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Microwave Photonic Interrogation of a High-Speed
and High-Resolution Temperature Sensor Based on
Cascaded Fiber-Optic Sagnac Loops
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and Jianping Yao

Abstract—A high-speed and high-resolution temperature sensor
based on two cascaded fiber-optic Sagnac loops (FSLs) interrogated
using a microwave photonic (MWP) method is proposed and ex-
perimentally demonstrated. In the proposed system, an FSL is used
as a sensor element. When it is experiencing temperate change, its
spectrum is shifted, which leads to the shift in the spectrum of
the cascaded FSLs. Instead of measuring the wavelength shift of
the spectrum by using an optical spectrum analyzer (OSA), which
has a low wavelength resolution and a slow scanning speed, we
convert the optical spectrum to the time domain based on spectral
shaping and wavelength-to-time (SS-WTT) mapping, and use a
digital signal processor (DSP) to extract the sensing information.
In our experiment, two cascaded FSLs with two different free
spectrum ranges (FSRs) are employed. Due to the Vernier effect,
multiple dips in the envelope of the optical spectrum are intro-
duced. By passing a broadband frequency-chirped optical pulse
generated by a frequency-swept laser source to the two cascaded
FSLs, the sensing information is encoded in the optical spectrum
and it is converted to the time domain due to SS-WTT mapping.
By detecting the optical waveform at a photodetector (PD), a tem-
poral microwave waveform with its shape identical to the optical
spectrum is generated. By using a DSP, the time shift of a dip is
measured and the sensing information is precisely demodulated.
Experimental result shows that the proposed fiber-optic tempera-
ture sensor can provide a temperature resolution of 1.33 x 10~ °C
at a sensing speed of 23.497 kHz.

Index Terms—Cascaded fiber-optic Sagnac loops, fiber-optic
sensor, microwave photonics, temperature measurement, Vernier
effect.
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1. INTRODUCTION

CCURATE measurements and control of temperature
based on optical fiber sensors could find numerous appli-
cations such as environmental monitoring, medical diagnostics,
and chemical reaction control [1]. For the past few decades,
optical fiber sensors have been intensively studied due to their
intrinsic advantages such as compact size, immunity to electro-
magnetic interference, high sensitivity, low cost, high resistance
to erosion and remote sensing ability [2]. Recently, several
configurations of fiber-optic temperature sensors based on fiber
gratings have been proposed and experimentally demonstrated.
The fiber gratings include fiber Bragg gratings (FBGs) [3], long
period fiber gratings (LPFGs) [4], and tilted fiber Bragg gratings
(TFBGs) [5]. However, grating-based optical fiber temperature
sensors usually have a relatively low sensitivity of 10~100
pm/°C. To enhance the sensitivity, numerous other optical fiber
sensors such as photonic crystal fiber-based sensors [6], [7]
and tapered optical microstructure fiber-based sensors [8] have
been proposed and experimentally demonstrated. Recently, the
Vernier effect which is proved to be an effective way to enhance
the sensitivity of an optical fiber sensor, has been adopted to
improve the performance for temperature, gas refractive index
and ammonia concentrations measurements [9]-[12] by using
a structure such as cascaded FSLs [9], cascaded Fabry-Perot
interferometers (FPIs) [10] and cascaded Mach-Zehnder inter-
ferometers (MZIs) [11]. Normally, the optical spectrum of a
single MZI, FPI or FSL has a fixed free spectrum range (FSR)
and a flat spectrum envelop. By cascading a second MZI, FPI or
FSL with a slightly different FSR, due to the Vernier effect, the
envelope of the spectrum will have multiple dips. When the MZI,
FPI or FSL is experiencing an environmental change, the enve-
lope of the spectrum will shift accordingly. Through measuring
the wavelength shift by locating a dip in the envelope by using
an optical spectrum analyzer (OSA), the sensing information
is demodulated with a greatly enhanced sensitivity. However,
to precisely measure the location of a dip in the envelope is
extremely difficult since an OSA-based wavelength demodula-
tion method usually has a very low wavelength resolution. In
addition, the slow scanning speed of an OSA makes it difficult
to detect a fast change temperature.
Microwave Photonics (MWP) [13],[14], a technique to gener-
ate and process microwave signals directly in the optical domain,
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has been widely studied recently and it is considered an effective
way to realize high-speed and high-resolution sensing demod-
ulation. Recently, high-speed and high-resolution temperature
and strain sensors based on microwave photonic interrogation
have been proposed and experimentally demonstrated [15],
[16]. Instead of monitoring the wavelength shift of an optical
spectrum, the optical spectrum is converted to the time domain
based on spectral shaping and wavelength-to-time (SS-WTT)
mapping. Thus, the sensing information can be demodulated in
the electrical domain using a digital signal processor (DSP) with
an increased measurement speed and resolution.

