (22)
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Therefore, the matrix (2 + 1)I — H/i is guaranteed invertible.?! Once we have found G,
G is computed by a discrete Hilbert transform of a zeropadded version of G., according to
(16). To sum up, the algorithm goes as the following:

1. Set the precision by picking a p > 0. Usually, values in the range [1075,1072] are
appropriate.

2. Solve (17) for the desired F' by matrix inversion.

3. Calculate G by a Hilbert transform of G, padded with zeros outside 2 (discrete version
of (16)).

4. Compute € as the rms error of the elements of F — G (discrete version of (7)).

As the chosen p is getting smaller, the error € is decreasing and ||G|| is growing. Usually,
this means that the transmission coefficient H is getting more difficult to realize as a fiber
grating. At a certain point, the error is not decreasing further due to finite bandwidth in
the calculations. This bandwidth can be increased by increasing N, in (21) and padding G,
with more zeros in Step 3. Finally, it is not possible to get any less error due to quantization
errors in the computer.

The Hilbert transform in Step 3 is computed using FFT, so the algorithm scales with
the total bandwidth as O(N,log N.). Note that the computation time of (21) scales only
linearly with N,. Owing to the matrix inversion involved, we also observe that the algorithm
scales with the resolution in Q as O(N3).

5. Examples
A. Reconstruction of a Hilbert transform pair

In the first example, we wish to verify the algorithm given in the last section. We define a
Hilbert transform pair {u, v} by
(W—wp) /2wy, for |w — wp| < wy
= 2
U(W) {0 for ’w _w0’ > Wy ) ( 3)

where 2w, is the bandwidth of €2, and wy is the middle frequency. The function v is found
from a Hilbert transform of u defined in (23). Now, we set G = u + iv and apply F = G
for w € Q to the algorithm to see how well the function G is reconstructed outside 2. The
results are showed in Fig. 1. We observe that the produced solution for ;= 1 has less norm
than the original, as expected. For u less than about 0.1, the reconstructed and original G
are virtually identical. In Fig. 2 the dependence of the rms error is shown for 10 different
values of p. The figure shows the expected behavior; the error decreases with decreasing p
until a certain point where the finite bandwidth and/or quantization are dominating the
error. The bandwidth in the simulation is 14w,,. By increasing this bandwidth, it is possible
to get considerably less rms error.

We observe that the algorithm is capable of extrapolating the data from within €2. The
method may therefore also be used as a technique for extrapolating a transfer function G or
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Fig. 1. The original (solid) and reconstructed (dashed) Hilbert transform pair for
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Fig. 3. Power transmission of the fiber grating in example B. The relevant wavelength
interval corresponding to frequencies inside €2 is indicated with vertical, dashed lines.

a minimum phase transfer function H from data inside 2. However, in the case of noise in the
data, the extrapolated function far away from 2 might have large errors as the continuation
problem clearly is unstable. The algorithm is regularized by the parameter p which decides
how to treat the tradeoff between stability and accuracy. If p is set to a larger value, the
accuracy is decreased, but the stability is increased correspondingly.

B. Second order dispersion compensation grating

As a first example of actual synthesis of a fiber grating, we try to synthesize a filter with
constant amplitude response and linear group delay (i.e. a second order dispersion compensa-
tion grating). This example is chosen because it shows both the powerfulness of the method
and also the weaknesses. In addition the example indicates how one can modify the filter to
optimize for different applications.

According to the specifications, the input function should equal

F(w) = a(w — wp) + 10, w € Q, (24)

where a is a number proportional to the dispersion coefficient, and wy is the center frequency.
This function is applied as input to the algorithm for solution of Krein-Nudel’'man’s problem
using the precision g = 1072 and a total bandwidth of 10 times the bandwidth of Q. The
solution is then modified according to the algorithm presented in Section 3 setting wp to
twice the bandwidth of Q2. Finally, a layer-peeling algorithm has been applied for the synthesis
of a 20cm long fiber grating centered at 1550nm. The bandwidth of 2 was set to 0.09nm.
The arbitrary reflection phase response was chosen linear, so that the reflection response is
dispersionless. Note that the entire process can be implemented in a single and automatic
computer program. The resulting grating transmission spectra are shown in Figs 3 and 4.
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Fig. 4. Transmission group delay of the designed fiber grating in example B. The
relevant band 2 is indicated with vertical, dashed lines. Note that the delay off-
set associated with the pure propagation has been removed because the input and
output reference planes coincide.
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Fig. 5. Magnitude and phase of the complex coupling coefficient of the designed
grating (example B).
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We observe a flat pass band at 24% transmitivity; the ripple is £0.03. Moreover, the group
delay is nearly linear in the pass band; the deviation is less than 0.5ps compared to a
linear response. The dispersion in €2 is roughly 140ps/nm. The designed grating structure
(amplitude and phase) is shown in Fig. 5.

One problem with the designed spectrum is clearly that the power transmission in €2 is
only 24%. This is a result of the spectrum shape on the left-hand side; it has to grow as w
departs from the edge of 2. Since the power transmission cannot be greater than unity, this
problem arises. It is possible to increase the transmission in €2 by shrinking the bandwidth
wp on the left-hand side. The resulting performance of the filter will of course be somewhat
worse in 2.

For some applications, it might be desirable to increase the dispersion. If we scale the
group delay 7, = —d arg H/dw with a factor k, i.e. 7, — k7, the function In(|H|) scales by the
same factor (see Eq. (6)). Hence, the transmission coefficient changes according to H — H*.
In other words, when k& > 1 the power transmission will be less for all w, and the response will
be more rapidly varying. The grating is therefore more difficult to realize. Another way of
getting larger dispersion is to scale the bandwidth of the designed grating. If the bandwidth
is reduced by a factor k, i.e. (w —wg) — (w — wy)/k, the dispersion D o d? arg H/dw? is
scaled by a factor k2. The price one would have to pay is to increase the grating length and
decrease the grating strength with the same factor k, i.e. the coupling coefficient ¢(z) scales
according to q(z) — 1/k q(z/k).?* For example the dispersion of the filter in Figs. 3 and 4
will change to 3500ps/nm if the bandwidth of €2 is reduced by a factor 5. The grating length
will then be 100cm. Thus we can obtain a relatively large increase in the dispersion with a
relatively small increase in the grating length and decrease in the bandwidth.

C. Third order dispersion compensation grating

We will also try to synthesize a filter with flat amplitude response and quadratic group delay
(third order dispersion compensating filter).?* The input function is

F(w) = b(w — wp)? + 10, w e Q, (25)

where b is proportional to the third order dispersion coefficient. This filter turns out to
be relatively easy to realize, so we set u = 107*. We use the same procedure as in the
previous example, but set the grating length to 5cm and the bandwidth of 2 to 0.28nm.
The resulting spectra are shown in Figs. 6 and 7. Again, we have obtained a relatively flat
amplitude response; the ripple is £1% in 2. Moreover, the deviation from a quadratic group
delay in €2 is less than 0.3ps. The coupling coefficient of the designed fiber grating is shown
in Fig. 8. We observe that the grating structure is relatively complex, so that it might be
difficult to fabricate in practice. For the grating given in Fig. 8 the reflection phase response
was chosen linear. To obtain a different grating structure, we can for example choose a
quadratic reflection phase response. In particular, we have specified the dispersion 322ps/nm
in reflection, and applied the layer-peeling algorithm to the resulting reflection spectrum. The
new grating structure is given in Fig. 9. As expected, the grating is nearly linearly chirped
and the modulus of the coupling coefficient is slowly varying compared to that of Fig. 8. In
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Fig. 6. Power transmission of the fiber grating in example C. The relevant wavelength
interval corresponding to frequencies inside 2 is indicated with vertical, dashed lines.
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Fig. 8. Magnitude and phase of the complex coupling coefficient associated with the
designed grating with nondispersive reflection response (example C).

addition the maximum coupling coefficient value is reduced by a factor 3.4. The associated
transmission spectra (power and group delay spectrum) are not plotted as they are virtually
identical to the spectra given in Figs. 6-7. This demonstrates the nonuniqueness of the
synthesis problem: There is one distinct grating structure for each chosen reflection phase
response, and all gratings have identical transmission spectra. If the dispersion in reflection
is not relevant to the specific application, we can therefore choose a phase response that
makes the grating simple to realize.

If one would like to obtain opposite convexity of the transmission group delay, the power
transmission curve would have to grow as the wavelength departs from 2. Consequently, the
power transmission will be smaller in 2. For the present example, exact opposite dispersion
translates into a transmission of 8.7% in . If smaller transmission is not acceptable, one can
reduce the specified dispersion or descrease the bandwidth. For example if the bandwidth of
Q is reduced by a factor 4, one gets a transmission of 86% with the exact opposite dispersion
as in Fig. 7.

