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Abstract—A novel high-frequency fiber Bragg grating (FBG)
sensing interrogation system by using fiber Sagnac-loop-based
microwave photonic filtering is proposed and experimentally
demonstrated. By adopting the microwave photonic filtering, the
wavelength shift of sensing FBG can be converted into amplitude
variation of the modulated electronic radio-frequency (RF) signal.
In the experiment, the strain applied onto the sensing FBG has
been demodulated by measuring the intensity of the recovered RF
signal, and by modulating the RF signal with different frequencies,
different interrogation sensitivities can be achieved.

Index Terms—Chirped fiber Bragg grating (CFBG), microwave
photonics, Sagnac loop, strain sensor.

I. INTRODUCTION

F IBER Bragg grating (FBG) sensors have been studied
extensively for more than two decades, due to their

advantages such as compactness, light weight, immunity to
electromagnetic interference, and ease to be embedded and
multiplexed. FBG sensors can be applied to measure a wide
range of parameters including strain, temperature, surrounding
medium refractive index, loading, and bending [1], [2]. The
operation of FBG sensors is normally based on the dependence
of their reflection or transmission spectrum on the measur-
ands. Since most FBG-based sensors are wavelength-encoded,
practical interrogation system requires the detection of the
wavelength shift and their conversion to intensity variation.

Many interrogation schemes for FBG sensors have been re-
ported [3], [4]. Most of these interrogation techniques can only
handle static or low-frequency wavelength variation introduced
by FBGs. For some applications such as acoustic emission de-
tection, the typical values for ultrasonic signal frequencies used
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Fig. 1. Setup for the proposed interrogation system. BBS: broadband optical
source. OC: optical circulator. MZM: Mach–Zehnder modulator. C-1: coupler
1. C-2: coupler 2.

in the nondestructive testing technology range from 100 kHz
up to several megahertz. There are so few cost-effective inter-
rogation techniques available for high-frequency wavelength
demodulation. Some reported techniques using fiber-optic
Mach–Zehnder interferometers [5], [6] claimed capable of the
high-frequency wavelength demodulation, they all suffer from
the problems associated with fiber-optic interferometer such as
polarization fading and reliability in crucial environment. With
the development of photonic and mobile networks technology,
the realization of microwave photonic signal processing has
become more and more convenient and cost-effective [7].
This technique has started attracting research attention in the
applications of interrogating fiber gating sensors [8], [9] due to
its capability in handling fast signal processing speed.

Incorporating a linear chirped fiber Bragg grating (LCFBG),
the loop generates a microwave photonic notch response and
converts the wavelength shift of the sensing FBG into the in-
tensity change at the modulated radio frequencies (RFs). In this
letter, this microwave photonic filtering-based sensing interro-
gation system is studied comprehensively in the experiment.
This interrogation scheme is simple in configuration and can
handle high-frequency wavelength variation, thus having poten-
tial in remote, multiplexed, and wireless sensing systems with
high-frequency wavelength modulation.

II. OPERATION PRINCIPLE

The basic principle of the interrogation scheme by using
Sagnac-loop-based microwave photonic filtering structure
has been proposed in [10]. Fig. 1 shows the arrangement of
the proposed Sagnac-loop-based FBG sensing interrogation
scheme. The output of this structure is a typical response of
microwave photonic notch filter, whose frequency response can
be expressed as

(1)
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where is the optical power reflected by the sensing FBG,
is the modulation index of the MZM, is the modulation

frequency, and is the phase of the output electrical signal
from the photodiode (PD).
is the phase difference of the modulated signal experienced in
two arms of the Sagnac-loop, and and are the lengths of
two arms; , , and are the refractive index of the fiber, speed
of light in vacuum, and the length of LCFBG, respectively;
is the position in the LCFBG where the light is reflected, and
decided by the Bragg wavelength of the sensing FBG.

For this type of microwave photonic filtering, the peak fre-
quency where the filter response reaches the maximum can be
defined as

(2)

where and are the free-spectral range
of the notch filter and time difference between the two arms of
the Sagnac-loop, respectively. Obviously as the strain changes
the reflection wavelength, thus changing the path difference be-
tween the two arms, the peak frequency varies with the applied
strain to the sensing grating. If we track one of the peak frequen-
cies, it will be a function of the wavelength of sensing grating,
thus the applied strain.

The interesting feature of this interrogation scheme is that the
rate of this peak frequency change against the applied strain is
proportional to the frequency itself, i.e., the higher this peak
frequency is, the larger change will occur, according to (2).
The interrogation responsive factor against the applied strain by
tracking the peak frequency can be defined as (3), which shows
that if we choose the th peak to track, its responsive factor will
be times of that of the first peak frequency

(3)

where is the Bragg wavelength of the sensing grating, is
the grating chirp rate.

Instead of tracking the change of the peak frequency, mon-
itoring the amplitude change at a fixed modulation frequency
is more practical in terms of realization and cost of signal
processing electronics. From (1), the measurement responsive
factor can be deduced as

(4)

Again, the responsive factor is proportional to the RF frequency.

