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High Temporal and Spatial Resolution
DistributedFiber Bragg Grating Sensors Using
Time-StretchFrequencyPomain Reflectometry

Eamonn J Ahmad, Chao Wandember, IEEE, Dejun Feng, Zhijun Yan, and Lin Zhang

Abstract—A novel interrogation technique for fully distributed I. INTRODUCTION

linearly chirped fiber Bragg grating (L CFBG) strain sensors with RECISEmeasurementf strain, temperatureefractive index,
simultaneoushigh temporal and spatial resolution based on optical

time-stretch  frequency-domain reflectometry (OTS-FDR) is and other chemical and biomedical paransetesing
proposed and experimentally demonstrated. LCFBGs is a S€nsorsis an essential requirement irarious applications
promising candidate for fully distributed sensors thanks to its pertaining to civil engineering, structural health monitorind a
longer grating length and broader reflection bandwidth c_ompgred biomedical screenin@pticalfiber Bragg gating (FBG) sensors
to normal uniform FBGs. In the proposed systemiwo identical - nfter significant advantags over conventional electrical
LCFBGs are employed ina Michelson interferometer setup with . . . . .
sensors, such as small size, light weight, immunity to

one grating serving as the reference grating whereas thether . . .
serving as thesensingelement Broadband spectral interferogram ~ €léctromagneticinterference, low cost, high durability and

is formed and the strain information is encoded into the mMmultiplexing capability [1], [2].The sensingnformation is
wavelengthdependent free spectral range (FSR). Ultrafast usually directly encoded as the grating wavelength change
interrogation is achieved based on dispersieinduced time stretch  |nterrogation of FBG sensors, which monitors tBeagg
such that the target spectral interferogram is mapped 10 a \yayelength shiftand translates the wavelength shift to the

temporal interference waveformthat can be captured in reaitime aoplied strairor temperature chanaes an essential part of the
using a singlepixel photodector. The distributed strain along the ppl ! p u 9 1al p

sensing grathg can be reconstructed from the instantaneous RF Whole .op.tical sensor systems. Whi!e great progress has been
frequency of the captured waveform.High-spatial resolution is made in interrogation of FBG sensamsthe past few decades

also obtained due to high-speed datq ac_quisition._ln a with various developed techniqu¢3-7], most efforts have
proof-of-concept experiment,ultrafast real-time interrogation of overwhelmingly placed emphasis on improving the wavelength

fully-dlst_rlbuted grating sensos with various st_raln distribution s resolution, leading to impressive ulsansitive interrogation
is experimentally demonstrated. An ultrarapid measurement . .
system with suipm resolutior{8].