6. Conclusion

A general method for synthesis of fiber gratings with desired, complex transmission responses
in a finite bandwidth window has been described. The necessary minimum phase character-
istics is satisfied by the designed grating due to the spectral behavior outside the relevant
bandwidth €2. This behavior decides how difficult it is to realize the filter as a fiber grating.
The greater error that can be tolerated in (), the easier it is to realize the fiber grating
because the spectral behavior outside {2 is more well-behaved.

A general numerical algorithm has been developed, which can be used for the design of
practical fiber gratings. Two different transmission responses were specified and applied as

93



5]
S

N
o
==

OO

Coupling coefficient (m_l)

0.02 0.04 0.06 0.08 0.1

N

Relative chirp (hm)
o

0 0.02 0.04 0.06 0.08 0.1
Grating position (m)

Fig. 9. Magnitude of the coupling coefficient and relative chirp of the designed
grating with dispersive reflection response (example C). The chirp is defined relative
to the design Bragg wavelength 1550nm.

input to the algorithm. The first filter had nearly flat power transmission and linear group
delay, and can therefore be used as a second order dispersion compensator. The second filter
was specified as a third order dispersion compensator. We designed two different gratings with
this response; one with nondispersive reflection response, and one with constant dispersion.
In the latter case, the grating became nearly linearly chirped and simpler to realize. The
spectral results in transmission demonstrated that one can design gratings with desired
power and group delay responses in transmission in a finite bandwidth. In addition one can
specify the reflection group delay independently. For applications where one wants to use the
grating in both transmission and reflection at the same time, this means that we can specify
the two group delay responses independently. On the other hand, the power reflection and
transmission are certainly connected for a lossless grating, and as a result one must sacrifice
the freedom in specifying the power reflection outside (2.

Finally, we note that the method also can be used for design of thin-film filters in trans-
mission and for extrapolation of transfer function data from a limited bandwidth window.
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Chapter 5

Characterization of fiber gratings

Complete characterization of fiber gratings requires knowledge of the complex coupling
coefficient or the complex reflection spectrum. If one has measured the complex re-
flection spectrum, one can for example use the layer-peeling algorithm to compute the
coupling coefficient. Conversely, one can use the transfer-matrix approach to obtain
the spectrum from the coupling coefficient. Characterization of fiber gratings is not a
trivial problem, as optical phase usually is difficult to measure. It would therefore be
attractive to use a Hilbert transform or Kramers-Kronig type relation to reconstruct
the reflection phase response. However, since the reflection coefficient might have zeros
in the "wrong” complex frequency half-plane, this is not possible in general. Even if
the responses of certain types of gratings ideally satisfy the minimum phase condition,
the phase reconstruction of corresponding practical gratings might be very inaccurate,
because small grating imperfections may move the zeros to the "wrong” half-plane as is
discussed in Section 5.1.

In Section 5.2 we propose a different method for reconstruction of the phase response
from the reflectivity. We make use of some extra a prioriinformation in that the modulus
of the coupling coefficient is known. The method can be useful for intragrating sensing
as only the phase of the coupling coefficient is altered when the grating is exposed to
a strain or temperature gradient. Thus if the grating is characterized in advance, this
method can be used to obtain the phase of the coupling coefficient, and thereby the
strain or temperature profile, by monitoring the power reflectivity alone.

Sections 5.3 and 5.4 contain two different methods for characterization based on
interferometry. The first method is extremely simple; one cuts the fiber after the grating,
yielding a Fabry-Perot cavity with the grating and the bare fiber end as the mirrors. By
measuring the power reflection spectrum of the Fabry-Perot structure, one can retrieve
the complex reflection spectrum of the grating. In the second method, a low-coherence
approach is used to obtain the complex impulse response of the grating. The complex
reflection spectrum is then obtained by a Fourier transform.

For an introduction to the available literature on characterization and phase retrieval
of fiber gratings, consult the introductions and references in the respective, following
papers. Note that the sign convention on the implicit time dependence in Section 5.2
does not correspond with the sign convention in Chapter 2.
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It is shown that a recently proposed phase-retrieval technique for Bragg gratings [Opt. Lett. 22, 93 (1997);

J. Lightwave Technol. 15, 1314 (1997)] is not well suited for gratings with imperfections.

The reconstructed

group delay is in many cases not a more accurate estimate than the simulated group delay of the perfect,

designed grating, independently of how small the errors in the grating structure are.

The error in the group

delay may be especially large near the zeros in the reflection spectrum. [0 1999 Optical Society of America

OCIS codes: 060.2340, 060.2770.

For a complete characterization of a fiber Bragg
grating (FBG), both the amplitude and the phase of
the complex reflection coefficient are needed. The
amplitude response or reflectivity is conveniently
measured with a spectrum analyzer or a scanning
distributed Bragg reflector laser, whereas obtaining
the phase response is more complicated. Recently,
a phase-retrieval method for obtaining the phase
response from the reflectivity spectrum was proposed
by Carballar and Muriel.'? The method utilizes the
well-known Hilbert transform or dispersion relations
that connect the minimum phase and the logarithm
of the amplitude spectrum for linear systems.>* The
Hilbert transform is easily computed by means of
existing numerical packages using fast Fourier trans-
forms or by use of the Wiener—Lee transform.®? For
a transfer function to be minimum phase, it must be
zero free in the right-hand half-plane. This condition
is always satisfied for the transmission coefficient of a
FBG but generally is not true in reflection.® Certain
grating designs will nevertheless yield minimum
phase-reflection coefficients. For such gratings this
means that the phase response can be uniquely
computed from the reflectivity. In Refs. 1 and 2
Carballar and Muriel therefore assumed a priori
that the overall grating structure was known (e.g.,
that it was a uniform grating) to ensure that the
minimum phase condition was fulfilled. An experi-
mental grating, however, will have small errors in the
grating structure, so we are never guaranteed that
the minimum phase condition is satisfied. Here we
show that the resulting errors can be significant and
that the simulated phase response of the designed
minimum phase grating can often be a better estimate.
This ideal phase response is usually available since
the overall grating design is known a priori. Still,
it is often a bad estimate of the true phase response.
Therefore, this phase-retrieval technique is not well
suited for experimental gratings, as was claimed in
Refs. 2 and 6. Throughout this Letter the terms ideal
grating and actual grating are used for the designed,
perfect minimum phase grating and the experimental,
nonideal grating, respectively.

A linear system is completely characterized by its
impulse response function, A(¢). If A(¢) represents a
causal and stable physical system, it is real, absolutely

0146-9592/99/030136-03$15.00/0

integrable, and vanishes for ¢ < 0. We can therefore
define the Laplace transform as

H(s) = fow h(t)exp(—st)dt (1)

and obtain the frequency response or the Fourier
transform by evaluating H(s) along the imaginary
axis, s = iw. According to the Titchmarsh theorem,*
the real and the imaginary parts of H(iw) are then
related by means of the Hilbert transform. However,
we are looking for a relation between the magnitude
and the phase of H(iw), so we define

H(s)=1In H(s) =In|H(s)| + i arg H(s). (2)

In general, H(s) will not be analytic in the right-hand
half-plane because H(s) can have zeros. Therefore,
the Titchmarsh theorem states that H(s) is not gen-
erally a causal transfer function. We must therefore
restrict H(s) to be zero free for Re(s) > 0. Then the
real and the imaginary parts of H (iw), or equivalently
the logarithm of the amplitude response and the phase
response, will be related by means of a Hilbert trans-
form relation of the type®

(Pmin(w) = % [ lan—(lw )l do'. 3)

e @2 — w?

In Eq. (3), ¢min(w) is the (minimum) phase response,
and we can make sense of the integral by means of
the Cauchy principal value. Transfer functions that
satisfy Eq. (3) are known as minimum phase functions.
If the transfer function is not minimum phase, the
contribution to the phase response from the zeros in the
right-hand half-plane has to be added to Eq. (3). Let
the zeros of H(s) be denoted by s, = o, + iw,, repeated

as necessary for multiple zeros. Then the function
s + sn*
Hmin(s) = H(S) l_[ (4)
S — Sp

a,>0

is analytic and zero free in the right-hand half-plane
and is therefore the minimum phase-shift function
corresponding to |H (iw)|, since

. *
tw + s,

Il
[usy

lw — Sy
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Equation (4) is equivalent to the statement in Ref. 7
that a nonminimum phase filter can be constructed
from a minimum phase filter followed by an all-
pass filter. From Eq. (4) we deduce that the phase
response ¢(w) = arg H(iw) is given by

§D(w) = QDmin(w) -2 Z arCtan(w — wn): (5)

a,>0 On

and the corresponding group delay becomes

_do(w)
dw

Tg(w) =

Tn
+ (w — w,)?

= Temn(@) +2 > — (6)

a,>0 On

Thus if there are zeros in the right-hand half-plane the
difference between the true group delay 7.(w) and the
minimum group delay 7 min(w) can be arbitrarily large
for o = w, and sufficiently small o,.

