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Abstract:

A displacement sensor based on the fiber Fabry-Perot (F-P) cavity was proposed in this paper. Theoretical and ex-

perimental analyses were presented. Displacement resolution was demonstrated by spectrum-domain experiments to obtain the
dynamic range of the F-P sensor, and a piezoelectric crystal unit (PZT) was used as the driver. The output signal was modulated by
a piezoelectric ceramic ring and demodulated by a phase-locked oscillator. The experimental results show that the displacement
resolution of the F-P sensor is less than 5 nm and the dynamic range is more than 100 pm. As acceleration is the second-order
differential of displacement, an accelerometer model was proposed using the finite element method (FEM) nd ANSYS software.
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INTRODUCTION

Nano- and micro-scale displacement sensors have
been widely used in various fields, including micro-
manipulating, micro-manufacture, precisely position-
ing, and so on. Several kinds of displacement sensors
have been proposed in the literature, such as the ca-
pacitive displacement sensor (Genossar and Steinitz,
1990; Roth and Gmelin, 1992), the piezoelectric dis-
placement sensor (Akamine et al., 1989), and the op-
tical lever displacement sensor (Meyer and Amer,
1988). Of these techniques, a displacement sensor
based on fiber optics holds the best promise for high
precision, for measuring in hostile environments, and
for its immunity to electromagnetic interference.

In this paper, a displacement sensor based on the
principle of the fiber Fabry-Perot (F-P) interferomet-
ric sensor is presented. Compared with existing
fiber-optics-based displacement sensors (Rugar et al.,
1988; Zheng and Albin, 1998; Niu et al., 2005), the
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F-P sensor has the advantages of high sensitivity,
small size, easy implementation, and low cost. On the
other hand, microelectromechanical system (MEMS)
technology is rapidly spreading internationally. MEMS
technology has advantages over traditional mechani-
cal technology, especially on account of high sensi-
tivity and compact size. Therefore, the approach of
combining MEMS technology with the interferometer
measurement technique may result in a development
in microsensors. Based on this idea, we propose a
novel micro-accelerometer model consisting of a fiber
F-P interferometric sensor and MEMS mass.

In Section 2 of this paper, the basic structure of a
fiber F-P sensor and the experiment system are in-
troduced. In Section 3, the demodulation method in
the spectrum domain is proposed. As acceleration is
the second-order differential of displacement, by the
use of the finite element method (FEM), a structure
for the accelerometer is proposed theoretically in
Section 4. In Section 5, the experimental results and
error analysis are presented in both the spectrum
domain and the time domain. Finally Section 6 con-
cludes the paper.
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BASIC STRUCTURE

As shown in Fig.1, a typical fiber F-P sensor
consists of a hollow-core tube and two fibers to form a
high-finesse cavity. Each end of the fiber is coated
with a high reflective membrane. When the fiber is
used for sensing, one of the fibers is fixed, and the
other one is movable. The movable fiber is fixed on
the mass, and the fixed one is bonded to the plastic
hollow-core tube, which is used to protect the fiber
from environmental damage. The gap between the
two reflectors is used as the sensing part. Light
launched into the cavity will lead to multi-beam in-
terference. Hence, the cavity length, or sensor gap,
can be accurately measured to the precision of a few
nanometers using a straightforward white light read-
out system. To avoid external vibration, the 3D
translation stage, which is used as the foundation of a
piezoelectric crystal unit (PZT), is fixed on an optical
platform to isolate the radial vibration.

