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Abstract: In this paper, we propose an intensity demodulation based fiber sensor for
dual-parameters sensing of acoustic wave and lateral pressure. The sensor consists of a
long period fiber grating (LPFG) inserted into a Sagnac interferometer (Sl). The LPFG is
kept straight and fixed on a polyethylene terephthalate membrane for acoustic detection. A
tunable laser source (TLS) is utilized to illuminate the sensor. The acoustic wave will produce
a time-varying intensity signal that consists of an alternating current (ac) component and a
direct current (dc) component. The ac component contains the acoustic information, while
the dc level is determined by the transmittance of the sensor in the static condition (without
acoustic signal applied on the sensor). Since the lateral pressure induced wavelength shift of
the Sl will change the transmittance at the TLS wavelength, the dc level varies with different
lateral pressure applied on the sensor. Therefore, the acoustic wave and lateral pressure can
be demodulated, respectively, by monitoring the ac component and dc level in the output
signal. In the experiment, output time-domain signals with 500 Hz ac components and
different dc values are acquired when 500 Hz acoustic wave and different lateral pressure
is applied on the sensor.

Index Terms: Long period fiber grating (LPFG), Sagnac interferometer (Sl), dual-parameters
sensing, acoustic wave, lateral pressure.

1. Introduction

Pressure and acoustic waves are very important parameters in many applications. Effective
measurement of pressure is of great significance in the fields such as structure health monitoring,
disaster forecast, oil pipeline leakage detection, etc. For example, abnormal pressure variations
in the underground will arise before an earthquake [1]. Among numerous sensing methods, fiber
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sensing technology has shown many attracting advantages such as small size, light weight,
immunity to electromagnetic interference, and the ability of distributed sensing and multiplexing.
Due to these mentioned advantages over electric and mechanical techniques, the fiber pressure
sensor has been widely studied. Fabry-Perot interferometer (FPI) based fiber pressure sensor
is simple but effective [2]-[6]. Researchers have also proposed effective methods for pressure
sensing based on different techniques such as fiber Bragg grating (FBG) [7], CO2-laser induced
long-period fiber grating [8] and intensity modulation [9]. Of equal importance to pressure sensing,
acoustic detection has also attracted a lot of attention. Acoustic signals will also be produced in
different kinds of disasters [10], [11]. Diaphragm based FPI acoustic sensor is a common method
studied by researchers [12]-[15]. Other types of fiber devices such as non-fused fiber coupler [16],
fiber laser [17], [18], phase-shifted fiber Bragg grating [19], and micro fiber knot [20] have also
been demonstrated for acoustic sensing.

Another hotspot in the research of fiber sensing is dual-parameters measurement. The con-
ventional mechanism of simultaneous measurement of two parameters is based on two reference
wavelengths. Usually the two reference wavelengths are resonant dips or peaks caused by different
effects such as mode interference or wavelength dependent loss, etc. Due to different effects, the
two reference wavelengths have different sensitivities to each parameter. By introducing a ma-
trix, the two measurands can be calculated from the different responses of the two wavelengths.
Researchers have proposed different ways to realize simultaneous measurement of different
parameters such as temperature and strain [21], [22], temperature and refractive index (RI) [23]-
[25], temperature and curvature [26], temperature and displacement [27], strain and lateral stress
[28], etc. However, as mentioned above, since the conventional dual-parameters sensing is based
on wavelength demodulation, it can hardly implement simultaneous measurement for dynamic
parameters such as acoustic wave and vibration.

In this paper, we investigated a more generalized method for simultaneous measurement of
dynamic acoustic signal and static lateral pressure based on intensity demodulation. The output
intensity of the sensor is modulated by the acoustic wave. Since the acoustic signal is dynamic, it
produces the AC component. The AC component contains the information of the acoustic wave.
Lateral pressure applied on the sensor will lead to a wavelength shift of the interference spectrum
of the SI. The wavelength shift is converted to an intensity variation by a TLS. The lateral pressure
variation is usually very slow compared to the acoustic frequency, so it can be regarded as a static
parameter. Therefore, the pressure induced intensity variation is embodied in the DC level change of
the output signal. The mechanism is analyzed in detail. The experiment is conducted and the results
can verify the feasibility of our proposed method. The time-domain responses to 500 Hz acoustic
signals with different lateral pressure applied on the sensor is tested. The minimum detectable
acoustic pressure is 331.9 uPa/Hz'/2. DC value of the output signal is in a linear relationship
with the lateral pressure and the sensitivity is 40 mV/kPa. Compared to the traditional wavelength
tracking technique, our proposed sensor exhibits the capability for dual-parameters sensing for
dynamic parameters such as sound or vibration.

