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Theorem of comparative sensitivity of fibre sensors

M.I. Belovolov, V.M. Paramonov, M.M. Belovolov

Abstract. We report an analysis of sensitivity of fibre sensors of
physical quantities based on different types of interferometers. We
formulate and prove the following theorem: under the time-depen-
dent external physical perturbations at nonzero frequencies (i.e.,
except the static and low-frequency ones) on the sensitive arms of
an interferometer in the form of multiturn elements (coils), there
exist such lengths L of the measuring arms of the fibre interferom-
eters at which the sensitivity of sensors based on the Sagnac fibre
interferometers can be comparable with the sensitivity of sensors
based on Michelson, Mach—Zehnder, or Fabry—Perot fibre inter-
ferometers, as well as exceed it under similar other conditions (sim-
ilar-type perturbations, similar arm lengths and single-mode fibre
types). The consequences that follow from the theorem, important
for practical implementation of arrays of fibre sensors for measure-
ment purposes and the devices with stable metrological properties,
are discussed.

Keywords: fibre-optic sensor, fibre interferometer, Sagnac interfer-
ometer, Michelson interferometer, sensitivity, transform function.

1. Introduction

The present paper is devoted to the issue of comparative sen-
sitivity of fibre-optic sensors of different physical quantities,
in which the sensitive elements are multiturn elements or coils
of single-mode fibre, incorporated in the measuring arms of
fibre interferometers. The most frequently used interferome-
ters are the Fabry—Perot (Fig. 1a), Michelson (Fig. 1b) and
Mach-Zehnder (Fig. 1c) interferometers [1—-5]. During the
last 30 years a large number of papers have appeared devoted
to the distributed and ‘point’ fibre-optic sensors, based on the
schemes of Sagnac fibre interferometers with multiturn sensi-
tive elements or coils (see papers [6—14] and references
therein). However, in spite of the development of fundamen-
tals of fibre-optic sensor operation, it is still unclear which of
the schemes can provide high sensitivity of the sensor to the
required physical perturbation under the condition of accept-
able metrological characteristics of the sensor or measuring
device.

This general question can be hardly answered. It is com-
mon to think that it is necessary to develop high-sensitivity
sensors using one of the fibre interferometer schemes (Fabry —
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Figure 1. Most widespread schemes of fibre-optic sensors based on (a)
Fabry—Perot, (b) Michelson, (¢) Mach—Zehnder and (d) Sagnac inter-
ferometers; S is the radiation source, PD is the photodetector, L, is the
length of the Fabry—Perot cavity.

erot, Michelson, or Mach—Zehnder, Fig. 1) since this choice
assures high sensitivity, while the Sagnac interferometer
should serve mainly in gyroscopes. In a more particular form,
the question of choosing the optical scheme for developing a
fibre sensor sounds as follows: what length should the single-
mode optical fibre have and what will the expected zero point
stability, transform function linearity and possible dynamic
range of the detected physical perturbations be? The theorem
about the comparative sensitivity of fibre-optic interferomet-
ric sensors formulated and proved in the present paper should
answer these questions with a certain degree of generality and
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facilitate the construction for a fibre-optic sensor or a distrib-
uted measuring system based on interferometric principles.
The illustrative materials and the numerical values of the
parameters of the sensors, in particular, the fibre acoustic sen-
sors (hydrophones) are presented here for better understand-
ing of comparative sensitivity, estimation of its values and
explanation of the theorem.

The comparative sensitivity theorem in the form of a defi-
nite statement of general character is formulated and proved
with mathematical rigor. It is physically substantiated based
on the known properties of the dependence of fibre interfero-
metric sensor sensitivity on the fibre length L in the sensitive
elements, as well as on the present experience of design and
testing of operating samples of fibre sensors and measuring
systems on their base.

2. Basic schemes of fibre-optic interferometric
sensors and initial conditions

After the appearance of single-mode optical fibres, it was
found that they can preserve coherence properties of trans-
mitted radiation. This important property of single-mode
fibres based on fused silica (SiO,) stimulated extensive studies
and design of the sensors of various physical quantities based
on high-sensitivity fibre-optic interferometers. As early as in
1983 the review papers appeared summarising the experience
of research and development of fibre-optic sound detectors
and hydrophones [1, 2]. To relate numerically the sensitivity
of different sensor schemes, we use the data on the sensitivity
of fibre-optic sound detectors. Similar comparative sensitivity
values can be used for other types of external physical pertur-
bations. The analogy does not affect the generality of consid-
eration and proof of the theorem, which is mainly related to
the dependence of the output signal amplitude or the steep-
ness of the transform function (Fig. 2) on the length L of the
single-mode fibre in the sensitive multiturn element.
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Figure 2. Qualitative form of the normalised transform functions U,
for the fibre-optic sensors based on the Michelson interferometer (MI)
and Sagnac interferometer (SI) as a function of the external perturba-
tion F or pressure P; Q; is the position of the working point (to the
substantiation of the choice of Sagnac fibre-optic interferometer).

