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Abstract: A passive homodyne phase demodulation technique based on a linear-fitting trigonomet-
ric-identity-transformation differential cross-multiplication (LF-TIT-DCM) algorithm is proposed.
This technique relies on two interferometric signals whose interferometric phase difference is odd
times of 7. It is able to demodulate phase signals with a large dynamic range and wide frequency
band. An anti-phase dual wavelength demodulation system is built to prove the LE-TIT-DCM algo-
rithm. Comparing the traditional quadrature dual wavelength demodulation system with an ellipse
fitting DCM (EF-DCM) algorithm, the phase difference of two interferometric signals of the anti-
phase dual wavelength demodulation system is set to be 7t instead of 7t/2. This technique overcomes
the drawback of EF-DCM —that it is not able to demodulate small signals since the ellipse degener-
ates into a straight line and the ellipse fitting algorithm is invalidated. Experimental results show
that the dynamic range of the proposed anti-phase dual wavelength demodulation system is much
larger than that of the traditional quadrature dual wavelength demodulation system. Moreover, the
proposed anti-phase dual wavelength demodulation system is hardly influenced by optical power,
and the laser wavelength should be strictly limited to lower the reference error.

Keywords: passive homodyne phase demodulation; linear fitting; trigonometric identity transfor-
mation; differential cross multiply; interferometric sensors

1. Introduction

Fiber optic sensors have been widely researched because of their advantages such as
high sensitivity, light weight, electromagnetic immunity, and multiplexing capabilities
[1-5]. Among fiber optic sensors, interferometric sensors play an important role including
four types such as Michelson interferometric (MI) sensors [6], Mach-Zehnder interfero-
metric (MZI) sensors [7], Sagnac interferometric (SI) sensors [8] and Fabry—Perot interfer-
ometric (FPI) sensors [9]. For interferometric sensors, the signal to be measured is demod-
ulated in a phase of an interferometer, where a specific demodulation method is applied
to the interrogation phase signal introduced by the signal to be measured. Several demod-
ulation methods have been reported including homodyne phase demodulation [10-22],
heterodyne phase demodulation [23-25] and spectrum demodulation [26-28]. Homodyne
phase demodulation has attracted much attention due to its large dynamic range, wide
frequency band and immunity to phase noise from the laser source. It can be divided into
two categories, which are active and passive homodyne phase demodulation. A typical
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structure of active homodyne phase demodulation is active wavelength tuning homodyne
demodulation, which is simple and easy to be realized [10-12], whereas the dynamic
range of active wavelength tuning homodyne demodulation is limited since a linear approx-
imation of the interferometric function is introduced, which makes it only suitable for small
signal demodulation. For passive homodyne phase demodulation, there are several differ-
ent types, such as 3 x 3 coupler demodulation [13,14], phase generated carrier (PGC) de-
modulation [15-18] and quadrature dual wavelength demodulation [19-22]. The character-
istics of 3 x 3 couplers, i.e., that phase difference is 27/3 and the coupling ration is 1:1:1 to
realize phase demodulation, are taken advantage of by 3 x 3 coupler demodulation, which
becomes invalid when the characteristics of the 3 x 3 coupler are not ideal. Moreover, 3 x 3
coupler demodulation is only applicable for MI sensors and MZI sensors. PGC demodula-
tion is widely used in MI and MZI sensors because their optical path difference (OPD) is
long enough to provide enough modulation depth. On the contrary, PGC demodulation is
hardly able to be used in FPI sensors, whose OPD is usually several hundred micrometers.
Moreover, the demodulating frequency should be much higher than the frequency of the
signal to be measured and the system sampling rate should be much higher than the de-
modulating frequency, which requires a rather high sampling rate and makes PGC demod-
ulation unsuitable for high-frequency signal demodulation. Quadrature dual wavelength
demodulation obtains two orthogonal signals through two different laser wavelengths and
uses an ellipse fitting (EF) algorithm to calculate the direct current component for normali-
zation and uses a differential cross-multiplication (DCM) algorithm to interrogate the phase
signal from two normalized signals. Compared with PGC demodulation, quadrature dual
wavelength demodulation does not need a carrier signal, which expands its frequency band
and makes it usable for FPI sensors. However, an EF algorithm is valid and effective when
a phase signal is introduced when the signal to be measured is large enough to form an
obvious curve from an ellipse. In this case, quadrature dual wavelength is only suitable for
large signal demodulation.

