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Strain rate is an important basic physical parameter in the fields of deformation observation, geodetic measurement,
and geophysical monitoring. This paper proposes a novel fiber optic strain rate sensor (FOSRS) that can directly
measure the strain rate through a differentiating interferometer that converts the strain rate to the optical phase.
The sensing principle, sensitivity, resolution, and dynamic range of the proposed FOSRS are theoretically analyzed
and verified by experiment. The experimental results show that the developed FOSRS with a 12.1 m sensing fiber
has a flat sensitivity of 69.50 dB, a nanostrain rate (ne/s) resolution, and a dynamic range of better than 95 dB.
An ultrahigh static resolution of 17.07 pe/s can be achieved by using a 25.277 km sensing fiber for long baseline
measurements. The proposed method significantly outperforms existing indirect measurement methods and

has potential applications in geophysical monitoring and crustal deformation observation.
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1. INTRODUCTION

The strain rate, which is defined as the derivative of the strain
with respect to the time in physics, reflects the change process
of the strain with time. In earthquake engineering, the dynamic
response of the structure to seismic loads is related to the strain
rate [1,2], and the seismic design needs to consider the strain
rate effect of the structure [3,4]. In geophysics and seismology,
the strain rate is important for geodetic strain measurement,
tectonic study, and crustal deformation observation. This is
helpful in studying aseismic deformation [5], seismicity [6],
and seismic hazard assessment [7].

There are several indirect ways to measure the strain rate.
For the strain rate field of crustal movement, the displace-
ments or velocities of ground observation stations are directly
obtained through global positioning system (GPS) [8,9] or in-
terferometric synthetic aperture radar (InSAR) [7], and math-
ematical methods or physical models are used to construct the
strain rate fields [9,10]. The observation area of this method is
hundreds of kilometers and requires as complete geological data
as possible, and the calculation method and correction model
are complicated [11]. Distributed acoustic sensing (DAS), a
novel technology for geophysical and seismological research
in recent years, can analyze ground motion information by
measuring the strain rate of optical cables [12]. DAS can inter-
rogate the phase change of the backscattered light at each spatial
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sampling location (channel) through optical pulses and calcu-
late the strain rate in combination with the corresponding
gauge length of the channels [13-15]. In fact, the strain rate
measurement of DAS is the average result of multiple channels,
and there is an overlap of strain rates probed for successive DAS
traces. These methods are important means of geodetic mea-
surement and geophysical exploration, but none of them
can realize the direct measurement of the strain rate, and it is
difficult to process and analyze a large amount of recorded data.

Sensors that can directly measure the strain rate have been
reported and are intended for the active control of high-rise
buildings or structures. Lee and O’Sullivan presented a piezo-
electric strain rate sensor [16], and Juston and Bauer developed
a variable reluctance transformer (VRT) strain sensor [17].
However, both piezoelectric and VRT strain rate sensors are
electromagnetically sensitive, and they are limited by the piezo-
electric material and nonlinearity between the sensitivity and
strain amplitude, respectively. In comparison, fiber optic sens-
ing technology with the advantage of anti-electromagnetic in-
terference has been applied in structure health monitoring [18],
crustal deformation [19,20], and seismic wave detection [21].
Most importantly, the optical fiber itself is sensitive to strain
and can directly sense strain and strain rate, which makes the
measurement more reliable. Lo and Sirkis first presented a fiber
optic strain rate sensor (FOSRS) based on Doppler wavelength
shifts and proved the feasibility of fiber optic sensing for strain
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rate measurement [22]. These strain rate sensors, which can
directly measure the strain rate, have a huge advantage in that
the measured signal has a higher signal-to-noise ratio (SNR)
than the differential of the strain. Regrettably, further research
on sensitivity, resolution, and dynamic range is lacking.
Moreover, there is no sensor for the direct measurement of
the strain rate in geophysics and seismology.

