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Abstract: A novel distributed weak fiber Bragg gratings (FBGs) vibration sensing system has been
designed to overcome the disadvantages of the conventional methods for optical fiber sensing
networking, which are: low signal intensity in the usually adopted time-division multiplexing (TDM)
technology, insufficient quantity of multiplexed FBGs in the wavelength-division multiplexing
(WDM) technology, and that the mixed WDM/TDM technology measures only the physical
parameters of the FBG locations but cannot perform distributed measurement over the whole optical
fiber. This novel system determines vibration events in the optical fiber line according to the
intensity variation of the interference signals between the adjacent weak FBG reflected signals and
locates the vibration points accurately using the TDM technology. It has been proven by tests that
this system performs vibration signal detection and demodulation in a way more convenient than the
conventional methods for the optical fiber sensing system. It also measures over the whole optical
fiber, therefore, distributed measurement is fulfilled, and the system locating accuracy is up to 20m,
capable of detecting any signals of whose drive signals lower limit voltage is 0.2V while the
frequency range is 3Hz — 1000Hz. The system has the great practical significance and application
value for perimeter surveillance systems.
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1. Introduction to dozens due to the limit of the light source band
width and therefore cannot meet the application

As a typical representation of the requirement. A. D. Kersey et al. demodulated the
wavelength-division  multiplexing  (WDM) serial signals using the Fabry-Perot filter and
technology, the fiber Bragg grating (FBG) recognized accurately 4 different FBGs by means of
quasi-distributed sensing technology has such the wavelength resolution method [1]. Afterwards,
advantages as high signal intensity, rapid M. A. Davis et al. set three FBGs in serial in one
transmission, and multi-parameter networking, optical fiber and performed  wavelength

however, the quantity of multiplex FBGs is only up demodulation using the Fabry-Perot filter and the
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matching gratings [2]. Then, Youlong Yu et al
achieved the wavelength demodulation of 10 FBGs
using the WDM technology [3].

In the

technology based on the scattering effect, the

time-division multiplexing (TDM)

sensing distance and sensitivity of the system are
limited due to the weakness of the signals. K. N.
Choi constructed their phase-sensitive optical time
domian reflectometry (#-OTDR ) system in 2003,
using fiber laser smaller than 3kHz in line width,
electro-optic modulator, and two-stage amplification.
The system is successfully applied in the distributed
fiber-optic sensing ground invasion detection system,
with 1km locating accuracy, 12km locating range,
and a signal-to-noise ratio of approximately 5.6dB
[4]. In 2005, J. C. Juarez achieved 100 m spatial
resolution on 12km sensing optical fiber using the
phase sensitive OTDR technology by detecting
external vibration location with narrow line width
and low frequency shift laser [5]. However, the
signal-to-noise ratio for the vibration location
signals was poor due to the influence from the
environment noise and the low Rayleigh scattering
coefficient of only 107/m as the measurement and
calculation of the location signals were done through
the Rayleigh curve variation before and after the
vibration. In order to improve the locating accuracy
and detection sensitivity so that weak vibration
signals could be detected, researchers generally
adopted the moving average [6] and wavelet
threshold denoising methods [7] for earlier stage
noise reduction.

The mixed WDM/TDM
improve the problems of low signal intensity in
TDM and the limited quantity of multiplexed
sensors in WDM, but only the physical parameters

technology could

of FBG locations can be measured, making it
impossible to perform distributed measurement over
the whole optical fiber. Moreover, research on the
mixed WDM/TDM networking technology largely
remains in the stage of theoretical simulation and
analysis [8—13].

This paper describes a novel weak FBG arrays
vibration sensing system based on the 3 % 3 fiber
coupler designed that the system locates external
vibration points using the TDM technology and
determines perturbation behaviors in the optical
fiber lines utilizing the intensity variation of the
interference signals between adjacent FBG reflected
signals. The reflectivity of the weak FBG is much
higher than the Rayleigh back scattering coefficient
in the @-OTDR system, so the intensity of the
FBG reflected signals is much higher than that of the
Rayleigh scattering light, therefore the novel system
has a higher signal-to-noise ratio and is more
convenient for signal detection and demodulation.
Furthermore, the novel vibration sensing system
based on the 3 x 3 fiber coupler designed in this
paper determines external perturbation through
interference signals, and therefore it can perform
distributed sensing and measurement, the same as
the ¢-OTDR system and also with a high spatial
resolution.

