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Abstract: We report a high-resolution rapid thermal sensing based on adaptive dual comb spectroscopy interrogated with a
phase-shifted fiber Bragg grating (PFBG). In comparison with traditional dual-comb systems, adaptive dual-comb spectroscopy is
extremely simplified by removing the requirement of strict phase-locking feedback loops from the dual-comb configuration.
Instead, two free-running fiber lasers are adopted as the light sources. Because of good compensation of fast instabilities with
adaptive techniques, the optical response of the PFBG is precisely characterized through a fast Fourier transform of the interfer-
ograms in the time domain. Single-shot acquisition can be accomplished rapidly within tens of milliseconds at a spectral resolution
of 0.1 pm, corresponding to a thermal measurement resolution of 0.01 °C. The optical spectral bandwidth of the measurement also
exceeds 14 nm, which indicates a large dynamic temperature range. It shows great potential for thermal sensing in practical out-
door applications with a loose self-control scheme in the adaptive dual-comb system.
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1 Introduction

Because of their outstanding advantages of small
size, low cost, high resolution, multiplexing capability,
and immunity to electromagnetic interference, fiber
Bragg gratings (FBGs) have been widely used for
high-sensitivity strain measurements in industrial
applications such as geophysical surveys and civil
engineering in structure monitoring (Measures, 2001;
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Cusano et al., 2004; Majumder et al., 2008). Com-
pared with dynamic systems for signals above 10 Hz,
quasi-static signals with frequencies below 10 Hz are
of more interest for slowly varying signals such as
temperature, seismic and volcanic motion (He et al.,
2012). Though ultra-high resolution has been
achieved in the field of dynamic sensing (Udem et al.,
2002; He et al., 2012; Li et al., 2013). There are still
challenges in static sensing in that resolution at low
frequency is always degraded by frequency noise
from the laser source. Generally, the transmission or
reflection spectrum shift induced by the deformation
of the Bragg grating structure can be detected by an
optical spectrometer (Wu et al., 2010). To achieve
high resolution in static strain sensing, single-
longitudinal-mode continuous-wave (CW) lasers
phase-locked on frequency references such as Fabry-
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Perot (FP) cavities or frequency combs are often
adopted to detect the spectral shift of FBGs (Kersey et
al., 1993; Du et al., 1999; Chow et al., 2005; Gagliardi
et al.,, 2010; Lam et al., 2010a, 2010b). Even with
high resolution in static sensing, the system still en-
counters challenges in stability and practicability with
bulky and complex CW systems. Furthermore, the
limitation of the available dynamic range and multi-
plexing capability sourced from the narrow tunable
wavelength range of stabilized CW lasers is insuffi-
cient to meet the general requirements in a wide range
of geophysical applications (Kuse et al., 2012). Ro-
bust, compact, precise, and fast interrogation systems
are needed. In general, precision and long-term sta-
bility of a quasi-static strain system are determined by
the suppression of laser frequency noise (Chow et al.,
2005; Schliesser et al., 2005).

Optical combs with a large number of discrete
optical frequencies pave the way for overcoming the
difficulties in narrow spectral spans (Udem et al.,
2009; Zolot et al., 2012). In the past decades, optical
combs have been dramatically simplified and im-
proved the accuracy of frequency metrology with
advantages in precisely measuring frequencies of
light (Yasui et al., 2006; Newbury and Swann, 2007).
Fiber-laser frequency combs are of particular im-
portance for telecommunications and optical sensing
applications (Coddington et al., 2009; Taurand et al.,
2010). Traditionally, fast Fourier transform (FFT)
spectroscopy has been an essential and powerful tool
for molecular absorption spectroscopy (Coddington
et al., 2008; Bernhardt et al., 2010; Deschénes, 2010).
Due to the maximum displacement of the movable
mirror in the interferometer, the resolution is at a level
of 100 MHz with the acquisition time of several hours
(Rieker et al., 2014). The technique of traditional
Fourier transform spectroscopy is limited by the ve-
locity of scanning components. However, with the
combination of two frequency combs in an interfer-
ometric setup as a dual-comb system, higher resolu-
tion and faster acquisition over a broad spectral span
can be achieved (Schiller, 2002; Newbury et al., 2010;
Droste et al., 2016). Although frequency mode spac-
ing is unresolved by a conventional optical spec-
trometer, precise and broadband characterization of
FBG sensors can be achieved by employing dual-
comb spectroscopy (DCS) (Schiller, 2002; Keilmann
et al., 2004; Coddington et al., 2010). Resolution of

