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Abstract—To be an ideal candidate, seismic sensor for
wireless unattended ground sensor (UGSs) applications
should have lightweight, low noise, high sensitivity, and
energy efficiency. Typically, to cover regions far from
source, the best choice will be the coil-over-magnet geo-
phone. Because it is usually heavier than batteries, a lighter
one should replace it to further cut the weight of sensor
nodes. However, currently available seismic sensors, such
as micro-electro mechanical systems (MEMS) accelerom-
eters and molecular-electronic transducers, cannot do the
job since they usually consume too much energy to achieve
low noise level as well as high sensitivity. This work has
designed and tested a new kind of vibration sensor, the
vibration-to-sound geophone, which can convert seismic
waves into sound physically that can then be detected by
an MEMS microphone. By using a battery as its proof mass,
the vibration-to-sound geophone 1) has better sensibility
than the coil-over-magnet geophone from 20 to 500 Hz and
is about 58 times more sensitive at 70 Hz which is more
than 60 dBV/m; 2) is very light, half the weight of the coil
one; and 3) consumes no more than 726 µW which is more
energy-efficient than MEMS accelerometers and molecular-
electronic transducers.

Index Terms—Microphone, seismic sensor, sound,
unattended ground sensor (UGS), vibration.

I. INTRODUCTION

UNATTENDED ground sensors (UGSs) are unmanned
monitoring stations often used for military surveillance,
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troop movement detection, and target identification [1]. Com-
paring with sound, image, and infrared signals, seismic waves
are less sensitive to Doppler effects, noises coming from various
moving parts of vehicles, atmospheric, and terrain variations [2],
[3], which makes seismic waves widely employed in UGS. To
detect seismic targets in UGS, the coil-over-magnet geophone
will be the best choice traditionally [4]–[8]. The geophone
brings many benefits such as 0 energy consumption, high sen-
sibility, and low noise. However, a lighter one should replace
the coil-over-magnet geophone to further cut the weights of
sensor nodes, making them air deployable, since the coil one
weighs more than 50 g where battery is only 30 g in our UGS
system. Although, micro-electro mechanical systems (MEMS)
accelerometer is a good candidate [1], [9]–[13], it suffers from
high energy consumption, more than 70 mW for low noise
version such as SF1500 [10]. Other energy-efficient MEMS
accelerometers, such as analog devices ADXL206 MEMS ac-
celerometer (3.5 mW) [14], have the lowest noise density of
110 μg/Hz1/2 among AD analog accelerometers, its noise level
still higher than 1.2851 μg/Hz1/2 at 100 Hz which is measured
from our field experiment by the coil-over-magnet geophone.
While molecular-electronic transducers [15], [16] are sensitive
enough, they are usually too energy expensive to use battery
power.

Since there is no sign of any commercially available sensors
can do the job, a redesign of the coil-over-magnet geophone may
bring us a new kind of senor which is significantly lighter than
the coil-over-magnet geophone with similar seismic target detect
ability. The ideal newly designed sensor, as a replacer of the
coil-over-magnet geophone, has the following characteristics.

1) Its sensibility is higher than 16 dBV/(m/s) from 10 to
500 Hz.

2) It is lighter than 50 g.
3) Its energy consumption is close to 0 or less than 3.5 mW

at least.
4) It resonates at low frequency such as 10 Hz or a little

higher.
The definition of the sensor frequency range is mainly based

on following two reasons: first, the generation and propagation
of the seismic waves will filter out the low and high frequency
components of the vibration source [8], [17]–[19]; second, the
facts observed in field experiments [2]–[4], [7], [8], [20]–[25]
that most energy of the typical seismic waves, generated by
pedestrians and/or vehicles, are in the band from about 10 to
500 Hz. The coil-over-magnet geophone is, in its simplest form,
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Fig. 1. Cross section of the cylindrical finite-element model of VSG.

just a coil suspended around a permanent magnet [26]. Usually,
the permanent magnet accounts for the most parts of weights
of the coil-over-magnet geophone. If the moving coil, the proof
mass, is not cutting magnetic field lines, instead, it is chang-
ing vibrations into another kind of energy form, which can be
measured by some other kind of light-weighted sensor, then the
permanent magnet could be cut out of the geophone and lead to
a lighter geophone.

