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Theoretical analysis and concept demonstration of a novel MOEMS accelerometer
based on Raman–Nath diffraction
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Abstract: The design and simulation of a novel microoptoelectromechanical system (MOEMS) accelerometer
based on Raman–Nath diffraction are presented. The device is planned to be fabricated by microelectromechanical
system technology and has a different sensing principle than the other reported MOEMS accelerometers. The fun-
damental theories and principles of the device are discussed in detail, a 3D finite element simulation of the flexural
plate wave delay line oscillator is provided, and the operation frequency around 40 MHz is calculated. Finally, a
lecture experiment is performed to demonstrate the feasibility of the device. This novel accelerometer is proposed
to have the advantages of high sensitivity and anti-radiation, and has great potential for various applications.
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1. Introduction

Microelectromechanical system (MEMS) accelerometers
are one of the most successful MEMS sensors. They have been
intensively investigated and widely used in navigation, attitude
control, air-bag systems, and so on. The operation of MEMS
accelerometers is typically based on the displacement mea-
surement of a proof mass suspended by elastic beams or thin
diaphragms. The displacement of the proof mass can be mea-
sured by detecting the deflection directly or detecting the stress
of the suspender beams or thin diaphragms. Most of today’s
MEMS accelerometers are based on capacitive and piezoelec-
tric principlesŒ1�8�, and are not competent for working in haz-
ardous atmospheres or in the presence of strong electromag-
netic fields.

Recently, there have been some demonstrations of mi-
crooptoelectromechanical system (MOEMS) accelerometers.
In common with MEMS accelerometers, MOEMS accelerom-
eters generally detect the proof mass deflection or the stress
generated by the proof mass. They have some advantages
over MEMS accelerometers, including immunity to electro-
magnetic interference, remote sensing, high sensitivity and
multiplexing ability. State-of-the-art MOEMS accelerome-
ters can be divided into intensity-based, wavelength-encoded
and interferometer-based modulation. The intensity-based
MOEMS accelerometers are easy to set up, reliable and are
low cost, but they have the drawback of sensitivity to external
disturbancesŒ9�12�. Wavelength-encoded MOEMS accelerom-
eters usually use fiber Bragg grating as the wavelength mod-
ulator. They are not directly affected by external optical in-
tensity change, but demand complex signal demodulation sys-
temsŒ13�16�. Interferometer-basedMOEMS accelerometers are
mainly based on Mach–Zehnder, Michelson, and Fabry–Perot

configurations, and they provide the highest sensitivity in vi-
bration sensingŒ17�21�.

In this paper, a novel MOEMS accelerometer based on Ra-
man–Nath diffraction is presented. Its operation principle is
quite different from the reported MOEMS accelerometers, and
it is proposed to be highly sensitive and immune to electromag-
netic fields. The device will be fabricated by MEMS technol-
ogy and consist of a flexural plate wave (FPW) delay line os-
cillator and optic strip waveguides. The FPW delay line oscil-
lator works as an acousto-optic frequency shifter (AO shifter).
When the light propagating in the optic strip waveguides passes
through the AO shifter, Raman–Nath diffraction takes place.
The sensing principle of the device is discussed in detail, the
3D finite element simulation of the FPW delay line oscillator is
given out, and a lecture experiment is presented to demonstrate
the principle of the MOEMS accelerometer.

2. Principle

The novel accelerometer mainly consists of an FPW delay
line oscillator and optic strip waveguides. When an FPW de-
lay line oscillator produces an acoustic wave propagating in a
medium, the stress creates an optical index periodic variation.
The variation functions as a diffraction grating. Either the Ra-
man–Nath or the Bragg diffraction takes place when the light
beam in the waveguide passes through the acoustic field. A cri-
terion for distinguishing the two interaction regimes is defined
by the Klein–Cook parameter QŒ22�:

Q D 2��w=�2
an; (1)

where � and �a are the wavelength of incident light and acous-
tic wave, respectively, n is the reflection index of the medium,
andw is the effective width of the acoustic beam. Raman–Nath
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diffraction occurs when Q < 1, while Bragg diffraction oc-
curs when Q > 7. The proposed accelerometer in this paper is
based on Raman–Nath diffraction, so this is discussed in more
detail below.