III. EXPERIMENT SETUP AND RESULTS

In the experiment, the Bragg wavelength of the sensing FBG
is originally located at 1553 nm. The length of the LCFBG is
around 10 cm, and its reflection, bandwidth, and time delay are
around 10 dB, 7 nm, and 1000 ps, respectively. The reflection
spectrum and the time delay of the LCFBG are shown in Fig. 2.
After the LCFBG Sagnac-loop, 90% of the light from C-2 is sent
to the PD (New Focus Inc.), while the other 10% of light is mon-
itored by the optical spectrum analyzer [(OSA) HP86142A].
The frequency response of the detected signal can be measured
by the lightwave component analyzer [(LCA) HP8703A]. The
output signal modulated at a fixed frequency is monitored by

Fig. 2. (a) Measured reflection spectrum and (b) time delay of the LCFBG.

Fig. 3. Measured frequency responses when different strains are applied:
400-� strain (solid line) and 800-� strain (dotted line).

an electronic spectrum analyzer [(ESA) HP8562A], which has
a 10-dB attenuation at the input.

Fig. 3 shows the measured microwave photonic filtering
frequency responses up to 3 GHz for two strains 400 and
800 —applied to the sensing FBG. From Fig. 3, we can see
that the first peak frequency ( ) appears at 567 MHz
and the frequency change over 400 is about 25 MHz; the
third peak ( ) appears at 1.7 GHz and the corresponding
frequency change is about 75 MHz, which is exactly three
times of that induced for the first peak. The fact that higher
order peak introduces larger change offers a great flexibility in
setting the responsive factor according to different applications.

The measured responses of the second peak frequency and the
sensing FBG wavelength against the applied strain are shown
in Fig. 4(a) where the peak frequency decreases with increased
strain. Fig. 4(b) shows the relationship between the recovered
RF signal intensity and the wavelength of the sensing FBG at
different modulation RF frequencies. From the results, one can
see that, when the optical signal is modulated at 473 MHz, the
intensity of the recovered signal increases as the applied strain
increases, that is because the modulation frequency is located
in the rising slope of the filtering response. When the optical
signal is modulated 992 MHz and 1.22 GHz, respectively, the
intensity of recovered signal decreases with the increased strain
as the modulation frequency is located in the falling slope of
the filtering response. Also we can see from Fig. 4(b) that this
measurement responsive factor is related to the modulation fre-
quency which agrees with (4). We can see from the experimental
results that the responsive factor of the interrogation system
at 1.22 GHz, 992 MHz, and 473 MHz are 524, 340, and
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Fig. 4. (a) Relationship of the frequency of second peak (triangles) and the
wavelength of sensing FBG (squares) with the applied strain. (b) Relationship
between recovered RF intensity and the wavelength of sensing FBG at different
modulation frequencies (473 MHz: triangles; 995 MHz: squares; 1.22 GHz: cir-
cles).

Fig. 5. (a) Measured waveform of the original 20-Hz signal sent to the PZT;
time responses for a 20-Hz alternating strain when the light beam is modulated
at (b) 8.3 and (c) 3.7 GHz.

234 V nm, respectively, and for these selected modulation fre-
quencies, higher frequency has higher interrogation responsive
factor.

A dynamic strain was then applied to the sensing FBG by
mounting it on a piezo stage driven by a function generator.
Fig. 5 shows the waveform of original 20-Hz signal applied to
PZT, the time responses of detected optical signal at 3.7 and
8.3 GHz, measured by the LCA while a 20-Hz alternating strain
was applied to the sensing FBG. One can see that the response
of higher frequency signal is larger than that of lower frequency,
which means that for the proposed interrogation system, higher
modulation frequency offers higher interrogation responsive
factor.

The interrogation of higher frequency wavelength change can
be expected by using the same technique. However, the per-
formance of this proposed interrogation system is greatly af-

fected by the LCFBG in use, whose ripple in time delay re-
sponse limits the minimum detectable wavelength change, since
the time delay of LCFBG plays an important part in the time dif-
ference between two arms of the Sagnac-loop, which according
to (1) will have influence on the recovered intensity. From (3)
and (4), the responsive factor and minimum detectable strain
level can also be affected by the chirp rate of the LCFBG so the
detection capability can be tailored by choosing LCFBG with
different chirp rates. The system performance can be further im-
proved by improving the quality of the LCFBG and using other
dispersive devices. It should be pointed out that according to
(4), the responsive factor is maximum and monotonically pro-
portional to modulation frequency only when ; it
reaches minimum when . Therefore, the modulation
frequency should be set carefully to ensure the optimum respon-
sivity. This explains why in this work the responses obtained at
different modulation frequencies do not vary at the same rate as
modulation frequencies.

IV. CONCLUSION

In this letter, an FBG sensing interrogation system using
Sagnac-loop-based microwave photonic filtering has been
proposed and demonstrated. By using a fiber Sagnac-loop
incorporating an LCFBG, the wavelength shift of the sensing
FBG can be converted into the intensity change at RF modu-
lation frequency. The measurement responsive factor of this
proposed technique is proportional to the modulation frequency
used. It offers a great advantage in the situation where a high
measurement responsive factor is a priority and flexibility for
static and dynamic measurement is required. This sensing
interrogation system will benefit those applications in remote,
wireless, and multiplexed sensing systems with the requirement
for high-frequency wavelength demodulation.
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