Ai;gap
I\\\\\\}f\\\\‘x\l

Single mode fiber Glass tube

Fig.1 Basic structure of an F-P sensor

The experimental arrangement for analyzing the
F-P displacement sensor is illustrated in Fig.2. In this
study, two testing methods, one measuring the light
intensity in the time domain, and the other measuring
the spectrum in the frequency domain, are introduced.
The supported photo-electronics is composed of a
laser diode, a PZT ceramics, a testing instrument, and
a 2x2 fused biconical tapered coupler. The transmis-
sion fiber is a standard single-mode optical fiber (the
Corning® single-mode fiber, SMF-28). In the fre-
guency domain measuring experiment, a broadband
laser diode with center wavelength at 840 nm and
width 50 nm was adopted. The light was injected into
the F-P sensor and received by a fiber spectrometer
through two fiber connection/physical contact (FC/PC)
connectors.

The laser light is guided into an isolator, which
eliminates the feedback from the fiber into the laser,
before the fiber pigtail is connected with a 2x2 direc-
tional coupler. The 2x2 directional coupler is used

1solator F-P sensor PZT

Light Fiber coupler

source

Substrate

M

Flatting agent

Detector Q

Fig.2 Schematic of experimental arrangement used to
detect the time and spectrum domain signals from an
F-P sensor

as a beam splitter in our experiment. A portion of light,
about 50% of the input optical power, passes through
the 2x2 coupler to the fiber F-P sensor, and then re-
flects back to the detector. In order to detect the dy-
namical change of the F-P cavity, another PZT was
used as the driver. The moveable part of the F-P
sensor was bonded with the PZT.

THEORETICAL MODEL

In order to deduce the relationship between the
output signal and the length of F-P cavity in the fre-
quency domain, a spectrum interpolation method was
adopted (Zhang et al., 2005). We assume that the
incident light is in the form of a Gauss beam, given as
follows:

L) = lexpl(A-A4) /B, (1)

where |p is the normalized intensity of the incident
light, 4, is the peak wavelength, and B, is the spectral
bandwidth.

When light is launched into the movable fiber of
the F-P sensor, most of the power is transmitted to the
fixed one. However, part of the light is reflected by
the end face of the fixed fiber. The reflected light is
repeatedly reflected by the first fiber. The phase dif-
ference of these two light paths causes multi-
interference in the optical receiver. According to the
principle of multi-beam interference, the distribution
of light emitted from the fiber can be given as

_ 2R[1-cos(4nl / A)]
" 1+ R*-2Rcos(4nl/ 1)

LA, @

where R is the reflectivity of the reflectors, | is the
cavity length. Although the transmission losses at 840
nm will affect the light intensity, actually in the
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frequency domain testing, the cavity length just de-
pends on the spectrum distribution and can be de-
tected by the spectrometer. The denominator of the
right hand side of Eq.(2) can be approximately 1 when
R—0, and by substituting the wavelength 1 with c/v,
where c is the light velocity and v is the light fre-
guency, Eq.(2) can be expressed as

I, =2R[1-cos(4xnlv / c)]l,(1). 3)

Substituting Eq.(1) into Eq.(3), and replacing the
wavelength A with ¢/ v, the output light can be given as
follows:

(v =v,)°

I, = 2R[1—cos(4xnlv / c)]l, exp| ———=— |, (4)
2(o,vv, lc)

where v,=C//,, o, =B, /2. Using Taylor series

expansion, the exponent part of Eq.(4) can be ex-
pressed as

2
v-v. v—v. (v—v) v—v v—v
P _ P _ 2p oo = p 1- p+... .
v v 1% v v

®)

Taking the first-order approximation of Eq.(5) and
substituting it into Eq.(4), we obtain the output light in
the frequency domain as

s
I(v) = 2R[1—-cos(4xnlv / c)]l, exp| — 2o | (6)

v

In order to demodulate the cavity length of the
F-P sensor, Eq.(6) was processed by using the fast
Fourier transform, and the result can be obtained as
follows:

F (Jé) = 2\/%R|00'V |:exp(_j Vpg) eXp(_ O-pzf J:|

R, {epH:“—'Hep{%(f Lﬂ}

+ \/ﬂRloo-v {exp{—j(§+4%ljvp}exp{— 025 (§+4Tnljz:l}.

