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(57) Abstract 120

An improved intensity-encoded fiber optic sensor incorporating novel drift correction and filtering means is disclosed. The
first embodiments of the invention relate to means for removing unwanted higher-order core and cladding modes from an intensi-
ty-encoded signal in an optical fiber using mode strippers and mode filters located strategically at various points in the sensing
system. The second set of improvements in the invention relates to an improved technique for long-term temporal drift cancella-
tion in a fiber optic pressure sensor by periodically applying pressure to the sensor tip (100) in order to ascertain the measured
voltage at which the sensor diaphragm (116) contacts other elements (120) of the sensor. This measured voltage is subtracted from
an initial calibration voltage, and the result is applied to the measured signal as a constant correction term.
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DRIFT CORRECTION FOR FIBEROPTIC PRESSURE SENSORS

BACKGROUND AND SUMMARY OF THE INVENTION

1. Field of the Invention

This invention relates to improvements in fiber optic
sensor systems, and in particular, to techniques for
reducing bending and connector instabilities in intensity-
encoded fiber optic sensors, as well as temporal drift

correction for fiber optic pressure sensors.

2. Description of Related Art

Optical fiber sensing systems have found applications
in many environments. For example, the measurement of
intravascular blood pressure of human patients has been
accomplished using equipment manufactured by the present
Assignee, FiberOptic Sensor Technologies, Inc. (FST), in
which a diaphragm at the fiber sensing tip deforms in
response to a  pressure differential, thus modulating
through reflection the 1light signals sent through the

fiber. Changes in the distance between a deformed
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diaphragm and the opticai fiber end, and the diaphragm
shape, modulate the amplitude of light that is reflected
back into the optical fiber. Accordingly, the intensity of

the returned light signal is related to the pressure acting

on the sensing tip.

Applicant has made rmrmero.u's, advancements in the
technology of fiber optic sensin;g systems which are
principally oriented Vtowardr ?réssure measurement. The
prese’ni: Assignee, FST, aisb owns U.Sr. Patents 4,711,246,
4,787,396 and 4,924,870, as well as copending appliéations
with serial numbers 7"48. ,082 and 87-2.37,143, which are related
to varidué improvements in fiber optic Vsén'sor's and which
aré hereby ihcorporai’:ed by ieference.

Whilé ‘the systems in acc‘ordénde with these prior

-patents and applications provide excellent performance for

the intended applications, Appl-ic;ant is seeking to minimize
errors introduced in the measurein’ént of physical parameters
by be’nding and connector. instab_ilitieé, ‘as well as to
minimize error i'ntrodticed by fdriﬁt over long preriods of
time in the sensing éYStém. g o |

Two common sources of 7 errcr inf the measurement of
physical parameters by intensity-encoded fiber optic
sensors are bending a_hd connector instabilities. These
errors are particulafly “significant for higher-order and
ciadciing iight ' transmission imodes’, which are often the
dominant modes of "propagatvioh,' in shoi't fibers, where é

steady-state mode diStribution has not yet been achieved.
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ﬁending instabilities arise because the 1local critical
angle in an optical fiber varies with the fiber’s bending
radius, so that higher-order modes, with initial angles of
incidence nearly equal to the critical angle, will pass out
of a bent fiber but not a straight one. Similarly,
connector instabilities, which result from imperfect
alignment between the transmitting énd receiving fibers,
have a large effect on signal attenuation in short fibers
by erratically transforming the mode distribution within
the receiving fiber, with the result that axial modes in
the transmitting fiber may become higher-order modes in the
receiving fiber an:. vice versa. Typically, a two-
centimeter bend in a 100-micron fiber may result in up to
several percentage points of change in transmitted
intensity. In addition to the above-mentioned sources of
error, other time-dependent errors may be introduced by
temperature-induced changes in fiber transmissivity.

