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Abstract: The linear demodulation range and background noise of the Michelson interferometer
system are investigated with a laser phase noise measurement system. We have theoretically and
experimentally analyzed the performance of the interferometer system by changing the frequency
modulation amplitude of the laser and the optical path difference (OPD) of the interferometer, re-
spectively. It is shown that the linear demodulation range of the Michelson interferometer system
is finite, which depends on the parameters of the system, such as the sample frequency, the delay
time between two interferometer arms, and the system bandwidth. Furthermore, the experimental
results indicate that the background noise of the interferometer system can be reduced by using a suf-
ficiently long OPD so that the smaller true phase information can be detected with the demodulation
system. The parameters of the measurement system could be optimized to satisfy the demand of the
phase demodulation with different levels, which is of great significance for the phase monitoring
interrogator, such as fiber-optical interferometer sensors and distributed acoustic sensors.

Keywords: fiber-optic interferometer system; Michelson interferometer; linear demodulation range;
background noise

1. Introduction

Fiber-optic interferometers have drawn a great deal of attention in interferomet-
ric sensors [1,2], phase/frequency noise measurement of the single longitudinal mode
laser [3,4], and distributed acoustic sensors [5-7] due to their high accuracy, high sensi-
tivity, and quantitative measurement. An optical fiber interferometer based on a 3x3
optical fiber coupler can determine the phase angle from its three outputs with some
advantages over other methods [8-10], such as its passive structure, its lack of carrier
signal and active feedback control, its compactness, its lack of bandwidth limitation by
active devices, and its lack of signal fading problem.

Interferometric sensors have the ability to create an interference pattern that enables
them to demodulate information about desired parameters [11]. Their unique sensing
abilities have been considerably improved by using innovative optical fiber technologies
of distributed acoustic sensors. Indeed, fiber interferometers have been applied for real-
time deformation monitoring of bridges, construction, and oil and gas industries [12-14].
However, the demodulation system based on fiber interferometers requires a better
linear measurement range and much lower background noise to recover the variable
of interest to be measured. For an interferometry demodulation system with a fixed
analog—digital converter and photoelectric detectors, the performance of the system
will be influenced by both its optical path difference (OPD) and the frequency noise of
the probe laser simultaneously. Thus, figuring out an ideal scheme for analyzing the
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key factor quantificationally is of great significance for the measurement system of the
fiber-optic interferometer.

In this paper, the linear demodulation range and background noise of a Michelson
interferometer system based on a 3x3 optical fiber coupler are investigated with different
frequency modulation amplitudes of the laser and the OPDs, respectively. Experimental
results show that linear demodulation range is not constant at different modulation fre-
quencies f,; and decreases with an increase of f,. It is limited by the sample frequency and
the delay time between the interferometer arms. The background noise is usually much
larger than the phase fluctuation of the test laser in the experiment. The background noise
normalized to OPD = 1 m would be decreased with an increase in OPD of the interferometer
arms. The proposed scheme also provides a promising method to guide the optimization of
the parameters of the interferometry demodulation system, such as the sample frequency,
the OPD between the interferometer arms, and the system bandwidth.

2. Experimental Setup and Methods

The phase demodulation system based on Michelson interferometer is shown in
Figure 1. The Michelson interferometer is composed of a 3 x 3 optical fiber coupler and
two Faraday rotator mirrors (FRMs), which are able to convert the phase and frequency
fluctuation of the laser into the variance of the light intensity. The FRMs will remove
the polarization fading of the interferometer, caused by external disturbance on its two
interferometer arms. The interference fringes are detected by PDs and recorded by the
DAQ card. The phase demodulation system based on Michelson interferometer should
take measures to protect against vibration and sound.

Figure 1. Experimental setup of the phase demodulation system based on Michelson interferometer.
PD: photoelectric detector; DAQ: data acquisition; PC: personal computer.

Generally, the optical field of a single-frequency laser can be modeled as a quasi-
monochromatic amplitude-stabilized field undergoing a frequency/phase fluctuation [15,16].