It is known that in the most sensitive sensors of various
physical quantities, use is made of single-mode optical fibres
and interferometers based on them (Fabry—Perot, Michelson
and Mach—Zechnder interferometers). These schemes are
equivalent in physical principles of functioning and possess a
sinusoidal function transforming the external perturbation
into the electric output signal (Fig. 2) and the sensitivity of
similar order of magnitude. The modulation of the interfer-

ometer phase Ay is converted into the output electric signal
Uy (mV) by the detector photodiode in correspondence with
the sinusoidal transform function, shown in Fig. 2 in the nor-
malised form. It is also known that the phase (Ap) and the
output voltage (Uy) sensitivity of the sensors based on
Michelson interferometers are proportional to the fibre length
L in the measuring arm of the interferometer

Uy = aL, (1

where «a is the proportionality factor that depends on the type
of physical perturbation, outer coatings and geometry of fibre
winding on the spool (the numerical values of ¢ can be found
in Table 2 from Ref. [3]). In the case of recording acoustic
signals (sound pressure), the parameter  ~ 2mV m™!, and the
noise level U, of the recording instrumentation commonly
amounts to 0.1 -1 mV. For the amplitude of the output acous-
tic signal Uy ~ 100 mV and digital processing, one can detect
signals with a signal-to-noise ratio no smaller than 1000
(60 dB).

Figure 3 shows the sensitivity dependences adopted from
Refs [1, 2] for fibre-optic sensors of sound in water (hydro-
phones) on the sound frequency for different lengths L of the
single-mode optical fibres without outer coatings in the mea-
suring arm of the Mach—Zehnder interferometer. It is seen
that already for the length L = 1 m of single-mode optical
fibre in the measuring arm of the interferometer sensor, its
sensitivity appears to be at the level of the best piezoelectric
hydrophones and nearly corresponds to the audibility thresh-
old of human ear (~2 x 107 Pa). For the single-mode fibre
lengths 1, 100 and 100 m, the sensitivity can be increased by
one, two and three orders of magnitude, respectively. This
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Figure 3. Sensitivity of fibre detectors of sound (hydrophones and
piezoelectric hydrophones) compared to the sensitivity of human ear
(adopted from [1, 2]) normalised to 1 uPa.
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increase in the sensitivity and reduction of the minimal thresh-
old of acoustic signal detection cannot be implemented prac-
tically because the level of technical noises or the sea noise is
usually higher than the minimal detection threshold.

Using long optical fibres in sensitive elements leads, in
particular, to an increase in noises due to the temperature
fluctuations, vibrations and various instabilities that directly
affect the position of the working point of an interferometric
sensor, which becomes floating. Active stabilisation of the
working point of the interferometric sensor is possible, but
difficult in the case of many sensors in the measuring systems.
Thus, the sensitivity of the sensors linearly increases with
increasing length L of single-mode fibre in the measuring arm
of the interferometer sensor in correspondence with formula
(1). This fact determines the need to use multiturn elements
made of single-mode fibres wound on spools with a diameter
d. The diameter of the acoustical coil antenna limits the upper
frequency f, of the range of the detectable acoustic frequen-
cies, which is determined by the ‘in-phase condition’: the
antenna size d should not exceed half the wavelength of the
detected acoustic waves Aq:

d <12 )

Ideally, the condition should be d << A,/2 to provide more
precise recording of the acoustic wave phases and to have a
possibility to design phased acoustic antenna arrays for direc-
tion finding and determination of coordinates of the sound
sources in space.

The coatings of the optical fibres and the environment
surrounding the multiturn sensitive elements of the sensor can
essentially affect both the sensitivity and the amplitude—fre-
quency characteristic (AFC), as shown in Ref. [5] for the
acoustic sound detectors in the air environment. In Fig. 3 the
dependence of sensitivity on the sound frequency does not
manifest itself among the dependences obtained for single-
mode uncoated fused silica fibres and in this case serves to
evaluate it by the order of magnitude.

