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Abstract. A Self-Mixing (SM) interferometric laser displacentesensor is presented that is
capable of providing correct target measurementei-time even when it is subject to
extraneous parasitic movements. The sensor achgadgsrobustness by using an embedded
MEMS Solid-State Accelerometer (SSA) that has bmmripled with the laser sensor. The SSA
thus measures the extraneous movement acting dastesensor and this information is used
to provide correct sensing. The proposed SSA-SMisgrsystem uses Consecutive-Samples
based Unwrapping (CSU) to process the SM interfetdm signal while a Digital Signal
Processor (DSP) takes care of band-pass filtedogble integration as well as phase and gain
corrections needed for the acceleration signal.celea compact, real-time, precise and self-
aligned SSA-SM sensor has been designed that Haplacement measurement precision of
approximately 100 nm with a parasitic movement glation of 31dB for a laser diode
emitting at 785 nm.

1. Self-mixing interferometry

Self-mixing (SM) or optical feedback interferometechnique has been regularly investigated during
the last two decades [1-3] for distance [4], velo¢b], vibration [6] and displacement [7] sensing
applications as it results in a simple, compactf-agned, and low-cost sensor that becomes
attractive not only for industrial use but also femge-scale consumer applications [5].

Displacement retrieval using SM interferometry reraa very active area of research [8-10] with
applications as varied as run-out tracking in eleanotors [9], the displacement measurement of
local chest wall [11], or utilization for non-corteembedded sensing [10].

SM effect occurs in a laser when a part of the bbaokscattered by a target is coupled back into
the laser cavity and causes interference with thited beam, thus modifying the spectral properties
of the laser. The variations in the optical outpatver of the laser diode(t) caused by this optical
feedback can be written as [12]:

P(t) = Py[1+ mcodx, (t))] (1)

wherePy is the emitted optical power under free-runningdibons, m is the modulation index and
xe(t) is the laser output phase in the presence obfesd given by:
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e (t)/2 )

whereD(t) is the target displacement.
The emission wavelength subject to feedba¢h is given by the phase equation:

% (t) = (t) ~Csin[x, (t) +arctar{a) ] = ¢ (3)

wherea is the linewidth enhancement factor, ad) is the laser output phase in the absence of
feedback, obtained by replacing(t) with X in (2), wherel is the laser diode emission wavelength
under free running condition§ is the feedback coupling factor that determines $iM operating
regime and is given by [3]

c="0 p1+a2k,,

oL (4)

where 7. and 1p are the round trip times in the internal and exkrcavities respectivelyy is the
coupling efficiency andc, depends linearly on the surface reflectivity of theget.

The C parameter plays an important role in the SM ieteninetry as variations i@ cause changes
in the so called SM operating regimes varying fiweak to moderate to strong feedback [12], where
each regime would require specific signal processim the sake of displacement retrieval [13]. For
the present work, care has been taken to maint&nSM signal in the moderate regime with
ranging from 1 to 2 as the resulting SM signal meggusimplified processing and is not affectedhmy t
fringe-loss issue [14].

SM interferometry is thus a very attractive sensolgeme in the way that it allows a simple laser
diode (LD) package (containing its built-in photodé) to be used as a micro-interferometer, a laser
source as well as a detector. This thus allowsrapact, miniaturized, low-cost and self-aligned
sensor capable of nanometric measurement precision.

Now, it needs to be said that SM displacement genkBave traditionally needed a stationary
support (such as an optical table and/or anti-titmamaterial) to guarantee an accurate target
measurement as any parasitic/extraneous movemehe &M sensing laser system can corrupt the
true target displacement measurement. Such aieituiads thus restricted the use of SM sensors for
embedded and/or industrial applications where lgostivironment can introduce parasitic extraneous
movements.

So, keeping in mind such a limitation that can ptiédly limit the use of such optical sensors, a
Solid-State Accelerometer (SSA) coupled Self-Mix({85A-SM) sensing system has been recently
proposed [15] and evaluated [10] that measurestauget displacement even if the laser sensor is
itself subject to a displacement (noted as Ds)ciematic diagram of such a SSA-SM sensing system
is presented in figure 1. The solid-state MEMS (atelectro-mechanical system) accelerometer
measures the laser sensor displacement and a sebseybtraction of this displacement from the
global (corrupted) SM displacement provides the target displacement.