E(t) = /Py -exp [j27r(vot—|— ./(;t év(t)dtﬂ (1)

where Py is the optical output power, v is the optical frequency, and dv(¢) is the laser
frequency fluctuation. Alternatively, a high-frequency sinusoidal frequency modulation
may be generated directly by a device located in the laser source. It could be considered
that the laser frequency noise can be characterized as white noise with a broad spectrum of
frequency components. In either case, the output of the unbalanced interferometer arms
for the electric field E(t) is

I(t,T) = Py + Py cos [27( <1/0T—|— t 5v(t)dt>} )

t—T
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where T is the delay time of the interferometer. Assuming that the modulated frequency of
the light frequency is f;, the frequency noise dv(t) could be expressed as

OV (t) = Uy SIN(27T fit) (©)]

where v, is the modulation amplitude of the light frequency. The corresponding differential
phase Ag(t) induced by the interferometer is

t+T
AP(t,T) = 27voT + 270 / Vit SIN(27T fyt) it @)
t

When the delay time 7 is far less than 1/f;, A¢(t) has the following form
AP(t,T) = 2mvyT + 271y, T sin(277 f1t) (5)
The interferometer fringe is given by
I(t,T) = Py + Py cos[2T(vy + Vi SIN(27T fit))] (6)
According to Jacobi-Anger Expansion [8,17], Equation (6), is written as

I(t,7) = Po{1 + cos2mtvy - Jo(2rTV)

+2cos2mtTVy Y. Jp, (27T ) cOS(27T - 2 fit) @)
n=1

—2sin27TY E Jou_1(2mTUY) SIn[277(2n — 1)fmt]}
1

n=

It is clear that the output light intensity of the interferometer includes not only f,,
component but also the components of k-f,, (k=2,3,4 ... ). For the frequency and phase
modulation with a single modulation frequency f;;, the interferometer causes the frequency
components of the interferometer fringes to increase. The frequency components in excess
of half of the sample frequency f; cannot be factually recorded by the A/D converter
according to sampling theory. This means that the demodulated amplitude may deviate
from the true value. Furthermore, the parameters 7, v, and f;;, decide the energies of the
different frequency components in the interferometer fringes.

The background noise of the demodulation system includes the electronic noise and
the optical noise from the interferometer arms induced by the external disturbance. The
electronic and optical noises will be carried into the interferometer fringe I(t). They are
further converted into the noise J through the demodulation algorithm added into the
differential phase signal. For a measured differential phase signal, the power spectrum
densities (PSD) of the true value Ag, its measurement value Ag;, and the measurement
system noise J are given by

Ag(f) = Ap?(f) + 8 (f) ®)

It is considered that ¢ is the background noise of the demodulation system. The
optical noise could be prevented by constant temperature and vibration isolation. In this
case, it is considered that the background noise §(f) keeps constant when different OPDs
of the interferometer are utilized. Demodulation system usually gives the PSD of the
phase fluctuation normalized to OPD =1 m or the frequency fluctuation. According to the
relation of A¢ = 2ntAvT, the frequency fluctuation and the phase fluctuation normalized to
OPD = 1 m are, respectively,

2 2 J 2
Al/d = Av* + % (9)

and
A@? = A@Ey,, - OPD? 4 52 (10)



Photonics 2023, 10, 283

40f8

This means that the longer the OPD, the smaller the measurement noise of the mea-
surement frequency fluctuation and background noise normalized to OPD =1 m.

3. Experimental Results and Discussions
3.1. Linear Demodulation Range of the Interferometer System

As shown in Figure 1, the interferometer is powered by a pre-set frequency-modulated
single-longitudinal-mode (SLM) fiber laser (NP Photonics, RFLM-25-1-1550). The SLM fiber
laser could be frequency-modulated by a piezoelectric transducer (PZT) modulator. Differ-
ent sine waveforms with frequency f,;, of 0.1 kHz, 0.5 kHz, 1.0 kHz, 2.0 kHz, and 5.0 kHz
could be selected as the modulation signals for the PZT modulator. The corresponding laser
frequency modulated rates to the drive voltage amplitudes are 32.4 MHz/V, 29.2 MHz/V,
27.0 MHz/V, 24.8 MHz/V, and 21.8 MHz/V, respectively. The sample frequency f; is fixed
at 400 kHz. The demodulation algorithm shown in ref. [4] is used to obtain the information
of the modulation signal.