speed of50 MHz with a high spatial resolution 0of31.5 pm over a g . )
gauge lengthof 25 mmand a strain resolution of9.1 pie have been Mostly overloked inFBG sensorss the temporal resolution
achieved. of interrogation systems, which is however of paramount
importance in a diverse range of scientific and engineering
Index Terms—Chromatic dispersion, fiber Bragg grating, applications. For instance, an ultrafasEBG interrogation
Fourier transfc_)rms optical interferometry, frequency-domain system is an indispensable tool fatudying dynamic
reflectometry, time stretch. . . .
phenomena such as chemical dynararmdneural activity,and
monitoring fast vibrating objects such adrcraft engine
diagnostics. High-speed interrogation ofFBG sensors has
become a research topic of great interest reci@jtlfhe ue of
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overcome the fundamental tradeoff between the interrogatisimglesha interrogatiorof LCFBG sensors achievedvith the
speed and resolutiof23] in reakttime spectroscopy basedinterrogation speed identical to the repetition rate of the pulsed
interrogation systems laser. The distributed strairinformation along the sensing
However, the previously reported higgpeed FBG sensor gratingis reconstructed from the instantaneous RF frequency of
interrogation systemg14-18], [21-23] all fall short in the captured waveformby applying shortime Fourier
interrogation of fullydistributed FBG sensors: theanonly transform (STFT) analysisHigh-spatial resolution is also
measure the average value of strain or temperahanege over obtained thanks to highspeed data acquisitiorNote that
the length of the FBG sensdiVhile quasidistributed strain although a similar interrogation setup has been used in a
sensing can be implemented by multiplexing many discrepeevious system [, only average strain change was measured
FBG sensors high spatial resolution fully-distributed by using normal Fourier transform. Here we achieve
measurement of strain and temperature over a short gatfigey-distributed strain measurement by applying time/space
length within an FBG is required gtructure health monitoring, resolved STFT analysis in the OFBR scheme forhe first
such agrack detectionA linearly chirped fiber Bragg grating time to the best of our knowledgeJltrafast reaftime
(LCFBG@) is a promising candidate for fully distributed sensorgiterrogation of fully-distributed grating sensors witharious
thanks to its longer grating length and broader reflecticstrain distributiosat measurement speed of 50 MHz with a high
bandwidth compared to normal uniform FBGke local Bragg spatial resolution a31.5 um over a gauge length of 25 namd
wavelength of the CFBG directly relates with the distributeda high strain resolution 0f9.1 pe is experimentally
sensing information along the gragjrenabling fullydistributed demonstrated.
intra-grating sensing based on wavelength demodulation The remainder of this paper is sttured as follows. In
Another advantage of using LCFBGs compared to-length  Section 1| we first describehe operationprinciple of the
uniform FBGs is that the LCFBG sl serves as a dispersiveproposedlistributed L&BG sensa@interrogation system. The
elementin the photonic timestretch scheme, which reduces theelationship between thastantaneous Rffequency changef
requirement for lossy dispersive fibers and hence enhancesttieinterference p&érn and thdocal strain withinthe LCFBG
signatto-noise ratio. Several interrogation techniques forsensor is established A proof-of-concept experimental
fully-distributed LCFBG sensors havdéeen poposed and demonstratioris performed in Sectiofl. Ultrafast andhigh
demonstratedDirect spectrum measurement [24] is simple andpatialresolution interrogation dfCFBG strain senssrwith
straightforward as the local strain chasigause spectral dips, both uniform and nomniform stain changeis achieved In
but the spatial resolution is poor and spectrum measuremensextion 1V, discussios on system performance in terms of
slow. A fiber loop ringdown (FLRD) spectroscopy has Inee temporal and spatial resolution and strain measurement
proposed to interrogate LCFBG sensors wathmm spatial sensitivity are provided Finally, we summarize and conclude
resolution and 1 kHz temporal resolutio®].2A higher spatial our work inSectionV.
resolution of 300 um has been achieved usimg domain
low-coherence reflectometr(LCR) [26]. However, the

measurement speed was limited by mechanical movement of Mode L Tinemts
reference beam and sigstatnoise ratio is poor due to the use i~ '-::::1 E_l, ‘& 2 e
of low-coherence optical source.Distributed strain ©DCF Sensing LCFBG
measurement with spatial resolution of 4 mm has beci r] et
demonstrated using LCFBGs and optical frequedmyain 1§ s\ gl 002020 TWEmns
reflectometry (OFDR) [27]. No mechanical movement is | & i
required, but the interrogation speed is limited by the las | £ -
wavelength sweepingnd falls below kHz range. o Photo-

In this paper, w@roposea novelinterrogation techniqufer Sctecter
fully-distributed LCFBG sesors that achievesimultaneous |
high temporal and spatial resolution based on optic | Oscilloscope m
time-stretch frequenegomain reflectometryf(OTSFDR). In B ———— 95 - - 20

the proposed system, two identical LCFBGs are employed ir

Michelson 'nterferommer setup with one gra_tlng sgnas the Fig. 1. The proposed ultrafast and high spatial resolution L&kBerrogatiol

reference grating whereas the other serving as the senssystem based on optical time stretch frequency domain reflecty

element. Broadband spectral interferogram is formed and t(OTSFDR). Inset the measured initial temporal interference wavefuiith
g P . . p no strain applied EDFA: erbiumdoped fiber amplifier, DCF: dispersi

d|str|bute(j§tra|n |nformat|or'that|s related with the local Bragg compensang fiber, OC: optical coupler, LCFBG: linealry chirpéiber Bragg

wavelengthis now encoded intthelocal wavelengtidepenént  grating.

