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A novel three-component hybrid-integrated optical accelerometer based on LiNbO3 photoelastic waveguide
is presented. The photoelasitcity of LiNbO3 due to three-dimensional stress states is obtained analytically.
We analyze the level of sensitivity to cross-axis accelerations which is a very important parameter for
three-component accelerometer. Theoretically, the designed three-component hybrid-integrated optical
accelerometer has a transverse sensitivity ratio (TSR) of zero. The sensor has a high natural frequency of

3.5 kHz and a linear broad working frequency.
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Optical fiber sensor has been widely used to detect ac-
celeration in virtue of its wide bandwidth, long-distance
transmission, and immunity to electromagnetic interfer-
ence in optical fiber!'~6. Integrated optical sensors using
single-mode waveguides are more compact, stable, and
physically robust and may be more easily fabricated by
mass production techniques than those using discrete op-
tical components!7—10,

In this letter, on the basis of the previous work
on Michelson fiber-optic accelerometer™12l we present
a novel three-component hybrid-integrated optical ac-
celerometer based on LiNbOj; photoelastic effect. Po-
larizers and phase modulators are integrated with the
Mach-Zehnder interferometer (MZI) fabricated by inte-
grated optics technology on LiNbOs substrate. The res-
onant frequency of the accelerometer is 3.5 kHz. It can
be employed to monitor or accurately measure vibrations
in various areas such as seismic measurement in geophys-
ical survey etc.

We use the one-dimensional accelerometer to explain
the operating principle of the three-component photoe-
lastic waveguide accelerometer. The MZI on the X-cut
Y -propagation LiNbOg substrate (the light axis is along
the Z direction) is shown in Fig. 1. Using the technology
of integrated optics, branch-waveguide can be fabricated
so as to integrate light and split light on the LiNbOj
substrate. The horizontally polarized laser beam from a
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laser diode (LD) with the output intensity I at the wave-
length A\ passes through a horizontal polarizer to assure
that the beam is polarized perpendicular to the stress
direction caused by acceleration forces on proof mass.
After passing through the polarizer, the beam is divided
by symmetric Y-branch waveguide, resulting in two sep-
arate beams with intensity of I/2 traveling in respective
waveguides. The beams are further split by symmetric
Y-branch waveguides, forming four separate beams trav-
eling in four waveguides with intensity of I/4. When the
proof mass is accelerated with acceleration forces in the
direction of AF, it will stress one waveguide in tension
and the other in compression, changing the refraction
index of the photoelastic waveguides. The phase shift
following the variation of the index will be adjusted by
external acceleration. The light beams passing through
the waveguides, which are not stressed, pass through two
90° phase bias elements, respectively. The light beams
modulated by external acceleration and phase modula-
tor will pass through polarizers after being coupled by
the branch waveguide. The polarizers are employed to
realize and maintain the polarization state of the output
lightwave, and filtrate the optical signal out of detection
directions. The light signal is converted to an electrical
signal by photo-detectors. We will get the acceleration
by dealing with the electrical signal which is fed into the
signal processor unit. The acceleration aj acting on the
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Fig. 1. Hybrid-integrated optic chip for acceleration detection.
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Fig. 2. Photoelastic effect due to the three-dimensional ac-
celeration. (a) Horizontal TE polarized light incident on the
proof mass; (b) analysis model; (c) proof mass under acceler-
ation.

proof mass in any direction can be resolved into a,, a,
and a,, where polarized light is traveling along the axes
shown in Fig. 2.

If the optical phase shift caused by three-dimensional
acceleration is A¢,,, the change of index corresponding
to the optical phase shift is

A
Ay = 2 Arm, 1
m = 5 Ad (1)

where A = 1.3 pm; the waveguide dimensions of the sen-
sor are length [ = 10 mm, width b = 6.5 pm, height
h = 2.5 um; the proof mass m = 50 g; the indices of light
axis for o- and e-light are n, = 2.219, n, = 2.145.

According to LiNbOg3 photoelastic effect, we get the
relationship between the change of optical phase and the
three-dimensional acceleration of our sensor, which can
be rewritten as

(2.07 x 1075A¢,, + 2.219)% — 0.20
(2.07 x 1075A¢,, + 2.219)2 — 0.20
(2.07 x 1075A¢, + 2.145)? — 0.22

—0.057 x 1076 0.55 x 1076 0.88 x 1073
=1 —-0.198x107% —-0.24x107% 0.88x 1073
0.29 x 10~¢ 0.9x10°¢  —0.03x 1073

az +9g
x( ay ) (2)

Thus we can obtain the total acceleration:

a= /a3 +al +a. (3)

The important characteristic of three-component ac-
celerometer is transverse sensitivity ratio (TSR), which
is defined as the ratio of cross-axis sensitivity Kcross—axis
to on-axis sensitivity Kon—axis Of accelerometer. If the
noise of three-component accelerometer is large or the on-
axis sensitivity is small, the TSR is large. As the three-
component accelerometer we designed, the proof mass
attached to the photoelastic waveguide is differentially
responsive to acceleration force to stress waveguides and
causes a phase difference between the stressed and un-
stressed waveguide beams. This phase difference is pro-
portional to input acceleration, so we can get the phase
sensitivity as

K _ A¢on—axis K _ A(bcross—axis
on—axis — Aiu cross—axis — Aiu
Gon—axis Gon—axis
Kcross—axis
TSR = —Zoss—axis, (4)

K on—axis

Hybrid-integrated optical three-component accelerom-
eters with different structures have different sensitivities
and TSRs. We can get different TSR values of different
structures from Eqs. (2) and (4), and choose a more suit-
able structure.

