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Environment-Robust Polarization-Based Phase-Shift
Dynamic Demodulation Method for

Optical Fiber Acoustic Sensor
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Abstract—In this paper, an environment-robust polarization-
based phase-shift dynamic demodulation method for optical fiber
acoustic sensor is proposed. Through optical lever effect of polar-
ization low-coherence interference and amplitude scaling differ-
ential cross multiplication (AS-DCM) algorithm, acoustic-source
induced interference phase of the acoustic sensor can be demodu-
lated in real-time with high precision. The maximum relative phase
demodulation error was only 0.694% when the cavity length had
an offset ∼4 µm. The maximum cavity length demodulation error
was keeping less than 3.988 nm under the optical power reduced
ten times, which demonstrated an ultra-stable demodulation for
the largest permitted optical power attenuation range, to our best
knowledge. The proposed method has a capability of tolerating
large optical power attenuation and large cavity length random off-
set, providing an environment-robust way for optical fiber acoustic
sensor working in extreme environments.

Index Terms—Fabry-Perot sensor, amplitude scaling
differential cross multiplication, low-coherence interference,
phase demodulation, signal compensation.

I. INTRODUCTION

ACOUSTIC sensing has wide applications in wearable hu-
man physiological mechano-acoustic signal monitoring

[1], [2], human-machine interaction in smart device voice user
interface [3] or social robotics [4], ultrasound imaging [5], [6],
and acoustic characteristics acquiring for aerospace [7]. Though
electro-acoustic sensors still occupied the dominant position
of acoustic-vibration detection, optical-acoustic sensors have
acquired intensive attention in recent year due to their natural
essence of electromagnetic interference immunity, high sensi-
tivity and extreme environment resistance [8]–[10]. Among the
optical-acoustic sensors, the extrinsic Fabry-Perot interferomet-
ric (EFPI) optical fiber acoustic sensors have simplest structure
with compact size by modulating acoustic information into the
cavity length [11]–[13]. It is worth to note that the acoustic
sensing system performance is determined by both EFPI acous-
tic sensor and its demodulator [14]. The EFPI acoustic sensor
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may change the cavity length and reflecting optical power due
to the effect of ambient environment [15]. Precisely discern-
ing the tiny cavity length variation corresponding to acoustic
source from environment disturbing is critical [16]. In addition,
the demodulator itself may also expose to harsh environment
[17]. Therefore, it is of far-reaching significance to establish an
environment-robust demodulation method that can circumvent
the problems from both the sensor and demodulator.

Direct interference intensity demodulation method has fast
interrogation speed for acoustic sensing, however, its perfor-
mance limited severely by unstable operating point of the EFPI
sensor in the linear operating region [18], [19]. The differential
cross multiplication (DCM) phase demodulation [20] method
does not have the above limitation and provide a way for
large-dynamic-range and wide bandwidth acoustic signal. Many
configurations based on dual-wavelength or three-wavelength
were proposed to realize the DCM phase demodulation. J. Xia
et al. demonstrated a wavelength-switched phase interrogator
with broadband source, polarization-maintaining fiber Bragg
grating and electro-optic modulator (EOM) for EFPI sensors
having different cavity lengths by using the ellipse fitting DCM
algorithm [21]. However, the necessary stability control on EOM
and high temperature-sensitivity fiber Bragg grating makes the
system complex. H. Liao et al. realized DCM phase extraction
with ASE broadband source and tunable filter to select two wave-
lengths for constructing quadrature signals [22], accompanying
by the stability cost of low signal to noise ratio (SNR) resulting
from little filtered optical power. In order to overcome the
problem of low signal optical power, we used two narrowband
tunable distributed feedback (DFB) laser diodes for specified
cavity length [7]. J. Jia et al. showed a three-wavelength passive
demodulation technique with three DFB laser diodes for arbi-
trary cavity length and it tolerated the bending loss of the leading
fiber [23]. However, the above methods are inevitably affected by
the wavelength random shift of the DFB sources or wavelength
filters. Besides constructing phase step from the wavelength
change, the phase step can also be realized from the optical
path differences (OPD) change. In our previous research, we
proposed orthogonal phase shift as well as four-step phase shift
with birefringent crystals [24], [25]. Lacking the compensation
consideration on real-time optical power attenuation prevents its
application in dynamic extreme environment such as Mars-like
planet exploration task.
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Fig. 1. (a) Schematic diagram of EFPI sensor structure, (b) schematic diagram of the environment-robust phase demodulation system.