2. Basic Structure and Sensing Mechanism

In our proposed sensor structure, the LPFG is inserted into a polarization-maintaining photonic
crystal fiber (PM-PCF) based Sagnac interferometer (Sl), as shown in Fig. 1. Light injected into
the PMF will propagate along two orthogonal polarization states owing to the high birefringent
coefficient. A phase difference between the two polarization states is accumulated during the
propagation in the PMF owing to the refractive index (Rl) difference of two polarization states.
When the two counter-propagating beams in the SI meet each other again at the coupler after a
round-trip propagation, interference will occur.

For acoustic detection, a PET membrane is adopted as a transducer. The LPFG is fixed on
the membrane. The acoustic wave will generate the vibration of the membrane. The LPFG fixed
on the membrane will vibrate in accompany with it. The vibration of the LPFG is equivalent to a
dynamic curvature modulation, as shown in Fig. 2(a). When the LPFG is bent, the intensity of the
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Fig. 1. Basic structure of the proposed sensor.
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Fig. 2. (a) Structure and principle of the membrane transducer. (b) Principle of intensity modulation.
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Fig. 3. Relationship between the intensity level and wavelength shift induced by the lateral pressure.

resonant dip varies while the resonant wavelength remains almost unchanged [29]. By employing
a TLS and tune the wavelength to the resonant dip of the LPFG, the output signal will be a
time-varying waveform when the LPFG is utilized for the acoustic measurement, thus producing
the AC component. The principle is exhibited in Fig. 2(b).

If lateral pressure is applied on the Sl, the RI difference between the two orthogonal polariza-
tion states in the PMF is changed because of the elasto-optical effect. This will lead to a wave-
length shift of the interference pattern [28]. The single wavelength TLS can transfer the wave-
length shift to an intensity variation. Since the variation of the pressure is much slower compared
to the acoustic frequency, the pressure induced intensity variation causes the DC level change. If
the TLS wavelength locates at the middle of the linear region (Q point) of the interference pattern, the
relationship between the DC level and the pressure induced wavelength shift will be approximately
linear in a specific range, as shown in Fig. 3.
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Fig. 4. Schematic diagram of the mechanism for dynamic dual-parameters sensing.

The output intensity signal is composed of two parts, namely, the AC component and the DC
component. Since the PMF is not put on the transducer membrane, it will not respond to the acoustic
vibration. So the AC component is produced only by the dynamic vibration of the LPFG caused
from the acoustic signal, while the DC component is the output intensity level when the sensor is
not exposed to acoustic waves.

According to the analysis above, if the resonant wavelength of the LPFG is at the Q point of the
Sl interference spectrum and the TLS is tuned to that wavelength, the dynamic acoustic signal and
static lateral pressure can be measured simultaneously by monitoring the output intensity signal.
The information of acoustic signals consist in the AC component, while the DC level reflects the
lateral pressure applied on the sensor. Therefore, the two parameters can easily be measured at the
same time. The schematic diagram is shown in Fig. 4 below and it clearly reveals how the dynamic
acoustic signal and static lateral pressure can be demodulate from the DC and AC components.

The detailed analysis of the mechanism are as follows.

Since the LPFG is inserted into the Sagnac loop interferometer, the transmission function of the
proposed sensor structure should be the multiplication of the transmission function of LPFG and
Sl. The transmission functions of the LPFG and the Sl are respectively expressed in the following
equations:

82
Tipre = COS°(I- /17 4 82) + mmn?(/. Ji + 82) 1)
AnL
Ts = sin2(91 +92)COSZJT o (2)

Therefore, the transmission function of the proposed sensor can be written as
T=Tprre - Tsi- ()

In the equation, /and L is the length of the LPFG and the PMF, respectively. 1 and 6, is the angle
of polarization states rotated at the joints of the PMF and SMF. n and § represents the AC and DC
coupling coefficient of the LPFG. Anis the effective Rl difference of the two orthogonal polarization
axes in the PMF.

