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Abstract—In this paper, an interference fading mitigation
method based on subband phase-shift transform in coherent phase-
sensitive optical time-domain reflectometer (Φ-OTDR) is proposed.
The operation principle of the subband phase-shift transform with
complementary amplitude characteristic is presented. The phase
shift transform is performed in the digital domain without re-
quiring complex frequency modulation. After subband phase-shift
transform, the interference fading can be effectively mitigated
through optimal tracking and rotated vector sum (RVS) methods.
The experimental results show that the fluctuation of phase inten-
sity is reduced from ∼70 dB to ∼20 dB and the average standard
deviation of the recovered phase is also reduced from 0.223 rad to
0.046 rad. In addition, different disturbance signals are successfully
recovered, verifying the effectiveness of the proposed method.

Index Terms—Distributed optical fiber sensor, interference
fading, optical time domain reflectometry.

I. INTRODUCTION

COMPARED with electrical sensors, distributed optical
fiber sensor (DOFS) can provide continuous, real-time

monitoring over long distances [1], [2], [3], which offers un-
paralleled advantages in terms of immunity to electromagnetic
interference, easier installation and flexibility, multiplexing ca-
pability and wide measurement range. Among the DOFS tech-
nologies, phase-sensitive optical time domain reflectometry (Φ-
OTDR) has received much attentions in the past decades due to
its additional advantages including higher sensitivity, improved
resolution in localization, and strong disturbance signal charac-
terization ability. Conventional OTDR can measure the intensity
of Rayleigh backscattered (RBS) light to identify the location
of the events. However, conventional OTDR can only detect the
inherent amplitude change information, and cannot detect the
dynamic change. This is mainly because conventional OTDR
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uses large linewidth laser, which cannot accurately measure
the small changes along the optical fiber. For Φ-OTDR, the
Φ-OTDR can be roughly divided into intensity demodulation
and phase demodulation categories. For intensity detection, it
only identifies the disturbance location. The disturbance signal
cannot be quantified accurately, because the signal strength is
nonlinear to the external disturbance. It is noted that the phase
change of the RBS light is linear to the external disturbance.
Therefore, phase demodulation technology can accurately mea-
sure the external physical quantity changes, showing significant
performance advantages and application potential. As far as
we know, Φ-OTDR has been successfully used in the areas of
geological structure exploration [4], structural health monitoring
and pipeline detection [5], security surveillance [6], environmen-
tal monitoring and railway transportation monitoring [7], [8].

In Φ-OTDR, a coherent light source is used to generate
a probe signal that is launched into the fiber. As the probe
signal propagates along the fiber, it interacts with the fiber’s
mechanical disturbances, temperature changes, and strain. These
interactions cause phase changes in the RBS light. In previous
approaches, perturbations were usually extracted using intensity
monitoring on RBS light. However, the relationship between the
intensity of the disturbance event and signal is nonlinear [9].
Therefore, the disturbance event can only be located but not
accurately quantified. In order to solve this issue, coherent
Φ-OTDR is proposed to use phase detection and demodulation
to accurately restore the disturbance signal [10], [11], [12], [13],
[14]. In coherent Φ-OTDR, the RBS light overlaps each other at
different positions, and the interference will occur among these
RBS lights, resulting in amplitude fluctuations of the received
electrical signal after photoelectric detection. If the amplitude of
the electrical signal is too small, the phase cannot be accurately
demodulated. This phenomenon is called the interference fading.
Due to the existence of interference fading, large phase fluctua-
tions still occur at the fading point, even if there is no external
disturbance. This could be mistakenly identified by the system
as a vibration caused by the external environment, resulting in
a false alarm.

In order to eliminate the interference fading, an inner-pulse
frequency-division method and the rotated-vector-sum (RVS)
method was proposed in 2017, which can effectively overcome
the interference fading without sacrificing the vibration fre-
quency response and measurement range [15]. Following this
idea, a spectrum extraction and remixing method (SERM) has
also been proposed to mitigate the interference fading [16].
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Fig. 1. Illustration of 2-D backscattering model of fiber.