When one is using the phase-retrieval method pro-
posed in Ref. 2, Eq. (6) can have important conse-
quences. Consider, for example, a uniform FBG, the
same example as was presented in Refs. 1, 2, and 6.
An ideal, uniform FBG will be minimum phase in re-
flection. This condition is valid for both the forward
and the backward reflection coefficients because of its
symmetry. Furthermore, there are a number of ze-
ros on the imaginary axis s = iw, as is evident from
their sinc?-like spectrum. However, when the grat-
ing is not perfect, these zeros may be located slightly
away from the imaginary axis. This is seen in the re-
flection spectrum as missing zeros. The probability
that one of these zeros will be located in the right-
hand half-plane is 1/2, since the zeros of two grat-
ings that are reversed with respect to each other are
in the opposite half-plane.” When o, > 0 for some 7,
we must therefore conclude from Eq. (6) that the errors
in the reconstructed group delay 75(iw) — g min(iw)
can be arbitrarily large for almost-perfect gratings. In
other words, some of the peaks in the reconstructed
group delay around the perturbed zeros of the spec-
trum can have large errors. As the grating errors be-
come less, the group-delay error peaks become higher
and narrower, and in the limit o, — 0" the peak width
approaches zero. However, the peak area remains
constant at 277, as can be seen from Eq. (5). Hence, for
each zero that is located somewhere in the right-hand
half-plane, we get an integrated error in the group de-
lay of 2.

For a lossy grating the probability that a zero will
be located in the right-hand half-plane is less than
1/2, since the transfer function H(s) will be shifted
to the left by the loss coefficient. We may therefore
expect a better result from the phase-retrieval method
when we have a loss that is large compared with the
grating errors. More precisely, if the time-domain loss
coefficient is larger than the maximum o, the method
will yield the true group delay. In the numerical
example below, this delay corresponds to a loss in the
grating of more than 80 dB/m, although the grating
errors are relatively small. This is a rather large loss,
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so it is therefore reasonable to assume that some of
the zeros will contribute to errors in the reconstructed
group delay. This simple loss model might, however,
be somewhat misleading, as grating loss normally is
strongly frequency dependent.

To compare the reconstructed phase or group delay
from Eq. (3) with the corresponding ideal phase or
group delay, we first assume that our ideal grating is
symmetric and weak (for example, a uniform grating).
Since there are Fourier-transform relations between
the grating structure (coupling coefficient) and the
reflection spectrum, we can write

ro(w) = exp(ia)ri(w)* (7

for the actual grating, where a is a real constant and
ri(w) and re(w) denote the forward and the backward
reflection coefficients, respectively. The group delay
is proportional to the derivative of the phase response
and must therefore satisfy

To(w) = —71(w), (8)

where 71(w) and 73(w) denote the forward and the
backward group delays, respectively. Note that the
group delay can be negative since the reference plane
z = 0 is set to the middle of the grating. Note also
that |re(w)| = |ri(w)|, which in fact is valid for a gen-
eral lossless grating.? If we want to find an estimate
for the group delay, which should be as good as pos-
sible for both directions at the same time, according to
Eq. (8) we must choose 7(w) = 0. In fact, this would
be the same as choosing the group delay of the ideal
grating as our estimate. We realize this choice by not-
ing that the ideal grating is symmetric, so according
to Eq. (7) the group delay must be zero almost every-
where. Since the method in Refs. 1 and 2 finds one
estimate, which should be valid for both directions,
the resulting group-delay spectrum on average will
not be a better estimate than the group-delay spec-
trum of the ideal grating. Moreover, since the re-
constructed, minimum group delay is less than both
71(w) and 79(w) = —71(w), the expected relative error
of the reconstructed group delay is {[71(w) — Tmin(w)] +
[—71(@) = Tmin(@)]}/271(®) = — Tmin(w)/71(w), since we
have no control over the orientation of the errors. The
expected relative error is therefore more than 100% for
all w. These results are independent of how small the
errors in the grating are, although the absolute group-
delay error of course approaches zero when the grating
errors vanish.

For a strong grating, Eqgs. (7) and (8) are not valid.
Therefore, we analyze a stronger, uniform grating per-
turbed by slowly varying phase errors of amplitude
0.4 rad in the grating structure by use of coupled-mode
theory. The design parameters are otherwise ap-
proximately the same as those of the grating presented
in Ref. 6. The reflectivity spectra for the ideal and the
actual gratings are shown in Fig. 1. The numerical
results for the true and the reconstructed group de-
lays in the grating stop band are presented in Fig. 2,
together with the group delay of the ideal grating.
First, we note that the reconstructed group delay is
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curve), the reconstructed group delay (dashed curve), and
the group delay for the ideal uniform grating (dotted
curve).

less than the true group delay for all wavelengths, as
required from Eq. (6). Furthermore, we observe that
the peaks in the group delay correspond to the (near)
zeros in the reflection spectrum. When the true group
delay has a lower peak, the corresponding zero is lo-
cated to the left of the imaginary axis, o, < 0. There-
fore, the reconstructed group delay corresponds well
to the true group delay in the neighborhood of that
zero. However, when the zero is located to the right
of the imaginary axis, the true group delay has an up-
per peak, whereas the reconstructed group delay has
a lower peak. This is because the reconstruction al-
gorithm assumes that the zero is located to the left

of the imaginary axis. The errors in the group delay
near a zero are often of minor interest, since not very
much light is reflected in this area. Nevertheless, we
see from Fig. 2 that the errors from a zero can influ-
ence the group-delay spectrum over a range around
that zero (e.g., in the stop band). This distance is in-
creased as the errors in the grating structure become
larger, as is evident from Eq. (6). However, the recon-
struction algorithm in this case works better than for
an average weak grating, since the rough shape of the
group delay in the grating stop band is approximately
reconstructed. This result is due to the fact that a
strong grating will in general have not only zeros but
also poles.” The contribution to the group delay from
the poles will be included in the reconstruction for-
mula [Eq. (3)]. We note, however, that the ideal phase
response is still a better estimate in the stop band.
Hence, the ideal, simulated group delay is often a bet-
ter estimate than the reconstructed group delay.

In general, we must therefore conclude that the
phase-retrieval method presented in Refs. 1 and 2 is
not well suited for reconstruction of the reflection
phase response of experimental gratings, owing to
zeros at or near the imaginary axis of the transfer
function. Therefore, when the zeros are sufficiently
far from the imaginary axis, we would expect better
performance. However, this is not the case for many
kinds of minimum phase FBG, for example, a near-
lossless, uniform grating.

J. Skaar’s e-mail address is johannes.skaar@

fysel.ntnu.no.
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Abstract

A method for measuring a distributed strain or temperature profile along a fiber Bragg grating is proposed. By
using an a priory knowledge about the index modulation amplitude, the sensing parameters are obtained from
the reflectivity spectrum.

Summary

An interesting application of fiber Bragg gratings (FBGs) is to measure a distributed strain or temperature
profile along the length of the grating. Several methods for this purpose have been reported in the literature
[1-4]. All of them utilize the fact that the measurand can be obtained from the local Bragg wavelength A1 (z)
along the grating position z. The function 1,(z) can be obtained by using low coherence interferometry [3, 4]
or by recording the complete complex reflection spectrum. By using an inverse scattering method (or an
inverse Fourier transform for the case of weak gratings), the wavelength profile 4 ,(z) may be computed from
the complex reflection coefficient.

The phase response or the group delay of a FBG is somewhat difficult to measure, and it is therefore desirable
to extract the sensing information from the reflectivity spectrum alone. In [1] the distortion of the reflectivity
spectrum due to various kinds of strain gradients is investigated using the transfer matrix method. However, the
authors give no method for obtaining the detailed wavelength profile 1 ,(z) from the spectrum. They note that
the spectrum shows no difference if the strain profile is flipped with respect to the grating, and conclude that
the strain profile cannot be uniquely calculated from the reflectivity spectrum. In [2] it is therefore a priori
assumed that the function 4,(z) is either monotonically increasing or monotonically decreasing. Then 4 ,(z)
can be obtained uniquely from the reflectivity spectrum. Because of the a priori assumption on 4 ,(z), not
every strain or temperature gradient can be measured.

In this paper, we present a method for obtaining the function 4 ,(z) from the reflectivity spectrum. Because the
index modulation profile of the grating (or the complex coupling coefficient) cannot be computed uniquely
from the reflectivity spectrum alone, we need an a priori assumption. This assumption is that the coupling
coefficient amplitude (or index modulation amplitude) is known, and that it is not symmetric. The former
assumption is justified from the fact that usually only the phase of the coupling coefficient, and not the
amplitude, is perturbed when the grating is exposed to a temperature or strain gradient. Therefore, if the
grating has been characterized initially (for example at fabrication, using optical coherence domain
reflectometry [4] or a phase sensitive interferometric spectrum analyzer [5]), we can assume that the coupling
coefficient amplitude is known. The latter assumption is easily achieved for example by choosing an
asymmetric grating sensor as the one described in the example below. Note that we have made no a priori
assumption on the function A ,(z) so every strain or temperature profile can in principle be obtained.