The idea of the work presented herein, the relationship be-
tween vibration and sound is close. Once there are vibrations
and air, there are sounds. If an appropriate physical structure
can gather and enlarge the generated sound, then a microphone
can convert the sound into electronic signal. Since the princi-
ple of this geophone is converting vibration into sound, for
the convenience of expression, the geophone gets the name
vibration-to-sound geophone (VSG). Fig. 1 shows the cross
section of the cylindrical finite-element model of a VSG, where
the vibration of the housing will change the vertical displace-
ment of the proof mass so as the elastic diaphragms can convert
the vibration energy into sound. Once an MEMS microphone is
attached to the “test point,” the microphone will output voltage
signals, which are highly correlated with the incoming seismic
waves or vibration signals. To enlarge the generated sound en-
ergy, or the magnitude of the air pressure fluctuation in another
word, the “test point” should be located in a sealed chamber.
As shown in Fig. 1, the housing, the diaphragms, and the proof
mass have constituted a sealed chamber with a long neck and
air in it all together.

The best VSG we have made currently uses a lithium bat-
tery as its proof mass which has been presented in Section III.
This VSG is more sensitive than the coil-over-magnet geophone
since 20 Hz and is half the weight of the coil one with power
consumption less than 726 μW.

This paper is organized as follows. Features of the VSG
have been analyzed in theory and simulation in Section II. In
Section III, two physical implementations of the VSG have been
presented including their transfer function and field test results
followed by the conclusion in Section IV.

II. THEORY AND SIMULATION

To facilitate the theoretical analysis, the state shown in Fig. 1
is the initial state of the VSG. Since we are interested in the local
pressure deviation from the average air pressure of the sealed
chamber, air pressures, in and out of the sealed chamber, are
initialized as P0 Pa. In addition, the gravity is not included in
the following theory and simulation analysis.

If the touch area between the proof mass and diaphragms
is much smaller than the area of diaphragms, and the vertical
displacement of the proof mass is small so that diaphragms
could react linearly to the displacement, then the relationship
between displacements of the proof mass and the ground could
be described as follows [9] and the instantaneous state of the
sealed chamber could be simplified:

∂2x

∂t2
+ 2λω0

∂x

∂t
+ ω2

0x = −∂2u

∂t2
(1)

where u is the displacement of the ground, x is the displacement
of the proof mass, ω0 is the resonant frequency, and λ is the
damping factor. The specific values of ω0 and λ are controlled
by many facts such as the value of Young’s modulus of the
diaphragm, the size of the touch area between the proof mass
and the diaphragm, the weight of the proof mass, and so on. In
the following analysis, these two variables will be set to several
specific values to illustrate the transfer function of the VSG. By
Fourier transform, the time derivatives of (1) can be replaced
with iω [9]. This gives

X =
ω2

−ω2 + 2iλω0ω + ω2
0
U. (2)

As depicted in Fig. 2, when the proof mass moves away from the
initial place vertically, it has x meters of displacement along V
axis, and the diaphragm together with H axis construct a triangle
section which is a cone in three-dimensional reality. Since the
cone changes the volume of the sealed chamber, the air pressure
in the sealed chamber is highly correlated with the displacement
x. Following Boyle’s law, the air pressure is given by

p =
P0

1 + πr 2

3V0
x

=
P0

1 + x
3h0

(3)

where P0 is the initial air pressure and V0 is the initial volume
of the sealed chamber, r is the radius of the cone in Fig. 2, and
h0 is the height of the sealed chamber that is a cylinder in its
initial state as shown in Fig. 1 and the neck on the top is not
included. Since the seismic wave measured by VSG in this work
is weak typically, the maximum value of the absolute of x in (3)
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Fig. 2. Simplified instantaneous state of the confined space.

is much less than h0 . Because the absolute value of x/3h0 is
much less than 1 and (3) is differentiable around x = 0, the
first-order approximation of Taylor expansion can be employed
to estimate the instantaneous air pressure p as

p ≈ P0 − P0

3h0
x. (4)

Keeping the second term of the right of (4), we get the ac
component of the instantaneous air pressure pac . Including (2),
the Fourier transform of pac can be written as

Pac ≈ − P0

3h0
X = − P0

3h0

ω2

−ω2 + 2iλω0ω + ω2
0
U. (5)

To measure the air pressure, one can put an MEMS microphone
at the “test point” as shown in Fig. 1. The MEMS microphone
will output the pressure in voltage signal and the Fourier trans-
form of the ac component of the voltage signal can be given by

