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Enhancing the Multiplexing Capabilities of Sensing
Networks using Spectrally Encoded Fiber Bragg
Grating Sensors

Andrés Triana, Daniel Pastdvjember, IEEE, and Margarita VaronMember, |IEEE

Abstract—We have proposed a technique to design spectrally modulate the source signal illuminating the sensors nétwor
encoded FBG sensors allowing overlapping between two or mer with a code signal, then the detection of each sensor in the
sensors in the same spectral region. A theoretical descrioh  nayork is performed by the auto-correlation in time domain

of the design and the identification function for the propose . . .
sensors ha% been developed. Simulation of the engodgd FBGbetween the reflected signal and the modulating signal. We

sensors was carried out to validate their overlap-proof behvior. have proposed the use of an encoding technique to define
Finally, the proposed sensors were manufactured and valided the spectral shape of the sensors that allows the complete
experimentally to show the compatibility between our encothg jdentification of two adjacent FBG sensors in the spectrum
technique and traditional WDM multiplexing. Furthermore, the 1921 our technique is based on optical CDMA communication
error of the proposed interrogation system was measured and . . .
discussed. systems, where a codeword is assigned to each user in the
] ) o communication system to encrypt their information. So we us
Index Terms—Fiber Bragg grating (FBG), optical fiber sensor,  yq \ye|l.known Optical Orthogonal Codes (OOC) to define the
spectral encoding, demodulation, overlap.
spectral shape of FBG sensors.
The main advantage of using spectral encoding to shape
. INTRODUCTION FBG sensors is that each sensor is provided with a unique
PTICAL fiber sensors have been intensively studied oveignature so they can be unequivocally identified (this shap
the past years due to their inherent characteristics sugdn also be associated to a spatial location in the sensing
as, lightweight, immunity to electromagnetic interferesc network). In this way, overlap between adjacent sensors is
low losses, etc. FBGs are between the most accepted sensih@ved and consequently the number of sensors in the net-
technologies due to their simple and linear behavior [1], [2vork is increased. Also, when adding compound shapes to
also, FBG sensors are naturally multiplexed in WDM sinceBG sensors their measurement will gain robustness against
each sensor works over a fixed spectral range. Other muititerferences in the spectrum which improves the accurécy o
plexing schemes have been demonstrated, being the TDM {i& system.
and OFDR [4] techniques the most commonly used since theyin this paper, the feasibility of spectrally encoded FBG
are compatible with WDM schemes, however, they increasensors is demonstrated, specially their compatibilitghwi
considerably the complexity in the interrogation scheme. WDM multiplexing. A theoretical description on the sensors
As the sensing parameter of FBG sensors is the wavelengHape is provided along with the proper identification fiorct
shift, the total spectrum must be divided into the operationto demodulate the wavelength of each encoded FBG sensor.
range for each sensor in the sensing network (even consideur analysis approach is completed with the experimental
guard-bands in between) in order to avoid overlapping betwemanufacturing and characterization of the proposed sensor
two adjacent sensors. This sets a limit to the number Pfe encoded sensors were implemented by writing Super-
sensors available in the sensing network. In order to soly@posed FBGs (SI-FBGs) according to a specific codeword
the overlapping between FBG sensors, a variety of appreachfiowing to perform experimental validation of differentes-
have been proposed, considering optimization technigbes [apping scenarios.
or intelligent algorithms [6], [7] for discriminating thesatral
wavelength corresponding to each sensor during an oveh-
lapping situation. Nevertheless, this approaches arellysua
complex to implement in real time. The limitation in the number of conventional FBG sensors
Other approaches have been carried out to involve concepllscated in the total source spectrum is defined by the
of Optical Code Division Multiple-Access (OCDMA) in aoperational range of each sensor, this is because conmahtio
sensing system. In [8]-[11] for example, it is proposed tBBG sensors are not meant to overlap. Aiming at solving the
o , , , overlapping limitation of FBG sensors, we have used optical
Andrés Triana and Daniel Pastor are with the Optical and nQuma . ,
Communications Group (iTEAM Research Institute), Uniidad Politecnica orthogonal codes (OOC) in order to shape FBGs spectral
de Valencia, Valencia 46022, Spain (e-mail: catrianai@eda.co) response, as a result we obtain encoded FBG sensors that can
Andrés Triana_and Margarita V_ar(’)n are with the CMUN Reslez{B’roup, be identified even under overlapping conditions.
Universidad Nacional de Colombia. Cra 30 No. 45-06, 11132gdBa DC, With the encoding of FBG sensors it is possible to identify
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Figure 1. A set of two encoded FBG sensors are representeahdatg to the
orthogonal codesS1 = [11001000] in a) andS2 = [10100001] in b), the