The in-phase condition in form (2) for the acoustic receiv-
ing antenna with the diameter d will evidently cause the fall of
sensitivity at high frequencies, starting from the frequency
fu = Vi/(2d), when the antenna size becomes smaller than a
half-period of the acoustic wave and the antiphase subtrac-
tion of the effects occurs under the simultaneous action of
half-waves of hydrostatic compression and rarefaction. The
estimates for the aqueous medium with Vg = 1500 m s~! and
d = 8 cm yields f, ~ 9.4 kHz, and in the first-order approxi-
mation this estimate is independent of the fibre length L of the
sensor sensitive element. The increase in the length of the
optical fibre in the coil will lead to greater uncertainty in the
position of the working point Q; (see Fig. 2) when using opti-
cal schemes of Fabry—Perot, Michelson, or Mach—Zehnder
interferometers. The arm lengths of the fibre Michelson and
Mach-Zehnder interferometers can be equalised to the dif-
ference of lengths AL < 1 mm. This will decrease the level of
noise related to the fluctuations of the carrier frequency of the
laser source radiation and draw the working point Q; of the
interferometric sensor closer to the zero position within
one—two periods of the response amplitude variation.
However, without special measures, there will be no auto-
matic stabilisation of the working point at the zero position
and it will remain unstable.

The analysis of response specific features in fibre sensors
with multiturn elements and Michelson, Mach—Zehnder and

Fabry—Perot interferometer schemes has shown that they are
close to each other in functional principles and possess practi-
cally similar transform functions in the sinusoidal form (see
Fig. 2) with the transform steepness similarly depending on L
according to the linear law (1). The linear dependence of the
sensitivity of the acoustic response amplitude of fibre hydro-
phones Uy, on the fibre length L in the sensitive multiturn
element (coil) is presented in Fig. 4. Let us use this depen-
dence of Uy for mathematical and graphical proof of the
comparative sensitivity theorem, which we formulate as the
statement on the relationship of sensitivities of the fibre sen-
sor using a Sagnac interferometer and sensors using Fabry—
Perot, Michelson and Mach—Zehnder interferometers as
functions of length L. Since in practice the fibre length L in
the sensors can amount to 1-1000 m, they have the form of
multiturn elements or small-size coils with the external diam-
eter 30— 100 mm.
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Figure 4. Dependences of the voltage sensitivity U of fibre acoustic sen-
sors (hydrophones) based on Michelson interferometers (Uy) and
Sagnac interferometers (Us) on the length L of single-mode fibre in the
sensitive arm (coil); L. is the fibre length corresponding to equal sensi-
tivities of the sensors (to the sensitivity theorem for fibre sensors).

3. Sensitivity and AFC of fibre sensors based
on Sagnac interferometers

The sensors based on fibre-optic Sagnac interferometers are
distinguished among all fibre interferometric sensors by the
unique functional properties, related to the stable zero work-
ing point, the linearity of the function that transforms the
external modulating perturbation into the output electric sig-
nal, and the wide dynamic range of admissible external ber-
turbations (see Fig. 2). Multiple design and research works
devoted to fibre sensors based on Sagnac interferometers
started from Ref. [6], where the dependence of the response
sensitivity Us(t,z) on the coordinate z of the external local
physical perturbation was determined. The latter should be
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time-dependent (neither static, nor low frequency) and pos-
sess an additional property of quasi-stationarity: the time of
variation of the external perturbation at the upper boundary
of the registered acoustic frequency band r = 1/f, must be
much greater than the time of the radiation propagation
along the Sagnac interferometer contour with the length 2L:

fu << c/(2nnl), 3)

where ¢ is the speed of light in vacuum; » is the refractive
index of the single-mode fibre core material; and L is the half-
length of the fibre contour of the Sagnac interferometer.

Following Ref. [6], we present the derivations necessary
to understand the physics of the Sagnac fibre interferometer
operation as a distributed or local sensor of physical pertur-
bations. If z is the coordinate of the acoustic impact on one
of the interferometer arms, measured from the middle of the
contour with the zero coordinate (z = 0, see Fig. 1d), then
the phase difference Ap(¢) of interfering signals at the output
of the Sagnac interferometer will be proportionally trans-
formed by the interferometer photodiode into the output
electric signal

AUs(12) = (1) = o1 = L5 ) g1 = E5E2). @)

where V,=c/n ~ 2 X 108 m s7! is the the group velocity of the
light wave propagation through the core of the single-mode
fibre.

