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ABSTRACT Optical fiber sensing is a novel sensing technology with the advantages of anti-electromagnetic
interference, anti-corrosion and high sensitivity suiting for many special applications. In this paper, a Michel-
son optical fiber voice monitoring system is introduced and a novel sound extraction algorithm is proposed
to improve the noise stability of it. The voice demodulated by a traditional algorithm based on 3 x 3 fiber
coupler has unstable background noise intensity with the change of the working point of the interferometer.
The unstable noise comes from the shot noise of photodetectors. The sound extraction method proposed
in this paper uses the relation between shot noise and light intensity to smooth the unstable noise and
does not affect the quality of voice monitoring. Voice monitoring systems using this algorithm have stable
monitoring quality without any working point control technology. The fluctuation range of noise intensity
in 300~3500 Hz decrease from 10 dB to less than 2 dB compared with the traditional demodulation
algorithm. Such a method and system can be widely used in many special voice monitoring application

fields such as prison, underground utility tunnel.

INDEX TERMS Optical fiber sensors, shot noise, voice monitoring.

I. INTRODUCTION
Among various sensing technologies, optical fiber sensing
is a novel sensing technology rapidly developing in recent
years. Compared with traditional electronic sensors, optical
fiber sensors have the advantages of anti-electromagnetic
interference, anti-corrosion, low cost and high sensitivity [1]
suiting for many special applications. The voice monitoring
system based on optical fiber sensors [2] is one of the research
branches. Voice monitors made of optical fiber sensors have
the advantages of small size, anti-interference, good conceal-
ment, and can be widely used in many special application
fields such as prison, underground utility tunnel, etc.
According to the type of lightwave modulation by sound
wave, the type of optical fiber sensors used for voice
detection can be divided into intensity modulation, phase
modulation, and polarization modulation. Among them,
phase modulation optical fiber sensors have high sensitivity
without special structural design. Phase modulation opti-
cal fiber sensors have a variety of structures, for instance,
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Sagnac interferometer (SI) [3]-[5], Michelson interferometer
(MI) [6], Mach-Zender interferometer [7], Fabry-Perot inter-
ferometer [8], Fiber Bragg grating (FBG) [9], phase-sensitive
optical time-domain reflectometer (¢-OTDR) [10] and some
hybrid structures of them [11], [12]. SI and MI have the
advantages of simple structure, low manufacturing cost, and
anti-polarization fading. Compared with SI, no delay coil is
required in MI, which makes systems based on MI smaller
and more suitable for practical applications.

In this paper, we study the optical fiber voice sensor based
on MI and the corresponding sound extraction algorithm.
Our research found that MI-based optical fiber voice sensor
has the problem of unstable background noise. The power
of background noise of the sensor changes up and down
with the change of the working point of the interferome-
ter. In MI with lengths of the two arms precisely matched,
the background noise mainly comes from the circuit noise of
electrical devices such as photodetectors and data acquisition
card, and the shot noise of photodetectors [13]. The power of
circuit noise is relatively constant and small, but the power
of the shot noise change with the optical power entering the
photodetector, which is the main cause of unstable noise.
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The problem of unstable noise can be solved by controlling
the working point of the MI. However, the control requires a
well-designed feedback algorithm and a piezoelectric trans-
ducer (PZT) in the sensing fiber [14], making the MI sys-
tem more complex and weakening the anti-electromagnetic
interference capability of the sensor. To solve the above prob-
lems, we propose a new sound extraction algorithm based
on the shot noise theory to replace the traditional phase
demodulation algorithm based on 3 x 3 couplers. This new
algorithm can smooth the unstable noise caused by the change
of the working point of the interferometer and does not affect
the quality of voice monitoring. This method is completely
realized by software, making the MI voice monitoring system
more practical.

