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High-Responsivity Fiber-Optic Flexural Disk
Accelerometers

Geoffrey A. Cranch and Philip J. Naskiember, IEEE

Abstract—This paper presents performance measurements of the source of acoustic emission. A sensor that responds to a
fiber-optic flexural disk accelerometers. The flexural disk acts vector component associated with the acoustic field, such as
as a mass-spring element to which the fiber is bonded, such that yo 5cceleration, velocity or particle displacement, will exhibit
an acceleration causes a strain to be imposed on the fiber which . . - .
is measured interferometrically. Simple analytical models have this des'fe‘?' directional response and therefore can be used as
been written to calculate the responsivity and resonant frequency an alternative to the scalar pressure measurement. The sensor
of disks under various boundary conditions and the results of is required to be of low mass and small size compared with the
the models have been shown to be in good agreement with theacoustic wavelength, and may be mounted such that it exhibits
measured responsivity for the case of moderately thick disks. Six neutral buoyancy in the array structure.

optical fiber accelerometers based on flexural disks of different Devel t of the fib tic hvdrooh 21 has led
thickness and supports have been demonstrated to exhibit a re- - eve opmen _O € '_ e‘|: opuc hydrop none array [2] . asle
sponsivity in the range from 28 to 39 dB re 1 rad/g with a resonant t0 interest in a fiber optic “vector sensor” that can be interro-
frequency between 2.4 kHz to greater than 5 kHz, respectively. gated using the same techniques as for the hydrophone array,
Of the designs considered, the centrally supported disk is shown j e interferometry. Fiber-optic-based accelerometers provide
to give the highest combination of responsivity and bandwidth. 5| the advantages inherent with fiber optics sensors such as ease
A centrally supported disk has been demonstrated to exhibit a f multilexing. i itv to EMI lectricall .
flat response up to 2 kHz and a responsivity of 37 dB re 1 rad/g ormuftip 6)_('_”9’ |mmun| y_o » anelectrically passive sen_sor
which when combined with an interferometric phase resolution and the ability to include in the same network sensors designed
of 6 urad//Hz, would give a minimum detectable acceleration of to measure different parameters. Recent interest in fiber optic
84 ngh/Hz. We have attempted to cover all aspects of the sensor hased accelerometers has led to a number of sensor designs
design including responsivity, bandwidth, cross-responsivity, heing developed [3], optimized for particular combinations of
phase response and size and find that a complicated compromlseb dwidth and ivitv. The basic desi fth |
between all of these design parameters is required to achieve the andwl _an _responswl y. The basic _es!gn 0 _e acce _eror_n-
optimum performance. eter uses inertial force to generate strain in the fiber, which is
i . . measured interferometrically by the effect on the phase of the
Index Terms—Accelerometers, fiber-optic sensors, interfero- - - . . . .
metric. vector sensor. vibration. optical signal propagating through the fiber. The relationship be-
' ' tween the induced phase shift and the acceleration is known as
the responsivityA¢/Aa, and is expressed in units of radians

. INTRODUCTION per g, where 1 g is equal to 9.8 s The responsivity is often

ETECTION of sound underwater has, conventionallZXPressed in decibels by calculatB@LOG o(A¢/Aa).
D been achieved with pressure sensing hydrophones whictPne design uses as a sensing element a mass-loaded com-
exhibit an omnidirectional response, where the wavelength Rffant mandrel, around which the fiber is wound. The sensor
the acoustic signal is significantly greater than the maximufigmonstrated in [4] achieved aresponsivity of 80.4 dB re 1 rad/g
dimension of the hydrophone, as is the case at low acousid a resonant frequency of 300 Hz with an inertial mass of 542
frequency. When such sensors are formed into an array, ff@mme. Asimilar type of sensor designed for high temperature
outputs can be combined to form beams that can be Stee,@apllcanons achieved a responsm_ty of 52.6 QB re 1 rad/g and
by applying time delays between the individual sensor signdidesonant frequency of 413 Hz with an inertial mass of 127.5
before recombination. This beam-forming technique allovg[5]- These sensors, although achieving high responsivity, are
location of the source of acoustic emission; however, for maf#f§sS Practical for the array applications described above due to
array designs there often remains an ambiguity in the precf8&ir high mass and size, approximately 60 mm in diameter by
location of the source due to the symmetry of the array [1{0 mm for the device described in [4]. .
It generally remains unknown as to whether the source is” design, potentially lighter and more compact is based on
above or below, or to the left or right of the array. For thi§ flexural disk onto which the fiber is bonded. A design of
reason it is desirable for the sensor to exhibit a directiondliS type comprising two edge-supported flexural disks demon-
response over the entire frequency range, which will remo$&ated a responsivity of 34 dB re 1 rad/g and a resonant fre-