In this paper, an environment-robust polarization-based
phase-shift dynamic demodulation method for optical fiber
acoustic sensor is proposed. With the help of optical lever effect
of polarization low-coherence interference, three birefringent
crystal blocks with selected thickness are used to construct two
orthogonal low-coherence interference signals and a reference
compensation DC component signal through OPD-based phase
shifts. The extreme low temperature-insensitive property of
birefringent crystal block and scale down effect ensure excellent
thermal stability of phase shift steps. The acoustic-vibration
induced interference phase change is then obtained with our
proposed amplitude scaling DCM algorithm (AS-DCM). The
experiment showed that the maximum relative phase demodula-
tion error is only 0.694% when the cavity length has a large offset
up to ∼4 μm. The cavity length maximum demodulation error
can still be less than 3.988 nm for cavity length variation ampli-
tude 1.943 μm and the optical signal power reduced 10 times,
which is the largest permitted optical power attenuation range
demonstrated among present phase-shift demodulation methods
to our best knowledge. The proposed method can effectively
reduce the affections caused by large cavity length random shift

and large optical power attenuation, providing a robust solution
for potential dynamic extreme environment application.

II. OPERATION PRINCIPLE

Fig. 1(a) depicts the optical interference model of EFPI acous-
tic sensor. The acoustic sensor is composed of D-type borosili-
cate capillary, quartz sleeve, polymer membrane (polyphenylene
sulfide, 1.2 µm thickness) and single-mode optical fiber (SMF),
which are fixed by epoxy glue. D-type borosilicate capillary
provides a micro air passage, and quartz sleeve plays the role of
fixing and protection. The end face of SMF and the inner surface
of the organic polymer membrane constitute a F-P microcavity.
When the light enters the F-P microcavity, the light reflected by
the end face and the light reflected by the diaphragm are coupled
back to the optical fiber and interfere. The light intensity of the
light beam returned through the first reflecting surface can be
expressed as Ir1 = R1I0.R1 is the reflectivity of the SMF end
face, I0is the initial light intensity incident on the EFPI sensor.
The light intensity of the beam coming back through the second
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reflecting surface of diaphragm can be expressed as:

Ir2 (t) =

(
1− exp

{ −2r2

[r + l (t) tanθ + l (t) tan (θ + 2α)]2

})

× (1−R1)
2R2I0. (1)

whereR2 is the reflectivity of the inner surface of the diaphragm,
r is the radius of the SMF core, θ is the divergence angle of the
SMF and α is the angle of the curvature due to external acoustic
vibration signal. t is time, l(t)is the working cavity length of the
sensor, L0 is the initial cavity length of the sensor and ΔL(t) is
the change of cavity length caused by external dynamic acoustic
signal. Under single wavelength, the interference intensity can
be expressed as:

IS (k, t) = Ir1 + Ir2 (t) + 2
√

Ir1Ir2 (t) cos [2kl (t)] . (2)

where k = 2π/λ,λ is the wavelength.
The proposed AS-DCM algorithm adopts three-way low-

coherence interference fringes to calculate. Fig. 1(b) shows the
schematic diagram of the three-way phase demodulation system
based on polarization interference technology. Nano-positioning
stage realizes large cavity length variation of the EFPI sensor
with digital piezo controller. The Broadband source (BBS) with
Boxcar-like spectrum transmits light to EFPI sensor through a
circulator. Reflected light is divided into three beams through a
1 × 3 coupler. Each beam passes through a polarizer, a small
birefringent crystal block and an analyzer in sequence to form a
low-coherent interference fringe, which is received by a detector.
After analog-digital-converter (ADC) acquisition, the data is
transmitted to the PC for processing.

