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Abstract physics of earthquakes and ground motion sensors, the modern instrument
standards followed and the features they extract. Furthermore, a system
design using Analog Devices solutions is developed for different seismic
sensor network applications.

Earthquakes pose a major threat for condensed commercial and
residential areas and for all types of structures. As these areas
grow larger and as more buildings are constructed, seismic
monitoring requires the implementation of a widespread sensor

network. Traditional instruments are not viable due to high cost Earthquake

and complexity. The use of microelectromechanical system An earthquake is an event that is caused by the movements and collisions of
(MEMS) accelerometers and rugged small-sized geophones tectonic plates. The energy generated from the collisions propagates through
enable the development of a low cost Internet of Things (loT) and around the surface of the earth as seismic waves. These waves come in
solution. Current technology in active components and con- multiple directions and are categorized as body waves and surface waves.

verters allows these sensors to reach the modern instrument
standards. Analog Devices provides a simple but reliable instru-
ment design solution for seismic sensor network applications.

There are two types of body waves: primary waves (P-waves) and second-
ary waves (S-waves). P-waves travel along the direction of propagation as
a series of compressions and rarefactions. Due to their nature of propaga-
tion, they follow spherical divergence. Although they have the largest

Introduction decay in wave energy among other types of waves, they are the fastest,
having speeds in the range of 5 km/s to 8 km/s. The fast energy decay also
makes them the least destructive type of wave. P-waves can travel not

only through the surface, but also through water or fluids.

As the world grows more interconnected and interdependent, moderate
and large earthquakes have the potential to cause significant economic
disruption and loss. A major earthquake in any vulnerable urban center will

have a ripple effect on that center's national economy and on the ability of S-waves, also called shear waves, follow right after the arrival of P-waves.
its businesses to provide services and participate globally." Recognizing They travel along the surface of the earth at a rate of about 60% to 70%
that earthquake risk is a global problem, improving seismic monitoring to of P-waves. This type of wave travels orthogonally of both the direction of
mitigate this risk is a crucial responsibility. propagation and the Earth's surface. S-waves are more destructive than

P-waves because of their lower energy decay. P-waves and S-waves are

One key factor to the improvement of seismic monitoring is the imple- X
collectively known as body waves.

mentation of a seismic sensor network, which requires the widespread
deployment and interconnection of seismic instruments.2 However, the
cost and complexity of installing numerous traditional seismic instruments
are high.® Integrating loT technology provides a low cost solution while
maintaining standard seismic data quality. This article discusses the
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Figure 1. Types of seismic waves: (a) primary waves; (b) secondary waves; (c) Love
waves; (d) Rayleigh waves.®

Surface waves are 10% slower than body waves, but they are the most
destructive. It is worth noting that the propagation velocity of seismic waves
varies widely depending on the type of sail they are traveling in.5 Surface
waves are composed of Rayleigh and Love waves. Rayleigh waves are a type
of surface wave that propagate near the Earth’s surface as ripples and cause
a rotation that can be either prograde (along the direction of propagation) or
retrograde (against the direction of propagation). They are also called ground
roll due to the nature of their movement. Love waves, on the other hand,
travel orthogonally with the direction of propagation but parallel with the
surface of the Earth. Figure 1 shows the different types of waves and their
effect on the Earth’s body.

Magnitude, Intensity, and Spectral Intensity

Earthquake magnitude and earthquake intensity are commonly mistaken for
one another. They may be related, but they are measurements of two differ-
ent earthquake parameters.

Earthquake Intensity

Earthquake intensity, or simply intensity, is highly dependent on the properties
of the location where the measurement was taken. It describes the effect of
an earthquake on a specific area and has been traditionally used worldwide
as a method for quantifying the shaking pattern and the extent of the dam-
age. Hence, earthquake intensity does not have one true value. Earthquake
intensity values follow either the Modified Mercalli Intensity Scale (1 to 12)
or the Rossi-Forel Scale (1 to 10). However, the Modified Mercalli Intensity
(MMI) is now dominantly used worldwide. Table 1 shows intensity values
with their corresponding descriptive effect in the modified Mercalli scale
given by the United States Geological Survey (USGS).

Table 1. Abbreviated Modified Mercalli Intensity Scale

Descrtptive Effect

| Not felt except by a very few under especially favorable conditions.
I Felt only by a few people at rest, especially on upper floors of buildings.

Felt quite noticeably by people indoors, especially on upper floors
of buildings. Many people do not recognize it as an earthquake.
Standing motor cars may rock slightly. Vibrations similar to the

passing of a truck. Duration estimated.

Felt indoors by many, outdoors by few during the day. At night,
some awakened. Dishes, windows, doors disturbed; walls make

i cracking sound. Sensation like heavy truck striking building.
Standing motor cars rocked noticeably.
v Felt by nearly everyone; many awakened. Some dishes, windows
broken. Unstable objects overturned. Pendulum clocks may stop.
Vi Felt by all, many frightened. Some heavy furniture moved;

a few instances of fallen plaster. Damage slight.