In this paper, we propose an FOSRS that is based on a differ-
entiating interferometer. Using the differential optical path
structure of the differentiating interferometer, we perform sim-
ple, direct, and high-resolution measurements of the strain rate
through a single sensing fiber to apply the FOSRS for geophysi-
cal monitoring and crustal deformation observation. The prin-
ciple of strain rate sensing, the method of low-coherence
interference, and the demodulation of differentiating interfer-
ometers are introduced in detail. This is the first systematic
study of strain rate sensitivity, resolution, and dynamic range.
The experimental results show that, for an FOSRS with a
12.1 m sensing fiber, the strain rate sensitivity is consistent
in the working frequency band, the resolution reaches the
nanostrain rate (ne/s), and the dynamic range is above
95 dB. Using a sensing fiber as long as 25.277 km, an ultrahigh
static strain rate resolution of 17.01 pe/s can be achieved, in-
dicating that the FOSRS has potential in geophysics and
seismology.

2. THEORETICAL ANALYSIS OF THE STRAIN
RATE SENSOR

A. Sensing Principle

The system setup of the FOSRS is shown in Fig. 1. The sensing
fiber between the 1 x 2 coupler and the Faraday rotator mirror
(FRM) is used to be fully coupled to the ground and to sense
the strain rate of crustal deformation. When the sensing fiber
senses the strain rate, its physical length changes at a speed.
Then, the strain rate of the sensing fiber is defined as

L de(r)  [d(d\ _ [dv
é(r) = " _/$<Z)_/f’ (1)

where €(z) is the strain of the sensing fiber, L is the baseline
length of the sensing fiber, and v is the moving speed of the
sensing fiber.

ASE

Computer

I‘_'v

i
php s ol

i

Demodulator

Fig. 1.

The strain rate reflects the speed of the deformation and
strain accumulation process. Thus, the accumulated strain
causes changes in the optical path. Because of the stretch of
the optical fiber, not only the baseline length but also the re-
fractive index of the sensing fiber changes. The refractive index
change of the optical fiber can be described by the Butter and
Hocker relationship [23]. Then, the change in the optical path
is a function of the change in the baseline length, which is
expressed as

)
ALy, (2) = {1 - 7[(1 -0)p1y - UPM]}”AL(f) = E{nAL(2),
@

where AL(z) is the change in the baseline length of the sensing
fiber, 7 is the refractive index of the optical fiber core, o is the
Poisson’s ratio of the optical fiber, p;; and p,, are the two com-
ponents of the isotropic strain-optic tensor, and £ is the strain-
optic coefficient.

Therefore, the optical phase difference in the sensing fiber
can be expressed as

_ Anrénl

p(t) = T £(2), ()

where /) is the central wavelength of the amplified spontaneous
emission (ASE) source.

In our FOSRS, an unbalanced Mach—Zehnder interferom-
eter (MZI) and an FRM form a differentiating interferometer
[24]. The two light beams entering the MZI from the 3 x 3
coupler have a time difference when they reach the sensing fiber
due to the unequal arm length difference of the MZI. The time
difference is introduced by the arm length difference of the
MZI and is expressed as

_nllp- Ly)

c

T (4)
where ¢ is the speed of light in the vacuum, L, is the length of
the delay fiber, L, is the length of the MZI’s short arm,
and Lp > L.

When the two light beams in MZI pass through the sensing
fiber, they are both subjected to phase modulation caused by
the strain rate. Because the two light beams are modulated at
different times by the strain rate, the optical phase difference of

Strain rate sensor ,
y 3 FRM
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Sensing [iber

Fiber optic strain rate sensor system. ASE, amplified spontaneous emission light source; ISO, isolator; CIR, circulator; 3 x 3 OC, 3 x 3

optical coupler; 1 x 2 OC, 1 x 2 optical coupler; FRM, Faraday rotator mirror. Demodulator integrates photodetectors, analog input modules, and
embedded controllers. Red and blue lines represent optical fibers and communication cables, respectively.
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the light beam that reaches the sensing fiber first is ¢(z), and
the optical phase difference of the light beam that reaches the
sensing fiber later is (¢ + 7). Then, they are reflected by the
FRM, enter the MZI, and interfere at the 3 x 3 coupler. Note
that only beams passing through the same optical path and in
opposite directions can interfere. That is, only the light beam
that completes the clockwise (CW) transmission and the light
beam that completes the counterclockwise (CCW) transmis-
sion satisfy the interference condition. The phase of the inter-
ference light can be expressed as [24]

do(2)
dr -

y=90)-9t+T17)=T (5)

