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Abstract

A novel signal processing method based on custom-made Wavelet Trans-
form (WT) is presented for robust detection of fringes contained in the in-
terferometric signal of Self-Mixing (SM) laser diode sensors. It enables the
measurement of arbitrarily-shaped vibrations even in the corruptive presence
of speckle. Our algorithm is based on the pattern recognition capability of
the customized WT for identifying SM fringes. Once the fringes have been
correctly detected, phase unwrapping methods can be applied to retrieve the
complete instantaneous phase of the SM signals. Here, the novelty consists
in using two distinct mother waveletsΨr(t) andΨd(t) particularly designed
to distinguish SM patterns as well as the displacement direction. The peaks,
i.e. maxima of WT, then allow the detection of the fringes.

1 Introduction

Self-mixing (SM) or optical feedback interferometry has been widely used for
metrological sensing applications during the last two decades as it results in a
simple, compact, self-aligned, and cost-effective sensor[8]. SM effect occurs in
a laser when a part of the beam backscattered by a target is coupled back into the
laser cavity and causes interference with the emitted beam,thus modifying the
spectral properties of the laser. The variations in the optical output power of the
laser diode P(t) caused by this optical feedback can be written as [16]:

P(t) = P0 [1+mcos(xF (t))] (1)

whereP0 is the emitted optical power under free-running conditions, m the mod-
ulation index andxF (t) the laser output phase in the presence of feedback, given
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by:

xF (t) = 2π
D(t)

λF (t)/2
(2)

with D(t) the target displacement. The emission wavelength subject to feedback
λF (t) is intrinsically encompassed in the phase equation [5]:

x0(t) = xF (t)+C sin[xF (t)+arctan(α)] (3)

whereα is the linewidth enhancement factor andx0(t) is the laser output phase in
the absence of feedback, given by:

x0(t) = 2π
D(t)
λ0/2

(4)

with λ0 is the emission wavelength under free running conditions. The feedback
coupling factorC is then [8]:

C =
τD

τL
γ
√

1+α2κext (5)

whereτL andτD are the round trip times in the internal and external cavities re-
spectively,γ is the coupling efficiency andκext depends linearly on the surface
reflectivity of the target.

TheC parameter plays a very important role in SM signals as variations inC
induce changes in the so-called SM operating regimes [8]. Thus, the shape of SM
signals strongly depends onC. As a result, theC factor [13] is usually used to
distinguish between three main optical feedback regimes [9]:

• 0.1< C < 1: weak optical feedback regime with sinusoidal or asymmetric
SMI fringes devoid of sharp discontinuities [7].

• 1 < C < 4.6 : moderate optical feedback regime with sawtooth-like SMI
fringes exhibiting hysteresis [3].

• 4.6< C : strong optical feedback regime [9,14].

Consequently, for practical applications, a complex variety of SM signals needs
to be reliably processed as variations in optical feedback can become unavoid-
able. Typically, each SM regime would thus require specific signal processing for
displacement extraction [16]. This is further aggravated if speckle is additionally
present.

In this context, a robust SM fringe detection scheme (ideally independent of
SM feedback regime, additive white noise, and speckle effect causing amplitude
modulation of signal) is necessary in order to perform the target displacement
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reconstruction because most of the signal processing techniques rely on it as a
first step [4, 5]. Usually, the moderate optical feedback regime is thus sought for
displacement sensing as its supposedly straight-forward signal shape [5] leads to
simplified signal processing. However such a regime cannot always be obtained.
Consequently, different methods have been proposed to improve the robustness of
SM fringe detection, as detailed below.

Signal processing based on envelope tracking and adaptive threshold scheme
[15] was shown to improve the robustness of displacement reconstruction but in
some cases, fringes might not be detected. A Hilbert transform-based algorithm
[1] was then proposed to extract the instantaneous SM phase.Nevertheless, it can-
not inherently determine the target direction and sub-wavelength displacements
could be wrongly interpreted. WT [6] was shown to be an efficient way to analyze
SM signals as non-stationary signals. However, such approaches were hitherto
based on available mother wavelets. Consequently, differential and evolutionary
algorithms [10] were necessary to detect the fringes, but these require high com-
puting resources.

In this paper, it is shown that the robustness of fringe detection can be en-
hanced by the use of dedicated mother wavelets specifically defined for SM sig-
nals in order to greatly alleviate the computing demand. Thefollowing sections
describe the proposed signal processing and the results obtained for simulated and
experimentally acquired SM signals which demonstrate an amelioration in the fi-
nal displacement sensing results.

2 Fringe Detection using a Bi-Wavelet Transform

2.1 Wavelet transform and non stationary signals

Contrarily to Fourier Transform, WT can provide information of spectrum changes
with respect to time [12]. As a result, WTs are better suited to analyze non-
stationary signals. The WT decomposes the signal into different scales with dif-
ferent levels of resolution by dilating a single function named the mother wavelet
Ψ. The definition of the wavelet transform of a signalf (t) is as follows:

W f (s, t) = f (t)∗Ψs =

∫

f (u)Ψ
(

t −u
s

)

du (6)

whereΨ is the mother wavelet and s the scale parameter which provides informa-
tion regarding the signal frequency.