The present invention seeks to minimize these sourceé
of error by using specially-placed mode filters and
strippers to filter the transmitted and received 1light
signals to remove most cladding and higher-order core
modes. The first-mentioned embodiment of the present
invention employs mode strippers and mode filters to remove
unwanted higher-order core and cladding modes. Mode
filters consist of a fiber deformer which forms periodic
bends in the encapsulated optical fiber. The periodic

bends in the fiber, usually having radii of curvature on
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 the order of several millimeters, remove the unwanted

higher-order modes by'.effectively"varying“»the< incident

angle of light passing through the fiber in'parts'of the

' behds, allowing many Of'the'higher-order modes to simply

pass through the fiber réthér‘thén,undergd,tdtal internal
teflectioh. Mode'strippérs-rely:on a pladding doped with
an optically?opaque 'maﬁerial' dﬁer .a short distance to
rémové modes which.prépa@aﬁe in the fibér’s-claddiﬁg.
While.modeVStripperé;and filters are well known in the
art, the ‘first embodiment of the preéent' invention
selectively places them in a novel ,féShion in the
connectors .bétWeen _the senéér' fefrule ﬁnd, the optical
sourcé, as well as in:the senéor ferrule-itself, to remove
the unwanted highe#—ofder core'and,cladding ﬁodes at fhe'
source of their geheratiqn; Ahother éechnique’to reduce
connector‘instaﬁilities-inco:porated‘in embodiments of the
present invention is the use of an angle polish on one of
the'dptical fibers in,the.sourceésensorrconnéctor.. in this
technique, one of the fibers is cut at an angle to its
normal, while thefother end of the fiber remains flat. The
angle polish, when'applied to one of the fibers, ensures
that both . fibers sought: to be connected will remain
separated by morerthan?arquarter,w&velength over most of
their faces, thus preventing unﬁanted.interferenée effects

from reflections at both fiber ends. Such an angle polish

also acts as a filter for removing some additional higher-

order modes in the source. fiber.
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Another important technique of the present invention
for reducing errors associated with bending, connector, and
time-varying transmissivity instabilities in pressure-
measuring sensors consists of periodically recalibrat;;j
the sensor by externally applying a pressure differential
to the sensing diaphragm sufficient to cause the diaphragm
to contact protrusions placed on the sensor ferrule. )The
difference of the system voltage obtained during each
recalibration, which is proportional to the reflected light
intensity recorded by photodetectors, and the system
voltage recorded during an initial calibration run, is
subtracted from the measured system voltage as a constant
correction term. To facilitate identification of the
contact event, the tip of the sensor ferrule is provided
with one or more protrusions which contact the diaphragm
during the recalibration event. This contact event may be
identified by the signal-processing apparatus by either
lock-in detection, autocorrelation, or averaging
techniques. The first of these relies on the superposition
of a high-frequency pressure signal with an associated
dither frequency on the vacuum ramp applied to the
diaphragm during the calibration operation; the signal
processing apparatus examines the component of the voltage
at the selected frequency, and observes the contact event
as a change in signal amplitude at that frequency. The
autocorrelation technique compares two temporally-

successive pressure waveforms for significant changes; the
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contact évent :is'ridentifiedr when the éecond differs
ma’térially in funcﬁional form fromr the first. The final
techniqué relies on averaging the meaéured system voitage
values derived during' calibraﬁion over pféssure,
identifying the contactreﬁent and associated'correction
térm when'the,standardfdeviation ih the averaged voltage

values drops below a preselected number. '

Additional, benefits and advantages of the present

invention will become apparent'to thqse skilled in the art
to which this invention relétes from the subsequent
description of rthe preferred rembodiments and the appended
élaims, taken in cdnjunétidn Vwith the accbmpanying

drawings.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a system sensing a chosen

physical parameter in ,aCCdrdance with the present
invention;

FIG. 2 is a cross-section of a stepped-indeﬁ'optiéal

fiber showing in diagramatic form various modes dfrlight

propagation thrdugh the Vdpti¢al fiber ,rélevant to the
present invention;; ' | |
FIG. 3 is a schematiérdiagrém showing the position of
a fiber connector of the present ihventidn incorporating an
integral mode filter;f,, | '
FIG. 4 is a crpsé-seétidﬁ of a fibet‘connector of the

present invention;
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FIG. 5 is a cross-section of a mode stripper of the
present invention incorporated at a sensor tip:;

FIG. 6 is a cross-section of a mode filter adjacent to
a sensor tip of the present invention;

FIG. 7 is a schematic drawing showing the location of
a mode filter in one embodiment of the present invention:

FIG. 8 is a schematic drawing showing the location of
a mode filter in another embodiment of the present
invention;

FIG. 9 is a cross-section of a fiber connector
incorporating an angle polish of the present inveﬁtion;

FIG. 10 is an enlargement of the cross-section of the
fiber shown in Figure 9 incorporating an angle polish of
the present invention;