According to the theory of long period fiber grating, the DC coupling coefficient is zero at the
resonant wavelength of the LPFG, i.e. § = 0. Therefore, the transmittance of the LPFGi is as follows:

TLpre = COS? (7). (4)

Assume that the resonant wavelength of the LPFG is located at the Q point of the interference
pattern of Sl, which means cos?(r A nol /1) = 1/2, and therefore, we can suppose the phase
difference to be = A noL /A = kx + /4. Ang is the initial effective RI difference. In order to make
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the analysis simple, we can assume sin?(6; + 6») to be 1, and this factor can be adjusted by the
polarization controller (PC). So the initial transmission function of the sensor should be expressed as

1

To= Ecosz(nl). (5)

When the LPFG responds to the acoustic signal, the intensity of the resonant dip will vary with the

acoustic frequency in the time domain due to the dynamic curvature modulation, as demonstrated
in Fig. 2. This can be expressed as follows:

Tipec' = Tiprg + AT - cos(wt). (6)

In (6), AT is the acoustic induced transmittance variation of the LPFG. When lateral pressure
is applied on the proposed sensor, the induced phase difference and the transmission function is
derived as follows:

. w(Ang+ Anp)L m  wAnlL
= = - 7
- m+4+ - (7)
1 1 TAn,L
’ 2 7 : 4
pr— e —_— . 8
Ts Cos g 2+25|n< . > (8)

In (7) and (8), Anp is the pressure induced variation of the effective Rl difference between the
two axes of the PMF. In the linear region of the interference fringes, the function can be operated
approximately:

1 1 =wAn,lL
To' ~ =+ —- iy 9
s 5 + 5 . 9)

Therefore, under the simultaneous impact of the acoustic waves and lateral pressure, the trans-

mission function can be written as

T — <1 + 1 manpl ) -[cos®(nl) + AT - cos(wt)]

22 A
= Tpc+ Tac (10)
1 1 wAn,L
Tpc = <§ +5 ) - cos? (1),
1 1 w7An,L
Tac= [=+=- P~ ). AT . 11
AC <2+2 . ) cos(wt) (1)

For a certain LPFG, cos? () is a constant. It can be seen that the transmittance of the proposed
sensor is composed of DC component Tpc and AC component Tac. The DC component only varies
with the lateral pressure, while the AC component depends on both the lateral pressure and acoustic
signals. The frequency of the AC part is equal to the acoustic frequency, but the AC amplitude is
relevant to both acoustic signals and lateral pressure. Suppose the lateral pressure induced Rl
change and acoustic induced transmission variation to be

Any=0-P, AT=k-p (12)

where o and k are two constant coefficients. The lateral pressure and acoustic signal can be derived
and expressed by the DC and AC components as follows:

_ 2MTpc — To)
= Sl cos?(nl) o
1 Tpe—To
p cos{uwl) = Tac/k- [5 + cos2(n) } - 0
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Fig. 5. Simulated spectrum of the proposed sensor.

From (13) and (14), the DC level has a linear relationship with the lateral pressure. The frequency
of the AC component is equal to the acoustic frequency, while the AC amplitude is relevant to both
lateral pressure and amplitude of acoustic signal.

In the simulation, by adjusting the resonant wavelength of LPFG to be 1548 nm, which is at the
middle of the hypotenuse of the interference pattern, the simulated transmission spectrum can be
calculated and demonstrated in the Fig. 5.

In order to demonstrate the schematic of evolution under acoustic and lateral pressure, other two
simulations have been conducted. Firstly, we simulated the spectral response with different An,
caused by different lateral pressure. The simulation result is shown in Fig. 6(a). The three curves of
different color (blue, red and black) represent the sensor’s optical spectrum under different lateral
pressure. An obvious wavelength shift can be observed in the simulated transmission spectrum,
agree with the analysis we have discussed above. On the operating point of 1548 nm (resonant
wavelength of LPFG and Q point of the Sl spectrum in the simulation), an intensity variation comes
into being due to the wavelength shift, as demonstrated by DC1, DC2, and DC3 in Fig. 6(a).
Afterward, we simulated the spectral response under the impact of lateral pressure and acoustic
wave. Since the optical spectrum shows the static condition of the sensor, while acoustic is a
dynamic parameter, and therefore, it is difficult to demonstrate the sensor’s response to acoustic
on the simulated spectrum. According to the analysis in the preceding part of this text, the LPFG’s
response to acoustic wave is based on the curvature modulation that will change the intensity
of the resonant dip. Therefore, alternatively, we conducted a simulation on the spectrum under
different lateral pressure and different intensity of LPFG’s resonant dip. The simulated result is
exhibited in Fig. 6(b). Similar to Fig. 6(a), the curves of different color (blue, red and black) are the
spectrums under different lateral pressure. The three curves of each color indicate the response
of the spectrum with different LPFG’s intensity under the same lateral pressure. As plotted in the
Fig. 6(b), it is clear that the lateral pressure induced wavelength shift of the interference spectrum
leads to different DC levels, while the acoustic signal is demodulated by the AC component. The
simulation results can identify the feasibility of our proposed sensor.

