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Is there a more noble cause for science other ttenadvancement of
our profoundunderstanding of self anour surrounding® To this end
is there a more effective way to unravel the obsta¢tessuch

understandingother thanto seeloutthe very root of their existence?

To thepillars of the past, thgisionariesof the present

and theinfluencersof the future



Abstract

Over 800,000 peophlorldwide lost their lives to earthquakes in the last decak a
on average 171 people die every dagto earthquakeelateddamageo structures
and buildings Precisely understamog the effects ground motion has on manmade
structures igrucialto making themearthquake resistarithis can only be achieved
by the precise measurement, recordiagdanalyss of grounddisplacementrends

during a seismic event.

Although there is avast amant of recordedseismological datavailable current
technologyand processing methods f&il represent accurate groungplacement
over timeas the considerable technological challenges e beovercome

Raw ®ismic datahas so far been primarily acquired with instruments utilising
geophone or accelerometer based senskisse instruments produgeominent
time domaindisplacement errors due tioe various system and sensoaccuracies
anddue tononlinear responseSince accelerometers pide acceleration over time
data: whilst geophones are velocimeteasid thereforeprovide velocity over time
data; in order toderive true ground displacement over time, a double, or single
numerical integration is required respectively. During thssentialnumerical
integration processesf data from suctsensos, even small in magnitude errors
accumulate to yield rather largisplacementirend offsetsover a typical event
recording period of 60 to 120 seconddn addition the numerical integration
processdtself poses considerable challenges duthétheoretically infinite number
of samplesand the accurate detaination d initial conditions requiredor an exact
mathematicalesult to be obtained:he latter is currently performed by averaging
an up to 60 second pevent datdrendstored on the instrument.

Most postintegration data from current instrumentsappeas to contain low
frequency drifs amongst other noise artefactsnd generally requires basdine
correction algorithms in an attempt to correct for these eff€itsh corrections
although helpful,only aid to minimise theperceived effect®f an assumedand
collectivesource of errgrand henceare largely unable ttackle theindividual error
contribution of each element within the syster8ince individual element

contribution is of a dynamic nature, the validity of these algoritisniimited by the

~ 3~



accurag of the initial assumptions made abousgecific set of dataFaced with

such a multivariable and uncertain dynamic behaviour, where even mathematical
system modelling is of inadequaleng term accuracy, a solution that aims to
directly minimise thee errors at source, rather than attempt to correct them post
acquisition, is of immense importanaden it comes to the recording, analysis, and

understanding of earthquakes

This thesis describes the design, implementadod evaluation of aligh Precisio

Active Gyro Stabilised (HPAGS) sensanit of exceptionalperformance for the
provision of highly accurate ground displacement d&aperimental results
demonstraté that the device described herewmas able todiminish the inherent
nortlinear and envionmentdependant effects of cemt sensorsandthuswas able

to providehighly improvedtime domain displacement data.
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Chapter 1

Introduction

Earthquake A sudden violent shaking of the ground, typically causing great
destruction, as a result of movements within the earth's crust or volcanic action.

(Oxforddictionary)
1.1 Preface

Nearly fifty thousand noticeablearthquakes occur every year on Earth, out of
which one hundred are capable of - often devastating - damage to buildings. Over
the recorded history of mankind, earthquakes have been responsibie d@aths of

millions of people and the destruction of entire cities.

Figure 1 Pescara del Tronto earthquake, central [2M,6.(Source: REUTERS/Adamo Di Loreto)

Most earthquakes occur in regions termwmglts which are coincident with the
(D U Wéctbwic plate margins. One of the most prominent and active belts,
responsible for nearly 80% of seismic energy, is the Circum-Pacific belt, affecting

New Zealand, Japan, Alaska, and the coasts of North and South America.

~ 16 ~



Tectonic earthquakes are thesult of suddenrelative movemenof the EDUWK [V
surface plates. As these plates are in continuous motion, anomalies on their
boundaries tend to cause localised frictional resistaeselting in a large build up

of energy. Stresses exceeding the natsteéngth of the retaining material
inevitably cause a sudden release of energy which manifests itseffagure or

slip that can extend to several kilometréke relative ground movement caused by
these fractures is usually smallpwever on occasia tectonic movements will
generatemajor earthquakesuch as the 1906 San Andreas Fault ewsherethe

groundwasdisplaced horizontally by nearly 6 meters.

T\ TN
() (b)

e

(€)

Figure 1.1 Tectonic plate faults. (a) Normaldlt. (b) Reverse fault. (c) Strilgdip fault

Tectonic plate movement camanifest itself in different ways, all capable of causing
large magnitude earthquakes: It d@verticalin nature where one plate sinks with
respect to the other, or rises daéeral compressive forcess it can behorizontal,
where the two plates slip past each othex coplanar fashion.

Due to the considerable vai@n in seismic motion over an ardage effects of a

seismic eventcan bedifficult to directly quantify, herce qualitative scales of
intensityhave been used since tage 19" century. W ZDVQIW XQWLO WKH G
of seismographs thabagnitudebecame auantitativemeasure of the amplitude of

seismic waves generated by an earthquake. In 1935 CharlesherRitroduced

his logarithmic Richter scale of magnitydehich was based on the amplitude

recorded on a standard for the epoch seismometer, at a 100 Km distance from the

~ 17 ~



epicentre.Table 1depictsthe effects caused by an earthquakeording to the

Richter scale magnitudes.

Magnitude (Richter) Effect Typical ground acceleration
Upto 2.9 Not felt by people 1.7 14 mg
3 £3.9 Felt. No damage
4 +4.9 Minor damage
Some damage to
5159
structures
6 6.9 Moderate damage
Serious damage.
7 7.9 _
Loss of life
_ Severe destruction.
8 and higher 0.65+1.24 ¢

Loss of life

Table 1 The Richter scale of earthquake magnitude

Seismographsare by default inertial systemand therefore their outpa are
generally accelerometric. One exception is thepgeae senspmwhich conver the
inertial motion into an electrical signal by means of a magnet within a moving coill,
thus able to providea direct velocimetric output The conversion therefore of a
signal acquired by a seismograph necessitatesirtigée or doubleintegration of the

data depending on the sensor usedrder to acquir@ grounddisplacemenbver

time trend.The cumulative effects of the integration process hugely exaggerate any
errors in the dataandin combination with systematic errorender earthquakeata
inaccurateto a degree whichgreatly affectsour understanohg of them and

inevitably oureffortsto better protect structures from their devastating effects.

The study ofearly (prior to 1960s)keismic data is often thwarted byas, asmost
is derived from unevenly sampled and manually digitised records. Some early data
was even segmented and recombined, giving rise to various erroneods post
integration artefacts and oscillatis from abrupt changes magnitude Filtering
and happropriate decimation practices also gave rise to phase errors which

manifested themselves as erroneous velocity and displacement phenomena.

.....18.....



Recent technological developments such as micromachipirggision low noise
integrated circuitsand encapsulan techniqueshave vastly improved the stability
and operation of seismometernspwever, due to many inherent physical and
electronic limitationsmuch improvement istill necessary if such instments are to

yield useful neatrue to the original eartjuakedisplacement over timgata.

A vast amount ofmore recentseismological data exists that has been acquired
primarily with instruments utilising geophones aadcelerometersince the 1960s
Since hese instrumentesmploythe aforementionesielocimetic or accelerometric
sensorstime domain displacement datan only be acquire@fter one or two
numerical integration processes respectively. The data acquired from such
instrumentdnevitably contairs cumulative integration errorgsulting fromvarious
inaccuraciewithin the instrument, which together conspire to produce radnge
erroisin thedisplacement data trendermedbaseline offset

It is not atypical for a seismic datdisplacementtrend to show afteevent
displacement errors in thegien of several meters, whilst in reality teedground
displacement lmindeedbeenzero.These inaccuracies are predominately caused by

WKH LQVWUXPHQWIYV HOHFWUR Q@Ldu® toSint&driaWid. hB O OL P |
sensor nontlinearities, noise,and drifts, requiring rather involved calibration
processs[1][2] [3] [4].

Current data processingnethodologes necessitate the use of pakgitisation
algorithms to reverse such displacement ermrse thetrue end displacemetis
made knownusuallyvia the Global Positioning SystersPS. By knowingthetrue
end displacemenbf the trengd and assuming a zero averaged initial conditian,
splinebaselinecorrectioncan be imposeds shown irfigure 1.

Recently, more involvedpeculativepostacquisitioncorrection algorithmg5] and
variouscomplexdigital signal processing and filtering methpdavealsobee used
in an attempt to recover displacementrend resembling the original time domain

earthquakegroundmotion.
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Figure 1.2 Baselinespline correctionexample (public domain

Whilst thesemethod produce workable resulsymenecessitatéhe use of accurate
GPS instrumentation with long term data averaging in order for precise end
displacement values to be acqdirdMore importardy, most methods assuma
progressive and mathematically predictable ground motion, where in thalitsue
ground displacement cagasily be masked within the usually exponential in nature
baseline offset.

In addition to instrument based errgrexternal factors, other than temperature
fluctuations, can alssignificantly interfere with the accurate acquisitionsefsmic
data. Ground tilts and dynamic rotations occurring during strong nédald
earthquakefave beershown to have aonsiderablesffect onseismicinstruments

and therefore othe data derived by the$@], [7]. Although at first, correcting for
such tilts and rotationsmay appear easily accomplishable, the fact that the centre of
such rotations is not only unknown but also variable pasatherdifficult problem

to solve.

It has been suggesl that multisensor instruments could resolve rotational and
translational motionsimply by measuring the accelerations due to tilt motion of the
instrument. Although this is theoretically possiblapst methodsconveniently

assume bodycentricmodel(figure 1.3.
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Figure 1.3 Acceleration wihout rotational component (@gndwith rotational componer(b).

Figure 1.3(a) depicts the current use of sensors in the field, assuming a linear
acceleration atut the centre of the sensorgxis only shown here for clarity, but
this holds true for all three axis x, and z).Current theory suggests that by utilising
more sensors, such as accelerometers located at the periphery of the sensing
instrument, diffeential acceleratics marked as U: in figure 1.3(b), would be
detecaible and therefore such motiooutd be mathematically describable. In real
environments however, the rotational centre locationsuakeown and are not
body-centric Assuming a centre of rotation a short distanw@yafrom the sensor,

as shown inigure 1.4, one could argue that the acceleration difference between the
resulting acceleratiovectors U; and U could indeed be used to estimate the
rotational centre and therefore help describe the motioneobdkly in question. In
practice howewve this model does not scale siceas the centre of rotation moves
further away from the body of the instrument, the smaller the acceleration
differential betweenU and Uy becomesand therefore only a rtter of a short

distancebefore this difference is within the noise floor of the instrument.

Figure 1.4 Non senscroncentric rotation due to acceleration.

The data corrupting effect of such tilts is of ceutkie to the angular deviation of

the sensing axis of the instrument with respect to the original frame of reference in
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all three dimensions. In this case, the true vertical accelerddiohthe ground
would be incorrectly measured a3 GXH WR WdishHlade@ehiX@ Ehe z
sensing axis, wherel’ Lm. Further, due to the rotational forces, radial

accelerations will also manifest themselves as additional compometite other

sensing axis, making traerivationof true motion a rathemipossible task.

Seismological instrumentg use to date do not have adequate, if any at all,
correction abilities to address the above sources of. &wothermore, although the
necessity of recording seismic signals down to DC Iéas been recognisddr
many decade$8], due to the difficulties involved with the double integration
processand initial conditionsdetermination some seismographs employ a High
Pass filter with a low3dB cut off frequency of 0.1Hz or belowyrther adding to
the distortion of the low frequency seismic waj@s

Other effects such as long term instrument inaccuracieslue to component
variations over timehat can considerably add to the aforementioeecbrs have
also been ignored by seismic instrument manufacturbrsconclusiontherefore
historic seismic record® datecan be considerednly asapproximatiors to the
original time domainseismic wavs, sincethe data stored and processed is distorted
in ampliude, phase, and sensitivitggsulting in displacement trends containing

errors sometimesn the order of several meters.