FIG. 11 is a cross=-section showing the connection of
two fiber connectors containing an angle polish of the
present invention;

FIG. 12 is a cross-section of a sensing tip of yet
another embodiment of the present invention containing two
protrusions for engaging a pressure-sensing diaphragm;

FIG. 13 is a schematic diagram showing the arrangement
of the vacuum means of the present invention:;

FIG. 14 is a graph of ©:nsed vcitage vs. applied
vacuum pressure showing the characteristic signature of a
contact event relied on in one embodiment of the present

invention in identifying a contact event between the
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sensing tip’s diaphragm and the pfotrusibns in the'sensor,

tip; and 7 , N 7

FIG. 15 is a graph of sensed volfege vs. applied
vacuum pressgre showing a second'method employed ih the
present invention of identifying'a contact,event between

the sensing tip’s diaphragm and the protrusions.

DETAILED DESCRiPTIONVOF THE INVENTION

This invention is directed to*tﬁorareas of improvement
inﬂintensity-modulatedVfiber optic senSing systems. For
the sake ef clariﬁy, thefvarieusraspects of thie invention
will be.:discussed,.in separaﬁer sections ‘identified by

descripti?e headings.

In-fiber cOrrectibn,of:chnector and Bending Tnstabilities
A generalized fiber 0ptic75ensing system is shown in

Figure 1 and is generally designeted there-by'reference

" number 10. - System 10 includes fiber'optiC'cable.lz which

has a sensing tip 14 at its terminal end. Optical fiber 11

passes through ferrule 13 to which it is bonded or

interference fit.: chinderf lSijsurrounds ferrule 13.
Deflectable diaphregm'eap lslhes a center'membrane portion
which deformsrin.response to-pressure differentials across
it, and thus changes the amplitude of light launched ihto
opticelrfilament ll‘et the oppoeite end of the filament
which,is returned beck into the filament. For the purposes

of illustration, pressure has been chosen to be the

»

)
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physical parameter to be measured by the fiber optic
sensor, but the in~fiber correction scheme of the present
invention will work equally well for any physical parameter
sought to be measured by an intensity-encoded fiber-optic
sensing system. A vent passage 30 is provided to maintain
the fiber side of the diaphragm cap 16 at a desired
pressure during in situ measurement or calibrapion. A
partially reflective dielectric filter 17, comprised of
numerous layers of dielectric material, for example
titanium dioxide or silicon dioxide, is deposited on the
end of filament 11 and provides a dual wavelength
referencing feature such as that described in applicant’s
previously-issued U.S. Patent 4,924,870. The features of
this invention are also applicable to sensing systems which
do not employ these wavelength referencing features,
however.

Opto-electronic interface 18 contains the optical
sources, LEDs 20 and 22, each emitting light in distinct
wavelength bands; photodetectors 26 and 28; and a coupler,
not shown, for launching light from the LEDs into optical
filament 11 and directing the returned signals to be
incident on the photodetectors. Some of the light from the
LEDs is directed to fall on photodetector 26, which
provides a source intensity reference. The output signals
from opto-electronic interface 18 are converted into
digital form by A/D converter 29 and transmitted to digital

signal processing (DSP) module 34. The two signals are
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10
related tofﬁhe intensityeof the returned signals of the two
LEDs. DSP medule'34,and,the assoeiaﬁed host microprocessor
control the'operatiop of LEDs 20 and 22 and perform real-
time computations andieenve:sions.b The outputs of module
34 are‘real—fimeereadiﬁgeebf,the physical parameter chosen,
in this case éressure..

The deflection of'theediaphraém cap 16 is measured
using the dual-wavelength1reference technique described in
U. S. Patent No. 4,924,8?0, in which the ;ight signal from
LED 20 is teflected by filterelayer 17,'whereas the light
pulse from LED 22 passes through the filter to be modulated
by diaphregm'cap 16. The.ﬁse of the referencihg'wavelength

from LED 20 in this approach permits some compensation for

environmental effects on the system such as vibration,

connector instability,—bending effects, and some of the

~ sensing tip irregularities.

