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Abstract: Dynamic Brillouin optical fiber sensors based on fast scanning of Brillouin gain
spectrum (BGS) are one of the most promising techniques to measure dynamic strains,
where an ~11-GHz bandwidth arbitrary waveform generator (AWG) or a vector microwave
generator is essential for frequency agility. A dynamic Brillouin optical fiber sensor based
on dual-modulation is proposed here, which aims to realize dynamic sensing via a low-
bandwidth AWG. In this protocol, the scanning of BGS is implemented by the combination
of a single-frequency modulation and a frequency-agility modulation. The frequency of the
single-frequency modulation is slightly lower than the Brillouin frequency shift of the fiber
under test so that the tuning range of the frequency-agility modulation is required to cover
only several-hundred MHz for the scanning of the BGS, which significantly reduces the
bandwidth requirement for the AWG. In experiment, an 11.8-Hz strain is measured with
a 30-m fiber, where the spatial resolution and the sampling rate are 1 m and 200 Hz,
respectively. Furthermore, by tracking the damping vibration of the optical fiber, its resonant
frequency is measured with a sampling rate of 100 Hz.

Index Terms: Brillouin optical fiber sensor, dynamic measurement, frequency-agility, strain
measurement
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1. Introduction

The techniques of Brillouin optical fiber sensors have attracted much attention for the last 20 years
due to the distributed measurements for both strain and temperature [1]-[4]. Traditional Brillouin
optical time-domain analysis (BOTDA) protocols are based on the reconstruction of the Brillouin
gain spectrum (BGS) to measure the Brillouin frequency shift (BFS) by sweeping the frequency
difference between the pump and the probe waves. Due to the comparatively slow-velocity scanning
of frequencies, these protocols cannot measure rapidly changing strains, or so-called dynamic
strains. In order to solve this problem, various techniques on dynamic Brillouin sensing have been
proposed in recent years [5]-[11]. Bernini proposed a “slope-assisted” Brillouin sensing method,
which doesn’t involve the scanning of the BGS. By setting the frequency difference between the
pump and the probe at the middle of the slope of the BGS, the change of the BFS can be detected by
measuring the gain variation of the probe [6], [12], [13]-[16]. Its measurement range is determined by
the width of the BGS, which limits its application. Since 2003, Hotate’s group has proposed several
dynamic sensing techniques based on Brillouin optical correlation-domain analysis (BOCDA), in
which the fast scanning of the BGS was realized by the direct current modulation of the laser source
and a maximum sampling rate of 1000 Hz was attained for single point sensing [17]-[19]. An idea
of using Brillouin optical correlation-domain reflectometry (BOCDR) to realize fast sensing was
proposed by Mizuno [20], where a strain sampling rate of up to 100 kHz at an arbitrary position was
experimentally verified by detecting locally applied dynamic strain at 1 kHz [21]. Remarkably, Peled
proposed a dynamic BOTDA based on a frequency-agility technique, with which a 100-Hz strain
was measured over a 100-m fiber [7]. The frequency-agility technique is based on an arbitrary
waveform modulation, which requires ~11-GHz frequency-agility waveforms for silica fibers. In
order to lower the bandwidth requirement of the arbitrary waveform generator (AWG), our group
proposed a frequency-agility technique based on second-order sideband modulation, with which
an 11-GHz frequency-agility waveform was generated by a 5.5-GHz arbitrary waveform [22]. Using
the same frequency-agility technique, a multi-slope assisted BOTDA was proposed by our group,
which solved the problem of narrow measurement range in slope-assisted sensors. In experiment,
a maximum strain variation up to 5000 e was measured in a 32-m Polarization-maintaining (PM)
fiber [23].

Frequency-agility is one of the most crucial techniques in dynamic distributed Brillouin sensors,
for both BGS-scanning methods and multi-slope-assisted methods. As mentioned above, in order
to cover the range of the BGS, the bandwidth of the frequency-agility waveform should be up to
~11 GHz. However, it is very difficult to find an available commercial AWG with such a broad
bandwidth. In Peled’s scheme, the 11-GHz frequency-agility waveform was generated via a vector
signal generator, which shifted the frequency of a several-hundred-MHz arbitrary waveform up to
11 GHz [7]. In the second-order sideband modulation, the bandwidth requirement was reduced by
half to 5.5 GHz. In this paper, a frequency-agility method based on dual-modulation is proposed,
which can significantly reduce the bandwidth requirement for the AWG to several-hundred MHz.
Using this method, distributed measurements of a periodically varied strain and a damping vibration
of the fiber are demonstrated.