this location ambiguity and hence allow precise location guency of 2450 Hz with a mass of 7.7 gramme [6]. A similar
design based on a single edge-supported disk achieved a respon-

sivity of 20 dB re 1 rad/g and a resonant frequency of 17 kHz,
Manuscript received March 1, 2000; revised June 17, 2000. This work wa#id in a center-supported disk configuration achieved 19 dB re
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Fig. 1. Principle of operation of the flexural disk sensor.

has demonstrated a responsivity of 69 dB re 1 rad/g and a rdisk to flex, shown by the dotted line, and this flexing motion
onant frequency of 180 Hz [9]. The flexural disk design hagduces strain in the fiber coil which is detected interferometri-
thus, been demonstrated to achieve a range of combinationsaify. The underlying assumption when modeling the sensor is
responsivity and bandwidth in a device of sufficiently small sizéhat the central plane in the disk is the neutral surface and any
and low mass for array applications. point not lying within this plane will shift its origin, thus in-
This paper describes work carried out to design flexural diskicing a strain. The sensor will exhibit maximum responsivity
based accelerometers that are simple to manufacture, exhibithe inertial force acting through the axis normal to the disk
high responsivity and flat frequency response, low responsivigyrface and minimum responsivity when the force acts in the
to orthogonal motion, i.e., cross-responsivity, moderately higiiane of the disk.
bandwidth (up to 10 kHz), and small size. The primary aim is
to identify the most efficient method of mounting the disk t||. M oDELING THE SENSORRESPONSIVITY TOACCELERATION
achieve the highest combination of responsivity and bandwidth. - .
The work carried out has identified this optimum mounting tech- The res_p_o_nswlty of th? flexura! disk based sensor can be
nigue in a device of fixed size and fiber length and the sensg émd bY initially calculating the (_j|splacements O.f points in a
that have been constructed exhibit some of the highest com |§k as it flexes under acceleration and converting these dis-

nations of responsivity and bandwidth reported in the "teratupéacements !nto strain n th? fiber. The mounting conditions con-
to date. sidered are illustrated in Fig. 2(a)-(d) and are referred to as (a)

fized edge support; (b) simple edge support; (c) fixed center sup-

A number of disk mountings have been modeled using theo t and (d) simpl i ¢ and these f the bound
based on small static deflections of moderately thick circulBP™H an (d) simple center support, and these form the boundary

plates and on the dynamic motion of thin circular plates; thcé)ndi_tiog_s. The E)jhly?ical realization of these boundary condi-
models used to predict the responsivity of the disks are descriﬁ@(ﬁ IS |scuss§ agr: imilar to that d ibed in 1101, [11
in Section Ill. The prediction of the resonant frequency of the e approach used is similar to that described in [10], [11]

various disks is then described in Section IV along with an eQ—nd extends this analysis for different disk supports and mul-

planation of the treatment of the composite disk structure in sdl le fiber coils. Each model initially calculates the angular dis-
R cementf(r), of the disk when exposed to a uniform pressure

tion V. A comparison between the performance achieved by the .

disks under the various boundary conditions considered is gi\/%?ltmg on the top surface as illustrated in Fig. 3 for a center sup-

in Section V1. Sections VIl and VIl then discuss the sensor Cc”q_orted disk. This is then used to calculate the strain in a coil at
. distancez, from the neutral surface. By integrating the strain

struction and responsivity calibrations. The results and discd th ; fthe fib | and th ddi tributi
sion are then given in Section IX. Finally, Section X describtﬁ?s\/er € surface ot the iber col and then adading contributions
- rom each coil, if there is more then one coil present, the total
system noise sources. o ! . o
strain in the fiber layer is calculated. This is then used to calcu-
late the induced phase change in a light beam travelling through
the fiber as a function of the applied pressure. The acceleration
The operating principle of the flexural disk sensor is illusresponsivity is then calculated by converting this pressure re-
trated in Fig. 1. The sensor consists of a coil of fiber encapponsivity into an acceleration responsivity.
sulated into the surface of an epoxy disk which is either rigidly This calculation is now described in detail for the case of a
supported around the edge or through the center by an aluminfixed edge, centrally supported disk. The variables used in the

support. An inertial force acting on the support will cause thenalysis are shown in Table I.