2. Interference principle analysis of
distributed weak fiber Bragg grating
vibration sensor system

The proposed conceptual diagram of the
distributed fiber Bragg grating vibration sensing
system is shown in Fig. 1, and the laser is directly
modulated by the field programmable gate array
(FPGA). The modulated optical signal is amplified
by using an erbium doped fiber amplifier (EDFA)
and goes through FBG sensors via circulator. The
reflected light of fiber gratings in the array reflect
back to Port 3 of the circulator at a different time.
Since only two light beams with equal optical path
lengths will interfere, a Michelson interferometer is
added to Port 3 of the circulator in the system in
order to make the reflected lights of the two adjacent
FBGs interfere. The length difference of the two
arms of the interferometer is equal to the distance
between adjacent FBGs so as to compensate the
optical path difference between the two adjacent
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FBGs. The optical signals reflected by the two
adjacent FBGs are reflected into four light beams
the of the Michelson
interferometer, of which two beams’ optical path

after entering arms
lengths are equal, so these two beams interfere in the
coupler. The schematic diagram of the reflected light
interference is shown in Fig.2. The number N of

gratings in the grating array produces a total of N—1

Photonic Sensors

interference beams. The interference signal passes
the photodetector and becomes a voltage signal.
The FPGA generates another pulse signal at the
same time, triggering the data acquisition card
(DAQ card) to collect the voltage signal detected

by the photodetector. The voltage signal is
phase demodulated by LabVIEW software
programming.
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Fig. 1 Principle diagram of the distributed weak fiber Bragg grating vibration sensor system.
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Fig. 2 Principle diagram of fiber Bragg grating array
reflected light interference.

When the in the fiber
between two gratings, the length or refractive index

disturbance occurs

of the fiber between two fiber gratings will change,
which causes the change in phase and amplitude of
the interference signal accordingly. However, the
amplitude of the interference signal in the other
sensing area (the optical fiber between adjacent

gratings is a sensing area) does not change,
subsequently, this feature can be used to determine
the outside disturbance.

Assuming there are n gratings in the fiber
grating array, the mathematical model of the
reflected light incident to a 3-dB coupler light
field is

< . t—7
Ry = Z E,R, expi(wt+2nk,L, )rect( v m j
m=1

(M
where E; is the amplitude of the light emitted by

the laser, @ is the frequency of light (Hz),
k,=2m/A is the number of waves in vacuum
(m™), L, is the distance from the mth fiber
R

of the mth fiber grating, n, is the refractive index

grating to the coupler, is the reflectivity

of the optical fiber core, 7, is the delay time
of the mth fiber grating corresponding to the first
grating (m), and W is the width of the light

pulse (m).
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When 0<[(t—7,)/W]<1, rect(t;;”’)zl.

The reflected light is split into reference arm and
sensing arm through the 3-dB coupler, and the two
beams are shown as

E,= %ZEORW expi(@t +2n kL, ) ¥
m=1

' m

2
t—7
rect u
5
1 & .
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" 3)

-7
rect o
( w j

where E ; is the light field of the reflected light
into the reference arm through the 3-dB coupler, and
E, is the light field of the reflected light into the
sensor arm through the 3-dB coupler.

After the beams are reflected by the reflective
end face and returned to the 3-dB coupler, two
beams are

R .
E =—=Y E,R R, expi(@t+2ngkL, +2knL )X

' \/5 m=1

t—7
rect “
( w j

“4)
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» \/5 m=1
t—7
rect &
)
(5)

where R, is the reflectivity of the end face of the
reflective fiber, L, is the length of the reference
arm fiber (m), and L, is the length of the sensing
arm fiber (m).