Il. SYSTEM AND THEORETICAL ANALYSIS

A. SYSTEM CONFIGURATION

The voice monitoring system based on Michelson interfer-
ometer is shown in Figure 1. A distributed feedback (DFB)
laser with a center wavelength of 1550.12 nm and very low
intensity noise serves as the light source in this system.
An optical isolator (OI, Flyboer Technology) is used to pre-
vent the reflected light from entering the laser. A 2 x 2 coupler
(2 x 2 OC, Flyboer Technology) with a ratio of 1:1 is used to
connect the laser part and the interferometer part, leading the
backlight from the first arm of the 3 x 3 coupler (3 x 3 OC,
Flyboer Technology) to the photodetector 1 (PD1, CPFS934-
100, Wuhan Telecommunication Devices). The photodetec-
tor 2 (PD2) and the photodetector 3 (PD3) directly detect the
backlight of the other two arms of the 3 x 3 coupler, ensuring
that the detected three beams have a phase difference of 120°
between two [15]. In this structure, the combination of OI
and 2 x 2 OC can also be replaced by a fiber circulator. The
devices mentioned above are placed in the monitoring room.
The signals detected by the photodetectors are input to the
monitoring computer (MC, ADLINK Technology) through a
data acquisition card (DAQ, PCI-6122, National Instruments)
for data processing.

Part (1) and part (2) in Figure 1(a) show the Michelson
interferometer and constitute the sound detection probe. Part
(1) is the sensing arm loosely fixed on part (2) and exposed
to the testing environment to detect sound signals in the
environment. Part (2) includes the reference arm and 3 x 3
coupler, which are enclosed in a small plastic box filled with
polyurethane foam (PU foam, SKSHU Paint). Polyurethane
foam has the properties of sound insulation and heat insula-
tion [16]. Such a package can help to reduce the influence
from the reference arm to keep the working point relatively
stable and increase the signal-to-noise ratio of the detected
signal. The lengths of the sensing arm and the reference arm
are both about 20 m with the length difference controlled
within 1 cm. Since the length difference is much smaller than
the coherent length of the light source, the phase noise caused
by the length difference can be ignored [17]. The Faraday
Rotating Mirror (FRM, Flyboer Technology) with a pigtail
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FIGURE 1. Voice monitoring system based on Michelson interferometer.
(a) Schematic diagram. (b) A picture of the system.

is spliced to the sensing fiber by fusion and used to avoid
polarization fading [18].

As shown in figure 1(b), the DFB light source, three pho-
todetectors and other photoelectric devices are packed in a
black box. The sound probe is connected to the black box in
the monitoring room through an optical fiber cable, ensuring
no active device is put outside the monitoring room when the
probe is put outside. Consequently, the anti-electromagnetic
interference capability of the system can be guaranteed.

B. ANALYSIS OF DEMODULATION ALGORITHM
According to the interference theory, without considering
noise, the signals detected by PDs can be expressed as:

Ipp1 = 2EG {1 + cos[Agy (1) + Aga(t)]} (1
Ippa = 2EL {1 + cos[Agy(1) + Aga(t) + ¥1}  (2)
Ipps = 2E5{1 + cos[Agy(t) + Aga(t) —¥1}  (3)

where Egi, Eoz, Eo3 are the amplitudes of the sensing light,
Ag,(t) is the small phase change caused by the voice in the
environment with amplitude less than 1 rad generally, Agq (%)
is the slow phase drift caused by stress relief or temperature
change of the sensing fiber. This kind of slow drift causes
the change of the working point. The fixed phase difference
introduced by the 3 x 3 coupler is 27/3.

By removing the direct current in the signal and normaliz-
ing the amplitude, the three signals can be shown as:

Ippy = cos[Ay(t) + Apa(1)] )
Ippy = cos[Apy(1) + Apa(t) + V] ®)
Ipps = cos[Apy(t) + Apy(t) — V] (6)

In order to compare the traditional phase demodulation
algorithm based on 3 x 3 coupler [ 19] and the sound extraction
algorithm we proposed, the two algorithms will be introduced
in the following 1) and 2).
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1) ARCTAN METHOD

In this method, all noises are not considered and only two
signals are used. Add and subtract I, and I}, ,, respectively
to get:

Pyt = I;>Dz + II/’D3 = —cos[Ap,(t) + Apa ()]  (7)

P_(t) = Ipp, — Ipps = V/3sin[Agy(t) + Apa(D)] (8)

Then the demodulated phase can be expressed as:

Apy(t) + Aga(t) = — arctan(P_(t))/\/g )
P (1)

Since Ag,(t) and Agg(t) consist of high frequency com-
ponent and low frequency component respectively, Ag,(¢) +
Ag@q(t) can be separated by a high-pass filter to obtain
Ag@,(t). In the following, we call this algorithm as arctan
method.