Figure 2 shQWS'aﬁ optical fiber’used in.the present
invention to convey iﬁtensity—encoded_light signals from
opto?electronic inferface lérto sensing tip 14. The fiber
consiStsrof two different opticél materials, a core735 and
a claddingr36, havingrdifferent ih&icee of refraction. The
cladding’s index of refraction is choeenlto be lower than

the core’s to facilitate the total internal reflection of

 most of the light propagating within the fiber. ~Since the

diameter of the optical fiber is considerably‘greater than
the wavelength of the relevant 1light, many different

propagatioﬁ‘ conditions—r(modes)' are possible within the
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fiber. Three such propagation conditions, axial modes 37,
which propagate straight through the fiber while undergoing
very few or no reflections, low-order modes 38, which are
characterized by a small launching angle and relatively few
reflections per wnit length, and high-order modes 39,
characterized by a high launching angle into the fiber and
a relatively large number of reflections per unit length,
are particularly important for the purposes of the present
invention. Due to their relatively large launching angles,
which approach the critical angle of the optical fiber in
many cases, the transmitted intensity of high-order modes
is affected by the bending of optical fiber 11 to a much
greater extent than that of the low-order and axial modes.
Such bending of optical fiber 11 locally varies the
incident angle of many of these high-order modes 39
sufficiently to allow them to exceed the fiber’s critical
angle and escape the fiber core entirely after a few
partial reflections. The presence of a significant
fraction of high-order modes in the reflected signal and
the consequent loss of many of these modes thus makes the
total intensity of the signal reflected from sensing tip 14
strongly dependent on fiber bending conditions. The
correction apparatus of the present invention therefore
seeks to remove most of the high-order modes from optical
fiber 11. While a stepped-index fiber has been chosen for

the purposes of illustration, it should be kept in mind
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that the,diséussion also applies to a g:aded?index fiber
incorporatiné é éoferwithra.variable index of refraction.

Figure 3 is a scheﬁétic*diégramréhowing one possible
placement of the_in-liné,conneCtors inra fibef optic sensor
of the present invention. - Opto-electronic interface 18
contains an in*liné conneéto# 31 housing optical fiber 11,
which mates with.another in41ine connedﬁor 40,7¢ontaining
optical fiber 11 and connécte& to ferrule 13.

VA connector 40 incorporating an inﬁegral mode filter
of thé present invention is shbwnrin Figure 4. Connector
40, a COnvéntiCnai,fibérrccnnector, contaihs an optical
fiber.42 in its centgr*and.dan berplﬁgéed into a similar
fiber connectof contaiﬁing é second - optical fiber to
optically 'couple' thez'fibers, 735 shown in Figure 3.
Connector 40 incorporafes ah ihtegrai.mode filter 44 within

its body. Mode filter 44 consists of an element which

' periodically'deforms cénter'fiber 42, such as a plastic or

metél tube incorporating a periodic set of bends. This
tﬁbe completely_encloses:cénter fiber 42, causing it to
assume the periodic bgnd form.itse1f.7 The periodic bends
46'in:mode'filter=4o véry:the.aﬁgle;bf incidence for light
reaching the outer interface'ﬁf the fibér COfe 46 at these

bends 46, and all modes propagatinq_in the fiber with an

-angle greater than the fiber’s critical angle will be

transmitted out of the fiber within a few 're'flection's,
rather than undergo total internal-réflection-and continue

propagation. Since these bends locallyfincrease the angle
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of incidence of light striking the outside of the fiber
core 46 at certain points in the fiber, the periodic bends
46 result in differentially greater attenuation of higher-
order modes, since the angles of incidence for these modes
are closer to the critical angle before reaching the mode
filter 42. Cladding modes, which are modes propagating
within fiber cladding 36, are rempved from the light signal
in an analogous way by the bends 46 of the mode filter.
The chosen number and radius of the bends 46 depend on
empirical factors such as the fiber diameter, launching
condition from sources 20 and 22, and the numerical
apérture of the fiber. Bend radii of a few millimeters are
generally satisfactory for fiber diameters on the order of
100 micrometers.