Damage negligible in buildings of good design and construction; slight to
Vil moderate damage in well-built ordinary structures; considerable damage
in poorly built or badly designed structures; some chimneys broken.

Damage slight in specially designed structures; considerable damage
in ordinary substantial buildings with partial collapse. Damage great
in poorly built structures. Fall of chimneys, factory stacks, columns,
monuments, and walls. Heavy furniture overturned.

Vil

Damage considerable in specially designed structures; well-designed
IX frame structures thrown out of plumb. Damage great in substantial
buildings, with partial collapse. Buildings shifted off foundations.

Some well-built wooden structures destroyed; most masonry

i and frame structures destroyed with foundations. Rails bent.

X Few, if any, (masonry) structures remain standing.
Bridges destroyed. Rails bent greatly.

X Total damage. Lines of sight and level are distorted.

Objects thrown into the air.

There have been numerous methods to determine the intensity of an
earthquake.” These methods used data gathered from past earthquakes and
created their own ground motion prediction equations (GMPEs) to predict
the intensity values. The equations that were derived use at least one, or a
combination of, ground motion parameters—namely peak ground displace-
ment (PGD), peak ground velocity (PGV), and peak ground acceleration
(PGA). Earlier equations were primarily based on PGA with a few cases that
used PGV and PGD. Even though the GMPEs used data from multiple data-
bases to develop the correlation, the values obtained by different models
still vary significantly. For example, a PGA value of 10 cm/s? using Wald's
GMPE results in an MMI value of 3.2. Alternatively, Hershberger's GMPE
categorizes a 10 cm/s? PGA value to an MM value of 4.43. Note that the
majority of the GMPEs observe the power law, so an exponential increase
in PGA value is required for a step increase in MMI value. Equation 1 shows
the correlation equations created by Wald and Hershberger.
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Equation 1 displays ground motion prediction equations:
(a) Wald; (b). Hershberger.®

MMI = 2.210g(PGApgy) + 1

1
MMI = 2.33log(PGA) + 1.5 n

The Japan Meteorological Agency (JMA) has devised a seismic intensity
scale, which can be computed from strong motion three axes acceleration
data.® The Fourier transform of the acceleration time-signal from each axis

is taken. A band-pass filter, shown in Figure 2 and consisting of a period-
effect, high-cut and low-cut filters, is applied to the frequency signal of
each axis. The mathematical representation of each subfilter is also shown.
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Figure 2. Band-pass filter for accelerometer output signal used in calculating JMA
intensity: (a) period effect filter equation; (b) high-cut filter equation; (c) low-cut
filter equation.®

After taking the inverse Fourier transform of the filtered frequency signal
of each axis, the magnitude of the vector sum of the resulting time-domain
signal for all three axes is computed. The highest acceleration value that
occurs for an accumulated total of 0.3 seconds or more is designated as
a,. The instrumental seismic intensity is then calculated from a, using
Equation 2, which examines the JMA seismic intensity equation using the
highest acceleration with a duration of at least 0.3 seconds.’

IJMA = 210ga0 +0.94

where:
Ly = JIMA Seismic Intensity (2)
ay = Highest Acceleration Occurring
for 0.3 Seconds or More

Earthquake Spectral Intensity

While an earthquake’s intensity is dependent on its effect as felt on a
certain location, spectral intensity (SI) is a measure of the magnitude of
destructive energy imposed by the earthquake on a specific structure.
The Sl value is calculated from the velocity response spectrum using the
equation shown in Equation 3. Highly rigid structures have a velocity normal
period of 1.5 s t0 2.5 5. Since the Sl value operates over the shaking velocity
spectrum, it can easily distinguish seismic activities from earthquakes or
from other sources. Thus, the S value can be used as a standard of earth-
quake effect on a building’s structural health. Furthermore, compared to the
JMA seismic intensity, the Sl value involves a less complex computation,
which makes it more suitable for low power applications.

Equation 3 displays the spectral intensity equation using the shaking velocity
response spectrum integrated over the normal velocity period of a building."
1 2.5

SI= 34, , SUTmar

where:
SI = Spectral Intensity 3)
SW(T h) = Shaking Velocity Spectrum in
Frequency Range h and Period T

Earthquake Magnitude

Earthquake magnitude, or simply magnitude, represents the amount of ener-
gy released by the earthquake at its source or hypocenter. Its value does not
depend on the location of measurement. In fact, it has only one true value,
an assigned number in the Richter scale. The strongest earthquake that has
ever been recorded was the earthquake that struck Valdivia, Chile in the
1960s with a magnitude of 9.4 to 9.6.