2. Dual-Modulation

The schematic illustration of the dual-modulation is shown in Fig. 1. Both the pump and the probe
waves derive from the same laser source (denoted as carrier in this figure). One part of the carrier is
amplitude-modulated with a single-frequency sinusoidal wave to generate the first-order sidebands.
The frequency of the sinusoidal wave (denoted as fyg) is ~10 GHz for silica fibers, which is slightly
lower than the BFS of the FUT without strain. The first-order sidebands are filtered by a fiber Bragg
grating (FBG), keeping only the upper band, which plays the role of the pump wave in the sensor.
The other part of the carrier is modulated with a frequency-agility waveform, the frequency of which
satisfies

fawa (1) = fo + [t/ T] Af (1)
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Fig. 1. Schematic illustration of the frequency-agility based on dual-modulation.

where [x] represents the integer part of x. The frequency variation and the time duration of each step
are denoted as Af and T, respectively. The spectrum of the lower first-order sideband comprises
of several tones with an interval of Af. Therefore, the frequency difference between the pump and
probe is tuned from fyg + fo to fug + fo + [t/ T]Af. Because fyg is quite close to the BFS of the FUT,
the bandwidth requirement for the AWG can be reduced to hundreds of megahertz.

Because the scale of fawg(t) is only several-hundred megahertz, it is impossible to find an optical
filter with so narrow bandwidth to suppress the carrier and the upper sideband, which means that it
is infeasible to use the scheme of EOM-+FBG to obtain the lower first-order sideband. Here, a single-
sideband modulator (SSBM) is utilized to generate only the lower sideband. Theoretically, when the
RF signals loaded on the two internal Mach—Zehnder interferometers of an SSBM are, respectively,
xcos (2nfpt) and xsin (2nf,t), by adjusting the voltages of the DC supplies, the lower first-order
sideband can be generated together with a negligible upper third-order sideband. Because of the
limitation of the extinction ratios of the inner interferometers and the adjusting uncertainties of the
DC voltages, it is hard to fully suppress the carrier as well as a few other sidebands. In order to
study the influence of these noise tones on the measurement of the BGS, a theoretical model of the
dual-modulation-based BOTDA is established. Generally, the residual carrier is the main source of
the noise tones, so a residual carrier is introduced into the model as noise tone. Supposing that a
probe wave is injected into the FUT at z = 0 together with the residual carrier, the optical field can
be described as

E (t,z) = Esoexp[j (2must + ¢so — ksz)] + Eco exp [j (2muct + ¢co — kc2)] )

where Eso(Eco) is the amplitude of the probe (carrier), vso(uco) is the frequency of the probe
(carrier), pso(¢co) is the phase of the probe (carrier), and kso(kco) is the wavenumber of the probe
(carrier). A pump pulse is injected into the FUT at the other end of the FUT (denoted as z = L) when
t = T4. The echo optical field (including the carrier and the amplified probe) at z = L satisfies

At
Foono (Ta 80 = Eso 0P [QB (”S’ o Wﬂ
i At
X exp {l |:271Us (Tq + At) + w50 — ksL + ¢ <US, L — EC>]}

+ Ecoexp {j[2muc (Tq + At) + ¢co — kcL]} (3)

where gg and ¢g are the Brillouin gain and phase shift, respectively. Correspondingly, the intensity
of the echo trace satisfies

At
I (Tg + At) = Iso exp [298 (Us,L _Ecﬂ +1co + Ieat (4)
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Fig. 2. Modulation on the profile of the BGS introduced by the beat between the probe and the residual
carrier. The relative intensities of the residual carrier are 30 dB, 40 dB, and 50 dB less than those of
the probe, respectively. (a) z= (7/8)L. (b) z=L /2.

where Isp = |Esol?; Ico = |Ecol?. The intensity of the beat signal follows

At
IBeat = 2ESOECO exp |:gB <US, L — 5 >:|

nL At
X COS [271 <Td + At — T) (vs — vc) + ¢B <Us, L - 50) + ¢so0 — 9000] . %)

Let’s consider one point in the FUT, i.e., Tqg + At — nL /cis constant in (5). Therefore, the value of
I Beat changes with vs — ve, whose value varies when the BGS is scanned. As a result, a modulation
is imposed on the measured profile of the BGS. The modulation “frequency” is

|Tg+ At—nL /c| = |Tq+nL /c—2nz/c| (6)

which is the function of z and varies with the position along the FUT. Because BGS is the function
of frequency, the unit of the modulation “frequency” is not Hz but second. The difference of the
modulation frequencies between different positions is equal to the corresponding time difference in
the amplified probe trace.