For the detection of singularities with such multiscale transforms, the tech-
nique based on the modulus maxima can be used [12]. Here, the singularities to
be detected are the SM fringes, each of which corresponds toλ /2 target displace-
ment.
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Figure 1: Original Pattern based on SM rising fringe obtained for C=1.5 (blue
line) and its Adapted WaveletΨr (dashed green line)

Figure 2: Original Pattern based on SM decreasing fringe obtained for C=1.5 (blue
line) and its Adapted WaveletΨd (dashed green line)

2.2 The proposed Bi-wavelet tranform approach

Different kinds of mother wavelets can be used to analyze SM signals such as
the symlet wavelets and the Daubechies wavelets. However, different results are
obtained depending on the mother wavelet used [6]. Hence, inorder to obtain
more accurate information about the presence or absence of aSM fringe, we have
created specific mother wavelets tailor-made for SM signals. Noting that the WT
is based on convolution (eq.(6)), WT can thus also be used as apattern recognition
method. Further, WT inherently computes the cross-correlation along the scales.

Consequently, if the mother wavelet is defined to ressemble an SM fringe,
it can then give better results as it will address more specific singularities. In
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addition, as SM signal fringes for moderate and weak regimesare not symmetric
[2], it can be advantageous and more efficient to define not just one but two mother
wavelets to provide a better sensitivity to fringe detection and also to discriminate
the displacement direction in an intrinsic manner.

Here, using the MatlabR©wavelet toolbox, based on a typical rising and de-
creasing SM fringe forC=1.5, two mother waveletsΨr (t) and Ψd (t) are thus
defined respectively (Fig. 1 and 2). ThisC value has been chosen to match our
SM sensors autofocus system which tries to lock toC ≈1.5 [4]. The generated
functionΨr andΨd can be considered to be wavelets as:

∫ ∞

−∞
Ψr,d (t)dt = 0 (7)

∫ ∞

−∞

∣

∣Ψr,d
∣

∣

2
(t)dt < ∞ (8)

As in [11], the maxima are selected by using a threshold basedon the signal-
to-noise ratio of the signal modulus. Finally, a tracking envelope of those maxima
obtained for each mother wavelet is used to distinguish the maxima into corre-
sponding rising or decreasing fringe patterns.

3 Simulation Results

Initially, a simulated noisy sinusoidal target displacement is retrieved using the bi-
WT approach for a lowC value (C ≈0.6) to demonstrate that the algorithm is not
just restricted to the moderate feedback regime. Fig. 3 clearly shows thatΨr (t)
andΨd (t) are particularly adapted to rising and decreasing fringes respectively.
Thus, SM fringes have been correctly detected in spite of presence of noise and
variable fringe amplitude.

Further, Fig.4 shows the WT of the same SM signal (as in Fig. 3 c)) using
only one standard reverse biorthogonal mother waveletΨrbio. Compared with
the proposed approach, it is much more complicated to discriminate the relevant
singularities using the modulus maxima approach. For instance, if the red dashed
line in Fig. 4 is defined as the threshold, then 6 false rising-fringes are detected.
On the contrary, if the green dashed line in Fig. 4 is used as the threshold, then
one decreasing-fringe is not detected.

The robustness of the proposed approach regarding speckle is next tested in
Fig. 4 showing a simulated SM signal with a modulated amplitude (factor of 8) as
well as a modulatedC value within 1-3. It demonstrates that our proposed method
can reconstruct the target displacement even in the presence of speckle.
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Figure 3: (a) Simulated noisy modulated SM signal (black line) with C=0.6.
(b) Reconstructed displacement based on fringe counting (blue line) using bi-WT
compared to the original displacement (green line). (c) Zoom showing the fringe
detection mechanism based onΨr(t) andΨd(t). Black dashed line: SM signal
(without noise and modulation) added for clarity of comparison

4 Experimental Results

The proposed fringe detection method has been experimentally tested. The LD
used in the SM sensor, driven by a constant injection currentof 30 mA and a max-
imum output power of 50 mW, is a Hitachi HL7851G emitting atλ=785.86 nm.
A LT110-P collimating lens with a focal length of 6.24 mm is employed to col-
limate the laser beam onto the target. The variations in the optical output power
of the LD P(t) are monitored through the built-in photodiodecontained in the LD
package.

Fig. 6 (a) illustrates the SM signal acquired for a randomly-vibrating target
from which the reconstructed displacement of Fig. 6 (b) is successfully retrieved
via bi-WT, based on fringe counting. Fig. 6 (c) finally highlights the fringe detec-
tion results for each wavelet.
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Figure 4: Zoom showing the fringe detection mechanism basedon a reverse
biorthogonal mother waveletΨrbio and the modulus maxima method applied on
the SM signal of Fig. 3. In red and green dashed lines, two possible threshold
positions introducing fringe detection errors.

5 Conclusion

In this paper, we have presented a new approach based on the WTtechnique to
perform robust fringe detection for displacement measurements based on optical
feedback interferometry for laser subject to weak and moderate feedback regimes.
It was also shown that such a method can inherently discriminate the displacement
direction. It was successfully tested on different SM signals belonging to varying
optical feedback regimes, in the presence of noise and speckle.

The proposed approach is demonstrated to efficiently detectSM signal fringes.
However, prior to implementation in a real-time system, operating parameter such
as determining the optimum number of scales required still need to be addressed as
a function of the system sampling frequency and of the amplitude and frequency
range of the moving target.

Furthermore, SM signal denoising based on wavelet maxima can also be per-
formed before applying the proposed approach in order to further enhance its
robustness.
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Figure 5: (a) Simulated SM signal affected by speckle but without noise with (b) C
variation ranging from 1 to 3, (c) retrieved displacement after fringe detection and
counting (dotted blue line) compared with reference targetdisplacement (green
line).
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