This method eliminates most of the interference fading without
requiring complex frequency modulation. Moreover, a spec-
trum extraction and the rotated-vector-sum (SERVS) method
with a pulse-intensity-coding Φ-OTDR scheme has been pro-
posed [17]. A multi-frequency Φ-OTDR scheme based on three
acoustic optic modulators are also proposed to mitigate the
interference fading with optimal tracking algorithm [18]. The
proposed method can successfully predict the occurrences of
the distortion in the output phase signal and avoid the distortion
by selecting a phase signal with higher signal-to-noise ratio
(SNR). A method utilizing negative frequency band in Φ-OTDR
has also been proposed, aiming to double the available system
bandwidth [19]. This method overcomes the inherent trade-
off between sensing distance and scan-rate. A combination of
positive and negative frequency multiplexing is employed in
conjunction with frequency division multiplexing. Recently, an
effective interference fading suppression method based on phase
shift transform has been proposed [20]. This method effectively
eliminates the interference fading after extracting and combining
the subbands with different bandwidth multiple times followed
by the RVS method.

In this work, we propose a method to mitigate the interfer-
ence fading in coherent Φ-OTDR using subband phase-shift
transform. By dividing the main lobe and the first-order side-
lobes equally, and performing phase-shift with equal interval
in the digital domain, only one-time transform is required with
reduced computational complexity. Compared with the previous
approach [20], it is demonstrated that fewer transform times can
also achieve the effect of eliminating interference fading. The
experimental results show that the fluctuation of the RBS light
intensity can be reduced from∼60 dB to∼20 dB and the average
standard deviation of differertial phase is reduced from 0.223 rad
to 0.046 rad. In addition, the vibrations of different waveforms
are imposed onto the fiber under test, and the waveforms can
be well recovered, which verifies the reliability of the proposed
method.

II. OPERATION PRINCIPLE

A. Subband Phase-Shift Transform

In general, the received lightE(t) is equal to the sum ofE1(t)
andE2(t). Here,E1(t) andE2(t) are the RBS light produced by
two consecutive series of reflectors, as shown in Fig. 1. The RBS
light is converted into a complex signal after optical-to-electrical

conversion and given by [20]

I(t) = I1(t) + I2(t) (1)

where, I1(t) and I2(t) are the complex domain of E1(t)
and E2(t). Assuming thatI(t) = A(t) exp(jϕ(t)), I1(t) =
A(t) exp(jϕ1(t)), I2(t) = A(t) exp(jϕ2(t)), the (1) can be
expressed as

A(t) exp(jϕ(t)) = A1(t) exp(jϕ1(t)) +A2(t) exp(jϕ2(t))
(2)

where,

A(t)=
√

A1(t)2+A2(t)2 + 2A1(t)A2(t) cos (ϕ1(t)− ϕ2(t))
(3)

Since the decomposition of the signals is difficult to imple-
ment in the time domain, the RBS light can also be described in
frequency domain after Fourier transform as

I(ω) = I1(ω) + I2(ω) (4)

where, I(ω) is the frequency-domain expression of I(t).I1(ω)
and I2(ω) are the corresponding extracted spectrums, which are
expressed in frequency domain.

If the frequency component I2(ω) is multiplied by a factor of
−1, followed by an inverse Fourier transform, the signal in the
time domain can be described as

I(t)′ = I1(t)− I2(t)

= A1(t) exp(jϕ1(t))−A2(t) exp(jϕ2(t))

= A1(t)(cos(φ1(t)) + j sin(φ1(t)))

−A2(t)(cos(φ2(t)) + j sin(φ2(t)))

= A1(t) cos(φ1(t))−A2(t) cos(φ2(t))

+ j(A1(t) sin(φ1(t))−A2(t) sin(φ2(t))) (5)

The power of (5) can then be expressed as

|I(t)′|2 = A1(t) cos(φ1(t))−A2(t) cos(φ2(t))
2

+ (A1(t) sin(φ1(t))−A2(t) sin(φ2(t)))
2

= A2
1(t) +A2

2(t)