In this paper, we propose and experimentally demonstrate a
high-speed and high-resolution temperature sensor based on two
cascaded FSLs interrogated based on a microwave photonics
method. Instead of monitoring the wavelength shift of the opti-
cal spectrum by using an OSA, which has a poor wavelength
resolution and a low scanning speed, we convert the optical
spectrum to a microwave waveform in the time domain based
on SS-WTT mapping, and demodulate the sensing information
using a DSP at a high speed and high resolution. In the proposed
temperature sensing system, by passing a broadband chirped
optical pulse generated by a high-speed frequency-swept laser
source to the two cascaded FSLs, the sensing information is
encoded in the spectrum and the spectrum is mapped to the
time domain. The two FSLs have different FSRs, due to the
Vernier effect, the envelope of the optical spectrum will have
multiple dips. When a temperature change is applied to one of
the FSLs, the envelope of the optical spectrum will shift which
is also reflected in the time-domain waveform. By detecting
the time-domain waveform at a photodetector (PD), a temporal
microwave waveform with its shape identical to the shaped
spectrum is generated. A DSP is then used to extract the envelope
in the time domain at a high speed and high resolution. By
monitoring the time shift of a dip in the envelope, the sensing
information is demodulated. The proposed approach is evaluated
experimentally. The experimental result shows the proposed
temperature sensor can provide a temperature resolution of 1.33
x 107> °C at a high sensing speed of 23.497 kHz.

II. PRINCIPLE AND EXPERIMENTAL SETUP

For an FSL with a polarization-maintaining-fiber (PMF) loop
having a length of L and a birefringence of B, its transmission
spectrum can be mathematically expressed by

1+ cos
7 (1) = L) )
where ¢ = 2wBL/A, and X is the optical wavelength.
The FSR of a single FSL is given by
)\'2
FSR = — 2
FSL = 5T (2

Fig. 1(a) and (b) shows the simulated transmission spectra
of two FSLs with two different FSRs. When the loop lengths
of the first and the second FSLs are 1.71 and 1.90 m and the
birefringence of the PMFis 5.85 x 10~4, the FSRs are calculated
to be 2.4 nm and 2.16 nm, respectively.
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Fig. 1. Simulated transmission spectra of the two FSLs with an FSR of (a)

2.4 nm and (b) 2.16 nm; (c) Black: simulated transmission spectrum of the two
cascaded FSLs; Green: envelope introduced by the Vernier effect.

The transmission spectrum of the two cascaded FSLs can be
expressed by

1+ cos (LBLl)

T (M) = 5 2

2

1+ cos (L“?Lg )] )

where L, and Lo are the lengths of the PMFs in the first and the
second FSL, respectively.

Fig. 1(c) shows overall transmission spectrum of the two
cascaded FSLs. The green curve shows the envelope. As can
be seen, by cascading the two FSLs, due to the Vernier effect,
the power distribution of the optical spectrum is no longer flat,
but has an envelope with multiple dips. The distance between
two adjacent dips is the total FSR of the two cascaded FSLs,
which is given by

FSR; - FSRy

FSRenve ope =~ Tphob  ob |
lore T IFSRy — FSRy|

“)
where FSR, and FSR, are the FSRs of the first and the second
FSLs, respectively. As can be seen from Fig. 1(c), the FSR is
significantly increased.

Once the temperature applied to the sensing loop is increased,
the birefringence of the PMF in the sensing loop will decrease
and the transmission spectrum of the sensing loop will shift to a
smaller wavelength. Therefore, the envelope in the transmission
spectrum of the two cascaded FSLs will shift to a longer wave-
length. Fig. 2(a) shows the simulated transmission spectra of
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Fig. 2. (a) Spectrum shift when the temperature applied to the sensing loop
is increased from 40 to 42 °C; (b) The simulated transmission spectrum of
the two cascaded FSLs (black) and the introduced envelope (green) when
the temperature of the sensing loop is 40 °C; (c) The simulated transmission
spectrum of the two cascaded FSLs (black dash) and the introduced envelope
(green dash) when the temperature of the sensing loop is 42 °C. The dip in (b)
is shifted to a longer wavelength.

