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Abstract—An interrogation scheme based on wavelength-to-
time mapping to achieve ultrafast, high-precision, and large
dynamic range interrogation of fiber Bragg grating (FBG)
sensors is proposed and experimentally demonstrated. The wave-
length-to-time mapping, also called temporal self-imaging effect,
is realized in the optical domain, using a dispersive element that
has a large group velocity dispersion. For a practical dispersive
element, higher order dispersions exist, which makes the wave-
length-to-time mapping nonlinear. Thus, an interrogation system
based on wavelength-to-time mapping without considering the
high-order dispersion would reduce the interrogation accuracy. In
this paper, for the first time to the best of our knowledge, a mathe-
matical model that incorporates higher order dispersion to achieve
an accurate wavelength-to-time mapping is developed, which is
then verified by a numerical simulation. An FBG-based strain
sensor interrogated based on the developed wavelength-to-time
mapping scheme is experimentally investigated. The system has
a sampling speed of 48.6 MHz, a dynamic range as large as
20 nm, and a sensing accuracy as high as 0.87 pe for a single-shot
measurement.

Index Terms—Femtosecond fiber laser, fiber Bragg grating
(FBG), higher order dispersion, real-time dispersive Fourier
transformation.

I. INTRODUCTION

PTICAL sensors using a fiber Bragg grating (FBG) or an
O FBG array have been intensively investigated for the de-
tection of physical, chemical, biomedical, or electrical parame-
ters, which are usually transferred into the wavelength shift of
the optical signal from an FBG or an FBG array. The advan-
tages such as immunity to electromagnetic interference, high
resistance to chemical corrosion, multiplexing capability, high
durability, light weight, and capability to be embedded in com-
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posites make FBG sensors have a wide range of scientific and
industrial applications [1]-[4].

According to the principle of wavelength determination, the
interrogation techniques can be generally classified into three
main categories. In the first category, a static frequency dis-
criminator is used to convert the wavelength shift of an FBG
signal into an intensity change or intensity spatial displacement.
It could be the transmission variation of the FBG signal on
an edge filter such as a Fabry—Perot interferometer [5] or a
wavelength-division-multiplexed (WDM) fiber coupler [6]. It
could also be the change of the spatial intensity distribution
on a linear-array charge-coupled device (CCD) when the FBG
signal is discriminated by a dispersive element such as a holo-
graphic grating [7]. Usually, there is a tradeoff between the mea-
surement resolution and the dynamic range when using an edge
filter. The use of a CCD device limits the working wavelength at
the 900-nm range, making it impossible to use the low-cost op-
tical components developed for optical communications at the
1550 nm window. In the second category, a tunable filter with a
relative narrow passband is used to scan the FBG spectrum. The
spectrum measured is a convolution between the transfer func-
tion of the filter and the FBG spectrum. The scanning filter can
be a tunable Fabry—Perot interferometer [8], an acousto-optic
filter [9], or an FBG-based optical filter [10]. Interrogation sys-
tems based on the scanning technique are sensitive to the inten-
sity fluctuations in the received signal, which are introduced by
the laser source and the environmental disturbance during the
scanning process. Thus, it is not suitable for applications where
afast and large dynamic range interrogation is needed. The tech-
niques in the third category are implemented based on optical in-
terferometry. The FBG signal is interrogated by scanning an un-
balanced two-arm interferometer, such as a Michelson interfer-
ometer [11], which yields a beat signal that usually has an audio
frequency associated with the wavelength of the corresponding
FBG. If the received signal is produced by a FBG array, then the
detector output contains a number of discrete audio frequencies
with each corresponding to the particular FBG. If the interfer-
ometer is optimized to have a particular optical path difference
(OPD) between the two arms and works at a static state, the fre-
quency shifts of the FBG signal can be converted into the phase
changes of the received signal [12].