The complexity and magnitude of these errpisse a serious problem to the
worldwide seismologicalsocieties attempting to analyse ad understand the
undetying mechanisms of earthquakes, and to those atiegnpd construct

earthquakeesistanstructures.

The accurate acquisition of seismic data is essential to our understanding of
earthquakes, which significantly impacts our decisioon the processes and
materials used for the construction of safe buildings and public structures such as
bridges. An instrument therefore capabledefivering precise seismic data could
potentially provide for innovations iniwl engineering and eartfuakeproof
structures, and even in the prediction of earthquakes, allowing for early warning

systems for major catastrophic events such as tsunamis.

~ 22 ~



1.2 Inherent seismicsensor limitations

Modern inertial sismometersof any physical scaleconvert themotion of a point
RQ WKH (D UWoKd ¥saMeX élddiriedt signalisually utilising a suspended
inertial mass.This very principle of operation limits and distorts ttree ground
motion signal since the inertial maigsequires to be kept in placeavhechanical or
electromagnetiecneans Suchinstrumentsnadvertently resulin an outputwhich is

dependenhot only onthe amplitudebut alsothe rate of changeof the input signal,

thereforeamposing a kind omechanicafiltering to the signal of intesst

Figure 1.5 below depicts the frequency response of a popular geophone. Geophones,
although also based on the inescapableertial massspring setup, unlike

accelerometers, produce an output proportional to velocity rather than acceleration.
The eleatomechanical arrangement is either a suspended moving coil arround a

magnet or vice versa, resulting in driven harmonic oscillator with an
electromagnetically induced outpubltage: RB%iwhere X is the displacement of

the coil with reference to the magnet
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Figure 1.5 Frequency response of a typi&$11Dgeophondy Geospace Technologies.

The outputresponsef a typical geophone shown figure 1.5 clearly indicaés that
although traditional geophones require a single integration in order to derive
displacement dategven with corrective shunt resistors employdgaiir poor low

frequency response deems them unusable for frequencies below 10Hz.
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Micro ElectroMechancal Sensors (MEMS) provide considerable improvetnen
resonance and sensitivitfhe imperfect capacitanaharacteristics and meahical
limitations of thefrequently usedlifferential capacitanceneasurementnechanism
however, tend todistort the signal Inevitably, the driving electronics of the
differential capacitance mechanism require an out of phase clock to be presented to
the capacitor plates, which although rectified and filtered, is still present in the
output signalln addition, die to the smascale of the micranachined inertial mass

and poysilicon (Polycrystalline Silicon)springs, MEMS sensors suffer not only
from Brownian and 1/f noise, but also frothermomechanical noise due to

molecular agitation athemicro-scaleinertial mass.

Figure 1.6 depictsthe frequencyspectrum of atypical unfiltered MEMS sensor
output, showing both an 1/f characteristic and a near 50iktéznal clock feed
through.
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Figure 1.6 Measuredriequency spectrum of unfiltered MEMS accelerometer

The physicalconstraints of such sensors along with tyy@cal propertiesof systems
on silicon further affect the response of such sensors yietditigut non-linearity
[10], temperature dependent effects on sensitidif}, and various biaand cross
axis sensitivityrelated error$12]. Even devices employing optical antechanical
optical arrangementstill suffer from these inheremrrors dueto the inescapable
nature of the elctromechanical arrangemgh8] [14].

~ 24 ~



The necessary interfacing electronics are also subject to noise, ahiftoffsets
and the Analogue to Digitaldversion(ADC) process itself adds to thestbrtion
of the original signal.

Digital Signal Rocessing (DSP)ffers methods tomodel andrepresent these
sensorseffectively, but in truth the practical difficulties of obtaining accurate
impulse system response via electromechanical means anchgaeyresentative
transfer functions alone, make these methéas from mathematically exact
Although suchalgorithmsperform relatively well, it is understood that thegly
operate insid a rather wide tolerance rangas the accuracy of theesulting
responsg even in the short terms always only as accurate as the apparatus
employedto derive it It could be argued that if the provision of highly accurate
mathematicalmodels derived by testing in tightly controlled environmest was
realisable accurae data fromsuchsensos could then be recovered bylirect de-
convolution Unfortunately howeversuch sensors suffer from a multitude of
external dynamic interferencdd5], internal drifts andchanges, making their
mathematial modelling very difficult if not impossibleto constructwith any
accuracy[16]
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1.3Theneed foran improved seismic sensor

The difficulty of precise seismic data recovery is of course due to the problem that a
clear separation of the observer from the phenomenon observed cannot be readily
accomplished, since the observer in this case is parestingon, the object of
observation namely the Earth. This hdsd to errors in the understanding of the
behaviour of seismic waves which have in turn manifested themselves into
instrument designs anticipating to measure such erroneous behaviour. One major
such assumption hdsd to the design of only linear acceleration seismographs to
this date, although dynamic gnod tilts and rotations were observed and found to be

of a large enough magnitude to distort the seismic data some decades ago. It is also
becoming more evident that not only acute dynamic tilts are of importance during
strong motion recordings, but pestent displacements and asymmetrical soil
dynamics too can corrupt and impose hysteretic characteristics on the seismic data,
as can very low frequency ground undulatidthg]

Many of the above sources of error conspire to gise to the by far the most
prominent observableeffect of data corruption in the time domaieven with
MRGHUQ LQVW upawayefacl/y RWd§eling Error This most frequently
encountered error is characterised by erroneous linear velocityexgmhential
ground displacement trend offsetierived from the original raw acceleration data
via a numeical integration processrhis baselineerror completely invalidates the
derived velocity and displacement trendsassumptions to its natusge made in
order to secure an artificial baseline of zero offset error. This is usually
accomplished by the enforcementaaforrective splingo thederived data

Various other methods including advanced calibration and DSP techniques such as
Wavelet transfomation, filtering, and podiigitisation and integration corrections,
have all beenand still are,employed in an attempt to reconstruct a tseesmic
displacement trend18] [19] [20] [21]

The ruraway, and other related phenomemave been the focus of numerous
practical data recovery and research papers due itoptioeninencelt can be seen
in figure 1.7, which is from one such pap2] concerned with this very effect, that

even after the first integration, the velocity data trend exhibits an unnatural but
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characteristic gradient, inevitably resulting in a rather large quadratic in nature

displacement erraafter the second integration.

Figure 1.7 Exemplificationof baseline errof22].

It should be noted that the above trends are only of 3s in length, however in practical
earthquake studies, seismic trends are normally £D20s in length, resulting in

muchlarge cumulative displacement errors in the order of several meters.

Although modern seismographs haweuch improved over that last decade,
acceleration datderived from theseés still at best dificult to work with, and at
worst so erroneoughatits usefulness as a tool for the study amderstanding of

earthquakes can be considered at tivegg limited.

Much work has been dona the developmenibf correction algorithms, filtering,
calibration techniqueR3] [24] [25] [26], and system modets address some of the
problems associated with this type of data acquisition, but redag of these

methods address the root of these pblems which isboth time-variable and
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dynamt in nature Such treatment of the effects rather than the causes tefais to

to produce consistembng termresults in theeomplexityof real environments.

Further tothe inheren electronic sources of erromechanical constraints produce
their own set of challenges when it comes to acquiring uncorruptegwdath are
deeply rooted within the very consttion of these instrumentand their
environment Efforts to model or correct for thesgrorshas proen of limited use
due to the complexitpf the real dynamic environmemnwhere excitation is not only
of linear, but also of rotational natui@7] [28] [29] [30] [31] [32] [33] [34], and the
soil substrate is rarely a uniform and known quanthgrefore contributing its own

asymmetrical and notfinear effects on the instrumei3s].

Although it is essential to understand and attempt to correct the perceivable
instrument error§36] [37] [38] [39] [40] [41] [42], a close and in depth examination
of the very sources of these errors is cruamateriving robust solutionsble to

provide effectivdong term correctiomvithin real dynamic environments.

It is only by addressingthe root of these problens rather thanalleviating the
symptoms, that an instrumeable to recover long term accurate displacdmen

seismic dat&@an be constructed

1.4 Motivation and project aims

Having spent my early childhood in a country prone to seismic actaiy having
experienced a number of earthquakésnagnitude of over # the Richter scale, |
feel that | have aery personal connection with this area of reseakbbwever, t
was not until few yearsgo tand after having acquired in depth knowledge in
instrumentation that | discoveed the extent of theproblemsassociated with the
derivation ofaccurateseismicdisplacement trends froeven the latest statd-art
seismometersMany spurious artefacts in the derived displacement trerals
associated with possible hysteratistrumentoehaviour while others were linked to
ground tilts especially dung large magitude earthquakes. ¥ the latter receiving
muchof the focus this researchrainally intended to provide innovative solutions
to the problems associated with dynamic and static tilts of seismic sengdbes in

nearfield, however,during theinitial research and experimenglase of this work,
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it became obvious that resolving the tgtoblems alone would not yield any
substantial improvemenn the resulting datafhe very significantcontribution of
the manyoverseersensor ad instrumentation errcsourcedad tobe predominantly
addressed.

The objective of this workhereforeis to research thenultiple sources of error,
internal to the instrument and external, and demdadisable solutionwiith the aim
to create a High Precision Active Gy&tailised (HPAGS)seismicsersor. The
resulting six-degreeof-freedom MEMSbased seismic sensshould conceptially
and experimentallyprove beyond doubtthat the acquisition of highly acurate
ground displacement dathom accelerometric sensornis indeed a realisable

possibility.

1.5Novelty and contribution to knowledge

The majority of thecontentin Chapter Jpredominantly presents original theory and
empirical evaluation obeveral novel methods aradgorithmsconcerned withthe
correction or minimization of errors in cuent seismic sensingistruments In
particular: the methodfor the derivation of the dynamic response ot MEMS
sensor,the direct generation odensor signal ditheringhe quality preservation
sampling criterionandthe crossaxissensitivity correction formulae, aedl +to the
DXWKRUTV oQtR@GEHGddHpositive contrilan to existing knowledge.

The realisation and experimental evaluation of the first six degree of freedom
seismic sensor unit in Chapgerand 5 able toaddresses the majority of the known
and newly discovered via thissearchssuesalsopresents novel work which aims

to inform the scientific societyFurther, the autaerobiascorrection and the auto
gain correctioncircuits, along with thé@ correspondinggmbedded algorithe) offer

novel applicatioato classical feedback contrahd circuittheory.

Although literaturevhich identifiessomeof the issuegxaminechereinexists there
is no current literature that offei@ny effective solutiors to thesewell defined
problems.or indeed anyiteraturewhich encompags a unified sensor solution like

the onepresented in this thesis.
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1.6 Thesis organisation

The rest of the work presentkdrein is organised as follows:

Chapter 2 presents an iotiuctionto seismology and seismic wavaeng with the
structure of the Earth in order to facilitate a basic understanding of the object of
interest. It then continues with a review of seismic senstanting withthe early
innovations of the recent paahd orio the modern day accelerometers, analysing
and discussingach with respect ttheir featuresand limitations Sectiors on data
acquisition, digitisationand posprocessing aralso included in this chapter in
order to give the reader wider view of the currentmethods andechnology
employed in the acquisition of seismic da@m the sensor in the fieldto the

familiar trends on the computer screen.

Chapter 3is partly dedicated to thelescriptionof a primary studywhich aims to
experimentdyy demonstratehe magnitude of th@roblem regarding théaseline
offset effect and then proceedswith attempts to eliminateach of the primary
sources ofthis error, by experimentally tegtg novel correction hypothesesand
methodologiesThe workin this chapteis presentedh a logical signal progression

manner from thesensoy via thefront-end electronics, to the digitisirgrcuits.