In this paper, after a presentation of the signa¢@ssing needed for a SSA-SM sensing system, we
shall detail the approach taken for the design odaktime SSA-SM sensing system. An all digital
signal processing approach has been developediakes care of the band-pass filtering, double
integration as well as phase and gain correctiegsired by the acceleration signal. The presented
real-time SSA-SM sensor system is based on a LIkamgc from Sanyo (DL7140) emitting at
A=785nm with an output power of 60mW. The acceletemelS344ALH is from ST with a typical
noise resolution of 50ugHz and a full-scale range aRg. Finally, the results based on this real-time
sensing prototype would be presented and compariéid a commercial PZT (Piezo-electric
Transducer) from Physik Instrumente (P753.2CD) mopd with a built-in capacitive feedback sensor
(CFS) of 2nm resolution. The PZT has been useleatatget in our set-up (see figure 1) and the CFS
has served as a reference sensor.
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Figure 5. Schematic block diagram of the Solid-State Accetert@r (SSA) coupled Self-
Mixing (SSA-SM) sensing system: photodiode (PD}yetadiode (LD), collimating lens
(CL), and piezoelectric transducer (PZT).

Let us now start with a presentation of the sigmaicessing needed for the real-time SSA-SM
sensing system capable of removing the influen@xtrhneous movement acting on it.

2. Signal processing
The signal processing steps considered necessamycfwrect working of our SSA-SM sensing system
are presented in figure 2. Let us now present efcdhe three main processing blocks as detailed

below.
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Figure 2. Schematic block diagram of the signal processiegssheeded for the real-time
Self-Mixing interferometric laser displacement semsith embedded MEMS accelerometer.

2.1. SM Laser Interferometric Sgnal
The variations in the optical output power of thedr diode P(t) are monitored through the built-in
photodiode (PD) contained in the LD package. Faal-time SSA-SM sensing system, SM
displacement retrieval has been done by using thes€tutive Samples based Unwrapping (CSU)
method [16]. This displacement retrieved from tlgmal P(t) has been denoted here assiDce it is
the sum of the true target displacement DPZT aadltfplacement undergone by the sensor D

The working of CSU method is shown in figure 3sthrts by retrieving the SM based displacement
through fringe-counting resulting in an initial pigion of A/2. Then, in a manner similar to the fully
analog SM processing method [17], it recovers #ngett displacement by adding the fringe-counting
based staircase signal to the normalized SM si@uwl.t is able to retrieve SM based displacement
with a precision of approximateN8.
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It may be said that in order to process the SMaignreal-time, the fully analog SM processing
technique proposed by Norgia et al [17] may havenbeonsidered. However, keeping in mind the
non-harmonic nature of it is important to use an approach capable otgssing non-harmonic
movements without suffering from drift effects. denthe SM signal has been processed in real-time
using the above-mentioned CSU method.

It may also be added that the SM sensing preciialirect unwrapping approach is lesser than a
segmented unwrapping approach, as highlighted 8}y Recent work has shown as to why such a
segmented processing improves the sensing predi$@n However, this segmented unwrapping
approach [18-19] has not been used due to incregasmobssing complexity hindering a real-time
sensor design, a condition needed for the presasbs.

For the actual SSA-SM sensing system, an integratiedo-converter AduC7020 from Analog
Device$§ working at 40 MIPS has been used that has integrAhalog-to-Digital Converter (ADC)
and Digital-to-Analog Converter (DAC) modules. Theeoming signal P(t) is processed into the
output displacement signal D(t) at 125KHz with aprximatelyA/8 precision. So, the SM based
displacement Pis updated every 8us.

As far as the maximum measurable target speed thmgrototype is concerned, the experimental
data has shown that 20 samples per SM fringe am@ally needed in order to correctly detect the
fringe-discontinuity of each SM fringe having itssaciated noise. This then provides the maximum
measurable target speed of 2.45mm/s for the neal-8M signal based displacement retrieval method
with the above-mentioned configuration [16].