We have studied TSRs of accelerometers with combined
structure and integrated structure, respectively. Figure
3 shows a schematic diagram of the harmonic vibrator
of the combined three-component photoelastic waveguide
accelerometer. It consists of three separated dual MZIs
on X-cut and Y-propagation LiNbOg, respectively. With
the separated dual MZIs fixed on a body, a harmonic
vibrator of the combined three-component photoelastic
waveguide accelerometer is designed. For the integrated
structure, three separated dual MZIs are monolithically
integrated on three vertical surfaces of an X-cut and
Y -propagation LiNbOj crystal respectively, as shown in
Fig. 4.

Substituting the design parameters into Eqgs. (2) and
(4), we get TSR and cross-axis sensitivity due to the ac-
celeration of different directions, as shown in Table 1.
The TSR value in the combined structure is 0, whereas
the minimum TSR value in the integrated structure is
0.19. Considering the analysis above, we employ the com-
bined structure to design the accelerometer.
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Fig. 3. Harmonic vibrator of the combined three-component
photoelastic waveguide accelerometer.
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Table 1. TSR in the Three-Component Photoelastic Waveguide Accelerometer

az
Structure

Ay Qy

Kcrossfaxis (rad/(m/sz))

TSR Keross—axis (rad/(m/s?))

TSR Keross—axis (rad/(m/s?)) TSR

Integrated Keroms—axio, = Kerows—axio.  TSRe  Keross—axis, = 463.3, TSRy,  Keross_axis, = 166.9, TSR, = 0.43,
= Zpdpig x 773X 1078 =TSR, Keross—anis, = 306.2 =028 Keross—axis, = 98.6 TSR, = 0.25

—1.87% TSR.

) =0.19

Combined Keross—axis = 07 TSR =

Keross—axis

= 0 =0

Kprimary —axis

2T Anepss X 7.73x10—3

p13 and p33 are photoelastic constants of LiNbOsz crystal. TSR, TSRy, and TSR, are transverse sensitivity ratios of z, y, z

axes, respectively.
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Fig. 4. Harmonic vibrator of the integrated three-component
photoelastic waveguide accelerometer.
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Fig. 5. Schematic of the three-component photoelastic waveg-
uide accelerometer.

Figure 5 shows the schematic of the designed three-
component photoelastic waveguide accelerometer with
combined structure. The horizontally polarized laser
beam from LD is split into three beams which pass
through three MZIs respectively. When an arbitrary-
direction acceleration is forced on the substrate, the
three MZIs can be affected by the acceleration a., ay,
and a,, separately. After converting the variation of
acceleration component into the optical phase shift, the
light will be transmitted into external processor unit,
and we can deal with it by differential process. In this
way, we can obtain the relationship between voltage and
the acceleration to be monitored.

According to Table 1, TSR of the designed three-
component accelerometer is zero theoretically, but it is
difficult to fabricate a multi-axis accelerometer with zero
TSR. The error of TSR results from the misalignment of

the accelerometer’s actual sensitive axis from desired di-
rection and the misalignment of the polarized beam axis
from the stress direction. The TSR of the accelerometer
is studied by detecting the frequency spectrum.

The prototype accelerometer to be characterized is
fixed onto the top of a mechanical vibrator which pro-
vides a simulating acceleration signal, as shown in Fig. 6.
A spectrum analyzer is used to record the frequency
spectrum. The sensitivity of the accelerometer as a func-
tion of vibration frequency is demonstrated in Fig. 7.
The acceleration is in the vertical direction of light axis
(a.). The cross-axis sensitivity is lower than the on-axis
sensitivity, and the corresponding resonance frequency is
about 3.5 kHz, TSR = 0.1 (frequency range: 150 — 3000
Hz). It can be seen that the accelerometer has a good
frequency responding characteristic when the frequency
is below 3 kHz, which accords with the operation fre-
quency in high-accuracy seismic exploration.

Fig. 6. Photograph of the accelerometer on the mechanical
vibrator.
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Fig. 7. (a) On-axis sensitivity and (b) cross-axis sensitivity
versus vibration frequency for the acceleration in the vertical
direction of light axis.



January 10, 2009 / Vol. 7, No. 1 / CHINESE OPTICS LETTERS 35

In conclusion, a mnovel three-component hybrid-
integrated optical accelerometer based on LiNbOgs pho-
toelastic waveguide is presented. The cross-axis sen-
sitivity to acceleration is a very important parame-
ter for three-component accelerometer. We design the
three-component hybrid-integrated optical accelerometer
which shows a linear broad working frequency range.
This accelerometer can be employed to monitor or accu-
rately measure vibrations in various areas such as seismic
measurement in geophysical survey.
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