In this paper, we propose and demonstrate a technique to in-
terrogate an FBG sensor based on wavelength-to-time mapping
incorporating higher order dispersion, which provides an ultra-
fast interrogation speed, large dynamic range, and high preci-
sion. The key significance of the technique is to use the wave-
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length-to-time mapping [13], [14] to convert the spectrum of an
FBG or FBG array from the wavelength domain to the time do-
main. Since the temporal information can be processed with a
higher resolution, the use of the proposed technique in an FBG
sensor system would significantly increase the interrogation ac-
curacy. In addition, in performing the wavelength-to-time map-
ping, higher order dispersion is considered, which would fur-
ther increase the interrogation accuracy. Furthermore, since the
wavelength-to-time mapping is implemented in real time and a
good SNR is guaranteed by using a mode-locked femtosecond
pulsed laser, a single-shot measurement without performing any
averaging is feasible; therefore, the sensing system can operate
at an ultrafast speed determined by the repetition rate of the
pulsed laser source. Moreover, a large dynamic range is also
ensured due to the broad spectral range of the ultrashort pulse
source.

Wavelength-to-time mapping or real-time dispersive Fourier
transformation implemented based on a coherent ultrashort
pulsed light source has been widely used for optical signal
processing. For example, it has been employed in optical co-
herence tomography or optical frequency-domain reflectometry
[15]-[20] and real-time spectroscopy [21], [22].

The chromatic dispersion of a dispersion-compensating
fiber (DCF) has been used in an interrogation system for an
FBG sensor array [23], in which the DCF was considered as a
linear wavelength-dependent time delayer. After a round-trip
pass through the DCEF, the signals reflected from the FBGs in
the array arrive at the photodetector (PD) with different time
delays, which are dependent on the center wavelengths of the
reflected optical signals. However, the time-delay difference
(TDD) between two pulses reflected from two neighboring
FBGs is the sum of the round-trip light flying time between
the two FBGs and the wavelength-dependent TDD introduced
by the DCF. Thus, the environmental disturbance on the con-
necting fiber preceding a particular FBG would degrade the
measurement accuracy. In addition, it was assumed that the
frequency-to-time mapping is linear, and the phase of the ultra-
short optical pulse was not considered, which would introduce
systematic errors into the interrogation. All these factors lead
to a strain resolution of about +20 pe [23]. In this paper, these
problems are solved by using the transmission spectrum from
the FBG array, and the frequency-to-time mapping is used
incorporating higher order dispersion.

In addition to the incorporation of high-order dispersion in the
wavelength-to-time mapping to improve the interrogation accu-
racy, in the proposed approach, the FBGs are used in transmis-
sion instead of reflection. A transmission FBG can be designed
to have a lower reflection with a shorter physical length, which
could increase the spatial resolution.

Frequency-to-time mapping can also be implemented based
on an incoherent pulse source [24]. The operation could be ex-
plained using the temporal van Cittert-Zernike theorem [25].
However, the sensitivity of such implementation is much less
than that of the coherent implementation [25].

The paper is organized as follows. In Section II, the real-time
Fourier transformation using a dispersive element incorporating
higher order dispersion is discussed. In Section III, a simulation
is performed to show the impact of higher order dispersion on
the interrogation accuracy of FBG sensors. In Section IV, two
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Fig. 1. Process for the analysis of wavelength-to-time mapping, using a disper-
sive element with higher order dispersion. SE: sensing element.

experiments are carried out with the first experiment for the cal-
ibration of the sensing system and the second experiment for
the measurement of the strain. The spectral resolution is defined
and discussed. The measurement accuracy of the system is also
evaluated. In Section V, a conclusion is drawn.

II. PRINCIPLE

It is known that real-time frequency-to-time mapping can be
achieved by using a dispersive element with a linear disper-
sion. For practical applications however, a dispersive element
has higher order dispersion. In an interrogation system, if a
linear frequency-to-time mapping function is used without con-
sidering the higher order dispersion, the interrogation accuracy
would be reduced. In this section, we will derive a new fre-
quency-to-time mapping function that incorporates higher order
dispersion.

To build an accurate wavelength-to-time mapping function
incorporating higher order dispersion, we start with an analysis
of the propagation of an ultrashort pulse in a dispersive element
with a large group velocity dispersion (GVD) and dispersion up
to the third-order dispersion (TOD). The process to be followed
for our discussion is shown in Fig. 1.

An ultrashort pulse source has a complex spectrum of

Ag(w) = Ao(w) explipo(w)] = Flao(t)] ()

where F denotes the Fourier transform operation, ao(t) is the
complex envelope of the temporal pulse, and Ag(w) and ¢q(w)
are the amplitude and phase of the pulse, respectively. The in-
tensity spectrum is Io(w) = |Ag(w)|%.