In order to study the influence of the delay time T on the demodulation amplitude
v4, the OPD between two arms of 15 m, 90 m, and 300 m are utilized in the experiment.
The corresponding delay times T are 0.05 ps, 0.30 us, and 1.00 ps. Figure 2 shows the
demodulation results at f;; = 5.0 kHz. Generally, the demodulation amplitude v, should
be linear to the modulation amplitude v,,. However, as the modulation amplitude v,;,
increases, the demodulation amplitude v; gradually begins to deviate from the modulation
amplitude v;,. With the increase of the delay time 7, the deviation occurs at the lower
modulation amplitudes. This means that the linear demodulation range would be reduced
with the increase of the delay time 7. In addition, when the modulation amplitude v, is
over a certain value vy (75.2 MHz for T = 0.05 pus, 12.4 MHz for T = 0.30 us, 3.7 MHz for
T = 1.00 ps), the demodulation amplitude v, oscillates instead of increasing monotonically.
In this case, the demodulation system would lose its measurement validity. It is obvious that
the demodulation systems with different delay times T have different linear demodulation
ranges and their demodulation ranges diminish with the increase of the delay time 7.
From the Equation (7) in Section 2, it is apparent that the energies of different frequency
components would change, and the frequency components over f; /2 may account for much
more than that below f; /2 with the increase of the delay time 7.

Figure 2. The demodulation frequency amplitude v; with respect to the modulation amplitude v, at
different delay times of 0.05 ps, 0.30 ps, and 1.00 us, respectively.
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Furthermore, in order to decide on the change of the demodulation range at different
modulation frequencies f;, the demodulation amplitudes v, are measured at f;; = 0.1 kHz,
0.5 kHz, 1.0 kHz, 2.0 kHz, and 5.0 kHz. The results are shown in Figure 3 at a fixed delay
time T = 0.3 us, which are similar to those at a fixed modulation frequency f,, in Figure 2.
The demodulation amplitude v, also deviates from the modulation amplitude v, when the
modulation amplitude v, increases. This means that for a fixed demodulation system, the
linear demodulation ranges at different modulation frequencies f, are different and they
would reduce with the increase of fy,.

Figure 3. The demodulation frequency amplitude v4 with respect to the modulation amplitude vi, at
different modulation frequencies fy, of 0.1 kHz, 0.5 kHz, 1.0 kHz, 2.0 kHz, and 5.0 kHz, respectively.

In the experiment, although the modulation frequency f, is far less than the sampling
frequency f;, the demodulation results deviate from the true value when the modulation
amplitude v, is over a certain value. This means that the frequency components over f;/2
are present in the interferometer fringe and become more pronounced with an increase of
v, which is consistent with the analyses in Section 2. The information directly obtained
by the demodulation system is the interferometer fringe converted by the interferometer
rather than the light frequency/phase variation. The interferometer fringe includes the
components over f; /2 according to the Equation (7). When f,; and T increase, the higher-
frequency components of the interferometer fringe would be dominant. The components
with frequency higher than f; /2 could not be demodulated by the system according to the
sampling theory. This results in a deviation from the true value in this case.
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From the above discussion, it is clear that the linear demodulation range of the system
is finite. The demodulation results no longer increase monotonously and lose their mea-
surement validity when the modulation amplitude is over a certain value vy,. It is clear
that the parameter vy at different modulation frequencies f,; depends on the sampling
frequency f; and delay time 7 of the interferometer. However, it is hard to decide their
relation from the Equation (7). In order to obtain their significant relation, the parameters £,
T, fs, and v in the experiment are shown in Table 1. It is obvious that the value of 4tvMtf,
is almost equal to 0.59f;. As a guide parameter, the effective demodulation range of the
frequency amplitude could be simply defined as 0.5f; / (47t tf;,), noted as N. According to
the parameter N, the delay time T and sample frequency f; could be optimized. Meanwhile,
it is indicated that the bandwidth and the demodulation range are mutually contradictory,
like other measurement systems. While wide bandwidth is chosen, the measurement range
has to yield to obtain the optimal demodulation results.

