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Due to the error of digital sampling, there is a deviation between the zero optical path difference (ZOPD) detection po-
sition of the interference signal in the infrared gas analyzer and the actual position. To solve this problem, a
high-precision detection method of the ZOPD position based on wavelet transform is proposed. Firstly, the wavelet
envelope curve of the interference signal is obtained by the wavelet transform, which can obtain the phase information
and amplitude information of the maximum modulation position, and then the optimal ZOPD position is calculated by
using the amplitude and phase information. The experimental results show that the error of the wavelet transform method

is 19.617 nm, and the relative error is reduced by 93.11% compared with the peak method.
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The high-precision detection of the interferogram's zero
optical path difference (ZOPD) position is critical. On the
one hand, the accuracy of the ZOPD position affects the
accuracy of spectral recovery and infrared gas analysis!").
On the other hand, since the infrared gas analyzer starts
sampling from the ZOPD position (i.e., the scanning start
position), the ZOPD position detection algorithm can be
applied to the detection of the scanning start position. At
present, the scanning starting position detection methods
include the position sensitive detector (PSD) method, the
mechanical part positioning method, etc. Compared with
these methods, the ZOPD position detection method of
infrared interference signals does not require additional
components, optimizes the structure of the interference
system, and improves its stability. This paper will study
the ZOPD position detection algorithm based on wavelet
transform.

Processing algorithms of interferograms' ZOPD posi-
tion detection can be classified into two categories. One is
to determine the maximum point of the light intensity
amplitude as the ZOPD position by analyzing the inter-
ference signal's light intensity distribution®. For exam-
ple, GUILLAIN et al"® used the center of gravity method
to determine the maximum position of the interference
fringe's modulation and then determine the ZOPD posi-
tion. SHI et al'®” extracted the signal envelope following
frequency low-pass filtering and time-domain mean fil-
tering, and determined the maximum position of the in-

terference signal via the envelope maximum, that is, to
determine the ZOPD position. The other method is to
determine the ZOPD position by analyzing the phase
information contained in the interference signal®'%. For
instance, FENG et al''"! determined the ZOPD position
using the linear relationship between the phase error
caused by the interference fringe's translation and the
wavenumber, then corrected the offset of the ZOPD po-
sition using the residual phase method for linear regres-
sion analysis. SHAO et al'?! employed the maximum
correlation method and the calibration spectral imaginary
part minimum method to determine the ZOPD position of
the interference signal. WEI et al'*' not only success-
fully acquired the ZOPD position of a pulse train inter-
ferometer using phase information and a frequency pair
model, but also realized that the second harmonic inter-
ference fringe phase!"” was used as a position marker for
the ZOPD position detection in a nonlinear pulse train
interferometer.

To further improve the accuracy and reliability of the
ZOPD position detection, a ZOPD position detection
method based on wavelet transform!*'® is proposed,
which simultaneously combines phase and amplitude
information. In contrast to amplitude information, phase
information is less susceptible to amplitude noise, which
can make up for the ZOPD position error determined by
the amplitude information!'*2",

A wavelet function is a collection of functions that are
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created by stretching and translating the wave-
let-generating function. Assuming that the scale factor is a
and the translation factor is b, the wavelet function can be
written as follows

<oz<x,a,b>=%<ol ("T"b} (1)

where ¢, is the wavelet generating function, ¢, is the
wavelet function, and x is the independent variable.

For any square-integrable function, the one-dimensio-
nal continuous wavelet transform has the following ex-
pression form:

W(a.b)=[" f(x)g;(x.a,b)dx, @)

where * represents the conjugate operator, and ¢,(x, a, b)
is the wavelet basis function of the wavelet transform.

Changes in the scale factor a reply to changes in the
signal f frequency, whereas changes in the translation
factor b correspond to changes in the signal f displace-
ment. The size of the correlation between ¢,(a, b) and
signal f at various frequencies and displacements can be
determined by changing the scale factor a and the trans-
lation factor b continuously. The inner product connection
W(a, b) between the function and the wavelet sequence
describes the degree of similarity between the function
and the wavelet sequence function.

Given that the interference signal has Gaussian distri-
bution features and the Morlet wavelet is modulated by a
Gaussian function', the Morlet wavelet can be selected
as the wavelet generating function of the wavelet trans-
form with the complex expression in the form of

v (2) = exp(~——)-exp( j2mn,2). 3)

As the sampled signal is discrete, the discrete wavelet
transform is required for the wavelet analysis of the in-
terferometric signal. The following series is defined:

w(n) = exp[—(nAz/LW )2 } exp(j(vaOnAz)), 4)

where L, is the infrared light source coherence length, Az

is the interferometric signal sampling interval, and v is

the central wavenumber of the interferometric signal.
The Morlet wavelet family can be expressed as

n=by )

For the interferometric light signal, the wavelet trans-
form is calculated as

WT(a,b) = ZN:X(n)gD* (n,a,b). (6)

n=l
For an arbitrary position, the wavelet coefficients are
calculated as

|WT(a,b) |= WT?(a,b) + WT*(a,b), (7
where WT(a, b) is the real part of the Morlet wavelet
transform, WTi(a, b) is the imaginary part of the Morlet
wavelet transform, and| WT1(a, b)| is the wavelet coeffi-

cient.
After wavelet processing, the phase information for any

L
p(n,a,b)=a *y(
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point is

o(a,b) = arctan(WT}(a,b)/WTr (a,b)). ®)

The wavelet analysis signal area gradually varies while
a and b are changing. WT1(a, b) will attain a maximum
when it reaches a region where the wavelet function's
oscillation frequency is equal to the signal frequency.
When analyzing the interference signal, the center fre-
quency of the Morlet mother wavelet is tuned to coincide
with the interference signal's center frequency. As a result,
the value of the parameter a can be set to 1. In this situa-
tion, the only parameter that needs to be changed is b (1,
2, 3,..., N), which can make the Morlet subwavelet slide
over the signal and extract the wavelet coefficients. That
is, we may obtain the signal's wavelet envelope by way of
the Morlet wavelet transform. The maximum modulation
position of the wavelet envelope is the position of
zero-order fringe, and its phase value is ¢.

