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Abstract

We report on processing the spectral interference signals by a new method based on a windowed Fourier transform applied in the
wavelength domain. First, the numerical simulations are performed to demonstrate high precision of the phase retrieval from the spectral
signal. Second, the feasibility of the method is confirmed in processing experimental data from a dispersive Michelson interferometer
comprising a cube beamsplitter made of BK7 glass. From the retrieved spectral phase difference, the effective thickness of the beam-

splitter is determined precisely.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

White-light spectral interferometry utilizing a broad-
band source in combination with a standard Michelson
or Mach—Zehnder interferometer has been widely used in
various research areas including distance and displacement
measurements [1-5], profilometry [6-9], material character-
ization [5,10-16] and optical communications [17,18].

White-light spectral interferometry is based on the
observation of spectrally resolved interference fringes
(channeled spectrum) obviously recorded far from a sta-
tionary phase point [19] and involves measurement of the
phase or period of the spectral fringes. The channeled spec-
trum can be recorded in the frequency (wavenumber) or
wavelength domain and can be stationary or non-station-
ary (without or with variations of the periodicity of the
fringes). In profilometry, for example, the sample height
profile can be determined by simply differentiating the spec-
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tral phase difference (spectral phase) retrieved from a single
interferogram recorded in the wavenumber domain [6-9].
Similarly, the group dispersion of a sample under study
placed in the interferometer can be obtained by simply dif-
ferentiating the frequency-dependent spectral phase [17]. If
the spectral interferogram is recorded in the wavelength
domain (by the CCD array with an equal wavelength sam-
pling), it can be transformed into the frequency domain
replacing the wavelength sampling with an equal frequency
sampling using suitable algorithms [8,17,20]. The algo-
rithms can also be used to transform non-stationary inter-
ferograms into stationary ones. The stationary wavelength
domain channeled spectra are still appropriate to retrieve
the spectral phase as a function of the wavelength [12,18].

There exist a large number of algorithms suitable for the
phase reconstruction from the recorded channeled spec-
trum. For the spectrum recorded in the frequency (wave-
number) domain, these include a five-point [2,10] and a
seven-point [7,9] algorithms, a Fourier transform algorithm
[5,8] and especially for the non-stationary channeled spec-
trum, a wavelet transform algorithm [15]. For the spectrum
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recorded in the wavelength domain, the algorithms include
a two-point algorithm [11], a Fourier transform algorithm
[12,13,18], a phase-locked loop method [12] and especially
for the non-stationary channeled spectrum, the Kalman fil-
tering method [14,21]. In the latter case, the spectral phase
is reconstructed from the spectral interference signal, which
is obtained from the recorded channeled spectrum sub-
tracting the effect of the reference non-channeled spectrum.

In this paper, a new method of processing the non-sta-
tionary spectral interference signals is presented, which is
based on a windowed Fourier transform [22,23] effectively
applied in the wavelength domain. First, we performed the
numerical simulations to demonstrate high precision of the
phase retrieval from the spectral signal. The feasibility of
the method was confirmed in processing experimental data
from a dispersive Michelson interferometer to determine
precisely the effective thickness of a cube beamsplitter made
of BK7 glass. The spectral phase was retrieved and the
effective thickness was obtained as the slope of the linear
dependence of the retrieved optical path difference on the
refractive index of the glass [13]. We utilized the technique
to measure the effective thickness of two different cube
beamsplitters.

2. Theoretical background

In this section we show how a windowed Fourier trans-
form (WFT) is defined in the spatial domain [22,23] and
how the spatial fringe pattern is related to the spectral
interference signal. We also demonstrate the feasibility of
the WFT in processing the simulated spectral interference
signal, including noise, to retrieve precisely the spectral
phase.

2.1. Windowed Fourier transform

A 1D spatial domain fringe pattern can be generally
expressed as

f(x) = alx) + blx) cos[p(x)] + n(x), (1)

where f'(x), a(x) and b(x) are the recorded intensity, back-
ground intensity, and fringe amplitude, respectively; ¢(x) is
the fringe phase distribution, and n,(x) is the noise, which
is assumed to be additive. To retrieve the phase informa-
tion ¢(x) from the recorded fringe intensity f(x), a WFT
will be used. The WFT and inverse WFT can be written as

/ S()g(x — u) exp(—jéx)dx 2)

zﬁ/m/

where F(u, £) denotes the WFT spectrum and g(x) is a win-
dow, which can be chosen as a Gaussian function

g(x) = exp(—x*/207), (4)

glx —u) exp(jéx)dédu, (3)

where the parameter ¢ controls the width of the Gaussian
window. By combining Egs. (2) and (3), we obtain

f(x)= % /+Oc[f(x) ® h(x, &)] ® h(x, £)dE, (5)

where /(x, £) = g(x) exp(jéx) and ® denotes a convolution,
which is implemented with respect to the variable x. Next,
an approach based on a windowed Fourier filtering with
modifications of Eq. (5) is used [22,23]

_ % / /() @ hx, )] @ h(x, &)de. (6)

The modifications include the thresholding denoted by
the overline and the setting the integration limits from a
to b. The thresholding means that if | f(x) ® A(x, &) | is
smaller than a certain threshold 7T, it is treated as noise
and is removed. The integration limits mean that only the
desired spectrum in a limited range is selected.

After fringe pattern f(x) is synthetized, the phase ¢ (x)
can be retrieved as

¢(x) = angle[/ (x)]. ()

The phase can be unwrapped using a simple procedure.
2.2. Spectral interference signal

A 1D fringe pattern in the wavelength domain, which
can be recorded for example at the output of a Michelson
interferometer, has the general form [4]

In(2) = 1 ({1 + V1(2) cos[(2r/ 2) Au(2)]}, (8)

where 1\))(4) is the reference spectrum, V;(A) is the wave-
length-dependent overall visibility of the spectral interfer-
ence fringes and Ay(A) is the wavelength-dependent
optical path difference (OPD) between two beams in the
Michelson interferometer. The form (8) can be related to
the form of the 1D spatial fringe pattern given by Eq. (1)
simply replacing the spatial coordinate x by the wavelength
/. Because we are retrieving only the phase, we evaluate the
spectral interference signal SM(}e) defined as [14,16]

Sw(2) = Iu(A) /1 () = )
which can be represented in the form:
Sm(4) = c(2) cos[¢p ()] + ns(4), (10)

where Sy (4) and ¢(A) are the measured spectral interfer-
ence signal and spectral fringe visibility, respectively; ¢(4)
is the spectral phase to be retrieved, and ng(4) is the noise,
which is assumed to be additive.

2.3. Numerical simulation and processing

In this subsection we show the feasibility of the WFT in
processing the simulated spectral interference signal,
including the noise, related to a specified interferometer
configuration. To simulate the signal Sy (1), we consider
a slightly dispersive Michelson interferometer with two
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