It can be seen from Eq. (5) that the phase of the interference
light is the difference between the phases modulated by the
strain rate. When the time difference is extremely small, there
is a linear correlation between the phase of the interference light
and the differential phase modulated by the strain rate.
Therefore, through the optical path structure of the differen-
tiating interferometer, the direct relationship between the meas-
urable optical phase and the strain rate is constructed.
Combining Egs. (1)—(5), the strain rate measured by the sens-
ing fiber can be demodulated by the phase of the interference
light and is expressed as

['/10

dantel(Lp - Lo) ©)

&(r) =

B. Low-Coherence Interference and Demodulation
FOSRS uses a low-coherence ASE light source that has a broad
light spectrum. According to the principle of low-coherence in-
terference and ensemble theory, the time-averaged light inten-
sity when two light beams interfere is [25]

I(lope) = (|E1(2) + Ex(t + Lo/ ) )
=1+ I, + 2¢/1115Re[y (Lo /)], (7
where I, = (|E{(#)|?) and I, = {|E,(z + lopt/c)|2) are the

light intensities of the light beams that interfere with each
other, y(/oy/¢) is the complex degree of coherence, and /,,
is the total optical path difference when the two light beams
are interfering and is expressed as

l = 2[ALopt(t) - ALopt(t + T)]’ (8)

opt
where ALy, (#) and AL, (#+ 7) are the optical path
differences in the sensing fiber. y(/,5/¢) in Eq. (7) is related
to the spectrum distribution of the ASE light source.
Assuming that the spectral distribution of the ASE light source
is a rectangular spectrum, y(/,,/c) can be simplified as
sinc(mAvly, /) exp(j2mvgloy/c) [26]. Here, Av and v, are
the spectral width and central frequency of the ASE light
source, respectively. However, the spectral distribution of the
ASE light source is not an ideal rectangle, and we think
that the amplitude of y(/,,/c) is close to the form of
sinc(rAvlp, /) without much deviation. We define a symbol
G(lop) to represent the amplitude of y(/y,/c). Therefore,
Eq. (7) can be expressed as

opt
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I(lop) = Iy + I + 20/ 11 1,G (o) exp(j2nl 5/ 20)
=11+ 1, + 2/ 11 1,G(Loy) exp(y). ©)

When the FOSRS is static, /yy, is zero, /; is equal to /5, and
G(/,p) reaches the maximum of 1. When the FOSRS measures
the strain rate signal, /., is not zero, and the light intensity is
related to the value of G(/,,). Considering that the light beams
without interference contribute to the background signal 7" of
the photodetector (PD), the light intensity detected by the
PD is

I =141, + I + 2:/111,G(lop) cos(y)
= D+ A cos(y), (10)

where D = 1" + I, + I, represents the DC component of the
signal, and 4 = 2/1,1,G(/,y,) represents the AC component
of the signal.

A demodulation algorithm based on a 3 x 3 coupler is used
to demodulate the phase of the interference light. Three PDs
are used to detect the optical signals, and their optical powers
are expressed as

Py = D, + A, cos(y),
P2 = D2 +A2 COS(I// + 9),
P3 = D3 + Az cos(y - 0), (11)

where Dy, D,, and D3 are DC components; A;, A,, and A3 are
AC components; and 0 is 27/3 in theory, which is determined
by the performance of the 3 x 3 coupler. Through an arctan-
gent calculation, the phase in Eq. (11) can be demodulated.

A simulation is carried out to prove that the demodulation
algorithm based on a 3 x 3 coupler can be used for the low-
coherence interference of the FOSRS. The simulation param-
eters are listed in Table 1. A light source with a rectangular
optical spectrum is simulated. Demodulating the three detec-
tion signals shown in Fig. 2(a), the FOSRS measures a simu-
lated strain rate with an amplitude of 1 me/s and demonstrates
it with a phase, as shown in Fig. 2(b).

C. Performance Analysis
In this section, we systematically study the strain rate sensitivity,
resolution, and dynamic range of the FOSRS.