If we consider the dispersion up to the TOD, the transfer func-
tion of the dispersive element, such as a length of dispersive
fiber, can be expressed by expanding the mode-propagation con-
stant 3 in Taylor series

. 2\ BuL
H(w) = Ho(w) exp <—.7 Z %wn>
n=0 :

~

H ()
33 L
X exp <—j%w3> 2)
| S —
H;(w)

where (3,, is the nth order mode-propagation constant, Hy(w)
is a constant, which is unity if the loss of the dispersive fiber
is ignored, w is the angular frequency relative to the center fre-
quency of the ultrashort pulse, and L is the length of the disper-
sive fiber. If the pulse power is small, no nonlinear phenomena
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would occur in the dispersive fiber; thus, the entire system can
be modeled as a linear time-invariant (LTT) system. The transfer
function of the dispersive fiber can be considered as a cascade of
two sub LTI systems, i.e., H1(w), the transfer function associ-
ated with the dispersion up to the GVD, and H»(w), the transfer
function associated with the TOD, as shown in Fig. 1.

For simplicity, in the theoretical analysis, the sensing element
(SE) is assumed to be a two-tap interferometer. We will show
in the next session, the SE can be an FBG or an FBG array. The
transfer function of a two-tap interferometer is given by

H;(w) =[1 + cos(wT)]/2 3)

where 7 is the TDD between the two taps. The impulse response
of the two-tap interferometer is

hi(t) = [6(2) + 6(t +7)]/2 S

where 6(¢) is the Dirac delta function.

As the first step, we need to know the complex envelope of
the pulse after passing through the dispersive fiber. Since the
system under analysis is an LTI system, the order of the transfer
functions associated with the GVD, the TOD and the two-tap
interferometer could be changed without affecting the total re-
sponse of the system. The transfer function associated with the
TOD of the dispersive fiber is

Hy(w) = exp <—jﬂ.‘zj—Lw3> . (5)

First of all, we consider only the effect of the TOD in the dis-
persive fiber, the complex spectrum is

Ay (w) = Ag(w)Ha(w) = Ag(w) exp[jip(w)] (6)

where 9)(w) = po(w) — B3 Lw3 /6.

The impulse function associated with the GVD in the disper-
sive fiber is the inverse Fourier transformation of H; (w), which
can be expressed as

hi(tr) = hoexp (jt%/2B-L) (7)

where tg = t — (1L is the time measured relative to the av-
erage time delay, and hg = Ho(j2782L)~Y? exp(—jBoL) is
the complex amplitude. Therefore, as shown in Fig. 1, the com-
plex envelope 2 () of the output pulse at the end of the disper-
sive fiber can be expressed as a convolution between a4 (t) and
hi(tr)

as(t) = h{(tR) * dl(t)l )
— / ho exp [%} ay(t)dt

T 142 o 412
= hgexp JlR / exp Jt
20:L ) J_o 283> L
Al _thtl /
X a1 (t') exp ( A > dt (8)

where * denotes the convolution operation. If the ultrashort
pulse source and the dispersive fiber adopted have parameters
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to meet the temporal Fraunhofer condition [t3/23:L| < 1,
where £ is the pulse duration, (8) can be approximated by

W - Jt%% /OO A (gl _tht, /
ag(t)—hgexp(2ﬂ2L>. _ooal(t)exp L dt

=h IR Ly 9
= hoexp (550 ) [A1() ©)
From (6) and (9), one can see, under the temporal Fraunhofer
condition, the dispersive fiber acts as a frequency-to-time
mapper, i.e., the output complex envelope ds(¢) is proportional
to the complex spectrum Aj;(w), with an angular frequency
given by w’ =t/ L.

We note that the TOD introduces a frequency chirp to the
original ultrashort pulse. To study this effect on the wave-
length-to-time mapping, we analyze the relationship between
the temporal interferogram and the spectral interferogram.