The formed low-coherent interference fringe can be expressed
as:

IL (t) = ∫k2

k1
ρG (k) IS (k, t) ID (k) dk

=
1

2
ρ [Ir1 + Ir2(t)]

(∫ k2

k1

G(k)dk

−
∫ k2

k1

G(k) cos(kΔnd)dk

+ β(t)

∫ k2

k1

G(k) cos [2kl(t)] dk

− β(t)

2

∫ k2

k1

G(k) cos {k [2l(t) + Δnd]} dk

−β(t)

2

∫ k2

k1

G(k) cos {k [2l(t)−Δnd]} dk
)
. (3)

where G(k) is the BBS spectrum and ID(k) is the trans-
fer function of demodulator interferometer.ρis the optical
power coefficient and equal to the ratio of the received
actual optical power and the nominal optical power, which
reflects the degree of optical power attenuation. Δn is the
refractive index difference between extraordinary ray (E-ray)
and ordinary ray(O-ray) of MgF2birefringent crystal and
d is the thickness of birefringent crystal. ki = 2π/λi, (i =
0, 1, 2).λ0 is BBS center wavelength.λ1, λ2are the maximum

and minimum wavelengths of the BBS, respectively. β(t) =
2[Ir1Ir2(t)]

1
2 /[Ir1 + Ir2(t)]. Because the magnitude of l(t) is

tens of microns and the tail swing of the negative first-order
low-coherence interference fringes at the sensor cavity length
can be ignored compared with the first-order low-coherence in-
terference fringes, Formula (3) can be approximately simplified
as following:

IL(t) ≈ A+B (t) cos {k0 [2l (t)−Δnd]} . (4)

Considering the box-like spectrum of ASE light source, the
integrated low-coherent interference signal is similar to sinc
function with sidelobe effect. In order to reduce the sidelobe
effect, the cavity length of the EFPI sensor L0 = 90 μm. Ac-
cording to the principle of low coherent interference, the thick-
nesses of MgF2birefringent crystal blocks are d1 = 2L0/Δn =
15 mm, and d2 = λ0/4Δn+ d1 ≈ 15.03 mm.The third crystal
block selected in the experiment is a-barium metaborate(a-BBO)
birefringent crystal block with a thickness of 15 mm, and its
birefringence index meets Δn′ = 10Δn. The OPD introduced
by the a-BBO crystal block is much greater than the length
of low coherent interference, so the DC component of low
coherent interference is obtained and removed in real-time. The
center wavelength of BBS used in the experiment is 1566 nm
and d2 − d1 = 32.6 μm.The three-way output signals can be
expressed as:

I1(t) = A1 +B1 (t) cos {k0 [2l(t)−Δnd1]} , (5)

I2(t) = A2 +B2 (t) cos {k0 [2l(t)−Δnd2]}
= A2 +B2 (t) sin {k0 [2l(t)−Δnd1]} , (6)

I3 = A3. (7)

where A1, A2 are the DC components of two orthogonal low-
coherence interference signals respectively, A3 is the reference
DC component signal. B1(t), B2(t) are the AC coefficients of
two orthogonal low-coherence interference signals. Implement
the following subtraction transformations:

I4(t) = I1(t)− I3 = ΔA13 +B1(t) cos {k0 [2l(t)−Δnd1]} ,
(8)

I5(t) = I2(t)− I3 = ΔA23 +B2(t) sin {k0 [2l(t)−Δnd1]} .
(9)

The phase φ(t) of EFPI sensor can be expressed as:

φ (t) =

∫
I4 (t) I5

′ (t)− I5 (t) I4
′ (t)

I4
2 (t) + I5

2 (t)
dt

=

∫
2k0l

′ (t) I4 (t)×B2 (t) cos {k0 [2l (t)−Δnd1]}
I4(t)

2 + I5(t)
2 dt

+

∫
2k0l

′ (t) I5 (t)×B1 (t) sin {k0 [2l (t)−Δnd1]}
I4(t)

2 + I5(t)
2 dt.