− 2A1(t)A2(t) cos(cos(φ1(t)− φ2(t))) (6)

Similarly, the power of (1) can be obtained based on (3) as

|I(t)|2 = A2
1(t) +A2

2(t)

+ 2A1(t)A2(t) cos(cos(φ1(t)− φ2(t))) (7)

Adding (6) and (7), the combined signal power can be expressed
as

|I(t)|2 + |I(t)′|2 = 2× (A2
1(t) +A2

2(t)) (8)

From (8), it can be seen that the power of the signal after subband
phase-shift transform is complementary to the power of the
original signal. This characteristic can be used to mitigate the
interference power fading.
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Fig. 2. Digital signal processing flow chart to mitigate the interference fading
with subband phase-shift transform in Φ-OTDR.

Fig. 3. (a) Direct addition of two complex RBS signal; (b) RVS method without
phase noise; (c) RVS method with phase noise.

B. Demodulation Process and Methods

The data processing flow for mitigating the interference fad-
ing by subband phase-shift transform is described in Fig. 2.
The subband phase-shift transform is implemented after basic
pre-processing steps of frequency down conversion and low-
pass filtering. As for the signal synthesis process, both optimal
tracking [18] and RVS methods are investigated after subband
phase-shift transform [15], [20], [21]. Finally, the characteristic
of the disturbance signal can be identified after I/Q demodulation
and phase differential operations.

The principle of the RVS method is shown in Fig. 3. The
filtered RBS signals are represented as complex vectors. If the
amplitude of the complex number is small, the interference
fading may occur. When adding two complex numbers with a
large difference in amplitude, the resulting vector sum is mainly
determined by the complex number with the larger amplitude,
and the influence of the complex number with the smaller am-
plitude is disregarded. On the other hand, if there is a large phase
difference, the amplitude of the sum of the two complex numbers
will decrease, resulting in the severe interference fading, as
shown in Fig. 3(a). In Fig. 3(a),�r11 and�r12 are the original signal
and the signal after subband phase-shift transform at the same
position. It can be seen that if �r11 and �r12 are added directly, the
amplitude may become smaller due to the large phase difference.

To eliminate the influence of the phase difference, we can
use the normalized conjugate of the RBS signal obtained from
the first detection �r11 and �r12 as references, as described in
Fig. 3(b). The effect of the phase difference can be eliminated by
multiplying�r11 with (�r11)

∗
|�r11| , and the same operation for�r12. After

combining�r11 · (�r11)
∗

|�r11| and�r12 · (�r12)
∗

|�r12| ,�rave can be obtained with
enhanced amplitude. In the practical implementation of the RVS
method, the subsequent RBS signal at the same position should
take �r11 and �r12 as referrences considering the effect of noise.
A simple example is illustrated in Fig. 3(c). �r21 is a RBS signal
at the same position as �r11 in different time. In the operation of

Fig. 4. Schematic diagram of the optimal tracking method.

Fig. 5. Experimental setup of coherent Φ-OTDR system. NLL: narrow
linewidth laser; OC: optical coupler; PC: polarization controller; AOM: acoustic
optical modulator; AWG: arbitrary waveform generators; EDFA: erbium doped
fiber amplifier; Cir: optical circulator; FUT: fiber under test; PZT: piezoelectric
transducer; BPD: balanced photodetector; OSC: oscilloscope.

RVS, �r21 rotates with �r11 as a reference to eliminate the phase
difference while retaining the phase induced by the disturbance
signal. In the presence of noise, the phase noise δθ1 and δθ2
determines the value of residual fading noise δθave[15].