Il. PRINCIPLE OF OPERATION
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neutral surfacez. Referring to the inset of Fig. 3, the distance
2} """""""""""""""""""""" j& of theith coil from the neutral surface is— (i — 1)(v/3/2)D.

If the fiber coils of total length[, are incorporated into the arm
of a Michelson interferometer, then the phase of the return light

_+ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, + at the input is given by (5)
b. Simple edge support ¢ = 2nkL. 5)
} """""""""" J[\\ % """"""" + The fractional phase change is then given by differentiation of
¢. Fixed centre support (5) to obtain (6) and consists of two significant contributions

from the axial length change of the fiber and the change in re-
4 fractive index due to the stress-optic effect (7). A third term that
describes the physical change in diameter of the waveguide can
d. Simple centre support
P PP be shown to be negligible [14]
----------- Neutral surface
A¢ AL An
i <T * 7) ©)
_ _ _ The second term (the stress-optic effect) in (6) can be shown to
The equation for the angular displacement of a fixed eddse 21% of the first term and of opposite sign, using (7), if the
centrally supported disk under a uniform force/presst®, fiber is assumed to be under axial strain only [14] and values of

Fig. 2. Mounting configurations for the flexural disks.

on its top surface is given by (1) [12]. the Pockels coefficent and Poisson ratio of the fiber are taken
from Table |
M, AP
6(r) = FLb rEs(r) + %7’2}7’6(7’) - F—L7’3G14(7’) (1) 3
An = ——(e(1 - vy)p12 + vepi1) (7)

where the flexural modulug;,, unit shear force@,, unit ra- 2

dial bending momentl4,.,, and the general plate functions and'he normalized responsivity to pressure is then given by (8)

constants’,,, F,, G,, andL,, are given in Table | [13]. where the factor of 0.79 accounts for responsivity reduction due
Referring to the illustration in Fig. 3, #(r) is the angle sub- to the stress-optic effect

tended by the tangent, at a radial distané®m the disk center,

to the horizontal, then the horizontal displacement of a point at B¢ _ (0.79) AL . (8)

a distance: from the neutral surface is given by(P to P’ in PAP AP-L

F'g' 3). If the §ol|d line IS taken as the neutral surface the'ﬁ'ljg‘sing the relationships that pressure is force per unit area, force
point on the d'.Sk’ ata dlstant_zealong the r!ormal_ to the NeU-is the product of mass and acceleration and mass is the product
tral surface, wil unde_rgo a dlsplacement in thelirection of . of volume and density, the normalized acceleration responsivity,
x = z0(r) for § <1, i.e., for small displacements. The strairy ;s\, can be calculated from (8). This assumes that the
ina f|_ber loop of radiusy, and distances, f.rOT“ th_e neutral sur- mass is uniformily distributed throughout the disc and is a rea-
facg is then calculated from the change in its circumference afi e assumption to make if the volume of glass in the disc is
is given by (2) significantly less than the total volume of the disc. The nonsy-
20(r) metrical distribution of mass will also effect the cross-axis re-
) sponsivity which is discussed in Section IX. A pressure respon-
sivity is then converted to an acceleration responsivity using

() = 2

The length of a spiral of fiber of inner radiuk, outer radius,

¢ and a pitch equal to the fiber diametdp, is given by, AP =2hpAA (9)
J; (2mr/D) dr. This is then used to calculate the total change
in length of a fiber coil subject to a strain, (3). which gives a normalized acceleration responsivity in units of
e g ' of
2mr
Al(z) = /b (e 1) 5 dr. @3) 50 o om0 AL w0
PAA T VAP L

