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Abstract: An ultrafast high-sensitivity refractive index (Rl) and temperature-sensing system
based on an optoelectronic oscillator (OEQ) is proposed and demonstrated in this paper. A
Fabry—Perot fiber Bragg grating (FP-FBG), which combines a gap with two FBGs in a silica
V-shaped slot and characterizes a narrow notch in the reflection spectrum, is incorporated
in the OEO to implement a microwave photonic filter and perform oscillating frequency
selection. A microwave signal is generated by the OEO, whose oscillating frequency is
determined by the center frequency of the FP-FBG notch, which varies with the surrounding
environments. The Rl or the temperature change can be accordingly measured by monitoring
the frequency shift of the microwave signal using an electrical spectrum analyzer or a
digital signal processor. An experiment is performed to verify the proposal. An Rl sensitivity
of 413.8 MHz/0.001RIU and a temperature sensitivity of 2516 MHz/°C are successively
demonstrated.

Index Terms: Fiber optics sensors, microwave photonics, fiber Bragg grating, Fabry-Perot.

1. Introduction

Refractive index (RI) sensing is needed in various biochemistry fields, including environmental
monitoring, medicinal development, bio-sensing and so on. It has been proved that optical fiber
sensor possesses great potential for practical application in Rl sensing because of its intrinsic
advantages, such as low cost, compact structure and immunity to electromagnetic interference, etc.
To monitor the RI, numerous configurations of the optical fiber sensors have been demonstrated
in recent years, including Fabry-Perot interferometers [1], surface plasmon resonance sensors [2],
microfiber sensors [3], tapered fiber sensors [4] and so on. However, the schemes mentioned
above are generally implemented by monitoring optical power or wavelength shift using an optical
spectrum analyzer (OSA), which has a relatively poor interrogation speed and resolution due to
limited scanning rate and wavelength resolution of the OSA.
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In the past few years, various sensing approaches based on an optoelectronic oscillator (OEQ)
have been reported [5]-[9]. By mapping the measurand to the frequency of microwave signal
generated by the OEO, a scheme of the frequency interrogation of the microwave signal using an
electrical spectrum analyzer (ESA) can drastically improve the interrogation speed and resolution of
the sensor system. Meanwhile, a digital signal processor (DSP) also seems to have a great potential
in real engineering applications. For example, an OEO based on a phase-shifted fiber Bragg grating
(PS-FBG) was first proposed by Li et al. [10] followed by a thermal-insensitive interrogation of a strain
sensor with a resolution of 0.83 e based on a modified dual-frequency OEO was demonstrated
[6]. In [7], a transverse load sensor based on a dual-wavelength fiber ring laser incorporating an
injection-coupled OEO was proposed with a resolution of 0.00441 N/m. In [8], a dual-frequency
OEO by utilizing a polarization-maintaining fiber Bragg grating (PM-FBG) Fabry-Perot filter was
proposed by us for high-sensitivity and high-speed axial strain and temperature simultaneous
sensing. The general principle of the above OEO schemes for optical sensing is translating the
wavelength change in the optical domain induced by measurands to the frequency change in the
microwave domain. Then a high-resolution and high-speed interrogation for the target parameter
measurement is obtained with high signal-to-noise ratio (SNR), owing to an inherent ultralow phase
noise of the OEO-generated microwave signal. Lam Duy Nguyen et al. also presented for the
first time a preliminary experiment for Rl measurements using an OEO [9]. In this approach, a
cell of liquid with unknown Rl was inserted as a part free space propagation optical path of the
global OEO loop. Thus a change of liquid RI would lead to a variation of the equivalent fiber loop
length as well as the whole loop delay 74, which determines the oscillation microwave frequency
and free spectral range (FSR) of the OEO by f, = k/ty = k- FSR(k=1,2---). By monitoring the
change of microwave frequency or FSR of OEQ, the RI of liquid was measured. However, due
to the small FSR of the OEO loop with a fiber loop length of 1.5 km, the sensing range of Rl is
extremely limited in this architecture. In addition, the long fiber path of the loop is susceptible to
surrounding environmental influences such as temperature and mechanical vibration, which would
also be converted to microwave frequency change and may degrade measuring accuracy of the
sensing system.