The principle of optimal tracking is also illustrated in Fig. 4.
This method selects the phase with a higher SNR position by
comparing the amplitudes after subband phase-shift transform.
The schematic diagram of this step is shown in Fig. 4 [18]. After
subband phase-shift transform, the initial phase of the signal with
different phase-shift transform is different. Because the phase
change is continuous, the initial phase will be accumulated after
continuous change. After elimination of the initial phase, the
phase of all signals is at the same level, and there is no jump
during the phase selection process. Then, the amplitude of each
point in each trace is calculated. By comparing these amplitudes,
the corresponding point with high SNR can be found, so as
to avoid the fading points. These steps are repeated for each
trace to demodulate the correct phase. After phase selection
using the optimal tracking method, the phases of all points
are characterized by a relatively high SNR. In the subsequent
analysis, we will compare the demodulation results obtained
through the RVS and optimal tracking methods.

III. EXPERIMENTAL SETUP

The experimental setup is illustrated in Fig. 5. A laser with a
linewidth of 3 kHz is used as the light source. The laser beam
is split into two parts using a 90:10 coupler, where 10% of the
light is used as the local oscillator, while the remaining 90% is
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Fig. 6. Illustration of the signals extraction in frequency domain.

used for optical pulse generation. In the experiment, an electrical
rectangular pulse with a width of 100 ns and a frequency of
25 kHz is generated by an arbitrary waveform generator (AWG)
as the probe signal. The output signal of AWG is then amplified
to 3.3 V to drive the AOM. This electrical signal is then converted
to an optical signal through an acousto-optic modulator (AOM).
Then the optical signal is transmitted through a fiber after passing
through an erbium-doped fiber amplifier (EDFA). The RBS
light is sent back to the local oscillator via an optical circulator
and combined at a 2 × 2 coupler. The resulting RBS signal is
detected using a balanced photodetector (BPD) and collected by
an oscilloscope (OSC) operating at a sampling rate of 500 MSa/s.
The disturbance signal is generated by a function generator with
adjustable amplitude and frequency, and then added through a
piezoelectric transducer (PZT) located at 1.6 km of the fiber
link. The length of FUT1 is ∼1.6 km, and the length of FUT2 is
∼1.3 km.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Based on the principle described in section II-A, the signals
with complementary amplitude can be obtained after subband
phase-shift transform. Therefore, the subband of the RBS signal
should be first extracted, as shown in Fig. 6. In order to mitigate
the effect of out-of-band noise, only the main band and the
first order sideband are considered. Then one subband is chosen
to implement the phase-shift operation by multiplying a factor
of −1.

In order to effectively mitigate the interference fading points,
several phase-shift transforms can be implemented with different
subband bandwidth at the cost of multiple subband extraction
operations with high computational complexity [20]. To reduce
the computational complexity, the phase-shift operation can be
implemented among the subbands with the same bandwidth, as
shown in Fig. 7. Each subband is extracted and then multiplied
by a factor of−1. Therefore, four-time phase-shift transform are
implemented in our work with only one-time subband extraction
operation.

The complementary characteristic of signal after phase-shift
transform are illustrated in Fig. 8, where two-time subband
phase-shift transform is taken as an example at different posi-
tions. It can be seen that when the amplitude of the original is low,
the amplitude of the transformed signal in blue line tends to be
relatively high, as shown in Fig. 8(a). In Fig. 8(b), however, when

Fig. 7. Four-time phase-shift transform and the illustration of the signal
extraction.

Fig. 8. Amplitudes of original signal and signal after two-time phase-shift
transform at (a) distance between 0 to 0.1 km and (b) distance between 2.7 to
2.8 km.

both the signal in red line and blue line are at a relatively low
level, the amplitude of the transformed signal in green line tends
to be relatively high, verifying the complementary characteristic
of subband phase-shift transform.

The intensity fluctuations of the signal with and without sub-
band phase-shift transform are shown in Fig. 9. From Fig. 9(a),
it can be seen that the original signal has a large intensity fluctu-
ation of ∼70 dB. With one-time subband phase-shift transform,
the intensity fluctuation is reduced to be ∼50 dB, as shown in
Fig. 9(b). In Fig. 9(c), the intensity fluctuation is further reduced
to ∼32 dB after two-time subband phase-shift transform. The
intensity fluctuation can be reduced to as low as ∼20 dB with
four-time subband phase-shift transform, as shown in Fig. 9(d).