Assuming that the length of the sensing arm
fiber is longer than that of the reference arm by 20m,
the optical paths of the reflected light of the mth
grating transmitted to the end face of the sensing
arm fiber and reflected back to the coupler are same
with the reflected light of the reflected light of the
(m + 1)th grating transmitted to the end face of
reference arm fiber and reflected back to the coupler,

where two reflected lights interfere at the coupler.

The two reflected lights are
1

Er m+ =—=E Rm+ R, expi(a)t+2ne k L’"* +
i \/5 [T AT, & 1t 0 Mm+1
. (6)
2kyn L) - rect (7’”“)
1
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. \/5 0 : ff "o o' befr -,
t—7
rect =
[ w )
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where E

r_m+l

is the light field of the reflected light
of the (m+1)th grating into the reference arm, and
E, , is the light field of the reflected light of the
mth grating into the sensing arm.

The signals of the reference arm and sensing arm
interfere at the 3-dB coupler, and the intensity of

the output light is shown as follows:

]PD = (E _m+l + Esim) : (Er7m+1 + E.Yim)*
= Erim+1Er7m+1* + EsimEvim* (8)
+EsimErim+l* +Er7m+lEsim :

The first item and second item are the direct
current (DC) components, and the third item and
fourth
components as follows:
E E .

s_m™~r_m+l

= %EOZR

item are the alternating current (AC)
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According to the

©)

R R *expi[2nk, (L, +L —L,—L)]x

m+1

(10)
experimental parameter
settings, the two values should be zero, however, in
the actual experiment, the length of the fiber can

change when there are external disturbances
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between two gratings, and the value of
L +L—-L ., —-L and L +L —L —L 1is not
zero.If L +L —L —L =AL:
2n k(L. +L —L, —L)
=-2n4k,(L,+L,—L,,—L) (11)

=2n4k,AL =A@, +Ag,
where Ag, is the phase change caused by external

disturbances, Ag, is the system inherent phase

difference without any external disturbances, and the
sum of the third term and the fourth term is
E ,E .. +E E

s_m " r_m+l r_m+l

1
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The signal detected by the photodetector can be
represented by the following equation:

I, o<[A+cos(Ap, +Ap,)] (13)

when the piezo-electric transducer (PZT) is applied

Laser
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on the two adjacent fiber gratings and driven
by a signal with fixed frequency @, the phase
change is A@, =cos(ax), as shown in the following
equation:

1, o<[A+cos(AB)]e<[A+cos(cosaxt+Ap)]. (14)
in the

demodulated by the 3 x 3 coupler demodulation

The phase driving signal can be

scheme.

3. 3 x 3 fiber coupler demodulation
structure scheme analysis

The Michelson interferometer structure model
based on the 3 x3 coupler diagram is shown in Fig.3,
PD is expressed as photoelectric detector, and FRM
represents as faraday rotation mirror. The light beam
from the light source is reflected by Faraday rotation
mirrors in the reference arm and the signal arm of
the Michelson interferometer when it passes the
circulator and the 3 %3 coupler. The reflected lights
interfere at the coupler. The polarization state of the
interference light beams randomly fluctuates in the
interferometer. And the signal attenuation caused by
the polarization can be eliminated by the Faraday
rotary mitrors.

1 Coupler X

PD 1 PD2

PD 3

Fig. 3 Michelson interferometer structure diagram based on the 3 x 3 fiber coupler.

Taking into account the asymmetry of the actual
coupler’s ports, the optical path loss, and the echo,
the actual output light intensity of the three ports of
the interferometer is as follows:

I, =D—1I,sin[ o(t)+(k-1)x(27/3)], k=123
(15)
where @(1)=¢(¢)+y(t), D is the average output
light intensity, [/, is the peak intensity of the
interference fringe, k is the output optical path

number, ¢(¢) is the phase difference signal of the
sensor, i.e., the signal to be measured, and w(7) is
the phase difference caused by the changes in the
actual environment. The phase difference between
each other of the three signals is 27z/3. 3 x 3
coupler’s demodulation mathematical model is
shown in Fig.4: the gains of the adder, differentiator,
multiplier, squarer, and divider corresponding to 4,
to A,, respectively. The phase of the signal to be
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measured can be obtained by the demodulation

a
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method based on the 3 x3 coupler.
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Fig. 4 Interferometer phase demodulation mathematical model based on the 3 x 3 fiber coupler.