3. Experimental Setup and Operation Principle

The experimental setup is demonstrated in Fig. 7. The incident light from the TLS is split into two
counter-propagating beams by the 3 dB fiber coupler. A section of PMF is fusion spliced between
port3 and port4 of the coupler to form a normal SI. The LPFG is inserted into the SI. A PC is employed
to adjust the polarization states in the Sl in order to achieve a good contrast of the interference
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pattern. A signal generator drives the loudspeaker to produce sinusoidal acoustic signals of single
frequency. As discussed in the previous part2, the LPFG is fixed upon a PET membrane and kept
straight. The LPFG we used in our experiment has a grating period of 625 um, and the resonant
wavelength is 1548.6 nm. It is fabricated by UV light inscription on a hydrogen-loaded fiber via a
phase mask. These factors of the LPFG may affect the resonant wavelength. But as analyzed in
part2, the simultaneous measurement can be achieved as long as the resonant wavelength of the
LPFG locates at the Q point of the interference spectrum of the SI. Therefore, by controlling the S,
the experimental results will not be affected even if another LPFG with different parameters is used.
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Fig. 8. (a) Transmission spectrum of the sensor. (b) Spectrum overlap.

Based on the above analysis, the resonant wavelength of the LPFG should be adjusted to the Q
point of the Sl interference pattern. Therefore, first, firstly we adopt a broadband source (BBS) to
illuminate the sensor and observe the spectrum on the optical spectrum analyzer (OSA, Yokogawa
AQ6370c). When the spectrum of the sensor is proper for our experiment, a TLS is then used to
replace the BBS to illuminate the sensor. The output intensity is detected by a photodetector (PD).
The PD converts the intensity of the optical signal to electric signal and displayed on an oscilloscope.
In the experiment, we test the response of the sensor to acoustic signals in a frequency range, as
well as acoustic signals with different lateral pressure applied.

4. Experiment Results and Discussion

The experimental setup is shown in Fig. 7. The resonant wavelength of the LPFG in our structure
is 1548.6 nm. Fig. 8(a) reveals the transmission spectrum recorded by the OSA, in which we can
see that the wavelength of 1548.6 nm is on the Q point of the interference spectrum, similar to
the simulated results in Fig. 5. In the spectrum, the resonant dip of the LPFG can’t be seen on
1548.6 nm. This is due to the overlap of the resonant dip with the Sl interference pattern, and the
wavelength of the dip is on the hypotenuse of the interference spectrum, as illustrated in Fig. 8(b).

The experiment of simultaneous measurement of acoustic and lateral pressure is then con-
ducted. Sinusoidal acoustic signals of 500 Hz is applied on the sensor along with different lateral
pressure. The time-domain intensity signals are detected by the PD and shown in Fig. 9(a). The
AC components of the detected intensity signals all have a same frequency of 500 Hz, which is the
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Fig. 9. (a) Time domain waveform of 500 Hz under different pressure. (b) Fourier spectrum under
different pressure.

same as the acoustic frequency. The DC levels are varying with different lateral pressure applied
on the sensing structure. The frequency spectrums are acquired by taking the FFT of the time-
domain signals and shown in Fig. 9(b). The Fourier spectrums of the acquired time-domain signals
under different lateral pressure are almost the same and all show a main peak at 500 Hz with the
consistent signal to noise ratio (SNR) of 40.6 dB, indicating that the pressure has scarcely cross
interference on the acoustic detection. The acoustic pressure is 75 dB, which is measured by a
sound level meter. The 3 dB bandwidth of the Fourier spectrum is 10 Hz, and therefore, it can be
calculated that the minimum detectable acoustic pressure is 331.9 uPa/Hz'/?.

The DC levels and AC amplitudes of the detected signal under different pressure is plotted in
Fig. 10. The linear fit shows that the pressure sensitivity of DC values and AC amplitudes are
40 mV/kPa and 4 mV/kPa, respectively. As analyzed in the part3, the DC level has a linear
relationship with the lateral pressure, while the AC amplitude is relevant to both acoustic signal
amplitude and lateral pressure. The experimental results show that the pressure sensitivity of AC
amplitudes to the lateral pressure are one order of magnitude lower than that of DC value, and
therefore, the cross interference of the pressure to the AC amplitudes are very small and can be
neglected.