()

From Eq.(7), it can be observed that there exist
two extreme points—one contains the intensity in-
formation and the other, which can be expressed as
&=4nl/c, contains the details of the F-P cavity length I.

The data sampled by the spectrometer varied
with wavelength; however, the demodulating method
above is based on the frequency domain. Therefore
the sampling data should be converted to the fre-
quency domain. Assume that the wavelength of the
light source ranges from Amin 10 Amax, and that the
number of sampling points in a cycle is N, and then
the wavelength interval can be expressed as

A= (ﬁ“max - ﬂ’min) I'N ' (8)

which corresponds to the frequency as

C c c-04

dv=—- = .
A A+34 A(A+84)

©)

Due to the Gauss distribution of the light source,
most of the light intensity is concentrated in the center
wavelength. As a result, Eg.(9) can be equivalent to

Sv=c-841 AL (10)

After changing the data in the frequency domain
and using the fast Fourier transform,

X (k)= Nix(n)exp(—jZnnk /' N).

(11)

>

The cavity length can be demodulated by
searching the extreme point of X(k). According to the
relationship between angular frequency & and nu-
merical frequency w, below:

E=4nllc, w =2k IN, o =&-5v, (12)

where k; is the abscissa of the extreme point, the cav-
ity length can be deduced as

= ck,
2N -8v

(13)

Base on Eq.(13), we can deduce the cavity length
from spectrum data.
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In the time domain testing, the output intensity of
the F-P sensor attenuates with the increase in cavity
length. The output optical intensity can be given as
(Lvetal., 2007)

_ RIg[L+af — 20, cos(4nnL/ )]
" 1+ (Re,)? - 2(Re,)cos(4nnl / 1)’

(14)

where o is the loss in the cavity.

ACCELEROMETER MODEL

As displacement is the quadratic differential of
acceleration, by use of the FEM, a kind of mass,
which transfers the displacement to the acceleration
by a special elastic beam, can be created. FEM soft-
ware ANSY'S 10.0 is used for simulation. As shown in
Fig.3, the structure of the accelerometer consists of a
mass, a beam, and the periphery structure. As a result
of the development of MEMS technology, the mass
can be fabricated through microlithography,

ANSYS
TP 16 2007
15189154

FLENEATS

ANSYS|

(©

micromachining, or microfabrication.

Fig.3a shows the system structure simulated by
ANSYS 10.0. The dimension of the mass is 6 mmx
4 mmx0.3 mm, the dimension of the stress cantilever
is 2.2 mmx0.3 mmx5 pum, and the dimension of the
transition-folding beam is 0.5 mmx0.3 mmx50 pm.
The accelerometer is made of silicon. During the
simulation we selected the element type “solid 92" in
ANSYS 10.0 and meshed the model with the free
shape.

The simulation results show that the resonant
frequencies for the first, second, and third simulations
along the X-axis are 254.76 Hz (Fig.3b), 601.72 Hz
(Fig.3c), and 811.78 Hz (Fig.3d), respectively. From
the results we can see that below the frequency of
1 kHz, the linearity of the system is acceptable. Based
on the results of FEM simulation, the impulse re-
sponse displacement varies from 0.32 nm to 1.6 mm,
which linearly corresponds to the acceleration range
of 10°g~50g. Therefore, according to the displace-
ment resolution of the F-P sensor, we can obtain the
acceleration resolution.

ANSYS|

TP 16 2007
16148223

ANSYS|

(d)

Fig.3 Simulation by ANSYS 10.0 of the accelerometer using the finite element method
(a) System structure; (b) Mode A, resonant frequency 254.76 Hz; (c) Mode B, resonant frequency 601.72 Hz; (d) Mode C,

resonant frequency 811.78 Hz



Zeng et al. / J Zhejiang Univ Sci A 2009 10(4):589-594 593

The basic structure of the F-P accelerometer is
shown in Fig.4. First of all, the plastic tube of the F-P
sensor is adhered to the periphery of the structure by
adhesives. After that, through an accuracy alignment
method, the other end is fixed on the mass and in-
serted in the tube. The diagram shows a compact
discharging device structure.