Chapter 4 presents thephysical design of theunified sensor electmnics and
mechanical componentand discusseshé methods used tovercomethe many

difficulties encountereduring the realisation dhis type of instrument.

Chapter5 presents experimentatsultswhich are used tgubstantiateconclusions
on theeffectivenesof the unified sensor employing thealier conceivedin this
work novelhypotheses.

Chapters 6 and 7 consolidate the findings chapters 3 to Snto a general
conclusionand propose future wotk researchers wishg to continue to build upon

the knowledge presented within this thesis.
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Chapter 2

Principles of seismic data acquisition

2.1Introduction to Seismology

Seismology is a rather recent science whithis mainly been scientifically
developed in the last century or so. Every day more than fifty earthquakes occur
which ae strong enough to be felt near their epicentres, and every month, some are
large enough in magnitudéo damage permanent structureSeveral daily
earthquakes occur which are not strong enough to be felt, but are able to be recorded

by modern seismic itgiments.

As a seismic event occurs, waves propagate from its epicentre and travel through

and on the surface of the Earth. The study of the propagation of these waves has
DLGHG RXU XQGHUVWDQGLQJ RI WKH (DUWKTTV VWUX]I
mechanisms of earthquake generation.

A good understanding of the nature of earthquakes is not only essential in
geophysics and Earth sciences, but alsovih and structuraéngineeringvhere tke
challenge to build earthquadpeoof structures is all but toeal in certain areas of

the world.

Early treatment of earthquakes was understandably not very scieatific
observations of volcanoes erupting whilst vibrations of the Earth were felt led to an
incorrect connection between explosions and earthquak@DIvV Q W XQWLO \
Rayleigh, Poisson and others evolved the theosladtic propagatiowhich in turn

determined the types of wave expected from seismic events. Comprasdishear

waves, termed body waves, are those that travel directly throegbotid matter,

where surface waves are those that travel on the surface of solidsc@muession

waves travel faster thashearwaves, they are usually referred to as Primary-or P

Waves, whilst the sloweshearwaves are commonly referred to as Seeonpdr S

Waves.

The first noted attempt at observational seismology was in, 58®n after a large
earthquake just outside Naples attracted Irish engineer Robert Maliethto Italy

to record the destruction caused. He proposed that earthquakes fiamrat focal
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point, now termed thénypocentre and that flowing this radial wave expansion
backward one could calculate the exact geographical point of a seismic event. Mallet
went on to conduct experiments using explosions to calculatee velocities
through the ground and suggested stations be constructed to monitor seismic

activity.

2.1.1 Seismic Waves

Seismic waves can be broadly divided into categories in accordance with their
propagation propertiesamely Body waves which travel through solid ntter, and

Surfacewaves which travel on body surfaces.

Body waves can then be subdigd into two further categoriesompressionwaves

and shearwaves.Figure 2 shows the propagation of a compression wave, where
high compression regions travel throughedastic medium with areas of rarefam

(low compression regions) between themprapagationmodel very analogous to
sound waves in aiCompression waves are the fastest of the seismic waves and are
therefore termed-avesor Primary Wavessince thg are the first to be recorded

on a seismogram and the first to be felt.

Wavelength

Compression Rarefaction

Figure 2 The propagation of a compression wave

A Shear wavebeingslower than the compression wawscillatesperpendicularly
to the direction of propagatipand dued its later arrivalt is termed the SVaveor

SecondaryWave Figure 2.1 shows the characteristic propagation of such a body

~ 33~



wave. Although SWaves are slower to propagate, they are usually larger in

magnitude than fVaves.

Wave propagation
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Figure 2.1 The propagébn of a shear wave

Suface wavs canalso be subdivided intdifferent types of wavelLove waves,

named after ALove, a British mathematician whderivedthe mathematical model

for this kind of wave in 191landRayleighwaves named after Lord Rayleigivho
predicted their existence in 1885urface waves are in general larger in amplitude
than body waves and in strong earthquakes can produce displacements of several

centimetres.

Love waves ardghe fastest surface wave and mdhe ground from sidéo-side,
perpendicular to wave propagatiomuch like shear waves but confined on the
surface, hence producing onlyorizontal motion Thesetransverse wavesre
typically the largest of all otheseismicwavesand although they quickly decay with

depth, on thesurface they can travelastdistancesastheir amplitudedecaysonly

proportionally tog—fawhere r isthe distance travelledue to this slow decagnd

large amplitude Love waves areery destructive outside the immediate epicentre

Zone.

Rayleigh waves unlike Love waves,nclude both longitudinal and transverse
motions that decrease exmmtially in amplitude as distance from the surface
increasesTheir decay on the surface is governed by the same physical laws as for
the Love waves and therefore their slow decay and rolling matsmmake them

very destructive. Their nature makes theme of the most important waves in

seismology and structural testing, as they tend to force surface particles into
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elliptical motion which is parallel to the direction of travel of the wave, but also with
the major axis normal to the surface. Not onlyytlisplace in all directions, but

WKH\ DOVR 2UROO" DQG WLOW W Kadd skowrJiXiuvg X2) HV RQ V
andhencearetermedground rollin seismology.

Propagation

Depth

Ground roll

Figure 2.2 Ground roll motion of Rayleigh waves

Figure 2.3 shows a typical seismic recording in which the comparatively different
time of arrival and magnitudes of the above waves can be clearly distingutshed.
Waves arrivefirst, followed by similar magnitude -8/aves and then the rather
larger in magnitde Surface Wavearrive, composed oboth Love and Rayleigh
Waves.It should be notedhat in the accelerograpbf figure 2.3 time proceeds
from left to right. Also, the Love and Rayleigh waves form different comparative

amplitude waveforms in the Surfaevave region of the response depending on the
axis examined.

P-Wave S\Wave Surface Waves

. P
» JVWWW‘“W%W Ul L\WMWWWMWWWWM

Figure 2.3 A typical seismograph record of one axis
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A crosssection of the Earth is shown inglure 2.4 which can be broadly divided into
the crust the mante, the outer core and theénner core. The thickness of the crust
varies from 6 Km under the ocearie 50

Km on the continents.
A/Crust

~ .. <«Transition Zone

The mantle is a solid mass which constitutes
+— Mantle QHDUO\ RI WKH (DUWKTV YRO
<« Outer Core waves travelling through theantle increase
<«Inner Core in velocity gradually with depth and in line

with general expectatiodue to chages in
Q378 Km temperature and pressure. Thiypical

uniform substratebehaviour is generally

observed within the mantlewith the

Figure 2.4 (DUWK IV V\ exception of a region on the uppeamte
termed the transition zone, located between 300 and 700 Km depth. Waves from the
crust passing through this region experience a rather rapid velocity increase before

entering the more uniform bulk of the mantle.

The outer corewhich is liquid enclases the solid inner comhich is believed to be
mainly composed of iranP-Waves moving from the mantle to the outer core
experience a sudden decrease in their velocity, before a steady increase occurs once
again with increase of deptt a rate consistérof a homogeneous fluids-Wave
velocity however reduces to zero within the outer core as shear waves cannot
propagate in liquiddt should be noted that seismic waves propagating through the
Earth which is a medium of variabteensity and compositiomxhibit typical wave
behaviour such as refraction and reflection off the boundaries. This yields a much
more complex seismic trend as multiple instances of the same wave can appear at
different times depending on the length of the path travelled. Thismbination

with surface bound waves can indeed produce rather dynamic rgmddictable

excitation stimulito the seismic sensors on the crust.
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2.1.3 Early seismographs

Early seismographs wemredominantly based on undamped pendulums unable to
record tme and unable to provide valid data for the length of the Earthquake. The
first instrument able to record time was built by Filippo Cecchi in 1875, and soon
after, many more improved versions made their appearance in Japan, including

horizontal pendulums.

The first North American seismograph was installed in California near San Jose in

1897, which also recorded the 1906 San Francisco earthquake.

Due to the completely undamped nature of the pendulous sensors, early instruments
would acquire resonance andtdirtthe data shortly after ¢hvery few seconds of
WKH HYHQW W ZDYV Q WiecKept\Mtoduced theZfiksH<@isinometer
utilising viscous damping and therefore able to provide better quality data for the

duration of the Earthquake.

It was noW XQWLO WKH TV WKDW % *DOLW]HQ GHYHORS:E
electromagnetic induction via the pendulum arrangemanbrder to producea

current in a coil proportional to the velocity component ofgbismicevent.Based

on this revolubnary in its time approach, many seismographs were constructed and
installed forming some of the first seismograph networks round the world. It was

this sudden availability of seismograms that ied experimental seismologyith

which by 1909 the identft FDWLRQ RI 3 DQG 6 ZDYHV WKH SUHVH
and the existence of the transition zone westablished Continuous study of
seismograms and earthquake locations lead to the discovery of plate tectonics in the
19060s and therefore the realisa of the primary mechanism of earthquake
generationThe motion of the plates is of course what has and still is forming our
planet, with the plates moving apart in the mid oceanic ridges causing continental

drift, and being recycled back into the menith the subduction zones. In areas of

shear faults, such asettfan Andreas fault, the plate movement is transverse and a
sudden release of built up pressure across the length of such a boundary can result in

earthquakes of catastrophic magnitude.

A surgein funding for seismology followed the detection of a Russian nuclear bomb
explosion by seismographs in 194&nd by 1961 the Worldwide Standardised
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Seismograph Network (WWSSN) was in place comprising long and short period

seismometers.

The 1960 great Cldan earthquake provided data able to establish for the first time
WKH (DUWKfV QDWXUDO UHVRQDQFH IUHTXHQFLHV
for several days after a large magnitude earthquBiel972 the Apollo missions

had placed seismometem the lunar surface and the first moonquakes were

recorded, whilst in 1976, Viking 2 placed a seismometer on Mars.

Varioustechnologieshave beeremployedto acquireboth linear{43] [44] [45], and
rotational[46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] seismic data, and
even with the advent of newer technologseshasthe Global Positioning System
(GPS) [58], with the exception of very fefs9], all areprimarily based on the
original inertial mass principleUnlike somemodernintegratedsensorshowever,
which due to theismall size have alséound other commercial applicatiof§0]
[61], early seismometers were large by comparison instrumentg/pical mass
springinertial arrangement is shown irgtire 2.5 below.

Damping
‘ u(t)

Ground motion

Figure 2.5Typical massspring arrangement
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If just enough damping is provided by the damper in order to stop the mass
oscillating excessively near its resonant frequency, then logitalgn be deduced

that the ground motionfdhe Earth u(t) can be described as a function of the motion

of the massaeP. With the systeninitially at rest, a rapid upward movement of the
Eath ZRXOG UHVXOW LQ WKH PRPHQWDU\ H[WHQVLRQ
inertia, shortly followed by the acceleration and movement of the mass in the
GLUHFWLRQ R lothKWith( iefergvcetty/ thie frame (which is the same as
the ground) the mass initially appears to move downwards as the Earth moves
upwards and therefore a phase difference must exist between the two. Extending this
notion further, a high frequency sinidal ground motion would result in a
stationery massn space achieving an opposite and proportional in amplitude
movement to that of the Earth, in which calse seismometer would be recording

true ground displacement witkference to the frame, and i phase difference of

é

This is not however the case with low frequency ground motion, as theanaks
be able to follow the motion of the ground closely resulting in very small relative

mass movement and very little phase difference.

At a groundmation equal to the natural frequency of the system, maximum mass
displacement would result and uncontrolled resonance if no damping was present. A
critically damped system would therefore produce no resonant overshoot and near
linear phase over the frequéss of interest.