Figure 5 illustrates a mode stripper and mode filter
incorporated directly into the sensor tip of the fiber
optic sensor. In-ferrule mode filter 50 is entirely
contained within ferrule 13, as Figure 5 shows. Ferrule 13
containing optical fiber 11 includes compression ridges 51,
which periodically deform fiber 11 within ferrule 13,
creating bends 52. These bends 52 act as a mode filter,
varying the local incident angle of light within the fiber
in a completely analogous way to that of bends 46 in mode
filter 44 and differentially removing higher-order and
cladding modes. An additional means to remove cladding
modes 1is provided by a mode stripper 54, which is an

approximately one-centimeter segment of cladding covered by
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a light—absorbing ‘material, typically an epoxy which is
optically black at the wevelengths used for the light

signals. This mode strippe’r':"emovesa substantial fraction

of cladding modes 'through‘,ab_sor_ption. |

A mode filter ,adj’aceht “to sensor ferrule 13 is
depicted in Figﬁrer 6. Mode :filter 56, consisting of a
plastic or metal tube -with perioc.lic deformat'ions, is
connected to ferrule ;13 et"its rear face 58' and contains
the portion of optical ‘fiber i_l immediately adj acent _to

ferrule 173,,7 deforming it periodically.  The portion of

opticarl fiber 11 contain_ed-: in ferrule 13 contains a mode

stripper 60, which is a one-centimeter .length of fiber
whose cladding is coi}ered_ by an optically black epoxy, in
an analogous way" to that, of mode strippet 54.
Incorporation of Vmod-e f'ilters 51 and 56 and mode strippers
54 and 60 into or adjacent the sensor ferrule 13 allows the
mode filter to' act on the iincident, light signal after all
contributions to the mode disttibution from fiber bending

and connector instabilities 'in opto-electronic interface

18, connectors 31 and 40, fand-optical fiber 11 are already

present immediately before the 'signal's ‘reflection at
diaphragm cap 16 and dielectric filter 17. Furthermore,
reflection of the optical., signal at diaphragm capjls also

changes the signal’s mode disttibutio_n, adding higher-order

modes from nonparaxial reflections on the curved diaphragm..

The mode filters 51 and 56 located within or adjacent to

the sensor ferrule i3 strongly attenuate these reflected

PCT/US93/03480

w
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higher-order modes, preventing them from substantially
altering the strength of the received light signal through
differential bending losses in optical fiber 11. Whiie it
is important for ensuring adequate sensitivity of the
received signal to diaphragm deflection that some nonaxial
modes reach diaphragm cap 16 and undergo reflection, the
mode filters of the present invention allow a substantial
portion of low-order modes and a certain fraction of
higher-order modes to pass through them.

Additional locations for the placement of mode filters
in fiber optic sensor 10 are shown in Figures 7 and 8.
Referring to Figure 7, mode filter 62 is incorporated inﬁo
optical fiber 11 at a point between opto-electronic
interface 18 and source connector 64, which connects to a
similar connector containing a second length of fiber and
the sensor ferrule, not shown. Placement of mode filter 62
in the location shown simplifies the design of ferrule 13
and allows thermal stabilization of mode filter 62 to
eliminate temperature-induced drift in the sensing signal.
The mode filter 66 shown in Figure 8 is located on the
source side of fiber optic sensor 10. Mode filter 66 is
located between in-line connectors 68 and 70, which connect
optical fiber 11 to connector 72, which joins a fourth
connector, not shown, containing an optical fiber leading
into sensor ferrule 13.

Another embodiment of the fiber optic sensor of the

present invention contains an angle polish applied to
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optical fiber 11, as illustratedgih Figures 9, 10, and 11.
Edge 76 of optical fiber 11, contained in connector 74, is
cut at an angle a to the fibér outer edge normal 78. The

segment of optical fiber 11 contéined.in_connéctor'74 joins

' arflat'seqment of fiber éontained in another connector 80,

forming'a;wedge-Shaped;gapfSZ between the two fiber halves.

Angle « is chosen to be the minimum angle compatible with

a gap 82 hévingran aVe;age‘width gfeatef than one-quarter
of the wavelength of the light emitted from LEDs 20 and 22.
Such a requiremeﬁt,résulté in values for a of approximétely
5 degiees. Gap 82 érevehfs ﬁndesirable “interference
effects from boundary refleétions'at the interfaces where
the halveé of’optical fibef411 join in connectors 74 and

80. ‘Although the - use of ,an',angle' polish in fiber

connectors is known, theSéfprior art angle'polishes have

been used to minimize specular'refléctions between fibers

rather than prevent unwanted - interference';effects:r
consequently} the anglé @ chosen for these prior-art
polishes has norm_allyir"l':r:'een' approximéte]_.y 10 degrees or
greater rather than the small'valués‘ﬁsédlin;the present
invention. 'Thezuse'of aﬂgles substantially greater than
five degrees in the present invention wéuldr result in

unaqceptablé losses from béam_divergence asrwell as the

introduction of unwanted higher-order modes into the light

signal by qff-axis' refractipn 'df the signal at angled |

surface 76.
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Drift Correction using Periodic Recalibration