Correlation between earthquake magnitude and intensity has not yet been
fully defined. Creating a definite relationship between the two depends on a

lot of factors, such as the depth of the hypocenter or focus, the composition

of the ground surrounding the hypocenter, the type of terrain between the
epicenter and measuring device, and the device location or its distance from

the epicenter. For example, in May 2017, an earthquake that originated near
the coast of Oregon was determined to have a magnitude of 4. According

to the USGS shake map for July 2017, the state of Montana felt the

earthquake with an intensity level of 5 to 6, while Idaho had felt the same

earthquake with only an intensity level of 2 to 3. This shows that even if
Idaho is closer to the epicenter as compared to Montana, it does not neces-
sarily mean that the earthquake’s effect will be felt stronger.

Seismic Sensing

Seismic sensing is the process of measuring and analyzing seismic waves.
Seismic waves do not only refer to the motions generated by earthquakes;
any force applied to the ground, even as light as walking, can cause a distur-
bance enough to generate seismic waves. The range of ground motion that is
of interest in earthquake monitoring applications is very large. Earthquakes
can generate ground motions as thin as paper or as tall as a room.

Ground motion can be characterized by displacement, velocity, and accelera-
tion. Ground displacement is measured by the distance traveled by the
Earth’s surface. The change in position can be either horizontal or vertical.
Ground velocity is how far the surface has been moved, whereas ground
acceleration is how fast the ground velocity is changing with respect to time.
Ground acceleration is the most important factor in determining the stress
induced to structures during earthquakes. The relationship between magni-
tude, ground motion, and intensity is shown in a presentation by GeoSIG.™

The devices used for seismic sensing are very application specific. Applications
that involve seismic sensing can be categorized based on their frequency
ranges. Instruments are therefore made with frequency response curves appro-
priate to their use case. An illustration of different seismic sensing applications
and their covered frequencies is shown in a chart by GeoSIG.”

Overview of Modern Seismometers and
Ground Sensors

Seismic sensing devices, commonly called seismometers, have evolved
from using the traditional pen and pendulum to the use of electronic and
electromechanical sensors. Advances in the design of these sensors have
resulted in instruments with varied operating frequency ranges, sensing
mechanisms, and measured ground motion parameters.
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Strain Seismometers

Historical seismic instruments can only record ground displacement.

Technology advancements have made it possible for different mechanisms
in measuring ground displacement. A strain seismometer or strain meter
generally refers to instruments that record and measure the displacement
between two ground points." Traditional models used a solid rod buried
or installed in a borehole. The rod is usually infused with quarts and other
materials highly sensitive to changes in length and strain. The change in
length is attributed to small displacements caused by ground motion.

Another type of implementation is called the volumetric strain meter, which
uses a borehole-installed cylinder with a liquid-filled tube.'™ Deformations

of the container volume causes changes in the liquid level, which is trans-
lated by voltage displacement transducers to ground displacement. Without
the need for special materials required by traditional models, the volumetric
strain meter is more widely used in the field.

Current advances in laser technology has produced the laser interferometer,
which greatly extends the accuracy of strain meters in general. This type of

strain meter uses the same principle of an unequal arm length Michelson

interferometer, where one point is the sensor, laser source, and short arm;
and the other point is a reflector situated a measuring distance away. The
device translates the change in the interference fringes caused by the
movement of the reflector to ground displacement. The sensitivity and
accuracy of the displacement measurement by this approach is directly pro-
portional to the length of the measuring distance. Thus, laser strain meters
require very deep underground installations.

The precision of strain meters can reach up to one part per billion. As such,
these devices are usually used to measure the deformation of the Earth or

crustal movement due to fault movement and volcanic activities. They can

measure seismic wave signals at very low frequencies. However, differential
ground movement is very small when compared to the motion of a suspended
mass relative to the ground. Thus, strain meters are not recommended for
sensing ground motions caused by earthquakes.?

Inertial Seismometers

The inertial seismometer determines ground motion parameters with respect
to an inertial reference, which is typically a suspended mass.® Specifically,
ground motion parameters refer to the linear velocity and displacement of
the suspended mass. Although resultant ground mation is composed of both
its linear and angular components, the rotational effect from a seismic wave
has been found to be negligible. These velocity and displacement values are
obtained from transducers, which convert the movement of the suspended
mass into electrical signals. The mechanical suspension that governs the
movement is dependent on the inertial force acting on the suspended mass.
The velocity and displacement transducers, and the mechanical suspension
are the two main components of inertial seismometers. The development
of precision instruments for these two components are the main design
principles of modern inertial seismometers.

Force-Balanced Accelerometers

The mechanical suspension requires a small restoring force for sensitivity
such that small accelerations can still produce significant displacements on
the suspended mass. However, when large accelerations from strong seis-
mic motion are applied to the suspended mass, a small restoring force will
not be able to balance the resulting movement. Thus, a passive mechanical
suspension is precise and sensitive only to a limited range of ground accel-
erations. The force-balanced accelerometer (FBA) removes this limitation by
adding a negative feedback loop to the mechanical suspension.

A compensating force is generated by an electromagnetic transducer based
on the position of the suspended mass. This position is converted by a
displacement transducer to an electrical signal that passes an integrator
block to produce an output voltage proportional to ground acceleration.

