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Abstract: The problem of determination of group velocity and dispersion coefficient in the distributed sensor of vi-
bration in fibre optic Michelson’'s interferometer configuration is considered in the report. Influence of acoustic wave
on optical wave in a Bragg modulator is described. It is shown that such interferometer can be used as a distributed
highly sensitive sensor of mechanical values (vibration, acoustic wave, pressure, displacement).

Keywords; — Michelson’ sinterferometer, fibre optic, distributed vibration sensor

1. INTRODUCTION

Interferometer as a classical technique is known
for over 100 years. First research in this discipline
were conducted by Michdson (1881), Mach —
Zehnder (1891), Fabry and Perot (1899) [1]. Fiber —
optic interferometer has been developing for the last
ten years as a separate sort of fiber — optic sensors,
functioning on a principle of optical wave phase
changes detection. Optical configuration of interfer-
ometers has been adapted from classical interfer-
ometers where the light is lead in optical wave duct
[2].

In scientific literature interferometric fiber — op-
tics sensor is described as a device that processed of
substitution of optical wave physical parameters for
dectric signal. Optic fibre sensor can be applied to
detect a wide variety of external signals. The influ-
ence of mechanical (vibration, acoustic wave [3],
pressure, displacement), magnetic [4], eectric fidds
or temperature on light wave propagation can be
easily detected event in closed optics circuit. Optic
fibre interference sensors have extremdy high sensi-
tivity and closed optic circuit is their another advan-
tage.

Optic fibre sensor consists of a light source, optic
fibre and light detector, giving eectric output signal.
Optic fibre circuit has a sensing eement — phase
converter, which changes the phase of a light wave
according to external signal. Those changes are con-
verted back to dectric signal in demodulator, which
is an integral part of detector unit [5].

2. WAVES IN THE FIBRE OPTIC
MICHELSON'S INTERFEROMETER
CONFIGURATION

Single mode optic fibre carries coherent light
wave, which has properties similar to a flat wave
and is capable of interference. Distributed fibre optic
sensor in Michelson interferometer layout is pre-
sented on Fig 1. If both arm of this interferometer
areequal, it is called balanced one.

The phase distortion along the path L1 can be ob-
tained on the basis of interference waves reflected
from both arm of a sensor. Additional phase shift is
introduced to achieve a clear distinction between
consecutive wave packets.

If lengths of interferometer arms are different it is
called unbalanced one. A Bragg cdl (Fig 2) works
as alight frequency shifter.

Laser and A-O
modulator

L

Detector 2

Fig. 1 - Unbalanced Michelson’sinter fer ometer
asadistributed sensor.
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InFig. 2:

©, — angle of incidence of optical wave at Bragg
modulator,

©, — Bragg angle of refraction after passing the
modulator,

o — angular frequency of optical wave modu-
lated by acoustic wave,

Q, —angular frequency of acoustic wave,

Ls — Bragg modulator width,

k — optical wave vector,

A — optical wave length,

K — acoustic wave vector,

—

< Ly -

A — acoustic wave length,

V, — acoustic wave velocity,

k, — optical wave that falls on a Bragg modula-
tor,

k, —optical wave after a Bragg modulator.

Interferometer is excited with wave packets
shorter than their propagation time through the arm.

The dday between packets 7 is accordingly set to
obtain interferencein the coupler:

0= mo"'Qi

ki ki - ko'l'Ki

Ki=27t/Ai

®B: }\4/2A|
Ai - ZTC\/algl

Fig 2 - Description of light frequency modulation with acoustooptic effect.

D

where

L =L, — L, — difference of lengths of the interfer-
ometer arms;

V — speed of light in optic fibre.

Asaresult, asignal proportional to phase differ-
ence is obtained, having Af = f; —f, frequency.

To simplify the analysis, polarization effects has
been neglected which means, that constant polariza-
tion is assumed. Light wave at the output of fre-
quency shifter (Fig. 2) with wave vectork, =k, +K

and frequency a=ay+<2; can be described as

£ = U, expl i@+t k], 2
where
Uy=U,sn?, ©)
2
where
U, — amplitude of incident wave,
O —Bragg angle,
@ —initial phase.

To simplify the description the following as-
sumption were made: optic coupling Bragg cel —
fibre is lossless, wave is divided with 1:2 ratio and
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wave refurning to coupler after passing measurement
arm can be described as:

E= %tmlu Bej(d’*wﬁ*ﬁlﬂ) (4)

where
tm1 — transmission coefficient.

