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Design and analysis of an embedded
accelerometer coupled Self-Mixing laser
displacement sensor

U. Zabi, Member, IEEE O.D. Berng, Member, |EEE and 1. Boscl, Senior Member, |EEE

Abstract—The paper presents the operating principle and sigal processing needed for the design of a reliableolid-state
accelerometer (SSA) coupled self-mixing (SM) integfometric laser displacement sensor for embedded plications. The influence of
signal processing methods and accelerometer charadistics on the complete sensing system performande studied. Then, four
different SSA-SM sensing systems are examined antaracterized. By comparing their performance, it isthus seen that the sensing
system precision is limited by the noise density dfie employed accelerometer as well as the used Sldplacement retrieval technique
whereas the system bandwidth is mainly limited byhe choice of a given accelerometer. Furthermore, ith paper analyzes the phase
and gain matching properties that the SSA-SM shouldeach in order to guarantee proper extraneous vikations correction. Finally,
the proof of concept of a real-time SSA-SM sensingystem indicating 30 dB correction is presented. Ti& prototype thus demonstrates
the possibility of using such a real-time sensingystem for those embedded and industrial application where the presence of
extraneous movements would hinder traditional sense use.

Index Terms—embedded sensing, displacement measurement, selfkimg interferometry, accelerometer

associated with SM sensors. Nonetheless, it dematedtthat
true target displacement can be recovered by upiogt
Self-mixing (SM) or optical feedback interferometi}-3]  processing even if the laser sensor is itself itiono
is being actively employed for displacement sen§ag]. The aim of the present paper is to analyze andactenize

However, its use for embedded applications is aomajin detail such a SSA-SM sensing system. In thiamgthe
challenge. It is so as these sensors have traditjoneeded a influence of hardware (such as employed SSA aret disde
stationary support (such as an optical table andfoi- wavelength A\) and processing (such as displacement
vibration material) to guarantee an accurate targektraction algorithms) on final precision has beabulated.
measurement. Otherwise, any movement of the secwor As the SSA is the heart of our embedded sensingsysso
corrupt the true target displacement measurememth & four different offline SSA-SM sensing systems haween
situation has thus restricted the use of SM sendors designed and tested under equivalent conditions. €ftsuing
embedded applications. comparison provides valuable information useful five

A correction of the falsified measurement due toom- design of a custom SSA-SM sensing system of desired
stationary laser sensor is not as straight fornasdt may measurement precision, range, and bandwidth.dtasfirms
appear. In this regard, an interesting solution I@en the SSA noise contribution to the final precision the
proposed by the differential SM vibrometer [8] whic proposed sensing system. Finally, a real-time SSKs8nsing
measures differential vibrations between two targehile system proto-type is presented that demonstragefedtsibility
using electronic channel subtraction. Such a teghnis based and validity of a real-time SSA-SM sensing system.
on a reference laser pointing on a stationary tamgedace [8].

Now, in spite of the elegance of this techniqueaiinot be II. SSA-SMSENSINGSYSTEM
used to measure the displacement of one singlettavhile
removing the influence of external disturbances aif
absolutely stationary reference target is not atdh&uch a
constraint, however, is part of the nature of endieeldsensing.

On the other hand, the use of a Solid-State Acoeleter
(SSA) can be the answer for embedded sensingalisvits the
retrieval of displacement relative to a standsgbsition
thereby enabling the use of SM sensors for embedd
applications. A basic offline SSA coupled Self-Migi (SSA-
SM) sensing system has thus been recently propfgjed
though with a final precision poorer than that nalig

I. INTRODUCTION

Fig. 1 presents a schematic diagram of a SSA-SMisgn
system. The solid-state MEMS (micro-electro-mectani
system) accelerometer measures the laser sensat hea
displacement (noted asgDand a subsequent subtraction of
this displacement from the global (falsified) SMmlacement
provides the corrected displacement (noted Qsddective of
teh(f true target displacement (noted agp
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Fig.1. Schematic block diagram of the Solid-Statecélerometer coupled
Self-Mixing (SSA-SM) sensing system: photodiode YPlser diode (LD),
lens (L), and piezoelectric transducer (PZT).