34 ne with a large dynamic range of about 1 THz and
multiplexing capability is ensured in the detection of
the FBG spectrum in the static regime (Kuse et al.,
2013). The DCS concept is realized by the generation
of a radio-frequency comb composed of distinguish-
able heterodyne beats between optical combs. Com-
pared with conventional Fourier transform spectros-
copy, DCS has advantages in high acquisition speed,
broader spectral coverage, high signal-to-noise ratio
(SNR), high sensitivity, and high resolution (Diddams,
2010; Coddington et al., 2016). DCS holds much
promise in practical applications such as outdoor and
industrial applications. As an essential and powerful
tool for molecular absorption spectroscopy, optical
frequency combs can be realized using many ap-
proaches. Commonly, combs fully stabilized at ultra-
stable CW lasers by active feedbacks are taken as the
light source (Keilmann et al., 2004; Washburn et al.,
2004; Deng et al., 2005; Coddington et al., 2008,
2010; Bernhardt et al., 2010; Zhang et al., 2013; Zhu
et al., 2013). Achieving long mutual coherence time
demands high stability in the active feedback circuits
for the control of repetition rates and carrier-
enveloped offset (CEO) frequencies. The complexity
of the system is also increased by the unavoidable
detection of the CEO signals. It militates against a
simple and easy-to-operate interrogation system of
FBGs because of the strict phase-locking feedback
loop requirements to preserve the resolution. It also
needs significant effort to improve the width of comb
lines in case the spectra are spoilt when averaging
over time of seconds or minutes for higher resolution
(Kourogi et al., 1993; Bernhardt et al., 2010). To solve
the problem, post processing and real-time digital
phase correction can be achieved by complicated
programming with the field-programmable gate array
(Giaccari et al., 2008; Roy et al., 2012; Jin et al.,
2015). Mutual coherence times of the order of sec-
onds are attained by another novel technique based on
analog adaptive sampling (Ideguchi et al., 2012, 2014;
Cassinerio et al., 2014; Yasui et al., 2015). Techniques
of DCS are seriously limited by slow drift with
low-frequency noise in practical applications. To fully
benefit from longer acquisition time, laser oscillators
need to be stabilized to a standard reference as combs.
An all-optical scheme of dual-comb spectroscopy is
also reported as a practical low-complexity dual-
comb metrology technique. Pulse trains have passive
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mutual coherence due to the common-mode noise
cancellation in a shared single cavity (Ideguchi et al.,
2016; Zhao et al., 2016). However, uncontrollable
slight slow drifts exist with environmental variation.
DCS based on electro-optic modulators is a good
choice, but the acquisition time is limited by the
narrow spectral bandwidth being broadened in non-
linear fiber (Millot et al., 2016; Yan et al., 2017). The
high stability of a CW laser is still required and
achieved by isolating it from the environment. Con-
stant temperature control of an on-chip dual-comb
system based on quantum cascade lasers (QCLs) is an
ideal method to realize long-term operation of dual-
comb spectroscopy. Because of the gain recovery
time, the resolution is limited at GHz with QCLs
(Hugi et al., 2012). The systems mentioned above all
suffer from slow dynamics sourced from long-term
environmental deviations as low-frequency noises. It
tells against the long-term operation of the dual-comb
system that invalid active compensations occur with
distortions or even out-band suppression loss of sig-
nals. Specifically, in the adaptive sampling technique,
long-term operation of the dual-comb system is hin-
dered by more serious problems in slow drifts due to
the totally free-running oscillators. By removing slow
drifts, it has great potential in outdoor applications
due to the well adapted compensations of fast insta-
bilities between comb lines without strict phase-
locking. Passive temperature stabilization for combs
is always adopted to reduce the slow drifts induced by
temperature variations. However, the control results
are not always good enough using single-loop direct
temperature control because of the high sensitivity of
combs to the surrounding temperature and the actual
control accuracy of temperature stabilization. Effec-
tive control of low-frequency noise to dual-comb
systems will promote further practical industrial ap-
plications. With the developments of techniques in
optical combs, a compact, light, portable, and inte-
grated dual-comb system will be popular in outdoor
applications.