In addition to errors introduced into the sensing
light signal by connector and bending instabilities, long-
term temporai drift is a significant source of error in
fiber optic systems. The inventors have found that the
effects of many of these errors in fiber optic pressure
sensors may be removed by periodically recalibrating the
sensor by applying a time~varying pressure differential
across the sensor’s diaphragm to produce contact between
the diaphragm and other parts of the sensor and using the
signal level at the contact event to recalibrate the light
signal. Since the contact event occurs at a particular
pressure differential which remains constant during use,
the intensity of reflected light signals at contact can be
compared with prior values to produce a correction term.

A second sensing tip incorporating such an embodiment
of the present invention is shown in Figure 12 at 100.
Sensing tip 100 is connected to fiber optic cable 112,
which contains optical fiber 111 and a vacuum passage 114
connected to a system vacuum port. Sensing tip 100
includes optical fiber 111, which passes through ferrule
113. Cylinder 115 partially surrounds ferrule 113.
Deflectable diaphragm cap 116 has a membrane portion which
deforms in response to pressure differentials across it,
changing the amplitude of 1light launched into optical
filament 111 which is returned back into the filament. A

protective cover 118 protects diaphragm cap 116 and ferrule
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113 from direct, exposure to particles or other
contaminants. Ferrule 113 also contains two small surface

deformations 12 0 at its terminal end facing diaphragm cap

- 116.

A plumbing schematic for the vacuum means in the fiber

_optic sensor is shown in Figure 13. One end of vacuum port

122 is connected to vacuum p’assage 114, which communicates
w1th sensor ferrule 113 and the inner surface of dlaphragm

116 facing the ferrule. The other end of vacuum port 122

- is connected to 'vacuumr line 124, which is connected to
. control valve 126. Control valve 126 allows vacuum port

122 to communlcate with restrlcter 128, check valve 130 and

vacuum pump 132. Transducer 134 1s, connected across and
measures  the vacuun pressure 1n line 124. V_acuum pump 132
draws a vacuum on vacuum port 122 through 'ch'eck valve 130
and control valve 126. Check valve 130" acts as a volume
reservoir, Vallowing' .the entire vacuum systen and fiber
optic sensor tip 1007 to be Vmaintained at an almost constant
pressure ouer a desired 'Sample time interval.

The drift correctJ.on system operates by applylng a

time-varying level of vacuum through pump 132 ’ check valve

130, control valve 126, ‘vacuum port 122, and vacuum passage
114, to the inner surface .of 'diaphragm cap 116. This
vacuum causes diaphragm cap 116 to be displaced toward and
eventually contact surface protrusions' 120. It is

important to note that although the. physiological pressure

waveform acting on the outer surface of diaphragm 116 is

%
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constantly changing and cannot be exactly measured during
the calibration event, diaphragm 116 will always contact
surface deformations 120 at a fixed pressure differential
between the outer and inner surfaces. It is therefore
unnecessary to exactly know the pressure being applied to
the diaphragm’s outer surface, since the contact event
pfoduces an identifiable voltage signature and indicates a
constant, reference pressure differential between the two
surfaces. Surface protrusions 120 serve the important
purpose of preventing diaphragm cap 116 from contacting the
surface of ferrule 113; allowing it to do so would create
undesirable interference effects in the returned optical
signal. Furthermore, the protrusions 120 must be made of
a hard material in order to remain dimensionally stable
through repeated calibration procedures.

The invention accomplishes drift correction by
activating the vacuum pump either periodically or on demand
from the operator. The frequency of on-demand
recalibration is strongly dependent on the desired accuracy
in the system as well as the degree of accuracy with which
the contact voltage Ve can be determined. 1In general, the
lower the desired level of accuracy and the less accurately
V. can be def.ermined by DSP 34, the less fr:-uently the user
will wish to perform recalibration. The recalibration
operation results in the generation of a time-varying
system error term Var which 1is subtracted from all

subsequent values of the measured signal until the next
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recalib_r’a_tioni to produce ' an output signal voltage Vg
satisfying . | 7

Vout (£) = Vp(t) = Vo(m, (1)
where V,(t) is the measured %ralue for voltage at time t.
Ve itself is Vupdate& at each 'recalibrationr (at t=T) by
comparing the contact voltage value V at an' initial
calibration run (t=0). to that at t—'I' according to

V, (T) -vc,(T)"-,vc(o), | [ (2
where V.(0) is the value of the voltage signal at the
contact event derived from an -initia—:_l. calibi‘at:?on’ .