the sensing loop when the temperature applied to the loop is in-
creased from 40 to 42 °C. From the simulated results we can see
that, as the temperature applied to the sensing loop is increased,
the transmission spectrum will shift to a smaller wavelength.
Fig. 2(b) and (c) shows the simulated transmission spectra of
the two cascaded FSLs before and after the temperature change.
We can see that, as the applied temperature is increased, the
envelope of the spectrum is shifted to a longer wavelength, and
the wavelength shift of the envelope can be calculated by

AB (T) FSRy
AX =X
envelope < B ) (|FSR2 — FSR,y |> 5)

where AB(T) is the birefringence change of the PMF incorpo-
rated in the sensing loop, which is a function of the temperature
change. Thus, the sensitivity enhanced factor of the two cascaded
Sagnac loops can be expressed by

FSR,
|FSR, — FSRy|

M= (6)

Actually, we can consider that when the temperature applied
to the sensing loop is increased, a change in the envelope in
the optical domain is resulted, which leads to the change in
the envelope of the time-domain microwave waveform obtained
after wavelength-to-time mapping. By extracting the envelope in
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Fig. 3. Schematic diagram of the proposed temperature sensor based on two
cascaded FSLs interrogated based on microwave photonic method.

the time domain and detecting the location of a dip, the sensing
information is demodulated.

The schematic diagram of the proposed high-speed and high-
resolution temperature sensor based on two cascaded FSLs
is shown in Fig. 3. It consists of a frequency-swept laser
source which is a Fourier domain mode-locked (FDML) laser
source [17], two cascaded FSLs and a PD. The FDML laser
source is used to provide a broadband frequency-chirped optical
pulse train which is applied to the two cascaded FSLs with
the first FSL placed in a temperature controller as a sensing
element.

It should be noted that, instead of using a dispersive element to
achieve wavelength-to-time mapping [ 18], the optical pulse from
the FDML laser source is chirped. Passing a frequency-chirped
optical pulse through the cascaded FSLs will perform sensing
information encoding and, at the same time, wavelength-to-time
mapping [19]. The Fourier domain mode locking of the FDML
laser source is performed using a sinusoidal signal to achieve
the frequency tuning of a tunable optical filter in the FDML
laser cavity. Mathematically, the instantaneous wavelength of
the frequency-chirped optical pulse at the output of the FDML
laser can be expressed by

A(t)=2o+ %Ak [1 —sin (27 f1)] (7)
where Ao, AL and f are the starting wavelength, wavelength
scanning bandwidth, and the repetition rate of the pulse train of
the FDML laser, respectively.

When an optical pulse is applied to the two cascaded FSLs, the
spectrum of the optical pulse is spectrally shaped and the sensing
information is encoded in the spectrum. Note that since the
optical pulse entering the cascaded FSLs is frequency chirped,
the spectrum is shaped and mapped to the time domain [20]. The
spectrally shaped time-domain optical pulse is then launched to a
PD, a temporal microwave waveform is generated. A real-time
oscilloscope connected to the PD is employed to sample the
time-domain microwave signal and a DSP is used to process the
sampled signal.

Since the optical pulse generated by the FDML laser source
has a nonlinear relationship between the wavelength and time
(due to the use of a sinusoidal function as a mode locking
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Fig.4. Nonlinear to linear wavelength-to-time mapping conversion via resam-

pling. (a) Nonlinear wavelength-to-time relationship of a microwave waveform
sampled with an identical interval; (b) Resampling with a nonidentical sampling
interval to make the nonlinearly wavelength-to-time mapping linear.

signal), the transmission spectrum of the two cascaded FSLs
is nonlinearly mapped to the time domain, which is given by

1+ cos [%BLl] 1+COS[27‘—BL2:|

o) w(0)

y(t) = 5 5

®)

The nonlinear wavelength-to-time mapping should be cor-
rected. Fig. 4(a) shows the nonlinear wavelength-to-time map-
ping relationship due to the use of a sinusoidal function as a
mode locking signal. As can be seen if a wavelength-to-time
mapped microwave waveform is sampled by an oscilloscope
with an identical sampling interval, the optical spectrum will be
nonlinearly mapped to the time domain. To make the nonlinear
wavelength-to-time mapping relationship linear, a simple solu-
tion is to use a resampling process which can be implemented in
the DSP. As shown in Fig. 4(b), by resampling the microwave
waveform with a nonidentical time interval, the nonlinear (sinu-
soidal) wavelength-to-time mapping relationship is converted to
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Fig. 5. The optical spectrum of the FDML laser source.

linear. The time interval employed in the resampling process is
calculated based on (6), which is given by

arcsin {1 + %}
2 f

where 1’ is the discrete values of the wavelengths corresponding
to the sampling with an identical interval shown in Fig. 4(a).
After the resampling operation, the wavelength-to-time mapping
becomes linear.