Using the model, a simulation is carried out to analyze the influence of the residual carrier on
the measurement of the BGS. During the simulation, we assume the length of the optical paths
of the probe and the pump waves are identical. Ty is set to be nL /¢, which guarantees that the
probe covers all the FUT before the pump goes into it. The length of the FUT is set to be 50
m and n is chosen to be 1.5. The simulation results are shown in Fig. 2. Fig. 2(a) presents the
BGS at z= (7/8)L, where the extinction ratio changes from 30 dB to 50 dB. As analyzed above, a
sinusoidal modulation is imposed on the profile of the BGS. The modulation frequency can be read
to be 62.5 ns. For comparison, the BGS at z=L /2 is shown in Fig. 2(b), where the modulation
frequency is 250 ns. The difference of the modulation frequencies between the two positions is
187.5 ns, which is equal to the time difference in the echo trace. The results confirm with (6).

Itis clear that the modulation can introduce measurement error in Brillouin sensing, especially for
the slope-assisted methods, which strongly rely on the profile of the BGS. The simulation implies
that the modulation cannot be neglected even when the extinction ratio is up to 50 dB, which is
hard to achieve for a commercial SSBM. Though optical methods are impossible to remove the
modulation, electrical methods can be employed to suppress it. The analysis above shows that the
modulation derives from the beat between the probe wave and noise tones. Its frequency is equal
to the multiples of fawg(t), which is larger than fy. It means that a low-pass filter can be used to filter
out the beat, and ultimately suppress the modulation.

3. Experiments and Results

The experimental setup for dynamic sensing based on dual-modulation is shown in Fig. 3. A
1550-nm fiber laser with 40-kHz linewidth was divided by a 3-dB coupler for providing the pump and
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Fig. 3. Experimental setup of dynamic Brillouin sensing based on dual-modulation. MG: microwave
generator, EOM: electro-optic modulator, SSBM: single-sideband modulator, FBG: fiber Bragg grating,
EDFA: erbium doped fiber amplifier, FUT: fiber under test, AWG: arbitrary waveform generator, PD:
photodetector, OSC: oscilloscope.

the probe waves. One of the coupler’s outputs, serving as the pump, was modulated by an intensity
modulator (EOM1) which worked at the carrier suppression mode. The output of EOM1 was filtered
by a fiber Bragg grating (FBG) to retain the upper first-order sideband. It was then modulated to
10-ns pulses by EOM2. After being amplified by an erbium doped fiber amplifier (EDFA), the pump
pulses were injected into a 30-m PM fiber (FUT) through a circulator. Light at the other branch
of the coupler was modulated by an SSBM, which worked at the lower-sideband output mode.
One channel (CH1) of an AWG provided an RF signal with the form of (1), which drove the SSBM
with the assistance of a 90° hybrid coupler. Another channel (CH2) of the AWG provided electrical
pulses for EOM2, which was synchronized with CH1 to guarantee that each tone of the probe was
amplified only by one pump pulse. The duration of modulation by each tone was 1.4 ue, which was
much longer than the round-trip propagation delay along the FUT. The probe trace was recorded
by an oscilloscope.

The theoretical analysis in Part 2 has shown that the noise tones in the output spectrum of the
SSBM can impose modulations on the BGS, the frequency of which varies with the position along
the FUT. So firstly, this effect was studied and tested. In this experiment, there was no strain loaded
on the FUT. The frequency of the arbitrary waveform changed from 200 MHz to 400 MHz with a
step of 1 MHz. The frequency of the sinusoidal waveform was set to be 10.55 GHz. The measured
BGS is shown in Fig. 4, where Fig. 4(a), (c), and (e) correspond to three different positions in the
FUT (denoted as Position P1, P2, and P3, respectively). The distance between Position P1 and P2
is 20 ns in the echo trace, or ~2 m in the FUT, and the distance between P2 and P3 is 60 ns, or
~6 m in the FUT. Their amplitude spectra are calculated via FFT and shown in Fig. 4(b), (d) and
(f), respectively. The FFT spectra show that the modulations are generated by two beat signals.
One of them derives from the beat between the lower first-order sideband and the carrier, which
is marked in black text and arrows in the panels. The modulation frequencies in Fig. 4(b), (d) and
(f) are 135 ns, 155 ns, and 215 ns, respectively. The differences between them are respectively
20 ns and 60 ns, which are equal to the time difference as predicted. The other one is the beat
between the lower and the upper first-order sideband, which is marked in red text and arrows. The
modulation frequencies are respectively 270 ns, 310 ns, and 430 ns, twice the previous modulation
frequencies. The experimental results are in good agreement with the theoretical model. Because
the extinction ratios of the carrier and the upper first-order sideband of the SSBM vary with the
frequency, the amplitude of modulation is not constant in Fig. 4.