According to the amplitude and phase information of
the interference signal obtained by wavelet transform, the
ZOPD position after deviation compensation can be cal-
culated as follows

h=Azxp—AzxNx¢/2n, 9)
where p is the maximum modulation position of the in-
terference signal, N is the number of sampling points in
the phase interval of (—=, nt], where the zero-order fringe
is located, and the phase value of the maximum modula-
tion position is .

The schematic diagram of the error between the
maximum sampling intensity position and the ZOPD
position is shown in Fig.1.
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Fig.1 Schematic of the sampling deviation at the
maximum intensity position

The algorithm flow chart for determining the ZOPD
position based on the wavelet transform is shown in Fig.2.

The experimental data were collected using a
self-developed Fourier transform infrared spectrometer.
The portable Fourier transform infrared spectrometer's
working principle is depicted in Fig.2. The instrument is
designed with a Michelson interferometer as its core,
which can quantitatively analyze atmospheric pollution
gases. The interferometer's primary components are a
beam splitter, a moving mirror, and a fixed mirror. As
shown in Fig.3, the infrared light from the infrared light
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source passes through the beam splitter. Ideally, 50% of
the light is reflected back to the beam splitter after being
reflected to the moving mirror, and the other 50% of the
light passes through the beam splitter to the fixed mirror
and then reflected back to the beam splitter, which results
in an optical path difference and interference. When the
optical path difference is zero, the phases of the two
beams reflected by the beam splitter from the fixed mirror
and the moving mirror are the same, and the light intensity
after superposition is the sum of the intensities of the two
beams. When the moving mirror moves a quarter of the
wavelength, the optical path difference is a half wave-
length. At this time, the phases of the two beams are op-
posite, and the light intensity is zero after superposition.
When the moving mirror moves another quarter of the
wavelength, the optical path difference is one wavelength,
the phase difference between the two beams is one
wavelength, and the phase is the same. The interference
signal is formed when the moving mirror moves at the
same speed over time. The signal intensity detected by the
detector changes in cosine to form the interference signal.

Infrared interference signal

Y

Set morlet wavelet basis function parameters according
to infrared interference parameters

v

Discrete wavelet transform is performed to
infrared interference signal

v

Obtain the position of the maximum wavelet coefficient
(p) and its corresponding phase information (¢)

v

The ZOPD position is calculated:
h=AzXp -AzX NX /21

Fig.2 Algorithm flow chart based on the wavelet
transform
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Fig.3 Working principle of the portable Fourier trans-
form infrared gas analyzer
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Twelve experiments were carried out in this study, with
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each experiment generating eight groups of experimental
data. Taking into account that the detector hasn’t been
completely cooled after the equipment is turned on, the
first few experiments of data with significant noise signal
are discarded, and the middle 80 consecutive groups of
experimental data are collected. When there are eight
consecutive groups of data, they are averaged once, and
10 groups of interference data are made out of that.

The ZOPD position for the interference signal collected
by the infrared gas analyzer is determined by the wavelet
transform method and the peak value method, respec-
tively, as shown in Fig.4.
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Fig.4 ZOPD position for the wavelet transform method

and the amplitude peak method

The ZOPD detection error of the amplitude peak
method is mainly caused by sampling error. Theoretically,
the smaller the sampling interval is, the smaller the error
of the amplitude peak method is. Therefore, under the
same conditions, 1/10 of the original sampling interval
(i.e., the sampling interval is A/20, where 1 is the wave-
length of the Helium-Neon laser) is used for interference
signal sampling, and the ZOPD position of the interfer-
ence signal is obtained as a relatively accurate position.
For the interference signal data under the original sam-
pling interval (i.e., the sampling interval is A/2), the
ZOPD position is obtained by using the amplitude peak
method and the wavelet transform method, respectively,
as shown in Tab.1. Compared with the relatively accurate
position, the error of the amplitude peak method is
284.76 nm and the error of the wavelet transform method
is 19.617 nm. The relative error is reduced by 93.11%.

This paper proposes a high-precision detection method
of the ZOPD position based on the wavelet transform. The
process is essentially divided into two steps. Firstly, the
amplitude and phase information of the maximum
modulation position of the infrared interference signal are
extracted by wavelet transform, and then the position of
ZOPD is calculated by combining the phase and ampli-
tude information. The phase information is not easily
affected by the amplitude noise, and the ZOPD position
error determined by the amplitude information can be
compensated through phase information, which can im-
prove the accuracy of the ZOPD position detection. The
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Tab.1 Consecutive measurement results

Relatively .
. Amplitude ~ Wavelet trans-
Experiment accurate
. peak form
position
1 15 851.64 16 136.4 15 838.984
2 15 851.64 16 136.4 15 905.428
3 15 851.64 16 136.4 15 842.148
4 15 851.64 16 136.4 15 895.936
5 15 851.64 16 136.4 15 823.164
6 15 851.64 16 136.4 15 905.428
7 15 851.64 16 136.4 15 826.328
8 15 851.64 16 136.4 15 842.148
9 15 851.64 16 136.4 15924.412
10 15 851.64 16 136.4 15 908.592
Average 15 851.64 16 136.4 15 871.257
Relative error - 284.76 19.617

experimental results show that compared with the am-
plitude peak method, the ZOPD position error determined
by the wavelet transform method is 19.617 nm, and the
relative error is reduced by 93.11%.
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