free spectral range (FSRh the proposed OTEDR system,

the target spectral interferogram is mapped to a temporal

interference waveforrthat can be captured in retihe using a Il. PRINCIPLE

high-speedsinglepixel photodector.Therefore ultrafast and A FBGis a single mode opticéiber that can be constructed
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by periodically varying the refractive index profile along a (a) (b)
certain length of thébervia UV illumination [1]. The design of 1i P 100] |
an FBG allows a specific wavelength of ligballed the Brgg 03 50 AN T
wavelength, to be reflected while transmitting all others. The % 02~ 0z 06 08 1 S I T S T B
Bragg wavelength can be calculated as follows: . il 0. @ |
- | e .
7o =20, @ Fo o il |
’:E (1] 0.2 0.4 0.6 0.8 1 ' 0 1 2 3 4

where A is the grating period andy, is the effective o (e) E ! (f_}l
refractive index. A change in strain and or temperawnite % o5 Eﬁi ! Jp}!T"'ﬂ'l‘-,‘l i
change both the refractive indeand the grating period © S o u{;__ﬂuﬂ!ﬂjl_ngdjﬂm;!;-_-__l

Therefore most FBG sensors are wavelength modulated. © )
LCFBGs have dinearly varyinggrating period along its i ]
length. They exhibit a broadband reflection spectrum and each °%| —

o B B

al

Bragg wavelength in the reflected spectrim related with % 02 o4 06 08 1 2
distinct positions along the grating lengfierefore, LCFBGs Grating Length Time
a promisingcandidate for fullydistributed senserover short ) o )
gauge lengthtin the gratingWithout loss of generaliponly 55, %.Compasien beweer redstuon ot bragg uavelert 1 b
strain change is considered in the following analysis. Howevef (a) uniform and (c), (e) and (gnoruniform straimapplied Figures (b
the proposed interrogation method also works for temperatue (f) and (h) showthe resultingemporal waveforms

sensing.A change in local straim(z) modifies the specific
Bragg wavelength at the local positign

3 4

a chirp rateC (nm/cm) the change of local Bragg wavelength

Ads(2) = 18(2)(1- p,)e(2) (2) AAe(2) introduces a time delay changer , given by[28]
wherepe is the strairoptic coefficient of the optical fiber. 2N
In order to interrogate thdocal Bragg wavelength Ar= cxC AZs(2) (4)

changeAZs(z) , an ultrafast and high spatial resolution . S . o
interrogation approach based on GRSR is proposed, as whgrems the spe_ed of lighn air, andneﬁ_|s the_ refractive index
shown in Fig. 1. A Michelson interferometersetup is of fiber core This extra temporal shifiz is added to the
constructed using two identidaCFBGswith one serving as the overall time delay between two interferometer arms and leads to
sensinggrating subjected tapplieddistributedstrain, and the the change ofinstantaneouRF frequency Afe (t) , in the
other as the reference grating free from any strain. Opticdemporal interference waveformccording to (2)(4), we have
interference iformedand a broadband spectral interferogram is
obtainedwith its free spectral range (FSR) determined by theyt ) :i[Z/IB (2) Nt j(l p)(2) ) (5)

[0)) 2n, dc

t= (T+_2C] z

initial time delay To between tbB two arms which can be C
controlled using aariable optical delay line (VODLN one
arm ofthe optical interferometeiThe inset in Fig. Shows a ) o .
measured initial temporal interference waveform with no strain Therefore, as shown in Eq. (5), fully distributed or local strain
applied information along the LCFBG semscan be demodulated from