If &P is the displacement of the mass m with respect to the EarthQdRib the

vertical Earth displacement, the absolute displacement of the mass is therefore
®P EQP 'S;

The spmg will exert an opposing forcédo the mass displacemeantaccordance to
+RRNYYV ODZ

(ael— FGe 't

where k is the spring constant, while the viscous dumper will exert a f@rce

proportional to the velocity of the mass
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(=L F&%ie 't &,

where D is the dumping constant. Equating the forces usihgl = we obtain;

@® @
FGa® F & LI P Ea&R? td;
er ' @7
Rearranging:
& G
aél— a&l— @& FQ Tt Al
or
ok t 6ofE el FQ A

where the natal frequency of the undamped system (D=0)jig L §f: , and the

damping is described bg L g .

Examination of equatio2.4 confirms that for frequencies much higher thag
acceleration is high and therefore the tez#iominates th left hand side, therefore

ad FQand so the sensor respondslisplacementFor frequencies lower thafi,,
the term fi§ selominates and therefore the sensor respondsdeleration as & 27
Based on the above mathematiacahtionships, equipping the mass with a simple
stylus in a very low natural frequency system yields a simple seismograph, whilst a
system with high natural frequency and means of measuring relative mass
displacement yields an accelerometer. A moving dbéiched to the mass over a
stationery magnet on the other hand results in a velocity sdisocharacteristic of

the sensor of course is also dependant on dancpiefficient Figure 2.6 depicts the
response of such a second order system to a unityirgiepat different damping

valuesvarying from 0 to 1.4 in incremental steps of 0.2.
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Figure 2.6 Second order system response to a step function at various dampir{gubtiesdomain)

Since an arbitrary signal can be resolved into a sum of harmooécsdang to

Fourier, we cargenerallyassume a harmonic input ground motion sigaP, L

A’V ¢ where Zis the angular frequeng¢yandassumingthat the sensor is a linear

system, the output should also be harmanite formaP, L : :i AU ¢

It then follows:
QL FRSAU ¢
B FEf:A;AY ¢
adl Fi®: i AU ¢

Therefore:

ok toafE Sl FQ: FAS: :f; AV SFtoERA:A;AY SERS :

L A6V ¢

e: A :FASFtOEERAS;AY °L ASAY ¢

tay
¢

ty;

fi AU ¢

ta&;

g

tar;

where : :i1; is the complex instrument responseat@round motionA’Y Swhich

can be written in terms of amplitude and phase as follows:
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where

-

&t

tdu

Figure 2.7 belowshows graphically that resonance occurs as the frequency of the

ground motion i approaches the natural frequency of the sysfenresulting in

high amplitude response if the damping is sufficiently lower thaicaii

h=0.1,0.2,0.3,0.4,0.5,0.707, 1, 2

= = i
T X 4
= ..
=
[
on
[} -
=
i i " A | i i
0.1 1
X4
X

Figure 2.7 Natural resonance of systefpaiblic domain)

For frequencies much greater than the natural frequéngy fi, the amplitude

::f; \ s andthe phasei :fi; \ € as seen ifigure2.8 below. The seismometer

therefore responds to groundmlecement, buwvith a phase shift ofs

For frequencies much less than the natural frequericy, fi, the amplitude

::f; \ —, and the phasé :fi; \ r, thus the seismometer responds to ground
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acceleration with zero phasé&s mentioned a&lier, the shape of the response

depends on the damping coefficiampresented by, ivhere DL -

Evidently, both i1, and h must be appropriately considered in order to create a
useful instrumentSo a purely mechanical seismometer utilissngtylus to record
ground displacement requires a very low natural frequeocyn terms of actual
construction, a very large mass needs to be suspended by very soft springs, which
clearly presents huge practical limitations when considering low seissgjgencies

in the order of 0.01Hz.

X4

Figure 2.8 Phase response of systefpsablic domain)

Similarly, a velocity meter constructed from a mechanical seismometer but with a
moving coil round a stationary magnet, vice versaproduces a voltage output
proportional to the velocityf the inertial massand also suffers from the same

practical limitations when considering the lower frequency seismic spectrum.

A diagrammatioelocity transducearrangement is shown irgtire2.9 below.
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|~ Spring

Coll

Magnet —_| Shunt resistor

Figure 2.9 Velocimeter arrangement

In such a transducer, damping can be simply achieved by loading the coil with a
shunt resistor Rn order to produce the desired response. Responses to different
values of shunt resistance were showfigare 1.3 for a typical geophone, which is

of course a velocity sensor.

A true broadband sensor then can only be achieved by a high natural frequency

accelerometer wheré, ( .

The concluded responses afmechanicalsensor with i, L s*\/ a mechanical
sensor withvelocity transducer also withi, L s* \V andanacceleration sensaith

iy L srr*\/are shown inigure2.10 for clarity.
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Displacement Response ~ Velocity Response

Amplitude
Amplitude

1 10 100 1 10 100
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Acceleration Response

Amplitude

1 10 100
Frequency (Hz)

Figure 2.10 Frequency, velocity and acceleration respons€8)dflechanical Senso(B) Velocity
Sensor;(C) Acceleration Sensofpublic domain)

Since the practical difficulties of producing low natural frequency sensors using a
massspring arrangementwere insurmountable, several designs focusing on

pendulumsand pendulums with springwvolved. When considering a pendulttie

natural frequency given by

A, L 8- t&E Vv
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where g is the acceleration due to gravand | is the pendulum lengthVhilst

increasing the length would result in a smaller natural frequemege lengths

would be requiré for achieving the lower frequencies of interest in seismology.
However reducing g, or more precisely, reducing the effect of g on the system

would also achieve a reduction gi, 2QH VXFK PHFKDQLFDO DUUD
JDUGHQ JDWH" |Rddsnibmgtétid LdpRiced/ inGhure 2.11 In this
arrangement the restoring force exerted on the near horizontal pendulgn is

Ce < sUand therefore the natural frequency of the system is described by

. CecoU

~

Ny L

& w

H

Figure2.11 7KK 6PUGHQ JDWH™ DUUDQJHPHQW

Garden gate seismometers have obtained in practice natural frequencies down to
0.05 Hz, howeveras expectedthese sensorare very susceptible teven the
smallest clanges ofinstrument tilt Several of these very early type seismometers
are still in use round the world.
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Another early design was thdnverted pendulum arrangement in which an
inverted pendulum was held vertical by two opposing springsepgted in iigure

2.12 thus reducing the effect of g on the mass when off centre and resulting in a
much smaller restoring forc&sSome very large scale instruments based on this
design were built, with large masses big asl ton and achieving natural

frequencies dowto 0.1 Hz.

Motion

A
y

\

///
spring %/ § _Pivot
/

_ mm

Figure 2.12Inverted pendulum arrangement

Inverted pendulum seismometers are reportedly the longest serving designs and

manyof these instrumentsre still in use worldwide to date.

In an effort to produce a low natural frequen@nsor but for vertical motion,
ID&RVWH LQYHQWHG WKH 3/D&RVWH" VHLVPRPHWHU L(
infinite natural period, in other words, the restoring force is zero at every point of its
motion. The mechanical arrangement utilising @azkergth spring is shown in

figure2.13.
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Figure 2.137KH 3/$&RVWH"~ VHLVPRPHWHU DUUDQJHPHQW

The zero length spring is simply constructed as a normal spring bteénsiened

such that in its wstretched state, where the finite thiekses of the spring wire

loops touch each other thus not allowing the spring to contract any more, the tension

LV WKH VDPH DV LI WKH VSULQJ ZDV RULJLQDOO\ RI ]t
physical length. In other words, if the spring was allowetheoretically compress
regardless of the thickness of the coils touching each other making this physically
impossible, it would attain a zero length at zero tensfrzero length spring

therefore has a tension proportional to its actual length.

Resolung the forces acting on the mass M, tloeque due to gravity can be
expressed as

QL &JC *<¢0;? t1& X

and thetorquedue to the spring extended from its zero length to a length L can be

foundby:
(L -. *<U By,
- #\: .L#”té &z
eco) ecelJ ool
(oL -#<40; &
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0 6L $-#e<40; 18

For mass stability at any angl&. L §;and therefore
$-#ece0;, L &5 C ¢<40;? tdr;
$-#L &/C ‘tés;

For a known mass M and spring constant K, as long as the relationship of the
distances satisfies

$# /C o
—&Lf .tat,

the net force exerted on the pendulum will be zéneoreticallyresulting in an

infinite period. Much like the garden gate, this system does not work to the
theoretical absolutes and inclining the vertical axis is necessary to provide stability
and a noninfinite natural period. It is also extremely sensitive to small changes of
inclination. A version of the LaCoste seismometer, utilising astatic leaf spring
suspension, was also created as it was simpler to manufacture using a leaf spring to
coungerbalance the forces acting on the mass. Unfortunately this design suffers from

similar drawbacks and it is in addition very sensitive to external disturbances.

Force Balance sensormdepicted inifyure 2.14, evolved to compensate for some of
the limitatins of these purely mechanical sensors, were a closed loop electronic
system generated a forem the means of a restoration coil the mass equal to the
force of the acceleration, in an attempt to keep the mass at a steadyt sgate.
obvious that an eor is required in the first place if a control systisnto generate a
restoring control effortand theefore in practice the mass did indezstillate with

small amplitudes. The measure of effort by the control systekedp the mass in
steady state wdd be proportional to the acceleration setisasually a measure of

current through the electromagnet actuator.
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Figure 2.14Force balance sensor employing closed loop compensation

Such instruments have beeand still are widely used, with few manufacturers
endlessly attempting to produce sensors with higher gains and higher natural
frequencies, yet stable and sensitive enough to measure low level seismic tremors.
These diectly conflicting requirementhave yielded numerous models, each

suitable to specific bandwidths and with specific sensitivities.

Due to the impracticalities of direct displacement sensors, the other branch of
evolution of seismometersther than the Force Balance accelerometers, fodusse
on the moving coil velocity sensors yielding the much used over the, years

geophone.

,W VKRXOG EH QRWHG WKDW WKH ZRUGV 3VHLVPRJUD
are still used interchangeably, however, many manufacturers, in order to avoid
confusion, have categorised their product§VH QV RWWYD Q V, @X $irkiplyV ~
3,QVWUXPHQW Yorce Peddb&gk CbalanceMEMS accelerometers, and
*HRSKRQH W\SHLYHQVRWYCGEBINDOLMOLWLRQ PRGXOHV’
digitization, filtering and generalata acquisition modulesble to accepnhputsfrom

such sensors

To further add to theonfusion, combined instrumenisth embedded sensors and
GDWD DFTXLVLWLRQ FLUFXLWU\ DUH DOVR PDUNHWHG

All of the aforementionedinstrunents require direct or remote computer

connectivity in order to further process and visually preserdc¢haireddata.
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2.2 Modern seismographs

Although generally based othe early inertial massspring arm with stylus
arrangementmodern seismometers lige a variety of electronic sensors and can be
categorised by the type of sensor used, their bandwidth capability, and their
magnitude capability. Categorisation by sensor broadly results in velocimeters and
accelerometers, the former utilising a geophomgle the latter utilising an
accelerometer as a sensor elem&he bandwidth capability categorisation, which
also depends on the type of sensor, resultsoimg Period (LP),Short Period (SP),
Broadband (BB), andVery Broadband (VBB) seismometers, vdtitheir magnitude
capability defines them as strong motion or otherwise.

By far good quality broadbanthstruments areurrentlythe most utilisedn local

and global studies and these are the focus of this work. The challenge in designing
these seismomeits with good accuracy, linearity and low noise lies in the nature of
the seismic signals which demand a sensor capable of large dynamic range
capability. Table 2 below depictke typical Earth bandwidth of interest according

to source.

