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ABSTRACT

An investigation of performance of multiplexed d&gement sensors based on extrinsic Fabry-Peerfenbmeters has
been carried out. We have considered serial anallplaconfigurations and analyzed the issues anétdges of the
both. We have also extended the previously develdyzseline demodulation algorithm for the case sfystem of
multiplexed sensors. Serial and parallel multiptexischemes have been experimentally implementeld 3viand 4
sensing elements, respectively. For both configumatthe achieved baseline standard deviations befngeen 30 and
200 pm, which is, to the best of our knowledge, ertbian an order less than any other multiplexed! EE$®lution ever
reported.
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1. INTRODUCTION

During the last two decades a great progress irufaature and implementation of the fiber optic sgadased on the
extrinsic Fabry-Perot interferometers (EFRIas been achieved by the academic institutionsanmnercial companies.
Such sensors demonstrate a great dynamic measureangie and a high resolutfoh Sensors of a great variety of
physical quantities have been designed and impledernThe most commonly used EFPI baseline demadnlat
approaches are two white-light interferometry md#ftousing of a scanning readout interferometer andsmeng the
spectral function of the tested interferometer.IBitese techniques provide an ability to obtainaheolute baseline
value and to track the signals of a system of mlelied interferometers with different baseline eal§. However,
according to the recent progress in the field, gpectrum measurement approach is more advantageithshe best
baseline resolution of a single sensor about 10miterd® whereas for the multiplexed sensors the bestemeti
resolution was about 1 nanométéfherefore, the spectrum measurement approaaisidered exclusively within the
current paper. Despite the experimental progressdifield, the theory of such sensors isn't welveloped and, to the
best of our knowledge, no analytical descriptiorthafir possible performance is presented in litesmatSo, the scope of
the current work is to introduce some fundament#lissuch description and to achieve the baselinelutsn
comparable with the one attained for the singlessedevices.

Throughout this paper we consider the case oftexgig the spectrum of the light reflected from semsor, which is the
most common case for both single-sensor and metal systems. The spectral function of a low-fiadsabry-Perot
interferometer is quasi-harmonic, and is express&i(L, ) = (L, 1) + Sy-YL, 1), for the reflected light:
S(L, A) = cos[&4nL/i +ygr(L, V)], 1)

Su = RiR)YWw(L) = (RiRo) Vw20 L, 2
where yg(L, &) = —arctan(BA/anw?) + or; W(L)=[W+(LA)%/(znw)]Y% L is the interferometer baseling; is the light
wavelengthn is the refractive index of the media between tlirears; the first term inyg(L, 1) is a Gouy phase shiftan
additional phase termg is induced by the mirrors (typically for dielectnnirrorser=n); w is an effective radius of a
Gaussian beam at the output of the first fiber,cilig close to the fiber mode field radius. Thegeations are valid for
the case of parallel mirrors and relatively latgeTransfer function of a system bf multiplexed EFPIs with different
baselined ,, k=1.N is a superposition of quasi-harmonic signals (ith wlifferent frequencies and can therefore be
expressed as

Swour Ly Ly 'A):%S;\/IksK()\)-i- H(Ly,o o LyoA), 3)

where S(M)=YLy, A); Swx amplitudes are discussed in detail in the nexti@®cH(L,,...Ly, ) contains quasi-static
component and a number of parasitic components) hdiselines different frorh,,...,.Ly and must be filtered out.
Therefore, extracting partial spectgdA) and applying the baseline demodulation approadesgloped for a single
sensor, one can obtain the readings from eachptaxéd sensor.
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2. SENSORS PERFORMANCE ANALYSIS

The amplitudeS)y is one of the main parameters, defining the ptessésolution of thé-th sensor, therefore, one of the
main aims of this section is to introduce the eations for S\ Also the problem of cross-talk in multiplexed
interferometric sensors is quite important, thoufgh, EFPI it is often neglectédHowever, for ultra-high resolution
sensors its sources must properly be taken intousatén order to ensure the absence of any evidehite