A passively moddocked laser (MLL)is used to generate the change of instantaneous RF frequency thanks to the unique
highly-coherentultrashortoptical pulses with a broadptical and linear oneto-one mapping relation between spatial
spectrum.The optical pulse is firsstretched by a dispersion POsition, Bragg wavelength and time. Ultrafast interrogation
compensating fiber (DCF) and then sent to Miehelson speeds identical to the repetition rate of thelped laserThe
interferometer An optical time-stretch frequencydonmin ~ SPatial resolution is determined by the temporal resolution of
reflectometry is ths formedandthe spectral interferogram is instantaneous RF frequency measurenigatsummarizethe
mapped to a temporal interference wavefotianks to Strain value is measured from the change of instantaneous RF

dispersiorinduced wavelengtto-time mapping, also known as frequency and location is measured from the instant time.
dispersive Fourier transformin the OTSFDR scheme, he Ultrafast singleshot measurement is enabled due to the pulsed
central frequencyof the mapped temporal waveform ishature ofbroadband coherent optical source. o

determined by the initial time delay and theerallchromatic ~ 1he proposed interrogation approach can be explained in an

B

dispersiond (in pg) of the DCF, which is given by [23] intuitive way by looking at the change of grating chirp due to the
applied strainFig. 2 (a) depicts the effect of uniform strain
f :E 3) applied to thesensing ICFBG, resulting in a redistribution of
o the period while maintaining theamechirp rate. Beating the

two time delayednd stretchedptical pulses at PD yields a

When abcal straire(2) is applied to the sensing LCFB@th temporal waveformwith a constant RF frequency across the
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pulse duration as shown in Fig. 2(b)The change of RF spectrainterferogramisformed flom overlapping theeflected
frequency compared to the strdiiee case cabe used to detect spectra from the sensirapd referencé CFBGs,as shown in
the uniformstrain appliedWhen ronuniform strain gradienis  Fig. 3 (¢) The measuretemporalwaveformafter opticaltime
applied tothe sensind-CFBG, its chirprate will be changed stretchis shown in Fig. 3(d)which essentially implies that
differently with respected to the reference gratiegording to under the temporal far-field Fraunhofer cadition, the
the local strain resulting in chirped waveforms with a dispersioAinduced wavelengtto-time mappingis perfectly
monotonic increase or decreaseanstantaneous RF frequencyachievedNote that as the DCF provides negative GVD, longer

[29], as shown in Fig. 2 (ef). On the other handy nonlinear
strain gradient, wherein a part of the grating is-npiformly
stretched andhe otherpart is noruniformly compressed
produces deatingwaveform withits frequency chirp rate being
swapped, as can be observed in Figs. 2(g) and (h).

To verify the utility of the proposed technique,
proof-of-concepexperimenbased on the setup shown in Fig.
is performed A passively moddocked fiber laser Calmar
MENDOCINO FPL) is employed as theptical sourceto
generatea transformlimited Gaussian pulse train with a
repetition rate 060 MHz. The ultrashort optical pulse has
full-width at halfmaximum(FWHM) pulse widthof 800 fs, a
3-dB spectal bandwidth ofl6 nm and a central wavelength of
1550nm. Two 2.5 cm longLCFBGs withanidertical center
wavelength of1554.5 nm and 2dB bandwidth of7 nm are
employed as the sensing and reference giatfag/ODL is
inserted in thesensingarm of the interferometeto control the

EXPERIMENT

initial time delay difference between two arms. A DCF wittg

total group velocitydispersion(GVD) of & =11520p<’ is used
for optical time-stretch process.The mapped temporal

wavelength will have shorter time del@yaveling faster,)

A. Uniform Strain measurement for system characterization

The ins¢ in Fig. 1 shows the measured initial temporal
interference waveformwhen no gtin is applied. To
characterize the interrogation system’s response, théngens
LCFBG was first uniformly stretched with different applied
strairs, which generates singlene temporal waveforms with

4ifferentuniform RF frequencies:ig. 4 shows the measured RF
JTrequency as a function tiie applied uniform strainsA good

linear relation is obtained, as predicted by Eqg.
Spectrograms of two recorded waveforms are catedlasing
STFT analysis and shown in Fig. 4 for uniform strain values of

(5).

%80 and 65 ue, respectively It is also verified that the

instantaneous RF frequency is almost constant acrosstie
waveform.From linear fitting of the measured datdrequerty
change to applied strain ratio ®6 MHz/ue is obtained, which
matches perfectlyith the theoetical value of 5SMHz/ue as
predictedby Eq. (5) and proves the high sensitivity of this
technique in decoding variations in strdtig. 4 also serves as
ystem characterization, through which the strain value can be
unambiguously determined as long as the change of
instantaneous RF frequency is measured.

interference waveforrs detected by a 53 GHz photodetector

andrecorded using a higspeed sampling oscilloscopkgilent
86100A.