The dynamic range of an FBA is significantly greater than seismometers
with passive mechanical suspensions. Thus, this device is commonly used
for strong motion seismic applications. However, the delay caused by the
feedback loop limits the bandwidth of the device.

Velocity Broadband (VBB) Seismometers

Seismic waves from vehicular movement and man-made disturbances, such
as mining events, have high frequency ground acceleration. At very low
frequencies, an imbalanced suspension, ground tilt, and thermal effects will
dominate ground acceleration. Thus, the bandwidth for seismometers using
ground acceleration is limited to a specific band-pass response. A band-pass
response of ground acceleration is equivalent to a high-pass response of
ground velocity. Thus, for wider seismometer bandwidth, seismic signals are
recorded in terms of ground velocity. The VBB seismometer is based on an
FBA, but instead of passing the acceleration of the suspended mass as feed-
back, its velocity and position are used. The response of this device is very
similar to the theoretical response of a traditional inertial seismometer, but
without the decrease in sensitivity and precision for a wider range of forces.

Geophones and Microelectromechanical System
(MEMS) Accelerometers

The trend for the increasing number of seismic applications is directed
toward the development of seismometer or seismic sensor networks and
arrays, such as in earthquake monitoring, oil exploration, and structural
health. Seismometer implementation, shielding, and installation are three
common constraints for these applications. Mass production and rapid
deployment of devices, which directly solve these three common constraints,
require seismometers to be scaled down in size and cost. Currently, there are
two types of sensor technologies capable of ground mation sensing, which
are extremely small and low cost when compared to FBAs and VBBs.

Geophones

Geophones are ground velocity sensors that are lightweight, robust, and
require no electrical power to operate. Modern geophones have a magnet
fixed to the case and surrounded by a coil of wire.'® The coil of wire is
suspended by springs that allow it to move across the magnet. The velocity
of this movement relative to the magnet induces an output voltage signal.

Shown in Figure 3 is the simulated frequency response of a 4.5 Hz geo-
phone. The frequency response of a geophone is flat in velocity for a range
of frequencies above its resonant frequency and diminishing for frequencies
below this. Small-sized and low cost geophones have resonant frequencies
typically above 4.5 Hz.
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Figure 3. Simulated 4.5 Hz geophone frequency response with a damping factor of 0.56.
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An equivalent electrical model can be created from the mechanical speci-
fications of the geophone. Figure 4 shows an electrical model using the
mechanical parameters of a SM-6 4.5 Hz geophone."
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Parameter Mechanical Parameter Electrical Mode
Cl=M M = Body Mass in kg 0.0111F
L1=1/k k = Coil Spring Constant 112.8 mH
R1=1/d d = System Damping Coefficient 2.850Q
Ry =Reow Rcoi = Coil Resistance 375 Q
T1=1G Geophone Sensitivity 1:29

Figure 4. Equivalent electrical model of a SM-6 4.5 Hz geophone using mechanical
parameters from the product data sheet.”

To extend the bandwidth to cover the lower frequencies applicable to seis-
mic sensing, a period extender is used. The three most common methods of
low frequency response extension are inverse filters, positive feedback, and

negative feedback.™

Inverse Filters

The inverse filter compensates the geophone’s roll-off at frequencies below
the resonant frequency. An inverse filter can be constructed by cascading
an inverted high-pass filter at the resonant frequency and a low-pass filter
with a cutoff frequency at the desired lowered value. Figure 5 shows the
response of the inverse filter, as well as the resulting transfer function
when it is applied. This method has many disadvantages that give the
overall result a low signal-to-noise ratio (SNR). Pink noise will be amplified
by the inverse filter, and its thermal stability at low frequencies is poor.
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Figure 5. Frequency response of an inverse filter transfer function and its effects on
a simulated 4.5 Hz geophone frequency response.

Positive Feedback

Positive feedback is done by feeding an external current to the geophone
coil that would exert a force on its suspended mass. This external cur-
rent signal is derived from the geophone’s output signal through positive
feedback filters, such as the integrating filter, and amplify the suspended
mass movement at low frequencies. Stability of the design of the positive
feedback filter is difficult in practical situations.

Negative Feedback

Negative feedback, as opposed to positive feedback, attenuates the

suspended mass movement inside. One method would be to overdamp
the current through the geophone coil by reducing the damping resistance.
However, this is physically limited by the coil resistance. To reduce the
damping resistance to values significantly lower than the coil resistance, a
negative resistance is added. A negative resistor can be achieved through

active devices as a negative impedance converter (NIC). This can be
implemented using an operational amplifier (op amp) as shown in Figure 6.
Band-pass filters and high gain filters can be added to shape and stabilize
the frequency response.
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Figure 6. Basic architecture of a negative impedance converter using an op amp.