2.2. Accelerometer Sgnal

The displacement undergone by the sensor itsete@nbere as [) is recovered by processing the
acceleration signal provided by the SSA. In ordedd so, the acceleration signa{® is filtered and
integrated twice, as indicated in the lower halffigiire 2. The band-pass filtering is done over the
operating bandwidth of 40Hz-500Hz so that low-freigey drifts that can falsify the subsequent
integration steps as well as high frequency acattar signal saturation can both be avoided.

The choice of a given low cut-off frequency is elysrelated to the overall SSA-SM sensing
system measurement precision. As displacementotixnafrom acceleration signal involves double
integration, so the noise power spectrum densithefdisplacementpXan be given in the frequency
domain as [15]

S, (9) =SS—(S) (5)
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Consequently, the displacement resolution of th& §§nal depends on the low cutoff frequency
of the system. For a 20Hz lower cutoff, LIS344AL${thus expected to introduce an RMS error of
approximately 40nm.

For the actual SSA-SM sensing system, the integraiind filtering stages (indicated in figure 2)
needed for extracting the displacementfidm a(t) signal provided by LIS344ALH have been
implemented on an integrated Digital Signal Prooes€DSP) from Microchif, called the
dsPIC33FJ128GP. It has also integrated ADC and D#@ules which allow a simple interfacing.
The incoming signal gt) is processed into the displacement signgl) &t 10KHz. Such a sampling
rate is sufficiently high to correctly process theceleration signal of 40Hz-500Hz operating
bandwidth.

2.3. Matching of SM signal with Acceleration signal
In order to match the two signalsg{Bnd D), phase ) and gain (G) corrections need to be done. This
is necessary as both signals i.e. the self-mixiggas and the acceleration signal pass througtr thei
respective signal amplification, acquisition, anbgessing stages all of which may introduce
differences in phase and gain between the two lsigna

So, in order to measure the phase and gain caeftebetween the two displacements signals, the
SSA-SM sensor was subjected to vibrations withim 40Hz-500Hz bandwidth. This allowed us to
recover the coefficients that have been presentéidire 4.
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Figure 4. (a) Gain transfer function and (b) Phase transfer
function between SM based displacemegrtddd acceleration
based displacement,DA digital filter having the same Bode
diagram has been implemented on the DSP.

Then, a custom filter was designed based on thesfficGents and it was also implemented on our
DSP. Such a filter thus allowed us to matghwith Ds (see figure 2).

Finally, after this phase and gain matching oftthe signals (Rand o), we need only perform
the last step of their subtraction that allowsaslitain the corrected displacemerit Bs the signals
D; and a(t) are both processed by the DSP, so the sulmagtialso done internally by the DSP and
final corrected output Bis hence provided by the DAC of our DSP. Suchlatiem thus allows us to
recover the corrected displacement in real-time.

3. Experimental results

Let us now look into some of the experimental ressidr the SSA-SM sensing system. As indicated in
figure 1, the SSA-SM sensor was mounted on a mécdlaghaker that has been used to generate
extraneous movement acting on the SSA-SM sensers&hsor measured the target displacement (we
have used the PZT as target while the CFS has Ummhas a reference sensor of the target motion)
while being subject to these extraneous movements.
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Initially, in order to validate if the SSA-SM sengisystem was able to eliminate the influence of
extraneous parasitic movements, it was decideceap khe target stationary while the shaker was
excited at different frequencies within the 40HBHB@ operating bandwidth. It was thus measured
that the real-time SSA-SM sensing system elimindibede parasitic vibrations to an average RMS
value of 97% or a reduction of 31dB over the opegabandwidth of 40Hz-500Hz. The measurement
precision was found to be approximately 100nm.
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Figure 5. Experimental real-time sinusoidal Figure 6. Experimental real-time correction
target displacement measurement in the of an arbitrary target movement corrupted by
presence of an extraneous sinusoidal a different arbitrary movement acting on the
movement at 40Hz while the target vibrates SSA-SM sensor: (green) SM signal, (light
at 117Hz: (green) SM signal, (light blue) blue) corrupted movement, (dark blue)
corrupted movement, (dark blue) corrected corrected movement, and (purple) reference
movement, and (purple) reference sensor sensor movement.
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Subsequently, after this validation, different $estre conducted to verify a correct working of our
real-time SSA-SM system for the sake of targetldispment measurements. For example, both the
shaker and the PZT were excited with either a harenar an arbitrary excitation signal.