In a FBG, the index of refraction along the grating direction z can be modeled by

n(2) = no(2) + M(:) cos(%”z v H(Z)), )
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where n,(z), An(z) and 6(z) are slowly varying functions compared to the design grating period A. The
function n,(z) represents the variation of the mean index, An(z) is the index modulation amplitude, and 6(z)
accounts for the period deviation from A. Since variation of the “dc” index no(z) is equivalent to a chirp [6],
the information from n,(z) may be incorporated in (z). Hence, we set n,(z) = n,, where n, equals the mean
index over the whole grating, and represent a mean index variation by a gradient in the function 6(z). It is

common to introduce a complex coupling coefficient [6] which contains all z-dependent quantities from (1)
K(z) = AAn(z)exp(-if(z)). 2)

The factor 4, determined by the unperturbed waveguide structure and the wavelength, may be treated as a
constant. For a weak, lossless grating, there is an approximate Fourier transform relation between the complex
coupling coefficient x(z) and the complex reflection spectrum 7(5) [7],

(6) = 9{_%,((5]} 3

In (3), r(é‘) is the complex reflection coefficient as a function of the detuning &, and F denotes the Fourier

transform operator. From (1) we deduce that the local Bragg wavelength is given by
20(5) - 2n0A(1 _2__). @

Thus, our aim is to calculate the phase function 6(z) from the coupling coefficient magnitude |/<(z)| and the

reflectivity |r(5)| . From (3) this is equivalent to the determination of a complex function when its magnitude

and its Fourier transform magnitude is known. This phase retrieval problem has been studied in the literature
because of its relevance in a number of applications [8-15]. The most common algorithm for solving this
problem is the so-called iterative Fourier transform algorithm, first proposed by Gerchberg and Saxton [8] for
determination of the wavefunction phase from a image and diffraction plane pictures in electron microscopy.
The method is transforming successively back and forth between the two Fourier domains, holding the
magnitudes at the known values. For further details, the reader is referred to the original paper.

In principle, this phase retrieval method may be extended to stronger gratings, when the Fourier transforms
must be replaced by the direct and inverse scattering transform. The direct problem, that is to calculate the
spectrum from the coupling coefficient, is easily solved by the transfer matrix method [1,6] or a numerical
Runge-Kutta solution to the coupled mode equations [6]. The inverse problem may be solved by a numerical
solution to the Gel’fand-Levitan-Marchenko coupled integral equations [16]. However, the inverse problem is
ill-posed when the reflectivity approaches unity, and will therefore give inaccurate results for noisy input data.
In practice, we should therefore restrict our phase retrieval method to relatively weak gratings.

The uniqueness of the above Fourier phase problem has been shown to depend on specific analytic properties
on the functions x(z) and (5) [9,10]. However, if the functions |K(Z)| and/or |r(5)| are symmetric, a two-fold
ambiguity arises. This is easily seen from the complex conjugate symmetry of the Fourier transform. On the
other hand, it is explained in [11] that in general for the asymmetric situation, if the spatial frequencies of K'(Z)
are sufficiently band-limited with regard to the dimensions of the grids, and if (&) can be measured with

sufficient accuracy for large &, a unique solution can generally be expected. This somewhat loose statement is
also supported by numerical simulations in a number of papers [8,12,13]. So we conclude that provided that
|K(Z)| and |r(5)| are asymmetric, we can assume that our solution is unique. The symmetry ambiguity
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corresponds to the situation stated in [1] when the authors note that the reflectivity spectrum shows no
difference when the strain gradient is flipped with respect to the grating. However, if we choose an asymmetric

coupling coefficient magnitude for our grating sensor, the only ambiguity left is when the function |r(6)| is

symmetric. This rather unusual situation may be handled by slightly perturbing the sensor to see which of the
two solutions x*(z) or x(z) that persist when the reflectivity becomes asymmetric.

Although the Gerchberg-Saxton algorithm has been successfully used in many practical situations, it suffers
from certain convergence problems. There are however a large number of alternative algorithms in the
literature, which may be used in the situations where the Gerchberg-Saxton algorithm fails. See for example
[14,15].

In order to test the phase retrieval method above, we set x(z) = |K'(Z)| exp[—i6(z)], where

|K(z)| - (Z/L)—2(Z/L)2 +(z/L)3, 0<z<lL "
0 , elsewhere
and
0(z) =12sin[10(z/L)’]. ©

A plot of |/<(z)| is shown in Figure 1. 6(z) contains the information of the local Bragg wavelength as a function
of z according to (4). From (3), we obtain r(é‘), and a complete information of this grating is therefore known.
We then test whether the Gerchberg-Saxton algorithm reconstructs the functions from the magnitudes |1c(z)|

and |r(5)| . We use 500 iterations, which results in a computing time of less than 5 sec on a Pentium PC. In

most situations, it is sufficient with considerably less iteration. The reconstructed result for the spatial phase
function 6(z) is finally compared to the original one. The numerical results are shown in Figure 2 as local
Bragg wavelengths in the grating by means of (4). The effective index is set to n, = 1.5, the grating length is

L =10mm, and the design Bragg wavelength is 2n,A = 1550nm. Also shown in the figure is the reconstructed
result for a more realistic situation, where noise has been added to the samples of |K(Z)| and |r(5)| . The noise

samples are independent, and distributed according to
n,(8)= 0.0l|r(5)| -n(9) (7

for |r(6)| and similarly for |K(Z)| In (7), n(5) is a realization of a random, Gaussian process with mean 0 and
variance 1. The results show that the reconstructed local Bragg wavelength is indistinguishable from the
original for the noise-free situation, since the error is less than 10™*pm. When there is noise, however, we get

visible errors at the edges of the grating where the coupling coefficient magnitude is small. Where the coupling
coefficient magnitude is large, the errors are relatively small (about 20pm for 0.01<z/L <09).

The spatial resolution of this method should be approximately the same as the spatial resolution of the initial
characterization of K'(Z), provided that the reflectivity spectrum is measured sufficiently precise at the edges of

the grating stopband. By using for example the characterization method described in [4], a resolution of 1mm
should be achievable.

In conclusion, we have developed a method for obtaining the distributed strain or temperature distribution

along a fiber Bragg grating by measuring the reflectivity spectrum only. The method makes use of some a
priori information, namely that the index modulation amplitude is asymmetric and known.

105



8
S 1 1550.4 |
£ !
= _
E08 £ |
g < 1550.2 i
S 2 i
> € 1550 4
= |
=04t 2 "
s g ;
= [
8 a /
3 3 1549.8; 4
R02 S |
B '
I 1
5 o ‘ ‘ 1549, ‘ ‘ :
Z 0 0.2 04 06 038 1 549 60 0.2 04 06 0.8 1
Grating position (z/L) Grating position (z/L)

Figure 1: Normalized coupling coefficient magnitude. Figure 2. Local Bragg wavelength in the grating

structure, original and reconstructed (solid curve) and reconstructed from noisy modulus data (dashed curve).
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Abstract: A method for characterization of fiber Bragg gratings is described. The group delay
and the reflectivity of the grating are obtained from measurement of the spectral reflectivity
response of a Fabry-Perot structure consisting of the grating and a reference reflector. The
method has been tested numerically, showing good robustness against noise. It has also been

tried out experimentally, showing reproducible and promising results.
OCIS codes: (060.2340) Fiber optics components, (050.2770) Gratings.

Introduction

Characterization of fiber Bragg gratings (FBGs) means to determine the complex reflection coefficient
or the complex coupling coefficient of the grating. This is not a trivial problem, and there is a large
amount of different methods in the literature. The methods are usually based on interferometry, side-
scattering, heat-scan or modulation (see e.g. refs [1,2] and the references therein). Whereas these
techniques usually are rather complex, Froggatt found a simple approach to the characterization problem
of weak gratings [3]. He showed that one can obtain the complex coupling coefficient of the grating
from measurement of the interference fringes from the grating and a discrete reference reflector. In his
analysis, all multiple reflections are ignored, so the method is only valid for weak gratings and reflectors.
In this paper, we analyze a similar structure, namely a Fabry-Perot cavity consisting of two general
reflectors, where one of them is the FBG to be characterized, and the other is a reference reflector. We
will show that we can obtain the complex reflection spectrum of the FBG, or equivalently the reflectivity
and group delay, from measurement of the reflectivity of the Fabry-Perot structure.

Characterization method

Consider a lossless Fabry-Perot-like system consisting of two reflectors, where one reflector has known
characteristics, and the other has not. Throughout this paper, we assume that the first reflector (Section
1) is a FBG with unknown characteristics, and the other reflector is characterized and broad band
compared to the other, for example a broad band FBG or a bare fiber end, see Fig.1.