MEMS Accelerometers

MEMS accelerometers are motion transducers in a single IC device package.
The typical construction uses a pair of capacitors with a micromass of silicon
with metal plates in the middle." Very thin regions of silicon suspend the

mass in the middle. Changes in the position of the mass result in changes
to the device capacitance that translate to a voltage signal proportional to
the acceleration of the suspended mass. MEMS devices require a power
supply to operate, and some MEMS accelerometers have a built-in digitizer
to eliminate the unnecessary noise, as well as the need to match sensors and
recorders. As shown in Figure 6, the frequency response of a MEMS acceler-
ometer is like a low-pass filter with a cutoff at the resonant frequency.
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Figure 7. Frequency response of a MEMS accelerometer (ADXL354) on its X-axis.??

Due to offset drifts, MEMS accelerometers perform better at higher
frequencies up until their resonant frequency.? Conversely, geophones, due
to their mechanical construction, perform better at lower frequencies that
are still above resonance. A small, low cost seismometer can be imple-
mented to utilize both geophones and MEMS accelerometers to achieve
a higher device bandwidth. The sensor output of geophones and MEMS
accelerometers can be converted to different ground motion parameters
when convolved with the appropriate sensor transfer function. The paper
“Seismic Sensing: Comparison of Geophones and Accelerometers Using
Laboratory and Field Data” discusses the geophone and MEMS accelerom-
eter sensor outputs for the same ground displacement Ricker wavelet
based on the common transfer functions of each sensor.?!
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Seismic Sensor Instrument Guidelines

Seismic signal analysis using seismometer arrays or seismic sensor

networks requires, for repeatability and uniformity, a set of standards and

specifications on the instruments used. The USGS has set a standard for
instruments to be deployed in their Advanced National Seismic System
(ANSS).2 This section discusses the different specifications required to
achieve the desired device performance for a wide range of applications
based on experience and technological trends noted by the USGS.

Data Acquisition System (DAS) Standards

Modern seismometers are classified by the USGS as data acquisition
systems. In contrast to the traditional seismometer, standard DAS include
the seismic sensor, the data acquisition unit, and the peripheral and
communication hardware. They are categorized into Class A, B, C, and D
instruments based on the device performance. Class A instruments are near
state-of-the-art seismometers while Class D instruments are comparable to
traditional seismometers. For a complete discussion of the specifications,
see the Instrument Guidelines.?

Instrument Bandwidth

The specified bandwidth and frequency response of seismic sensors differ for
those measuring velocity and acceleration. The higher the instrument class,
the wider the bandwidth and better the frequency response. Broadband sen-
sors are all Class A instruments with a wide bandwidth of at least 0.01 Hz to
50 Hz. Their frequency response is flat for velocity in the frequency range of
0.033 Hz to 50 Hz.%

Short period Class A sensors have low bandwidth at 0.2 Hz to 50 Hz. Their
frequency response is flat for velocity only in the frequency range of 1 Hz to
35 Hz.2

Class A accelerometers have a flat frequency response in the range of 0.02 Hz
to 50 Hz, while Class B accelerometers have a flat frequency response in the
range of 0.1 Hz to 35 Hz only.”2

Strong Motion, Weak Motion, and Broadband Sensors

Sensors used by DAS are classified by the amplitude and frequency range
of the seismic signals they capture. Strong motion sensors measure large
amplitude seismic signals and are usually accelerometers. Strong motion
accelerometers can measure up to 3.5 g with a system noise level less
than 1 pg/Hz.%

Weak motion sensors can measure very low amplitude seismic signals
with a noise level of less than 1 ng/YHz.2 However, broadband sensors are
already capable of measuring low amplitude seismic signals; hence, weak
motion sensors are rarely used.

Sensor Dynamic Range and Clip-Level

Broadband velocity sensors have a sensitivity of 1500 Vs/m. For a maximum
output voltage of +20 V, the output clip-level or the maximum measurable
velocity is £0.013 m/s.2

Short period velocity sensors are more sensitive than broadband sensors at
a smaller range of frequencies. The clip-level is typically +0.01 m/s at 1 Hz
signal frequency.?

The clip-level for Class A accelerometers is greater than 3.5 g while for
Class B accelerometers, it is 2.5 g.%

The sensor dynamic range is the ratio of the largest measurable rms value
of the seismic signal to the rms self-noise. However, the rms self-noise of
the sensor varies along its bandwidth. Table 2 shows the dynamic range of
different seismic sensors for different frequency ranges.

Table 2. Dynamic Range of Difference Sensor Types:
Broadband Sensor?

Frequency Range (Hz) Broadband Sensor Dynamic Range (dB)

0.01 t0 0.05 131
11010 126
10to 15 116

Table 3. Dynamic Range of Difference Sensor Types:
Short Period Sensor?

Frequency Range (Hz) Short Period Sensor Dynamic Range (dB)

11010 138
10to 15 128

Table 4. Dynamic Range of Difference Sensor Types:
Accelerometer?