Let us now start with a presentation of the sigmaktessing
used for the SSA-SM sensing system. Fig. 2 deiailthree
main processing units, each of which is explaineld\v.

A. Sdf-Mixing Sgnal

SM effect occurs in a laser when a part of the beam

backscattered by a target is coupled back intdaber cavity
and causes interference with the emitted beam,rttogifying
the spectral properties of the laser. The variatiom the
optical output power of the laser diode P(t) caubgdthis
optical feedback are then used to
displacement D(t). Traditionally, P(t) is read W tbuilt-in
photodiode (PD) contained in the laser diode (LBYkage.

For the first part of this paper dedicated to penfance
analysis of different SSA-SM sensing systems, radflpost-
processing for SM displacement retrieval was dopeising
the Phase Unwrapping Method (PUM) offering a piieciof
M16 [10], as also seen from the experimental redufig. 3.

In this paper, this displacement retrieved from igl
signal P(t) has been denoted asdince it is the sum of the
true target displacement-i and the displacement undergon
by the sensor D

wAC Phiishio
otodiode
A .
DE(t)+ D
Self-Mixing Displacement Retrieval
P(t) b
D,
G
Accelerometer Bandpass filter and Integration
> A
1 1 : : ’
a.(t d
i Y \Hr HA\H ! HN

Fig. 2. Block diagram of the signal processing udey Solid-State
Accelerometer coupled Self-Mixing (SSA-SM) senssygtem.

B. Acceleration Sgnal

retrieve the etarg

)

avoided. It would be later seen in the paper thatchoice of a
given low cutoff frequency is closely related tcetbverall
SSA-SM sensing system measurement precision. [eofirgt

part of this paper dedicated to the performancdysisaof a
given SSA-SM sensing system, offline post-processirf
a.(t) was done on a computer by using Riemann sums
algorithm and ideal band-pass filters for integnatiand
filtering respectively.
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Fig. 3. (a) Target movement at 79Hz, (b) correspan®M signal for a LD
emitting at 785nm, (c) PUM based displacementeeai and (d) difference
between signals in (a) and (c) shown in blue is tean 50 nm and root mean
square (RMS) error shown in dotted red is 21 nm.

C. Phase and Gain Matching

In order to properly mergesand Q (see Fig. 2), phase)(
and gain (G) calibrations need to be done. Thigessary as
both signals i.e. the self-mixing signal and theederation
signal pass through their respective signal ancpliion,
acquisition, and processing stages all of which mé&pduce
phase and gain errors in both signals. The inflaesfcthese
phase and gain errors on overall system precisioh b
detailed in section 1V.3.

Finally, the signal matching of the two signals @nd D)
is followed by the last step of their subtractised Fig. 2) that
allows us to obtain the corrected displacemént D

Ill. EXPERIMENTAL SET-UP
In order to analyze the influence of a given SSAtbe
overall SSA-SM sensing system, four different SSAs
(ADXL311 accelerometer from Analog-Devices
LIS344ALH accelerometer from ST MS9000 and SF1500
from Colibrys’) were used. The key characteristics of these

The displacement undergone by the sensor itself affr SSAs are summarized in Table |. The noise itens

measured through the acceleration signg) (B obtained by
using the SSA. In order to do so, the acceleratignal a.(t)

is filtered and integrated twice, as indicatedhie tower half
of Fig. 2. The band-pass filtering is done over dperating
bandwidth of 20Hz-500Hz so that low-frequency drithat
can falsify the subsequent integration steps a$ agelhigh
frequency acceleration signal saturation can bectifely

values reported in the Table | are typical valuesvigled in
component datasheets. These were then used tdateltioe
corresponding theoretical displacement precisioluesa for
20Hz-500Hz bandwidth.