The electrical field of the optical signal at the output of the
interferometer is given by

&3 (t) = dg(t) * h,(t)
Then the temporal interferogram can be written as
i(t) = Raz(t)as(t)

2
= M {|A1(u}/)|2 + |/11(w’ +Aw’)|2

(10)

4
+ 2 A1 ()| Ay (" + A

X COS [w'T + (W) Aw'] }

B an

where R is the responsivity of the PD, a3(t) is a complex conju-
gate of ag(t), and Aw’ = 7/ L is the corresponding frequency
shear due to the TDD introduced by the interferometer. If Aw’
is small enough, (11) can be approximated by

1
i(t) = sR|ho[* Io(w")

2
X {1 + cos |:(/.)/T + ad’(”/)Aw’} } . (12)
ow’

We study the phase of the cosine term in (12), which can be
expressed as

ﬁstQ

OW') = W't + Apo(w') — Aw'.

(13)

The femtosecond pulses generated by a passively mode-locked
laser are nearly transform limited. Therefore, we have
Apo(w') = 0, then (13) can be approximated by

12
O(w) = w'r - ﬂ:”g“’ A/

= (i) (35) ()
~ \BL TT B2 L B2 L

=u'r (14)

where w” = tr/BoL — B3 Lt%/2(B2L)3.
Using the same process described earlier, the effect of higher
order dispersion can be considered in the dispersive Fourier
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transformation, which yields a general form of the angular fre-
quency as a polynomial function of ¢y.

/Bn tnl
Z

n - 1 /82[/
Substituting (15) into (14), the function of the temporal inter-
ferogram becomes

L(t) = §R|h0|210(w'

15
[32L 15)

)1 + cos(w'T)]/2. (16)

In the frequency domain, the spectral interferogram can be
expressed as a product of the pulse spectrum and the transfer
function of the interferometer

I(w)

Comparing (16) and (17), one can find that the temporal in-
terferogram is in analogy to the spectral interferogram, with a
frequency—time relationship given by (15). Considering that the
FBG signals are usually analyzed in the wavelength domain,
(15) can be expressed as

1 1
27TC<X—)\—0> ﬂQL Z

where c is the light velocity in vacuum, and )\, is the center
wavelength of the femtosecond pulse. From (16), (17), and (18),
we know that the spectral information can be recorded not only
in the wavelength domain but also in the time domain.

= RIp(w)[1 + cos(wT)]/2. (17

ﬂnLt" !

CEN R

III. NUMERICAL SIMULATION

To see the effect of higher order dispersion on the interroga-
tion accuracy of an FBG sensor, a simulation is performed, in
which a software package (Optiwave OptiSystem 6.0) is used.
The femtosecond laser source has a bandwidth of 3.3 THz with
a center frequency of 193 THz. In the simulation, the interfer-
ometer in Fig. 1 is substituted by an FBG array, which consists
of five uniform FBGs with an identical reflectivity of 0.4 and a
bandwidth of 1.2 nm. These FBGs locate symmetrically about
the center wavelength of the femtosecond pulse with a wave-
length interval of 4 nm, as shown in Fig. 2(a). For an easy com-
parison with the temporal waveform, the spectrum is flipped ver-
tically. The dispersive element is a 12-km standard single-mode
fiber with a dispersion parameter of D = 16.75 ps/nm/km. The
femtosecond pulse transmitting through the FBG array is fed to
a 50-GHz PD, and the output is recorded using an oscilloscope
(0OSC).

Two cases are considered. In the first case, it is assumed the
higher order dispersion is zero in the single-mode fiber. In the
second case, the dispersion slope of the single-mode fiber is
assumed to be 0.6 ps/nm?/km. The temporal waveforms cor-
responding to both cases are shown in Fig. 2(b). As expected,
both temporal waveforms are in analogy to the spectrum. But,
when the TOD is considered, the envelope of the temporal wave-
form becomes distorted. One can see that, in this case, the slots
associated with FBGs locating on the leading edge of the wave-
form slide toward the center of the femtosecond pulse. On the
contrary, the slots associated with FBGs locating on the trailing
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Fig. 2. Simulation results: (a) the spectrum of the femtosecond pulse after
transmitting through the FBG array, (b) the waveforms without (solid line), and
with (dotted line) TOD.

edge deviate from the center. Therefore, to perform an accu-
rate wavelength-to-time mapping, the higher order dispersion
should not be ignored.