If the signals are observed and registered by both arms in
the quasi-stationary regime (3) with the frequencies f* < f,,
then the additions to the time argument ¢ in formula (4) are
small, i.e., 22/ V, is small [7]. Expanding expression (4) into the
Taylor series and neglecting the terms of higher orders of
smallness, we arrive at the expression for the signal Ug(z,z),
proportional to the phase change Ap() in the Sagnac interfer-
ometer

aUs(1.9) =90 - L= - [o0 - LEE L]

This formula in the form

Us(t.2) ~ As(.2) = 32 (©)

is the key one when the fibre interferometer is used as a dis-
tributed fibre-optic sensor of physical quantities.

It is seen that the signal of the Sagnac interferometer con-
tains the coordinate z. To determine it one can use, e.g., the
signal Uy (f) ~ ¢(f) of the Michelson interferometer, also
included in this contour (see [6, 8]). The method of simultane-
ous implementation of two fibre interferometers in one closed
contour for the determination of coordinates of physical per-
turbations is referred to as the method of superposed interfer-
ometers [5]. Other methods and algorithms for determination
of the external perturbation coordinates using a combination
of Sagnac and Michelson interferometers in a system of
perimeter protection or defence against unapproved pertur-
bations can be found in Refs [6, 7, 11-13].

In the present case, we are interested in the regime of reg-
istration when the external perturbation affects the entire
Sagnac contour in the form of a multiturn element or coil. To
understand the physics of detecting such perturbations,

including the detection of acoustic waves by means of fibre
hydrophones as quasilocal sensors, it is reasonable to present
the Sagnac contour as two halves divided by the central point
with the coordinate z = 0 (Fig. 5). The fibre Sagnac interfer-
ometers in the form of a compact coil with a directed
X-coupler are often used as separate sensors of acoustic sig-
nals (microphones or hydrophones). A half of the closed con-
tour should be isolated from the sound or made essentially
asymmetric in sensitivity [5]. The question about the ampli-
tude—frequency characteristic of such sensor naturally arises.
To determine the AFC of a half-contour of the Sagnac fibre
interferometer, let us assume that it is affected by the acoustic
signal 4,. = Aysin(wt + ¢) with the acoustic wavelength 4, >>
2d, exceeding the diameter d of the spool carrying the fibre.
Integrating the response over the half of the Sagnac interfer-
ometer contour from 0 to L, we obtain the general form of the
fibre sensor response

Us(1) o (L*wlVy)Acos(wt + ). (7)

It is seen that the response amplitude is proportional to the
square of the fibre length L? in the contour and linearly grows
with increasing sound frequency w. Therefore, high acoustic
frequencies are better detected by the fibre Sagnac interfer-
ometer as a sensor, while low frequencies, low-frequency
vibrations and drifts are not detected.
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Figure 5. Fibre Sagnac interferometer as a distributed coordinate-sen-
sitive sensor of physical quantities with a linear dependence of the re-
sponse amplitude Ug(z,7) on the coordinate z [to the derivation of
Eqn (8) for the dependence of the integral response Us(w, L)].

The insensitivity to low-frequency signals and drifts is
known to be favourable for the operation of fibre-optic
gyroscopes. From the schematic diagram in Fig. 5 many
technical aspects are clear concerning the operation of both
fibre gyroscopes and distributed and local fibre sensors. In
gyroscopes under the external low-frequency impact on both
halves of the fibre contour it is important to choose the
point with z = 0, fold two fibres of the contour together and
wind them parallel to each other with maximal accuracy.
Under the external perturbation, any asymmetry of winding
will produce uncompensated difference signal of interference
and noise. The Sagnac contour becomes a sensor with maxi-
mal sensitivity, if a half of it, e.g., the one with conditionally
negative response amplitudes (Fig. 5), is physically isolated
from external perturbations. The maximal sensitivity will be
inherent in the segments of the fibre contour, located closer to
the X-coupler of the fibre circuit. Near the middle of the con-
tour with z = 0, the most insensitive and ‘deaf” segments of the
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fibre line are located. Since these parts of the fibre line or the
sensor coil weakly contribute to the integral sensitivity of the
fibre sensor, they should be better used as lead-in fibre chan-
nels, not caring much about the exact determination of the
point z = 0. In the process of the coil winding, these layers of
the fibre should be better located at the hydrophone spool
from below.