(a) (b)

12420 1550 1560
Wavelength (nm)

-

1 ;
|

osm

%0 1550 1560
Wavelength (nm)
(c)
1

1246 1548 1550 1552 1554 1556
Wavelen%th (nm)
(d

05 15 2
x 10°

o
o

Intensity (a.u)

Intensity (a.u)

1
0.5

%

Intensity (a.u)

1
Time (sec)

Fig. 3. Measured basic OFBEDR performance witmo strain applied(a)
Reflection spectrum from theferencd CFBG, (b) reflection spectrum fro
the ®nsng grating, (c) spectral interferogram(d) temporal inteferenc
waveform verifying the dispersienduced wavelengtto-time mapping

Fig. 3 shows the measuredasic OTSFDR performance
whenno strainis applied.Figs. 3(a) and p) depict theeflected
spectraof the reference and sensing LCFBGs, respectively

10 ° Measured Data

----- linear fit

."“I..
¥ =0.0065"x+1.3 o

Frequency (GHz)

Time (s)

1000
Uniform Strain (pstrain)

500 1500

Fig. 4. Chaacterization of the interrogation system by applying va
uniform strairs. Insets show spectrograms of the temporal interference attern
at uniform strain values df80 and 62%u¢, respectivelyA linear fitting resul

is also shown in red solid line.

B. Nonuniform expansion and compression

In order to demonstrate thmapability of our interrogation
techniqueto monitorfully -distributed strainmore experiments
have been done to apply nonuniform expansion and
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compressioralong the sensingCFBG with a uniform strain (a)

gradient. We glue therating onto an elastic and flexible T
substrate Initially the supstrateis bent to a parabolic shape.
Therefore the sensing LCFBG on the top surface of the substr
will suffer from nonuniform expansion. As the longer

1_

Power (a.u)
o
n

c._

wavelengthpart of the grating is closer to the centrettod . -
parabolic shpe substrate, it will be stretched more than tr 1510
shorter wavelength parthe grating period within the sensing -

LCFBG is remodified as depicted in Fig.€. Fig. 5(a) shows
the generated temporal interference waveform with a negati
frequency chirp, aserified by its spectrogram shown in Fig.
5(b). In a second casdhe sistrateis bent to a inverse
parabolic shapeDue to the applied nonuniform compressior
along the sensing LCFBG with larger wavelength part undFig. 6. Demonstration of changing strain gradient by applyingh&p
more compression, a positively qud temporal waveform is bending. (a) The_mea_sured temporal interefgrence waveéorth (b) it

- . . . .~ .spectrogram showing different frequency sweeping rates.
obtained as shown in Fig. 5(c) and its spectrogram depicti
instantaneous RF frequency is shown in Fig. S{d§ change in instantaneous RF frequency during the first (left) part of
instantaneousRF frequency at a particular instant of timewaveform.A change in thefrequencychirp ratesdenotes a
reflects the distributed nonuniform strain arath be mapped to turning point,from which the remaining part of grating is under
the spatial location along the length of ttleFBGaccording to  nonuniform compression. The instant time of change in chirp
Eq. (5) rates isrelated to the spatial locatioof the turning point

following the timeto-location mapping in Eq. (5)

o
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Fig. 5. Demonstration of nonuniform rsin sensing(a, c) The measure

temporal waveformsand (b, d)their spectrograms for nonuniform expan: ~ Fig. 7. Demonstration of logl crack detection. (a) The measured tem

and compressoin of the sensing LCFBG, respectively. intereference waveform and (b) its spectrogram clearly showing twoefnes
hoppings which identifies the locations of the two holes.