In parallel configuration (see figure 1, (a) fomexple) the light intensity brought to each intesfeeter is determined by
the division ratios at the coupling elements. Hog most obvious case of uniform power distributtmiween the
sensors, the corresponding amplituBgg can be expressed as

S LINT(RucRa) MA(mnw?)/ (2oL 4)
In order to minimize the variance 8f, amplitudes, a nonuniform distribution of the ligidwer over the sensors can
be used, in this case the estimate (4) must befimddiThe lengths of the feeding fibers must besemosufficiently

different in order to suppress parasitic interfeeesignals, therefore, componéi(.) in (3) will be stipulated only by
the higher harmonics of the Airy function ((1) caints only the first harmonic of the Airy function).

In serial scheme (see figure 1, (b) for example) ititerferometers are connected to the sensoragatior one after
another, therefore, considering the signal of klik interferometer, one must take into accountlidjet propagation

through the preceding interferometers. Spectrumthef light, reflected from thek-th EFPI, can be written as
[Sri(0)-...-Sra(W]*S(1), the EFPI spectral function for the transmittigght Srj(A) is written below

Sri (L A)= SH(LA)+Syr 051 (L, 0) D(-R))(1- RZ)F(WZL—_){h m%(\(%coshmh Ay (L )\)]} . )

where yr(L, A) = arctan(A/znw?) — arctan(BA/xnw?) + @1, o7 is induced by the mirrors’ reflections, typicalfgr
dielectric mirrorsp=0; as for (1) and (2), an assumption of parallerens was used. The static summand in (5) is
constant and determines the mean transmitted optmaer. Therefore, the expression By can be written in the

following form
Sy =Y RucRox E(ZTWZ/)\O)4K_3 Elk—_ll(l‘ Ry )T_Sl_ R, , ®)
Kk =1 i

wherel, is the central wavelength. Herein an assumptiocBafssian profile of the free-space (inside therfatometer)
and fiber modes was made, allowing to approxima¢epower coupled from the free-space beam to ther fnode as
proportional to squared modes radii. According tiw experimental results, these assumptions ard Val{(2) for the
caseL>20Qum and in (5) and (6) for the cate40Qum. However, in practical case one might utilize ssga with
smaller L values (see section 3 for examples); in this dhse valuesS)y calculated according to (6) will be
underestimated.

The oscillating summand in (5) doesn'’t affect theam optical power and will modulate the light spatt brought to
the k-th sensor, resulting in the uprising of parasitienponents of the forra-S(A)-Sr(Lj, 1), j<k in Syur. In such a
manner, overall spectruByy.r will contain parasitic components correspondingéselines combinatiohsL;.

Therefore, the main origin of the cross-talk in tomnsidered systems is coincidence of the osahagieriods of the
parasiticH(A) and the targe$(A) components in (3) the optical paths differenc@BDs) in different EFPIs. In order to
avoid the cross-talk, the following condition oretbavity lengths must be fulfillefl., — (-Li+q-L;)| >>AL, wherep,q
are integer, the worst cases @re2, g=0 or p=%1, g=+1, j§|=1; AL = A¥/2nA is the resolution in the interferometer
baseline domain after applying Fourier transfornmSth) function. Considering a sum of target and pa@sjtiasi-
harmonic signals of form (1) with close frequenaes significantly different amplitudesanda, we obtainA-S(L;, 1) —
a-§(L,, A) = A-cos[4n(L; + a/A-(L1—L,))/A + 7], with the resultant error given by

3L = a/A(L—Ly). ©)
Values ofA anda can be analyzed separately, which is out of tlipeof the current paper, however, for a practical
casea/A about 0.01 (see figure 3 for example) ahdabout 100 nm the resulting deviation of the reged baseline

from the real one will be about 1 nm, which is ax@@an order greater than the achievable displaceresolutions (see
table 1 below).