In this paper, we propose and demonstrate an approach to perform a high speed and high
sensitivity frequency interrogation of the Rl and temperature sensor, which is implemented by an
OEO incorporating a special Fabry-Perot fiber Bragg grating (FP-FBG). The FP-FBG works as
a sensing head as well as a microwave frequency selective element in joint use with a phase
modulator (PM) and laser source. The FP-FBG, which characterizes a narrow notch in the refection
spectrum, is fabricated by axially aligning two identical FBGs in a silica V-shape slot and the cross
sections of two FBGs are separated by a gap. When the surrounding temperature of FP-FBG or
the RI of liquid filled in the gap changes, the center wavelength of the notch of the FP-FBG varies,
which is then converted to a microwave frequency shift by the OEO. The relationship between the
frequency of the microwave signal and the RI or temperature is investigated both theoretically and
experimentally.

2. Principle

Fig. 1 shows the schematic of the proposed FP-FBG based OEO for Rl and temperature sensing
system. An optical carrier from a tunable laser source (TLS) is sent to a PM via a polarization
controller (PC). The PC is used to align the polarization direction of the optical carrier to the
principal axis of the PM. Through the PM, a phase-modulated signal is generated and sent to
an FP-FBG. A reflected signal by the FP-FBG is detected by a photodetector (PD). The detected
microwave signal is sent to an electrical amplifier (EA) and fed back to the PM to close the OEO
loop. Meanwhile, the spectrum of the microwave signal, which is generated by the OEO at the
output of the PD, is monitored by an electrical spectrum analyzer (ESA).
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Fig. 1. Schematic of the proposed Rl and temperature sensor.

Mathematically, the electrical field of the phase-modulated signal via the PM is given by

Epu(t) = Epexp { [a)ct + n“;— cos(wy t)} }

T

~ Eg [Jo(ﬂ)efwct+J1(ﬁ)ej[(wc+wM)t+%]

_J1( e/(wc wm [_*]} (1)

where o, and wy are the angular frequencies of the optical carrier and the microwave signal
respectively, V, is the voltage applied to the PM and V,, is the half-wave voltage of the PM. According
to Eq. (1), when the phase-modulated signal is injected into the PD to perform optical-to-electrical
conversion, the beating between the optical carrier and the +1st order sideband will be cancelled
completely by another beating between the optical carrier and the —1st order sideband, due to
the 7 phase difference between two sidebands. However, when an FP-FBG feature with a narrow
notch is introduced to filter out one sideband, a phase modulation to intensity modulation (PM-
IM) conversion is realized, and a microwave signal is generated at the output of the PD. Thus, in
conjunction with the TLS and PM, the FP-FBG operates as a microwave photonic filter (MPF) to
perform the frequency selection for the OEO. The oscillating microwave frequency corresponds to
the difference between the frequency of the optical carrier and the frequency of the narrow notch,
which is given by

)

AFP_FBG — A
fu ="fc—Tfep_rea ~ C- <—c)

2

where f; and A, are the frequency and the wavelength of the optical carrier, frp_rpg and App_rpg
are the frequency and the wavelength of the narrow notch of the FP-FBG respectively, and c is the
velocity of light in vacuum.

As shown in Fig. 2(a), the sensing FP-FBG is fabricated by leaving a gap sandwiched between
two identical FBGs aligned in a silica V-shape slot. The gap is filled with liquid under test. When
the RI of liquid or surrounding temperature changes, the narrow notch of the FP-FBG will be
shifted. Furtherly, the microwave frequency generated by the OEO would shift correspondingly.
Now, a relationship will be theoretically analyzed between the optical distance of two cross sections
and the center wavelength of the notch. For the Fabry-Perot interferometer, the wavelength of a
resonance mode i must satisfy

mig = 2[Nsl s+ Nerr(2Lerr + L)] )

where m is the resonance modal number of the Fabry-Perot interferometer, n; is the Rl of liquid,
nert is the effective Rl of the fiber core, L s is the distance between two cross sections of the FBGs,
L is the distance between two FBGs before they are cleaved and L . is the effective length owing
to one FBG, which is given by [11]

by sn
Lerr = ;Lﬁt nh (n_nL FBG) (4)

én AFBG
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(a) ' (b)

Fig. 2. (a) Schematic of the FP-FBG with a gap. (b) The microscopic image of the proposed FP-FBG
structure.

where §n is the grating amplitude, Argg is the center wavelength of FBG and L rgg is the length of
the FBG. From Eq. (3) and (4), the wavelength of the narrow notch of the FP-FBG is given by

2 {nsLs ¥ Moy [Z%tanh (%L FBG) + L]}
m

AEP_FBG = (5)
where Arp_rpg is the wavelength of one resonance mode which is located in the filter range of the
FBG by selecting appropriate modal number m in Eq. (5). For simplifying the relationship between
the variation of the Rl Ang and the wavelength shift of the notch of FP-FBG Airp_rsg, EQ. (3)
is approximated by m ~ <neffw)(Ls << Lgfy) in small range variation of the RI, where (x)