(10)

where I4
′(t), I5′(t) are the differentials of two orthogonal signals

after removing the DC component. The thickness difference of
the crystal block used to form two orthogonal signals is small
enough so that B1(t) � B2(t) = B(t). When ΔA13 , ΔA23
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TABLE I
PARAMETERS OF SIMULATION

satisfy the relation that ΔAi3/Ai ≤ 2× 10−3,ΔAi3/Bi(t) ≤
1× 10−2, (i = 1, 2) , the phase demodulation error of AS-DCM
is 2.371 nm when the peak to peak value (Vpp) of the acoustic
signal to be measured is 2 μm. This demodulation error is within
the allowable error range, so the information of EFPI sensor
cavity length can be obtained by using the AS-DCM algorithm,
which can be approximately expressed as:

φ (t) =

∫
I4 (t) I5

′ (t)− I5 (t) I4
′ (t)

I4
2 (t) + I5

2 (t)
dt � 2k0l (t)+Z.

(11)
where Z is a constant and is related to the initial phase. Through
the above processing, the AC coefficients in the interference
signals can be removed by reduction in real-time. The affections
caused by the optical power fluctuation and the working cavity
length shift because of thermal interference and mechanical
vibration can be reduced.

III. SIMULATION

To illustrate the affections of cavity length shift and optical
power attenuation on low-coherence interference intensity and
phase demodulation result, we conduct the following simulation.
The parameters are set as in Table I.

A. Cavity Length Shift Affection Simulation

The initial cavity length of the sensor L0 is set to 90
μm and the acoustic-induced cavity length variation signal is

Fig. 2. Simulation of the affections of cavity length shift on low coherence
interference and AS-DCM phase demodulation result.

set to Δl(t) = 10−7 cos(40πt). Fig. 2 shows low coherence
interference waveform variations and AS-DCM phase demod-
ulation results whenL0 shifts from 90 μm to 92 μm. The red
and blue signals on the left and right represent the low coher-
ent interference signals under 90 μm and 92 μm with visible
differences. The signal waveform changes with the change of
the sensor cavity length, which is a function of time. The green
signals represent AS-DCM phase demodulation results. When
L0 is 90 μm, the phase demodulation result is [-0.803 rad, 0.804
rad] and when L0 is 92 μm, the phase demodulation result is
[-0.789 rad, 0.794 rad]. By calculation, the demodulation phase
difference is 0.024 rad and the corresponding cavity length is
only 3.021 nm. According to the low coherence characteristic
of broadband light source, the limiting relationship between light
source wavelength and sensor cavity length can be eliminated,
and the change of AC coefficient caused by cavity length drift
can be eliminated by AS-DCM algorithm in real-time. It can be
concluded that the proposed method can well resist the affection
of cavity length shift.

B. Optical Power Attenuation Affection Simulation

Assuming the BBS has Boxcar-like spectrum profile atten-
uation, let the cavity length changes from 20 μm to 160 μm
and the optical power coefficient to be 0.2, 0.4, 0.6, 0.8 and
1. The optical power coefficient of 1 means the actual optical
power has no attenuation. The simulation result is shown in
Fig. 3. It shows that attenuation of optical power can change
the DC component and AC component amplitude of the low
coherence interference signal. Set the frequency of the dynamic
cavity length variation signal to 20 Hz and the amplitude to 1
μm. Normalize the two orthogonal signals under the situation
that the optical power coefficient is 1. In this case, the demod-
ulation result is considered to be the true value. The normal-
ization coefficients are recorded to normalize when the optical
power coefficient is 0.2, 0.4, 0.6 and 0.8. By using the tradi-
tional DCM [24] demodulation algorithm, which expression can
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Fig. 3. Simulation of the affection of optical power attenuation on low coher-
ence interference.