Next, the phase differential result is presented in Fig. 10. From
Fig. 10(a), it can be seen that the phase of the original signal
has many falses due to the interference fading. As shown in
Fig. 10(b) and (c), most of the false phases can be suppressed
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Fig. 9. (a) Intensity fluctuation of the original signal; (b) the intensity fluctua-
tions of the signal after one-time subband phase shift transform; (c) the intensity
fluctuations of the signal after two-time subband phase shift transform; (d) the
intensity fluctuations of the signal after four-time subband phase shift transform.

Fig. 10. Normalized phase differential demodulation results with (a) original
signal, (b) optimal tracking method, and (c) RVS method.

after subband phase-shift transform, followed by optimal track-
ing and RVS methods.

Then, we conduct dynamic measurements to study the recov-
ery performance of the disturbances signal. In the experiment,
we applied two sinusoidal waveforms to the fiber with frequen-
cies of 20 Hz and 100 Hz. The time-domain waveforms of these
vibrations are presented in Fig. 11(a) and (c), respectively. The
corresponding power spectral densities (PSDs) are also calcu-
lated in Fig. 11(b) and (d). It is shown that the disturbance signal
is successfully recovered with an SNR of ∼38 dB. Furthermore,
a chirp waveform within the 0–100 Hz frequency range was also
tested. The corresponding time-domain signal can be observed

Fig. 11. Characterization of the disturbance signal. (a) Measured time-domain
signal and (b) the corresponding frequency spectrum of the 20 Hz vibration; (c)
measured time-domain signal and (d) the corresponding frequency spectrum of
the 100 Hz vibration; (e) measured time-domain signal and (f) the corresponding
frequency spectrum of the frequency-chirped vibration.

Fig. 12. Comparison of the phase standard deviation after different processing
methods. (a) The phase standard deviation of the original signal. (b) The phase
standard deviation of the signal with four-time phase-shift transform and optimal
tracking. (c) The phase standard deviation of the signal with four-time phase-shift
transform and RVS.

in Fig. 11(e). To analyze the frequency spectrum, the short-time
Fourier transform is employed, and the result is displayed in
Fig. 11(f).

We also use the standard deviation of the differential phase
to evaluate the effectiveness of the interference fading miti-
gation [22]. As shown in Fig. 12(a), it can be seen that the
interference fading of the original signal along the fiber is strong,
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Fig. 13. Temporal-spatial images of the demodulated phase value with (a)
original signal, (b) signal with four-time phase-shift transform and optimal
tracking, and (c) signal with four-time phase-shift transform and RVS.

and the standard deviation at some points are even larger than
the intensity of the vibration. The calculated average phase
standard deviation is as large as 0.223 rad. It is also shown in
Fig. 12(b) and (c) that the phase standard deviation is reduced
to be 0.105 rad and 0.046 rad by optimal tracking and RVS
methods after four-time subband phase-shift transform, respec-
tively. The lower phase standard deviation indicates that sub-
band phase-shift transform can achieve lower phase noise with
high measurement accuracy. The effectiveness of the proposed
method is also verified via the temporal-spatial images of the
demodulated phase in Fig. 13. It is shown in Fig. 13(a) that the
color changes occur irregularly at many random positions due to
the interference fading. After four-time phase-shift transform,
the phase change at the disturbance zone is more prominent,
which indicates that both optimal tracking and RVS method
can effectively suppress the interference fading, as shown in
Fig. 13(b) and (c).

V. CONCLUSION

This paper examines the causes of interference fading in
coherent Φ-OTDR and proposes an efficient method for miti-
gating the interference fading. The proposed method is based
on subband phase-shift transform and combines two different
techniques. By appropriately decomposing the detected signal
and applying subband phase shifts to different components,
signals with the complementary amplitudes can be obtained.
These amplitude complementary signals can then be synthesized
to correct false phases induced by the interference fading. It
is noted that this method does not require complex frequency

modulation, and it can effectively recover the vibration wave-
form. The proposed method contribute a new insight into the
mitigation of the interference fading and improving the coherent
Φ-OTDR performance.
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