In order to remove the modulations from the measured BGS profile, a 100-MHz low-pass filter
which followed the detection of the output probe was employed to suppress the beat between
the probe wave and noise tones. With the assistance of the filter, the BGS along the FUT was
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Fig. 4. Measured BGSs and their amplitude spectra. (a), (c), (e) BGSs of different positions in the FUT.
The distance between Position P1 and P2 is 20 ns in the echo trace, or ~2 m in the FUT, and the
distance between P2 and P3 is 60 ns. (b), (d), (f) FFT traces of (a), (c), and (e), respectively.
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Fig. 5. Measured BGS when a low-pass filter is used to suppress the modulation on the BGS profile. The
BGSs of the same points addressed in Fig. 4 are shown in (a), (c), and (e). (b), (d), (f) are Corresponding
FFT spectra.

measured again. The BGSs of the same positions addressed in Fig. 4 are presented in Fig. 5.
Similarly, we analyzed the amplitude spectra of the BGSs through FFT, the results of which are
respectively shown in Fig. 5(b), (d), and (f), which suggest that the modulations on the BGS profile
are effectively suppressed.

Next, two experiments of dynamic sensing based on dual-modulation were carried out. The
frequency of the sinusoidal waveform was set to be 10.5 GHz, while the frequency of the arbitrary
waveform was scanned from 200 MHz to 700 MHz with a step of 4 MHz, which enabled the scanning
of the BGS to cover the range from 10.7 GHz to 11.2 GHz. In the first dynamic sensing experiment,
a dynamic stretching was loaded via an off-axis plate driven by a DC motor. The dynamic change of
the BGS was measured every 1 ms, the result of which is shown in Fig. 6. A moving average over
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Fig. 6. Measured dynamic change of the BGS in the FUT. (a) BGS measured when t = 20ms. (b)
BGS measured whent = 32ms. (c) BFS variation of two points (Point M and Point N) in the stretching
section. Because of the fraction between the fiber and the off-axis plate, the strain of the left-half part
of the stretching section is larger than that of the right-half. The corresponding BFSs are shown in blue
and red curves, respectively.
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Fig. 7. Measured vibration of the fiber. (a) BGS of the vibration point. (b) BFS of the vibration point as
a function of time. (c) Its power spectrum.

5-frame data was applied to improve the SNR. One frame of the BGS is drawn in Fig. 6(a), which
corresponds to the 20th frame, showing that an ~2-m segment of fiber was stretched. The BGS
distribution when the strain reaches its maximum value in this experiment is shown in Fig. 6(b).
The BFS is not even in the stretching section, which derives from the friction between the optical
fiber and the off-axis plate. Because of the effect of the friction, the strain of the left-half part of the
stretching section is larger than that of the right-half. The corresponding BFSs are shown in blue
and red curves, respectively, in Fig. 6(c). The BFS varies from 10.85 GHz to 11.03 GHz, with a
frequency of 11.8 Hz.

In the second experiment, vibrations were measured along the fiber. We pulled one point in
the middle of a segment of fiber and then released it. The BGS was measured every 10 ms and
199 frames of data were recorded. The results are shown in Fig. 7 without data average. Damped
oscillations are observed at a frequency of 12.3 Hz.

4. Conclusion

A dynamic sensor based on dual-modulation is proposed, in which the frequency agility is realized
by the combination of a single-frequency modulation and a frequency-agility modulation. The band-
width requirement for the AWG is reduced to several-hundred megahertz. Though a microwave
generator is employed in the experiment, it is not essential. Because the frequency of the single-
frequency modulation is constant, the ~10-GHz-bandwidth microwave generator can be replaced
by a sinusoidal wave generator with fixed frequency in practical application or product.

SSBM is central to the proposed method. Residual carrier and opposite sideband components
at the SSBM output are unavoidable. The effects of these noise tones on the measurement of
the BGS were verified in both theory and experiment. The research shows that modulations are
imposed on the profile of the BGS due to the noise tones. It was effectively suppressed by a
low-pass filter following the detection of the output probe. Finally, using an arbitrary waveform of
700-MHz bandwidth, two experiments of distributed dynamic sensing were carried out with 1-m
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spatial resolution: 1) An 11.8-Hz strain-variation induced by the rotation of an off-axis plate was
measured with a sampling rate of 200 Hz; 2) a damped vibration of the fiber was monitored with a
sampling rate of 100 Hz.
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