Fig. 4. Simulation of the affection of optical power attenuation on traditional
DCM phase demodulation.

be expressed as:

ϕ(t) =

∫
(P1P2

′ − P1
′P2)dt. (12)

where P1, P2 are two normalized sine and cosine signals,
P1

′, P2
′ are the differential functions of P1, P2. The demodu-

lation results and their correlation under different optical power
are shown in Fig. 4. When the optical power attenuates, the
waveform demodulated by traditional DCM distorts. When
optical power coefficient is 0.8, the correlation coefficient is
0.977, which means that the traditional DCM result losses the
precise information of the acoustic signal. In view of the above
shortcomings, we extract the DC component of the signal in
real-time and propose AS-DCM to resist optical power atten-
uation affection. Fig. 5 shows the simulation of the affection
of optical power attenuation on AS-DCM phase demodulation
and the correlation between true value and AS-DCM results.
It reveals that the correlation coefficients are always 1 when
the optical power attenuates, which means AS-DCM has good
resistance to optical power attenuation.

Fig. 5. Simulation of the affection of optical power attenuation on AS-DCM
phase demodulation.

IV. EXPERIMENT AND DISCUSSION

A. Cavity Length Shift Affection Experiment

Though the end face of the SMF and the inner surface of the
diaphragm constitute a parallel plate, the external acoustic signal
can make the diaphragm bend. In addition, the temperature
interference during demodulation leads to the thermal expansion
of air medium and objects, resulting in a dynamic cavity length
of the EFPI sensor. Both lead the cavity length to shift. To verify
the affection of cavity length shift on phase demodulation, set the
variable range of L0 as [88.054 μm, 92.103 μm] with a step of 1
μm. Amplified spontaneous emission (ASE) source is selected
as the broadband light source in the experiment and the output
power is 50 mW. A single sine wave cavity length variation
with frequency 20 Hz and amplitude 4.130 μm is generated by
controlling the nano-positioning stage (P-622.1CD) to simulate
acoustic vibration signal. When the output power of the light
source is the maximum, the Vpp of the maximum noise voltage
collected by ADC is 2.3 mV. Under the same birefringent crystal
parameters, the optical power can be balanced at the computer
program according to the three-way voltage ratio collected by
ADC.

Fig. 6 shows the AS-DCM phase demodulation results, in
which the red numbers indicate the peaks and valleys of the
demodulated waveforms. Table II shows detailed analysis of
this experiment. When L0 changes from 88.054 μm to 92.103
μm, the minimum relative demodulation error is 0.182% and the
maximum relative demodulation error is 0.694%. The main rea-
son for the experimental error is that low coherence interference
of ASE Box-like spectrum has sidelobe effect. The affection
of the sidelobe is different under different cavity length, which
introduces different degree of error to the demodulation results.

Ultrasonic source with frequency 22 kHz is then used to test
proposed system. Set the variable range of L0 as [88.302 μm,
92.201 μm] with a step of 1 μm. AS-DCM phase demodulation
results and power spectral densities are shown as Fig. 7.
The data analysis is shown as Table III. Using the average
of five experiments as the reference value, the maximum
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TABLE II
DATA ANALYSIS OF LOW-FREQUENCY DYNAMIC SIGNAL UNDER DIFFERENT INITIAL CAVITY LENGTH

TABLE III
DATA ANALYSIS ULTRASONIC DYNAMIC SIGNAL UNDER DIFFERENT INITIAL CAVITY LENGTH

Fig. 6. AS-DCM phase demodulation results of low frequency dynamic signal
under different initial cavity length.

cavity length demodulation error is 0.498 nm. The frequency
demodulation accuracy is 0.082%, which verified the ability
to demodulate high frequency acoustic vibration signal of the
proposed method. Theoretically, this method has no upper limit
of detection frequency. However, in practical application, the
frequency demodulation range of acoustic vibration signal is

Fig. 7. AS-DCM phase demodulation results and power spectral densities
of ultrasonic signal under different initial cavity length: (a) AS-DCM phase
demodulation results, (b) power spectral densities.

physically limited by the response bandwidth of photodetector
and the sampling frequency of ADC.

B. Optical Power Attenuation Experiment

To better demonstrate the advantage of the proposed method
against optical power attenuation, a comparative experiment
between AS-DCM and traditional DCM is carried out.