If there are multiple coils wound into the disk, they are assumed
to be in a hexagonal close-packed structure as shown in Figwhere is the disk density and is half the disk thickness. It
and if there arg coils, the total length changg& L, is the sum s useful to determine the form of (10) for a simplified case to

of the length changes in each coil given by (4). establish the basic design parameters for the transducer. If the
; fiber is wound from the disk center, i.é.= 0 to the disk edge
AL — Z Al h—(i- 1)£D 4 c=a then evaluating (1), (3), andi (8) for thg strain in a single
— 2 coil wound on the surface of the digk = ) gives
This is obtained by calculating the sum of the change in length of Al — 2rha* AP (5+ v 1
each fiber coil AZ, which is a function of the distance from the T 64D - Fr \1+v (11)
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~"Neutral axis

Fig. 3. lllustration of the displacements in a flexing disk.

wherevr is the Poisson’s ratio of the disk. Thus, from (10) the It can be shown using (13) that when< w,,, the axial ac-

normalized acceleration responsivity in units of:dgs given by celeration of the mass will be proportional to the forcing dis-
A N oy - placement and whea > w,, the displacement of the mass
B (9.8) - (0.79) 2% (-2 <‘) + ”) . (12) will be proportional to the forcing displacement. In the case of
PAA 32LDhE I+v the flexural disk sensor, motion due to the inertia force of in-

The acceleration responsivity for a centrally supported disk terest is_ transfer_red to th_e disk either through the edge or center
therefore proportional to 1) the fourth power of the disk radiug,]c the d',Sk causing the disk to flex. L .
2) the inverse of the disk thickness, 3) the inverse of the Young'sEauations (13) and (14) are plotted in Fig. 5 as a function

modulus and 4) the disk density. The values predicted by (1F)normalized frequencyy /w,, with various damping coeffi-
can also be used for validation of the model outputs. cients. For a sensor that exhibits this type of response, the band-

width is limited, to a first approximation, by the resonance fre-
quency.
It is desirable for the sensor to exhibit a linear phase re-
The dynamic operation of the flexural disk based aCCGleI’OIgbonse with frequency such that transient Signa|s can be de-
eter is modeled by assuming that its motion is analogous to thaéted without significant distortion [17]. Referring to Fig. 5,
of a mass-spring system, shown in Fig. 4 [15]. For a simpgjs is shown by the dashed line plots to occur when the viscous
mass-spring system under sinusoidal oscillation, with a viscogigmping coefficient¢, is set to zero or 0.7, corresponding to
damping coefficient;, and a fundamental resonance frequengitical damping. Whert = 0, the phase is zero far < w,
of w,, the frequency response in terms of the ratio of the relatiggd » whenw > w,, and when? = 0.7, the phase is propor-
displacement between the mass and the cgisé that of the tional tow for w < w,,.

IV. CALCULATION OF THE SENSORBANDWIDTH

forcing displacement’, is given by An approximate value for the fundamental resonance fre-

2 quency of the disk sensor is given by (15) wherg is the
VA (%) resonance frequency parameter [18] and is tabulated in Table Il

‘7‘ = 2 " (13)  for the four disk boundary conditions under consideration

- )] +eez)
A%2(2-h) E

and the phase between the two is given by [16] Wn =T 8 12(1—12)p (%)
. 2¢= It should be noted that the derivation of (15) neglects rotary
¢ = tan — |- (14) inertia and shear forces [21] whose effect become more signif-

2
1- (%) icant as the disk thickness increases in relation to the drive fre-
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TABLE |
DEFINITION OF VARIABLES USED IN MODEL

Symbol Typical value ~ Description
€ axial strain
a 30 mm disk radius
b 7.5mm inner radius of fibre coil
c 28mm outer radius of fibre coil
E Average Young’s modulus of disk material
\Y 04 Poisson’s ratio of disk material
P 1000kg/m’ Density of disk material
r radial distance from plate centre
h half the disk thickness
z Distance along normal to neutral surface
L total length of fibre in the sensor
D fibre diameter
n 1.46 group refractive index of fibre core
A 1310 nm Wavelength of light
k 2n/A free space wavenumber of light
Pu 0.121 Pockels coefficent of fibre
P12 0.270 Pockels coefficent of fibre
Vs 0.17 Poisson ratio of fibre
j no. of fibre coils
g 9.8 ms™ Acceleration due to gravity
P Pressure
A Acceleration
F E(2hY? Flexural modulus
12(1-v%)
Qo AP(a® ~b%) Unit shear force
2b
My, _APd’ [ C, @ _bz)_l,”] Unit radial bending moment
C, {2ab
Cs % [l+0+ (1_0)[ %)’] Plate constant
Co pli+o (a) 1-o b)? Plate constant
Z(T‘“(Z)*T[I'LZ) D
Li7 i 1-¢ »Y ] (b)Y a Loading constant
z[l'TH;) Hz) [“‘“"“‘(z)ﬂ
Fs(r) 1 [ 1_( gjz} Plate function
2 r
Fe(r) b ijz (rﬂ Plate function
—I|=| -1+2m| -
4ri\r b
G(r) 1 AN Plate function
E[ (‘J “(‘] 1‘{5)]
V. TREATMENT OF THE COMPOSITEDISK STRUCTURE
X Z=X-Y