Vol = SmicPac ≈ Smic
P0

3h0

−ω2

−ω2 + 2iλω0ω + ω2
0
U (6)

where Smic is the sensitivity of the MEMS microphone. For
ICS-40300 MEMS microphone [27], which has been employed
in our field test, its transfer function is almost flat from 6 Hz
to 1 kHz. In the following analysis, Smic will be set to the
sensitivity of ICS-40300, which is 0.0056 V/Pa typically, P0
will be set to 1.01325e5 Pa that is the value of the standard
atmospheric pressure, and h0 is 0.0025 m that is the height of
the sealed chamber of the VSG sensor we designed for field
test. According to (6), different transfer functions can be drawn
by setting ω0 and λ to different values. The amplitude and phase
of transfer functions are shown in Fig. 3 where ω0 is set to 10
or 100 Hz and λ is set to 0.01, 0.1, or 1. The transfer function
is flat in high frequency and its sensitivity is about 45 dBV/m
at 250 Hz. Since the noise level of ICS-40300 is lower than
−140 dBV/Hz1/2 [27], the VSG sensor shown in Fig. 3 can
detect seismic waves whose amplitude is smaller than 3.1623e
– 19 m while the noise we measured in field test by the coil-
over-magnet geophone is about 1.0502e – 12 m which means
that by careful engineering, the VSG sensor has the potential to
replace the coil-over-magnet geophone in UGS systems.

Fig. 3. Transfer functions of VSGs relative to ground displacement.

As shown in Fig. 3, low frequency part of the transfer function
is seriously influenced by the values of ω0 and λ. In this work,
numerous finite-element simulations have been conducted to
determine the best combination of the radius, thickness, and
Young’s modulus of the diaphragm, the height of the chamber,
the weight of the proof mass, and the touch area between the
proof mass and the diaphragm. In Fig. 4, the results of seven of
those simulations have been shown and their configurations have
been listed in Table I. In Fig. 4, the transfer functions of each
configuration have been shown and the frequency range is from
1 to 500 Hz. Although the frequency resolution for simulations
1–5 is 1 Hz and the rest is 2 Hz, we have resampled and linear
interpolated them in Fig. 4 for clarity.

From the theoretical analysis, Table I and Fig. 4, five conclu-
sions have been drawn as follows.

1) The resonant frequency of the finite-element model
shown in Fig. 1 is mainly controlled by the Young’s mod-
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Fig. 4. Results of simulations relative to housing displacement.

TABLE I
PARAMETERS OF SIMULATIONS

Nub. Radius (mm) Thickness (mm) Young (MPa) Weight (g) Area (mm)

1 10 0.1 300 30 1
2 10 0.1 300 8 1
3 10 0.1 300 30 2
4 10 0.2 300 30 1
5 20 0.1 300 30 1
6 20 0.05 1.07 30 1
7 20 0.05 1.07 8 1

Note: the radius of the touch area is listed in the “area” column; the height of chamber
is fixed to 3 mm since the results of theoretical analysis imply that it should be as small
as possible to improve sensitivity.

ulus of the diaphragm, the thickness of the diaphragm, the
size of the touch area, and the weight of the proof mass;
with the same configuration, the less the Young’s modu-
lus, the thinner the diaphragm, the smaller the touch area,
or the heavier the proof mass, and the lower the resonant
frequency.

Fig. 5. (a) Schematic section view and (b) the real product of B-VSG.

2) The damping factor is small because there are many
spikes in the amplitude of the transfer functions and jump-
ing changes in the phase of the transfer functions.

3) With same Young’s modulus, the sensitivities of high
frequency are similar between different configurations.

4) Small Young’s modulus, such as 1 MPa, means it has
more deformation under same air pressure difference be-
tween inside and outside of the sealed chamber than the
big Young’s modulus diaphragm; the smaller the Young’s
modulus, the lower the sensitivity.

5) From theoretical analysis, the sensitivity is proportional
to the initial air pressure of its chamber and is inversely
proportional to the height of the chamber.

III. DESIGN AND TEST

This work has designed and tested two prototypes of VSG.
One of them employs a lithium battery as its proof mass and
has the name B-VSG. Another one, whose name is M-VSG,
uses magnets as its proof mass. These two prototypes both have
same structure as Fig. 1 in general, except they have only one
diaphragm for the purposes of simplicity. Comparing to two
diaphragms, VSG with one diaphragm will be much more un-
stable when the VSG is not deployed vertically, since the friction
between the proof mass and sensor housing will stop the proof
mass from vibrating, but the one diaphragm VSG will have
better sensitivity at low frequencies because two diaphragms
together are thicker than one diaphragm and the thinner one
tends to have smaller resonance frequency as shown in Fig. 4.