Table 1. Simulation Parameters of FOSRS

Parameter Symbol Value
Central wavelength Ao 1545 nm
Spectral width Av 4 THz
Strain-optic coefficient I3 0.78
Refractive index n 1.4682
Length of the delay fiber Lp 5 km
Length of the sensing L 10 m
fiber

Length of MZI’s short Ly I m
arm

DC of PD signals D; i=1,2,3) 1 pW
AC of PD signals A; 1=1,2,3)  0.5sinc(zAvlyc) pW
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Fig. 2. Demonstration of (a) three detection optical signals and (b) simulated strain rate and phase.
1. Sensitivity A3

The transfer function between the strain rate and output phase
of the interference light is described with a Laplace transform:

w(s)

4an*EL(Lp - Ly)
e(s)s '

H(@s) = o

(12)

This is the strain rate sensitivity of the FOSRS, which shows
that the strain rate has a linear relationship with the phase of the
interference light. The strain rate sensitivity is not a function of
signal frequency, indicating that its amplitude is consistent over
any working frequency band. To improve the sensitivity of the
FOSRS, we can increase the baseline length of the sensing fiber,
increase the length of the delay fiber, and adopt a light source
with a short central wavelength.

2. Resolution

The phase noise floor of the proposed FOSRS determines the
limitation of the strain rate resolution. The relative intensity
noise (RIN) of the ASE light source is one of the most impor-
tant factors that limit the resolution of FOSRS and is induced
by the random beat of different frequencies of the ASE light
source. In some broadband light source systems, especially
in the study of fiber optic gyroscopes (FOGs) [27-29], the
RIN is also of particular concern. Considering the equivalent
phase noise of the RIN, derived from Appendix A, the mini-

mum measurable strain rate is

IOWRIN/ZOC/'{O
i = 13
Emin(RIN) 477:7125L(LD B L()) ( )
where wyy is the power spectral density (PSD) of the equiv-
alent phase noise of the RIN, which is related to the perfor-
mance of the coupler and the demodulation method.

3. Dynamic Range

The dynamic range of the proposed FOSRS can be analyzed by
inferring the maximum measurable strain rate. The optical path
difference described in Eq. (8) should be less than the coher-
ence length of the ASE light source; otherwise, the light beams
cannot interfere. A low-coherence light source has a coherence
length of 43/AZ in theory. Therefore, the maximum measur-
able amplitude of the strain rate is

; . 14
Em = 282y - Lo) LA (14)

When the RIN determines the resolution limitation of the
strain rate, combined with Eq. (13), the theoretical dynamic

range of the FOSRS can be expressed as

271'),0

1OWRIN/20A,1) : (1 5)

DR = ZOIg(

The dynamic range is mainly related to the central wave-
length, spectral width, RIN of the light source, demodulation
algorithm, and performance of the coupler. Note that this ap-
plies only to static measurement. In dynamic measurement, the
maximum measurable strain rate is affected by total harmonic
distortion (THD), not as described by Eq. (15). The dynamic
range in dynamic measurement is smaller than that in static
measurement.

3. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental Setup

The experimental setup of the FOSRS is the same as shown in
Fig. 1. The ASE light source (Lightcomm) in the FOSRS sys-
tem has a central wavelength of 1545 nm and a bandwidth of
~33.377 nm. The developed MZI has a delay fiber with a
length of 4.653 km and a short arm with a length of 106.5 cm.
To apply the strain rate to the sensing fiber, we wind the sens-
ing fiber with a length of 12.1 m around a piezoelectric trans-
ducer (PZT). The optical fibers of MZI and sensing fiber both
adopt the SMF-28 type of Corning Inc. A function generator
(Tektronix AFG3102) is used to input a voltage and drive the
PZT to stretch the sensing fiber, which in turn induces a
change in the strain of the sensing fiber. Through the FOSRS,
the output phase represents the speed of fiber stretching—that
is, the strain rate of the sensing fiber can be measured. The
sensing fiber can be stretched 0.14 pm per 1 V voltage.