ATV

Fig. 4. Simple mass-spring system.

Calculation of the disk strains is complicated by the
presence of the fiber coil, which makes the disk effectively
composed of a composite material. The presence of this
coil has the following effects; 1) changing the mechanical
properties of the disk, i.e., Young’s modulus, Poisson ratio
and density; 2) changing the position of the neutral surface
if fiber is present on only one side of the disk; and 3)
affecting the assumption of the pressure-acceleration equiv-
alence as described in Section Il. In the models described

quency [22]. For this reason (15) will predict a higher resonahere, the first issue is resolved by calculating a volume

frequency than that observed for the thick disks.

average of the mechanical properties using the rule of
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Fig. 5. Mass-spring system frequency response.

mixtures [19]. This has been carried out for the Young's
modulus of the disk and adds a correction that becomes
more significant as the length of fiber in the coil increases.
For example, a disk of diameter 60 mm, thickness 5 mm
and consisting of a single coil with 70 m of optical fiber
has a volume averaged Young’s modulus of 1.6 times that
of the encapsulant. This increases to 2.4 times that of the
encapsulant with a 2-mm-thick disk and the same length
of fiber. The effect on the Poisson’s ratio and density is
considered to be insignificant. The second issue is taken into
account by calculating the position of the neutral surface.
As the thickness of the fiber layer increases, the position of
the neutral surface will move toward it. Without including
this effect, the model described above will overestimate the
responsivity of the disk since the coil strain is proportional
to the distance from the neutral surface given by (2). The
disk can be considered to be a two layer composite, where
the top layer exhibits the properties of the fiber/epoxy
composite calculated using the rule of mixtures and the
bottom layer is epoxy. By using the technique of equivalent
sections described in [20], the position of the neutral surface
is found by locating the center of area, i.e. centroid, of the
equivalent section. This is then added as a correction to the
distance of the fiber coil from the neutral surface in (4). For
example, if the dimensions of the two layers are as shown
in Fig. 6(a) where the top and bottom layers have a Young's
modulus of F; and FE., respectively, andt; > Es, the
equivalent section can be drawn assuming it to made from a

TABLE 1
RESONANCEFREQUENCY PARAMETER

Boundary condition A
Fixed edge support 10.216
Fixed centre support 5.76
Simply edge support 4.964
Simply centre support 3.24
\ 2a |
g —
f E1 -
a. Disk dimensions b. Stress distribution
in a.
2a.E1/E2 ———
T
y
2a
¢. Equivalant section d. Stress distribution
inc.

material of Young's modulus oF; as shown in Fig. 6(c). Fig.6. Equivalent section of composite disk.

The actual stress distribution obtained within the disk under

bending is shown in Fig. 6(b) and the neutral surface can ben be used to locate the neutral surface. The cengypislthen

located as the point of zero stress. The stress distribution witfgund by equating the product of the total area of the equivalent
the equivalent section is also shown in Fig. 6(d) and althougkction and the distance to its centroid to the sum of the product
this does not represent the actual stress distribution in the dislgfithe areas of each layer of the disk and the distance to their
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TABLE Il
COMPARISON BETWEEN EDGE AND CENTRE SUPPORTEDDISKS*

Configuration
Parameter Fixed edge Simple edge Fixed centre
support support support
Disk Thickness, mm 3.0 7.6 6.0
fress kKHz 3.8 3.8 3.8
Responsivity, dB re 1 rad/g 274 37.8 35.9

