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A differential phase extracting method based on self-copy-shift for distributed acoustic sensing is proposed.
Heterodyne and optical hybrids are used to realize high signal-to-noise ratio in-phase and quadrature-phase
(IQ) signal measurement. The measured signals are self-copied and shifted for certain data points, and then
they are digitally mixed with the original signals to construct the differential phase. The four produced signals
are then combined to carry out IQ demodulation. An experiment with strain having an amplitude modulation
waveform is carried out. The results showed that waveform information can be recovered well, and the signal-to-

noise ratio achieves 32.8 dB.
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The fiber distributed acoustic sensing (DAS) system
has wide applications on building structure health moni-
toring®?, subsurface mineral exploration?, seismic waves
measurements®2Y, and so on. Phase-sensitive optical time
domain reﬂectometry (OTDR) based on fiber Rayleigh
backscattering (RBS) light is a common configuration
for fiber DAS, and the quantitative phase extraction proc-
ess plays an important role in providing a linear waveform
recovery response 22,

Differential phase is related to a section, which is de-
fined by two points at a distance on the sensing fiber,
and varies linearly with the strain. Differential phase
can be calculated by direct subtraction with phase at
two points; however, the value is easily deteriorated by
phase extraction noise. Some differential phase extraction
schemes for OTDR-based DAS have been proposed.
Masoudi and Newson constructed an unbalanced Michel-
son interferometer with a 3 x 3 fiber coupler. Thus, the
differential phase is detected between two RBS lights at
two locations on the sensing fiber®, Alekseev et al. pro-
posed a single pulse probe detection method with the dif-
ferential phase-shift keying technique. The three probes
are designed to have a phase difference between the front
and back halves. The phase difference of the three probes
is delayed by a relative phase shift in sequence to emulate
phase diversity demodulation. They need to synchronize
the intensity modulator and phase modulator carefully,
and its measurement bandwidth is reduced by 2/3%
Compared with homodyne detection, the heterodyne de-
tection scheme can avoid possible low frequency noise by
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shifting frequency. Alekseev et al. improved their previous
scheme by using probe double pulses with different carrier
frequencies and a time delay between the pulses’?. He et al.
proposed a similar setup, but with two acoustic-optic
modulators (AOMs)™. Muanenda et al. used a single
AOM and a delay flber to generate double pulses. The
phase generated carrier technique was utilized for provid-
ing carrier waves to the interference light signal containing
differential phases™. Shan et al. combined a double pulse
with an ultra-weak fiber Bragg grating (UWFBG) pair to
detect the differential phase’. However, the section
length or spatial resolution is fixed by the optical path dif-
ference of the Michelson interferometer, delay fiber, or
time delay of pulses, which reduces the system flexibility.
Besides, optical coherent amplification is proposed by
Lu et al. for increasing the signal-to-noise ratio (SNR)
of the optical signal2?. But, the coherent detection intro-
duces noise caused by the perturbance on the locational
reference fiber and the frequency drift of the light source.
Liu et al. calculated the difference value of the extracted
phase of the coherent OTDR signal to reduce the noise
introduced by coherent detection?. However, the fading
part of the coherent signal leads to violent perturbance of
phase, which accumulates with distance, which can be cir-
cumvented to some extent by constructing differential
phases before extracting phases.

In this Letter, a new differential phase extracting
method based on self-copy-shift and in-phase/quadrature-
phase (I/Q) demodulation is proposed. We utilize coher-
ent detection to increase the intensity of the signal.
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A dual-parallel Mach-Zehnder modulator (DPMZM) is
used to generate a pulse signal with frequency shift,
and a 90 deg optical hybrid is used for IQ demodulation.
The measured signals are self-copied and shifted for cer-
tain data points, and then they are digitally mixed with
the original signals to construct and extract the differen-
tial phase to eliminate common mode noise caused by the
perturbance on the locational reference fiber and light
source frequency drift. A 10 m long optical fiber wrapped
on piezoelectric ceramics (PZT) is utilized for simulating
the strain caused by the acoustic signal action on the sens-
ing fiber. A modulated signal with amplitude triangle
envelopment modulation is loaded on the PZT. The ex-
periment results showed that the applied modulation sig-
nal waveform is recovered well. An SNR achieves 32.8 dB
when a triangle-amplitude-modulated sinusoidal signal
with the maximum amplitude of 1 V is loaded.

The proposed sensing system diagram is shown in
Fig. 1(a). The light with an optical frequency of f, from
a narrowband continuous wave (CW) laser goes through a
1 x 2 fiber coupler. The continuous incident light is di-
vided into the local reference light for coherent receiving
and the signal light for generating the pulse light signal.
The local reference light goes through a polarization

controller and enters the 90 deg optical hybrid. The signal
light goes into the DPMZM. It is modulated into a pulse
signal by the DPMZM. An arbitrary waveform generator
(AWG) is used for driving the DPMZM. The voltage sig-
nals of the two channels can be expressed as

Vi(f) = V prect (%) cos(2f 1), (1)
Vy(t) = VDrect(%) sin(22f.,1), @)

where Vp is the voltage amplitude of the driving signal,
which needs to be much less than the half-wave voltage V,
of the DPMZM for linear modulation?2). The width of
the generated pulse light is W, and the light frequency
of the generated pulse light is shifted to f,+ f,, while
the pulse repeat period is T, as shown in Fig. 1(a).