Accelerometer Dynamic Range (dB)
Frequency Range (Hz)
0.02to0 2 145

21050 130
0.1t035 87.3

Sensor Channels and Orientation

Linear ground motion components resulting from seismic waves are present
in all three Cartesian axes. The traditional standard orientation for triaxial
seismic sensors is toward the East, North, and upward direction. However,
the construction of traditional and even some modern seismometers is
different for horizontal and vertical sensors since vertical sensors must
consider gravitational effects. The homogenous triaxial arrangement allows
for similarly constructed sensors to be used to determine the linear ground
motion components in the Cartesian axes.® The sensors are positioned at
three equally spaced points in a circle around the center of the instrument
and inclined toward it at an angle of 54.7° from the vertical. The modified
set of axes can be transformed back to the Cartesian axes using the equa-
tion shown in Equation 4.

Equation 4 demonstrates the transformation matrix to convert the homog-
enous triaxial arrangement to the Cartesian coordinate system.

X 1 -2 1 1\ (U
Y|= \/7? 0 3 -V3||¥v (4)
VA 2 2 2/ \w
Most modern sensors, however, are already packaged and constructed for
triaxial measurements. These sensors have inherent cross-axis coupling at

very small degrees. The instrument guidelines require cross-axis coupling
to be less than =70 dB of the output signal.Z

Resolution and Sampling Rate

Ground motion resulting from earthquakes can have very small amplitudes
at very low frequencies. Data loggers used for seismic instruments are
capable of recording signals at various sampling rates at high resolutions.
Broadband seismometers require at least 20-bit data resolution at sampling
rates as low as 0.1 samples per second (SPS) up to 200 SPS. Short period
velocity sensors and Class A accelerometers require at least 22-bit data
resolution at sampling rates of 1 SPS to 200 SPS. Class B accelerometers
have lower requirements for resolution of at least 16 hits of data.”
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The specifications for sampling rates take into consideration instruments

with internal data storage. However, advanced seismometers are equipped
with more memory space and have access to large network data spaces,
such as cloud data services, and thus can support sampling rates that
exceed the rated specification. This allows for more accurate data analysis
and seismic research.

Timing and Location Information

Seismic signals are only relevant to the specific location and time of
measurement. It is the standard for every seismic instrument to have
time-stamped data with a known global location or position. It is a require-
ment for every seismic instrument to be able to affix its location for every
recording, either through manual user input or through a global positioning
system (GPS) device or service. Modern seismometers also have either a
built-in real-time clock or can sync to an accurate reference time such as
via an online network time protocol (NTP) server.

Output Data Format

There are two prominent data formats used by seismic instruments world-
wide, SEG-Y and SEED. The SEG-Y format is an open standard developed
by the Society of Exploration Geophysicists (SEG) to handle geophysical
data such as three-dimensional seismic signals.? Included in each record
are the timestamps, sample intervals, and location in coordinates of the
actual measurement. Details on the specifications of the format as well as
the revisions can be viewed on the organizational website. It is also worth
noting that there are various open-source software for seismic analysis that
use the SEG-Y format, but most do not follow the exact specifications.

The Standard for the Exchange of Earthquake Data (SEED) format was

designed for the ease and accuracy of the exchange of unprocessed seismic
data between institutions and between instruments.? Although it is primar-
ily used for archiving seismic records, different versions of SEED, such as
the miniSEED and dataless SEED, have been used for data analysis and
processing. miniSEED contains only the waveform data, while the dataless
SEED contains the information about the seismic instrument and station.

Analog Devices System Design

Changes in the traditional seismometer design are necessary for the rapid
deployment and implementation of seismic networks, especially for urban
and structural monitoring stations. Remote instruments need to comply

with the current instrument guidelines so that the modern seismic signal
measurements will conform and correlate to the established data standard.
However, the cost and size of the implementation should be significantly
smaller. The use of small-sized geophones and MEMS accelerometers as
ground motion sensors coupled with a high performance ADC and digital
signal processor (DSP) is a reasonable solution.®

Analog-to-Digital Converter (ADC) Considerations

The primary design consideration of a data acquisition unit (DAU) for a DAS is
the analog-to-digital converter (ADC). Traditionally, this was performed by a
digital field system (DFS), which functions as a linear successive approxima-
tion register (SAR) ADC with an instantaneous floating-point (IFP) amplifier.
Shown in Figure 8 is the block diagram of a traditional DFS.

The discrete implementation of the preamplifier (PA), low-cut (LC), high-pass
filter, notch filter (NF), antialiasing (AA) high-pass filter, and the IFP amplifier
will contribute to the system noise and add to the power consumption. The
use of a multiplexer adds switching, cross-talk, and harmonic distortion.
Most importantly, the quantization error due to the SAR ADC limits the
dynamic range and resolution of the system.? Thus, it is preferable to
design a DAU using a different architecture with a different converter.