In this paper, we put forward a passive homodyne phase demodulation technique
based on an LF-TIT-DCM algorithm for interferometric sensors. The LE-TIT-DCM algo-
rithm is applied to two interferometric signals whose interferometric phase difference is odd
times of m. It is able to demodulate the phase signal of a large dynamic range and wide
frequency band. An anti-phase dual wavelength phase demodulation system is built to
prove the LE-TIT-DCM algorithm. Moreover, a traditional quadrature dual wavelength de-
modulation system based on an EF-DCM algorithm is also built to compare their dynamic
range, especially for small signal demodulation. The influence of optical power and wave-
length is also researched at different sound pressure levels.

2. Materials and Methods
2.1. Algorithm Principle

Two interferometric signals whose interferometric phase difference is odd times of 7
can be expressed as:

V) =k I,[1+ B, cos(p+¢(t))]
V, =k, L,[1+B, cos(g0+(p(t))+(2m+1)7'(]’ M

where ki and k2 are related with photoelectric conversion coefficients, I and I» are incident
intensities to two interferometers, B1 and B2 are interferometric contrasts of two interferom-
eters, @ is the initial phase and ¢(t) is the phase signal introduced by the external signal to
be measured. When plotting two interferometric signals in a coordinate system, a straight
line can be obtained. The equation of the straight line can be expressed as:

V,+kV, =b. 2)

With a linear fitting algorithm such as the least square method, the coefficient of the
straight line can be calculated as:
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By combining Equations (1) and (2), a normalized signal can be calculated as:
V, =cos(¢p+¢(t))=(B,V, —kB,V,)/(B,B,b) @)

Furthermore, by applying trigonometric identity transformation to Equation (4), two
orthogonal signals with an absolute value sign can be calculated as:

V. =|V.|=[eos(p+p®)/2 = 1+ V,) /2

v, =|Vys =[sin(p+ (1) /2| =/(1-V,)/2

VX S

®)

Since the absolute value function influences the continuity of the first derivative of the
applied function, the absolute value sign can be removed according to this characteristic.
After removing the absolute value sign, two orthogonal signals can be obtained. Therefore,
the differential cross multiplication method can be applied to these two orthogonal signals
to demodulate the phase signal [17]:

o =2[(V,'V, -V, V, Wit 6)

From Equations (4) and (6), it can be concluded that the demodulated phase signal is
regardless of optical power or sensitivity of photodetectors. Moreover, owing to usage of
the DCM algorithm, the amplitude of the demodulated phase signal is not restricted any-
more. Similar to the traditional EF-DCM-based passive homodyne algorithm, the proposed
LF-TIT-DCM-based passive homodyne algorithm can demodulate the signal of wide-band
frequency as long as the sampling rate of the demodulating system is enough, since there is
no frequency limitation during the proposed phase demodulation process. Compared with
a traditional EF-DCM-based passive homodyne algorithm, the proposed LE-TIT-DCM-
based passive homodyne algorithm can demodulate a small signal since part of a straight
line is still a straight line, which means that the linear fitting is still valid. On the contrary,
part of an ellipse can be regarded as a straight line which introduces great error for an ellipse
fitting algorithm. Moreover, although interferometric contrast of interferometers is intro-
duced, in most cases, the interferometric contrast of an interferometer can be regarded as a
constant. As long as an interferometric sensor is fabricated, the reflectivity of the two facets
of the interferometric sensor is constant. Furthermore, although interferometric contrast is
still impacted by the linewidth of the laser, the influence is limited for most single wave-
length lasers whose linewidth is below several megahertz.

Furthermore, there are several ways to obtain two interferometric signals whose inter-
ferometric phase difference is odd times of . Since the interferometric phase of an interfer-
ometer is related to its laser wavelength, refractive index and optical path, three possible
passive homodyne phase demodulation systems can be put forward according to how the
interferometric phase difference is introduced. Among them, the dual wavelength demod-
ulation system is much easier to be realized and can be applied to different types of inter-
ferometric sensors.

2.2. Dual Wavelength Demodulation System

A typical system schematic of a dual wavelength demodulation is as shown in Figure
1. Two light beams with different wavelengths are emitted from a multi-output tunable laser
and are combined by a wavelength division multiplexer (MUX). Then the combined light is
injected into an extrinsic Fabry-Perot interferometric (EFPI) sensor through an optical circu-
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lator. Reflected light from the EFPI sensor is divided by a wavelength division demulti-
plexer (DeMUX). The separated light is converted to voltage signals through a photodetec-
tor (PD).