4. Novel distributed weak fiber Bragg
grating vibration sensor experiment
system design

The experimental setup with identical weak fiber
Bragg gratings (WFBGs) is shown in Fig. 5. One
hundred identical wFBGs, whose length of each is

less than 1 cm, are distinguished with an equal
separation of 20 m wusing the on-line writing
technique so that the total length of the identical
wFBG fiber is about 2km. The central wavelength
of each identical wFBG is 1550.950 nm, and the
reflectivity is about 0.08%.
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Fig. 5 Distributed weak fiber Bragg grating vibration sensing system structure diagram based on the 3 x 3 fiber coupler.

The light source is laser. This 1550.950-nm
continuous wave light is injected into a semiconductor
optical amplifier (SOA) to generate the input pulse
serial, which is directly modulated by the field
programmable gate array (FPGA). The width of the

input pulse serial is 100 ns (which obeys the
principle ¢#/2n, <20m), and the repetition rate
is fixed at 10 kHz. The time interval among the
pulses should be larger than the round trip time that
the pulses travel in the fiber to keep only one pulse
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inside the fiber. For the 10-kHz repetition rate, the
maximum fiber length is 10km theoretically which
is determined by L<Tc/2n; .

The light pluses are launched into the identical
wFBG fiber by a circulator. The reflections of the
wFBGs are injected into an unbalanced Michelson
interferometer which consists of a circulator (C), a
3x3 coupler, and two FRMs. The final interference
signals output from the 3 x3 coupler are collected by
three highly sensitive photodetector (PD 1 — 3), and
then the signal processing scheme is accomplished
by LabVIEW. In our experiment, 200 000 periods
for scanning are recorded by a high-speed data
acquisition board with the 100-MHz sampling rate,
and the total data acquisition time is about 20s.

The detected interference signal of one port is
shown in Fig.6. As a result of the data acquisition
board set the acquisition rate as 100 M/s, the
sampling points of the adjacent FBG interference
signal from the rising to the falling is about 10, and
the width between two interference signals is about

10 too. It also verifies the analysis in Fig.2.
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Fig. 6 Interference signal local diagram.

4.1 Parameter setting of phase demodulation
experiment with distributed vibration sensing system

During this experiment, the photoelectric phase
modulator made of PZT piezoelectric ceramic is
used to carry out the phase modulation experiment.
A part of the fiber between adjacent gratings in the

Photonic Sensors

grating array is wound on the PZT. The sinusoidal
signal generated by the signal generator acts as the
driving signal for the PZT. The frequency of the
sinusoidal signal is set to 3Hz, SHz, 7Hz, 10Hz,
50 Hz, 100 Hz, 200 Hz, 300 Hz, 400 Hz, 500 Hz,
600 Hz, 700 Hz, 800 Hz, 900 Hz and 1000 Hz,
respectively. The corresponding voltage amplitude is
02V,03V,04V,05V,1V,3V,5V,7V, 9V, and
10V, respectively.

4.2 Processing of experimental data

4.2.1 Test of frequency response

Figure 7 shows the spectrum figure at different
frequencies when the PZT driving voltage is 0.2'V.
Figure 7(a) shows the spectrum of the demodulated
signal at the low frequency, and Fig.7 (b) shows the
spectrum of the demodulated signal at the high
frequency. As can be seen from results in the figure,
the sensing system can demodulate the vibration
signal when the PZT driving voltage is 0.2V at
different frequencies. When the driving voltage is
0.1V, since the signal-noise ratio (SNR) is too small,
the demodulated signal spectrum is drowned by
noise and can not determine the frequency
accurately.

