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(57) An optical sensing system

comprises a highly birefringent optical

fibre 5 having two principal polarisation LASER
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axes. The optical fibre 5 is arranged to
be subjected to deforming forces such
as acoustic waves. The optical fibre 5 is
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divided into a plurality of elements by
discontinuities 7 to 15 so that a small

proportion of coherent light transmitted
along either axis of the optical fibre 5
will be reflected back along the fibre 5 at
each. The reflected light pulses interfere
with each other within either axis of the
optical fibre 5, and after leaving the
optical fibre 5, they are passed to a
photo- detection means 19a, 19b and
decoding means 20a, 20b from which
signals indicative of changes in optical
length of the elements are produced.
There is substantially no interaction
between light passing along the two
axes, and so by transmitting a first
pulse train of one polarization along
one axis and a second pulse train of a
second polarization along the other
axis, the bandwidth of the system is
effectively doubled.
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The drawing(s) originally filed was (were) informal and the print here reproduced is taken from a later filed formal copy.
The claims were filed later than the filing date within the period prescribed by Rule 25(1) of the Patents Rules 1982.
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SPECIFICATION
Optical systems

This invention relates to optical systems, in particu-
lar, optical systems for sensing strain or deformation
(e.g. elongation or bending) of various members.

A previously proposed optical sensing system is
described in our co-pending Patent Application No.
GB 8220793 (Publication No. 2126820A) in which
single coherent light puise or pairs of coherent light
pulse are launched into an optical fibre which is
arranged to be subjecied to deforming forces such
as acoustic waves. The optical fibre is divided into a
plurality of discrete fibre elements so that a small
proportion of each coherent light pulse transmitted
along the fibre will be reflected back along the fibre
at the junction between each of the elements.
Reflected light pulses interfere with one another in
the optical fibre, and after leaving the optical fibre,
they are passed to a photo-detection means and
decoding means. In response to receiving the
pulses, the photo-detection means produces elec-
trical signals indicative of changes in optical path
length of the elements due to the incidence of the
deforming forces.

This system suffers from the disadvantage that it
is necessary to wait for all reflected pulses to leave
the optical fibre before launching a further coherent
light pulse or pulse pair down the fibre. As a
consequence, the sampling rate of the sensing
system is limited by the time taken for all reflected
pulses to leave the fibre, and so the maximum
frequency acoustic wave which can be sensed is also
limited. This problem is particularly troublesome in
optical sensing systems having a long optical fibre
where the optical “round trip”’ time is greater than
about 50 microseconds.

It is an aim of the present invention to produce an
optical sensing system which can sense acoustic
waves having a relatively high frequency evenifa
long optical fibre is employed in the system.

According to the present invention there is pro-
vided an optical system comprising a highly birefrin-
gent optical fibre having a pair of principal polarisa-
tion axes, which optical fibre is arranged to be
subjected along its length to fibre deforming forces
during operation of the system, and means for
producing first train of coherent light pulses for
transmission along one of the polarisation axes and
a second train of coherent light pulses for transmis-
sion along the other polarisation axis, wherein the
high birefringence of the optical fibre is such that
there is substantially no interaction between the first
pulse train and the second pulse train, and the
optical fibre is provided with a number of equally
spaced discontinuities along its length which effec-
tively divide the fibre into a plurality of discrete fibre
elements so that a small proportion of each light
pulse being transmitted along the fibre will be
reflected back along the fibre from each of the
discontinuities whereby, within the pulse train trans-
mitted down either of the polarisation axes, each
reflected light pulse after the first interferes with
either the previously reflected pulse from the pre-
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ceding discontinuity or a reference light signal of the
same frequency or a frequency with a constant
difference frequency to the transmitted pulse train to
produce an electrical signal in square law photo-
detection means of the system, the difference be-
tween respective electrical signals corresponding to
successive fibre elements being dependent upon the
length of the fibre element so that changes in optical
path lengths of these elements produced by the
incidence of the deforming forces wili result in
changes in the electrical signals which will be
detected.

The principal polarisation axes of the optical fibre
may be orthogonal with respect to each other.

The optical system may be a multiplexed optical
system in which a plurality of pulse trains are
transmitted along each one of the polarisation axes.
A multiplexed optical sensing system is described in
our co-pending UK Patent Application No. 84.24670.