For Raman–Nath diffraction, the electric field of the mth
order diffraction light can be expressed as:

Bm D Am cos.2�f t C 2�mfat C �m/; (2)

while B D A cos.2�f C �/ is the electric field of the inci-
dent light, where A and Am are the amplitude of the incident
light and themth order diffraction light, respectively, � and �m

are the phase of the incident light and the mth order diffrac-
tion light, respectively, f is the frequency of incident light, fa
is the frequency of acoustic wave, and m.D 0; ˙1; ˙2 � � � / is
the diffraction order. The successive diffraction light beams are
separated by the diffraction angle, which is given by Œ22�:

� D sin�1

�
m

�

�a

�
: (3)

Assuming that the Ckth and –kth order diffraction light
beams are collected by receiving waveguides and then super-
imposed on an avalanche photodiode (APD), which is a square-
law device in terms of electric field. The output current of the
APD will be obtained as follows:

I D ˛ ŒAk cos .2�f t C 2�kfat C �k/

CAk cos .2�f t � 2�kfat C ��k/�2

D ˛

(
A2

k

2
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C
A2

k

2
cos 2 .2�f t � 2�kfat C ��k/

� A2
k C A2

k cos 2 Œ2�f t C .'k � '�k/=2�
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k cos 2 Œ2�kfat C .'k � '�k/=2�

)
;

(4)

where ˛ is a constant respect to the APD. Because the response
frequency of the APD is much lower than f but much higher
than fa, the output current I will be the superimposition of four
DC components and one AC component, whose frequency is
2kfa. By detecting the APD output current, the acoustic wave
frequency information can be obtained and amplified.

Because of the elastic thin plate structure and dispersive
property of FPW, the resonant frequency of the FPW delay line
oscillator will vary with the external acceleration, and it can be
expressed asŒ23�:

fN D
1

2�

r
1

M

h
D .N�=L/4

C T .N�=L/2
i
; (5)

where N is the acoustic wave mode order, D is the effective
rigidity, L is the length of the plate, M is the mass per length,
and T is the tension in the plate length direction. The change in
external acceleration will result in a change in the plate length
L, the tension T and the FPW resonant frequency fa. Associ-
ated with the Raman–Nath diffraction discussed above, the ac-
celeration change induced frequency information will be am-
plified by 2k times. In other words, the sensitivity of the ac-
celerometer will be enhanced by 2k times, where k is the se-
lected diffraction order.

Fig. 1. Schematic of the accelerometer.

Fig. 2. Approximated beam structure of the FPW delay line oscillator.

Figure 1 shows a schematic of the novel MOEMS ac-
celerometer. The device will be fabricated by MEMS tech-
nology. Firstly, three silicon dioxide layers are deposited on
the silicon wafer to form the strip waveguides. The different
refractive indexes of the three silicon dioxide layers are ob-
tained by fine tuning the process parameters. Then the zinc ox-
ide layer and the inter-digital electrodes are fabricated in the
back etched membrane area, which is shown as the dashed box
in Fig. 1, to form the FPW delay line oscillator. When a laser
beam is coupled into and propagates along the waveguide, it in-
teracts with the acoustic wave and diffracts in the Raman–Nath
regime. Take the ˙5th order diffraction light beams for exam-
ple, they are collected by two receiving waveguides, while the
beams of lower order (0, ˙1st, � � �, ˙4th order) are reflected
by the aluminum reflector. There are three aluminum thin film
polarizers on the surface of the waveguide to make sure the
light beams have the same polarization. The collected˙5th or-
der diffraction light beams are guided together, superimposed
and outputted to an APD, and the frequency of the APD out-
put current is taken as the output of the accelerometer. If the
external accelerometer induced frequency change of the FPW
delay line oscillator is�fa, the output of the accelerometer will
be 10�fa. The sensitivity of the accelerometer is greatly im-
proved by using Raman–Nath diffraction.