Sigma-Delta (2-A) Converters

The sigma-delta converter uses the change in the signal and adds it to the
original. This reduces the quantization error inherent in SAR ADCs and can
achieve higher resolutions and dynamic ranges. With modern sigma-delta
ADCs, discrete implementations in the signal conditioning filters are no lon-
ger necessary. They feature extensive and configurable digital filters, which
perform the functions of the traditional signal chain. This effectively lowers
the system noise and design complexity. Furthermore, high-end precision
sigma-delta ADCs are capable of simultaneous sensing of multiple channels
with at least 24-bit resolution.

Modern DAS Design Using Analog Devices
Solutions

A general block diagram for a low cost implementation of a seismic sensor
node that is flexible for different applications is presented in Figure 9.
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Figure 8. Block diagram of a traditional DFS using an IFP amplifier system.
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Figure 9. General block diagram of a low cost seismic instrument with three homogenous triaxially arranged geophones and a three-axis MEMS accelerometer.
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Analog Devices solutions for three-axis accelerometers capable of seismic
imaging are ADXL354 and ADXL356. Their digital output equivalents,
ADXL355 and ADXL357, respectively, have integrated 20-bit ADCs and
can be interfaced directly by the processor.?

Low cost compact geophones sense only a single channel at a resonant
frequency typically greater than 4.5 Hz and a sensitivity greater than
25V/m/s. The homogenous triaxial arrangement allows for three similar
single-channel geophones to be combined into a three-axis ground sensor.
A period extender is required to extend the geophone bandwidth downward
to achieve the standard instrument specification for broadband sensors.
When designed for single-supply operation, the period extender also func-
tions as a gain amplifier and sets the bias of the input signal to be at the
center of the ADC range.

The inherent frequency response of MEMS accelerometers makes them vul-
nerable to offset drifts and high frequency noise. Band-pass filters improve
the acceleration signal in the frequency range of interest to local seismol-
ogy. Both the geophone period extender and the accelerometer band-pass
filter require low noise, low offset voltage, and low input bias-current
precision op amps such as the ADA4610-1.%

The voltage reference sets the measurement range of the ADC and the

output signal swing of the period extender. The reference value should also
consider the voltage swing of the three acceleration signals if an analog
output sensor is used. It is necessary that the voltage reference has a very
low offset drift with temperature especially for outdoor installations (typi-

cally at 0°C to 50°C). The Analog Devices ADR45xx family of ultralow noise
and high accuracy voltage references are industry standard and can easily
achieve these requirements.?”

The power supply of the seismic sensor can be sourced from a wired dc
power converter for installations with available power lines, such as in

buildings and stations, or from a battery for remote and field installations.
When sourcing from a wired dc power converter, low noise switching
regulators and low noise, low dropout (LDO) regulatars are suitable for the
application. Analog Devices LDO regulators, such as the ADM717x series,
offer high power supply rejection ratio (PSRR), low temperature drift, and
low noise features.? For battery-powered designs, a load efficient and

low power charge controller and battery charger are required to sustain
the operation of the instrument for long periods without maintenance.
Moreover, it is better if the instrument is capable of energy harvest-
ing from easily available sources such as solar and thermal power. The

ADP5091 ultra low power energy harvester has maximum power point

tracking and hysteresis modes, which ensure the highest possible effi-

ciency in energy transfer.® It has power path management features that
can switch between the harvester, a rechargeable battery, or a primary cell
battery, which makes it reliable for operating self-powered instruments.

The sigma-delta converter takes in three channel velocity signals from the
period extender and another three channel acceleration signals if an analog
output accelerometer is used. The design requires a converter with at least
six input channels. Velocity and acceleration signals need to be sampled,
if possible, simultaneously. For multichannel ADCs that switch between
channels when sampling, the sampling rate would need to be higher. The
maximum frequency of seismic signals of interest to earthquakes are at
100 Hz. The sampling frequency without aliasing for these signals should be
at least 200 Hz or 5 ms per period. Each acceleration and velocity channel
should be sampled with at least 1.2 kSPS sampling rate. The analysis of
seismic signals promotes the oversampling of each channel. Therefore,
the ADC should be chosen to have a sampling rate much higher than
1.2 kSPS. The AD7768 is an 8-channel, 24-bit sigma-delta ADC capable of

simultaneous sampling, which removes the need for higher sampling rates.*
[ts maximum sampling rate is 256 kSPS; however, it can scale down to low
power mode up to 32 kSPS. It is flexible enough for different implementa-
tions and applications of this seismic instrument design and easily achieves
the standard requirements for a Class A data acquisition unit.

The function of the low cost processor varies with the application. For
remote nodes that use an external computing device for data analysis, the
processor is a data logger that stores and packs the seismic data of all
channels to the standard format (SEED or SEG-Y) and sends them to the
computing device via a data interface. Since this application has a low
processing requirement, it is possible to use a low power microcontroller.
The ADuCMA4050 is an ultra low power ARM® Cortex®-Mé4 microcontroller
recommended for loT applications.*" It has low power modes at 650 nA for
hibernate mode and 200 nA for a fast wake-up shutdown mode. Additionally,
it has two real-time clock (RTC) peripherals for time-keeping and time-
synchronized data sampling.