Mass

Periphery structure

F-P sensor

Fig.4 Monolithic construction of a MEMS fiber F-P
accelerometer

EXPERIMENTAL VERIFICATION

To verify the above models, the output signals
were experimentally obtained according to the change
in the air gap, using a 3D translator and a PZT. Both
the frequency- and time-domain signals were detected
by a spectrometer and an oscilloscope.

Fig.5 shows the trend between the optical spec-
trum and the F-P cavity length. When the cavity
length increases, the optical spectrum has a higher
density. The diagram shows the output spectrum as
the cavity length is 7.35, 10.41, 18.75, 27.35, or 33.87
um. The light intensity decreases with the increase of
the F-P gap, which is caused by the multiple reflection
dissipation.

Intensity (a.u.)

600 610 620 630 640 650 660 670
Wavelength (nm)

Fig.5 Output spectrum of the F-P sensor when the cavity
length is 7.35, 10.41, 18.75, 27.35, or 33.87 pm

Based on Eq.(3), the cavity length can be de-
modulated by the discrete Fourier transform. The
experiment values accord with the theoretical values,
as shown in Fig.6. The cross correlation coefficient is
0.9958. As the minimum step size of the PZT is 5 nm
and this change can also be demodulated by the Fou-
rier transform, the minimum resolution of the F-P
sensor is less than 5 nm.

8.0 o PZT driver
75+t * F-P sensor
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Fig.6 Displacement measured by an F-P cavity and a
PZT driver

In the intensity test experiment, according to the
fiber type, the light source used in this experiment
was a single-mode He-Ne laser of 632.8-nm wave-
length and 2-nm spectral width. The light was coupled
into the F-P sensor using a self-focusing lens. The
output light was received by a photodiode and ana-
lyzed by an oscilloscope. In order to improve the
signal-to- noise ratio, a PZT was used in the input
channel of the coupler. The light source was modu-
lated by the PZT and demodulated by a phase-locked
oscillator.

Fig.7 shows the output signal in time domain. On
the upward side of Fig.7 is the modulated signal, and
below the modulated signal is the demodulated signal,
showing that the signal can be precisely demodulated
by high-frequency modulation. In order to verify the
dynamic range of the F-P sensor, another large-range
PZT was adopted. The output displacement of the
PZT was measured by a capacitance micrometer, and
the maximum output displacement is 100 um. Fig.8
shows the characteristic curve of the PZT.

Fig.9 shows the variation of optical intensity
when the PZT drive voltage varies from 0 to 120 V.
The initial cavity length is about 5 um. As the
maximum output dynamic range of the PZT is 100
um, at this time the optical signal can still coincide
with the driver’s. So we can conclude that the dy-
namic range of the F-P sensor is more than 100 um.
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F-P sensor output (V)
o

0 20 40 60 80 100
Time (ms)
Fig.7 Dynamic range measured by an oscilloscope
The input signal is modulated by a PZT (above), and the
output signal is demodulated by a lock-in (below)
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Fig.8 Characteristic curve between PZT voltage and
output displacement
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Fig.9 Relationship between output light power and
PZT drive voltage

CONCLUSION

In this paper, a high-precision optical nanometer
displacement sensor is proposed. Theoretical and
experimental analyses are investigated. The experi-
ment measurement consists of two methods. One is
based on the spectrum domain test, and the other is
based on the time domain test. The minimum dis-
placement resolution is less than 5 nm and the
maximum dynamic range of the system is more than
100 pum. Lastly a kind of accelerometer is proposed
theoretically. Based on the accelerometer model, a
micro-optical accelerometer can be designed com-
bined with MEMS technology.
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