In this paper, we present a method based on
adaptive sampling techniques to rapidly and precisely
measure the optical frequency shifts of a PFBG in the
radio-frequency domain. Low-frequency noises from
the dual-comb system are effectively suppressed by
self-control schemes on slow drifts. The system ex-
hibits high precision and long-term stability due to the

compensation of fast instabilities and loose stabiliza-
tion on comb lines. It holds much promise for prac-
tical outdoor application.

2 Adaptive dual-comb spectroscopy
2.1 Experimental setup

The experimental setup of the adaptive dual-
comb spectroscopy (ADCS) is shown in Fig. 1. Seed
pulses from two self-starting SESAM-mode-locked
PM erbium-doped fiber lasers are amplified to 50 mW
by pre-amplifiers and then divided into two parts by
couplers with a coupler ratio of 20:80. Twenty percent
are delivered into a network consisting of couplers
with a coupler ratio of 50:50 for adaptive signal gen-
eration from beat signals between combs and CW
lasers (RIO ORIONTM). The average output power of
CW lasers centered at 1550 nm and 1564 nm is 10
mW. The spectral linewidth of CW lasers is less than
3 kHz. Beat signals detected by four photodiodes
(PD1-PD4) are delivered into the RF processing
module. The other 80% are injected into two 10-cm
HNLFs to generate proper optical wave bands for
applications. Appropriate spectra are filtered for
sampling by two fiber-tailed band-pass filters. The
filtered lasers in one path are aligned into the gas cell
from fibers by a collimator. After the gas cell, lasers
are coupled into fibers by the second collimator and
combined with the filtered lasers in another path for
interferogram signal generation. Interferogram sig-
nals detected by an InGaAs fast photodiode (PD5) are
transferred into the RF signal processing module for
further compensation of the instabilities of comb lines.
In the cavity of the fiber lasers, the compact structure
is beneficial for the reduction of disturbance from the
environment. The wavelength division multiplexer
(WDM), isolator (ISO), and TAP are integrated. Col-
limators in delay lines for repetition rate match be-
tween combs are fixed and packaged after light path
alignments. Due to the all PM fiber operation of the
oscillators, a half wave plate (HWP) is needed to keep
the lasers in the PM state during alignment. The in-
tegration of SESAM and the circulator makes it easier
to connect with the cavity. The SESAM we use has a
modulation depth of 13% and a non-saturable loss of
9%. A PZT is also stuck with a piece of intra-cavity
fibers to stretch the cavity length by applying driving
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voltages. To control the temperature of the combs,
entire components and fibers of oscillators are evenly
close to the surface of a thermoelectric cooler (TEC)
device (Shen et al., 2018). Heat insulation materials
are applied to the oscillators to ensure that the only
main approach of heat transfer between oscillators
and environment is the TEC.

Fig. 1 Experimental setup

LD, laser diode at 980 nm; ISO, isolator; WDM, wavelength
division multiplexer; SESAM, semiconductor saturable
absorber mirror; HWP, half wave plate; Col, collimator; GC,
gas cell; TEC, thermoelectric cooler; PZT, piezoelectric
ceramics; Er, erbium-doped fiber; CW1, continuous wave
laser centered at 1550 nm; CW2, continuous wave laser
centered at 1564 nm; HNLF, high nonlinear fiber; CP, fiber
coupler; PD1-PD4, photodiodes; PD5, balanced detector;
BP, bandpass filter

2.2 Sampling theorem

Traditionally, in the time domain interferogram
signals of a dual-comb system with tight phase lock-
ing of comb lines can be directly sampled in the
analog-to-digital conversion with a constant external
clock rate, which meets Nyquist’s theorem. The
spectral information can be well retrieved by an FFT
of the sampled interferogram signals in the frequency
domain. However, in our adaptive dual-comb system,
interferogram signals fluctuate because of the free-
running oscillators. Apparently, serious distortions
will be induced by direct sampling of interferogram
signals with a constant external clock rate. With
adaptive sampling techniques, interferogram signals
are sampled with a nonconstant external clock rate.
Spectral information is also well retrieved with FFT
by good compensation of instabilities of comb lines.
To understand the mechanism of adaptive dual-comb
spectroscopy, we first focus on the relationships be-
tween the external clocks and signals. According to
Nyquist’s theorem, the clock frequency f; should be at

least f;. In the simplest situation, f; and f; are constant
frequencies (Fig. 2).