B. Sensitivity Calibration

To calibrate the strain rate sensitivity of the FOSRS, some sine
voltage signals with different frequencies f and amplitudes U
are applied to the PZT and stretch the sensing fiber. Then, the
strain rate measured by the FOSRS is
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According to Eq. (12), the strain rate sensitivity is calibrated,
and the result is shown in Fig. 3. The sensitivity of the FOSRS
is measured from 0.1 Hz to 1 kHz, which is almost flat and has
the same flat trend as the theoretical sensitivity curve. This re-
sult proves that the FOSRS has the same response to the strain
rate in any working frequency band. The average sensitivity
measured in the experiment is 69.50 dB in a frequency band
of 0.1 Hz to 1 kHz, and its maximum fluctuation is 0.61 dB.
This is a difference of 1.32 dB between the average measured
sensitivity and the theoretical sensitivity of 68.19 dB. From the
perspective of measurement, the difference mainly comes from
the errors introduced by the length measurement of the optical
fibers, wavelength changes of the ASE light source, and fiber
stretch of the PZT. We think that this difference is permissible.

2xf sin(2rfz). (16)

C. Resolution Test
Any disturbance of ambient noise affects the strain rate reso-
lution of the proposed FOSRS, especially the inevitable tem-
perature effects and unwanted vibrations. To research the strain
rate resolution, we carried out a test in a basement with a rel-
atively stable temperature and less vibration interference. The
MZI, PZT, and FRM are placed in a sealed box with vibration,
sound, and temperature isolation.

The 1 min phase is recorded, and its PSD is shown in Fig. 4
with a black line. Some noise peaks between 20 and 40 Hz
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E Theoretical curve
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& 80
g
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Fig. 3. Comparison of measured sensitivity and theoretical curve.
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Fig. 4. Comparison of measured phase noise floor and equivalent
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result from ambient variations. On the whole, the phase noise
floor is almost flat and less than -105 dB between 0.1 Hz and
10 kHz. The phase noise floor at 1 kHz is -106.5 dB. Using
the average measured sensitivity of 2988.23 rad/(g/s), the dy-
namic strain rate resolution at 1 kHz can be calculated
as 1.58 ne/(s - o/Hz).

The RINs of three PDs are tested and estimated. By per-
forming ellipse fitting on any two of the three detections,
the DC components, AC components, and 0 of the three de-
tections can be determined. The equivalent phase noise of RIN
is calculated and shown in Fig. 4 with a red line. The equivalent
phase noise of RIN is close to the measured phase noise floor,
with a difference of ~5 dB between 100 Hz and 10 kHz. At
1 kHz, the equivalent phase noise of RIN is -111 dB. Using
the measured sensitivity of 2988.23 rad/(e/s), the strain rate
resolution limited by the RIN is 0.94 ne/(s - o/Hz), which is
close to the measured dynamic resolution of 1.58 ne/s.
Therefore, reducing RIN is the main way to improve the res-
olution of the proposed FOSRS.

Furthermore, we explore the static resolution of the FOSRS.
The output phase in 10 min is recorded. Since we are interested
in static strain rate measurement, low-pass filtering with a cut-
off frequency of 1 Hz is used to process the recorded phase. The
result is shown in Fig. 5. The standard deviation of the recorded
phase is calculated to be 2.0192 x 107 rad. Using the average
measured sensitivity, a static strain rate resolution of 6.76 ne/s
is demodulated.

To validate the strain rate measurable ability of the FOSRS,
a triangular-wave voltage with a frequency of 0.05 Hz and
peak-to-peak value of 20 V is applied to the PZT. Theoretically,
the strain of the sensing fiber wound on the PZT is also in the
form of a triangle wave. Since the FOSRS measures the strain
rate, it can measure the slope of the strain, which then displays
the phase in the form of a rectangular wave. The result recorded
in 200 s is shown in Fig. 6 (data are filtered between 0.04 and
8 Hz). The output phase is in a rectangular wave, and its root
mean square (RMS) amplitude value is approximately 65 prad.
That is, the FOSRS can measure a strain rate signal of about
22 ne/s at a frequency of 0.05 Hz, implying that the proposed
FOSRS has the ability for ne/s static strain rate measurement.
Similar to some experimental results for the reported strain rate
sensors [16,17,22], direct measurement of FOSRS can record a
clear strain rate signal with a high SNR.