The first three accelerometers were fixed on thes&kisor
laser head so that these could simultaneously meass
faithfully as possible the movement undergone by 8M
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sensor (see Fig. 4). The employed SM sensor wallb@s a calibration between the accelerometers and SM senas

Sanyo DL7140 laser diode emitting 2£785 nm with an performed so that these would provide the sameonsspfor a
output power of 60mW. The set-up seen in Fig. 4 thllowed given excitation. This was achieved by exciting gteker

us to simultaneously acquire data for subsequerdt- powith a step of 20Hz over the operating bandwidthi20Hz-

processing for these three SSA-SM sensing systems. 500Hz for a stationary target. The obtained phase gain
coefficients were stored in a look-up table so thase could
TABLE | be used for subsequent offline phase and gain ngtch

CHARACTERISTICS OF FOUR DIFFERENT ACCELEROMETERS USE
ADXL311 | LIS344ALH, MS9000 SF1500

After the calibration phase, the SSA-SM sensingesys
was ready for target measurements. For this puypase

DIS:T::E:::;{:E’E‘: ::;:m) jgg zg ;: 00‘; piezoelectric transducer (PZT) actuator from Physik
Unitary Price (€ 3 . 100 200 Instrgm_ente (P7_5_3.2CD) was used as tgrget (se(_él.}?lg.has
Ful scale (g) 2 2 o 3 a built-in capacitive feedback sensor with 2 nnmcizien that

was used as a reference sensor for the PZT movdben).

Shaker MS9000 IV. EVALUATION OF FOURSSA-SMSYSTEMS
Before presenting the experimental results used ttier
/ ADXL311 DL7140 performance comparison of our four different SSA-SM

systems undergoing extraneous vibrations, let ok ioto the
sources that have an effect on the final precisiba given
SSA-SM sensing system.

A. Estimation of SSA-SM System Precision

As already detailed in the previous section, theeethree
main processing blocks for a SSA-SM system all diclv
may introduce error thus reducing the final prexisof the
; : - | SSA-SM system. These three are discussed below.

Fig. 4. Coupling of three different MEMS accelerdems (ADXL311, 1) Sdf-Mixing Displacement Retrieval Method
LISS44_ALH, and MS9000) with a SM displacement sel’r_msed on DL7140 The method used to retrieve displacement informafiiom
laser diode. The sensor head has been mountedenteanical shaker. . . . .

a given SM signal would contribute an error to final SSA-
SM system precision. The use of PUM for retrieving
displacement from a SM sensor signal based on an785
wavelength LD thus introduces an RMS error of
approximately 20nm.

2) Accelerometer Noise Resolution

The noise density of a given SSA, expressed agHrghas
a direct impact on the displacement measurememotutés
for a given low cutoff frequency of its bandwidthl]. As
displacement extraction from acceleration signaloives
double integration, so the noise power spectrunsitenf the
displacement $can be given in the frequency domain as [9]

Sp(9)= 2= (1)

g . . 2
- - 9 . S

Fig. 5. Coupling of SF1500 accelerometer with tledf-Slixing displacement . .

sensor based on DL7140 laser diode. The sensorHasadeen mounted on a Consequently' the dlsplacement resolution of theA SS

mechanical shaker. signal depends on the low cutoff frequency of tystem. Fig.
6 presents the displacement resolution as a funcfanoise
In a similar manner, the fourth SSA (SF1500 use@ frea density of four different SSAs for varying lower toff
single-ended output configuration) was also coupldth frequency values of the operating bandwidth. Foe th
another SM sensor based on the same DL7140 laste (§ee measured noise density of 161idz, 22ugiHz, 17ugiHz,
Fig. 5). Care was then taken to test this fourttAS® and 4.5ugHz for ADXL, LIS344ALH, MS9000, and
sensing system under equivalent conditions as woelthter SF1500 respectively, theoretical displacement pi@ti of
attested during the performance comparison of tHese approximately 251nm, 35nm, 27nm, and 4.5nm resgedgtis
SSA-SM systems. to be expected for a 20Hz lower cutoff.
The SSA-SM sensing system was then mounted on a
mechanical shaker (Fig. 4 and Fig. 5). The shakey used to
generate the displacement; Dndergone by the SSA-SM
sensing system (see Fig. 1). Then, an initial praask gain