N
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Fig. 2 Illustration of signal f; sampling at clock signal f,

In Fig. 2, signal f; is sampled at the edges of
clock signal f;. The relationship between the number
of sampling points and the sampling frequency is
described by

n=1=hlh, (1

where 7 is the number of sampling points. In this way,
the period of the sampled signal can be expressed as

T=mn-1)-1, )

where =1/f; is the period of the sampling clock. Then
the retrieved signal frequency can be expressed as

/il

F= .
LT

1
T €)

Clearly, 1/z is the fixed clock signal f;. The processed
signal frequency can be expressed as

S
:—':' 4
Ff2f0f1 4

Certainly, the retrieved signal frequency is equal
to the original signal frequency. It definitely indicates
the feasibility of the dual-comb spectroscopy with
constant sampling clock. However, in a more com-
plex situation such as an adaptive dual-comb system,
the retrieved signal frequency is often distorted, be-
cause of the time-varying signals f; and clock signals
f>. The relationship between the retrieved signal



678 Guo et al. / Front Inform Technol Electron Eng 2019 20(5):674-684

frequency and the original signal frequency can be
studied based on Eq. (4). We assume that the small
variations of signals f; and f; during the sampling are
01 and J,, respectively. The retrieved frequency of the
varying signal can be expressed by the following
equation:

politd -
o+,

where fj is a constant clock frequency applied during
FFT processing. According to Eq. (5), it seems that
the retrieved signal frequency is related to the varia-
tions of f; and f;. Generally, the retrieved signal fre-
quency F' is also a variable. It also explains the dis-
tortions of retrieved signals in the adaptive dual-comb
system with constant sampling clock rates. There is
still a chance to attain a constant retrieved signal
frequency when f; and f; are linear, as in Egs. (6) and
(7):

S =k A, (6)

=k, - Af. (7
01 and J; can also be expressed as

6 =k - (Af +0), (®)
8, =ky - (Af +9). ©)

With such formulae, the retrieved signal fre-
quency can be expressed as

pele S0 b o

T f,+0, k,

In this case, the retrieved signal frequency can be
constant. Fortunately, it offers an opportunity to re-
trieve stable frequency components from interfero-
grams of the free-running dual-comb system. The
advantages of a tight phase-locking dual-comb sys-
tem can be kept in an adaptive dual-comb system. In
Section 2.3, we will describe in detail how fast insta-
bilities between “combs” lines are well compensated
for by adaptive sampling techniques.

2.3 Adaptive sampling techniques

As shown in Fig. 1, the pulse lasers and CW la-
sers are named laser A, laser B, CW50, and CW64,

respectively. In the adaptive dual-comb system setup,
CW lasers and pulse lasers are combined for adaptive
signal generation. The corresponding beat notes be-
tween pulse lasers and CW lasers are named 50A,
50B, 64A, and 64B. For convenience of description,
lasers are illustrated in the frequency domain (Fig. 3).
Comb A and comb B have comb lines spaced at the
repetition frequencies of pulsed lasers A and B, re-
spectively. CW64 and CWS50 are the optical fre-
quency positions corresponding to 1564 nm and 1550
nm, respectively. The spectral region is filtered as
frequency components of the interferograms.

Spectral region

CWe4
64A 50A
: ‘A
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5
3
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Fig. 3 Lasers in the frequency domain

As shown in Fig. 3, the optical frequency posi-
tions are tuned properly by adjusting the repetition
rate difference of the pulse lasers. In this case, coef-
ficient numbers of comb lines must have the follow-
ing relationship:

m —n, =m, —n, =M, —Hy
n, —n =m,—m =n,, (1D

ny—n,=my—m, =k,

where ny, ny, ns, my, mp, and ms are integers, and 7
and k are the corresponding sequence number dif-
ferences of comb teeth. According to the characteris-
tics of an optical comb, the comb line in the frequency
domain can be expressed as

(12)
(13)

f;:n' rA+ ceoa?

fl‘azn' rB+f;eob’

where f;4 and f;p are repetition rates of lasers A and B,
respectively. n and m are integers, and the carrier-
envelope-phase offset frequencies are fe,, and feeob.
According to Egs. (12) and (13), the frequency
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components in the box in Fig. 3 can be expressed as

fBeau =n, 'fA —m, 'frB +Afceo’

chatZ:(n3+1).f;'A_(m3+1).f;B+Acco’ (14)

fBeat(N+l) =+ N)- fia —(my + N)- fig + A,

where 73 and mj are integers, Afe, 1s the difference of
the carrier-envelope-phase offset frequency between
laser A and laser B. We assume that there are N lines
in the box region in Fig. 3.