3. Simulation

As the key part of the accelerometer, the FPW delay line
oscillator senses the change in external acceleration, as well as
producing the acoustic field for Raman–Nath diffraction. The
resonance frequency of the FPW delay line oscillator is very
important and must be predicted. So the theoretical analysis
and finite element simulation are adopted to calculate the res-
onance frequency of the FPW delay line oscillator.

The FPW delay line oscillator can be approximated as a
multilayered thin plate structure built-in at both ends, as shown
in Fig. 2. The thin plate consists of zinc oxide, silicon dioxide
and silicon, whose characteristics are summarized in Table 1.
Weinberg et al. gave the FPW resonant frequency of different
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Table 1. Parameters of the multilayered beam.

Layer Length (�m) Width (�m) Thickness (�m) Mass density (g/cm3/ Modulus (GPa) Poisson’s ratio
Zinc oxide 3600 700 3 5.680 120 0.33
Silicon dioxide 3600 700 2 2.200 70 0.17
Silicon 3600 700 15 2.239 170 0.28

modes with external force in the x direction, which is shown
as Eq. (5). In the expression, D is an effective rigidity for the
multilayer structure, which can be given byŒ23�:

D D
X

i

Ei

�
Ii C Si Y

2
i

�
1 � �2

i

; (6)

in which, Yi D yi � yM and yM D
P
i

yi Ei Si

1��2
i

=
P
i

Ei Si

1��2
i

, where

i is the index for a material layer, E is Young’s modulus, S

is the layer cross-section area, y is the vertical distance from
the center of the area to an arbitrary reference, � is Poisson’s
ratio, and I is the area moment of inertia for each layer calcu-
lated about its center of area. When external acceleration is not
applied and the thermal expansion is ignored, the parameter
T can be considered as zero. The wavelength of the FPW is
the period of the interdigital electrodes (IDT), which is 80 �m.
Substitute Eq. (6) into Eq. (5), and the fundamental resonant
frequency of the FPW delay line oscillator can be theoretically
calculated as 41.1 MHz.

When external acceleration is applied, the maximum strain
and stress in the x direction at the top surface of the plate can
be expressed asŒ24�:

" D
3LMassa

4DWH 2
; (7)

� D D"; (8)

where " is the strain, Mass is the proof mass, a is the external
acceleration, W is the width of the plate, H is the thickness of
the plate, and � is the stress. Actually, the strain and the stress
distributions on the plate are not uniform. In order to simplify
the analysis and calculation of the frequency sensitivity of the
FPW delay line oscillator to the external acceleration, " and
� are considered as the average strain and stress of the plate
roughly. The plate length will change to:

L0
D L.1 � "/; (9)

and the tension T can be given by:

T D �WH: (10)

Substitute Eqs. (6), (9) and (10) into Eq. (5), and assume
that a silicon proof mass with a size of 5 � 5 � 0.2 mm3 is
connected to the plate, the relationship between the FPW de-
lay line oscillator frequency and the acceleration is obtained as
in Fig. 3. The sensitivity of the FPW delay line oscillator to
the acceleration can be roughly calculated as 130 kHz/g. If the
˙2nd order diffraction beams are utilized, the sensitivity of the
proposed accelerometer will be 520 kHz/g.

A 3D finite element mode of the FPW delay line oscilla-
tor is created by ANSYS, as shown in Fig. 4. The harmonic

Fig. 3. Relationship between the FPW delay line oscillator frequency
and acceleration.

Fig. 4. 3D finite element mode of the FPW delay line oscillator.

response analysis and transient analysis are performed subse-
quently.

Firstly, a sine sweep voltage (0–55 MHz) is applied to
the IDT, and the harmonic response analysis is used to calcu-
late the strain response of the thin plate to the voltage at dif-
ferent frequencies. Figure 5 is the strain response curve ver-
sus frequencies, and there are two response peaks at 20.4 and
37.2MHz, respectively, corresponding to the resonant frequen-
cies of the acoustic waves propagating in the thin plate. The
vibration modes at the two resonant frequencies are presented
in Figs. 6 and 7, respectively. It can be seen that the vibra-
tion at 37.2 MHz is the expected anti-symmetric mode. By us-
ing harmonic response analysis, the fundamental resonant fre-
quency of the anti-symmetric mode of the FPW is calculated
as 37.2 MHz. The comparison of the harmonic analysis result
with the theoretical result shows that the relative error of reso-
nant frequency is 9.7%.