Frequency Source

0.00001 +0.0001 Hz | Eatth tides

0.0001 +0.001 Hz Earth free oscillation

0.001 £0.1 Hz Seismic surface, P and S wayesf large magnitude
earthquakes M> 6
0.1 £1000Hz Seismic surface, P and S waves small magni

earthquakes M< 2

Table 2 Earth badwidth of interest

It can be seen thaté frequency range @&arthsignals is very largeanging from 10
MHz to 1KHz thusmaking great demands on the frequencpoese of the sensors,
whilst anequally challenging amplitude range from 0.1nm to oven i9also to be
considered.These values are of cours#solute extremes,and it is generally
accepted that the frequency bandwidth of interest is from 0.01 téi4@@dth good
groundmotion sensitivityin the order of nmAlthough it is reasonably easy band
limit the signal to 10@Hz in hardware achieving the lower frequency cut off of 0.01
Hz or below without distorting theow frequency content of the seisnsignal or

losing it altogether in noisés a an extremely challenging task.
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2.2.1 Geophones

Geophones are includead this sectionas they are still manufactured and used
widely, and although they have been in existence foveasy long time, modern
geophones are the result of continuous improvement of the original mechanical
seismomedr with a o©il sensor arrangemenf typical geophone is depicted in
figure2.15

Moving magnet ~_ [ 1

Connector
- . . =
Coils fixed to inner casing—— %

N B —— ]
N I_' Flat springs
R —
. o ———
Inner casing Ee————= ¥
e ¥| ' «———Outer casing

Figure 2.15A typical Geophone aangement

Flat springs attached to the casing and the magnet allow for moverstiy in a

single direction, whilst two stationary it® fixed to the inner casing are coupled
differentially, in order to reduce nois@s seen earlier, these sensors suffer from
poor low frequency performance and a limited movement range. Several attempts
have been made to correct or improve the responsigese instruments either by
direct design or in the digital domain, however, the search for best performance has
lead to theories of MEMS geophones constructed from MEMS accelerometer
sensorg62]. Very few studiesin existerte propose the possibility of geophones

performing bettethat accelerometers girong motion even{$3].

2.2.2MEMS Accelerometers

MEMS accelerometers argeadily available in various specifications and
technologiesand canbe broadly subdivided inteeveralprominent typesthermal

mass piezoelectric, Piezoresistivand capacitive accelerometers.
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7TKH 33Lbrp8 of accelerometers, which rely on the piezoresistive or
piezoelectric effect, although high performing andjged in construction, they
simply do not operatefficiently at the lower frequencies required for seismojogy
typically failing to perform at frequencies below 1 to 2 Hkhermal mass
accelerometersvhich utilise a heated gas as their inertial mass, parfeery
reliably down to DC level, Wt suffer from high noise floor. Most importantly
however, theyfail to performreliably at higher frequeties, limiting their linear
operation tanly a few Hz.

Whilst each of theaforementionedaccelerometerss unique in the principle of
operation and provide certain characteristics desirable in certain situations,
capacitive accelerometepessessvide bandwidth of operation down to DC, lowest
noise floor, and in general theytperformall other typesn almost evey attribute,
making them the focus of this workhe basicanatomy of asingle axiscapacitive

MEMS accelerometer is shown iigdire2.16.

— Spring

i :>Fixed plates

Moving plates
Inertial A—
E— Mass E—
C1 e —
e | i S — | ——
di4

Figure 2.16 An illustrational view of a MEMS accelerater{ Mternal structure

Within the integrated circuit (IC)he inertial mass is suspended gmfycrystalline
silicon (polysilicon VSULQJV VXFK W Kioti/ding Ko ithte@drtrd) ¥~
the adjacent fixed plates at equal distan@snd @ thus creating capacitor$g

and 9% It should be noted that as with most configurations already discussed, this
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indeed is a miniaturised maspring systemWith this in mind, it can be easily
envisaged that any acceleration along thés af sensitivity would result in
displacement of the mass and an inevitable imbalance in the dist@med @ As
one distanceincreasesthe other decreases in propont and gice he resulting
force due to the acceleration is proportioratiitH P Ddisglicementmeasuring
the displacement withigh enough accuracy &l that is requiredo derive an output
proportional to the acceleration experiencelis is normally achieved by an anti

phase excitation of the differential capacitiveisture, as depicted figure2.17.

Vi —_l_ ¢l Buffer
‘ DeMod —» § B (%
V2 2

Figure 2.17 Anti-phase excitation of differential capacitance structure

From elementary physics, the parallel plate model for a capacitor dictates that a
FDSDFLWRU Y Ms pbgmdhalWwoDtkEsverlap area of the plate#\, and
inversely proportionao the distance d betwe¢hem, as follows:

JH
%L \L@ ‘tdu;

where YL Y,% Y, is the permeability of free spaceand Y is the relative
permeability of the dielectridAlso, the relatiorbetweenthe accmulated charge Q,
DQG WKH FDSDFLWwerfla/vdiay8 O 5 ajigdaQrbds it&is described

as:
3L%8 tdv;

Assuming that the inertial mass is at rest and the voltages V1 and V2 are equal and
opposite and of valu&8.and F 8gespectivelythen capacitance$ and % which
are in series, would have a voléeagf t 8across them, and would eadtamulate a

charge equal to the total char@e of the circuit, sich that:
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3i L 35 L 3 AW,

where 35 and 3gre the charges acowlated in capacitor®g and % respectively.
Since the total charge must be equal to the total capaetimes the voltage across

thesystem as dictated by equation 2.24:

3i L%§ tdw
where § L t8.and % L%. It then follows that the tokaharge must be equal
to
3i L %% t tax;
I 0/9 E 0/g % . X1

The votages 85 and 8y across each of the capacitors can therefore be describe by

the following equations

Sl LB tay;

&B % O/QEO/Q % . y’
3 % :

8 L— L————18, tdz,

% %E%

The voltage outpuB, from the differential capacitor arrangement and into the buffer

can then be described as

%
L F8.E 8y L F8.E td{;
8 L F&E & L F&Eq 0 (& ta{;
but it can also be described as
8LEF--LEF%t tar;
s L EF & L E&F o 7o 18 ta,
F8LF8F % t td
e F 8 4 %E%3E tas
Substituting forF 8dnto equation 2.29
% %

8 L F8F

c st
%E%WE%E%WE tat;
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% F %
T % E%

0 8e ‘tauy

It can therefore be seen that the voltage output is directly proportional to the
difference of the camétance value of the capacitoran& the capacitance of each
capacitor isinverselyproportional to thedistance between its plates, as shown in
equation 2.23, andthe capacitors of identical sizeexist within the same

environmentit then follows

S
%F%, ‘@’ '@ s
8 L 8L 8e tay
BWE% © ¢ gyt
@ @
~ QF @ s
084L@E@8ae taw

From the resulting equation 2.3B can be seen thabhe net voltage outpudf the
circuit is zero when the mass is at rest directly equidistant from the two adjacent
fixed plates which form the differential capacitor p&and % Any movement b

the mass will also result in a different@iange in the values dfgand % which in

turn will result in a positive or negative output depending on the direction of

imbalance.

As explained earlier, a maspring system is governed by the plegsiequations

| =
@L—(GL—G tanx

Where d is the displacement, k is the spring constant, and F is the force acting upon

the mass nresulting in an acceleration a.

@L tay

31|
sol N

From the equations it Bvidentthat inorder to be able to detect small displacements
with a small mass, a very flexible structure is required, since a smalleratsass
dictatesa smaller displacement. Léwise, in order for the bandwidth of interest to

be in the flat section of the second order response of such a system, a high resonant
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frequency fi,4 is required, which dictates smaller displacements as a result of an

acceleration acting upon the system.

The advancement of micromachined deviegsipped with differential capacitance
structures able to measure incredibly small changes in dispatehas made
possible the fabrication o$ensors withsmall inertial masgs The small mass
attachedwith very flexible micro-springsis able toattain reasonably high resonant

frequences

The excellent frequency responsedown to DBC of the capacitive MEMS
accelerometers has made them the sensor of preference for most modern
seismographsAble to match if not outperform their much more expensive and
much larger macro equivalerjgé#], MEMS devices camalsobe altered on siliaoto
achieve more desirable characteristics for seismic and other specialist applications
[65] [66] [67]. This rather ®pensive procesBowever,requires the backing frm a

large commercial marketectorin order to be thoughdttainable for niche sectors

such as seismology

As mentioned earlier, commercially available devices are rather adaptable and the
technology can be easily integrated in to a variety of prodalitsving the
exploration of different marketd68] [69] [70], albeit with some careful
considerations oncalibration [71] [72], noise, and the many aforementioned
potential sources of errgr3] [74] [75] [76].

In most MEMS accelerometers, easuring thedisplacement of the mass by
measuring the difference in capacitance across the differential capacitor arrangement
is typically achieved by a synchronous demodulation circuit as very
diagrammatically depicted as part ofudrg 2.17. This technique is vergffective in
extracting low level signals buried within the noise floor whalske to diminishany

low frequency disturbances and close to Bfects. By effectively moving the
measurement away from the low frequency, or other near in frequency sohices, t
technique improves the signal to noise ratio, making theirgeiod weak signals
possible. The modulation othe sensor signal to a higher frequency arsd
subsequent multiplicatiowith an inphase signal of the same frequency, results in

the movemenof the signal of interest back to D@nd thefiltering of any other
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signals tlat are not synchronised with iAssuminga modulating signal&, such
that

& L #e<etéeBP tdlz

where A is the amplitude and f thedreency of the modulation signal; A subsequent
multiplication of this modulating signalvith amtherin-phase sinusoidaignal of
the same frequenayould resultin a signal at DCand another at twice the origih

frequency as shown in equation 2(89ow.
. . S S X "
#-<-.teB;PH$o<¢.teB;PL—t#$F—t#$?K1@3tBP it

All other frequency na@e and interference componenisuld alsobe moved to
other norDC frequencies. A more detailed diagram of such a demodulator is shown
in figure 2.18 below. The low pass filter removes all but the DC and bandwidth of
interest, thus excluding any noise &atgs. With typical internal modulation
frequencies in the range of 50KHz to 1MHz, and therefore comfortably outside of
the bandwidth of interest, it is evident why these sensors by far outperform all other
comparative technologies.

Differential
capacitor stage

Low pass filter

— L.,

Inyerter

Modulation
~ signal

Figure 2.18 Synchronous demodulator

Synchronous
demodulator

Amplifier

Due to the simplicity of the circurequired square waves are commonly used rather
that sine waves for the modulation signals, and although adequate for the purpose,

their noise rejection performanieby far inferiorto systems utilising sine waves.

Since square waves can be thought to be constructed by the summatiom of the
fundamental frequency and an infinitean@unt of odd harmonic sinusoids;

multiplication of two square waves of the same freqye results in the
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multiplication of each sine component of the reference with each sine component of
the modulated signal, in turn resulting in a DC component containing energy from
each harmonic of the square wave. Filtering will thus be unable to ditethese
higher frequency energy artefacts superimposed onto the DC signal, but depending
on the harmonic, they will be rather small in magnitude. Modulation frequencies for
such systems are therefore selected to be high and for their harmonics not to

coincide with any known sources of noise, such as mains hum.

Careful selection of modulating frequency and the utilisation of a low noise
amplifier layout tends to yield versimple circuits with veryadequate performance,
far superior to circuits attempting directly measure DC voltageSuch a circuit

with a lockin amplifier for demodulation is depicted indigg2.19

AC coupling R

| |
Senso | | . - R

Amplifier

%
I
v

Figure 2.19 Lock-in amplifier utilising square wave modulation

The modulating signal excitebd sensor but also controls the switch to the-non
inverting input of the amplifier. When the signal is positive, the switch sets the
amplifier for a gain of +1. When the signal is negative, the swittshtee amplifier

for gain of-1 resulting in a multipcation of the modulated sensor signal with the
modulating reference square wave. The RC low pass filter on the output simply

removes the unwanted higher frequency components.