We would like to emphasize that the purpose of the resampling
process is to convert the nonlinear (sinusoidal) relationship
between the instantaneous wavelength and time to a linear rela-
tionship. After the conversion, the wavelength-to-time mapping
relationship becomes linear and the transmission spectrum at the
output of the two cascaded FSLs is linearly mapped to the time
domain, which is mathematically expressed by
1+ cos (%{;Efg) 1+ cos (i’;iéﬁ)

2 2

t=

(€]

y' (t) = (10)

where k = 2/\Afis the wavelength scanning rate of the new linear
wavelength-to-time relationship of the FDML laser source.

Then, a dip in the envelope introduced due to the Vernier
effect is detected and its location is representing the wavelength
shift of the optical spectrum. By monitoring the time shift of the
dip, the sensing information is demodulated at a high-speed and
high-resolution.

III. EXPERIMENTAL RESULTS

An experiment based on the schematic diagram shown in
Fig. 3 is implemented. A high-speed and broadband frequency-
chirped optical pulse train with a repetition rate of 23.497 kHz, a
spectrum width of 45 nm, and a central wavelength of 1550 nm
generated by an FDML laser source is applied to the two cas-
caded FSLs. Fig. 5 shows the optical spectrum of the FDML
laser source.

The lengths of the PMFs incorporated in the first and the
second FSLs are 1.28 m and 1.37 m long, respectively. The FSL
with a 1.28 m long PMF incorporated in the first FSL is placed in

Authorized licensed use limited to: Jianping Yao. Downloaded on December 16,2021 at 03:23:19 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: MICROWAVE PHOTONIC INTERROGATION

a temperature controller as a sensing element. The birefringence
of the PMFs is 5.85 x 10~* and the FSRs of the two FSLs are
calculated to be 3.2 nm and 3.0 nm, respectively, according to
(2). The total FSR of the two cascaded FSLs is calculated to be
48 nm according to (4). By applying a broadband optical pulse
train generated by the FDML laser source to the two cascaded
FSLs, the spectrum of the optical pulse is spectrally shaped and
is mapped to the time domain, where the sensing information is
encoded. The SS-WTT mapped optical pulse is then launched
to a PD (Thorlabs, PDB570C), where a time domain microwave
waveform is generated. At the output of the PD, a real-time
oscilloscope (Tektronix, DSA72004B) which is synchronized
by the FDML laser source is employed to sample the tem-
poral microwave waveform. The sampled temporal microwave
waveform is processed in a DSP to extract the envelope of the
time-domain microwave signal.

Fig. 6(a) shows a temporal microwave waveform sampled by
the real-time oscilloscope after spectrally shaped by the two
cascaded FSLs. As can be seen, the transmission spectrum of
the two cascaded FSLs is nonlinearly mapped from the optical
domain to the time domain since the instantaneous output wave-
length versus time is a sinusoidal function. Then, the waveform
is sent to a DSP, at which a resampling process is performed and
the sensing information encoded in the microwave waveform is
demodulated. The blue curve in Fig. 6(b) shows a resampled
waveform. As can be seen, after the resampling process, the
shape of the waveform is truly identical to the transmission
spectrum of the two cascaded FSLs that shown in Fig. 6(c).
Fast Fourier transform (FFT) is then performed to the resampled
waveform and the electrical spectrum is acquired. A digital
low-pass filter with a rectangular function is used to filter out the
high-frequency component of the resampled waveform. Then,
inverse fast Fourier transform (IFFT) is performed to the fil-
tered electrical spectrum and the envelope of the time domain
microwave signal is acquired. The red curve in Fig. 6(b) shows
the envelope of the microwave waveform. As the temperature
applied to the sensing loop is changed, the envelope of the
microwave signal will move accordingly. By measuring the time
shift of a dip in the extracted envelope, the sensing information
can be precisely demodulated.

To evaluate the sensing performance of the proposed fiber sen-
sor, we increase the temperature which is applied to the first FSL
and measure the time shift of the dip in the envelope. Fig. 7(a)
shows the envelope changes as the temperature applied to the
sensing loop is increased from 25.8 to 26.3 °C. As can be seen,
when the temperature applied to the sensing loop is increased,
the extracted envelope is shifted to a smaller time location
accordingly. The time shifts of the dip in the extracted envelope
are measured and the sensing information is demodulated. The
blue curve in Fig. 7(b) shows the normalized time shift of the
dip in the extracted envelope versus the temperature change. As
can be seen, the dip in the extracted envelope is shifted from 5.8
to 0 ps with a good linearity when the temperature is increased
from 25.8 t0 26.3 °C. The temperature sensitivity of the proposed
fiber sensor is calculated to be 12 ps/°C. The red curve shows the
normalized wavelength shift of a dip of the single Sagnac loop
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resampled signal; Red: the extracted envelope. (¢) The measured transmission
spectrum of the two cascaded FSLs that identical to the resampled waveform
shown in (b).