For standalone instruments with built-in data analysis, a DSP computes
for seismic features and other parameters dependent on the application,
such as building health indicators for structural health monitoring. Seismic
data analysis requires the calculation of various mathematical and statisti-
cal functions. For example, the computation of seismic intensity requires
logarithmic functions and a peak detection window for acceleration and
velocity. Furthermare, the processing time should be low enough to perform
continuous data sampling and processing. The ADSP-BF706 is a low cost,
low power DSP with up to 400 MHz processing speed and is an industry
leading choice of DSP for field instrument applications.® It offers multiple
glueless peripheral interfaces, which makes it easier to connect to external
devices such as the data interface and ADC.

The instrument’s location data may either be extracted from a GPS module
or manually set during installation. For the time data, the low cost DSP
can use either its internal RTC peripheral or via NTP through the data
interface. There are multiple options for the data interface depending on
the type of installation. The instrument may use industrial RS-485 for wired
communications, especially inside buildings, or an Ethernet interface to
easily connect the device to an existing data network. For wireless com-
munications, the instrument may use Wi-Fi devices or the Analog Devices
SmartMesh® IP® for full data reliability in dynamic environments.

Applications

The reliability of seismic data increases as the number of seismic sensors
deployed at various locations increases. There is a lot of information that
can be extracted from seismic data that is useful for a wide range of
applications such as structural health monitoring, geophysical research,
oil exploration, and even industrial and household safety. This section
discusses general overviews of the three common applications of seismic
sensor networks.

Remote Seismic Networks

Volcanology and seismology research deploy seismic sensors in difficult
and sometimes dangerous terrain.** Monitoring internal processes inside
volcanoes requires ground motion to be monitored at multiple points. These
locations may become dangerous after certain phases of volcanic activity,
and render the seismic sensor to be irretrievable. Low cost, low power
seismic sensors will decrease research cost and at the same time remain
active for very long periods. Another similar case is the characterization
of plate movement, which also requires a lot of seismic sensors deployed
along the fault line.
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Earthquake Early Warning System

S-waves and surface waves, which are the more destructive types of seis-
mic waves that are part of an earthquake, propagate slower than the least
destructive P-wave. Therefore, it is feasible to implement an earthquake
early warning system by detecting the early signs of occurrence. This would
give all types of systems a short moment to act and prevent devastating
effects due to earthquake damage. Residential and commercial buildings
will be able to shut off electrical systems and gas pipelines moments
before intense ground shaking occurs. Using a seismic sensor network
deployed at several locations around a protected area, will help to increase
the allowed reaction time. Also, false alarms caused by non-earthquake
sources will be minimized. Figure 10 shows a possible setup for an earth-
quake early warning system protecting a specific area or structure.

The response time allowed by an early warning system is proportional to
the radial distance of the seismic sensor from the protected structure, as
described by Equation 5. Given that P-waves travel at 3.5 mi/s or 5.6 km/s and
S-waves travel at 2.0 mi/s or 3.2 km/s, it can be calculated that one second of
response time is added for every 7.51 km distance of the seismic sensor from
the protected area. Furthermore, placing multiple seismic sensors at shorter
intervals will provide more timing resolution for the response time.

Equation 5 demonstrates the relationship of early warning system response

time and radial distance of seismic sensor from the protected area.

tresponse x (7-51 km/s) = dmdial

where:
Lesponse = Allowed Response Time in Seconds (5)
d,q4ia1 = Radial Distance of Seismic Sensor
from the Protected Area

Ay

Epicenterﬁ

Sensors

N\S-wave [N\P-wave

Structural Health Monitoring

Earthquake safety of buildings can be improved by monitoring and modeling
its response through forced vibration testing. Installing seismic sensors in
building will help in post-earthquake damage assessment, response, and
recovery. In cases of widespread damage, a widespread seismic sensor
network can locate structurally damaged areas, thereby decreasing the risk
and cost of visual inspection. A research on strong motion instrumentation
applied this to the Atwood building, a 20-story steel MRF building, using 32
accelerometer-based seismic sensors deployed on 10 levels to accurately
monitor the structural health of the building.*

Conclusion

Seismic sensor networks have a wide range of applications in industrial

technology, seismological research, and structural health monitoring. The
application demand has changed the sensor and system requirements of
seismometers to favor remote systems and low operational costs. Modern,
low cost ground sensing technology is now capable of measurements

that are on par with traditional instruments. Using the wide range of
Analog Devices products, a sensing device can be implemented to cater

different seismic sensing applications.

|
Earthquake
alert center

__ Sensors positioned
about 6-12 miles apart

Figure 10. Earthquake early warning system using seismic sensor networks deployed at multiple locations 6 miles to 12 miles apart. Image created by Erin Burkett (USGS) and
Jeff Goetzen (Orange County Register). Courtesy of the U.S. Geological Survey ShakeAlert Project.*
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