EFPI

B s Optical ST
[ Tunable MUX } @Circulator :l

Laser

Figure 1. System schematic of dual wavelength demodulation system. MUX: multiplexer, DeMUX:
demultiplexer, PD: photodetector.

Output voltage signals of two photodetectors can be expressed as [22]:

V, =kI,[1+Bcos(4mnL/ A, +¢(t)) ]

_ @)
V, =k,I,[ 1+ Bcos(4mnL/ A, +¢(t)) |

where B is the interferometric contrast of the EFPI sensor, 7 is the refractive index, L is the
cavity length and Ai (i =1, 2) is the laser wavelength. The interferometric phase difference
of two voltage signals can be expressed as:

1 1 21TAA
A =4dmnl| ——-— |~
@ =4mn [ ] ok (®)

Al /\2
where FSR is the free spectrum range of the EFPI sensor and can be obtained through an
optical spectrum analyzer. Through controlling the laser wavelength difference of two
lasers from the tunable laser, the phase difference can be tuned to be odd times of t, where
the relationship between laser wavelength difference and FSR can be expressed as:

AL =2l

FSR )
where m is an integer.

In this case, through controlling the laser wavelength difference of two lasers from
the tunable laser to fulfill Equation (9), two interferometric signals can be obtained and
the LE-TIT-DCM algorithm can be applied to the proposed dual wavelength demodula-
tion system. Moreover, by controlling the laser wavelength difference to make the inter-
ferometric phase difference to be odd times of m/2, the traditional EF-DCM-based quad-
rature dual wavelength demodulation system is achieved. Since the cavity length of EFPI
acoustic sensor is easily influenced by temperature, the FSR of the EFPI acoustic sensor is
influenced by temperature. In this case, the interferometric phase difference of two volt-
age signals changes with temperature. However, this influence is limited. According to
Equation (8) and the computational formula of FSR = A2/2nL, the relative variation of
phase difference equals the relative variation of the cavity length, which is dA@/A¢g =dL/L.
For EFPI acoustic sensors whose cavity lengths are several hundred microns, the variation
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of cavity length introduced by temperature is below several microns. In this case, the rel-
ative variation of phase difference introduced by the temperature is below 1%, which is
negligible. It can be concluded that influence of temperature is limited.

3. Results and Discussion
3.1. Acoustic Signal Testing System

To prove the aforementioned theory, an EFPI acoustic sensor is fabricated and an
acoustic signal testing system is built. The EFPI acoustic sensor is comprised of a vibrating
diaphragm with a fixed boundary and an optical fiber which is perpendicular to the dia-
phragm to form an extrinsic Fabry—Perot interferometer. The FSR and the interferometric
contrast of the EFPI acoustic sensor are 2.188 nm and 0.992, respectively. The acoustic
signal testing system is shown in Figure 2. Two light beams are emitted from a multi-
output tunable laser (Alnair Labs, TLG 210, Tokyo, Japan), whose wavelengths are
1555.682 nm and 1556.776 nm, respectively. Two light beams are combined together
through a dense wavelength division multiplexer (DWDM). The combined light enters
into the EFPI acoustic sensor through an optical circulator. Reflected light from the EFPI
acoustic sensor is separated by another dense wavelength division multiplexer with the
same parameter as the first one. The separated light is converted to voltage signals by two
photodetectors (New Focus, 1623, California, CA, USA), PD1 and PD2, respectively. Out-
put voltage signals from the two photodetectors are collected by an oscilloscope (Rohde
and Schwarz, RTE 1054, Munich, Germany) and converted to digital signals. The EFPI
acoustic sensor is sealed in a low-frequency coupler (Briiel and Kjeer, WB-3570, Neerum,
Denmark) where the acoustic signal is generated, and a standard microphone (Briiel and
Kjeer, 4193-L-004, Neerum, Denmark) is used to calibrate amplitude of the acoustic signal.
A signal analyzer (Briiel and Kjeer, 3160 PULSE LAN-XI, Neerum, Denmark) is used to
output the driving signal, which is amplified by a wide-band amplifier (Briiel and Kjeer,
WQ-3205, Neerum, Denmark). The calibrated signal from the standard microphone is also
collected by the signal analyzer, which is controlled through a computer.

Figure 2. Acoustic signal testing system.
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3.2. Small Signal and Large Signal Response

First of all, a small signal and a large signal are applied to the EFPI acoustic sensor
respectively to prove that the proposed LE-TIT-DCM-based passive homodyne phase de-
modulation is suitable for both small signal and large signal demodulation. Experimental
results are shown in Figures 3 and 4.