The prototype B-VSG is made of aluminum and it weighs 33 g
where the proof mass, the lithium battery that is about 40 g, is not
included. Fig. 5 shows the schematic section view of B-VSG and
its real product, in which DM stands for the word “diaphragm.”
As shown in Fig. 5(a), the chamber is constructed by the di-
aphragm, parts of housing, and the printed circuit board which
has an ICS-40300 MEMS microphone [27] on it. Two mag-
nets fix the holder and the diaphragm with the battery mounted
on the holder. Once there is vibration, the battery will force
the diaphragm to compress the air in the chamber. The MEMS
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Fig. 6. (a) Schematic section view and (b) the real product of M-VSG.

microphone will measure the local deviation of the air pressure
and outputs the vibration in electronic signal. The diaphragm
shown in Fig. 5(b) is made of fiberglass and is originally the
most important component of stethoscopes to transform the vi-
bration of patient skin into sound wave so as doctors can hear
and make diagnoses. More specifically, the Young’s modulus of
the diaphragm is about 300 MPa, 0.2 mm thick and its effective
radius is 10 mm that is equal to the inside radius of the cham-
ber. Thanks to the stiffness of the diaphragm, the chamber can
reduce its height to 2.5 mm easily. The diameter of these two
magnets determines the size of the touch area whose radius is
1.5 mm as shown in Fig. 5

The prototype M-VSG is made of plastic and weighs 16 g,
half of which is contributed by the proof mass. Fig. 6 shows the
schematic section view of M-VSG and its real product. M-VSG
has the same structure as B-VSG in general, but its diaphragm
is made of latex whose Young’s modules and thickness are
1.07 MPa and 0.1 mm, respectively. The radius of the proof
mass is 5 mm and the height of the chamber is about 6 mm.

The small holes for wire routing on the housing of B-VSG and
M-VSG are both sealed by hot-melt adhesive. Transfer functions
of these two prototypes are shown in Fig. 7. The resonance
frequency of B-VSG is about 70 Hz. It is close to simulation
result of configuration 1 in Table I that is 83 Hz and the phase
transfer function of B-VSG is similar to configuration 1 too. For
M-VSG, one can refer to configuration 7, where radius of touch
area is much smaller than M-VSG so the resonance frequency
of M-VSG is higher, about 25 Hz. Despite that, the distribution
of sensitivity of M-VSG, both in amplitude and phase, is similar
to configuration 7 in general. The sensitivity of B-VSG at its
resonance frequency is about 33.75 dBV/(m/s) or 60.18 dBV/m

Fig. 7. Transfer functions of prototypes.

which is 58 times of the typical sensitivity of a coil-over-magnet
geophone, about 16.07 dBV/(m/s). In fact, from 20 to 500 Hz B-
VSG has better sensitivity than the coil-over-magnet geophone,
which means B-VSG can replace the geophone to detect seismic
targets without severely shortening the detection range.

To test these two prototypes by real seismic waves, a field ex-
periment has been conducted, in which four sensors have been
deployed on the side of a mountain path to detect pedestrians. As
shown in Fig. 8, these four sensors are a coil-over-magnet geo-
phone, B-VSG, M-VSG, and ICS-40300 MEMS microphone.
The coil-over-magnet geophone has resonance frequency at
10 Hz and 16.07 dBV/(m/s) sensitivity. The main job of the
MEMS microphone is to recode the sound of the wild environ-
ment. All sensors connect to an NI9239 device directly, and the
nearby laptop computer records their digitalized signals whose
sample rates are 10 kHz through a USB cable. To minimize the
interference of wild sounds and winds, four sensors together are
covered by a big plastic box after being deployed. Although we
are trying to eliminate the sounds in this experiment, they are
not always unwanted in the UGS system, since coupled sounds
may carry important information for target detection. Except
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Fig. 8. Four sensors.

TABLE II
SNRS OF FOOTSTEPS

Distance (m) Geophone (dB) B-VSG (dB) M-VSG (dB) ICS-40300 (dB)

1 20.08 20.59 7.58 7.05
3 13.32 14.39 2.79 2.47
8 5.81 2.10 3.04 3.13
10 3.58 0.52 –1.90 –2.23
13 2.12 –0.34 1.41 1.58

the winds and sounds, another source of noises is the dc-to-dc
power supplier, which converts 5 V USB currents into 3.3 V
power source and its ripple that is about −42.91 dBV/Hz1/2 at
10 Hz will heavily degrade the signal quality of VSGs.