right plot to each sensor represents their auto- and crsstation function. Figure 2. A set of three encoded FBG sensors is represemignfding to the

orthogonal codesS1 = [110000100000] in a), S2 = [101000000100] in

b) and.S3 = [100100000001] in c). The right plot to each sensor represents
. . their auto- and cross-correlation function.

spectrum, i.e. more than one sensor is allowed to operate in

the same spectral region, multiplying the number of sensors

allocated in the same spectrum. codewords. The ACP/XC ratio is constrained to one third of
the total power.
A. Optical Orthogonal Codes (OOC) In Fig. 2 it is depicted a set of 3 orthogonal sensors, in this

OOCs have been widely used in Optical Code Division Mu 12 spectral slots. The codewords e — [110000100000]
tiple Access (OCDMA) communications systems to enco e Fig. 2 a), 2 - [101000000100] in Fig. 2 b) andS3 —
temporarily the informz_ﬂion from multiple users. In this ko 4%0010'00000’01] in Fig. 2 c). Each plot to .the right in Fig. 2
aos(jiha;e vl\jzedtr:(;tdsgcr:lr? Zﬁiggggy;gzSgsrl?seo?figEc?mselgtr(?rﬁresents the cross-correlation product for the codesviord
. y . OMPIEtERtS set, again, The ACP/XC ratio is constrained to one third
recognizable, using the proper decoder, from its ne|gImIg;0r|0f the total power
sensors within the system. However, unlike communication.l_he numger of orthogonal sensors in a set has a direct
systems where long orthogonal COde.S are required for a IaF%?ationship with their spectral length, however, there ar
(r;g(r:;be:nof ;Jsser;,:t\;\;? acrﬁti:rt]egzs;?:a:lnasshogsgirg:ggonal CO%Gt‘ﬁer parameters affecting the spectral shape of the sensor
byIng a sp b P . .such as the reflectivityf'W H M of the reflection sub-bands

For a set of codes to be considered orthogonal, the foIIowmgd spacing between sub-bands. Considering this, we can

cpn@hop must be sat|§f|ed: ea(;h code_ must be complethyite down the total spectrunR()\) for a set of encoded
distinguishable from shifted versions of itself and froneey sensors as (1);

other code in the set. This means that the cross-correlation
product, for any code with itself, must have a high auto-
correlation peak (ACP) at the initial position and low side R()) =
lobes at the remaining positions, and, the cross-coroglati X N/2
(XC) product (between two different codes) will be con
strained to a low value for all the positions. -Z Z
Taking into account the above considerations we selectéd 1
sets of 2 and 3 OOCs through the combinatorial method (1)
described in [13], this selection was performed in order to Where, for a number of sensok§, with N sub-bands. The
maintain short the number of bits (also called 'chips’) ir thbit-codec; (i) represents each reflection sub-band on a sensor,
code, the higher the number of orthogonal codes in a set, #1@\) is the spectral shape of the sensors, with reflectivity
longer the codeword. The encoded FBG sensors corresponditigand Bragg wavelengthz;, 6\ is the spectral separation
to a set of 2 orthogonal codes are depicted in Fig. 1, in tHietween sub-bands. Increment on ffiesub-bands goes from
case, the orthogonal codewords are composed of 8 chips, thréV/2+ 1 to N/2 allowing the codewords to be even or odd.
of them are nonzero chips (i.e., '1’). These codewords defineTo demodulate the encoded FBG sensors it is computed the
the spectral configuration of the proposed sensors, meanaagrelation product between the theoretical spectralaesp
that sensor 1 in Fig. 1 a), with codd = [11001000], features of the sensor and the total reflection spectrum recorded with
8 equally spaced spectral slots with reflection sub-bands OSA (similar to the approach presented in [14], but in our
assigned to each nonzero chip in the codeword. The sao@se the spectral shape of the sensors have been previously
holds for the second sensas2 = [10100001], represented encoded), obtaining the ACP indicating the central pasitio
in Fig. 1 b). The plot to the right of Fig. 1 a), b) representiz;+A\p; of the corresponding sensor in the spectrum, and a
the cross-correlation product between the two codeworis, i constrained XC value for the remaining spectral positidings
shown the ACP in the central position (where equal codewordsmodulation can be expressed as the Identification Functio
match) and a low XC value along the spectrum for differemf the encoded FBG sensofEF) (2).