Such a topology is easy to manufacturechip, and although any offsets, noesd

—gcharacteristics are indeed diminished by this methodology, the noise and offsets of

the end amplifier and filter are not. In addition, an output amplifier is also included

with an internal in series resistor for short circuit protectaond toalsoallow for a
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single external capacitaio form alow pass filterwithout any other additional

components

2.2.3 Signal conditioning
Once outside the MEMS,KH VHQVRUfV UDZ DQDORJXH VLJQD

buffering and usually amplification beferdigitisation. Typically a data acquisition
VI\VWHP FRQVLVWYV RI WKH 3IURQW HQG" HOHFWURQLF
interface the sensor to the digitising circuit by conditioning the raw signal

appropriatelySuch a tyjral system is shown ingure 2.20.

Front End stage

Buffer/

> Amplifier ADC

Sensor

A 4
I
—
@
=
Y

Figure 2.20 A typical data acquisition system

Since the output ch MEMS accelerometer is DC biased even when no acceleration
is taking placdo a voltage level termed,; any changes due to temperature,,tilts
or ageingon this biaswould also resultin erroneous initial conditions and
subsequent measurementsolder to eliminate this rather intricate problesome
seismograph manufacturdraveopted for the lowtech approach of deouplingthe
sensor signakith the ad of a largein-seriescapacitor therefore eliminating anfpC
component andong term drifts of the baselineThis decoupling of course
irreversiblydistortsthe signalsbelow 1Hzwhich areof great interesin seismology

[77] [78].

An additional issue causdyy the large in value ankigh intolerance interrigo the
sensor output resistor. With resistantgsically in the region of 30Kthe internal
resistorimmediately classifie® MEMS sensoras a high impedance source. Any
coupling to this source therefore, capacitive or resistikeguires careful

consideration across the frequency spectrum of interest.

An amplification stage within the instrumenmay or may not be employed

depending on theensor the system topologyand the manufacturerwhilst the
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filtering stage iamost oftenconstructed using a simpRC filter stage inalow pass
filter arrangementRarely, an additionabwitch capacitor filteis also employed to
further ensurehat frequencies above the Nyquist point are not presetite signal
prior to digitisation, and to improve the overall amplitude and phase characteristics

of the instrument.

In recent yearsseismograph manufacturers have almost exclusively opted for the
use @ 24 bit - analogue to digitatonverterspr compensator/9], in an attempt

to provide high resolution seismic datAt these rather ambitious resolutions,
extreme déw noise design aneery elaboratsupply decouplingis imperative if one

is to attempt tacapture acceleration davethout flooding several least significant
bits (LSbs) of the ADC with nois&ew, if anyinstrumentsutilise multistage active
filters in the front end electronicss this initial front end fiering only viewed as
meansto narrow the bandwidth in preparation for digitisation. Further extensive
filtering and processing is always performed after thetidagion of the analogue
signal, in the digital domain.

Somemorerecent andatherunique sesmographsemploy the averagingnd active
filtering of several sensor channels in order to minimise the noise content of the
signal prior to final filtering and digitisatioiiuch a configuration is shown in fige
2.21below.

Summing

Internal - junction .
buffer \ RC filter RC filter

s L .A Active SW Cap l\ ADC
ensorlf filter filter =

< s
Sensorzm{>/cr \/

Low Pass

/ filters
Internal I

resistor

Figure 2.21Unique elaborate seismograph front end

Two or more axially aligned sensors are first bmdted by a low pass RC filter

constructed by utilising the internal to the sensors resistors and external capacitors.
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Thesefilters have a rather high fregncy cutoff as not to degrade the signahd
serveonly as higher frequency noise reduction stages prior to the summing junction.
In theory, the summation of two nearly identical signals comgirandom in nature
noisewould result inan outputtwice the signamagnitudewith a muchreduced in

amplitude noise.

An active filter sage aids to provide a sharp -@it and exclude the natural
resonance frequency of the sendmm the signal while a further Switched
Capacito (SW Cap)filter band limits the signal to within half the sampling rate of
the ADC. The additional RC filter prior to the ADC is necessary in order to
attenuate the inherent clock fettmtough of the SW Cap filter.

It should be noted that this is a rathunique arrangement and typically only a
simple RC filter is utilised for band limiting thersor signal before digitisation in

most instruments.

2.2.4 Signal conversion and storage

Digitisation of the sensorsignal is almost always accomplished byl@ bit
successive approximatipor more recentlya 24 bit Sigma Delta( - ) analogue to
digital converte (ADC). The sampling frequeey can be selected by the used
rarely eceeds40 KHz even in high performancenodek: higher samplig
frequencies inevitbly reducehe length of the data captured due to the fiant®unt

of onboard memory.

The popularity of- converters is due to a combination of low cost, high resolution,
and high enough sampling frequencies to be able to digitise most seismic
bandwidtts of interest. The very nature of the converdar suggested by its name,
delta modulates the incominggeal to a much higher frequencgsulting in the
spreading of the quantisation noise via technique known as oversampling.
Although oversampling caolearly be achieved with any ADC, proed it is fast
enough;a sigma delta converter also employs noise shaping which further moves the
noise energy into the higher frequenciedich are in the end excluded by a low
pass filter. The current availabiliignd technologies used within these converters
clearly plays a crucial role to designing any sensor whose data is to be digitised and

further processed in the digital domain.
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From the block diagram of fige 2.22 a signal entering a sigma delta conveiger

first fed to a difference amplifierhence the®elta” in the namebefore being

integrated or averagedver timein the Sigma part of its functiorThe Digital to

Analogue Converter (DAC) on the feedback, is simply a switch that connects the
invertinginput of the ADC to either a positive or a negative reference voltage. The

effect of the integratois to average the error thus providing an averaging filtering
HITHFW WR WKH VLJQDO ZKLOVW 3SXVKLQJ" WKH TXDQ
The oveall effect on the signal once lepass filtered and decimated is that of a

high signal to noise ratio.

Signal Input, X \
x: X3 To DIQ"?M

\_r + ¥y Filtes
/ »

Difference Integrator -

Amp | Comparatar

{1-hit ADC)
X5

)

{1-hit DACH

Figure 2.22Block diagram of Sigma Delta conver{@ublic domain)

Achieving high signal to noise ratios with more conventional ARG® can be

acheved by oversamplingechniquesandby theincreag ofthe number of bits.

Although in mostseismicinstruments the digitising circuit is continuously active in
order to constantly acquire pexent datafor a zero referengea user adjustable
vibration hireshold(trigger level) above which an earthquake is deemed to be taking
place is normally employed to trigger the instrument into digitising and storing
seismic data. Such a triggerquiresto be set to acomfortable” margin above the
noise level of te instrument and thbackgroundvibration noise of the particular

location
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Figure 2.23Acceleration trends of (a) El Centro, (b) Northridge, and (c) Llolleo earthquakes
(public domain)

Most earthquake accelerograms tend to follow recogniseérpatin terms of
primary and secondary wave arrivals, however each dwes contain unique
features when examined clbgeas one would expect. kige 2.23 depicts three
different earthquake accelerograms from which the random nature of earthquakes
can beclearly seen in the overall shape of each signal. The seismic trend from El
Centro appears to have a steep but incremental onset, and also appears to contain
VRPH 3ULQJLQJ " EHIRUH [\Weidhi®teadGronV NoaMidgdsby 7 K
shows a similarapid and progressive onset, but tapers offathig after 10 seconds
without any ringing artefacts. The seismic signal from Llolleo, which is plotted on a
much longer timescale, exhibits eather smoother onset and tail o#ind most
interestinglyat least one premain event artefactyhich may or may not activate the
triggering mechanism in this example. Such artefacts, especially low frequency
adulations and low level tremors occurring many seconds before the main seismic

event, could be missed thus vyiialg unrepresentative seismic data.

.....64.....



Once triggered, the instrument starts recording the seismic data for usually up to 120
secondson its onboard memory, which is typicallyad nonvolatile type Flash

disks or cards of several Giga Bytes are usually eyaplo

2.3 Postdigitisation processing

Additional processingf the seismicdatain the digital domains essentiain order

to correct for inherent errarfurther filter the digitised signal and mathematically
manipulatethe datato yield asatisfactoy displacement over time tren&rovided

the data is derived using a modern instrument, it can be assumed that the sampling
intervals are correct and the samples are of reasonable resolution. Since seismic
instruments are event driven, the value of thgget threshold must be of a value
grater that the underline environmental and instrumergend\ value of 0.01g is
usually attaindle, however, prevent data is typicallyost within the averaging
section of the accelerograph am effortto determine azero reference baseline.
Since the baseline is mathematically transitioned in an attempt to provide a zero
integral of the acceleration curve, errors are inevitably introduced, requiring the
application ofmore precisebaseline correction and deending nethods, such as

splinefitting, and least squares regression trend subtraction from the accelerogram.

A seismographas a complete instrumermossesses its own dynamic response and
therefore imparts an alteration to the signal recorded. Theférafuncion of the
instrument,when known, is useth an attempto reverse this distorting effect via

de-convolutionandderive more accurateismicdata.

Other more recent and involved methods use adaptive techniques and extract power
spectra for the acquisitioof a more complete picture of particular seismic events.

2.3.1Digital filtering

Although the acceletimn data has already been bdimdited by low-pass filtering
onboard the instrument, further more aggressive filtering is always required in order
to totally exclude higher frequency artefacts from inherent noise sources whilst
retaining the accuracy of the data within the bandwidth of interest. Such digital filter
invariably takes the form of an Infinite Impulse Response (IIR) filter, or a Finite
Impulse Response (FIR). While FIR filters can be easily constructed to exhibit linear
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phase characteristics, FIR filters which are sometimes modelled on classical
analoguecounterparts such as Butterworth, Chebyshev and Elliptical, do not exhibit
phase lineant and further digital manipulation is required to attain a zerasph
output. As with other shapgitical data, the accuracy of the phase information in
seismic trends needs to be retained without distqrtsimce it determines the

location of peaks andther significant features within the trend.

Recently, more convoluted methodwxluding leastsquares adaptive techniques
have been employed in an attempt to further improve the quality of thd8@é4ta
[81] [82] [83] [84] [85] [86].

2.3.2 Numerical integration

Numerical integrationis of course required tobtain seismic displacement trends
from acceleratiomlata, since displacement over time is indeed the second integral of
acceleration over time. In principle, the initial conditions of velocRyR; and
displacementR B ; must be known in orddor displacemenover timeto be derived
by the double integration proce$r example, deriving the velocity trend P, by
integrating the accelerogram P, &

¢

RPRLRRB;Ex =P@P tar;

G
inevitably requireknowledge ofthe initial velocity term which of course is not
known. The only way to eliminate this difficulty is to assume both the initial
velocity and initial displacement terms to be zero, which of course requires a very
accurateestimation of the baseline of the accelerograplaveful examination and
estimation of the zero level instrument response is condabteast exclusivelyia
the use of pre event data capture. The averaging of this pre event data, which usually
contains some noise and drifts, serves as the zero initial conditions for the
integration processAs the trapezoid rule is most often utilised for the numerical
integrationfor its computatioal simplicity, the accuracy of the integrals aldepend

on the samplingrequencyand the resolution of the digitising ADC.

Despite the aforementionedassumptions and corrections, displacement data

recovery from real signals is fraught with erfoend more intricate baseline
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corredion [87] [88] [89] and detrendingand integratioralgorithms[90] [91] [92]
[93] [94] [95] [96], still proveto be essential ithe processingf seismic data.

It should be notedonce morethat geophones, unlike accelerometers, are
velocimetersandtheir outputis proportional to the velocitynot the acceleratioof

the excitation signabnd hence require only a single integration fordéevation of
displacement over timgata This could be viewed aa big advantagsincea single
integration would produceesults withsignificantly reducederrors, however, their
poor dynamic respons@s seen earlieprohibits their use where wide bandwidth

accurate measurements are required.

2.4 Conclusion

Modern seismographareevolving to take advantage of new and egieg sensing
technologies in the quest to reproduce accurate displacement over time data. The use
of MEMS silicon and servoaccelerometerdias beengaining momentum and
digitisation and postligitisation techniques are constantly evolving in order to

improve the quality of the resulting data.