This contact even,t producers; a characteristic waveform
signature which cau be ‘identified by the sensor’s signal
proCessiug apparatus 1n one of several ways; - Figure 14
shows a typicalr relatiouship be'tv'vee'nr 'pressure and output
voltage Vﬁ from A/D converter 29. 1In rFig'u:re_li, signal
measured voltage is indicat'ed on the rertical aXis, while
dlfferentlal pressure across dlaphragm cap 16 is indicated
on the horlzontal axis. Graph 140 shows -the 'funct;onal

form of the output signal. Contact of :diaphragm 7 cap 16

~with protrusions 120 is 'Vclearly indicated on the graph at

(VorPo) i the characteristic form of the output signal at
V(Vc,pc) is shown at 142. 7 | N

A technique relied ;on by the s-ignal processing
apparatus in one embodiment of the present invention to
determlne the contact ‘event 1s lock-on detectlon. The

1ock—1n detectlon method 1nvolves applylnq a vacuum to the

‘inner surface of dlaphragm 116 whlch has the functlonal '
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form of a 1linear ramp in pressure and time with a

superimposed high-frequency dither. The frequency of the
superimposed waveform must be chosen to be above the
physiological frequencies of interest in the system to
minimize physiological noise. A lock-in amplifier in DSP
34 operates on the output voltage signal from A/D converter
29. This lock-in amplifier examines the component of the
voltage signal from the reflected light at the dithering
frequency for large amplitude changes. Because the contact
event produces a large amplitude change in the component of
the returned signal at the dithering frequency, the lock-in
amplifier identifies the contact event by its
identification of a 1large amplitude change at that
frequency. The associated output signal and pressure values
Ve and p,. associated with the contact event are simply those
indicated by A/D converter 29 and pressure transducer 134
at the contact event. If a relatively long time interval
is used between successive recalibrations, thé lock=-in
detection may be performed several times and the average
value of the contact voltage and pressure may be usedrto
obtain a more accurate correction.

A second technique for detecting the contact event
involves the use of waveform comparison. This technique
involves the application of a vacuum by pump 132 to the
inner surface of diaphragm cap 116; as this vacuum is being
applied, DSP apparatus 34 stores two successive output

waveforms over a chosen sample interval; an autocorrelation
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apparatus compares the successive waveforms by a technique
such as subtracting one from the other to form a difference
function or using a correlation functibn,Such'as

Sar(n) = B agry, @
where a; is the time-series representation of the first

waveform and r; is the time4serie5';epresentation of the

. second waveform. The function ¢, Measures the functional

Similarity of the two waveforﬁs as a function of time shift
T; if ¢, is'suitabl§ normalized, @5, (0) will become quite
small at the cgntact event aé fhe two waveforms bécome.more
and more dissimilar."In'the absence of a contact event,
successive,pressuré waveforms will have approximately the
same functional fofm,sincé'their underlying'physiological
componenté are roﬁghly infafiant if the sample interval is
chpsen to be long ehouéh. At the contact eﬁent, however,
the sudden,chanéefiﬁ'the waveform,'és indicated at 142,
will cause the two stored waveforms to appreciabiy differ,

and the autocorrelation unit'ﬁi11 identiff this difference

~and thereby detect the contact event, providing a value for

Vb for use in the error equétionQ'

A third technique for detecting the contact event

involves the use of an a&eraging’ technique. Such a

technique involves averaging successive voltage values over

many applied pressures, as illustrated in Figure 15, which

is a graph of measured.éignal voltage for various values of

applied pressure durinq the calibration operation.
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Averaging means in DSP module 34 averages successive values
of V,, which is plotted at 150, as increasing vacuum levels
are applied by vacuum pump 132. After the contact event,
it can be seen from Figure 15 that the signal voltage
flattens as a function of pressure; consequently, after
enough values in the flat range of the curve have been
included in the average, the stan&ard deviation of the
averaged voltage will drop beléw a predetermined cutoff
value and the averaging apparatus will return Ve, the value
of the signal voltage at the contact event. The resulting
value of Ve (T) is then used in the error equation to
calculate Ve (T) and subsequent values of Vout * |