5ase the codewords feature 3 reflection sub-bands allocated

Cj(i)'R/-g(/\—)\Bj —A/\Bj —(6/\2—5)\/2))
1i=—N/2+1
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entire measured spectrum for each one of fieencoded

sensors. This is a simple scalar product which does not ac
complexity to the interrogation process.
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B. Simulation of encoded FBG Sensors Number of sample
As mentioned in II-A, the OOC is not the only determiningrigure 4. Trajectories followed by the three orthogonalsses during the
factor of the spectral shape in encoded FBG sensors. Siiulation. In a) it is plotted the trajectory for the senstr, in b) for the
. . sensorS2 and c¢) shows the trajectory followed for the sens@ during an
fact, _parameters Suf:h as the_ sub-bands width, reflgctmnﬂy Sverlapping scenario. The insets show the obtained erréheénwavelength
spacing between chips could impact both, the detectiorggsoctracking.
and the manufacturing feasibility of the devices. In order t

evaluate theoretically the performance of the encoded FBG ) ) ] ]
sensors under overlapping conditions several simulatiere direct relatlonshlp between the detection error and thethmd_
performed. It is possible not only to prove the autocorrefat of the _reflect|0n sub-bands. Broad_er reflection sub-b_ands wi
identification function, from equation (2), under overlamp result in a broader cross-correlation product, causmgelar
scenarios, but also to determine the relevance of eachrdedjerference between the ACP and the XC. Regarding the
parameter in the wavelength detection. In Fig. 3 it is depict "€fl€ctivity values for the encoded FBG sensors, the only
the corresponding reflection spectrum for the set of 3 orthaijnitation comes when working in serial configuration, waer
onal sensors presented in Fig. 2. In the simulation, peorm/OW-Teflectivity regime is necessary to avoid adding erer t
with the parameters listed in Table I, the three sensorsiioll the detection due to shadowing effect between sensors mgprki
linear paths that overlap over the same spectral region3ry 2t the same wavelength. ,
shows the total reflection spectrum and in Fig. 3 b) there FTom these results, the desired features for encoded FBG
are depicted the computel'()) for each sensor, the ACPSENSors are: low reflec_t|V|ty, in o_rder to allow serial config
obtained corresponds to the central position of each emcod@tion of the sensors in a sensing network; narrow spectral
FBG sensor. width of the sub-bands to minimize the detection error cduse
Fig. 4 depicts the path followed by each sensor in an ovdlY ACI?/XC mterferepces, and finally, short vglues for thie-su
lapping sensing scenario. Detection of the central wagglten bands’ spacingA with the purpose of reducing the spectral
is performed for each sensor; Fig. 4 a), b) and c) represelfi@9th of the sensors.
the resulting ACP from the F'(\) of sensorsS1, S2 and
S3 respectively. The insets show a zoom of the maximum IIl. I MPLEMENTATION AND RESULTS
error in the detection, which is af7 pm. This detection error  After the validation under overlapping scenarios through
is caused by the XC values corresponding to the remainisgnulation as presented in section II-B, the encoded FBG
sensors in the evaluated spectrum that are occasionalgdadsensors were manufactured by writing multiple gratings at
to the expected ACP from the matching sensor. the same spatial location of the optical fiber (Super Imposed
These results confirm theoretically the overlap-proof behaFBGs, SI-FBGs [15]). Thus, resulting devices feature rpleti
ior of the encoded sensors, furthermore, it was studied treflection bands at the different wavelengths determinetthéy
effect of the shape parameters for the proposed sensors SOEC. In order to perform a experimental validation, the set
as the sub-bands’ width and the reflectivity. It was found @f 2 orthogonal encoded sensors (Fig. 1) was manufactured.
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Figure 5. Serial-schematic setup used to measure the reflesppectrum of
the encoded FBG sensors.
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Figure 6. Measured wavelength for two sensors under oy@rigpeonditions
in serial configuration. a) shows the swept of senSorover the sensof2
These devices were first synthetized using the DiscreterLayed b) shows the analog scenario. Complete identificatiothefsensors'’