Embodiments of the present invention have the
advantage that, since there is virtually no interaction
{less than 45dB isolation over a short length, for
example 10 metres) between the first and second
pulse trains travelling along respective principal
polarisation axes of the highly birefringent optical
fibre, the bandwidth of the optical sensing system is
effectively doubled thereby allowing acoustic waves
impinging on the optical fibre to be sampled at a
higher rate.

The means for producing the first and second
pulse trains may comprise a laser coupled to an
optical frequency shift means. The optical frequency
shift means may comprise an integrated optic phase
modulator or a Bragg cell, and may be coupled to a
driving means which drives the optical frequency
shift means thus enabling it to produce the first and
second trains of coherent light pulses.

The pulse trains may be launched into the polar-
isation axes of the optical fibre by means of a
polarisation rotater which, for example, orientates
the polarisation axes of the first and second pulse
trains so that they are transmitted along respective
polarisation axes of the optical fibre.

A polarisation splitter may be provided to separate
pulses of the first pulse train from pulses of the
second pulse train after the pulses have been
reflected from the optical fibre. Reflected first and
second pulse trains are then fed to respective
photo-detection means.

Alternatively, the first and second pulse trains of
coherent light may be produced by different lasers.
In this case, the lasers may be polarised at 90° with
respect to one another, thereby eliminating the need
for the polarisation rotator.

in carrying out the present invention a heterodyne
system may be used in which the first and second
pulse trains each comprise two-pulse signals having
two pulses of slightly different frequencies F, and F,
+ A F, of predetermined duration and time relation-
ship. The two pulses of the first and second pulse
trains are transmitted along respective polarisation
axes of the highly birefringent optical fibre, small
proportions of the pulses being reflected back at
each fibre discontinuity. For each pulse train, the
pulse reflected from the second fibre discontinuity is
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caused to interfere with that reflected from the first
discontinuity (i.e. the pulse of frequency F, of the
second reflected pulse is heterodyned with the pulse
of frequency F, + A F, of the first reflected pulse).
This heterodnyning produces a detectable electrical
beat frequency signal the modulation of which will
vary with the changes in the optical path length of
the first optical fibre element between the first and
second optical fibre discontinuities. It will be appre-
ciated that pulses reflected from the third, fourth and
fifth and last discontinuities will similarly interfere
with those pulses reflected from the preceding
discontinuity.

By separating the electrical beat frequency signals
of respective pulse trains and measuring phase
modaulation of the electrical beat signals correspond-
ing to the respective optical fibre elements between
discontinuities for each pulse train, any changesin
optical path length of such elements due to them
being stressed can be determined.

Reflected pulses emerging from the optical fibre
may be fed into photo-detection means where the
electrical beat frequency signals are produced, and
these signals may then be fed into a decoding means
which decodes the signals and provides signals
indicative of any changes in optical path length of
the fibre elements.

As will be fully appreciated from the foregoing the
optical sensing system according to the present
invention is especially applicable to optical beam-
forming acoustic wave sensors in which the ele-
ments of the optical fibre defines an acoustic wave
sensor array for use in hydrophones for sonar
purposes.

The present invention has many different applica-
tions, and because of the non-conductive nature of
the optical fibre sensor it would be of particular
advantage in explosive gas or vapour environments,
such as coal mines, petro! and chemical plants.

The present invention will now be further de-
scribed by way of example with reference to the
accompanying drawings in which:

Figure 1 shows a schematic diagram of a heter-
odyne optical sensing system embodying the pre-
sent invention;

Figure 2 shows a schematic diagram of a second
embodiment of the present invention; and

Figure 3 shows a pulse diagram which will be used
to illustrate operation of the embodiments shown in
Figures 1 and 2.

Referring to Figure 1 of the drawings, a pulsed
laser 1 produces output pulses of coherent light of
frequency F, which are fed into a broadband optical
frequency shifter 2 which may be in the form of an
integrated optic phase modulator or a Bragg cell. In
the case where the shifter 2 is in the form of an
integrated optic phase modulator, the pulses pas-
sing therethrough can be shifted in frequency by
application of a varying voltage signal to the mod-
ulator from a driving means 3. In this case, the shifter
2 is driven to produce a first pulse train having
two-pulse signals of frequencies (F1, Fy + AF;)and a
second pulse train having two-pulses signals of
frequencies (Fq, F; + A Fy). The pulses of coherent
light then pass through a polarisation splitter 4
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which orientates the polarisation axes of the first and
second pulse frains so that they are at 90° with
respect to one another and so that the first pulse
train is aligned with one principal polarisation axis of
an optical fibre 5, having suitably high birefringence
and the second pulse train is aligned with the other
principal polarisation axis of the fibre 5. Respective
pulse trains are then launched into respective polar-
isation axes of the fibre 5 after passing through a
beam splitter 6, which splitter 6 may be in the form
of a polarisation maintaining fibre coupler.

