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Real-time Accelerometer Coupled Self-Mixing Laser
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Abstract— A Solid-State Accelerometer (SSA) coupled Self-Ming (SM) interferometric laser displacement sensors presented that

is able to provide correct measurements in real-tima while being subject to extraneous movements. SuehSSA-SM sensor is thus
able to correct the influence of parasitic movemestthat would corrupt true target motion sensing. Hece, it can be used for those
embedded applications where a sensor needs to operaunder non-stationary conditions. The SSA-SM sens achieves this

robustness through a real-time data fusion betweenhe SM interferometric signal and the accelerationsignal. The falsified

displacement signal retrieved by processing the Skmterferometric signal (representing the sum of trie target movement and the
extraneous movement) is thus corrected in real-timeOur SSA-SM sensor has been compared with a referee commercial sensor
and it has a precision of 96 nm rms with a bandwidt of 40Hz-500Hz.

T
I, INTRODUCTION =L pWita?k,,

Self-mixing (SM) or optical feedback interferometry 4t 4
technique has been widely used for metrologicalsisgn where 1, and 1, are the round trip times in the internal and
applications during the last two decades as itlt®dn a external cavities respectively,is the coupling efficiency and
simple, compact, self-aligned, and low-cost sefHor Keq depends linearly on the surface reflectivity o target.

SM effect occurs in a laser when a part of the beaheC parameter plays a very important role in the Sghals
backscattered by a target is coupled back intdaber cavity S variations irC cause changes in the so called SM operating
and causes interference with the emitted beam rttugifying "€9imes [1], where each regime would require aipeignal
the spectral properties of the laser. The variatigm the Processing for the sake of displacement extra¢8prior the

optical output power of the laser diodt) caused by this present work, care has_been ta_lken to maintainheighal in
optical feedback can be written as [2]: the moderate regime with ranging from 1 to 4 due to the fact

that such a regime requires simplified processing ia not
P(t) = Po[1+ m cogx (t))] (1) affected by the fringe-loss issue [4].

where Py is the emitted optical power under free-running |t needs to be mentioned that SM displacement s&nso
Cond|t|0ns,m is the modulation index an)d:(t) is the laser have traditiona”y needed a Stationary support ['(SHS an

output phase in the presence of feedback, given by: optical table and/or anti-vibration material) toagantee an

b(t) accurate target measurement as any movement SMHhaser

XF (t):277)| t)2 sensing system can corrupt the true target displace

_ _ F (2 measurement. Such a situation has thus restribeedige of
whereD(t) is the target displacement. SM sensors for embedded applications.

The emission wavelength subject to feedbad#) is given So, to overcome such a limitation, an accelerometer

by the phase equation [3]: coupled SM sensor has been proposed [5] that mesasure

. _ target displacement even if the laser head undsngoeanted

% (t) =% (t) ~Csin[ x. (t) + arctar{a) | = ¢ 3 displacements (see Fig. 1). The solid-state MEM&ron

wherea is the linewidth enhancement factor an(t) is the €lectro-mechanical system) accelerometer measuves s

laser output phase in the absence of feedback,dfdyn Parasitic displacements of the laser sensor anubseguent
replacing A= with Jo in eq. 2, wherel, is the emission subtraction of these parasitic displacements frioenfalsified

The feedback coupling fact@ris given by
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Figure 2. Block diagram of the Solid-State Accelerometer dedp
Self-Mixing (SSA-SM) sensor: photodiode (PD), ladirde (LD),
collimating lens (CL), and piezoelectric transdu@zT).

Nonetheless, it needs to be said that the appagosed
in [5] was completely offline and the three mairgassing
blocks i.e. 1) displacement retrieval from SM signa)
displacement retrieval from acceleration signalvigled by a
Solid-State Accelerometer (SSA), and 3) Phase amth G
matching were all processed separately on a PC.

The present paper, however, presents the resuétgedl-
time data fusion between the SM signal providedhsy LD
and the acceleration signaldgprovided by the SSA (see Fig.
1 and Fig. 2). The SM signal has been processet) uke
real-time method of Consecutive-Samples-based-Uyping
(CSU) that has been detailed in [6) has been filtered and
integrated twice using analog circuits whereasphase and
gain matching (to be explained in the followingtimts) has
been done using a Digital Signal Processor (DSP).

The following sections describe the signal processind
experimental set-up that allowed achieving a rea¢tdata
fusion between the SM signal and thgsignal so that a laser

displacement sensor can be used for those embed
applications where the presence of extraneousipearas

movements would normally falsify the sensor measerd.

Il.  SIGNAL PROCESSING

Fig. 2 details the three main steps undertakentiier
retrieval of true target displacement even in pmeseof
parasitic displacements affecting the SM sensor.