Table 1. The parameter v), at different modulation frequencies and delay times; ‘-’ represents that
modulation amplitudes do not reach v in these cases.

T(us) = 0.05 T(us) = 0.30 T(us) =1.00
f (kHz) VM 47T1/MTfm M 471'1/MTfm M 47T1/MTfm

m (MHz) (kHz) (MHz) (kHz) (MHz) (kHz)
0.1 - - - - - -
0.5 - - 125.6 236.75 37.8 237.5
1.0 - - 62.1 234.11 18.8 236.25
2.0 - - 31.1 234.49 9.9 236.25
5.0 75.2 236.25 124 233.73 3.7 232.48

3.2. Background Noise of the Demodulation System

In order to obtain the system noise J(f), a distributed feedback fiber laser with
linewidth of less than 3 kHz is employed as the test source of the interferometer de-
modulation system. According to Equations (9) and (10), different OPD lengths are utilized.
For the laser, its corresponding phase noise spectrum values at different frequencies f,,
of 10 Hz, 100 Hz, 300 Hz, 500 Hz, and 1000 Hz are recorded and are shown in Figure 4.
According to Equation (10), the measured differential phase spectrums of the laser can be
fitted by the curve y = C + Ax?, where C is 52(f), y is PSD of the measured differential phase
A@gm, A is PSD of the true phase fluctuation spectrum normalized to OPD =1 m, and x is
the OPD. The fitted curves are shown in Figure 4.

In addition, the corresponding noise J(f) and true phase fluctuation Ap@1m normal-
ized to OPD = 1 m by fitting are shown in Table 2. It is clear that A¢@1m is far less than the
noise 4(f). Only when ¢ is far less than the true phase fluctuation Ap@1m-OPD, ¢ is able to
be ignored in the measurement value A¢p,. As such, the OPD should be long enough to at
least be satisfied:

A1 (f) - OPD? = 106%(f) (11)

Table 2. The PSD values of the background noise and the true phase fluctuation normalized to
OPD = 1 m at different modulation frequencies.

True Phase Fluctuation

Modulation Frequency System Noise Normalized to OPD =1 m
fm (Hz) 3(f) (rad/\/Hz) Ap@1m(f) (rad/\/Hz)
10 241 x 102 446 x 1074
100 6.20 x 107° 217 x 10~
300 247 x 107° 8.83 x 107
500 1.95 x 10~ 7.31 x 1077

1000 1.50 x 105 6.38 x 10~7
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Thus, the background noise could be reduced by increasing the length of the OPD so
that the smaller true phase information can be detected by the interferometer system.

Figure 4. The PSD of the measured differential phase with respect to OPD at different frequencies fm
of 10 Hz, 100 Hz, 300 Hz, 500 Hz, and 1000 Hz. The lines are the corresponding fitted results.

4. Conclusions

The linear demodulation range and background noise based on 3 x 3 optical coupler
Michelson interferometer are studied in theory and experiment. The effective demodulation
range N is finite and depends on the parameters of sampling frequency, interferometer
delay time, and modulation frequency. The experiment shows that the reference value
of N is 0.5fs/(4mtfm). It is also implied that the measurement range and bandwidth are
inter-constrained. A method to obtain the background noise is demonstrated by measuring
and fitting PSDs of the phase fluctuation with different OPD lengths. The background
noise has the scale of tens prad//Hz at higher frequency range. In order to measure phase
fluctuation accurately, the OPD of the interferometer must be long enough to make the
differential phase of the interferometer arms far higher than noise level. Based on the above
relationships, the parameters of a demodulation system, such as sampling frequency, OPD
of the interferometer arms, and bandwidth could be optimized. It is also worth noting
that this scheme is important to improve the performance of the phase monitoring system
including the fiber-optical interferometer sensor and distributed acoustic sensor.
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