An optical fibre having suitably high birefringence
is one in which there is virtually no interaction (i.e.
less than 45 decibels) between signals travelling
along respective principal polarisation axes of the
fibre, that is, a fibre which is polarisation maintain-
ing with, for example, a beat length of less than
2mm. Such a fibre is manufactured by York Ventures
Special Optical Products, reference number HB600/2
or HB800/2 or HB1200/2.

Equi-spaced discontinuities 7 to 15 are provided
along the optical fibre 5 and these discontinuities
except for the last may, for example, be formed by
suitable joints in the optical fibre. The fibre is
effectively divided by these discontinuities into eight
sensing elements and variations in the lengths of
these fibre elements such as due to the impingement
thereon of acoustic waves, can be detected and
measured in a manner which will be described with
reference to Figure 3 below.

When a two-pulse signal of the first pulse train is
transmitted along one of the principal axes of the
optical fibre, a small proportion of the signal is
reflected, at the discontinuity 7 back along the fibre 5
to the beam splitter 6 which directs the signalto a
polarisation splitter 18. The remaining part of the
signal travels on to a discontinuity 8 at which a
further small proportion thereof is refiected back
along the optical fibre 5 to the beam splitter 6. This
procedure continues unti! that part of the signal
remaining reaches the last of the optical fibre
discontinuities 15 and a small proportion of this
signal is again reflected back along the optical fibre 5
to the beam splitter 6. A two-phase pulse signal of
the second pulse train, which comprises pulses of
frequencies (F4, F; + A F,), is launched into the other
principal polarisation axis of the optical fibre 5
before the two-pulse signal of the first pulse train
has left the optical fibre 5 after reflection from the
discontinuity 15. However, since the second pulse
train is transmitted along a different polarisation axis
of the optical fibre 5 from the first pulse train, there is
virtually no interference between the two pulse
trains.

Reflected signals (of the first and second pulse
trains) from the respective discontinuities, except
the first, are caused to interfere with signals refiected
from the preceding discontinuities to produce ampli-
tude modulated electrical signals in dependence
upon the optical path lengths of the optical fibre
elements.

Signals reflected from the optical fibre 5 are
directed, by the beam splitter 6, to the polarisation
splitter 18. The polarisation splitter 18 separates
puises of the first and the second pulse trains and
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directs them to respective square-law photo-
detectors 19a and 19b where electrical beat frequen-
cy signals, indicative of changes in optical path
length of the optical fibre elements, are produced.
The signals are then fed into respective decoding
means 20a and 20b which decode the signals to
provide signals indicative of any changes in the
optical path length of the optical fibre elements.

Referring now to Figure 2, this shows a second
embodiment of the present invention which com-
prises two pulsed lasers 20 and 21. The lasers 20 and
21 each generate coherent light, the light from one
laser being polarised at 90° with respect of the light
from the other. Pulsed Light from each laser then
passes through a respective frequency shifter 22 and
23 operative to generate the two-pulse signals Fy
and F, + A Fq, and F; and F, + A F, of the first and
second pulse trains respectively. The pulse trains are
then launched into the optical fibre 5 via respective
beam splitters 24 and 25. The signals are transmitted
into and reflected by the optical fibre 5 in the manner
as described with reference to Figure 1. In this case
however, signals of respective puise trains reflected
from the optical fibre 5 are detected and decoded in
respective detectors 26 and 27 where signals indica-
tive of any changes in the optical path length of the
optical fibre elements are provided.

Referring now to Figure 3 of the drawings, this
shows by way of example, reflections of the two-
pulse signals from the discontinuities 7, 8 and 9 for
each of the first and second pulse trains in the
heterodyne system shown in Figures 1 and 2. As can
be seen from the drawing, reflection from the
second discontinuity 8 in the present example is
delayed with respect to the reflection from the first
discontinuity 7 by time T, and T, for respective pulse
trains, where:

T = 2L where L = to the length of each optical fibre
Cg element

and Cg = velocity if light in the optical fibre.