To confirm formula (7), the amplitude part of which rep-
resents the AFC of the fibre hydrophone with a Sagnac inter-
ferometer, we manufactured and studied a mock-up, for
which the schematic and the general appearance are shown in
Fig. 6. The hydrophone based on a Sagnac interferometer
with a sensitivity-asymmetric closed contour was fabricated
using a single-mode optical fibre with the length 2L = 100 m.
A half of the fibre was wound on a separate spool and acous-
tically isolated from the external environment inside the sen-
sor case. The second half'is a sensitive part of the hydrophone.
The 50/50 directional X-coupler, according to the scheme in
Fig. 6a, is placed in the isolated container box.

Sound

Input ( \

signal

Output A
signal Sensitive element

X-coupler Reference arm (ring)

\_ (coil)

a

Figure 6. (a) Optical scheme and (b) general appearance of the fibre
hydrophone sensor based on the Sagnac interferometer with a sensitiv-
ity-asymmetric closed contour having the length 22=100 m.

Figure 7 presents the shape of the AFC of the fibre hydro-
phone based on the Sagnac interferometer obtained point by
point in the range of the acoustic frequencies from 10 Hz to
15 kHz. Confirming formula (7), the AFC begins from the
zero frequencies and linearly grows with @ up to the values
determined by the spool diameter d = § cm in correspondence
with in-phase condition (2). A considerable decrease in the
acoustic response amplitude begins from the frequency f, ~
9.4 kHz. This experiment confirms the linear dependence of
the Sagnac interferometer hydrophone response on the sound
frequency w given by Eqn (7).

According to Eqn (7), we obtain the following expression
for the amplitude of the maximal integral response Ug from
the entire multiturn sensor element based on the Sagnac inter-
ferometer:

Us/dB|

40t

20

0 2 4 6 8 10 12 14
Frequency/kHz

Figure 7. Example of the AFC plotted point by point for the fibre
Sagnac interferometer hydrophone with the coil of single-mode CS980
fibre 50 m long having a spool diameter ¢ = 8 cm as a sensitive element.
The upper boundary of the frequency band of sensitivity is f, = V/(2d)
~ 9.4 kHz.

Us = bwl?, ®)

where the parameter 5 is approximately equal to 5 X
10° mV Hz ' m? for fibre hydrophones made of single-mode
fibre. The quadratic dependence of the voltage sensitivity
Us of the Sagnac fibre interferometer hydrophone on L is
shown in Fig. 4 for two values of the sound frequency w (1
and 2 kHz).

4. Formulation and proof of the comparative
sensitivity theorem for fibre interferometric
sensors

The above analysis of specific features and operation princi-
ples of fibre interferometric sensors, in which multiturn ele-
ments and coils of single-mode optical fibre play the role of
sensitive elements, allow the formulation of the comparative
sensitivity theorem for the sensors based on Sagnac interfer-
ometers and classical Michelson interferometers, as well as on
Mach-Zehnder and Fabry—Perot interferometers.

4.1. Theorem

Under time-dependent external physical perturbations with
nonzero frequencies w (except the static and low-frequency
ones) on the sensitive arms of the interferometers in the form
of multiturn coil elements, the length of the fibre interferom-
eter measuring arms L exists, for which the sensitivity of the
sensors based on the fibre Sagnac interferometers can be com-
parable with that of the sensors based on the Michelson,
Mach-Zehnder and Fabry—Perot interferometers or exceed
it, provided that the rest conditions are similar (single-type
perturbations, similar arm lengths and same single-mode
fibre type). The mathematical content of the comparative sen-
sitivity theorem is the existence of such a length of the optical
fibre L, at which the validity of the inequality Ug = Uy is
achieved at the positive parameters a, b, and w in formulas (1)
and (8).