' ASMALH

Digital Object Identifier:10.1109/JSEN.2013.2251626




(c) 2013 IEEE. Personal use of this material isrptéed. Permission from IEEE must be obtained fbother users, includifig
reprinting/ republishing this material for advenip or promotional purposes, creating new collectivorks for resale or
redistribution to servers or lists, or reuse of aagyrighted components of this work in other works

[=—20Hz——10Hz ----- 1Hz |

s
10
i . LIS344ALH
g 10 ]
£ SF1500 I Lt
S L3 R -
Z 10 = =
- e -
£ P e
@ 2 - -
g0 J=1 L7 ADXL311
= e //
= g -
[ - T
210! — T
[ Rt MS9000
/”

1 10 100

|

1000

Noise Power Spectrum Density

Fig. 6. The displacement resolution as a functiomeasured noise density of
our four accelerometers for different lower cutdfequency values of
operating bandwidth.

3) Gain and Phase Mismatch
As the elimination of an extraneous movement acting
SSA-SM system supposes an exact phase and gaihingatc
between the SSA and SM processing chains (se&});igo it
is easy to see that any mismatch of phase andcgafficients
would result in a residual error after the subtoactDs - Ds.

and phase mismatch error respectively. Note &hatay also
be affected by stray mechanical, data acquisitiand
electronic noise though these effects have not heentified
in the present study.

Now, before detailing the performance of a validrection
of the extraneousnovements acting on the SSA-SM system
by the use of the previously outlined signal preoes steps,
let us observe the frequency spectra of the displant
signals (@ and D).
B. Frequency Spectra Analysis

Fig. 8 shows these frequency spectra of displacEmen
calculated from the acceleration signals of fourederometers
(ADXL311, LIS344ALH, MS9000, and SF1500) and fronet
displacement retrieved from the Self-Mixing (SMyrsal. The
signals were obtained for a stationary PZT while sihaker
vibrated at 90Hz with a 5.2um peak-to-p€pip) amplitude.

40

ADXL311

[
o

Power (dB)
o

Such a residual signal would then directly contigbun 201
reducing the final SSA-SM sensing system precision. 40
Denoting gain mismatch a8G and phase mismatch A,
Fig. 7 presents the amplitude of such a residue @arcent of 20 |
the extraneous motion acting on the SSA-SM system. g SM LIS344ALH  MS9000
Assuming a sinusoidal extraneous motion with 2um 2 o} \ 1 (b)
amplitude, it can then be calculated that a residigmal of % !
5.3nm amplitude would appear in the final outpuS&A-SM @ 20} ’ J i ‘
system forAG=0.2% and\@=0.1 degrees. A = ‘ . ; ! q}
0 100 200 300 400 500
40 Frequency (Hz)
28 I ; 1@ Fig. 8_. Frequency spectra of displacements fromatteeleration signals of
0 10 15 20 four different SSAs as well as the displacementeetd from the SM signal.
g A (degree)
§ fg ‘ ) It can be seen in Fig. 8 (a) that the noise preserhe
= . i 20Hz-500Hz bandwidth for the signal from ADXL311tlse
E o 10 15 20 largest while that of SF1500 is the smallest amtireg four
40 a8 ) tested SSAs. Such a result is quite evident keepingind the
20} 1 (©) SSA characteristics presented in Table | and tlardirms
00 s e 20 their respective noise resolutions. Likewise, tlegimparison

10
A¢ (degree) and AG (%)

Fig. 7. Influence of a mismatch in Gain and Phasefficients on the
elimination of extraneous movement acting on SSA-8Msing system. (a)
Percent amplitude of [siaf)-sin(wt-A@)], (b) percent amplitude of [sia)-
(1-AG)sin(wt)], and (c) percent amplitude of [siot)-(1-AG)sin (t-A@)].