While the above description constitutes the preferred
embodiments of the present invention, it will be
appreciated that the invention 1is susceptible of
modification, variation and change without departing from

the proper scope and fair meaning of the accompanying

claims.
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What is claimed is:

1. ,'A,Vfiberr opticr pressure’ sensorr system rfor
measuring'pressure in a physicalisystem, comprising:
| ah optical fiber ha#ing:a,sensing tip at a first
end containihg a pressure-SensitiVeadiaphragm having an
inner'surfacerfacihg said cptical fiber first end and an
outer surface, sald,dlaphragm p051tloned.beyond said first
end of sa1d flber, said dlaphragmhmodulatlng a pressure-
sens1ng'11ght 51gnal 1njected 1nto the oppcs;terseccnd end
of said;opticalrfiber andrreturhing saidrlight signal into
said Vfiber, saidrrsensing tiprrfurther ,ccntaining a
cohtacting surface for engaging said diaphragm upon a fixed
pressure differential'heingrabplied between said inner and
outer surfaces; 7 »
drift correcting means for providing, at selected
intervals, a correction signal applied to said pressﬁre-r
sensingrlight signal ‘said correction 51gnal compensating
for 1ong-term drlft~ln sald pressure-sen51ng light signal,
said drift correctlng means- comprlslng'pressure means for

applylng a time-varying level of pressure to a surface of

‘said diaphragm untll sa1d 'dlaphragm contacts said

contacting surface and detectionrmeans for identifying a

~contact event, said contact event occurrlng' ‘when said

diaphragm flrst contacts sald. ccntactlng surface, sald

correction s1gna1 belng equal to the dlfference in the

values of sald pressure—sen51ng‘ llght. SLgnal at. sa1d
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contact event and said pressure-sensing light signal at an
initial contact event established at the beginning of
operation of said pressure sensor;

~optical means for injecting said pressure sensing

5 light signal into said fiber second end and for receiving

said returned light signal; and

signal processing means for interpreting said
light pressure sensing signal modulated by said pressure
sensitive element.

10
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2. The fiber optic pressure sensor of claim 1

wherein said pressure means comprises a pump applying a

vacuum to said- inner surface of said pressure-sensitive

rdiaphragm.

3. The fiber optlc pressure sensor of’ claim 1

wherein sald pressure sen51ng tlp includes a ferrule

containing said optical fiber, said ferrule containing a 7

surface protrusion located at a poiht,on said'sensing tip
between said optical flber first end and said dlaphragm,

said surface protru51on.51tuated.parallel‘to sald,flrst end

of said optical fiber and contactible.with said diaphragm

when said pressure means has applied a sufficient level of
pressure to said dlaphragm, said protrus10n modlfylng the
character of said pressure-sen51ng 51gnal when said

dlaphragm makes contact w1th ‘said. flber.

4. The fiber optic~pressure.sensor of claim 3 wherein

‘said protrusions further comprise two hemispherical surface

deformations placed at opposite ends of said first end of

said optical fiber.

"

“
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5. The fiber optic pressure sensor of claim 1
wherein said pressure means applies a temporally-linear
vacuum pressure function, said pressure function further
containing a time-varying, periodic pressure function with
an associated dithering frequency superimposed on said
linear pressure function and wherein said detection means
comprises a lock-in amplifier which identifies said contact
event by sampling the voltage component of said pressure

sensing signal at said dithering frequency.

6. The fiber optic pressure sensor of claim 5 wherein
said dithering frequency is chosen to be above the range of

pressure frequencies of interest in said physical system.

7. The fiber optic pressure sensor of claim 5 wherein

said dithering frequency is chosen to be above 50 Hertz.

8. The fiber optic pressure sensor of claim 1 wherein
said detection means compares two successive pressure wave
forms with each other for significant differences, said
pressure wave forms separated temporally by a single sample
interval and stored in said signal processing means, to
detect said contact event, said contact event indicated by
the appearance of significant differences in said

successive pressure wave forms.
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9. The fiber“optiq/pressure sensor of claim 1 wherein

said detection means computes said correction signal by

‘averaging a set of“pressure-measuring signal values stored

over a sample period until the standard deviation in said

‘averaged set falls below a predetermined value, said

correction signali being 'equa1, to the value of said
pressure-measuring signal at which'said standafd deviation

has become less than said predetermined value.

oy

-
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