Section 3
— —"— —~
Section 1 Section 2
a8 A~ Y
RyD 1111 ]

Fig. 1: Fabry-Perot cavity consisting of a fiber Bragg grating and a reference reflector.
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Our idea is that the spectral periodicity of the Fabry-Perot fringes in the combined reflection spectrum
R, is dependent on the effective cavity length. Hence, we may obtain the position of the effective
reflection point in reflector 1, or equivalently the desired group delay, from measurement of R;.

In the following section we analyze the system given in Fig. 1. We define 6=f—-f; as a
detuning parameter, where £ and [, are the propagation constants for the actual wavelength and the
FBG design wavelength, respectively. Furthermore /;, r; are the reflection coefficients from the left and
the right, respectively, and ¢; is the transmission coefficient, all of the jth section. Finally, we define

2 2 . ) : . :
R; :‘rj‘ :‘l j‘ as the reflectivity, and L; as the length of the jth section. By summing all multiple
reflections in the Fabry-Perot structure, we easily realize that

Lt L,

=12 . (1)
3 1-nl, l—|r112|exp|:z((p+25L2)]

where ¢ +26L, = ¢(5)+20L, = argr; +argl,. We have explicitly written out the linear term 25L,, which

2 .
, we obtain

corresponds to the round trip propagation in section 2. By calculating Ry, =1— |t3

06, nf & m
- =1- - > (gcos(p+20L,)) , (2)
1+|r112|2 —2|r112|cos((p+25L2) (1+|r112|2) mzz:o( ( 2))

Ry(6)=1

where g=g(5)=2|r112|/ (1+|r112|2). At this point, we assume that the complex reflection and

transmission coefficients of the reflectors vary slowly with & compared to the cosine term in (2). This
assumption means that L, is so large that the Fabry-Perot fringes in Ry(5) varies more rapidly versus &

than the reflector spectra. Then we may band pass filter R;(5) around the angular "frequency” +2L,,
obtaining the analytic signal

R, p(8) = —h(8) expli(p +24L,)], (3)
where
| 2 (2’”"'1](&’)2%1 (1-R)(1-Ry)
B(s) =12 &1 - JRR 4
©) (1+|”112|2) mz::() m 2 o 1-R R, @

is a real, slowly varying function. Assuming that 0 < R, <1, we observe that h(5) > 0. Therefore, from
(3) the phase response (p(é') =arg R3,BP(5)—25L2 — 7 1s obtained up to the trivial linear term 2L, + 7
and the group delay 7, =dg/dw is obtained up to a constant. Note that the phase response (p(é') is

actually the sum of phase responses of reflector 1 and 2, so the phase response of reflector 1 is found by
subtracting the phase response of reflector 2 from (p(5). If reflector 2 is a bare fiber end, its phase

response 1s zero when ignoring the linear propagation term 2JL, .
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If the reflectivity R,(&) is not known, it may be calculated from R, and R; by taking the absolute
value of eq. (3) and using (4), or by low pass filtering (2), obtaining

Rype(d)=———p (5)
172

As expected, the expression in (5) is symmetric in the two reflectivities, and R; ,c — R, when R, — 0.
In addition, we observe from (5) that R; . = R, + R, only when both reflectors are weak, R, <<I.
Otherwise, the shape of the low-pass filtered Fabry-Perot spectrum will be distorted due to the terms
R\R,.

For weak reflectors, (3) and (4) reduce to R;pp =—\/IT1 \/R_z exp[i((erZéZ2 )] Hence if the
reflection coefficient 7, is constant with respect to frequency, R;gp will be proportional to the complex
reflection spectrum of the fiber grating when ignoring the linear propagation phase 20L,. The inverse
Fourier transform of R3,BP(5) will therefore be proportional to the complex coupling coefficient of the

FBG shifted by 2L,, since the complex coupling coefficient and the complex reflection spectrum are
Fourier transform pairs in the weak grating limit. This is consistent with the result in ref. [113], where
Froggatt showed that the Fourier transform of R3(5) is proportional to the complex coupling coefficient

for weak gratings in a certain interval. This interval is in our case [2 L,2L, +2Ll], and corresponds to
the "bandwidth" we must include in the bandpass filtering of R,(5) above.

Note that the obtained reflection coefficient 7, = \/R_l exp(ig) is the reflection coefficient from the
right. The reflection coefficient from the left, /,, may be calculated from 7 using the lossless and
reciprocity condition /, = —#" - ¢, / t; since ¢, is minimum phase [4].

To sum up the algorithm:

1) The reflectivity R;(5) is measured for the desired wavelength interval.

i1) R;(0) is Fourier transformed. The result is multiplied by a filtering window function centered at
the peak corresponding to the angular frequency +2L,. The choice of a window function is not
crucial, however its width should be according to the descriptions below. R;pp (6) is
subsequently computed by an inverse Fourier transform.

1i1) The phase response (p(é') =arg R; pp (5) and the group delay 7, = dp/dw is calculated.

1v) If desirable, R, may be computed using eq. (5).

The window function must be sufficiently wide so that the phase modulation of the Fabry-Perot fringes
due to @ =¢(5) is included, but so narrow that the higher order variation in (2) is removed. This

compromise is possible when ¢(5) varies slowly compared to 26L, . In practice however, the important
compromise is between numerical stability and resolution in r(5). If large resolution in r(5) is

desirable, the window function must be correspondingly wide. On the other hand, the stability of the
method increases with decreasing window width, as more noise is suppressed.
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Numerical and experimental examples

In order to test our algorithm, we analyze a structure consisting of a raised cosine apodized, 0.5nm linear
chirped FBG of length L, =2cm, an end reflection of 3.5%, and a cavity length L, = 5cm. The spectral
responses rl(é') and 13(5) is calculated using transfer matrix and coupled mode theory [5]. From the

calculated spectrum R; = |l3|2 we construct the "measured" data including noise
R, (8)= Ry(8)(1+ An(8)) + An,(5), (6)

where n, and n, are realizations of Gaussian processes with mean 0 and variance 1. The 1000 noise
samples in (6) are independently distributed. We construct the "measured" R, in this way to simulate
source and detector noise in a measurement process with a scanning DBR laser. The reflectivity R, of the
FBG, and R,, are shown in Fig. 2. By applying R, as input to our algorithm, we compute the group
delay, and compare to the original group delay resulting from the coupled mode theory. The size of the
filtering window (Blackman window) has been chosen so that the wavelength resolution of rl(é')
becomes approximately 30pm. The resulting group delays for 4 =0 and 4 =0.02 are shown in Fig. 3,
demonstrating that the reconstructed group delays only have small errors for both the noisy and noise-
free situation. The reconstructed group delay is not identical to the true group delay for noise-free input
data because we have filtered away some information of R, through the use of the window function.
This fact demonstrates the trade-off between accuracy and stability. Because we want high stability, we
sacrifice some of the accuracy in the sense that rapid variation in 7(5) is lost.

1 800r
08 A750;; <

()

2 £700
06 7

3 T650-
TO0.4 =3

va ©600r
O

0.2 550

-~ : . 500 ; ‘ :
1549.8 1550 1550.2 1549.8 1550 1550.2
Wavelength (nm) Wavelength (nm)

Fig. 2: The dotted curve shows the reflectivity R, of the Fig. 3: Retrieved group delays (dashed and dotted

Fabry-Perot configuration including errors according to curves) compared to the true group delay of the FBG

eq. (6) with A=0.02. The solid curve represents the (solid curve). The dotted curve is computed from noisy

reflectivity R, of the apodized, linearly chirped FBG. data (A=0.02), whereas the dashed curve is computed
from noise-free data.
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We also note the requirements of the scanning DBR laser. Because it must be able to resolve the Fabry-
Perot fringes, its resolution should be roughly
12

) 2 Lyngy

AA (7)

where n.; denotes the effective index of refraction in the core. For our case, (7) yields a resolution of
about 13pm.

Finally, we have measured the reflectivity spectrum of a configuration consisting of an apodized
FBG and a bare end reflection using a scanning DBR laser. The resulting spectrum is applied as input to
our algorithm. The experiment is repeated several times in order to test its reproducibility. The results
for three measurements are shown in Fig. 4 and Fig. 5. As can be seen, the reproducibility is good in the
area where the reflectivity of the grating is significantly different from zero. Outside the grating
spectrum however, the reproducibility is bad, as expected from (3) and (4) since the amplitude of the
Fabry-Perot fringes / is near zero. Moreover, we observe a "DC" level of roughly 650ps. This
corresponds to about 13cm propagation in the fiber, which means that the distance between the average
effective reflection point in the grating and the bare fiber end is about 6.5cm.