Peeling method (DLP) [16], obtaining a complex index profil§avelength is achieved.

which is executed in a point by point writing procedure by
an UV laser beam reaching the photosensitive optical fiber
through a Phase Mask (PM). In this way, each sensor is
constrained to a spatial region in the fiber, determined by th
length of the codeword, the FWHM and the distance between
sub-bands.

Manufactured encoded FBG sensors are 42 mm long, with
wavelengthsS1 = 1546.5 nm and.S2 = 1547.3 nm at room
temperature. The reflectivity was set $0%, FWHM =
40 pm for each sub-band and the distance between chips
oA =0.1 nm

Figure 7. Parallel-schematic setup used to measure theti@flespectrum
of the encoded FBG sensors.

A. Experimental Setup
Experimental validation of the manufactured sensors is

ASE
Source

[4AY

Broad Spectrum
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carried out according to the schemes presented in Figs. 5, 6, _ ™ f*f sl 5
in general, a broadband source illuminates the sensing,arra &

where each FBG device is stabilized in temperature. The S x‘f’x

total reflection spectrum is recovered through a circulatat # 1548

recorded by an Optical Spectrum Analyzer (OSA) withpm
resolution. Each readout is transferred to a computer ierord
to run the correlation identification algorithm obtaininget
central position for each sensor in the network.
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In the serial configuration (Fig. 5), besides low reflecyivit
values to avoid shadowing effect between sensors at the sdiigare 8. Measured wavelength for two sensors under oygrigpconditions
wavelength, similar values of sensors’ reflectivity must b parallel configuration. a) shows the swept of serfsbrover the sensof2

. . and b) shows the analog scenario. Complete identificatioth@fsensors
guaranteed i.e., losses or low reflectivity values for one Qhyelength is achieved.
the sensors will reduce its ACP/XC ratio adding error to
the detection process. A simple experiment of wavelength
detection for a set of two orthogonal encoded FBG sensorstire orthogonal properties of the proposed sensors (a cadewo
serial configuration is presented in Fig. 6, where one sessois distinguishable from other codewords in the same set and
at a fixed spectral position while the second one is stretchigdm shifted versions of itself), it is possible to deploy mo
and swept over the spectrum. than once an encoded FBG sensor in the same operational

The same experiment is performed for parallel configuratisange. For example, in Fig. 9 it is shown the total reflection
of the sensors in the sensing array (Fig. 7). In this case st wgpectrum from 3 encoded sensors, (two senstrsand one
used a passive 50:50 splitter, therefore the reflectivityhef sensorS2), and its resultant correlation product, where the
sensors can be maximized in order to improve the signal abtained ACP points out the central wavelength of each senso
noise ratio (SNR). Results of the experiment are shown While their reflection spectra are merged. In Fig. 10 it igteld
Fig. 8 which prove the distinction capabilities of the syste the trajectory of each sensor and their overlapping regions
in an overlapping scenario. operational range of sens6e gets overlapped at both sides by