IV. EXPERIMENT

The schematic diagram of the FBG sensor interrogation
system is shown in Fig. 3. It consists of four sub-systems, i.e.,
the optical source, the sensor module, the calibration module,
and the optical receiver. The optical source is a passively
mode-locked femtosecond fiber laser (IMRA Femtolite 780
Model B-4-FC-PD), which emits a train of pulses with a
pulsewidth of 394 fs (full-width at half-maximum) and a center
frequency of 192.31 THz at a repetition rate of 48.6 MHz. A
variable optical attenuator (VOA) is used to control the optical
power to avoid any nonlinear phenomena in the system. In the
sensor module, to demonstrate that WDM technique is easy to
be incorporated in our system, five FBGs with different center
wavelengths are written in cascade in an optical fiber, using
different uniform phase masks, all with a Gaussian apodization.
FBGy is set free of tensile strain and placed close to other
FBGs to compensate for the wavelength shift corresponding to
the environmental temperature change. Other four FBGs are
stretched by using a piezoelectric transducer (PZT) (PI Model
P-752.1CD), which is driven by a PZT controller (PI Model
E-665.CR). The piezoelectric system works in a servo-control
mode based on the integrated feedback capacitive sensor, which
provides an accuracy of 0.2 nm. To perform an accurate tensile
strain measurement, both ends of the FBG array are glued to
metal sticks with epoxy and then cased with thermal shrink
tube, as shown in Fig. 4(c).

According to (18), since both the PD and the OSC have a lim-
ited temporal resolution in the optical receiver; the accumulated
GVD should be as large as possible to achieve a high resolution
in the wavelength domain. In the experiment, two coils of dis-
persion compensating fiber DCF; and DCF4 are used in cas-
cade to stretch the femtosecond pulses sufficiently in the time
domain, which provide a GVD about —952.4 ps/nm. To ensure a
good SNR, two erbium-doped fiber amplifiers (EDFA) are used
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Fig. 3. (Color online) schematic diagram of the proposed system. FSL, fem-
tosecond pulse laser; VOA, variable optical attenuator; OS, optical switch; PZT,
piezoelectric transducer; PC, polarization controller; PMF, polarization main-
taining fiber; ILP, in-line polarizer; DCF, dispersion compensation fiber; EDFA,
erbium doped fiber amplifier; PD, photodetector; OSC, oscilloscope; OSA, op-
tical spectrum analyzer.
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Fig. 4. (Color online) picture of the prototype. (a) Entire system, (b) sensor
module, and (c) FBGs under tensile stretch.

in cascade in the system. The temporal interferogram and the
spectral interferogram are recorded using an OSC and an optical
spectrum analyzer (OSA), respectively. The sixth FBG, FBGs;,
that experiences null strain and null temperature change is used
as a reference, upon which all the sensing results can be cali-
brated. Furthermore, FBGj5 provides a time-invariant reference
point for the time-to-wavelength conversion. The corresponding
coordinates for FBGj are [0 ns, 1557.985 nm)]. If a high SNR
is achieved by averaging waveforms over a period of time, all
the waveforms recorded on the OSC at different time within the
period should be aligned to the peak of FBG5 first.

To establish the wavelength-to-time relationship, a calibra-
tion module is incorporated into the entire system by using two
optical switches OS; and OS,. The key element of the cali-
bration module is a polarization-maintaining fiber (PMF). By
adjusting the polarization controller (PC), PC, the incoming
light wave is decomposed equally into two orthogonally polar-
ized components along the fast and slow axes of the PMF and
then propagate at different velocities; therefore, a TDD is intro-
duced between the two orthogonally polarized components. The
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Fig. 5. Wavelength-to-time conversion function.

second PC, PCs, preceding the in-line polarizer (ILP) is used to
optimize the fringe visibility in the interferogram.

In the first experiment, the calibration module is connected
to the system. Interferograms in the wavelength domain and in
the time domain are recorded by using the OSA and the OSC,
which are shown in Fig. 5 along the vertical and the horizontal
axes, respectively. The center frequencies of the peaks in both
interferograms are found, which are used to fit to a polynomial
function given by

A = 1557.985 — 1.046¢

—7.728 x 10742 — 1.738 x 107°¢  (19)

where the unit of wavelength is in nanometer, and the unit of
time is in nanosecond. In the following experiment, (19) is used
to transform the temporal waveform into its corresponding spec-
trum. This calibration is valid only if the difference of inte-
gral dispersion between the sensor module and the calibration
module is negligible when comparing to the dispersion provided
by the dispersive element. Fortunately, if we write enough FBGs
over the spectrum of the femtosecond pulse, a self-calibration
can be performed by building a relationship between the FBG
slots in the temporal waveform and its corresponding spectrum,
as shown in the simulation in Section III.