versus the temperature change. The temperature sensitivity of
the single Sagnac loop is calculated to be 1.8 nm/°C in the optical
domain which equals to 0.95 1s/°C in the time domain. Both the
single-loop wavelength shift and the extracted envelope time
shift have good linear relation with the temperature, but with the
R-square of the extracted envelope sensing curve (R = 0.9914)
is slightly lower than that of the single loop sensing curve (R =
0.9947), which is caused by the waveform distortion and can be
neglected. On the other hand, the sensitivity enhanced factor of
the two cascaded Sagnac loops is calculated to be 12.6 which is
close to the theoretically calculated enhanced factor according
to (6). We attribute that this discrepancy is mainly caused by
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the difference between the manufacturer provided birefringence
coefficient and the actual birefringence coefficient, and the slight
discrepancy of the length of each PMF. Considering that the
real-time oscilloscope has a sampling rate of 6.25 GS/s, the
temperature resolution is calculated to be 1.33 x 107> °C and
due to the use of a high repetition rate FDML laser source, the
sensing speed of the proposed system is as high as 23.497 kHz.

To extend the temperature measurement range of the proposed
fiber-optic sensor, one of the solutions is to enlarge the wave-
length scanning bandwidth of the FDML laser source which can
be achieved by increasing the peak-to-peak voltage that applied
to the tunable filter inside the laser cavity. A maximum scanning
bandwidth of 80 nm can be obtained in our experiment. On
the other hand, since there is a trade-off between the enhanced
temperature sensitivity (a larger FSR of the envelope means a
higher sensitivity) and the measurement range, the measurement
range can be extended by sacrificing partially the sensitivity to
reduce the FSR of the envelope.

The stability of the proposed temperature sensor is then eval-
uated. The sensing loop is placed in the temperature controller
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Fig. 9. Histograms of the time shift fluctuations of the dip in the extracted

envelope when the temperature is 25.8 °C. The measurement number is 85.

with a temperature of 25.8 °C within an hour and the time shift
of the dip in the extracted envelope is measured. The time shift
of the dip is shown in Fig. 8 and the maximum time shift of the
dip is 0.04 us, which is small indicating a good stability of the
proposed sensor. The time shift of the dip can be attributed to
the temperature fluctuations of the temperature controller and a
tiny spectral shift of the FDML laser source.

On the other hand, the measurement accuracy of the proposed
sensor is evaluated. In the experiment, 85 measurements are
made by the real-time oscilloscope when the sensing loop is
experiencing a temperature of 25.8 °C. The standard deviation
of the time shift fluctuations of the dip in the extracted envelope
is calculated to be 4.8 ns, which corresponds to a measurement
accuracy of 4 x 10~* °C. The deteriorated accuracy is mainly
caused by the temperature fluctuations of the temperature con-
troller, which can be reduced by using a temperature controller
with smaller temperature fluctuations.

To realize a better sensing performance, the sensing speed
can be improved by using a frequency swept laser source with
a higher repetition rate and the temperature resolution can be
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improved by using a PD with a larger response bandwidth and a
real-time oscilloscope with higher sampling rate, respectively.

IV. CONCLUSION

We proposed and experimentally demonstrated a high-speed
and high-resolution fiber-optic temperature sensor based on two
cascaded FSLs interrogated using microwave photonics method.
Instead of monitoring the wavelength shift of the envelope of
the two cascaded FSLs transmission spectrum in the optical
domain by using an OSA with a low wavelength resolution and
a slow scanning speed, we converted the transmission spectrum
to the time domain based on SS-WTT mapping. A temporal
microwave signal was obtained at the output of a PD. A real-
time oscilloscope was used to sample the temporal microwave
waveform which was processed by a DSP to extract the envelope
of the temporal microwave waveform. By detecting a dip in
the envelope, the wavelength shift due to temperature change
was measured. Due to the high-speed and high-resolution of a
real-time oscilloscope and a DSP used in the proposed sensing
system, the sensing speed and resolution were greatly enhanced
as compared with a conventional interrogation approach using
an OSA. An experiment was implemented. The experimental
results showed that the proposed fiber sensor was able to provide
a temperature resolution of 1.33 x 1073 °C with a sensing speed
was as high as 23.497 kHz.
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