80

Phase (prad)

Time (min)

Fig. 5. Phase noise recorded for 10 min.
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Fig. 6. Recorded rectangular signal of 0.05 Hz.

D. Dynamic Range Test

For the dynamic range in the dynamic strain rate measurement,
the maximum measurable strain rate of the proposed FOSRS
needs to be tested. When the THD of the signal at each fre-
quency point reaches 10%, we take the corresponding phase on
the PSD as the upper limitation of demodulation. Combined
with the phase noise floor shown in Fig. 4, the dynamic range
can be calculated and is shown in Fig. 7. The higher the signal
frequency is, the smaller the dynamic range of the FOSRS. The
THD can be suppressed with better algorithms such as ellipse
fitting [30] to further improve the dynamic range.

In static strain rate measurement, the dynamic range of the
FOSRS can be evaluable. Through Eq. (15), the maximum
measurable strain rate can be calculated as ~0.1 €/s. According
to data from Corning Inc., the optical fiber can be loaded with
an applied stress of 700 MPa within 7 ms, indicating that it
can withstand a strain rate amplitude of at least 1.42 g/s.
Therefore, in static measurement, the maximum measurable
strain rate is approximately 0.1 €/s. Combined with the above
static strain rate resolution of 6.76 ne/s, the dynamic range of

the proposed FOSRS is up to 140 dB.

E. Long Baseline Sensing

In the field of geophysical monitoring and crustal deformation
observation, long baseline instruments have the advantages of
ultrahigh resolution and the ability to average the noise from
localized effects [31]. Therefore, FOSRS with a sensing fiber

98.0

97.5¢

97.0

96.5

96.0

Dynamic range (dB)

955}

95.0 - . -
0 1000 2000 3000 4000

Frequency (Hz)

Fig. 7. Dynamic range for dynamic measurement.

length of 25.277 km is developed. First, we disconnect the op-
tical fiber between the PZT and the 1 x 2 coupler. Then, we
splice an optical fiber disk with a length of 25.277 km at the
output end of the 1 x 2 coupler, and finally we splice an FRM
to the end of the sensing fiber. To differentiate the FOSRS with
different sensing fibers, the FOSRS with a 12.1 m sensing fiber
and 4.653 km delay fiber is called FOSRS I, and the FOSRS
with a 25.277 km sensing fiber and 4.653 km delay fiber is
called FOSRS 1I.

FOSRS 1I is placed in the same testing environment as
FOSRS I. The phase noise floor of FOSRS II is tested and
shown in Fig. 8. The recorded phase is filtered by a low-pass
filter with a cutoff frequency of 1 Hz. Compared to the result of
FOSRS I, FOSRS II has higher noise. This is due to the longer
sensing fiber, which increases the sensitivity of FOSRS II and
makes it more sensitive to ambient noise, such as the effect of
temperature. To reduce the effect of temperature in practical
applications, it is possible to use a reference interferometer,
whose arm length difference is equal to the length of the sensing
fiber, to eliminate the temperature variation trend. Also, the use
of long sensing fibers significantly increases the thermal phase
noise introduced by random thermal fluctuations in the optical
fibers [32—34], resulting in a significant increment in the phase
noise of FOSRS II.

The recorded phase’s standard deviation is calculated to be
9.1180 x 107> rad. Because of the longer length of the sensing
fiber, the sensitivity of FOSRS 1I is difficult to calibrate.
However, according to the above study on FOSRS 1, its mea-
sured sensitivity is close to its theoretical sensitivity, and the
difference between them is permissible. Therefore, the theoreti-
cal value is adopted as the sensitivity of FOSRS II. Using a
theoretical sensitivity of 5.36 x 10° rad/(g/s), a static strain
rate resolution of 17.01 pe/s is obtained.

In Table 2, we compare the resolution of the FOSRS with
some strain rate values of the DAS. The strain rate of the DAS is
calculated by measuring the relative deformation and time dif-
ference over the gauge length by demodulating the phase
change of the backscattered light. The length of the sensing
fiber corresponds to the gauge length of the DAS. From
Table 2, the resolution of the FOSRS can be better than
the noise of the DAS. Considering the strain rate amplitudes
detected by DAS in volcano monitoring and microseism detec-
tion, it is shown that the FOSRS is suitable for geophysical
monitoring and the detection of seismic events.