In the second experiment, the sensor module is connected
to the system. To perform an accurate measurement, we add a
prestrain to the FBG array by adjusting a precise optic fiber stage
at the right end of the FBG array, as shown in Fig. 4(b). The FBG
array is measured to have a length of 13.96 cm, and the PZT has
a resolution of 0.2 nm, thus the strain added to the FBG array
has an accuracy of 1.43 ne. The PZT is set to have 17 steps with
an increment of each step of 2 ym. The spectrums recorded on
the OSA and the temporal waveforms recorded on the OSC are
aligned to the center of the reference FBG3, as shown in Fig. 6.
Since the sign of the GVD of the dispersive fiber is a minus,
the temporal waveforms are flipped horizontally relative to the
spectra. In the following discussion, instead of using the spectra
recorded on the OSA, the strain information is retrieved from
the temporal waveforms recorded on the OSC.

The temporal displacement of the peaks versus the strain
added to the FBG array is shown in Fig. 7(a) as a contour map.
We find that due to the higher order dispersion associated with
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Fig. 6. Experimental results: (a) transmission spectrum of the femtosecond
laser pulse after passing through the FBG array under different tensile strain
and (b) temporal waveforms recorded on the OSC.

the dispersive fiber, the FBG shifting contrails corresponding
to the change of tensile strain deviate from the straight lines
slightly in Fig. 7(a). As the first step of the data processing,
Fig. 7(a) is transformed from the time domain into the wave-
length domain, using (19), as shown in Fig. 7(b). Since the
femtosecond laser pulse has a Gaussian profile in the wave-
length domain, the intensity of the contour map in Fig. 7(b) is
easy to be normalized. Then, the selected part of the normalized
spectrum associated with each single FBG is fitted to a Gaussian
function to decide the center wavelength, as shown in Fig. 8.
In this figure, the temperature disturbance is compensated by
a direct subtraction of the wavelength shift of FBG relative
to FBG;. The wavelength-strain sensitivity corresponding to
FBG1,FBGs,FBG3;, and FBG, are measured to be 1.257,
1.259, 1.258, and 1.261 pm/ue, respectively. The nominal
wavelengths and the reflectivities of the six FBGs from FBGy
to FBGj are (1550.173 nm, 0.9072), (1551.129 nm, 0.6259),
(1552.061 nm, 0.7169), (1553.035 nm, 0.6658), (1554.023 nm,
0.6865), and (1557.985 nm, 0.9776), respectively.

According to (19), as a DCF is used, for a femtosecond pulse
with a temporal width of more than 20 ns (corresponding to a
spectral width of 21 nm), the actual frequency-to-time mapping
function could deviate from a linear wavelength-to-time func-
tion of about 0.3 nm, which would introduce a strain error as
large as 238 pe.

To evaluate the accuracy of the system, we preset the PZT to
two different steps, thus a change of tensile strain is applied to
the FBG array.

For sensor applications, what we are interested is the de-
tectable minimum wavelength shift. Therefore, in this paper, the
spectral resolution is defined as the detectable minimum wave-
length shift of the FBG profile, which is different from the work
in [21], [22], where the spectral resolution is defined as the dis-
tinguishable minimum separation between two gas absorption
lines. The difference lies in the fact that a FBG can be designed
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to have a broader spectrum with more normal shape relative to
a gas absorption line.

It is obvious that, from (18), given a limited temporal reso-
lution of the receiver, the higher the dispersion (32 L, the higher
the sensitivity of the system. However, the duration of the
stretched pulses should not exceed the repetition period of the
femtosecond fiber laser (20.6 ns) to avoid the temporal overlap
of two neighboring pulses. Considering that the femtosecond
pulse has a spectrum extending to about 20 nm, a dispersion of
—952.4 ps/nm is used. A PD (New Focus Model 1014, 45 GHz
bandwidth) and a real-time OSC (Tektronix Model TDS7704B,
7 GHz bandwidth, 20 Gs/s) are used to capture and digitize the
waveform. The FBGs used for strain measurement are designed
to have a Gaussian profile and a spectral width (full-width at
half-maximum) of about 0.2 nm. Thus, for a particular FBG
spectrum dispersed in the time domain, more than 14 sampling
data within 700 ps around the peak value can be selected to
reconstruct the waveform. The temporal broadening of the
waveform due to the PD is considered to be negligible since its
rise time is only about 8 ps. The highest temporal resolution of
the OSC is about 1 ps, which equals to a wavelength resolution
of about 1.046 pm and a strain resolution of 0.83 e according
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Fig. 9. Histograms of the difference between the preset strain and the strain
value measured using the proposed system. The measurement number is 194.