Most nodernseismographic instrumentgge compoundinits, comprising separate
sensor and digitiser modules. The digitiser, being the central part of the device, can
have inbuilt sensor®r it cantypically provide mdti-channelkconnectivity toseveral
geophonesndbr acceleromeit sensors, as shown in figure 2.R2dlow. This type

of setup is generally used for reflection seismometry, where the interest is in

imaging what lies beneath the surface.

Clusters of seismi sensors aresometimesalso used for specialist earthquake
studies, however, earthquake monitoringtypically requires sensors that are
adequately geographically distributed at key locations several kilometres from each

other.
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L post processing and visualisation
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(Geophone)

Figure 2.24Typical system installation

Other selfcontainedsystemsare neatly integrated into a single casing, utilising an
onboardsensor, and are used for seismic motion monitoring ratherréikection

imaging applications, like thene depicted in figure 2.25 below.

GPS

Power

Basiauser interface / ;

Rugged mounting bolts

Figure 2.25A typical self contaned seismograph

In order to appreciate the composition and performance of these modern
instruments, asimplified list of technical characteristics of modern and rather
unique high performacestateof-the-art seismographs detailed indble 2.1 below

Sensor
Type Tri-axial MEMs silicon accelerometers
Range Type + 5g (vertical axis 1 g offset)
Dynamic range 91 dB 0.120 Hz

85 dB 0.180 Hz
Offset error < +1 % over operatg temperature range
Linearity < +0.5%
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Gain error

| < +1 % over operating temperature range

A/D conversion

Sampling Zero skew autonomous sampling 1ppm time
base (660°C)

Anti-Alias 1-pole RC filter (fc = 10kHz)

Input 3 channels

Sensor data outputate

50Hz, 100Hz, 200HG00HZ factory option on
request)

A/D type 24- 15-4 |

Integral nonlinearity < 0.0006% (full range)

Resolution 24 bits

SNR 101 dB (200Hz) 104dB (100Hz) 107dB (50Hz)
Signal Processing

Filtering FIR digital artalias filte/decimator Linear

phase

Measurement bandwidth

DC to 20, 40 or 80Hz

Recorded dynamic range

130dB (80 Hz BW)
133dB (40 Hz BW)
136dB (20 Hz BW)

Triggering

Pretrigger filter options

0.1 Hz higkpass

1 Hz highpass

5 Hz lowpass

10 Hz lowpass

0.1 t5 Hz banepass
0.1 t10 Hz bangpass
1 t5 Hz banepass

1 t10 Hz banepass

Absolute level

Independent thresholds on each channel
Selectable AND or OR triggering on each char,
Level from 0.1mg to 3 g in 0.1mg steps

Pre-event length

10 to 120 seonds in tsecond steps

Post event length

10 to 120 seconds indecond steps

Storage

Storage time

16 GB Flash disc (other options are available)

Time stamping

Type

Low power GPS (standard)

Accuracy

Better than 10us of UTC with GPS lock

Table 2.1 Technical characteristics of a modern seismograph

This type of instrument has been used in the most demanding situations over the last
decade due to itsuperior performance. It is not surprising that this calibre of
instrument utilises triaxial MEMSensor technology in order to benefit in size,
performanceand costThe now wide use of GPS technology enables seismographs
to report not only exact locatidout also exact timing of eventa: very important
feature in the study of earthquakes and tlopagation of seismic waves through the
Earth.
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Chapter 3

Non ideal instrument functionality

A block diagram of the processes involviedm sensor through tthe derivation of
a displacement seismtrend is depicted in figure Below. In order to assesseth
possiblesources of error, carefahd methodicaéxamination of each section of the

signal path igssential

Sensor Eront Post

! ron 1 oS

: 1 — =R @ I
: w>: T end ADC Mem | FIR proces M

! ¥ Trigger!

e LI

Instrument Threshold I

_____________________________________________

Figure 3 Block diagram of sensor to displacement data process

Using he instrument speiitations detailed in table 2.4sa referenceexample of
the current statef-the-art, one can start to analytically conceive possible sources of

error within the instrument itself.

A brief but more critical eamination of the sensor secti@uickly revealsa
potential forrather large offset and gain errors. Fdygical sensor operating from a

3V supply, a 1% offset error issubstantiaBOmV offset in magnitude. Similarly, a

1% gain error is more than adequate to irreversibly distort any precision
measureent over the temperature randgeshould be noted that although these
offsets are specified over the temperature range, and some instruments also offer a
temperature measurement for potential correction, they are not just affected by
temperature alone. geing of components amather nontemperature related long

term drifts also significantly contribute to these sources of error.

In the A/D conversion section of the table, the actual sampling rate is not specified,
but it could beassumed to be at lea€t RHz since the anti alias filter is specified to

have a cut off frequencyB) of 10 KHz. For the given measurement bandwidth of
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80 Hz, once reduced by the subsequent use of the FIR filter, a simple RC filter with

an Byof 10 KHzwill introduce nearly-0.5gof phase shift whilst maintaining a non
attenuated signal throbgut the bandwidthit should be noted that since this phase

shift originates from the anéliasing filter, the linear phase attributes of the digital

FIR filter are not capable of recovering this phase shift. Further, should this RC filter

be constructeditilising the internal to the MEMS output filter resistor as per
PDQXIDFWXUHUYY UHFRPPHQGDWLRQ WKH UDWKHU C
would certainly produce unexpected dynamic performance between instruments and

between channels on the samerimment.

Recalling the nae frequency spectrum &@fure 1.4 of a typical MEMSsensor, a
noisecomponent of90dB is evident at the satmg frequency of 20 KHz, and
82dB at 10 KHz, whilst the pedk-peak unfiltered noise amplitude of such a sensor

iS mnimum 6 mV.

Considering a noise component-86dB at the aliasing frequency of 15 KHz; once
through the RC filterthe noise signal will be further attenuated-bgB, a total of
90dB. The 24 bit ADC utiSed in this instrument has a Least Signifidaibht(LSb)
representative value e144.5dB andeven after the noise shaping effect of e
architecturedata and noise wilstill be aliased and phase shifted for frequencies
greater than 10 KHz, creating error artefacts in the resulting sampled liataare

irreversible by subsequent filtering or other digital processing techniques.

A much moredetailed investigation othis instrument representative of thitest
manufacturing praces utilising MEMS technologyrevealedthe use ofmultiple
senses for eachsensingaxis in an attempt to diminisfensomoise by averagg
several acceleration signal patAdthough in theorythese gnals could be averaged

for noisereduction with the assumption that they are identical in nature, this is not
the cae in practiceand anyprecisionfactory calibration will not alleviate the fact
that acquiringa signal in this mannezan only result in signalsmoothing 7KLV
averaging technique achieves a reduction in naishe expense of signal qugli
since he outputs simply the amalgamation o$everaldifferentsignals of different
amplitudes ad phases. 7TKH QRWDEOH PDQXIDFWXUHUfV GHVI
highlight the importance of noise withggismicinstrumens [97].
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Such pre-set techniquse assumethat there are no dynamic response differences
between sensors and that all sensors wift énd age in a similar manner, making
any possibility of reconstructing the originsignal with any accuracy in the long
term impossible A component levekvaluation of the circuit, conducted under a
Non Disclosure AgreemerfiNDA), andthereforeits detailsnot reproduced in this
work, showed phase errors in exces®wér 11gover the 100Hz bandwidth in the
primaryfilter stages, and a fther5 gerror in the secondary pfnalogueto Digital
Convertor (ADC) sectiors. Further, examination of the physical instrument
assemblyshowedlack of adequatemechanical internasupport thus allowing the

instrument to induce its own resonant intezfere onto the seismic signals.

The above assessmentwas conducted on an instrument deemed to be
technologicallyadvancedn order to reveal theources oferror commonly shared
with many of tle several type of seismograph in use to datdthough mostother
instruments do not employ multiple channel averageupniquesfurther research
revealedthat simple RC filtering for sensornoise suppression igdeed very

commonif not standargractice.

Further errors can beasonablyexpected to stem from ci®axis sensitivity, poor
estimation of initial conditions, dynamic tilts, instrument long term drifts, gain
errors instrument dynamic response changes, and also integration atrteading

to much altered and unrepresentative acquired seismic data

Before embarkinginto detailed experimental investigation on the sources and
effects of these errors, @imary experimental study of MEMS sensaypically
used inseismologicadevices was conducteth order toquantify the challenges of

deriving displaement data from MEMS accelerometric sensors.

The primary electronic platform depicted figure 3.1 was designed and fabricated
to allowthe experimentahssessmertf the sensor and the paenplification stages,

both jointly and separately.
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Figure 3.1 The primary MEMS test platform
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Frequency response results of the amplifier stage provided amplitude and phase
distortionfrequencyfigures in excess &MHz and 200KHz respectively, indicating

that zero signal distortion within the 100Hz Bandwidthirdérest couldeasily be
accomplished witlthese osimilar grade amplifiers.

To accuratey study the responseof MEMS sensorgduring the initial stagesa
mechanical oscillator capable of pure sinusoidal excitation had to be constructed. It
was deemedecessaryfor this mechanical oscillator to also leguipped with a
sensor able to directly measuredisplacement over time witlsubmillimetre
resolution and therefore senas an electronic reference of the actuating mechanical

excitationsignal.

A non-corntact sensor wathusdesignedand constructedbleto meet the criteria set

for the purpose of thiprimary study A precision photocurrefib-voltage convedr
shown in fgure 3.2, was fabricated witlboth amplifier andpohotaliode specifically
selected fo high speed operation. The Photodi§dé VSHFLILiBDandfaR Q R
photocurrent times of 5ns, along widmplifier {1 ¥3MHz Gain Bandwidthand

17V/ B Slew Rate, were thought more than adequate for the intended purpose.

R5
—4-V2 VWW—
_—12V 5.6k —l—
R U1
g > u2
390 R3
OP32GP 7 A% +
_ r7 | 56K R4 OP32GP >—
AV -
SFHA485 o v\ SFH213FA 5.6k
V) 50% %/—
R1
] AN~

,—J—‘ 1.0M 10K _LIN ﬂ_ c1
Key =S 10uF-POL

= T R6

— 12V -

5.6k

Figure 3.2 Photocurrento voltage convertor circuit

A second amplifier stag®as also constructed simply facilitate offset trimmingof

the output signal.
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The physicalassembly of the IR necontact high speethngefinder is shown in
figure 3.3 An opaque screen betweeretlR source and the sensing photodiode,

helpedpreventdirect opticalcrosscoupling.

\4

5 q

TX
IR Mask
RX

Reflector

Screen

Figure 3.3Non-contact range finder optics arrangement

The distancel to the moving reflectowvas measuredith the PCB ¥ont faceasa
distance referenc@he results of WK H Vsth@puRver§us distance are shoinn

table 3, alongside theU HV X O W D f@sivdifferebtidl %,,\/and a curve fit of the

inverse square law such a system shthadreticallyobey.

Distanced | Sensor aitput S, U S
(cm) V) SS sU ’

3 3 3.483333333

3.5 2.7 0.6 2.598979592
4 2.2 1 2.025

4.5 1.75 0.9 1.631481481
5 1.4 0.7 1.35

6 1.04 0.36 0.983333333
7 0.8 0.24 0.762244898
8 0.65 0.15 0.61875

9 0.5 0.15 0.52037037
10 0.38 0.12 0.45

11 0.33 0.05 0.397933884

Table 3 Noncontact range finder output, derivative and inverse square curve fit

Examination othe graphical representation of the resultgare 3.4 revealedhat
the noncontact rangdinder did indeed follow the ?5 law, and therefore

linearizationof the outputwvas necessanyhentherange ofdistancesneasuredvas

greater than few millimetres.
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Figure 3.4 Voltage to distance characteristic of the fwmmtact range finder

It was evident from the:—L curve of fgure 3.4 that the highest sensitivityof

100mV/mmwas achieved at distansdetween 4 and 4ch, renderingthis sensor
suitablefor this purposén terms ofboth sensitivityand submillimetre resolution It
should be noted thahé sigmoid appearance of thecorded voltage curvebelow
3.5cm was due to thescreeningof the receivercreating a shadow over the
photodiode when the reflector svan very close proximity

Evaluating the dynamic response of the sersok the form of imaging a reflector
mounted on a ldapring undergoing damped simple harmonic motion, as confirmed
by the sensor results depicted irufig3.5 below.