So, it can be said that the imprecisi&tin the final SSA-
SM system outpubD® would have uncorrelated contributions
from the above-mentioned three errors and can peesged
as

2 2 2
{SM + {acc + {A (2)
whereégy is the error in SM displacement extracti@gq. is
the error brought by a given accelerometer, &nis the gain

with that of SM signal also indicates the largestedence
among the four SSA signals.

Another interesting comparison is between the feegy
spectra of LIS344ALH accelerometer based displacéme
signal and that of MS9000 accelerometer basedatisptent
signal. It is seen in Fig. 8 (b) that these twocsepresent
approximately similar noise levels over the 20HB{80
operating bandwidth of our SSA-SM sensing systems.
MS9000 though presents relatively smaller noiselléNow, a
comparison of these two SSAs with that of SM signal
indicates similar noise levels. Hence, it can bpeeked that
each of these two SSAs would result in overall SSA-
system imprecision of less than 50 nm after all signal
processing needed for extraneous movement comedsio
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done.

Now, in order to validate the correct working ofr @SA-
SM systems undergoing extraneous vibrations, thescse
mounted shaker (acting as a source of extraneowgnmnts
acting on the sensor) and the PZT (acting as tigettainder
observation) were both set in motion. The followisegrtion
presents the results for these test conditions.

3t/ \ Correct;ed \
2| [N\ 7\

/

Displacement (um)
o

/| Reference-_\\ /
Corrupted f'f \A
-3r \//MSQDOO———ﬁ\ /

-0.025 -0.02 -0.015 -0.01
Time (s)
Fig. 9. Displacement signals when both shaker argkt vibrate at 109Hz.

C. Extraneous Movement Correction
Let us look at the test results for various exmtasignals

acting on the shaker as well as the PZT. To vaidae
robustness of our system, the following tests wadertaken:

is of 51.1nm for MS9000 as reported in Table llisTtase is
quite important in the sense that it validates tlerect
working of SSA-SM sensing system for a situationereha
mechanical coupling between the target and the osens
assembly can cause the sensor to vibrate at the fsaquency
thereby resulting in a falsification of measurement

%/f\\\//A"’\\\//\\\J/"\,//_//P\\“//ﬁ\\,/ (a)
02525 0535 054 0545 05 555
or \\/ L

€2 ‘

<0525 0. 0535 0. 0.545 0. 555

=

g 2f

g o /\ ©

@

&2l

0 0525 05 0535 0.5 0545 05 555
0.1 ] ‘ - ' '
OW @
0.1 ‘ : ; :
0525 053 0535 054 0545 055 0555

Time (s)

Fig. 10. (a) Corrupted, (b) SF1500, (c) correctadd) and reference (dotted
red), and (d) 20Hz-500Hz error displacement sigfalsarbitrarily moving
shaker (51Hz-102Hz-255Hz-357Hz) and target (41H4z8205Hz-287Hz).

* The shaker as well as the PZT was vibrating at tw

different frequencies.

* The shaker as well as the PZT was vibrating atséime
frequency.

* The shaker vibrated at a single-tone frequencifenthe
PZT was vibrating with an arbitrary signal.

» Two different arbitrary signals were applied be tshaker
and to the PZT.

Table 1l would later present the results for eatthe above
four types of tests for four different SSA-SM semssystems.
The error values reported in Table Il are that dfIR
difference between the built-in capacitive feedbaeksor of
the PZT (used as a reference target senser) @and the

corrected displacement {Dover a bandwidth of 20Hz-500Hz.

The arbitrary movements (denoted as ‘arb’ in Tabjeare
composed of &, 2 5" and 7' harmonic e.g. the signal
denoted as ‘arb 51’ is a combination of 51Hz-10235Hz-

357Hz components. The average (denoted as ‘Avg an

standard deviation (denoted @8)‘are also tabulated.