A. Optical sef-mixing signal
The variations in the optical output power of thser
diode P(t) are monitored through the built-in plitbde

\ Photediod
otodiode
A .
DE(t)+ D
Self-Mixing Displacement Retrieval
P(H) sing CSU -
using D,
G
Accelerometer Analog Bandpass filter and Integration
1 1 a.(t) f f 0
d =4/ [\ M\
DSP

Figure 1. Block diagram of the signal processing requirecliier
real-time SSA-SM sensor: CSU (Consecutive-Sampssd)
Unwrapping) and DSP (Digital Signal Processor).

the PUM [3] or the fully analog SM processing metHa].
Then, instead of doing an iterative joint-estimatés in PUM,
it recovers the displacement by adding the fringenting
based staircase signal to the normalized SM sigsat,is also
done in [7]. As compared to a complex approach sscthe
PUM, previously used in [5], that is based on j@stimation
of SM parameters requiring iterative optimizatioatines, the
CSU method has the benefit of requiring only two SM
samples to update the corresponding displacemetutou
This then allows a fast real-time displacement mesment at
a price of a relatively lower measurement preci$én

An integrated micro-converter AduC7020 from Analog
Device§ working at 40 MIPS has been used to implement
CSU. It has integrated Analog-to-Digital (A/D) abdbital-to-
Analog (D/A) converters. The incoming signal P(§ i
processed into the output displacement signa(t)Dat
125KHz. So, the output displacement is updatedyedes.

gé d Acceleration signal

As already mentioned, JIs recovered by using a solid-
state accelerometer. In order to do so, the aat&larsignal
a(t) is filtered and integrated twice, as indicatedhe lower
half of Fig. 2. The filtering is done over the ogtang
bandwidth of 40Hz-500Hz so that low-frequency drithat
can disturb the subsequent integration steps asasehigh
frequency acceleration signal saturation can bectiely
avoided.

The choice of the employed SSA has a direct coresemgu
on the overall SSA-SM sensing system precisiomals thus
shown in [8] that the precision of an accelerometaupled

contained in the laser diode package. The SM basetfl Sensor can be greatly improved by the use ofvanoise

displacement is retrieved by extracting the phase P(t) by
using the already-mentioned CSU method [6] thabwesl
displacement measurements with a precision of lgugB.

This displacement based on the optical signal st
here as Pas it is a sum of the true target displacemesnt D
and the parasitic displacement D

The CSU processing starts by the detection ofraeding
interferometric fringes, where each fringe représesmh/2
movement. This initial step is quite similar to tiirst step of
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accelerometer. Thus, a six-fold improvement in eyst
resolution was achieved by using LIS344ALH insteafd
ADXL311 (that was initially used in [5]). It thuschonstrated
that the overall system resolution can be limitgdte noise
resolution of the employed accelerometer.

Furthermore, it was shown in [5] that the displaeam
resolution of the SSA signal depends on the lowof€ut
frequency of the system. For a 20Hz lower cutoff,
LIS344ALH is thus expected to introduce an RMS rewb
approximately 40nm [8].
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Figure 3. The Solid-State Accelerometer coupled Self-MixiS$A-
SM) sensor head that can be deployed for embedg@idations. Note
that signal processing units are not shown inglasire.

For the present real-time data fusion, LIS344ALHs ha

been used. The integration and filtering stagedidated in
Fig. 2) needed for extracting displacement from34$ALH
have been based on standard analog OP-AMP basedscir

C. Phase and Gain Adjustments
Finally, in order to match the two signalss(2nd D),
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Figure 4. DSP filter Bode diagram: (a) gain trandfinction, (b)
phase transfer function in degrees. (c) and (d) gad phase error
in degrees between the desired and the impleméitiead

sensor is shown in Fig. 1. As already mentionesl uded SSA
is LIS344ALH accelerometer from ST (typical noise
resolution of 50pg/HZ and a full-scale range af2g). The
SM sensor is based on a Safyal 7140 laser diode emitting

phase ¢) and gain (G) adjustments are done. This is napgssat A=785 nm with an output power of 50 mW. The SSA was

as both signals i.e. the SM signal and the acdaaraignal
pass through their respective signal amplificatiamd
acquisition circuits that introduce differences phase and
gain between the two signals. This signal matchintpe two
signals is followed by the last step of their sabtion that
allows us to correctly recover the true target ldispment [

An integrated DSP from MicrocHip called the
dsPIC33FJ128GP has been used for the presentmeattata
fusion. It has also got integrated A/D and D/A certers that
allow a simple interfacing. The incoming doubleetated
signal is processed

sampling rate is sufficiently high to correctly pess the
signal belonging to 40Hz-500Hz operating bandwidth.

glued on the SM sensor laser head so that it aoelasure as
faithfully as possible the parasitic movement & 8M sensor
head (see Fig.3).