Set the initial optical power to 50 mW. In the demodulation
process, adjust the optical power to 40 mW, 30 mW, 20 mW, 10
mW and 5 mW respectively to realize the attenuation of optical
power. A single sine wave cavity length variation with frequency
of 20 Hz and amplitude 1.943 μm is generated by controlling
the nano-positioning stage to simulate acoustic vibration signal.
Fig. 8 shows the Lissajous of dynamic signal under different
ASE output power for AS-DCM and traditional DCM. It can be
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TABLE IV
CORRELATION BETWEEN IDEAL VALUE AND LISSAJOUS FITTING CURVES UNDER DIFFERENT OUTPUT POWER UNDER AS-DCM

Fig. 8. Lissajous of dynamic signal with frequency of 20 Hz and amplitude of
1.943µm under different ASE output power: (a) traditional DCM, (b) AS-DCM.

seen that the optical power attenuation sharply changes the DC
components and AC coefficients of two orthogonal signals for
traditional DCM. Lissajous is no longer approximate to the unit
circle. After using the proposed method, the DC components
and AC coefficients of the signals can be obtained in real-time
and adjusted automatically. Fig. 8(b) provides the ideal unit
circle and actual Lissajous of dynamic signal under different
ASE output power for AS-DCM. Table IV shows the fitting
results of the Lissajous in the Fig. 8(b) as well as the correlation
between Lissajous actual fitting curves and ideal curve. It is
worth to notice that when the output power of the ASE is more
than 10 mW, the correlation coefficients between the Lissajous
actual fitting curves and the ideal curve are not less than 0.9907.
Continue to reduce the optical power to 5 mW, the correlation
coefficient is can still keep 0.9748. That verified AS-DCM
demodulation ensures the Lissajous still have good consistency
under different optical power.

Fig. 9 shows the phase demodulation results of dynamic
signal under different ASE output power between AS-DCM
and traditional DCM. For traditional DCM, due to the optical
power attenuation, the demodulation waveform is distorted,
making the demodulation amplitude erroneous and resonance
phenomenon occur. The experimental results in Fig. 9(a) are in
good agreement with the simulation in Fig. 4. Fig. 9(b) shows
AS-DCM phase demodulation results, in which the red numbers
indicate the peaks and valleys of the demodulated waveforms.
From Table V, the maximum cavity length demodulation error

Fig. 9. Phase demodulation results of dynamic signal with frequency of 20 Hz
and amplitude of 1.943 µm under different ASE output power before and after
compensation: (a) traditional DCM, (b) AS-DCM.

calculated by AS-DCM demodulation technology is 3.988 nm
when dynamic cavity length amplitude is 1.943 μm. The mini-
mum relative demodulation error is 0.026% and the maximum
relative demodulation error is only 0.205%, which verified the
robustness of our proposed method under large optical power
attenuation.

V. CONCLUSION

In this paper, an environment-robust polarization-based
phase-shift dynamic demodulation method is proposed to detect
acoustic vibration signal. We simulate the affections of initial
cavity length shift and optical power attenuation on the phase
demodulation results calculated by AS-DCM and traditional
DCM, which are in good agreement with the experimental
results. When the initial cavity length shifts from 88.054 μm
to 92.103 μm, the maximum relative phase demodulation error
is only 0.694%. The maximum cavity length demodulation error
is less than 3.988 nm under the optical power reduced ten
times, which demonstrates an ultra-stable demodulation for the
largest permitted optical power attenuation range, to our best
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TABLE V
DATA ANALYSIS OF OPTICAL POWER ATTENUATION EXPERIMENT UNDER AS-DCM

knowledge. The experimental results show that the proposed
method can not only demodulate low-frequency dynamic signal
but also demodulate ultrasonic signal with high precision. It can
effectively reduce the affections caused by the optical power
attenuation and the working cavity length shift with excellent
stability and robustness, providing an ultrastable way for optical
fiber acoustic sensor working in extreme environments.

Disclosures: The authors declare no conflicts of interest.
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