Figure 3a shows the output signals from the two photodetectors in the small signal
condition. Since the amplitude of the applied acoustic signal is small, the output signals
are proportionate to the acoustic signal, and the phase difference of them is m. Figure 3b
shows a scatter diagram of these two output signals. All of the points are located on a
straight line. Even if the amplitude of the applied acoustic signal is smaller, as long as the
precision of the oscilloscope is high enough and the system noise is low enough, the
straight line always exists and becomes shorter instead of shrinking into a point. It affirms
that the linear fitting algorithm can work properly no matter how small the amplitude of
the applied acoustic signal is, which makes the proposed LF-TIT-DCM-based passive ho-
modyne phase demodulation perform better than the EF-DCM-based passive homodyne
phase demodulation. Figure 3¢ shows two orthogonal signals calculated from a normal-
ized signal. Since the orthogonal signals are small enough, there is no difference before
and after removing the absolute value sign. Figure 3d shows the demodulated phase sig-
nal calculated from those two orthogonal signals using the DCM algorithm and the phase
amplitude is calculated to be 0.22 rad.
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Figure 3. Experimental results in small signal condition. (a) Output signals from two photodetectors.
(b) Scatter diagram of output signals. (c) Orthogonal signals. (d) Demodulation phase signal.
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Figure 4. Experimental results in large signal condition. (a) Output signals from two photodetectors.
(b) Orthogonal signals before removing absolute value sign. (¢) Orthogonal signals after removing
absolute value sign. (d) Demodulation phase signal.

Figure 4a shows output signals from the two photodetectors in the large signal con-
dition. Since the phase amplitude introduced by the applied acoustic signal is large
enough, significant distortion is observed in these two signals because the phase ampli-
tude exceeds the linear region of interferometric function, which is known as cosine func-
tion. The distortions in the two signals are opposite to each other since their phase differ-
ence is equal to 7. Moreover, these distortions mean that the output signals have a much
more harmonic component, which requires a higher sampling rate for the oscilloscope.
The larger the phase amplitude is, the higher the sampling rate should be. Two orthogonal
signals before and after removing the absolute value sign are shown in Figure 4b,c, re-
spectively. In the large signal condition, the process of removing the absolute value sign
is vital to obtain two ideal orthogonal signals. Figure 4d shows the demodulated phase
signal calculated from those two orthogonal signals with the DCM algorithm and the
phase amplitude is calculated to be 2.03 rad.

3.3. Dynamic Range and Comparison

To prove that the proposed LF-TIT-DCM-based passive homodyne phase demodu-
lation performs better than the EF-DCM-based passive homodyne phase demodulation, a
comparison of the linear response region is made. For the EF-DCM-based passive homo-
dyne phase demodulation, the phase difference of the two output signals is /2 instead of
7t. In this case, the laser wavelengths of the two output ports of the tunable laser are set as
1554.784 nm and 1556.425 nm, respectively. The amplitude of the applied acoustic signal
varies from 0.005 Pa to 0.714 Pa. The experimental result is shown in Figure 5. When the
amplitude of the applied acoustic signal is larger than 0.24 Pa, the demodulated phase
amplitudes of two algorithms are nearly the same as each other and show excellent line-
arity, which is consistent with the aforementioned theory. On the contrary, when the am-
plitude of the applied acoustic signal is smaller than 0.24 Pa, a great error is observed for
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the EF-DCM-based passive homodyne phase demodulation, which is mainly caused by
an error from the ellipse fitting algorithm. This proves that the ellipse fitting algorithm
becomes invalid when the phase amplitude is too small to form an ellipse instead of a
straight line. The phase sensitivity of the EFPI acoustic sensor calculated from the LF-TIT-
DCM-based passive homodyne phase demodulation is 4.61 rad/Pa. Moreover, linearity is
as high as 0.9998. For the EF-DCM algorithm, a major error is introduced from the EF
algorithm, especially in the small signal condition, since an ellipse degenerates into a
straight line when the phase amplitude is small enough. For the LF-TIT-DCM algorithm,
a major error is introduced from the phase difference of those two interferometric signals.
When the phase difference deviates from 7, the straight line will transform into an oblate
ellipse, which introduces an error for the LF algorithm. Both of these two algorithms are
rid of the influence of the fluctuation of laser power.