05

04 o0
. g
$0.3 )
3 ol
0.2 3000,
X 10} HE

0.1

0 ‘ ‘ ‘ ‘ 5001550 15502 15504 15506
1550 1550.2 15504 1550.6 Wavel'ength (nm)' ’

Wavelength (nm)

) o . Fig. 5: Retrieved group delay of an apodized FBG. The
Fig. 4: Measured reflectivity of an apodized FBG and three curves correspond to three independent
the end reflection. measurements.

This characterization method may also be used for distributed intragrating sensing, since a
distributed strain or temperature profile, or equivalently the local Bragg wavelength of reflector 1 may be
calculated from the complex reflection spectrum 7 by using an inverse scattering algorithm (or an
inverse Fourier transform in the case of weak FBG).
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Conclusion

We have developed a method for characterization of FBGs. By measuring the spectrum of a FBG
interfering with a bare end reflection, the group delay can be computed for all wavelengths where the
reflectivity of the grating is not very close to 0 or 1.

Acknowledgements

The author thanks Erlend Rennekleiv for helpful discussions, and Helge E. Engan for reading and
commenting on the manuscript.

References

1. N. Roussel, S. Magne, C. Martinez, and P. Ferdinand, "Measurement of index modulation along fiber Bragg
gratings by side scattering and local heating techniques," Opt. Fiber. Tech. 5, 119-132 (1999).

2. D. Sandel, R. Noé, G. Heise, and B. Borchert, "Optical network analysis and longitudinal structure
characterization of fiber Bragg grating," IEEE J. Lightwave Tech. 16, 2435-2442 (1998).

3. M. Froggatt, "Distributed measurement of the complex modulation of a photoinduced Bragg gratings in an
optical fiber," Appl. Opt. 35, 5162-5164 (1996).

4. L. Poladian, "Group delay reconstruction for fiber Bragg gratings in reflection and transmission," Opt. Lett.

22, 1571-1573 (1997).

T. Erdogan, “Fiber grating spectra,” IEEE J. Lightwave Tech. 15, 1277-1294 (1997).

6. J. Skaar, "Measuring the group delay of fiber Bragg gratings by use of end-reflection interference," Opt. Lett.
24, 1020-1022 (1999).

9,

113



5.4 Characterization of fiber Bragg gratings by use
of optical coherence-domain reflectometry

Authors: 1. Petermann, J. Skaar, B. Sahlgren, R. Stubbe, and A. Friberg

Published in Journal of Lightwave Technology 17, 2371-2378 (1999).

114



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 17, NO. 11, NOVEMBER 1999 2371

Characterization of Fiber Bragg Gratings by Use
of Optical Coherence-Domain Reflectometry

E. Ingemar Petermanistudent Member, IEEEJohannes Skaagtudent Member, OS&engt E. Sahlgren,
Raoul A. H. StubbeMember, OSAand Ari T. Friberg,Fellow, OSA

Abstract—A method based on optical low coherence reflectome- inverse scattering method. In particular, a numerical solution to
try for complete characterization of fiber Bragg gratings (FBG's)  the Gel'’Fand—Levitan—Marchenko (GLM) coupled equations
is presented. It is shown that the measured signal corresponds to is well suited for this problem [7]. However, the inverse

the impulse response of the grating filter, and the measurement . L L
therefore yields all information about the device. Experiments §catter|ng problem is ill-posed, and may give inaccurate results

have been carried out with a novel dual-channel interferometer. in the case of strong gratings and noisy data. In the case
The results are in excellent agreement with the theory, demon- of weak gratings, the coupling coefficient and the reflection

strating the versatility of the method for characterization of fiber  spectrum are simply a Fourier transform pair [8], so the
gratings. complex envelope of the OLCR data directly corresponds to
Index Terms—Gratings, interferometry, optical fibers, optical the complex coupling coefficient.

fiber measurement, optical interferometry, reflectometry. In order to verify the theory, measurements have been
carried out with aid of a novel dual-channel interferometer.
|. INTRODUCTION The two channels are used to produce differential data, thus

) reducing the system noise. A number of different gratings
NCE the demonstration of the transverse holographigis, easily predictable profiles have been analyzed and for
ethod in 1989 [1], many improvements have been rgyg grating, the reflection spectrum has also been obtained

alized for the fabrication of fiber Bragg gratings (FBG'S)yith a tunable DBR laser yielding the same result as with our
In particular, new methods to produce long gratings withathod.

complex structures have been developed [2], [3]. Long fiber o rigorous mathematical analysis of the OLCR character-

gratings are very sensitive to perturbations and require;Ayion method is given in the Appendix. Section Il contains

practical characterization method for their actual refractive description of the experiments and the obtained results. The
index envelope and local periodicity. One method of chafisin conclusions are summarized in Section Il
acterizing FBG's is to measure the reflection spectrum with a

spectrum analyzer. However, this does not yield a complete I
characterization unless the phase response is obtained as well.

Another characterization method is optical coherence-domaﬂp
reflectometry (OCDR), which in recent years has been used in o . )
several ways to perform measurements on fiber gratings [4]A verlf_lcatlon of the theory was _camed out using a two-
[5]. channel m_t_erfero_meter capable of mt_errogat_lng a te§t grating

Using a frequency-domain method it has recently bedl two pp_smon_s §|multaneously. By using the_mformatlon from
established that optical low coherence reflectometry (OLCR)}¥0 Positions, it is possible to make differential measurements
directly related to the inverse Fourier transform of the compl@¥th the benefit of suppressing noise due to, e.g., thermal
reflection spectrum of the device under test [6]. In this pangctuathns in the system itself. Of course this somewhat I|r_n|ts
we restate this fact in the frame work of linear systems theoije SPatial (phase) measurements that can be performed in the
and use the result to fully characterize fiber Bragg gratingéont and rear parts of the grating, but this information is in
The advantage of our method is its simplicity and generalityn0St cases not so important. . _

Once the complex reflection spectrum is calculated from” Schematic two-dimensional (2-D) drawing showing the
the measured OLCR data using the Fast Fourier TransfolfRrKing principle of the interferometer is depicted in Fig. 1
(FFT), the index modulation profile (both amplitude andfor a dgtaﬂed descrlpthn, see [9]). The light from the source
phase), which is proportional to the coupling coefficient ignd grating under study is split into two channels by beamsplit-

coupled mode theory, may be obtained with the help of dar a. A translatable retroreflectdris used to alter the length
of both reference paths simultaneously. A second retroreflector

. EXPERIMENTS

Experimental Setup
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Filter Grating

/ N Grating

Fig. 2. White light source used in fiber grating characterization.

or, since we are dealing with sampled data

N n 2
ource B = A@é;« ) As (5)
=1

Fig. 1. Schematic 2-D equivalent drawing of the interferometer. Each chan-
nel has two complementary outputs. ) )
where z; is thei:th sample,n is the number of samples and

: . _ . o Az is the spatial distance between two samples.
signal. As shown in the Appendix, this signal is directly related g \yhite light source used for the measurements consisted
to the real part of the impulse response of the investigatggl 1y erbium-doped fiber amplifiers and a filter grating
grating. . , . ) connected as shown in Fig. 2. The ASE of the first amplifier is
_In all experiments, both interrogation points were scanngfliged to the filter through a circulator, is reflected, and then
simultaneously along the grating and from the resulting datgyyjified by the second amplifier. With a filter grating band-
the differential phase between these points throughout gyt of 1 nm, the light eventually reaching the interferometer

grating was calculated. For a fiber Bragg grating the impulggs 4 (vacuum) coherence length of approximately 1 mm and
response can be written on the form a power of several mW.

If only one channel is used, this coherence length determines
the spatial resolution that can be obtained. When obtaining
differential measurements, however, this is not the case. The
spatial resolution is then rather determined by the sample

Renv(T) = |henv(7')|6iq)(‘r) (2) distanceAz as well as by the resolution of the detectors.