The beats between pulse lasers and CW lasers
can be expressed as follows:

Json = Sso =y fin + feeon)» (15)
Json = Jso = (my - fig + fecon): (16)
Joan = Joa = (1 fen + Jeeon)s (17)
Joan = Joo =y fig + Jeon)s (18)

where fs50 and fe4 are the optical frequencies of CW50
and CW64, respectively. ny, ny, m;, and m, are inte-
gerS. feeoa and feeop are the CEO drifts of the corre-
sponding lasers. In our experiment, f5o, f508, fo44, and
fean are set to around 10, 20, 10, and 25 MHz, re-
spectively. Adaptive signals (AS1 and AS2) are gen-
erated through processing these four original signals
by mixing, filtering, multiplication, etc. A ra-
dio-frequency processing circuit module is applied to
compensate for the fast instabilities of comb lines
(Fig. 4).

Four original beat notes are first filtered and
amplified properly. To match the commercial filters,
appropriate frequency shifting is applied in fs5o5 and
foan as shown in the following expressions:

(19)

Ssosa = Jso = (M5« fig + Soeon) + Sroms
f64132 = f64 _(ml 'frB + ceob) +f15M'

Secondly, fsop; is mixed with f3o4 to eliminate the
CWS50 frequency component and fgsp, is mixed with
fean to eliminate the CW64 frequency component.
The results are named fg; and fs,, expressed as

{fm = fsom2 = Sson =M " fra
Js2 = Feoama = Joan =1 fia

_mZ.ﬁB+Aceo+ 10M>
_mlhfrB+Aceo+ 15M*
(20)

fs1 and fs, are 20 and 30 MHz, respectively. Term
Afceo 18 contained in both f5; and fs,. To obtain fs3, we
mix fs; and fs;. It can be expressed as

JssTfsofsi=(ma—my )fig—(no—m1)fiatfsm. (21)

According to Eq. (11), it can be reduced by fur-
ther frequency shifting of 5 MHz and multiplexing of
16:

Saso =161, - Af. (22)

Signal generator

Sampling

1 Beat+20M S5

Fig. 4 Processing circuit
Laser A, pulse laser A; laser B, pulse laser B; CW50, con-
tinuous wave laser centered at 1550 nm; CW64, continuous
wave laser centered at 1564 nm; HNLF, high nonlinear fiber;
PD, photodiode; FMP, frequency multiplier; M, mixer; CP,
fiber coupler

To obtain fas;, we operate Eq. (20) as 2fs,—fs;. It
can be expressed by

fASl = (21’!1 _nz)frA - (2m1 _mz)frB +Afceo +J[20M' (23)

By mixing a fixed frequency shift of 20 MHz in
Eq. (14) and mixing fasi, Afceo is eliminated in low
frequency components. The compensated new fre-
quency components can be expressed as

-/[857Beatl =(ny+n,=2n) [, —(my+m,—2m) [,
](857Bmt2 =(ny+n, = 2nm +1) f,,

—(my +m, —2m, +1) [,
):(n3 +n,=2n+N)f,

f‘SiBeat(N +1

—(my+my,—2m +N)f,.
(24)

According to Eq. (11), Eq. (24) can be expressed as
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JfSGiBeatl =(2n, +k)-Af,

f‘867BcaIZ = (2n0 + k + 1) : Af: (25)

f‘867Bcat(N+l) =(2ny+k+N)-Af.

Considering the same formula forms of Egs. (6) and
(7) with fas; and fas,, stable retrieved frequency
components can be attained according to Eq. (10):

F'S,67Beat1 =(2n, +k)'f0/(16n0),

F'S,67Beat2 = (2”0 + k + 1) ) f;)/(16n0)5 (26)

F'S,()_Beat(Nﬂ) =(2n, +k+N)- fo/(16no),

where ny, k, and N are all integers.