Digital signals from these four sensors are first filtered by a
10–450 Hz band pass filter then down sampled to 1 kHz sam-
ple rate. To illustrate the difference between these four sensors,
the power spectrum density of background noise and the wave-
form of a footstep have been shown in Fig. 9. The step was
taking a point which is about 1 m away from those sensors.
From Fig. 9(a), the coil-over-magnet geophone has the low-
est measured background noise since it is a passive device and
immune to winds and sounds. The harmonics detected by the
geophone come from the fan and hard disk of the data recording
laptop computer probably. B-VSG has a thicker housing and a
less elastic diaphragm than M-VSG, so B-VSG has lower noise
level than M-VSG. Since the sensitivity of M-VSG is low, it
measures the sounds of the environment mainly and it has the
same background noise level as the ICS-40300 microphone.
Examining the short distance single footstep seismic waveform
in Fig. 9(b), B-VSG has the biggest amplitude, the geophone
seconds while M-VSG and the microphone are just measuring
the sound of the step. To compare the coil-over-magnet geo-
phone and B-VSG under different distances, sets of mark time
step have been conducted at different distance from sensors. In
each set of mark time step, 20 steps have been taken and the
average signal noise ratio (SNR), which is calculated by divid-
ing the total energy during the 20 steps by the average energy
of the background noise, has been listed in Table II. Since the
background noise level of VSGs is high at low frequencies, and
the B-VSG has better sensitivity since 20 Hz, the digital signals
of VSGs and microphone are further filtered by a 20 Hz high
pass filter. The SNRs of M-VSG and microphone in Table II

Fig. 9. (a) Power spectrum density of background noise and (b) the
wave forms of a footstep.

below 3 m (not included) are not correctly implying that the
noise has already covered the sound of those footsteps. When
the distance increases to 13 m, B-VSG cannot detect the foot-
steps while the coil-over-magnet geophone still has high SNR.
This is mainly because seismic waves will keep their low fre-
quency components during propagations [17] and the geophone
has lower resonance frequency than B-VSG. So, to increase
the detect radius of B-VSG, one should decrease its resonance
frequency by increasing the weight of the battery, increasing
the radius of the diaphragm, reducing the Young’s modules of
diaphragm, and (or) decreasing the radius of the touch area.

IV. CONCLUSION

A new kind of vibration sensor was introduced in this
work, which consisted two components, a vibration to sound
mechanism and a microphone. First, the mechanism converted
vibration energy into sound. Second, the microphone measur-
ed the generated sound and outputted electricity signal that was
the final output of the vibration sensor. Since the working princi-
ple of the vibration sensor is converting vibration into sound, the
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vibration sensor got the name: VSG. According to the theoret-
ical analysis, the sensitivity of VSG was inversely proportional
to the height of its chamber, and was proportional to its initial air
pressure. The results of simulation pointed out that the radius,
thickness, and Young’s modulus of the elastic diaphragm, the
weight of the proof mass, the size of the touch area between
the proof mass and the diaphragm, all together were controlling
the resonance frequency of VSGs. In addition, a diaphragm
with too small Young’s modulus will heavily degrade the
sensitivity since it usually has too much deformation under
same air pressure.

The prototype B-VSG took the battery of the wireless sensor
node as its proof mass, so as it had sensitivity of 60.18 dBV/m
at 70 Hz, which was 58 times of the sensitivity of the coil-
over-magnet geophone, and only weighed 33 g that was half
of the weight of the coil one. In addition, its rated power was
lower than 726 μW, which was far more energy efficient than
MEMS accelerators and molecular-electronic transducers. The
field test of VSGs showed that although VSGs suffered a lot
from winds, sounds, and power source, the prototype B-VSG
still had similar detect ability as the coil-over magnet geophone
within 10 m from seismic source. To increase the cover range
of B-VSG, the suggestions were as follows.

1) Increase the weight of the battery.
2) Enlarge the surface of the elastic diaphragm.
3) Decrease the thickness and Young’s modulus of the di-

aphragm carefully.
4) Shrink the size of the touch area.
5) Decrease the height of the chamber.
6) Make sure there was no friction that stopped the proof

mass from vibrating and used low noise power source.
Currently, B-VSG can detect seismic waves from 20 to 500 Hz

or even higher. For seismic waves lower than 20 Hz, we are
following up-mentioned six suggestions and may eventually get
a light, stable, and robust VSG that resonates at 10 Hz in one or
two years. By then, the VSG will be highly integrated into our
wireless sensor node with battery and other sensors as its proof
mass all together.

For further evolution, by combining VSG and MEMS tech-
nology, VSG may become a new kind of MEMS vibration
sensor, with similar sensitivity as the coil-over-magnet geo-
phone, size and energy efficiency as MEMS microphones.
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