2) NOISE-STABLE METHOD

In this method, the shot noise of the photodetector and the
circuit noise generated by circuits are considered. The shot
noise of the photodetector is proportional to the square root
of the intensity of the measured light [13], which mainly
depends on Agg(t) at a certain moment ¢. Therefore, take
the first signal Ipp; as an example, the shot noise in Ipp; is
expressed as:

nshl(t)\/A cos[Apqs(t)]+D, D=>A (10)

where A is the amplification factor of the AC term, and D
is the DC component of the signal. A and D depend on the
light intensity entering the photodetector, the bias of the pho-
todetector and the amplification factor of circuit. In practice,
the specific values of A and D do not need to be measured.
We just need to adjust the settings of A and D in the algorithm
to obtain the best noise stability. The circuit noise gener-
ated by photoelectric detection and data acquisition does not
change with measured light [13]. The photodetectors used
in our system are integrated on the same circuit board, thus
the circuit noise is same for three signals, expressed as n,(t).
Taking the first signal as an example, the signal considering
the noise is expressed as I3, .

Ipp = cos[Ay(1) + Apq(1)]
+ ngh1 (/A cos[Apa ()] + D + no(t) (1)

A zero-phase low-pass filter with a cutoff frequency of
100 Hz is used to separate low frequency and high frequency
components in / ;Di (i =1, 2, 3). The zero-phase filter can
ensure that no phase error is introduced into the final demod-
ulated signal [20]. For I5,,, since the low frequency drift of
the working point is mainly caused by Ag,(t), cos[Apgy(t)]
can be obtained after zero-phase low-pass filtering. For /5,
and Ip;);, cos[Agq(t) + Y] and cos[Ag,(t) — Y] can be
obtained respectively. Taking the first signal as an example,
the high frequency component in I, is obtained by subtract-
ing cos[Ag,(1)] from I5,,. Then {15, — cos[Apy(t)]} is
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divided by /A cos[Ag,(t)] + D to get Vi, expressed as (12).

Vi = {I}p, — cos[Aga(D)]}//Acos[Apa()] + D
= {(cos[Ag,(1)] — 1) cos[Agy(1)]
— sin[Ag,(t)] sin[Ap4(2)]
+1.()} /A cos[Apa (D] + D + ngn (1) (12)

Term (cos[A@,(t)] — 1)cos[Apq(t)] — sin[Ag,(t)]sin
[A@g(2)] represents the sensitivity change of the sound
sensor with the drift of the working point. We call this
term as VS. When Agy(t) * nr +7/2 (n =0,1,2,...),
VS ~ &£ sin[A¢, ()] =~ £A@,(t). When Ag,(t) =~ nmr (n =
0,1,2,...), VS ~ =+ (cos[Ap,(1)] —1) ~ £ 0.5[Agp,(1)]%.
Since Agy(t) < 1, |Apy(1)] > 0.5[Ag,()]>. Thus when
Aps(t)~nr+7x/2(n=0, 1, 2,...), the sensitivity of sound
sensor is higher. At this time, V| can be simplified as (13).

Vi & [£A@(t) + ne(1)]/v/A cos[ Apa(t)] + D + nyyi (t)
(13)

Ip,, and Ip;, are under the same processing as for-
mula (12) to get V, and V3. When Agy(¢)+2n/3 ~nm + /2
m=20,1,2,...) and Agq(t) — 27/3 ~ nr 4+ 7/2 (n =
0,1,2,...), the second signal and third signal have higher
sensitivity respectively.

Vo & [£ A0 +1e(1)]/ /A cos A@a(1) + ] + D + ngi(t)
(14)
V3 & [£A@, (1) +1e(1)]/v/A cos[ Ag(t) — Y]+ D + ngia(1)
(15)

Since the three signals have a fixed phase difference
of 2m/3, the most sensitive one among the three signals can
be determined at any time z. The method of selection is
to compare the values of cos[Ag,(t)], cos[Apy(t) + 27/3],
cos[Apgy(t) —2m/3]. Ateach moment ¢, Vi (i=1, 2, 3) corre-
sponding to the middle value of these three values is used as
sound signal. For example, if at a certain #,,, cos[Ag,(t,) +
27/3] > cos[A@q(ty,) — 2m/3] > cos[A@q(tn)], V3 has the
best sensitivity and is selected as sound signal at f,,. This
selection can ensure the sensor has the best sensitivity at every
time.