Let us now look into the case where the shaker ek ag
the PZT was vibrating at the same frequency. Figrésents
the correction result for the case where the haitnaeting on
both the target i.e. the PZT as well as the extraseibration
acting on the sensor i.e. the shaker is of 109He. dorrupted

signal i.e. @ has an amplitude of 1um whereas the true target

vibration is of 2.5um. The amplitude of the extraue

Another case is presented in Fig. 10 where theeshaikd
the target are both excited by different arbityanihoving
excitation signals. The arbitrary extraneous mowveme
(composed of 51Hz-102Hz-255Hz-357Hz components)
picked up by SF1500 accelerometer (Fig. 10 b) amal t
arbitrary target movement (composed of 41Hz-82HzF0
287Hz components) picked up by the reference s€r&mprl0
c dotted red) attest this case. As a result, tisplatement
measured by the SM signal is corrupted (Fig. 1MHawever,
the SSA-SM sensing system has been able to correctbver
the true target movement as seen in Fig. 10 ¢ (hioee).

50
o
2
L n
g
o
o
-50
100 200 300 400
50 ¢ T - :
: I
§ 0 3 RN
j=]
o
50 -
0 100 300 400

Frequency (Hz)

Fig. 11. Frequency spectra of corrupted displacénfah and corrected
displacement (b) signals for arbitrarily moving k& (51Hz-102Hz-255Hz-

vibration Iy acting on the SSA-SM as measured by MS900857Hz) and target (41Hz-82Hz-205Hz-287Hz). Theaad signal indicates

accelerometer is of 3.5um. By using our technigueprrect
signal recovery has been possible as indicated fayarable
comparison between the corrected signal (in red) toe
reference signal (in light blue) seen in Fig. 9eTRMS error

an improvement of 30dB, 47dB, 32dB, and 24dB foH51102Hz, 255Hz,
and 357Hz respectively (presented by red arrows).

Fig. 11 presents the frequency spectra of the ptedu(3)
as well as the corrected {Ddisplacement signals seen in Fig.
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10. It can be seen that the corrected signal itelican the shaker vibrated at 11Hz.
improvement of 30dB, 47dB, 32dB, and 24dB for 51Hz, This case also highlights the fact that the usea dfigh
102Hz, 255Hz, and 357Hz respectively. The final R&t&®r performance, low noise density SSA becomes imperat
is of 32.1nm for SF1500 as reported in Table II. order to significantly lower the cutoff frequencf 8SA-SM
The results summarized in Table Il are thus refleaf the sensing system while maintaining a comparable finatision
performances expected from the used SSAs. It cas lfe (see the results for SF1500 in Table Il and Tab)e $o, an
seen that for the same SM displacement retrievahode SSA with very low noise density has to be emploifethe
(PUM in the present case) and phase and gain matchiextraneous movement has very low frequency comgenen

technique, the final
dependent on the noise density of the employed S®A.if
the objective is to obtain as high a resolutiopassible then,
logically, the best SSA should be used (SF150Wuircase).

; Shaker PZT [ ADXL311 |LIS344ALH MS9000 | SF1500
Another way of looking at the results can be basedhe (Hz) (Hz) (nm) (nm) (nm) (nm)
choice of SM displacement retrieval method. It ¢then be 11 99 5412 124,8 86,7 29,7

observed that for a given low cutoff frequency (20kEre),

the use of &igh performance SSA such as SF1500 might not

be effective as in such a case, the fipdcision of a given
SSA-SM system is predominantly limited by the psemi of
the SM retrieval method (20nm for PUM here). Sothié

extraneous movements have a relatively higher lowvotf

frequency, then the use of an SSA with very lowsaaiensity
can be considered as overkill.