" Here Egas=72 GPa, Egpoxy=3 GPa, D=135 im, a=30mm, b=7.5mm, ¢=29mm, n=3, fibre length = 54.8m and other

parameters are taken from Table L.

centroid (16), where these distances are taken from a comntévil300 and CY 1301. The performance of the sensors is

reference point, i.e., the top of the disk

<2a(2h -N+ %2@]”) 7

critically dependent on the boundary conditions and it is

therefore important to ensure that the disk casing provides the
required boundary conditions. For the prototype sensors, the
edge-supported disks were bonded inside an aluminum can

_ <&2af> f +20(2h — 1) (2h—f) (16) With adhesive. Centrally supported disks were constructed by
Es 2 2 encapsulating an aluminum support rod into the epoxy disk. Six
The distance to the neutral surface is, therefore sensors were constructeq in total with different fiber lengths and
disk thickness. Of the six sensors, four were edge-supported
- Eif? + Ex(2h — f)? (17) and two were center-supported.

2F5(2h — f)+2E,
VIII. A CCELERATION RESPONSIVITY CALIBRATION

The sensors were calibrated for acceleration using a vibration
table, Bruel and Kjeer 4809, and a reference B&K accelerom-
eter model 8305 which exhibits a flat frequency response up to
ZE'B kHz. Each optical accelerometer was interrogated using a

stem configured in a pulsed reflectometric architecture [24]
th heterodyne detection. The principle of operation of this
stem is shown in Fig. 7.

VI. DETERMINATION OF IMPORTANT DESIGN PARAMETERS OF
THE SENSOR

It is useful to make some preliminary observations on the
sponsivity and bandwidth that can be achieved with disks un
different boundary conditions using the above analysis. A dire
comparison will now be made between a fixed center, a fix

edge a_nd a S”T'p'e ed_ge supported dl$k_ conflguratlon using t A directional coupler was spliced onto one lead of the sensor
analysis given in Section lll, by determining the highest reSPORGiI and mirrors were spliced onto the unused output port of
sivity obtainable from a disk under each boundary condition f%

. . T coupler and the other sensor lead, thus forming a Michelson
agiven resonantfrequency. The equations for the strains in fl)ﬁ?ﬁerferometer. The sensor was then interrogated with two op-
edge and simply edge support can be found in [23].

) : . . ical pul i | AOM
In these calculations, the diameter of the disk andflberleniilﬁla pulses, generated by an acoustooptic modulator (AOM)

used are fixed and the disk thickness is varied such that the r sICh also applies a frequency difference of 10 MHyf( =

f f h disk f tion i hl F'— f1 = 10 MHz) between them. The optical pulse is gen-
onance frequency of each disk configuration IS roughly equ {:ted by driving each AOM by an RF pulse. The separation in

T?‘b'e .“l shows thig, togqther with the predicted responsivity Yme of the two pulses was set to twice the transit time in the
d|sks_|n each conflg_ur_atlon. The simple e_dge support exh|b| erferometer which is achieved by choosing the fiber length in
the highest responsivity followed by the fixed center SUPPOtLe delay coil within the path balance unit to be equal to twice

The responsivity of the disk in the fixed edge support is S'%he fiber length in the interferometer. The return optical signal

r?'f'ca”“y '°.Wer Fh:.in the other two since a S|gn|_f|c_ant PrOPO 1 the sensor contains an overlap of the two pulses of dif-
tion of the fiber is in the region of minimum strain in the disk

. . . ferent frequencies where one has reflected from the first mirror
i.e., around the edge. In the simple edge and fixed center s d

. i LT ) T S¥lming the reference and the other has travelled through the
ported disks, the majority of the fiber is in the region of hlghe%i?nsor‘c_] When detected, the overlapping pulses generat(ga a het-

strain. Highest responsivity is therefore obtained when mostg?

the fiber is in th . £ t disol ¢ Oth odyne carrier signal that is phase modulated when a strain is
€ oer s in the region ot fargest dispiacement. er COmbaﬁoplied to the sensor fiber. The heterodyne pulse is separated
nations of the parameters used in Table Ill arrive at the sar)

. 6m the rest of the signal with a gate switch, the output of which
conclusions as these. is bandpass filtered (BPF) and phase demodulated.
In Fig. 7, the optical pulses are shown to be generated by a
single AOM; however, in this configuration the interferometer
The sensors were constructed by winding a thin coil @xhibits an effective path imbalance of twice the sensor fiber
optical fiber between two closely-spaced plates and encapkngth. This may cause the phase resolution to be severely de-
lating the fiber layer in a disk of epoxy resin, type Ciba-Geiggraded by laser frequency noise (discussed later) but can be

VIlI. SENSORCONSTRUCTION
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Fig. 7. TDM interferometric interrogation system.
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Fig. 10. The responsivity of center-supported flexural disk sensors for the disk

- 70 1 thckness (and fiber length) shown.