After the above mentioned processing, ng,1 (), nsp2(f) and
ngy3(t)in Vi (i=1, 2, 3) do not contain any coefficient related
to Agg(t). Thus the fluctuation of noise intensity caused by
the change of the working point is suppressed. When A and
D are small, the change in V; (i = 1,2, 3) caused by the
square root term in V; (i = 1, 2, 3) is also small, which can
be ignored. Thus £Ag,(#) without noise fluctuation can be
obtained through the above processing. Since sound signal is
not sensitive to phase (positive or negative), the final result is
expressed as A, (). We call this sound extraction algorithm
as noise-stable method, shown in Figure 2.

Ag,(t) obtained by the above two methods can be con-
verted into a sound signal and played in the speaker after
down-sampling. Both of these two algorithms can be easily
realized for a computer. For each signal frame, the time for
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FIGURE 2. Schematic diagram of the noise-stable method.
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FIGURE 3. Original signals when the sensor is in silent environment.

signal processing is less than the time for sampling. Thus the
data acquisition and the signal processing can run continu-
ously and real-time voice monitoring can be realized.

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

A. EXPERIMENTS IN SILENT ENVIRONMENT

In order to prove the noise-stable method has good stability,
we carry out some experiments to compare the noise-stable
method with the traditional arctan method. The electrical
signals detected by the three photodetectors are converted
into digital signals through the data acquisition card PCI-
6122 (National Instruments), and the sampling rate is set
to 100kS/s. The arctan method and noise-stable method are
realized by LabVIEW software. The same original signals
are demodulated through these two methods respectively to
compare the performance of the two algorithms.

The fiber sensor is placed in a quiet environment in the
first part of experiments. After the sensing fiber is disturbed
or temperature changes, thermal expansion and contraction
with stress relief inside the fiber will cause the change of
the length and the refractive index of sensing fiber, resulting
in the change of Ag,(t). After a press to the sensor by
hand, the original signals detected by the photodetectors are
shown in Figure 3. At this time, the working point of the
interferometer is in an unstable state.

As the blue plotted curve in Figure 4, the noise intensity
of Ag,(t) demodulated by the arctan method fluctuates with
the working point shown in Figure 3. When Ipp; and Ipp3
drift to the lower intersection point of about —1.5 'V, the cor-
responding noise intensity reaches the minimum, and when
Ippy or Ipps drifts to its maximum value of about 2 V, the
corresponding noise intensity reaches the maximum. Due to
the ignorance of the shot noise of the photodetectors in arctan
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FIGURE 4. Agy(t) demodulated by arctan and noise-stable method.
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method, such noise fluctuation with the working point occurs.
The amplitude of Ag,(¢f) can reach about 0.008 rad and
only 0.003 rad in minimum. After down-sampling, A, ()
is converted into sound signal and played out. The unstable
noise can be heard.

Figure 5 shows the high frequency component of the orig-
inal signal after the zero-phase filtering in the noise-stable
method, which is the {/5,,, — cos[Ag,(#)]} in equation (12)
(same for the second and third signals). In the silent environ-
ment, this component consists of shot noise and circuit noise,
thus the maximum value of high frequency noise occurs when
the corresponding original signals reach the maximum value.

In the noise-stable method, on the condition of A = 2,
D = 3, the demodulated A, (#) with a stable noise intensity
is shown in Figure 4 and plotted in red. No fluctuation of
noise intensity is observed and the sound played out is stable,
matching up with silence in the testing environment.

Two spectrograms can be obtained by implying short time
Fourier transform (STFT) to Ag,(t) demodulated by the two
algorithms respectively, as shown in Figure 6. Each spectro-
gram consists of the results of 1000 fast Fourier transforms
with Hamming window and the sampling rate of 100kS/s.
Spectrograms clearly show the sound power of any frequency
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at any time. In Figure 6(a), some horizontal stripes are visible,
meaning that the distribution of noise intensity in the time
axis is not uniform and leading to noise intensity fluctua-
tion which can be heard. Relatively the noise distribution
shown in Figure 6(b) is uniform, proving that the noise-stable
method is effective in suppressing the intensity fluctuation
caused by shot noise.