4.2. Proof of the theorem

The proof of the sensitivity theorem for fibre sensors is the
following. According to the established dependences of the
sensitivity U of fibre-optic sensors with Michelson and Sagnac
interferometers presented by Eqns (1) and (8), independent of
the numerical values of the parameters a and b (a > 0,5 > 0)
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for the nonzero frequencies w of the external physical pertur-
bations, there exists a length L, of the fibre forming the sensi-
tive multiturn coil element, for which the sensitivity of the
sensors based on a Sagnac interferometer is comparable with
or equal to the sensitivity of the sensor based on Michelson
(Mach—-Zechnder, Fabry—Perot) interferometers L, = a/(bw).
For L > L, the sensitivity of a fibre-optic sensor with a Sagnac
interferometer can exceed that of the sensor based on a
Michelson interferometer. The theorem is proved with math-
ematical rigor and the generality of assumptions, determined
by the form of formulas (1) and (8) that express the depen-
dence of the sensitivity on the length of single-mode fibre in
the coil sensors. The physical conditions for the existence of
the above dependences in form (1) and (8) are the sufficiently
large wavelengths of the physical impacts compared to the
size of the coil antennas (the in-phase condition) and the
quasi-stationary condition (the expansion in the small phase
modulation parameter).

For L > L, ~ 400 m the sensitivity of the Sagnac interfer-
ometer sensors exceeds that of the sensors with Michelson
(Mach—Zehnder) interferometers for the sound frequency
o = 1kHz. For the tone signals with @ = 2 kHz the amplitude
of the response signal of the sensor with the Sagnac interfer-
ometer will exceed the response amplitude of the sensor with
the Michelson interferometer for the length 200 m of fibre in
the sensitive coil element. The practical sense of the proved
sensitivity theorem consists in the fact that in fibre hydro-
phones the length L, of single-mode fibre, required for the
coil winding, is not enormously large (a few hundred meters).
When the optical fibre and the cables based on them are used
in distributed ground-based systems of security and monitor-
ing, the fibre contour lengths of Sagnac interferometers can
be as large as 100-200 km. The time of the optical signal
propagation along the contour amounts to ~1 ms. This fact
means that the frequency spectrum of the external physical
perturbations or sound is limited by the upper frequencies
~1 kHz. Such interferometers are suitable for the systems
protecting against the unapproved access or for monitoring
the vibration of machines and mechanisms in natural condi-
tions.

A drawback of fibre sensors with Sagnac interferometers
is the large length of single-mode fibre, required to achieve
higher sensitivity of hydrophones as compared to the hydro-
phones with Michelson and other interferometers. This is
actually seen from the performed analysis and the compari-
son of the sensitivities of the Sagnac interferometer-based
sensor and other types of sensors. For the length L ~ 500 m
of single-mode fibre in the sensor coil, one can expect an
increase in sensitivity of hydrophones by more than two
orders of magnitude as compared to the sensitivity of human
ear or the best piezoelectric hydrophone (see Fig. 2). This sen-
sitivity may appear too high, and the use of such sensors will
be difficult, since the technical noises may exceed the sensitiv-
ity thresholds. For practical use, it appears more important to
implement the stability of the working point of the sensor at
the transformation zero, as well as the linearity of the trans-
form function and wider dynamic range of admissible exter-
nal perturbations. Therefore, it is not reasonable to wind a
very long fibre (20—50 m) onto the spool of the hydrophone
sensor. The sensor should be a part of the closed contour
of the Sagnac interferometer with the enlarged length, e.g.,
500 m or 1 km. According to the scheme in Fig. 5, the sensi-
tive element of the hydrophone must be placed closer to the
directional X-coupler, where the response amplitude is maxi-

mal. A less sensitive part of the closed contour of the Sagnac
interferometer can be placed in an isolating container to avoid
the registration of noise signals. As a result, the sensitivity of
the hydrophone becomes somewhat smaller, but it can
approach the sensitivity of a piezoelectric hydrophone in the
absolute value, and this will be enough for simultaneous con-
servation of the working point stability at zero, the linearity
of the transform function and the increased dynamic range of
the recorded external perturbations.

Figure 8 presents the results of experiments on the regis-
tration of acoustic signals by means of fibre-optic hydro-
phones with a 20-m-long single-mode fibre in the sensor coil
and a 1-km-long Sagnac interferometer contour. The exper-
imentally found threshold levels of detecting the acoustic
signals at the frequency @ = 8 kHz amounted to ~10~> Pa.
For the Sagnac interferometer contour 40 m in length and
the sensitive multiturn element of the hydrophone 20 m in
length, the threshold values of the sound registration
amounted to nearly 102 Pa, which is suitable for some tech-
nical applications of hydrophones, but not for detecting the
sound sources at large distances. The obtained data on the
high sensitivity of hydrophones with small lengths of single-
mode sensitive fibre (L ~ 20 m) in the schemes with Sagnac
interferometers indirectly confirm the sharper L?> dependence
(8) of the sensitivity on the fibre length, as compared to the
linear growth of sensitivity (1) in the case of Michelson inter-
ferometers and similar ones.