3 { —o—3.56mm(75m) -o— 4.6mm(25m)

£ 60 - —— 7mm(75m) ——12.7 mm(25m)

® ] the interferometer, Faraday Rotation Mirrors (FRM) were used

;: 50 | in place of the standard mirrors. This maintains a stable hetero-

T ] dyne carrier despite changes in the birefringence of the sensor

-‘E’ 40 1 fiber [25]. The laser source used was a diode pumped Nd:YAG

@ ] Lightwave 120 laser.

Q 301 A frequency response was measured by applying a frequency

8 ] sweep to the vibration table using a frequency analyzer linked to

« 20 ] e I a PC, to compare the demodulated output of the optical sensor
100 1000 10000 to that of the reference accelerometer. In our measurements the

frequency was swept from 100 Hz up to 5 kHz, limited at lower
frequency by the phase demodulator low frequency cutoff and
at the upper frequency by a resonance of the vibration table. The

Fig. 9. The responsivity of edge-supported flexural disk sensors for the dSRNSOr's were placed close together such that they experience the
thckness (and fiber length) shown. same vibration field.

Frequency , Hz

overcome with a path balanced implementation as shown in the
inset in Fig. 7. This generates the two pulses from the same time
segment of light and can easily reduce the path imbalance to les$he calibrated acceleration responsivity of the six sensors is
than 1 m. plotted in Figs. 9 and 10, corresponding to edge and center sup-

The set-up used to calibrate the sensors is shown in Fig.pdrted disks respectively as a function of frequency; the mea-
The optical sensor was placed next to the reference accelersured responsivities are tabulated in Table IV along with the pre-
eter on the vibration table. To overcome polarization fading wticted responsivities and resonant frequencies.

IX. RESULTS AND DISCUSSION
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TABLE IV
MEASURED AND CALCULATED RESPONSIVITIES OFOPTICAL ACCELEROMETERS

Predicted Predicted fres
Responsivity Hz
dBre 1l rad/g
Disk Support Measured Simple Fixed Measured Simple Fixed Fibre
thickness/mm responsivity Jres length /m
3.5 Edge 39 38.8 26.9 2400 2250 4630 75
4.6 Edge 32 324 24.5 3020 2400 4900 25*
7 Edge 37 38.6 26.9 3780 3930 8100 75"
12.7 Edge 28 28.6 20.1 4380 6200 12750 25*
102 Centre 37 44.7 354 >5000 3530 5880 70"
114 Centre 34 44.3 35.1 >5000 3900 6800 72"

*Here Eglass=72 GPa, Egpory=3 GPa, D=135 wm, D +165 wm and other parameters are taken from Table 1.

The measured resonant frequency of the disks provide:

good indication of the exact boundary condition imposed | 2 50 ] N _

practice. Referring to Table IV, the measured resonant fr € _ =2~ Responsivil of edge supported disk

quencies of the edge-supported disk are close to that predic ‘é 1 —o—Cross-responsivity of edge supported disk |

for a simply supported disk, and the measured responsiv Q 405

and that predicted for the simply supported disk confirm thi z ]

The disparity between the predicted and measured resor Zg 30 1

frequency for the thickest edge-supported disk (12.7 mm) § ]

thought to be due to the reasons discussed in Section IV. Her § 20 |

the resonant frequency (or bandwidth) cannot be increas € ]

without limit by increasing the disk thickness and it is thougl 10

that no increase in resonant frequency will be observed witt 100 1000 10000
further increase of the disk thickness. Frequency
The resonant frequencies of the center-supported disks

cannot be observed directly due to the limited bandwidffi® 1+
of the measurement, however the measured responsivities ) ) )
would indicate that the disks were in a fixed center suppoffl the disk. An acceleration force acting parallel to the disk sur-
The performance obtained from the center-supported ditgee will, thus, induce rota‘uonal moments, causing the disk to
demonstrates that a higher overall combination of responsivit§nd; and 4) Deformation of the cail in the plane parallel to the

and bandwidth can be obtained with this type of disk than thai¢rface of the disk may occur due to the anisotropic nature of
from the edge supported disk. the disk stiffness in the fiber layer. Cross-axis sensitivity caused