3. EXPERIMENTAL DEMONSTRATION

Both parallel and serial multiplexing schemes wesaized experimentally, the experimental setupssaown in figure
1 (a) and (b), respectively. The parameters ofdptical setups were the following: in parallel stigel;=41um,

L,=195um, Ls;=526um, L,=719um; in serial schemk;=42um, L,=170um (one fiber end was evaporateldy=250Qum (Si

plate); the resulting reflectivities are shown igufe 1. The optical power at the interrogator aotitwas 100uW. The

spectra acquisition rate was about 1 Hz.
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Figure 1. Experimental setups for serial (a) amalfe (b) configurations.

Signal processing was running on a PXI chassisralbet. In order to simplify the processing, we @sed that the

baselines are known with accuracy ~8®. Therefore, the partial element spec®@.) could be extracted by pre-
defined band-pass filters, which was done by tineesaay as ih After that, for eacl (L) spectrum the approximation-
based approach described was applied. The standard deviations of the esticnhaselines,,, shown in table 1, were
calculated over the temporal intervals about 10uteis, corresponding to 600 baseline samples fdr saesor.

Table 1. Standard deviations of the baselinasurements for serial and parallel multiplexingfigmrations.

L4, parallel

L,, parallel

L, parallel

L,, parallel

L4, serial

L,, serial

L3, serial

OLr, pm

41

63

180

200

32

43

78

In figure 2 the FFTs of the registered spectraarbjel (a) and serial (b) schemes are showaxis corresponds to the
air-gap cavity length. For the Si-plate sensorhitidd be properly recalculated with taking into @oet Si refractive
index with dispersion. It is clearly seen in figuBe(b) that in the spectral function of serially Itiplexed EFPIs,
components corresponding to OPDs combinationsrasepted along with single, double and triple OPDs.
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Figure 2. FFTs of the multiplexed EFPIs spectratfions.

For the parallel configuratior8y amplitudes calculated according to (4) are in adg@ccordance with the
experimentally observed values (figure 2, (a)),emtdhe first sensoil{=41um), for which the above assumptions are
not valid. For the serial configuratid@),, estimations for the 2-nd and the 3-rd sensors maderding to (6) are about

an order less than the experimental values duket@pproximations in (5) and (6), which are nofilfatl for the first
sensor with its baselirg=42um.

In order to study the sensing abilities of the agded systems and ensure the absence of the al&ssse have
consequently heated and cooled one of the sensbilg, the rest were placed into the thermally issdachamber. This
operation was repeated for both configurations afidcombinations of heated/isolated sensors. lurég3 the
corresponding baseline curves are illustrated.igaré 3 (a) the heating of the 4-th sensor in palracheme is



illustrated, in figure 3(b) — the heating of thesfisensor in serial scheme. Curves of the dewistaf non-perturbed
sensors baselines demonstrate no correlation hétipérturbed, hence, no cross-talk was preseheicurrent systems,
at least, at the levels limited by the sensorsluéisms. The range of the temperature changes ®d$IK, from this the

baseline temperature sensitivity of air-gap sensansbe estimated about 6.4 nm/K.
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Figure 3. Experimental results of single-sensotihga

In a separate experiment with parallel sdtgpvas changed to ~390n to match the doubleld,. In such a manner, by
heating the 2-nd sensor the cross-talk efféct {nfluencing the 3-rd sensor readings) was dematesir The initial
values and additional shifts were subtracted frioendurves for better demonstrativeness. For the season the curves
of Ly, Lz andL, variations in figure 3 (c) were 10 times magnifi@the parasitic deviation @f; shown in figure 3 (c) is
in accordance with expression (7).

4. CONCLUSION

A brief analytical analysis of the multiplexed EF$&Insors of serial and parallel configurationshieen carried out. We
have considered the effects, determining the résolwof such sensors and the possible cross-tatke@dperimental
realization of the both considered configuratiormsuwnade, for the both the baseline standard dengabetween 30 and
200 pm were achieved. As can be predicted froms@l}ingRx~100%, one can attain nearly the same signals sheng
for the parallel scheme with 8 elements, as irpérdormed experiment, and hence, nearly the sas®&iba resolutions.
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