Us/mV

10

P,[Pa

0.1‘ | RN L1 11 1111 1l

103 107 1073 102

Figure 8. Experimental dependences of the sensitivity Uy of the fibre
hydrophone using (/) 20 and (2) 40 m of fibre in the coil at the end of
the Sagnac interferometer contour 1 km long on the sound intensity P
at the frequency 8 kHz. The noise level in the system is 0.01-0.1 mV, the
sensitivity threshold is ~10~ Pa. The sensitivity threshold of the hydro-
phone based on the Sagnac interferometer with the full contour length
40 m and the length of the fibre in the sensitive element 20 m amounts
to ~107 Pa.

5. Consequiences from the theorem
and discussion of results

The mathematical rigor of the theorem proof follows from
the functional dependence of the signal amplitudes in form (1)
and (8) for any positive values of the parameters a, b and w.
One can see from Fig. 4 that for small fibre lengths of the
sensor coils (L = 10—100 m) due to the quadratic dependence
of the response amplitude on the fibre length in the Sagnac
interferometers the response sensitivity is a quantity of the
second order of smallness, as compared to the sensitivity of
the sensors based on Michelson interferometers. However,
with the growth of the fibre length the response amplitudes in
the hydrophones based on Sagnac interferometers can quickly



1134

M.I. Belovolov, V.M. Paramonov, M.M. Belovolov

become equal in absolute value to the response amplitudes of
the sensors based on Michelson interferometers, or even
exceed them. In the sensor based on a Sagnac interferometer,
the working point position at the zero of the transform func-
tion (see Fig. 2) is conserved, as well as the linearity and the
wide dynamic range of admissible external perturbations. We
demonstrate the possibility of designing measuring instru-
ments for external perturbations with metrologically cali-
brated scale and stable position of zero. As to detecting such
sign-changing physical effects as sound, one can choose the
similar orientation of the coil loops with respect to the hydro-
phone case and match the polarisations to implement in-
phase detection of the acoustic signals using two and more
practically similar hydrophone sensors, which will operate
with the responses synchronously, like gyroscopes of similar
construction.

The main physical consequences of the theorem are:

— The high absolute sensitivities of fibre sensors due to the
large lengths of the single-mode fibres in the Sagnac interfer-
ometer contours L ~ 100—1000 m.

— The stable position of the working point at zero of the
transform function for the sensors based on Sagnac interfer-
ometers.

— The linearity of the function transforming the modulat-
ing perturbation into the output signal for the sensor based
on the Sagnac interferometer.

— The large range of admissible external physical pertur-
bations on the fibre Sagnac sensor.

— The possibility to arrange pair and arrays of similar
fibre-optic sensors with synchronous (phased) response. In
the case of detecting tone and harmonic signals, it is possible
to determine the direction towards the source of sound or
other physical perturbation from the external space.

— The possibility to make measuring instruments with
calibration with respect to the types of physical perturbations
(if the problem of matching the polarisation of the signals in
the fibre circuit of the sensor is solved and the effect of polar-
isation fading is eliminated) due to the stability of the zero
working point and the linear output characteristic.

Note that for small fibre length L the fibre sensor based
on the Sagnac interferometer will yield to the sensors based
on Michelson and other types of interferometers. The sensi-
tivity advantage of the sensors based on Sagnac interferome-
ters appears for the fibre length L > 400 m (as shown in Fig. 4
for fibre hydrophones). High threshold sensitivities (~10~° Pa
for the sound) can be achieved using sensitive elements with
small (L ~ 20—100 m) fibre length, if they are included into
the Sagnac contours with the total length 500 m —1 km, and
the connection to the optical circuit is near the X-coupler (see
the schematic in Fig 5 and the example in Fig. 8).

The possibilities of increasing the sensitivity of the fibre
sensors based on Sagnac interferometers with the conserva-
tion of the working point zero stability and the response lin-
earity, revealed and confirmed in the present paper, are con-
sequences of the proved theorem of comparative sensitivity of
fibre interferometric sensors. They offer new possibilities in
the design and construction of detecting sensors and measur-
ing instruments for different physical quantities with definite
metrological characteristics, which will be calibrated.
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