A
denotes to round x to the nearestﬁsﬁteger. Through the approximation, the relationship is derived as

2Angl s
2 tanh (ﬁL FBG) T i])

AFBG AFBG

ALFp_FBG = <ne”[ (6)

As shown in Eq. (6), the wavelength of the notch of FP-FBG will be linearly shifted to the longer
wavelength with the increasing of the RI in small scale. The numerical simulation of the spectra
of the FP-FBG with different Rls of liquid can also verify the relationship, as shown in Fig. 3(a).
The effective Rl of the fiber core is 1.4681, the length of FBG is 10 mm, the distance between two
FBGs is 8 mm, the distance between two cross sections of the FBGs is 26 um and the grating
amplitude 8n is 1.5 x 10~4. Combining Eq. (2) and Eq. (6), the corresponding frequency change of
the microwave signal is obtained by

2AngL
Asz—i sks

"2 (nefl [j%tanh (ﬁLFBG> + A]>

AFBG AFBG

(7)

As can be seen the frequency change is also linearly proportional to the RI of liquid filled in
the FP-FBG. As shown in Fig. 3, the lower sideband is filtered out by the notch of FP-FBG, and
the wavelength change is mapped to the beating frequency between the upper sideband and the
optical carrier.

As the ambient temperature changes, the effective Rl of the fiber core changes due to the thermo-
optic effect, which plays the dominant role with a thermo-optic coefficient p of 7.8 x 1076/°C
compared with a small thermal expansion coefficient 4.1 x 10~7/°C which can be ignored [12].
Because the little themo-optic coefficient causes the tiny change of the effective Rl of the fiber core,
m can remain constant. Thus, according to Eq. (5), the relationship between the wavelength shift
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Fig. 3. (a) The numerical simulation of the reflection spectra of the FP-FBG with different Rls. (b) The
principle of the FP-FBG-based OEO sensor.

of the notch of the FP-FBG and the variation of the surrounding temperature AT is derived by

20 AT ey [’%ftanh (ﬂL FBG) + L]

A _ AFBG
FP—FBG = 2 tanp (221 o
Netf | =tan FBG ) +

(8)
én AFBG AFBG

Combining Eq. (2) and Eq. (8), the corresponding frequency change of the microwave signal is
obtained by
¢ 2PATnes [%ftanh (%L FBG) + L]

2’ 5n
Ao <neff [”%tanh (%L FBG) + %])
According to Eq. (8) and Eqg. (9), the wavelength of the notch of the FP-FBG will be shifted

linearly with the temperature, which is mapped to the frequency shift of microwave signal by the
OEO correspondingly.

Afy = — 9)

3. Experiment and Analysis

A proof-of-concept experiment based on the setup illustrated in Fig. 1 is demonstrated. The pa-
rameters of the major components in the experiment are given as follows: the center wavelength of
light wave output is from the TLS (Agilent 8164A). The PM (EOSPACE) has a 3-dB bandwidth of
10 GHz and a half-wave voltage of 3 V. The gain and bandwidth of the EA (SHF 806E) are 26 dB
and 38 GHz respectively. An ESA (Agilent N9010A) with a measuring range of 9 KHz ~ 26.5 GHz
is used to monitor the frequency spectrum. The special FP-FBG in the OEO loop is fabricated
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Fig. 4. The reflection and transmission spectra of the FP-FBG.

as follows: an ordinary FP-FBG consisted of two 10 mm length FBGs with 8 mm separation is
written on a hydrogen-loaded fiber by using a phase mask with a period of 1068 nm exposed under
a 248 nm KrF excimer laser ultraviolet light. Then the ordinary FP-FBG is cleaved in the middle
position between the two FBGs. To align two FBGs, a V-shape slot is fabricated by a glass slide
and two silica rods which have identical thermal expansion coefficients with optical fiber. Firstly,
two silica rods with 300 um diameter are held together in parallel and glued onto the glass slide
with instant adhesive. Between the two rods, a V-shape slot is formed and used to fix two optical
fibers with FBGs in the slot. Secondly, a groove is milled out along the direction perpendicular to the
axis of rods. The depth of the groove is slightly more than 62.5 . um, which guarantees the air to be
squeezed out from the groove after the liquid is filled. Finally, one FBG is fixed in the V-shape slot by
the instant adhesive and another FBG is aligned to it. To guarantee the extremely narrow notch filter,
an optical spectrum analyzer (OSA, ANDO AQ6317C) is used to monitor the transmission spectra
during the fabrication of the FP-FBG. To constitute the gap cavity of FP-FBG, the fiber is aligned to
the fixed fiber by adjusting the angle of depression and elevation, the angle of lateral swing and the
distance between two fiber end faces in the V-shape slot under a microscope. Fig. 2(b) shows one
microscopic image of the fabricated FP-FBG. Meanwhile, the gap needs to be at the same position
as the groove. In this experiment, the distance between the two fiber cross sections is 26 um. The
reflection and transmission spectra of the FP-FBG are measured by the OSA with a wavelength
resolution of 0.01 nm, as shown in Fig. 4. The loss of the FP-FBG is 1.73 dB. The center wavelength
of the narrow notch is about 1543.066 nm, and the 3 dB bandwidth of the reflection spectrum is
about 0.154 nm. However, due to the limited measuring resolution of the OSA, the details of the
notch cannot be afforded by a zoomed-in view.