Keeping in mind the above observations, the chaite
LIS344ALH appears judicious for a low-cost SSA-Samsing
system as it offers comparable measurement prectsidhe
SM retrieval method. (Note that the use of an SSH w
relatively higher noise density (such as LIS344ALddén be
tolerated if the extraneous movements have a velgthigher
low cut-off frequency (e.g. 20 Hz in the presentse)a
However, the presence of extraneous movements lowtbr
frequencies necessitates a rethink, as detailebel

TABLE Il
RMSERROR RESULTY20Hz-500Hz) FOR DIFFERENT MOVEMENTS OF TARGET
AND SHAKER AS COMPARED WITH THEPZT REFERENCE SENSOR

precision of a SSA-SM system i

TABLE IlI
RMS ERROR RESULTY10Hz-500Hz) FOR A SINUSOIDAL MOVEMENT OF
TARGET AND SHAKER AS COMPARED WITH THEPZT REFERENCE SENSOR

Displacement (um)

0.55
Time (s)
Fig. 12. (a) Corrupted (red) and shaker displaceéemegasured by SF1500

(blue), (b) corrected (blue) and reference (dotezt) displacement signals for
the shaker vibrating at 11Hz while the target vibdeat 99Hz.

Finally, the proof of concept of a real-time SSA-Skhsing
system will be presented below. This prototype bagn
designed for a 20Hz-500Hz extraneous movement biattaw
by keeping in mind the performances observed dutimg

Shaker | PZT | ADXL311 LIS344ALH MS9000 | SF1500
(Hz) (Hz) (nm) (nm) (nm) {nm) evaluation of four different offline SSA-SM sensisgstems.
52 85 2778 542 37,1 319
40 105 2622 58,3 36,0 220
92 65 2927 48,1 39,4 249
143 46 2403 51,2 41,1 17,0
123 73 211,0 63,1 34,9 28,1
233 131 187,0 405 51,1 17,4
109 109 2767 59,1 51,1 29,4
88 88 2479 60,0 38,1 16,6
61arb 81 205,1 442 427 31,8
303 52arh | 2292 427 43,0 26,8
229 59arb | 169,1 483 412 16,9
Starb | 41ab | 2074 67,2 434 32,1
Avg (nm) | 2273 51,0 41,2 256
G (hm)| 390 8,6 5,2 6,3

D. Lower Cutoff Frequency
The influence of lowering the SSA-SM cutoff freqagron

the final system precision can be seen in TablevHere the
cut-off frequency has been lowered to 10Hz. A digait

increase in&° is to be expected given the increased

[ . :
Fig. 13. Real-time SSA-SM sensing system prototypglaser sensor head,
(2) battery cell, (3) micro-converter, (4) analogegrators and filters, and (5)
Inset picture of prototype.

V. REAL-TIME SSA-SMSENSINGSYSTEM

contribution of¢,., as also seen in Fig. 6. Fig. 12 presents th& Description

correction using SF1500 for a target vibrating @H® while

The real-time SSA-SM sensing system has been based
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LIS344ALH accelerometer and DL7140 laser diode (Sge
13). This SSA has been preferred over the othersS&Ait
presented the best price to performance ratio ther20Hz-

noise that affect the prototype.
Secondly, the shaker was switched on to vibrate3aHz
with p-p amplitude of 17.6um while the PZT was kept

500Hz bandwidth chosen for the proof of concepte Thstationary. Such an extraneous movement thus eesuit a

component cost of the complete prototype is leas th0 $.
Note that for a lower cut-off frequency, the sanesign can
be used by choosing an appropriate SSA.

B. Sgnal Processing
In order to process the SM signal in real-timeylyfanalog

displacement Pof 6.25um RMS. A correct working of the
prototype was attested by the output signal ofpifetotype D
presenting an RMS signal of 196nm. A comparisorthig
residual output Bto the movement affecting the prototypg D
thus indicated a correction of 30dB or 96.8% elition of

SM processing technique [12] may have been coraider the extraneous movement acting on the SSA-SM system

However, due to the non-harmonic natureDgf we need to
use an approach capable of processing such movenvile
avoiding drift effects. So,of the proof of concept, the S
signal has been processed in real-time using thesébuitive
Samples based Unwrapping (CSU) method [13]. Itsthy
retrieving the SM based displacement through friogenting
resulting in an initial precision 6f/2. This initial step is quite
similar to the initial step of the PUM [10] or tlielly analog

method [12]. Then, instead of doing an iterativentio

estimation as in PUM, it uses the local SM signaktapping

as in the fully analog method. Thus, it is abledtrieve SM

based displacement with a precision of approxirgaté.