The pulse signal is amplified by the erbium-doped fiber
amplifier (EDFA). Then, the amplified pulse signal is in-
jected into the sensing fiber through the fiber circulator.
When the pulse signal is transmitting in the sensing fiber,
the RBS light is generated at each scattering point in the
fiber. The generated RBS light carrying phase information
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Fig. 1. (a) Scheme of self-copy-shift-based differential phase coherent OTDR system. (b) Scheme diagram of digital shift time

calculating.
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of each sensing fiber section comes back along the sensing
fiber, goes through the circulator, and interferes with the
local reference light in the 90 deg optical hybrid. The in-
terference light signals are received by two photoelectric
balance detectors (PBDs) and transformed into electron-
ical signals. The direct-current (DC) component of the
interference signals is discarded by PBDs, and the alter-
nating component is sent to the data acquisition (DAQ)
card. The collected data is transmitted to the computer
and processed.

The orthogonal signals output from the two PBDs after
the 90 deg optical hybrid can be expressed as

¢Loc]’ (3)
- ¢Loc} ) (4)

I = A(t)sin[2zf t + p(Z) —
Q= A(t) cosl2af. + p(2)

where f, is the carrier frequency of the coherent signals,
and it is equal to the shift frequency of the modulated op-
tical pulse; A(t) is the amplitude of the coherent signal,
which is also the envelope curve of the coherent signal;
¢(Z) is the phase corresponding to the position Z on the
sensing fiber, as shown in Fig. 1(b); ¢, is the phase of the
local reference light.

Figure 2 shows the demodulation procedure. The sig-
nals I and @ go through time shift, respectively, and
the output results Iqu; and Qg are

Tspige = A(t — W) sin2xf(t — Wo) + ¢(Z — L) — ¢roc)s
(5)
Qsnire = A(t — W) cos[2zf(t — Wo) + ¢(Z — L) — proc),

(6)

where Wy is the shift time; ¢(Z — L) is the phase corre-
sponding to the position Z — L on the sensing fiber. As
shown in Fig. 1(b), W is the time for the light signal’s
round trip in an L long optical fiber. Thus, L is correspond-
ing to the shift time W, and satisfies the equation
L=° '23:/”. ¢ is the speed of light in vacuum; n is the fiber
refractive index. When encountering the signal around a
fading area, the shift time needs to be temporarily ad-
justed to the space between the two nearest high-quality
areas on either side of the fading area and set Zand Z— L
to correspond to the two high-quality areas, respectively.
The signals I and @ are mixed with Iy and Qgpig,
respectively. The results can be simply written as

=% - lﬁh 5
® =

®(Z) = angle(S, +iS;) — P,
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Fig. 2. Diagram of phase demodulation algorithm.

Sy = A(t)A(t — Wo) sin(gy) sin(gs), (7)
Sy = A(t)A(t — Wy) cos(gy) sin(gs), (8)
S5 = A(t)A(t — Wo) sin(gy) cos(g2), (9)
Sy = A(t)A(t — Wy) cos(gy) cos(@y), (10)
where ¢, =2xft+¢(Z) —ro. and @y = 2xf (t — W) +

¢(Z — L) — ¢roc- Then, the four signals are further proc-
essed, as shown in Fig. 3. The signals S| and S, are added,
while the signals Sy and S5 are subtracted. According to
the trigonometric function difference formula, the expres-
sions of the two results S; and S can be simplified to

Sp = A(D)A(t — W) sin[®(1) + wol, (11)
S = A()A(t — W) cos[®(2) +wol, (12)
where ®(Z) = ¢(Z) — p(Z — L) = ** - nL is the differen-

tial phase; w = 2zf t — 2xf (t — Wo) =2xf, W, is a con-
stant. ®(Z) is extracted by finding the angle of complex
number S, + 4S; and minus . As shown in Fig. 1(b), the
phase information of the RBS generated at point A and
point B is ¢(Z — L) and ¢(Z), respectively. Thus, the
differential phase is corresponding to the distance L and
the refractive index n of the fiber between point A and
point B.

When strain € induced by an acoustic event is applied to
the fiber between point A and point B, tiny changes in
fiber length and fiber refractive index are introduced.
The differential phase variation A®(Z) is proportional
to the strain ¢ by

4rL

A(2) ==

3
{”—7[1912 u(pi +p12)]} e, (13)

where p is the material Poisson’s ratio; p;; and p;s are
elements of elastic-optic coefficient matrix. According to
Eq. (13), the differential phase variation A®(Z) is directly
and only proportional to the strain ¢ applied to the cor-
responding section of sensing fiber. Therefore, the acoustic
waveform acting on the sensing fiber can be retrieved by
extracting and monitoring the differential phase variation
along the sensing fiber.