Furthermore, spatial variations with a period corresponding

is the complex slowly-varying envelope of the impulse reo a multiple of the distance between the two interrogation

sponse andv, the average Bragg frequency. In this contexpoints will be suppressed.

it is convenient to view the impulse response as a function of The time it takes to obtain one measurement is only limited

scanning position instead of time, i.e. by the speed of the scanning movement and the sampling

frequency for a given sample distange. In our experiments,

we used a scanning speed of approximately 0.25 mm/s and

wherec is the speed of light in vacuum andg the effective a sampling rf"“e near the Nyqist limit. For. a typical 10
cm long grating the whole process of obtaining raw data

refractive index in the fiber. : .
and calculating the phase difference and envelope then took
In a general case, the absolute value and phase of the enve

) ) ; . : . . Ss than 10 minutes using a 200 MHz Pentium computer.
lope in (2) is obtained by first calculating the imaginary part Ogﬁ course this time can be substantially shortened by using

the impulse response from its experimentally determined rea :

! : ) . |9her translation speeds and more powerful computer and
part using the Hilbert transform. Since the impulse response o

oS . . ) . ata acquisition hardware.

a grating is approximately sinusoidal with the Bragg frequency
wy, the absolute value of.,,(2) may in the present case
instead be approximated by the average of the local maxima o _ o . _
of the real part in the vicinity of. Accordingly, if the distance = Some preliminary experiments confirming the functionality
between the two interrogation points is denoteddbgnd the of the setup are given in [10]. Furthermore, a weak uniform
measured phase difference By®(z), the phaseb(z) of the grating containing three phase shifts of magnituded0®,

he(r) = henv('r)ci"“'” Q)

where

he(z) = henv(Z)ei“"’"OHZ/c 3)

Results

impulse response envelope is taken as +90° and —50° was fabricated. As can be seen in Fig. 3, a
; differential measurement with the interferometer yields three
d(2) :/ Ad(z) dz (4) pegks corresponding to the phase_shiﬂg. Without the phase

d shifts, the curve would be a straight line with an offset
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Fig. 3. Measured phase difference for a uniform grating with phase sh®®, +90° and —50°.
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Fig. 4. Phase of the index modulation of the grating from Fig. 3.

depending on the distance between the interrogation pointsgimes a modulation phase according to Fig. 4, where the three
the present case, the phase difference decreases las%on phase shifts once again clearly can be seen.
as the first interrogation point passes the first phase shift. Wherrig. 5 shows the impulse response envelopes, which in this
the second interrogation point follows, the difference returns taise are the same as the index modulation envelopes measured
the initial value. As long as the distance between these poibtg the two channels. Since a phase shift works as a broad
is larger than the coherence length of the source, the FWHMnd reflector within the grating, there is a peak (positive or
of these peaks can thus be used to estimate the distancendgative) for each phase shift in the envelope as well. As seen
the present case it is approximately 1.5 mm (cf. Fig. 3). &xom (All) and (A12) these unwanted peaks are obviously
slow modulation of the phase that lowers the constant levaélie to the fact that the source spectrifw) is not constant
by about 20 toward the end of the grating can be seen. THer all frequencies at which the reflection spectrun@) is
most probable cause of this is that the fiber was not perfectlignificantly different from zero, i.e., the source is not entirely
aligned during the writing process. “white”. The peaks can therefore be reduced by using a light
Since the grating is weak, the phase of the index modulatisaurce with broader spectrum.
is directly obtained by integrating the phase difference. TheFig. 6 shows the phase difference data for a 10 cm long
phase difference offset gives rise to an unwanted linear teahirped grating. As can be seen, there is a slowly varying
that can be eliminated by choosing a suitable zero level. Thigdulation on the signal here as well. As expected, the average
corresponds to moving the reference plane for the reflectidarivative is not zero as was the case for a uniform grating.
coefficient, or equivalently adding a constant time delay. THe order to simulate a simple sensor, another measurement
phase difference zero level is in this case set t®, @thich was done on the same grating when heating one end with a
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Fig. 5. Impulse response envelopes from the two channels for the grating in Fig. 3.
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Fig. 6. Measured phase difference for a 10-cm chirped grating.

soldering iron, thus changing the chirp profile according titnat corresponds to the chirp. As a last experiment, a weak
the heat gradient. The difference of these two measurememtiform 10 cm grating with Bragg wavelength 1551.1 nm was
is plotted in Fig. 7. Obviously, this data could be used tt@bricated. The reflectance spectrum as calculated from the
determine the heat gradient along the fiber. This particulhite light interferometer data is given by the solid line in
experiment was merely done to show the principle, thoughid. 10. The spectrum of the same grating was also measured
and no proportionality constant between chirp and heat w&&h a tunable DBR-laser with a result corresponding to the
calculated. The induced chirp happened in this case to @iashed line in Fig. 10. As can be seen, the agreement between

of the same orther of magnitude, but with a different sighl€S€ two measurements is excellent. In Fig. 11, the group
as compared to the original chirp. The slow modulatioqelay calculated from the interferometer data is shown. As

disappears due to the subtraction in this plot and the noggposed to the group delay spectrum for a chirped grating, this

. : : . IS more or less constant. The peaks are caused by the phase
in the measurement is revealed. Evidently, the fluctuation I5
typically +£25° shifts that occur when the reflectance spectrum equals zero.

Performing a Fourier transform on the measured impulse
response of the unheated grating yields the reflectance spec- lIl. CONCLUSION
trum depicted in Fig. 8. The group delay is defined as the|t has been shown, theoretically as well as experimentally,
derivative of the phase spectrum with respect to frequency ai@t low coherence interferometry is a versatile tool for charac-
can be seen in Fig. 9. As expected, the linearly chirped gratitegizing fiber Bragg gratings. The output of the interferometer
yields a group delay curve that is almost linear with a slopmrresponds to the impulse response of the grating. From
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Fig. 7. Subtraction of a second measurement with heated grating from the data in Fig. 6 reveals the noise to bedtpaftally
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Fig. 8. Reflectance spectrum of the same chirped grating as in Fig. 6.

this, we obtain the reflection spectrum and the group deléye following, we apply a linear systems approach to derive
spectrum. In the case of a weak grating, the measured impulse important result that the detector signal as a function of
response directly corresponds to the index modulation aneference mirror position corresponds to the impulse response
plitude and phase (or the complex coupling coefficient). Fof the device under investigation.
stronger gratings it is necessary to use an inverse scatteringit a given point the light from the source is represented
method to obtain the same spatial information. by a random complex field(¢). It is characterized by the

In the experimental verifications, a dual-channel interfeautocorrelation function
ometer has been used, giving the benefit of reducing noise .
originating from e.g. thermal fluctuations in the interferometer I'ep(o) = (E* (1) E(t +0)) (A1)
itself. The measurements show a noise corresponding 10 @@ere (.. .) denotes the time average. Light coming from the
proximately+25° in spatial phase. This value is by no meangyierferometer arm containing the fiber grating will interfere
a limit: most of the noise probably comes from fluctuations iyt jight from the (broadband) reference mirror at the beam-
the velocity of the scanning interferometer arm and furth@pyiter. Each arm is characterized by a respective impulse
improvements to this movement would probably also takesnonse, which for the reference arm is a simple time delay
away a substantial part of the noise. corresponding to the time it takes for the light to travel twice
the length of the arm. According to the theory of linear systems

11], the electric fields at the beamsplitter are thus given b
The basis of the theory is an ordinary Michelson interfell— ] P g y

ometer used with a white light source as shown in Fig. 12. In E(t)y=E({t—7) (A2)

APPENDIX
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Fig. 10. Reflectance spectrum of a uniform grating, calculated from the OCDR data (solid curve), and measured by the DBR laser (dashed curve).

and R denoting the real part. The first two terms in (A5) are trivial,
oo since they are constant powers independent of the deldye
Ey(t) = E(t) x h.(t) = / E(")h.(t—t')dt’  (A3) recognize the last interference term as a cross-correlation of
- E,(t) and Ex(t), which will be dependent of, i.e.

wherex denotes the convolution integral ahgd(¢) is the com- _ X .
plex impulse response of the interferometer arm containing the I(r) = RE{ (1) Bx(1)) = R e, £, (0). (A6)

device under investigation. Note that(t —¢') = 0 for ¢ <¢ s interference detector signal is determined by the prop-
due to causality. The total field at the beam splitter becomegiias of the source field(t), impulse responsé.(¢) and

delay 7.
E =F Es(t). A4
12(0) 1)+ Bo(1) (A4) On substituting (A2) and (A3) into the expression for

We are interested in the detector signal, which is proportiorak: £, (0) obtained in analogy with (A1), we find

to the average power aF;,(t)
2 FElEz(O): <E*(t_7_)'/
Lyt (7) = (| E12(D)]7) -
= (|EL(D)*) + (| E2(8)) + 2 - R(ES (£) Ea(1)) Since the source has a finite power, the mean-square value
(A5) (|E(t)|?) is finite for all t and we may interchange the order

o

E(t"Yh(t —t") dt’>. (A7)
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of averaging and integration [11]

oo

oo

-/

where the last equality follows from (A1) and noting tHz{t)
is stationary.
By Fourier transforming (A8), we obtain

F{Tp,5,(0)} = r(w) - S(w)
where S(w) = F{T'gg(t)} is the power spectral density

(E*(t —T)E(t —t")Yh(t') dt’

Cep(r —t)h(t") dt (A8)

oo

(A9)

of the source due to the Wiener—Khintchine theorem and

r(w) = F{h.(t)} is the reflection coefficient of the device
under investigation. Hence

Upy g, (0) = F~Hr(w) - S(w)} (A10)
and

I(1) = REHr(w) - S(w)}. (A11)

The same formula is also deduced in the frequency domain in
[6]. Note that the result is general and valid for any optical
filter and source spectrum.