By appropriate choice of length L the delay
between the reflections is such that there is total
coincidence or at least some overlap between the
reflected pulse of frequency F, (where n = 1or 2} of a
later reflected pulse with the pulse of frequency F, +
A F, of the preceding reflected signal. Hence, the
pulse reflected from the second fibre discontinuity 8
is caused to interfere with that reflected from the first
discontinuity (i.e. the pulse of frequency F, of the
second reflected signal is heterodyned with the
pulse of frequency F, + A F,, of the first reflected
pulse). This heterodyning produces a detectable
electrical beat frequency signal the modulation of
which will vary with changes in optical path length of
the first optical fibre element between the first and
second optical fibre discontinuity.

Although the embodiments of the present inven-
tions have been described with reference to the
heterodyne optical sensing systems illustrated in
Figures 1 and 2, the scope of the invention is not
limited to these particular optical sensing systems.
For example, an alternative heterodyne system as
described in our co-pending Patent Application No.
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GB 8220793 is envisaged in which the first and
second pulse trains each comprise single-pulse
signals of frequency F, where n=lor2 respectively
which are transmitted down the optical fibre 5 for
reflection from the fibre discontinuities 7to15 whilst
a two-pulse signal comprising consecutive pulses of
frequencies F, and F, + A F,, respectively, is used as
a continuous reference at the photo-detectors 19a
and 19b to beat with the reflected signals of
frequency F,. In this case, however, it is necessary to
make comparison between the difference frequen-
cies arising from consecutive reflections and this will
require some means of electronically delaying or
storing the information from the preceding reflection
in order to compare electrical phase relationships.

As an alternative system to the heterodyne sys-
tems, reflected sighals from the optical fibre diconti-
nuities 7to 15 may be homodyned by arranging that
one or two light pulses in predetermined time
relationship and of the same frequency are transmit-
ted along the optical fibre 5 and reflected signals
from the respective discontinuities except the first
are caused to interfere with the signals reflected
from the preceding discontinuities to produce ampli-
tude modulated electrical signals in dependence
upon the optical path Iengths of the optical fibre
elements. The detection means will detect and/or
measure any changes in modulation due to defor-
mation of the fibre elements.

CLAIMS

1. An optical system comprising a highly biref-
ringent optical fibre having a pair of principal
polarisation axes, which optical fibre is arranged to
be subjected along its length to fibre deforming
forces during operation of the system, and means
for producing a first train of coherent light pulses for
transmission along one of the polarisation axes and
a second train of coherent light pulses for transmis-
sion along the other polarisation axes, wherein the
high birefringence of the optical fibre is such that
there is substantially no interaction between the first
pulse train and the second pulse train, and the
optical fibre is provided with a number of equally
spaced discontinuities along its length which effec-
tively divide the fibre into a plurality of discrete fibre
elements so that a small proportion of each light
pulse being transmitted along the fibre will be
reflected back along the fibre from each of the
discontinuities whereby, within the pulse train trans-
mitted down either of the polarisation axes each
reflected light pulse after the first interferes with
either the previously reflected pulse from the pre-
ceding discontinuity or a reference light signal of the
same frequency or a frequency with a constant
difference frequency to the transmitted pulse train to
produce an electrical signal in square law photo-
detection means of the system, the difference be-
tween respective electrical signals corresponding to
successive fibre elements being dependent upon the
length of the fibre element so that changes in optical
path lengths of these elements produced by the
incidence of the deforming forces will result in
changes in the electrical signals which will be
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2. An optical system according to claim 1, where-
in the principal polarisation axes of the optical fibre
are orthogonal with respect to one another.

3. An optical system according to claim 1 or
claim 2, wherein the system is a multiplexed optical
system in which a plurality of pulse trains are
transmitted along each one of the polarisation axes.

4. An optical system according to claim 1 or
claim 2, wherein the means for producing the first
and second pulse trains comprises a laser coupled to
an optical frequency shift means, which shift means
comprises an integrated optic phase modulator or a
Bragg cell.

5. An optical system according to claim 1, claim 2
or claim 3, wherein respective pulse trains are
launched into respective polarisation axes of the
optical fibre by means of a polarisation rotator.

6. An optical system according to any one of the
preceding claims, wherein a polarisation splitter is
provided to separate pulses of the first pulse train
from pulses of the second pulse train after the pulses
have been reflected from the optical fibre.

7. An optical system substantially as herein
described with reference to Figures 1 and 3 or
Figures 2 and 3 of the accompanying drawings.

Printed in the UK for HMSO, D8818935, 2/86, 7102.
Published by The Patent Office, 25 Southampton Buildings, London,
WC2A 1AY, from which copies may be obtained.