For the prototype, an integrated micro-converteu®@d020

from Analog Devicedworking at 40 MIPS has been used. i

has integrated analog-to-digital and digital-tolaga
converters and the output displacement is updated/ 8us.
The integration and filtering stages needed foraeting

Finally, the shaker and the PZT were both set iiono
The real-time results for this case are presenteéig. 14

M where the PZT vibrated at 106Hz with p-to-p ampléuof

5um while the shaker was made to vibrate at 130z pvp
amplitude of 5.5um. The corrupted signat Qight blue
curve) has been corrected in real-time by the pyptin
order to recover the movement [@reen curve) presenting an
RMS error of 192nm as compared with the referemresar
Dpzr (purple curve). Such a measured precision of tla¢ re
time prototype is quite logical keeping in mind tiksU
method precision as well as the noise floor of phetotype
designed as a proof of concept for a real-time SBA-
sensing system. It is thus better than the offlimest-
rocessing based system proposed in [9] as it gesvbetter
precision in real-time in an autonomous manner.

VI. CONCLUSION

displacement fronLIS344ALH have been based on standard The paper has presented the operating principle and

analog OP-AMP based circuits. The gain stages drasep
correcting filters have also been developed in milar
manner. For the sake of simplicity, only a firster phase
correcting filter has been used.

To0v ve Soomv
1Stm___1som  ziim
ermy|
Signal

Fig. 14. Real-time SSA-SM sensing system protofgsilt for the shaker
vibrating at 130Hz while the PZT vibrated at 106131 signal (dark blue),
SM based displacement retrieval ;jDusing CSU method (light blue),
corrected displacement Qgreen), and reference displacemeptr@purple).

C. Results

In order to evaluate the performance of the prgiety
firstly, the shaker and the PZT were kept switcloéfd An
output signal of the prototype®df 113nm RMS was then
measured. This value thus indicates the noise ftafothe

consequent signal processing methods needed fodesign

of a reliable accelerometer coupled Self-Mixing
interferometric laser displacement sensor for erdedd
applications.

In this regard, special emphasis was put on thel fin
precision of such a sensing system. Thus, all migotors
having an influence on the final precision weredi&td. This
then brought to light the impact of accelerometas@ density
on the system precision.

So, in order to practically analyze this impactyrfoffline
sensing systems based on four different accelesmetere
designed and then evaluated under equivalent ¢onslit

Using their performance comparison, it was verifieak the
final system precision is limited by the noise dinsf the
used accelerometer as well as the employed SMatisplent
retrieval technique whereas the overall system Wwaitt is
mainly limited by the choice of accelerometer. Rarmore, it
was also seen that a very low noise density acuomleter may
not be necessary if the extraneous movements actinthe
sensing system have relatively higher frequencies.

Finally, in the light of above observations, a e SSA-
SM sensing system prototype was designed and ingpitd,
indicating a measured correction of 30 dB. The grerhince
of this prototype can be further improved by usiag
embedded digital signal processor. Likewise, ifchee, the

prototype even when the shaker and the PZT weré¢ keitoff frequency can be lowered while maintainifigal

stationary. Such a value is not only indicativetted presence
of SSA noise but also of stray, mechanical, andtedaic

precision by choosing an SSA with lower noise dgnsi
Nonetheless, the present prototype demonstrategsief
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such a real-time low-cost sensing technique forseho Toulouse, France, in 2003 and 2006, respectively2006, he joined the

embedded and industrial applications where theepias of
extraneous movements may preclude traditional senso
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