Adjusting the polarization by tuning the PC to minimize the polarization-dependent loss, the OEO
starts to oscillate with the laser power of 5 mW. The center frequency of the microwave signal
generated by the OEO is about 4.7 GHz, which is measured by the ESA. To study the stability of the
proposed OEO, the electrical spectra of the signal with a frequency span of 10 GHz are repeatedly
measured 11 times in half an hour with a time interval of 3 mins, as shown in Fig. 5(a). There
are no obvious frequency fluctuations in 30 mins. Furtherly, the stability of the OEO with span of
100 MHz are measured 11 times in 10 minutes with a time interval of 1 min, as shown in Fig. 5(c).
The measured frequency in 10 mins is below 30 KHz and the power fluctuations in 10 mins is
below 0.56 dB, respectively, as shown in Fig. 5(d). As shown in Fig. 5(b), the FSR of the OEOQO is
about 10.4 MHz and the side-mode suppression ratio is about 48.3 dB. It should be noted that the
adjacent oscillating modes cannot be filtered out by the proposed MPF and suppressed completely
owing to the large bandwidth of the notch of FP-FBG, but a single mode oscillating operation with
no mode hopping is guaranteed during the experimental process.
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Fig. 5. (a) The superimposed electrical spectra of the generated signal at a 3-min interval over 30-min
period (Span = 10 GHz, resolution bandwidth (RBW) = 3 MHz). (b) A certain measured electrical
spectrum of the signal (Span = 100 MHz, RBW = 10 kHz). (c) Zoom-in view of the superimposed
electrical spectra at a time interval of 1 min within 10 min (Span = 10 MHz, RBW = 91 kHz). (d) The
frequency and power fluctuations in 10 min.
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Fig. 6. (a) The electrical spectra of the generated microwave signal at the output of the PD with an
increasing Rl of liquid. (b) The relationship between the RI and the microwave signal frequency.

Different RI liquid is filled into the gap. Fig. 6(a) shows the electrical spectra of the generated

microwave signal at the output of the PD under different Rls. By increasing the Rl of liquid applied to
the gap, the signal frequency is shifted linearly toward a higher frequency. Fig. 6(b) shows a linear
fitting between the signal frequency and the RI. The RI sensitivity is about 413.8 MHz/0.001RIU
with a correlation coefficient (R?) of 0.996.
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Fig. 7. (a) The electrical spectra of the generated microwave signal at the output of the PD with
an increasing temperature. (b) The relationship between the temperature and the microwave signal
frequency.

Then the measurement of the temperature by the OEO sensor is investigated. Fig. 7(a) shows
the electrical spectra of the generated microwave signal at the output of the PD under different
temperatures. By increasing the temperature of the external environment, the signal frequency is
shifted linearly toward a higher frequency. A linear fitting is done between the signal frequency
and the temperature. The temperature sensitivity as high as 2516 MHz/°C with an R? of 0.9988 is
achieved.

4. Conclusion

We have proposed and experimentally demonstrated a scheme to interrogate the RI of liquid and
temperature by using an FP-FBG based OEOQ. To implement the interrogation of the RI, a gap
between fiber cross sections of two FBGs was fabricated in a silica V-shape slot to form an FP-FBG
as sensing head, which also operated as a frequency selection component of OEO. The frequency
shift of the microwave signal as a function of the Rl of liquid and surrounding temperature of FP-FBG
has been theoretically analyzed. By monitoring the signal frequency, the Rl and the temperature
sensing have been investigated experimentally, which was in accord with the theoretical analysis.
An ultra-high RI sensitivity of 413.8 MHz/0.001RIU and temperature sensitivity of 2516 MHz/°C
have been obtained.
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