As mentioned above, the PMF is not fixed on the PET membrane; therefore, it will not introduce
a cross-effect with the LPFG on acoustic sensing. In order to study the cross-sensitivity between
the LPFG and PMF on the lateral pressure sensing, we then carry out an experiment to apply the
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Fig. 10. Relationship between pressure and (a) DC value. (b) AC amplitude.

lateral pressure on the LPFG and PMF individually. The response of the transmission spectrum is
recorded by using a BBS and OSA. Fig. 11(a) and (b), respectively, demonstrates the spectrum
response when the lateral pressure is applied on the PMF and LPFG. An obvious wavelength shift
can be observed when the PMF is under different pressure, leading to an intensity variation at
the wavelength of 1548.6 nm, which is the operating wavelength when measuring acoustic wave
and lateral pressure simultaneously. When different pressure is applied on the LPFG, the whole
spectrum stays almost unchanged. Only very little wavelength shift of the interference spectrum
can be observed. From the previous theoretical analysis, the interference pattern is only caused by
the birefringence of the PMF in the SI, while the LPFG is irrelevant with the interference. Therefore,
the possible reason for the very little wavelength shift is that the lateral pressure induces a very
small birefringence in the LPFG. The intensity variation at the wavelength of 1548.6 nm is shown
in Fig. 12.

It can be seen from Fig. 12 that the pressure sensitivity is 1.8 dB/kPa and 0.27 dB/kPa for the
PMF and LPFG, respectively. The sensitivity of the PMF to the pressure is more than six times
larger than that of the LPFG, so the cross-sensitivity is relatively small. In practical applications,
proper design of the packaging may be possible to insulate the LPFG from the pressure variation
so that the cross-sensitivity is able to be further reduced.

As for the influence of the temperature, the PM-PCF is insensitive to the temperature variation
because of the air-hole structure, and therefore, we tested the temperature response of the LPFG. In
the range of 20-55° C, the wavelength shift of the LPFG’s resonant dip is 2.2 nm with a sensitivity of
0.067 nm °C. Therefore, In the normal range of the environmental temperature, the wavelength shift
of the LPFG is about 1-2 nanometers, so the resonant dip will still locate in the linear region of the
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interference spectrum. If the sensor works in a harsh environment that suffers a larger temperature
range, extra technique for temperature compensation will be needed.

Another noteworthy point is that the polarization-maintaining fiber based pressure sensor would
suffer an orientation-dependent sensitivity. In this paper, the PMF is coiled for the lateral pressure
measurement, so that the PMF can be sufficiently affected by the pressure. The orientation of the
lateral pressure measured by the PMF should be vertical to the coil plane. For a certain PMF coill,
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Fig. 13. Lateral pressure sensitivity when the pressure is repeatedly increasing and decreasing.

the pressure orientation is stationary relative to the PMF, and therefore, the sensitivity should be
a constant in theory. In order to prove the stability of the pressure sensitivity, we conducted an
experiment by increasing and decreasing the lateral pressure on the PMF coil repeatedly. The time
interval between each time of pressure increasing and decreasing is half an hour. The spectrum
is monitored by the OSA and demonstrated in Fig. 13. The sensitivity of the four times increasing
and decreasing lateral pressure is 0.062 nm/kPa, 0.064 nm/kPa, 0.064 nm/kPa, 0.062 nm/kPa,

respectively.

5. Conclusion

To summarize, we proposed a novel fiber sensor for dual-parameters sensing of acoustic wave and
lateral pressure. Different from the traditional method of simultaneous measurement of two static
parameters by wavelength demodulation technique, we applied the simple intensity demodulation
method to detect the time-varying parameter. The acquired intensity signal from the PD is composed
of DC and AC components for the detection of dynamic acoustic wave and static lateral pressure,
respectively. The frequency and amplitude of the AC component contains the information of acoustic
signal. The DC level reflects the static lateral pressure applied on the sensor. This method for dual-
parameters sensing has the advantages such as simple demodulation scheme and capability of
detecting dynamic signals. The proposed sensor for simultaneous measurement of acoustic and
pressure has great potential in many applications such as hydroacoustics and earthquake detection,
etc.
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