These experiments prove the sensors’ orthogonality atige operational range of &1 sensor, this is possible because
the distinction capability of the system. In this situatithe sensors with the same code can overlap partially and séll th
number of sensors in an optical sensing network is increasdgtection procedure do not lose their reference.
because every pair of sensors allows wavelength detectiem o  This demonstrates the flexibility of the encoded FBG sen-
the same operational range. In fact, taking full advantage sors and the compatibility between CDM and WDM, another
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computed in order to obtain the ACP corresponding to theraewavelength

for each sensor. four encoded FBG sensors. In a), a readout of the total reflespectrum

under overlapping conditions is measured. In b), theiredation product is
computed in order to obtain the ACP corresponding to theraewiavelength
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Figure 10. Measured wavelength of an overlapping scenatwden three
encoded sensors constructed with the orthogonal c6des [11001000] and
S2 = [10100001], full overlapping is demonstrated between different sesiso
while partial overlapping is allowed for sensors with thensaencoding.
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Figure 12. Measured wavelength of an overlapping scenatwden four
encoded sensors constructed with two orthogonal cafiés:= [11001000]

and S2 = [10100001}_, fqll overlapping between encoded FBG sensors and
experiment was performed to validate the detection of YPM - CDM compatibility are demonstrated.

sensors sharing the spectrum by pairs. Fig. 11 illustrdtes t

reflection spectrum for the 4 sensors, which were arrangceguld increase the number of sensors in a network, but this
in two branches combining the serial and parallel strusture '

and the corresponding correlation product from the readohrpprovement in the system comes at a cost. There is an

Fig. 12 shows the trajectories followed for the sensors. additional source of error added to th.e system due to the
Although the maximum multiplexing capability of a CDM_effect of other signals in the spectrum influencing the cross

WDM system depends on the number of OOCs used and thtc?:ﬂg re;?rt(l)c;n.:ect:cggg f;)mc)t;gn. Qser;e(zg?rr;esd <;rr]1 dS'r?Ctlch:Lher
particular spectral slot number (N), from Fig. 12 it is pbési ! : u y val ponding

to see that if in a typical WDM network each sensor requir(%' nals in the spectrum) added to the ACP value obtained for

an operational range of2 nm. An equivalent CDM-WDM € proper mterrog_at_ed SEnsor. . .
system, with 2 OOCs, will allow two sensors to operate inside In order to dlscrlmlnat_e this error an experiment with two
the same spectral region, hence, the number of sensors Caq_edgors_ ur_lder _overlapplng conditions has been performed.
doubled using the proposed encoding technique with velg lit he main idea is to compare the wavelength measurements

effect in the wavelength detection accuracy of the system %l%talgefd fro!’” dt.h% ovlerlapplng scenar:co hagalnst the IO nes |Ob_
detailed in section I1I1-B. tained from individual measurement of the sensors. It ie als

necessary to isolate the human error from the measurements
. o i.e. the comparison must be carried out between measurement

B. Experimental Error Discrimination performed at the same spectral position.
The use of encoded FBG sensors allows the identificationConsidering the reasons mentioned above, an overlapping
of two or more sensors under overlapping conditions, whidtenario have been recreated between two sensors in paralle
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Figure 13. Comparison between the wavelength measurerbegined from Figure 14. Zoomed wavelength measurement for the fixed sém#iee com-

the overlapping scenario and the one obtained individudlliing the same Parison between an overlapped system (a), and the indiviteasurement

experiment is presented in a) and b) respectively. In c)s iplotted the (b). In a), it is possible to discriminate the XC- from the teysatic error when

difference between the two set of measurements. the two sensors start to merge into each other. b) shows balgystematic
error for an individual measurement.

configuration. In this way, it is possible to switch off one of

the sensors thus, reading the reflection spectrum fromosengbtamn _encoded F_BG sensors that can be identified even in