3 Results
3.1 Experimental setup of rapid thermal sensors

The principle of ADCS mentioned above shows
that short-term instabilities in both timing fluctuations
and phase fluctuations between combs are well can-
celled with adaptive signals during signal processing.
Amplitude modulation on comb lines from gas ab-
sorption lines can be well retrieved by the FFT of the
interferograms when the gas cell is inserted in one
optical path as shown in Fig. 1. Based on the ADCS,
the outputs of laser A and laser B are divided into two
parts by couplers with a ratio of 20:80. Twenty per-
cent is injected into the ADCS to generate adaptive
signals (Fig. 5). To satisfy different wavelength re-
quirements in applications, a supercontinuum is gen-
erated in the high nonlinear fiber after injecting 80%
of the pulse laser (Fig. 6). The two supercontinua are
coupled by couplers with a ratio of 50:50. The proper
wave band is filtered by a band-pass filter to interro-
gate a phase-shifted fiber Bragg grating (PFBG) as
fast thermal sensing. We attached PFBG to the TEC
and insulated the PFBG from the surrounding envi-
ronment with insulation. Rapid thermal sensing at
high resolution was achieved by controlling the
change in TEC temperature. We collected the inter-
ference pattern through the data acquisition card
(DAQ) and analyzed the moving relationship between
the temperature and the peak frequency of the PFBG
center through data processing.

Laser A

HNLF
| HNLF Cp BPF

Fig. 5 Experimental setup
Laser A, pulse laser A; laser B, pulse laser B; HNLF, high
nonlinear fiber; PD, balanced detector; CP, fiber coupler;
BPF, band-pass filter; TEC, thermoelectric cooler; PFBG,
phase-shifted fiber Bragg grating; DAQ, data acquisition;
PC, computer

PFBG
it o WN o7y
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Laser B TEC

-20
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_ 40
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Fig. 6 Spectra of laser A and laser B and broadened
spectrum in HNLF

3.2 Fiber Bragg grating sensing

According to the fiber Bragg grating equation

Ay =2n4A, 27
where g is the center wavelength of the fiber Bragg
grating, n.g is the effective refractive index of the
grating, and /4 is the grating period, the optical re-
sponse of fiber Bragg grating is related to n.g and A,
which are sensitive to the surrounding environment
such as temperature and pressure. On the other hand,
fiber Bragg gratings can be used as sensitive sensors
by precisely characterizing their optical response. In
our experiment, a PFBG is used as a thermal sensor
with zero pressure. To study the temperature response,
the PFBG is evenly placed on the surface of a TEC
which has a temperature control resolution better than
0.01 °C.

3.3 Data processing

The analogue-to-digital conversion is accom-
plished in the data acquisition card, and the data is
stored on the computer hard drive. With a set of
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programs in Matlab, further treatment and analysis of
the resulting spectra will exhibit precise relationships
between the optical response of the PFBG and tem-
perature as thermal sensors. The digitizer (ATS9462,
AlazarTech) has 65 MHz bandwidth and a sampling
rate of up to 1.8x10® samples/s. Its specified dynamic
range is 16 bits. The internal memory of the digitizer
is 2*® samples. This currently limits the duration of an
acquisition at a sampling rate of 80 MHz to 3.3 s. The
digitizer possesses an external clock input, which
enables synchronization between data acquisition and
the adaptive signals fas».

Single-shot acquisition is accomplished within
104 ms with 6.3 MHz apodized optical resolution at a
refresh rate of 180 Hz (Fig. 7). The TEC temperature
is set at 23 °C. The internal memory is 2% samples.
The interferograms are Fourier-transformed as radio-
frequency spectra in the frequency domain. The
signal-to-noise ratio estimated from the root-mean-
square noise in a single-shot acquisition is about 18,
which is approximately the same as the one in Ide-
guchi et al. (2014). It exhibits the potential in good
spectral coherence and comb line correlations even
after nonlinear spectrum broadening. The spectral
SNR of 350 is obtained by averaging 500 sets of data
(Fig. 8). The key characteristic of PFBG is the ex-
istence of transmission windows with a 3-dB optical
bandwidth of 7 pm at the reflection band, resulting in
high wavelength selectivity. As shown in Fig. 8, both
side wings and the deep notch of PFBG are finely
depicted by comb lines in the radio-frequency domain
from 9.9 to 10.2 MHz. As shown in the insertion,
resolvable comb lines with 8-Hz 3-dB bandwidth in
the radio-frequency domain are spaced at 180 Hz.
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Fig. 7 104-ms sampled interferometric electric signals
(insertion: details of single interferometric electric signals
with a span of 50 ms)
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Fig. 8 Spectral profile of the PFBG (insertion: resolvable
comb lines in transmission windows at the reflection
band)