We established an experimental setup according to
Fig. 1(a). A narrowband laser with a linewidth less than
3 kHz generated CW light with 1550.12 nm center wave-
length and 40 mW power. The DPMZM (Photoline
MXIQ-LN-40) has a sharp rise edge, whose rise time is less
than 25 ps, and it is driven by the dual-channel AWG
(AT-AWG-GS2500) with 14 bit vertical resolution,
2.5 GS/s sampling rate, and time domain deviation be-
tween channels less than 10 ps. The generated pulse pair
shifted frequency is f, =50 MHz. The pulse width is
T = 25 ps, while the pulse repeat period is W = 100 ns.
Thus, the acoustic signal acting on the distributed sensing
fiber is detected with 40 kHz sampling rate. A 10 m fiber
wrapped on a PZT is utilized for simulating the strain
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Fig. 3. (a) Three-dimensional (3D) plot of spatial-temporal do-
main retrieved result of AM signal. (b) The retrieved waveform
temporal domain curve at 1050 m from 0 to 120 ms. (c¢) The
partial enlargement graph of the temporal domain curve at
1050 m from 15 to 60 ms. (d) Power spectral density (PSD)
of the recovered signal.

perturbation caused by an acoustic field waveform acting
on the sensing fiber. This 10 m fiber is connected to the end
of a 1050 m optical fiber. A function waveform generator
(Aglient 33521A) generated voltage signals to drive the
PZT. The working frequency range of the BPDs is from
30 kHz to 150 MHz, and the data is sampled by a two-
channel DAQ card with 1 GS/s sampling rate and
12 bit resolution for each channel.

In order to verify the acoustic signal retrieval ability, an
amplitude modulation (AM) simulated acoustic signal is

applied to the 10 m long sensing fiber by driving the
PZT with the corresponding voltage signal. The carrier
signal is a sinusoidal signal, while the AM signal is a tri-
angular wave. The frequency of the sinusoidal carrier sig-
nal is fixed at f = 500 Hz, while the amplitude is fixed at
1000 mV. The frequency of the triangular-wave AM signal
is fp = 25 Hz, while the AM ratio is 0%-100%, which
changes the waveform amplitude from 0 mV to 1000 mV
linearly. Figure 3(a) showed the spatial-temporal domain
retrieving result after median filter processing. An AM
sinusoid waveform can be recognized at 1050 m, which is
consistent with the actual location of the stretched sensing
fiber. The location information and the waveform of the
signal are detected correctly. The time domain signal at
the location of 1050 m is shown in Fig. 3(b), the orange
asterisk shaped scatters are the demodulated results, and
the blue curve is the fitting curve of the retrieved wave-
form. The waveform is recovered well with the fitting
R-squared value of 0.9863. The partial enlargement graph
in Fig. 3(c) shows more directly that the retrieved signal
waveform has little distortion.

Figure 3(d) is the power spectral density of the recov-
ered signal. The center frequency is 500 Hz, while the
frequencies of the two nearest spectrum lines are 475 Hz
and 525 Hz. Four other lines symmetrically existing beside
the center spectrum have the frequencies of 375 Hgz,
425 Hz, 575 Hz, and 625 Hz. These frequencies are consis-
tent with the frequency spectrum characteristic of the
loaded triangular-wave AM sinusoid waveform. These in-
tensity characteristics of spectral lines are also consistent
with the measured results shown in Fig. 3(d). The mea-
sured spectrum also contains a spectrum component
32.8 dB lower than the center line signal with the fre-
quency of 1000 Hz, which is the double frequency signal
of the carrier signal produced slightly outranging. This
double frequency noise signal also mixes with the triangle
signal to produce the signals with frequencies of 975 Hz
and 1025 Hz, respectively. The higher-order signals are
drowned in random broadband noise.

In conclusion, a differential phase extracting method for
fiber DAS based on digital shift and I1Q demodulation is
proposed and demonstrated. We use a DPMZM to gener-
ate pulse light with shift frequency. The 90 deg optical hy-
brid is utilized for producing phase shift and coherently
amplifying the RBS signal. The proposed scheme not only
brings the advantage of coherent detection into play, but
also constructs differential phase with a digital shift and
demodulation algorithm to suppress the noise caused by
phase drift and vibration on the local reference fiber,
which is one of the main problems that trouble traditional
coherent OTDR systems. A sinusoidal signal modulated
by a triangular wave is used for system performance inves-
tigation. The experimental results showed that the simu-
lated acoustic signal information containing time domain
waveform and spectrum characters can be recovered well.
Besides, the digital shift algorithm can provide a flexible
spatial resolution for different application requirements.
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