C. S-shape bending with changing strain gradient D. Crack detection

In order tofurtherdemonstrate the effect of local stregth The high strain sensitivity arftigh spatial resolution of the
changing straigradientaong the sensor gratinhie substrate proposed interrogation technique provaidficient motivation
is bent toan Sshape, enabling part of the grating period to bg, explore thecambility of LCFBGs to identify cracks or
nonuniformly stretched andhe otherpart expanded. Such a gjs|ocations along theubstratento which the sensor grating is
strain profile results in a change in @etingchirp rateof the  mounted. In order to demonstrate thipect we drilled two
sensing LCFBG, adepictel in Fig. 2 §). Thisdifferential local  holes with diameter of2 mm separated by0 mm alag the
expansion and contraction of the grating peridl be centreaxis ofthesubstrate and glued the sensing LCFBGop
translated to the different slapef frequency sweefin the  of the substrate crossirlge hols. A nonuniformexpansiorof
beating temporal waveform, as illustrated in Fig. 2(h) the whole sensinggrating was performedThe two short

An experiment has been carried out tdfyehis concept. |§.  sectiors of the LCFBG that fell into the hole aacted as
6 depictsthe measured temporaleatingwaveform and its djviding points and two sides oach pointare subjected to
corresponding spectrogramderthe appliechonuniform strain gjfferent stain changeBased on the theory of OTEDR as
gradient.Longer Bragg wavelength part of the grating is undesyplained above, a sudden instantaneous frequency change is
nonuniform expansion, leading to negative sweep m@lt expectedat the specific instant time corresponding to each
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individual holesFig. 7(a) shows the recorded temporal beatingstimate the instantaneous RF frequerawer time the
waveform and ameasure of the instantaneoR& frequency maximum temporal resolutidand hence the spati@solution)
alorg time can be observed from Fig. j.(bhe twojumpsin is achieved with gacrificedfrequency resolution, which in turn
instantaneous frequency is a clear evidence thatnbédioles leads to a poor accuracy in strain measurenfefitndamental
havebeen detected anteirlocatiors aredetermined from the tradeoff between frequency and temporal resolution in STFT
instant time of the frequency hopping according to Eq. (5). analysisalways exists

IV. DISCUSSIONS V. CONCLUSION

In our proposed interrogation systerthe local strain We have proposechd experimentally demonstrated a novel
information can be interrogated from the change dhfterrogationechnique fofully-distributedFBG strain sensos
instantaneous RF frequency of the beating teaipeaveform. with simultaneous high temporal and spatial resolution. This is
Eliminating the slow spectrum measurement -22%  made possibleby applying dispersioAnduced optical time
OTSFDR based technique features imdaster interrogation stretch frequency domain refemetry (OTSFDR). The
speed, which is identical to the repetition rate of the pulsed laskstributed strain information along the grating length can be
In this work, high temporal resolution of 50 MHz is obtainedreconstructed from the recorded temporal interference
which is several orders of magnitude higher than conventionsaveform. The strain valusasmeasured from the change of
OFDR methods. instantaneous RF frequenayd location was measured frm

On the other hand, high spatial resolution of pneposed the instant time The proposedtechniqueis verified by
interrogation method is assured due to the fact that the tempgradof-of-concept experimens, in which measurements of
interference waveform can be captured using a-fgad PD  uniform strain, nonuniform expansion and compression,
and a fast analetp-digital converter. Therefore, the changingstrain gradient and local crack detection have been
instantaneous RF frequency can be determinedweithhigh demonstratedAn ultrarapid temporal resolutiosf 50 MHz,a
temporal resolution. In this work, an equivalent tempordligh spatial resolution of 31.5 um over a gauge length of 25 mm
sampling rate of 67.5 GS/s was used to detecintkeference and a strain resolution 8f1 pe have been achieved. Thanks to
waveforns, leading to a maximum temporal resolution of 14.8ts simultaneousultrafast speed, higkpatial resolution, and
ps in theory. According to the linear timeavelengtHocation sensitive strain response, wdibee the proposetechniquds a
mapping as shown in Eq. (3he spatial resolution is estimatedpromising interrogation  solution for short range
as high as B5 um in principle. fully-distributed sensing systemsere ultrafast andltrahigh

In FBG sensors, the strain response or sertgitiis spatial resolutiooneasuremens required.
approximately 1.15 pmé4uat the wavelength band of 1550 nm.
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