Since the frequency range of human voice is about
300~3500 Hz and the sensitive range of ear is also con-
centrated in this frequency band, the sound extracted by
above-mentioned methods is always filtered by a band-pass
filter to realize voice monitoring in some applications.
An experiment is carried on to compare the quality of voice
monitoring using arctan method and noise-stable method
respectively. The mean value of power spectrum of noise
within 300~3500 Hz is recorded for 10 minutes, meanwhile
the working point of interferometer slowly drifts with a fre-
quency under 1 Hz. The test results are shown in Figure 7.
For arctan method, the fluctuation range of this mean value
is within —95~—105 dB, leading to significant intensity
change. For noise-stable method, the fluctuation range does
not exceed 2 dB, meaning that it has good stability.

According to the experimental results, the main difference
between the two algorithms is that they have different sound
effects in a silent environment. The root cause of this differ-
ence is there are two different distributions in the original

60486

Time (s)

FIGURE 8. Original signals detected by the photodetectors with voice.

signal. For the shot noise, noise intensity increase with the
voltage of original signals, which is shown in Figure 5 and
corresponding Figure 3. While for the sound signal, the high
sensitivity states occur when the voltage of original signals
are at a middle level, which is determined by interference
formulas (1), (2) and (3). The two different distributions
coexist in the same original signals.

The traditional arctan method only deals with the distri-
bution of the sound signal. If the arctan method is used,
when the shot noise cannot be ignored, the demodulated
sound signal will be affected by fluctuations of the shot noise.
As shown in Figure 6 and Figure 7, the shot noise affects the
whole frequency band, including 300~3500 Hz, which brings
bad effects to the quality of sound monitoring. Therefore,
we propose the noise-stable method, which is designed to
demodulate sound signals from original signals and give con-
sideration to the distribution of shot noise at the same time.
Thus using the noise-stable method, the background noise of
sound monitoring is more stable.

B. EXPERIMENTS WITH VOICE

In this part, the ability of noise-stable method to demodulate
voice signal is tested. A cellphone is used as a voice source
to play an audiobook by its speaker. The optical fiber sensor
is placed nearby the cellphone to detect the voice signal.

Figure 8 shows the original signals detected by the pho-
todetectors when there is voice in the environment. By zoom-
ing in the displayed original signals, some weak voice signals
can be seen.

The Vi, V> and V3 obtained by the noise-stable method are
shown in Figure 9, each of them contains the voice signal
to be tested, but cannot continuously achieve high sensitivity
voice detection alone due to the sensitivity change with the
working point. However, at any time ¢, one of the three signals
is always in a state of high sensitivity. For example, the
signals in the red circle in Figure 8 are in a state of high
sensitivity. The segments with high sensitivity in each signal
are taken out by the judgment of middle value of cos[ A, (?)],
cos[Apy(t)+2m/3], cos[ Apy(t)—2m/3] and spliced together.

After down-sampling, the sound signal containing voice to
be tested is obtained, as shown in Figure 10.

Comparing Figure 9 with Figure 10, it can be found that
the sound signal in Figure 10 is mainly composed of the
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maximum values of each signal in Figure 9. Duo to the
voice demodulated by the noise-stable method uses the most
sensitive parts of V1, V; and V3, the monitored voice has good
quality and stability.

In an environment with voice, the mean value of power
spectrum of Ag,(¢) within 300~3500 Hz is recorded for
200 seconds, as shown in Figure 11. For the sound signals
demodulated by the two methods, the change of this mean
value is basically the same, proving that the signal processing
using the noise-stable method does not adversely affect the
voice quality.

IV. CONCLUSION

In conclusion, a Michelson optical fiber voice monitoring
system is introduced and a novel sound extraction algorithm
is proposed. The algorithm called noise-stable method can
demodulate voice signal with high stability of noise intensity
and high sensitivity to realize stable voice monitoring. The
fluctuation range of noise intensity in 300~3500 Hz decrease
from 10 dB to less than 2 dB compared with the traditional
phase demodulation algorithm. Such a method and a system
have broad application potential in voice monitoring.
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