The SSA-SM sensor head was mounted on a mechanical

shaker (Fig. 1) that was used to generate vibratimmwergone
by the sensor. We used a commercial PZT (piezowect
transducer) actuator from Physik Instrumente (F2GDB) as
target. This device has a built-in capacitive fes#bsensor
with 2nm resolution that was subsequently usedrateaence
sensor for the PZT movement.

into the gain and phase adjuste
displacement signal ) at 10KHz (see Fig. 2). Such a

IV. EXPERIMENTAL RESULTS

Let us now look into some of the experimental rssfdr
the SSA-SM sensing system.

In order to measure the phase and gain coefficients |pjtially, in order to validate if the SSA-SM sengisystem

between the two displacements signals, the SSA-8M® was able to eliminate the influence of extraneoasagitic
was subjected to vibrations within the 40Hz-500H@movements, it was decided to keep the target setjowhile
bandwidth. This allowed us to recover the coeffitsethat only the shaker was excited. It was thus measthatl the
have been presented in Fig. 4. real-time SSA-SM sensing system eliminated suchragitic

Then, a custom filter was designed based on thesbration to an RMS value of 97% or a reduction3@fiB of
coefficients and it was also implemented on our D®Ih a the extraneous parasitic motion. The measuremestigion
filter thus allowed us to matchsBvith D (see Fig. 2). was found to be approximately 96nm.

~ Finally, after this phase and gain matching of the Subsequently, after this validation, different sestere
signals (B and ), we need only perform the last step ofonducted to verify a correct working of our reiateé SSA-
their subtraction that allows us to obtain the ecied SM system for the sake of target displacement neasnts.
displacement B Such a solution thus allows us to recoveFor this purpose, the shaker and the PZT were bxtited
corrected displacement in real-time. with either harmonic or arbitrary excitation sighal

lll.  EXPERIMENTAL SET-UP Fig. 5 presents the correction result for the emisere the
The experimental set-up used to validate the wgrkih target i.e. the PZT was made to vibrate at 82Hh ywéak to

our real-time accelerometer coupled SM laser digpteent Peak amplitude of 5pum while the extraneous harmonic
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movement acting on the SSA-SM sensor head (provijed embedded applications as there is no more neeeepitg the
the shaker) was at 225Hz. It can be seen in FifpuBple sensor stationary. Such an approach opens theawalyd use

Figure 5. Experimental real-time sinusoidal vikmatcorrection for
an extraneous sinusoidal movement at 225 Hz windearget vibrates
at 82Hz: (green) SM signal, (purple) corrupted nmeast, (blue)
corrected movement, and (yellow) reference senseement.

curve) that the corrupted signal i.es B not at all indicative
of the true target movement (seen in Fig. 5 yellmwve).
However, a correct target displacement measurehanbeen
made by our real-time SSA-SM sensing system asatetil
by the blue curve of Fig. 5. A close resemblandgvéen the
corrected signal and the reference signal is thas.s

Another real-time displacement measurement result i
presented in Fig. 6 where the target i.e. the PZA$ excited
by an arbitrarily shaped excitation signal compost&0Hz-
40Hz-100Hz-140Hz while the shaker was excited &tZ0s
a consequence, the displacement (Big. 6 purple curve)
retrieved from the SM signal (Fig. 6 green cunggarrupted
and is not entirely indicative of true target moesm(Fig. 6 [y
yellow curve). However, the influence of the extans
movement disturbing the SSA-SM sensing system leas b 2]
correctly eliminated by our real-time signal praieg which
allows a correct arbitrary target movement measantéras
seen in Fig. 6 blue curve. [3]

V. CONCLUSION ]
In this paper, a real-time data fusion between H- Se
Mixing (SM) interferometric laser diode (LD) based
displacement sensor and a Solid-State Acceleron{&®A)
has been presented. The said real-time SM dispkment®!
sensor system is based on a LD package from $anyo
(DL7140) emitting at A=785 nm. The accelerometery
LIS344ALH is from ST with a typical noise resolution of
50ugi/Hz. Real-time signal processing has been achieyed b
an embedded micro-converter, a DSP, and analog KP-A
based integrator and filter circuits. (7]

The presented real-time SSA-SM sensor allows miggsur
correct target movements even when the LD based&idor [8]
is subject to extraneous movements. This resultsain
displacement or vibration sensing system that eanded for
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Figure 6. Experimental real-time correction ofaahitrary target

movement corrupted by a different arbitrary movenaating on the

SSA-SM sensor: (green) SM signal, (purple) corrdp®vement,

(blue) corrected movement, and (yellow) referereressr movement.

of such laser sensors in conditions where the dsant-

vibration support is not available or possible. Toresented
real-time data fusion between the accelerationasignd the
SM interferometric signal thus results in a robasmpact and
low-cost sensing system.
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