Now, in OLCR the spectral bandwidth of the source is
often much larger than the bandwidth of the device under
investigation. HenceS(w) may be treated effectively as a
constant near the Bragg frequency= w, characterizing the
grating, yielding

I(1) = RS(wy) - F7H{r(w)}. (A12)
Since S(w) is real, we obtain
I(7) = const - Rh.(7). (A13)

Hence, ignoring a background power, the data from the white
light interferometer corresponds to the real part of the impulse
response of the device under investigation, provided the spec-
trum of the source is constant over the device bandwidth. The
imaginary part ofh.(7) is generally obtained from the real
part in terms of the Hilbert transform [12].
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Chapter 6

Thesis summary and future work

In this chapter we will summarize the previous chapters with a special emphasize on
the results. We will also try to draw lines into the future.

6.1 Summary

In Chapter 2 we derived the coupled-mode equations that govern the coupling between
the forward and backward propagating waves in a fiber grating. The connection be-
tween the mathematical model and the physical grating was examined. We defined the
complex coupling coefficient ¢(z) and found that its modulus and phase correspond to
the index modulation amplitude and phase, respectively. Once the mathematical model
was established, we could use it as a starting point for analyzing the reflection and
transmission response of an arbitrary grating. We observed that there is a Fourier rela-
tion between the coupling coefficient and the reflection spectrum for weak gratings. For
uniform gratings we found exact closed-form expressions for the reflection and transmis-
sion coefficients. When analyzing nonuniform, general gratings, one must use numerical
tools as the well-known numerical integration method or the transfer-matrix method.
As an alternative, we also presented a discrete method that is the direct counterpart
to the discrete layer-peeling algorithm for the inverse (synthesis) problem. We ended
this chapter by examining the different mathematical properties of the reflection and
transmission spectra in addition to some properties of the transform between ¢(z) and
the spectra.

Chapter 3 was devoted to the inverse scattering problem of finding the grating struc-
ture from a desired, complex reflection spectrum. First we applied a genetic algorithm
to the problem. In this optimization method, each grating corresponds to an individual.
By evolution through several generations, the performance of the individuals (gratings)
becomes better. The performance or fitness of the individuals was computed by a merit
function. The method is general and it is easy to weight different trade-offs as for ex-
ample dispersion and skirt steepness. The main disadvantage is the computing time; it
is considerably slower than most other approaches to the synthesis problem.

The next paper in this chapter contained a description of the layer-peeling algorithm
for designing gratings. The essence of this method is the following causality argument:
The impulse response of the grating evaluated at time 7 = 0% corresponds directly to
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the front end of the coupling coefficient since the light does not have time to propagate
deeper into the structure. Since the initial segment of ¢(z) now can be determined, one
can propagate the fields to the next section using the coupled-mode equations or the
transfer matrix. Then, one is in the same situation as at the beginning, since the effect of
the first layer is "peeled off”. The process is continued until the entire grating structure
is reconstructed. In our paper we described two variants of the same method, what we
called the discrete and continuous layer-peeling algorithm. The discrete technique was
simplified compared to a previously published version of it, and it was shown how it can
be implemented exactly on a computer once the grating model is discretized into a stack
of discrete reflectors. Moreover, the continuous version was derived and an error in the
literature was corrected. The discrete and continuous variants were compared, and we
found that the discrete layer-peeling algorithm is significantly faster than its continuous
counterpart, whereas the continuous algorithm offers some advantages in flexibility.

To demonstrate the generality of the layer-peeling inverse scattering approach, we
utilized it for the design of optical thin-film filters in the last paper of Chapter 3. We
designed both filters consisting of arbitrary index layers (with indices ranging between
certain limits) and filters consisting of layers with only two different indices. Since the
algorithm is so fast, it is particularly useful for filters with many layers.

Chapter 4 contained a similar synthesis problem. We designed grating filters work-
ing in transmission with an arbitrary complex response inside a finite bandwidth. The
synthesis problem turned out to be that of obtaining a minimum phase transfer function
approximating a desired, complex function in a finite interval. In the first paper, we
solved this general continuation problem and developed a numerical algorithm. Depen-
dent on the required asymptotic behavior of the transfer function at infinite frequency,
we got two different variants of the method. For asymptotic value different from zero,
the synthesis method was completely general and rigorous. For asymptotic value equal
to zero, the method was not suitable for all kinds of filters as the designed filters in some
cases get large energy.

The minimum phase design method was then applied to the synthesis of fiber grat-
ings in the next paper. The algorithm was modified to obtain a passive filter, and
practical gratings with desired transmission characteristics were designed. In particu-
lar, we designed gratings that can be used as dispersion compensators in transmission.
Several trade-offs are present in the design process. In particular, we demonstrated that
the power transmission in the pass band, the dispersion, and the bandwidth are closely
connected. For a dispersion compensator, one usually wants large transmission and also
large dispersion. To obtain this the bandwidth of the filter must be relatively small.

In Chapter 5 we proposed different methods for complete characterization of gratings.
First we analyzed a method for phase reconstruction from reflectivity that has appeared
in the literature. In this method, one assumes a priori that the reflection coefficient
satisfies the minimum phase condition. For certain types of gratings, as uniform gratings,
this condition is fulfilled, and consequently one can use the logarithmic Hilbert transform
to reconstruct the reflection phase response. However, it turns out that small grating
imperfections may move the reflection zeros to the ”wrong” half-plane, and then the
response is not minimum phase anymore. It is shown that the reconstructed phase
response often is more inaccurate than the phase response of the corresponding ideal
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grating. Consequently, this method is not suitable for experimental gratings.

In the next paper we proposed a different method for the characterization. We as-
sumed that the modulus of the coupling coefficient is known a priori. Then, if the
coupling coefficient is not symmetric, one can retrieve the phase of the coupling coeffi-
cient from the power reflectivity spectrum. The phase retrieval is performed by using
an iterative Fourier transform algorithm. This method may be useful for intragrating
sensing according to the following scheme: Initally one must fabricate a weak grating
with an asymmetric index modulation amplitude and characterize it using a method for
complete characterization (for example one of the methods in Section 5.3 or 5.4). Then
one can use the grating as a sensor: By recording the power reflection spectrum one
can compute the grating phase using the iterative Fourier transform algorithm since the
coupling coefficient amplitude is known. Only the phase and not the amplitude of the
coupling coefficient is altered when the grating is exposed to a change in the strain or
temperature profile. The temperature or strain profile is encoded in the phase of the
coupling coefficient or the Bragg wavelength profile.

The two final papers contained descriptions of complete characterization methods.
The first method is the simplest; one cuts the fiber after the grating yielding a Fabry-
Perot cavity with the grating and the bare fiber end reflection as the mirrors. By
looking at the phase of the Fabry-Perot spectral fringes, one can read out the effective
cavity length and thus the group delay of the grating. The power reflection spectrum
is obtained from the lowpass-filtered Fabry-Perot spectrum. The method was tested
on numerical examples with noise and also experimentally, yielding good stability and
reproducibility.

The idea of the final characterization method is to use low-coherence light to probe
the grating at different positions. We showed that the measured signal is proportional to
the impulse response of the grating, and thus one gets the complex spectrum by a Fourier
transformation. Several gratings were characterized experimentally using a dual-channel
interferometer. An excellent agreement between the square modulus of the measured
spectrum and the power reflection spectrum measured by a scanning DBR (Distributed
Bragg Reflector) laser was demonstrated.

6.2 Future work

One interesting issue is the impact of noise in inverse scattering algorithms. For several
applications, it is desirable to reconstruct the grating profile from a measured complex
reflection spectrum, and hence it is desirable to analyze how noise in the measurements
is amplified through the reconstruction process. It would also be useful to include some a
priori information on the coupling coefficient in order to regularize the solution yielding
better numerical stability.

As noted in the appendix of Section 3.2, the FIR windowing procedure is not neces-
sarily optimal for the synthesis of finite length gratings. Strictly speaking, the windowing
procedure does not apply to Bragg gratings due to the infinite length of the grating im-
pulse response. Therefore, it would be useful to investigate how one can make a goal
spectrum exactly realizable for a grating of length L. For example, one could try to find
the realizable spectrum that is closest to the goal spectrum in the least-square sense. By
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combining such a fitting procedure with the layer-peeling algorithm, one ends up with
a design method that finds the grating structure of length L whose reflection spectrum
is optimal with respect to the goal spectrum. Such a method would be particularily
suitable for designing short gratings.

The algorithm for synthesis of minimum phase functions could be used in other
fields, for example for designing thin-film filters in transmission or transmission lines.
Moreover, the numerical solution to Krein-Nudelman’s problem could be used for ex-
trapolation of causal filter functions or design of general filters. It would be interesting
to investigate how the extrapolation technique complies with noise for different values
of u.

It remains an open question which method that would be the most practical for
intragrating sensing. One could in particular test the methods in Section 5.2 and Section
5.3 experimentally for this purpose. Both methods are promising due to relatively good
stability against noise, and because it is only necessary to record a power reflectivity
spectrum.
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