Figure 8 is the spectrum figure of the
demodulated signal processed by the fast Fourier
transform when the PZT driving voltage is 5V and
the frequencies of driving sinusoidal signal are 3 Hz,
SHz, 7Hz, 10Hz, 50Hz, 100 Hz, 200 Hz, 300 Hz,
400 Hz, 600 Hz, 700 Hz, 800 Hz, 900 Hz, and
1000 Hz, respectively. It can be seen from the figure
that the frequency corresponding to the main peak of
the demodulated signal is the same as the frequency
of the driving sinusoidal signal, moreover, because
frequency multiplication and external noise, some
frequency spectra have peaks at other frequencies.
Through above analysis, it can be drawn that when
the driving signal voltage is not less than 0.2V, the
vibration signal from 3 Hz to 1000 Hz can be

detected accurately.
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Fig. 7 Spectrum of demodulated signal at different frequencies when the sinusoidal driving voltage is 0.2 V: (a) the spectrum of the

demodulated signal at the low frequencies and (b) the spectrum of the demodulated signal at the high frequencies.

4.2.2 Test of the relationship between amplitude
of demodulated signal and PZT driving voltage
The phase
proportional to the radial displacement of the PZT
tube, and the radial displacement of the PZT tube is
proportional to the applied voltage. Therefore, the

shift of the optical wave is

phase of the propagating light in fiber can be
linearly modulated by changing voltage linearly. It
can be deduced that the driving voltage of the PZT
is proportional to the amplitude of the demodulated
signal. In order to verify the inference, the signals
collected by the sensing system under different
driving voltages with frequencies of 100 Hz, 200 Hz,
300 Hz, 400 Hz, 500 Hz, and 600 Hz are
demodulated. Figure 9 shows the two-dimensional

graph based on the amplitude of the driving voltage
and demodulated signal with the six different
frequencies: the abscissa indicates the amplitude of
the driving voltage with ten different frequencies:
0.2V,03V,04V,05V,1V,3V,5V,7V,9V, and
10 V, respectively, and the vertical axis is the
amplitude of the demodulated signal driven under
ten different voltages. It can be seen from the figure
that as the amplitude of the driving signal voltage
increases, the amplitude of the demodulated signal
increases accordingly. The PZT driving voltage is
proportional to the amplitude of the demodulated
signal, and the corresponding linear fits are 0.9994,
0.9958, 0.9972, 0.9894, 0.9366 and 0.9992,
respectively.
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Fig. 8 Spectrum of the demodulated signal at different frequencies when the voltage of the sinusoidal driving is 5V: (a) the
spectrum of demodulated signal at the low frequencies and (b) the spectrum of demodulated signal at the high frequencies.
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Fig. 9. Relationship between the amplitudes of the driving voltage and demodulated signal at different frequencies.

. technology is weak and the number of fiber gratings

5. Conclusions . =Y . . SITng
in wavelength-division multiplexing technology is

Because the signal in time-division multiplexing only a few dozen, the time-division and
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wavelength-division multiplexing technologies can
only measure the physical quantity of the location of
fiber gratings without distributed measurement of
the whole fiber. This paper proposes a distributed
weak fiber grating vibration sensing system. The
vibration system judges the vibration of the optical
fiber line by the intensity change of interference
signals between reflected signals of the adjacent
weak fiber grating and locates the vibration points
by the
Because the reflectivity of the weak fiber grating is

time-division multiplexing technique.
much larger than the Rayleigh backscattering
coefficient, the detection signal of the system is
stronger than that in the vibration sensing system
based on Rayleigh scattering, and it is simpler for
signal detection and signal demodulation. At the
same time, the vibration sensing system designed in
this paper judges the external disturbance using the
interference signal, so that it can carry out
distributed measurement with the high spatial
resolution as the vibration sensing system based on
¢-OTDR .

In this paper, the 3 x 3 fiber

demodulation scheme is proposed to demodulate the

coupler

phase of the detected signal, a sensing fiber area is
selected in the fiber grating array, the fiber in the
sensing area is wound on the PZT, and the
sinusoidal signal generated by the signal generator is
taken as PZT driving signal for the accuracy test of
system frequency and the test of the relationship
between the demodulation signal amplitude and PZT
driving voltage. The result shows: when the voltage
of the driving signal is not less than 0.2 V, the
vibration signal with frequency between 3 Hz and
1000Hz can be detected accurately; the amplitude of
the demodulated signal is linearly related to PZT
driving voltage.
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