Given the resolution required in practical appli-
cations, a different acquisition time is needed. As
shown in the insertion of Fig. 7, the available single
interferometric electric signal is concentrated in tens
of microseconds. Theoretically, the single-shot ac-
quisition time is effectively reduced within 100 ms at
an optical resolution better than tens of picometers
with such an approach. With this advantage, the op-
tical response of PFBG is carefully measured at dif-
ferent temperature setting points, which range from 5
to 60 °C at a step resolution of 2.5 °C. Single-shot
acquisition is accomplished within 100 ps with a
6.3 GHz apodized optical resolution at a refresh rate
of 180 Hz. 1000 times averaging of the Fourier-
transformed spectra is adopted for high SNR. Due to
the narrow transmission windows at the reflection
band of PFBG, a simple algorithm for defining the
center positions of the peaks is also applied. The
narrow comb-line resolved transmission peak in op-
tical profiles of PFBG is enlarged as shown in the red
part of Fig. 9. The peaks of comb lines are extracted
with black “x” marks. The green line illustrates the
curve of peaks obtained based on Gaussian fitting.
The points of m; and m, on the curve are at half
maximum of the transmitted peak. Here, the midpoint
of m, and m;, represents the radio-frequency position
of the PFBG center peak. The relationship between
temperature variations and radio-frequency positions
of the PFBG center peak can be attained by tuning the
temperature settings (Fig. 10).

Because of the limitation of the TEC device, the
maximum temperature variation ranges from 5 to
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60 °C (Fig. 10). However, the optical spectral band-
width of the measurement exceeds 14 nm. The ther-
mal damage threshold of the fiber guarantees a large
dynamic range. During temperature tuning, the gain is
about 4.091 kHz/°C. A higher optical resolution of 6.3
MHez is also studied during slight temperature tuning
around 21 °C, as shown in the insertion of Fig. 10.
However, the gain is reduced to 3.8 kHz/°C, which is
closer to the real value with higher resolution.
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Fig. 10 Relationship between radio-frequency positions
and temperature settings with an optical resolution of
6 GHz (insertion: 6.3 MHz)

To evaluate the systematic error in the meas-
urement of the PFBG’s center frequency, we per-
formed a stability measurement of the PFBG trans-
mission frequency while keeping the ambient tem-
perature constant. We maintained the TEC tempera-
ture at 23 °C per day and measured one state point per
day. The number of single sampling points is 96 000.
The total measurement time was 35 d. The movement
of the PFBG’s center frequency is shown in Fig. 11.

Because the ambient temperature was not changed,
the instantaneous transmission frequency should be
constant. However, we observed a tiny transmission
frequency fluctuation. This could be due to AM noise
in the optical frequency combs, which may couple to
the center frequency shift in the data analysis process.
Alternatively, due to the limitations of our tempera-
ture isolation conditions, although the TEC tempera-
ture can be controlled, the ambient temperature will
also have a certain impact. It can be seen from the
figure that the frequency jitter range is within 90 Hz
and that the ambient temperature change is 0.02 °C.
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Fig. 11 PFBG center reflection peak stability measure-
ment

4 Conclusions

In conclusion, advantages from dual-comb sys-
tem are retained in the adaptive sampling system,
including broader spectra, high resolution, and fast
acquisition speed. Furthermore, it will be applicable
in outdoor applications without high demands on
long-term coherence between combs. Fast instabili-
ties between comb lines are well compensated for
without extra tight phase-locking of combs. It holds
much promise in practical outdoor applications due to
the only requirements of loose stabilization for
long-term measurements. We demonstrate that rapid
thermal sensing is realized in high resolution by pre-
cise measurements of optical frequency shifts of a
PFBG in the radio-frequency domain with adaptive
sampling techniques. Given the resolution require-
ments in different applications, flexible resolution
setting from 0.1 to 10 pm in optical level depends on a
short acquisition time ranging from tens of micro-
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seconds to several seconds. Linear relationship be-
tween the optical response of PFBG and the temper-
ature is also characterized by interrogation with
ADCS. The optical spectral bandwidth of the meas-
urement exceeds 14 nm. It indicates that the large
dynamic temperature range is limited by the temper-
ature damage threshold of the fiber.
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