S1, sensorS?2 and, sensor$1 and 52 simultaneously in the overlapping scenarios. Due to our design methodologygether

ne';work ' is a trade-off relationship between the number of OOC in
The experiment has been carried out with sersbbeing a set and the spectral length of the FBG devices (the more

OOC in the set, the larger the spectral bandwidth of the
swept overS2 and vice-versa. In this way it is possible to
wept ov vice-v s way it IS possi %ewces) Nevertheless, with the minimum number of OOC,

obtain the total difference between the individual and th
overlapping scenario. The total error in the detectlonesylst - 2, it is possible to double the capacity of the sensing
can be written then as (3): system since two encoded FBG sensors can be allocated in
the same spectral region while their central wavelengtbs ar
oEr =\/oE%c +0E2, 3) ﬁcrnlrgepru(t)t\e/oelr;nd_totally distinguishable from each other even
pping conditions.

Where cEx¢ and oE,, are the standard deviation for We described theoretically the reflection spectrum for a set
both, the error due to the cross-correlation, and the system of encoded FBG sensors based on their design parameters and
error caused by all the components in the system. In Fig. 8 identification function which is based on the correfatio
it is depicted the detected wavelength for sensStsand product between the codewords. The identification function
52 when sensorS1 is swept through the spectral positiorwas implemented and simulation of wavelength detection in
of sensorS2. Fig. 13 a) shows the measurement performeaverlapping scenarios was performed, error in the detectio
when the two sensors are connected simultaneously to thecedure was found to happen due to the interference betwee
system. Fig. 13 b) shows the individual measurement througib-bands when two sensors are overlapping.
the same experiment. Finally, Fig. 13 c) represents thetpgin A set of 2 encoded sensors was manufactured as SI-FBGs,
point difference between the two cases obtaining a maximw@nsuring that the sub-bands belonging to a sensor areeaffect
punctual error of+7 pm. However, the goal is to separatén the same way by the environmental changes surrounding
the error caused by the cross-correlation based detectiba optical fiber. The manufacturing method was performed
procedure. To do so, we compared the detected wavelenigtha point by point writing exposure of the fiber's core
for the stationary sensd#2 with and without the presence ofto an UV laser through a phase mask. It was obtained a
sensorS1 in the spectrum. This is shown in Fig. 14, indeed/ery good agreement between designed and manufactured
Fig. 14 a) delimits clearly the overlapping region betweetievices. Experimental validation of the proposed sensuisiu
the two sensors (central region) while the external regiongerlapping scenarios was carried out using serial andlphra
denote no overlapping between them. The standard deviat@nfiguration. Devices connected in serial configuratiayusth
due to the cross-correlation ésy = 3.8046. In Fig. 14 b) it have low reflectivity, € 60%), due to shadowing effect
is depicted the measured wavelength individually during thbetween sensors working at the same wavelength while the
same experiment, in this case the standard deviation dineto@nly consideration when working in parallel configuratien i
systematic error isr,,s = 1.3937. From this, it is computed related to the losses of the passive splitter used to connect
the error standard deviation due to the cross-correlatidheo the sensors. It was experimentally verified the wavelength
sensors as 4: discrimination in both cases and additional experimentsewe
performed to demonstrate the compatibility between CDM
and WDM multiplexing techniques. The encoded FBG sensors

_ 2 2
oBxc = ok — ok, @) proved to be totally recognizable not only from other sessor
= 1/3.8042 — 1.3932 = 3.54 pm but also with shifted versions of itself.

We have shown the existence of an error in the wavelength

detection in the system due to the interference between XC

IV. CONCLUSION and ACP signals from the same spectrum. To address this,

In this paper, optical orthogonal codes have been usedetperimental measurements were performed in order to com-
design encoded BG sensors. From a set witbOC we can pare the detected wavelength values in an overlapping soena



against individual measurements performed during the sa -
experiment. A total error in the system was found to have
standard deviation 03.804 pm, being the component due tc
the cross-correlation between the sensors3.6fl pm. This e
is a low value for the total error in the system meanin -
+3pue for strain measurement antt0.3°C for temperature
measurements. { ‘{
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