Figure 5 presents the correction result for the easere the target i.e. the PZT was made to vibrate
at 117Hz with an amplitude of 4um while the ext@reharmonic movement acting on the SSA-SM
sensor (provided by the shaker) was at 40Hz. Ithlmseen in figure 5 (light blue curve) that the
corrupted signal i.e. Pis not at all indicative of true target movemesgedn in figure 5 purple curve).
However, a correct target displacement measureh@nbeen made by our real-time SSA-SM sensing
system as indicated by the dark blue curve of &gbir A close resemblance between the corrected
signal and the reference signal is thus seen. bhereed phase difference between the corrected and
the reference signal is due to the phase differdretereen the PZT and the CFS and is of no
consequence for our sensing application.

Another real-time displacement measurement resystésented in figure 6 where the shaker and
the target were both excited by different arbityaghaped excitation. The shaker was thus excited
with a signal composed of 140Hz-280Hz while the R&E excited with a signal composed of 31Hz-
62Hz-124Hz-155Hz. As a consequence, the displaceemeasured by the SM signal is completely
corrupted (figure 6 light blue curve) and is notadltindicative of true target movement (figure 6
purple curve). However, the influence of the ext@ms movement disturbing the SSA-SM sensing
system has been correctly eliminated by our rea¢-ignal processing which allowed a correct target
movement measurement as seen in figure 6 darkchhwve.
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Other tests were also conducted that also verdiezbrrect working of our real-time SSA-SM
sensing system. figure 7 depicts the case whertatpet vibration as well as the extraneous vibrati
are quite close to each other in terms of frequén®iiz for the target while 83Hz for the extraneous
movement). Such a case results in a corrupted|digatzappears to be amplitude modulated as seen in
figure 7 light blue curve. However, a correct moesiinhas again been retrieved as seen in figure 7
purple curve.

Another interesting case with spectral overlapresented in figure 8. Here, a test was conducted
where the shaker and the PZT were both excitedeasame frequency (in this case, 84Hz). Correct
results were again obtained in spite of the faat the target and the extraneous motion have gxactl
the same frequency. Such a test is important aslitlates the working of our sensor for such
embedded sensing applications where a mechanioglicg between the target and the sensor may
cause the sensor to be subject to extraneous nadtexactly the same frequency as that of the targe
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Figure 7. Experlmental real-tlme sinusoidal Figure 8. Experimental real-time sinusoidal

target displacement measurement in thetarget displacement measurement in the
presence of an extraneous sinusoidal presence of an extraneous sinusoidal
movement at 83Hz while the target vibrates at movement at 84Hz while the target also
79Hz: (green) SM signal, (light blue) vibrates at 84Hz: (green) SM signal, (light
corrupted movement, (dark blue) corrected blue) corrupted movement, (dark Dblue)
movement, and (purple) reference sensorcorrected movement, and (purple) reference
movement. sensor movement.

4. Conclusion

In this paper, a real-time implementation of a $4iking (SM) interferometric laser diode (LD)
based displacement sensor coupled with a Solic-Ftatelerometer (SSA) has been presented. The
said real-time SM displacement sensor system iecdbas a LD package from Sanyo (DL7140)
emitting atA=785 nm with an output power of 60 mW. The acceterter LIS344ALH is from ST

with a typical noise resolution of 50p/iz. Real-time signal processing has been achieyednb
embedded micro-converter and a DSP.

Such an SSA-SM sensor allows measuring correcttamgvements even when the LD based SM
sensor is subject to extraneous movements. Thigtses a displacement/vibration sensing system
that can be used for embedded applications as e more need of keeping the sensor stationary.
Such an approach opens the way for the use oflageh sensors in conditions where the use of anti-
vibration support is not available or possible. Tgveposed DSP based data fusion between the
acceleration signal and the SM interferometric aiggnables a robust, compact, real-time and low-
cost sensing system.
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