3.5 e LF-TIT-DCM
= EF-DCM
3.0 —— Linear fit of LF-TIT-DCM
=251
Z
= 2.0
=
1.5
.
1.0{= = .
| | | | n
0.5
0.0 T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Sound pressure (Pa)

Figure 5. Comparison of linear response between LE-TIT-DCM-based passive homodyne phase de-
modulation and EF-DCM-based passive homodyne phase demodulation.

3.4. Optical Power Response

Moreover, the influence of optical power and laser wavelength are researched. The
relationship between optical power and the demodulated phase amplitude is shown in
Figure 6. Experiments are performed at two different sound pressure levels (SPL), which
are 67.6 dB (SPL1) and 75.6 dB (SPL2) re 20 uPa, respectively. Optical power varies from
10 mW to 30 mW. Maximal relative errors at SPL1 and SPL2 are calculated to be 0.8% and
0.6%, respectively. Although the two output signals from the two photodetectors are in-
fluenced by optical power, the normalized signal calculated from those two output signals
is hardly influenced by optical power, which ensures that the demodulated phase signal
is irrelevant with optical power. Furthermore, no matter how large the SPL is, the demod-
ulated phase amplitude is hardly influenced by optical power. Both of these two experi-
mental results are consistent with the aforementioned theory. In this case, the proposed
LE-TIT-DCM-based passive homodyne phase demodulation can overcome the drawback
that intensity-based quadrature point demodulation is influenced by optical power.
Meanwhile, the optical power should not be too small since smaller output signals from
photodetectors require higher sampling precision of the oscilloscope.
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Figure 6. Relationship between optical power and demodulated phase amplitude. SPL1: 67.6 dB,
SPL2: 75.6 dB.

3.5. Wavelength Response

The relationship between laser wavelength and reference error of the demodulated
phase amplitude is shown in Figure 7. To change the laser wavelength difference in a
specific range, one laser wavelength is fixed while the other is variable. The laser wave-
length of the first output port of the tunable laser is 1556.776 nm, while laser wavelength
of the second varies from 1555.582 nm to 1555.782 nm. In this case, laser wavelength dif-
ference varies from 0.994 nm to 1.194 nm, which means that phase difference of the two
output signals from the two photodetectors changes from 0.91 rt rad to 1.09 7 rad on the
condition that the FSR of the EFPI acoustic sensor is 2.188 nm. Two acoustic signals with
different SPLs are applied to the EFPI acoustic sensor. SPLs are set the same as for the
experiment on optical power response. Similar results are obtained at these two different
conditions. The reference error of the demodulated phase amplitude varies along with the
laser wavelength and almost has a linear relationship. The coefficient between the refer-
ence error of the demodulated phase amplitude and the reference error of the phase dif-
ference from 7t is calculated to be 1.83, which means when the reference error of the phase
difference from 7t is 1%, the reference error of the demodulated phase amplitude will be
1.8%. The further the phase difference deviates from m, the larger the reference error is.
When the phase difference deviates from 7, the scatter diagram of those two signals will
no longer be a straight line but a curve, which introduces a great error to the linear fitting
algorithm. In this case, to lower the reference error of the demodulated phase amplitude,
the laser wavelength difference should be strictly controlled to ensure that phase differ-
ence is as close as to 7t as possible.
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Figure 7. Relationship between laser wavelength and reference error of demodulated phase ampli-
tude. SPL1: 67.6 dB, SPL2: 75.6 dB.

4. Conclusions

In summary, a LF-TIT-DCM-based passive homodyne phase demodulation is pro-
posed. It is able to demodulate phase signals with a large dynamic range and wide fre-
quency band. A detailed theoretical deduction is performed to illustrate each step of the
proposed LE-TIT-DCM-based passive homodyne phase demodulation. A dual wave-
length phase demodulation system is built to utilize the proposed LF-TIT-DCM algo-
rithm. Experimental results show that it is not only able to demodulate large signals but
also small signals. A comparison is made between the LE-TIT-DCM-based passive homo-
dyne phase demodulation and the EF-DCM-based passive homodyne phase demodula-
tion and experimental results show that the linear region of the LE-TIT-DCM-based pas-
sive homodyne phase demodulation is much wider than that of the EF-DCM-based pas-
sive homodyne phase demodulation, especially in the small signal demodulation. More-
over, the influence of optical power and laser wavelength are researched. Demodulated
phase amplitude is hardly influenced by optical power no matter how large the phase
amplitude is. On the contrary, since the laser wavelength affected the demodulated phase
amplitude indirectly through influencing the phase difference of the two signals from the
two photodetectors, the laser wavelength should be strictly controlled to ensure that
phase difference is as close as to 7 as possible.
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