Then, a DC impulse is applied to the IDT, and transient
analysis is used to calculate the vibration waveforms of the
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Fig. 5. Strain response at different frequencies obtained by harmonic
analysis.

Fig. 6. Vibration modes at the frequency of 20.4 MHz.

Fig. 7. Vibration modes at the frequency of 37.2 MHz.

particles in the thin plate. The vibration performs a sinusoidal
format as shown in Fig. 8. The Fourier transform pattern of the
vibration waveform, as shown in Fig. 9, shows the dominating
frequency of 39.1 MHz, which indicates that the fundamental
resonant frequency of the anti-symmetric mode of the FPW is
39.1 MHz. A comparison of the transient analysis result with
the theoretical result shows that the relative error of resonant
frequency is 5.3%.

Fig. 8. Vibration waveform obtained by transient analysis.

Fig. 9. Fourier transform pattern of the vibration waveform obtained
by transient analysis.

Fig. 10. Schematic diagram of the macro model of the accelerometer.

4. Concept demonstration

A macro model was established and a lecture experiment
was presented to demonstrate the feasibility of the accelerom-
eter. A schematic diagram is shown in Fig. 10, and a picture
of the experimental system is shown in Fig. 11. The incidence
laser beam passes through an AO shifter whose operating fre-
quency is 15 MHz, and Raman–Nath diffraction takes place.
The diffraction light beams are divided into two parts by a beam
splitter, the reflected beams and the transmitted beams. The re-
flected beams are incident on an aperture and only the C1st
order diffraction beam is allowed to pass through, while only
the –1st order diffraction beam of the transmitted beams is al-
lowed to pass through. Propagating through the polarizer, the
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Fig. 11. Picture of the experimental system.

Fig. 12. Output electric signal of the APD when (a) the ˙1st diffrac-
tion beams and (b) the ˙2nd diffraction beams are utilized, respec-
tively.

C1st order and –1st order diffraction beams with the same po-
larization are superimposed and incident on an APD (AD500-8
TO52S2). The output electric signal of the APD is displayed
by a spectrum analyzer. The AO shifter is operated at 15 MHz,
and the output signal of the spectrum analyzer is shown as in
Fig. 12. Figures (a) and (b) represent the output signals when
the ˙1st and the ˙2nd order diffraction beams are utilized,
respectively. It can be seen that when the acoustic wave fre-
quency is 15 MHz, a 30 MHz electric signal can be obtained
using the ˙1st order diffraction beams, while a 60 MHz elec-
tric signal can be obtained using the ˙2nd order diffraction
beams. That is to say, if the acceleration induces an acoustic
frequency change of �fa, an electric frequency of 2n�fa will
be obtained by using theCnth order and�nth order diffraction
beams. The principle of the novel accelerometer is therefore
approved.

5. Conclusion

The MOEMS accelerometer is an important MEMS ac-
celerometer research branch with great potential. In this paper,
the theoretical analysis and concept demonstration of a novel
MOEMS accelerometer based on Raman–Nath diffraction is
given out. The device mainly consists of an FPW delay line

oscillator and optic strip waveguides, and will be fabricated by
MEMS technology. Firstly, the sensing principle of the device
is discussed carefully. Then, a 3D finite element mode of the
FPW delay line oscillator is created by ANSYS, the harmonic
response analysis and transient analysis are taken out, and the
fundamental resonance frequency of the FPW delay line os-
cillator is calculated around 40 MHz. Finally, a macro model
is established and the principle of the accelerometer is demon-
strated by a lecture experiment. The fabrication of the device is
now ongoing, and this, along with the testing of the device, will
be discussed in the next paper. This novel MOEMS accelerom-
eter is proposed to have the advantages of high sensitivity and
anti-radiation, and should have great potential in various appli-
cations.
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