3. GROUP VELOCITY AND DISPERSION
COEFFICIENT IN DISTRIBUTED SENSOR
OF VIBRATION

A light wave modulated by a Bragg modulator
assumes the following form (using its eectrical
vector):

E = Usexplj(®+at-AL))], )

where

Ug — amplitude of the wave modulated in a Bragg
modulator,

w—angular frequency of light wave,

S — propagation constant of light wave in light
guide,

L —light guide length.

Propagation constant of light wave in light guide
can be presented as

B=n(K +Kk)(1-AB) (6)

where

n —index of refraction of light guide core,

K — wave vector of the acoustic wave,

k —wave vector of the light wave,

A, B —light guide parameters;

/3 - light guide propagation constant expressed by
theratio

B =n|(K+k)|(1-A,B),

where

2 2
_ niky-pB*  ni-ng

nfk§—nk§ nf-ng’
ng =L
kO

Light wave falls at Bragg angle © at the acoustic-
optical modulator. Using Cartesian coordinate sys-
tem to the modulator location in such way that the Y

axis is directed along acoustic wave propagation
direction, the components of the two vectors in this
system will have the following form:
K: [0, K],
k:[ ko cos(®), ko SiN(O)] (7

Module of the stochastic vector is expressed by
thefollowing formula:

K | = y[ko cOS@O) +[K +k, Sin(@)]? =

:\/(k0)2+(K)2+2kOK sin(e); 8)

from (8) follows that

|KW|:kO\/1+[:—Oj +2k£05in(®) 9)

Expanding expression (9) into Taylor’s series we
receive in the first approximation:

|Kw|zk0[1+%(2k£sin(®)+[k£j cos’(@))+..] (10)

0
Substituting expression (10) into (6), the formula

for propagation constant of light wave modulated
acoustically wave can be obtained:

p= nk0[1+%(2k£sin(®) +

0

+ [kﬁj cos’(0))](1-AB). (11)

0

Wave vectors depend on wave length:

for light wave with wave length Ao,

K=—
A

for light wave with wave length A, and
c=AVs,

v =Af,
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2y,
ko= CO,

ot
\

v — acoustic wave velocity,

ﬁz[nko+%2@fsin(@)+
\

}f227mc

cos’(©)](1-AB),

O

ﬂzZﬂ'n[V—o sin(®) 1f2ccos ((9)](1 AB) (12)
c v AV

0

Assuming that dependency of propagation con-
stant f(w+) expanded into Taylor's series is ex-
pressed by

Blry+ 1)= B+ 1 L2 128 L 13
2 dv

group velocity is equal to

1_14d8

Vg 27 dv

2= 1-AB),

1 ns nsin(®)
== (14)

Vo

and dispersion coefficient equals

_1dﬂ
Y2 dv?

nccos (@)
Vo2

D

14

(1-AB). (15)

4. CONCLUSIONS
Group Velocity

If the dispersion coefficient is sufficiently small,
the third term in the expansion (13) may be ne-
glected and

E(f)=E(0)exp(-j 27f 7).

The system is then equivalent to an attenuation
factor

E(0)=exp(-0z/2)

and a time dday
=L/,
so that

E(zt) = exp(-oL/2) E(O,t- 7). (16)

In this approximation the pulse travels at the
group velocity (14) vy , its intensity is attenuated by
the factor exp(-al/2), but its initial shape is not al-
tered. By comparison, in an ideal (lossless and non-
dissipated) medium, oo = 0 and A(v) = 2zvic, so that
vg=C the pulse envelope travels at the speed of light
in the medium and its height and shape are not al-
tered.

Dispersion Coefficient
Since the group velocity

Vg = 2n/(dBldY)

is itsdf frequency dependent, different frequency
component of the pulse undergo different delays

Ty = Livg.

As a result, the pulse spreads and its shape is
altered.

Two identical pulses of central frequencies v and
v+ dv suffer adifferential ddlay:

dié‘

sr=9% 5,9 L5 -pisv 1)
dv dv v

If D, > 0 (normal dispersion), the trave time for
the higher — frequency component is longer than the
traved time for the lower — frequency component.
Thus shorter — wave length components are slower.
Normal dispersion occurs in glass in the visible
band.

If the pulse has a spectral width o, (Hz) then:

o, =|D,|o,L (18)
is an estimate of the spread of its temporal width.
The dispersion coefficient D, is therefore a measure
of the pulse time broadening per unit spectral width
per unit distance (§m-Hz).
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