0.4 T T T T

——FOSRS 11

Phase (mrad)

-0.4

0 2 4 6 8 10
Time (min)

Fig. 8. Thase noise of FOSRS II recorded over 10 min.
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Table 2. Comparison of FOSRS and DAS

Reference Gauge Length Description Value (ng/s)
[13] 10 m Noise RMS of DAS 90

[15] 10 m Small transients within the persistent volcanic tremor 5

[35] 10 m Stick-slip icequake in glaciated terrain 649
FOSRS 1 12.1 m Dynamic/static resolution 1.58/6.76
FOSRS 11 25.277 km Static resolution 0.017

4. CONCLUSION

An FOSRS based on a differentiating MZI is proposed, and its
performance is researched in detail. A sensing fiber is used to
directly measure the strain rate with the help of the differen-
tiating interferometer. The flat sensitivity of the developed
FOSRS with a 12.1 m sensing fiber is 69.50 dB between
0.1 Hz and 1 kHz. A dynamic strain rate resolution of
1.58 ne/s at 1 kHz and a static strain rate resolution of

equal and correlated. The intensity noise related to the RINs
can be expressed by

RIN1T

T
RIN2 RIN3
NRIN — |: 10720 0

105 105 (A2)

In the FOSRS, due to the performance of the 3 x 3 coupler
and the arctangent algorithm, the variance of the equivalent

phase noise of the RIN is [30]

Chin = PP Inlpo.- A3
6.76 ne/s in 10 min are obtained. The resolution is limited RIN = 2o, PRINIRIN 6, (A3)
by the RIN of the ASE light source. In the static measurement, Here,
the maximum measurable strain rate that is limited by the co- P00
herence length of the light source is approximately 0.1 &/s, and 1
the corresponding dynamic range is evaluated as 140 dB. 0 0 P
FOSRS with a longer sensing fiber has a higher sensitivity 3
and resolution but is also limited by thermal noise and high
sensitivity to ambient noise. A 25.277 km sensing fiber is used T _ T 0 - o7 sin O A5
to achieve an ultrahigh static resolution of 17.07 pe/s. We Po, =P cosCo=q st P (A3)
ﬁ—?g—? sin 0, - %%? sin 6, —j—? sin 6, j—f sin 6,
qT %g—f cos 6, —/’3—?2—? cos 0, %—% cos 6, j—? cos 6, —%
ME (A6)
v

3 Aj sin 0, - g—jAz sin 0; + %2 43 sin(6; - 0,)

believe that FOSRS, with its advantages of flat sensitivity, high
resolution, and large dynamic range, has potential in geophysi-
cal monitoring and crustal deformation observation.

APPENDIX A

The 3 x3 coupler is neither lossless nor symmetrical in
actual measurements. When no strain rate signal is measured,
the three detection optical powers in Eq. (11) should be
described as

Pl = Dl +A1 COS(H()),
P2 = D2 + A2 COS(HO + 91),
P3 = D3 +A3 COS(HO + 92), (A1)
where D /A, # D, /A, # D3/ A3, 10,| # |0,| # 27/3,and 0,
is the initial phase.
RIN comes from the broadband light source and is divided

into three parts after passing through a 3 x 3 coupler, entering
three PDs. Three RINs tested from three PDs are not exactly

Furthermore, the PSD of the equivalent phase noise of the
RIN is

RIN1 RIN3

v = 10lg (73, PO + 75, P30 + 3 P310"H

RIN1+RIN2

+ 2pg,1 Po, 2 P1P2107 0

RIN2+RIN3

+ 2pg,2P0,3P2 3107 0

RIN3+RIN1 )

+ 2pg3 00,1301 107 0

(A7)

By fitting the ellipse and calibrating D,/A,, D,/A,,
D; /A3, 0y, and 6,, the corresponding equivalent phase noise
can be obtained. Moreover, it is foreseeable that the equivalent
phase noise of RIN is affected by the change of the initial phase.
In the resolution limitation and noise analysis of this paper,
we take the equivalent phase noise when the initial phase
is zero.
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