to (19). In this experiment, the sampling data are interpolated
by the OSC to 1 ps/point automatically before being fed to
the computer. The real-time OSC can record 4-us signals
within one frame, which contains 194 recorded temporal spec-
trums. Then, the recorded waveform is transformed into its
spectrum using (19) and normalized to the Gaussian profile
of the femtosecond pulse. To decide the wavelength center,
700 sampling points around the peak value of each FBG on
the normalized transmission curve are selected and fitted to a
Gaussian function.

G(A) = Be — (A/W/m[2) exp{=2[(A = \.)/W]*}  (20)

where B, is an offset, A is the area under the curve, \. is the
wavelength center, and W is the spectral width of the FBG. Nu-
merical least-squares Gaussian fitting is performed based on the
Levenberg—Marquardt algorithm. Then, the difference of strain
detection can be calculated by comparing the preset strain and
the measured value. The histograms presented in Fig. 9 summa-
rize the calculated results associated with the four FBGs. The
measurement errors are estimated using the normal distribution.
The mean difference varies from 0.07 to 0.13 e, and the stan-
dard error varies from 0.87 to 1.06 pe.

V. CONCLUSION

We have proposed and experimentally demonstrated a new
scheme using real-time wavelength-to-time mapping in a dis-
persive element with a high GVD for ultrafast and high-precise
interrogation of an FBG sensor. A multipoint single-shot
tensile strain measurement was demonstrated by recording
the transmission spectrum of a transform-limited femtosecond
pulse through an FBG array in the time domain. Its inherent
advantages, including ultrafast speed, high resolution, and large
dynamic range, make it a promising technique for applications
where ultrafast speed and high-accuracy sensing is needed in
some harsh environment, e.g., the simultaneous detection of
the temperature and vibration of a running aircraft turbine.
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Compared with conventional FBG interrogation techniques
based on a static frequency discriminator or a tunable filter
where only one end of the FBG array needs to be accessed, the
proposed technique may have limitations in terms of implemen-
tation flexibility and structure simplicity due to the fact the FBG
or FBG array should be accessed from two sides. However,
the proposed technique is superior in terms of multiplexing ca-
pacity, by virtue of the broad spectral width of the femtosecond
pulse, more FBGs with different center wavelengths can be
incorporated in the system, with an increased multiplexing
capacity. In fact, the spectral width of a femtosecond pulse can
be further extended using a highly nonlinear fiber, thus more
FBG sensors can be simultaneously interrogated.

For a given bandwidth of the receiver, the GVD should be
as large as possible to guarantee the measurement sensitivity,
since the larger the bandwidth of the FBG sliced femtosecond
spectrum, the wider it extends in the time domain. However, the
overlap between two neighboring temporally dispersed pulses
should be avoided, which would impose of an upper limit of the
numbers of FBGs that can be incorporated in the system. In ad-
dition, if a large number of FBGs are used in the system in which
the femtosecond pulse source is assumed to have an extremely
broad spectrum, to avoid an overlap between two consequent
pulses in the receiver, a maximum repetition rate of the fem-
tosecond pulse should be given, which determines the highest
speed of the interrogation.

Due to the high loss associated with the use of a long dis-
persive fiber to achieve real-time wavelength-to-time mapping,
two EDFAs were incorporated in the system to compensate for
the losses resulted from the long DCF, which makes the system
bulky. The size can be significantly reduced if a linearly chirped
FBG is used to replace the long DCF. Then, a more compact
optical interrogation system with better stability is possible.
We should note, however, the dispersion ripples in the linearly
chirped FBG would have negative impact on the measurement
accuracy. In such a case, the theoretical analysis performed in
this paper becomes significant, since the dispersion ripples can
be modeled as high-order dispersion, which is considered in
the wavelength-to-time mapping process.
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