1), 2), and 3) can be reduced by appropriate design of the
e and by incorporating a second coil on the opposite side of

ported disk by rotating the sensor by°9guch that the accel- the disk, thus ensuring that the center of mass is located in the
eration acts in a direction parallel to the disk. The c:alibratio(f‘lef1tral plane of the disk. The effect described in 4) is thought

described above was then carried out and the result is showrti%mpose a fundamental _I|m|t on the achievable Cross-axis sen-
Fig. 11. sitivity and needs to be investigated further. A finite element

eqnalysis may provide a better insight into this effect.

Edge supported disk responsivity and cross-responsivity.

The responsivity to other directions of acceleration (referré)é/
to as the cross-sensitivity) has been measured for the edge-

The cross responsivity was found to be typically 8 dB low
than the on-axis responsivity except for the presence of addi-
tional apparent resonances at 100 Hz and 1.3 kHz. The exictSCURCES OFNOISE IN THEOPTICAL SENSOR ANDDYNAMIC
cause of the 1.3 kHz resonance is unknown but the 100 Hz RANGE
resonance is thought to be due to the sensitivity of the con-The primary focus of this work has centerd on maximizing
necting leads to the sensor and not a mechanical resonance oftikeacceleration responsivity of the sensor, in order to achieve
sensor itself. Ideally, the sensor should exhibit zero cross-seime highest acceleration resolution. The resolution is set by the
sitivity, however, in-practice sensitivity to the measurand alorggnsor self noise and in the case of optical fiber sensor systems,
this axis may arise for the following reasons 1) The fiber coihe dominant noise sources usually arise from the optical system
may respond to the acoustic signal produced by the vibratiarchitecture and components. The fundamental source of noise
table since there is no acoustic isolation; 2) Unwanted resarises from the shot noise generated on detection of the signal
nances of the case may enhance displacements of the diskyBich generates a shot current given by (18)
For a sensor with a single coil, the nonuniform distribution of
the mass causes the center of mass to be shifted toward the coil fehot = V 2eRP (18)
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wheree is the electron chargé is the photodiode responsivity nation of responsivity and bandwidth than the equivalent edge
andP is the average optical power. The received optical powsupported disk. For a centrally supported disk with a flat fre-
is set high enough such that the shot current dominates ogeiency response up to 2 kHz and a responsivity of 37 dB re
the thermal noise generated in the detector preamplifier. Holvrad/g, an interferometric phase resolution qfrédA/Hz at
ever, in practice it is difficult to achieve the shot noise level duk kHz would give a minimum detectable acceleration of 84
to other sources of noise such as RF oscillator noise (from thg/,/Hz. This could in principle be reduced by up to a factor
acoustooptic modulator drivers) or laser frequency noise whiohtwo by attaching a second coil to the opposite side of the disk
are converted into phase noise by the interferometer. The lated operating them in a push-pull configuration. Taking the dy-
noise source tends to dominate, particularly in multiplexed sysamic range as 120 dB, the maximum narrowband signal re-
tems when a significant path imbalance is present in the interfeoverable would be about 0.08,gHz. The cross-responsivity
ometer. The diode pumped Nd:YAG laser, used in the calibrafthe edge-supported disk has also been measured to be at least
tions exhibits a laser frequency induced phase noise of less tiadB lower than the on-axis responsivity and methods of im-
2 pradh/Hz for frequencies above 100 Hz and a interferonproving this have been discussed in the text.

eter path imbalance of 1 m [26], however, similar performance Future work will focus on reducing the cross-sensitivity of
can be obtained from a significantly lower cost source based the sensor and improving the sensor housing.

a single longitudinal mode fiber DFB laser. These have been

shown to exhibit a phase noise of less thairdd/h/Hz for fre-

quencies above 100 Hz and a 1-m fiber path imbalance [27]. ACKNOWLEDGMENT
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