50
oo

50

50

oo

Sensor output (mV)

50

Time (100ms/div)

Figure 3.5Dynamic response of the n@ontact rangefindemonitoring the vibration of a leaf spring
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Figure 3.5 corfirmed a good low noise dynamic performancen the lower
frequenciesn the order of 10HzDerivation ofthe dynamic capability of the sensor
over thefull 200Hz bandwidthnecessitated the use of a motorisgtical chopper
positioned between the reflector and the seridwehigh frequency pulse resulise

shown in fgure 3.6 below.

W
B

g S
e
|
§

N

Sensor output (V)

R

Time (1.8ms/div)

Figure 3.6 Optical encoder inducedngefindemoutput

It should be noted that the trapezoidal appearance of the pulses 3.6 wasnot
due to slew rate limitations, but due tetii Q FR G H U §Mati@sa Bhdrp but
progressive notbinary changen reflectance, whilsthe sharp spikes appearing
bdow and above the cursor lines melue motor induced noiseasthe supply was
shared between the device and dmving DC motor. A period measurement
reveaéd a response frequency @94 Hz, which wa almost three times the

bandwidth of interest.

With the noncontact displacement sensor completedijbaation platformable to

provide sinusoidal excitation was constructed from aluminioachined to tight
tolerancesas diagrammaticallgepicted inigure 3.7. A camshaft arrangementas

utilised to guarantea pure sinusoidamechanicalactuaton signalto the Device

Under Test (DUT) A precisionmachined steel shafuidedby two Teflonbearings

served as means of communicating thecdld D IW TV P R W L RAghpitiide WKH '87
of oscillation adjustment was accomplished by the usearpbffset adjustable

spindle, connecting the DC motor to the shalfte platform was able to accomplish

a full 100Hz operation at small amplitudes of oscillation.

~ 77~



Anti-Rotation

Assembly DUT Support

Guide Rail

Teflon Runner
Epoxied o] with threaded supports

Eyelet ———H&l

Insulated Terminals
Extruded Square

Aluminium section\
N N

N BNC DUT
| Signal Out

Steel Shaff] . -
Adjustable Aluminiur

lb// Reflector Assembly

IR Sensor IR Offset Adjust
circuit J

BNC IR [:H Potentiometer
— "
Signal Out
; ”\ IR Power in Socke
support || Spherca
/7\ _~ Rod-end Bearings

.= Cam-shaft with
Motor Mount —| | ——" Adjustable amplitude

Plinth \

Figure 3.7 The mechanical vibration platform

Teflon Bearings

|

Usingthe vibration platform to excitehe primary MEM&ssemblyshown infigure
3.1, without the output filtering sectiongopulated, the first raw low frequency

actuation results wee obtained as shown in kige 3.8 below.
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Figure 3.8 First Primary MEMS platform rawibration results

Although the rangefindezonfirmed a pure mechanical sinusoidal motion, fiben
results of figure 3.8 it could be seen that the total absence obamd limiting
capacitor on the outputignal of the accelerometer, all@d for a rather large

amount of noise to be presentaking the sinusoidal function only just decipherable

In order to inestigatethe effects of intestructural resonance an additional
compact tesplatform was constructed and attached directly tddter section of

theactuation shatft.

. Shatft

Retainers < D

SensorF—|

Substrate

IActuation

Figure 3.9 Compactassemblydirectly bonded to the shaft
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A MEMS accelerometer argh output iliter capacitorwere attached with resin to a
Balsa substraf@ndultra-thin wires soldered directly to the pads of MEMS IC as

shown in fgure3.9.

Reactuation of thecompact assemblgt an almost identical frequency shemha
considerable improveméein the noise content of the signak depicted inidure
3.10 thus providing concretevidence for the need of careful physical instrument

assembly if inteinstrument resoance and structural vibratieves to be avoided.

Input B

212 : : Y2
: : "

Output (mV)

-288

-388

-488

Time (50ms/div)

100 ms

Figure 3.10 Resin bondedompact assembly output with improved noise characteristics

Digitisation of the FR P SD FW D kaW Hrid Bridiltdr&d data wabgitisedand an
offset adjustmentwas mathematicallyapplied in order to eliminate the zereg
baselineoffset of the accelenmetery YC-coupledoutput as shown inifure 3.11
below. It should be noted that the units are irrelevant inrgd.11, figure3.12 and
figure 3.13, as the a&s values simply represent quantised and scaled output data

with reference to scaled sample ¢isn
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Figure 3.11 Digitised and mathematically zegooffset corrected raw accelerometer data

Numerical integrationof the zerog correctedaccelerometer datagielded a
representativeelocity over timecurve & shown irfigure 3.12, wherethe effects @
the cumulative nature of the integration processild alreadybe seenVarious
underlying sources of error, such as noise,-lm@arities, andzerog baseline
misinterpretation, reswdtd in the magnification oferros yielding a rather

unconvincing vedcity trend.
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Figure 3.12 First integral of the raw data representing velocity over time

Finally, deriving the secondntegralrepresenting displacemeavertime is shown
in figure 3.13with the characteristic baseline offset thamisstfrequentlyobserved
in sesmic data sourced from curreseismographswas experimentally and

conclusively repeated
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Figure 3.13 Second integral of the raw data repenting displacement over time withseline error

Further tests showed thatet E D V H @Qub&vlEly phenomenonwas reasonably
consistent across aist vibrationfrequencieswith only mild improvement athe

higher frequencies

Duplicating the practicesf the seismic instrument manufacturers, the output of the
resin bonded test platform was AGupledandsubsequently filteredith the aid of

low pass RC filterwith a 100Hz cubff frequency The much improved
performance with regard to the baseline runaigashown infigure 3.14, where the
raw data and botthe first and second integrals are depictétthough this type of
approach employed byew seismograph manufacturers to date appears to
dramatically improve matters, only bypasses the issasit severely distorts the
output across théandwidth of interest, both in amplitude and phasé&uch
distortions especially in the lower frequencjessult in the loss of valuable seismic

data and produce various distortion artefacts in the higher frequencies.

Although heavily filteredand mathematichl baseline offset correctetb six
decimal placeshe AGcoupled datavith alengthof only a few secondgxhibited
undulations in the displacement trepdovingan early departure from the ideal pure

sinusoidexpected

The findings in this preliminary studyhich are fully in line with &isting literature,
providal clear evidence that current techniques, algorittand calibration models
operate witin many constraintssince they try to reverse effects of various errors
with very limited quantitativeaccess to theiattributes Although thesecorrecton

techniquesvhich often require several presumptions to be employkd some aid

~ 82 ~



towards the recovery dfetterseismic displacement data, an altogether new type of

sensolarrangemenable to target the very source of these erroctemrlyrequired.

Filtered and offset corrected acceleration trend

\
N\
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Figure 3.14 Accelerationdata, first and second integrals of filtered and AC coupled sensor

Further,long term instrument drifts, alterations in sensor response, artyiaenic
environmentpresentedy the \ery surface of the Earth, poseriouschallenges to
the acquisition b uncorrupted data, an issue ghiar completely unresolved by
seismic instrument#\n ideal sensor should therefore not only rely on prissory
calibration, mathematical correction and predictive schemes, but shoalolebéo
dynamically adapt to changes order torespond to bothniernal and external
interferencan such a manneaas to deliver long term undistorted data throughout its

operational lifetimeand under all real environment conditions.

Both existing liteature and the results of the primary experimental study suggest
that the creation of an instrument calgabf delivering long term neamcorrupted

and repeatable datshould aim to rectify the effects of key error contributing
sources as close as possitl their sourceutilising quantitative techniques rather
than exclusively relying in stochastic, ptetermined, or speculative peost
processig methods. To this effect, the objective of thiwk is to identify, analyse,

and provide novel solutions tbdse sources of erragjth the aimto design, build,

and experimentally evaluate a benchmark sensor arrangement.

The system diagram digure 3 is repeated élow in figure 3.15with some of the

most prominent sources of potential end@ntified.
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Figure 3.15Prominent sources of potential error identified by section

Since the intent of this work is to attempt the resolution of errors from their root,
special attention is givero tthe investigation of the internal to the sengsotential
sources of errgrand the effects of the sensor to theginal seismic signal in
general.

3.1 Evaluation of the MEMS accelerometersensorperformance

Most researchn the seismological arenaasfocussed on external to the MEMS
issueswvhilst MEMS manufacturersnderstandabljocus oncommercially lucrative
marketswhich seismology unfortunately is not one of them. Tieed to understand

how the current MEMS technology impacts seismic instrumisrttserefore rarely
addressed as most researchers do not have the means to directly access or alter the

internal micro structures within the MEMS devices.

Since the accelerometer data is the only means availaltles casefor deriving

displacement ovetime trends, careful consideration should be given to the errors
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inherent to such a device, especially when timecessarydouble integration
inevitably produces cumulative and exponential exaggeration of even the smallest of

errorsovertime.

In an idealsystem, the position (x) of a moving object at any time (t) can be

calculated from its acceleration as follows;

¢ ¢
TRLyY =P@OPBPR:P@BT, u;
4 4

where : =;is theacceleration,R; is the initial velocity andT,is the initial position of
the object.The acceleration in terms of voltage outp@, from the sensor can be

simplified to;
8 P L 5:sEU5=P E 8§yE U8 L Ud;

where 5 is the sensitivity, U 5is the general sensitivity error incorporating
temperature, crosaxial excitaton, and ratiometric contributions8,is the zereg
voltage bias of the sensor andg,; is the general voltage bias errgralso
incorporating contributions from temperature, misalignment and ratiometric
artefacts. The derived acceleration=; ; by direct measurement of the sensor

voltage output: 85 is therefore:

L&e AU

:\:P,
a 5

Tud;
Since the sensor voltage output contains errors as modelled iabeyeaation3. 1,

—a:P,L 5 L 5

0840
5

6 =:PRPL=PREUSRE T Ud;

For zero initial conditions, T, L Ry L r, the derived position foan object by

measurement can be represented as;
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T..PRPLHMU =5 P@QP@P

4
¢ ¢ ¢

Lu =R@PRPH ::R@P@‘l%—uu @P@P :ua;

4 4 4

From equation (3Mit can be seethat a small error on the izeg bias voltage can
result in a rather large erroespecially when several seconds of data is to be
integrated.Since lmth the sensitivity and the zerpbias level are ratiometric, they

arealsobothinfluenced by any irregularities or noise on thepyppails.

The ADXL325and ADXL327MEMS accelerometesensorshavea typical zereg

bias level of 1.5MWhen the supply voltage is 3V, however, the newer ADXL327

offers superior performance in sensitivity and signal to noise ratio (SNR) and is
therefore met suitable for thisvork. Although most appropriate for this studn
examination of théDXL327 GHYLFHTV HOHFW UdvedeGsomK &f tisD FW H U L

more obvious inherent limitations.

According to the manufacturehed package alignment error, thatthe alignment
error between # package and the sensing axis, and the -@xisssensitivity are
both specified to bet rl g While the package alignment errordéno consequence
as it remains constant andan thereforeeasily be calibrated oyt the crossaxis
sensitivity, althoughalso constant, would require a rather involvedrrection
processif it was to be corrected fooperation in a reathree dimensional

environment.

It should alsdbenoted |l URP WKH PDQ X | hét\wtK thélddsitiGabd/he
zerog offset, that is the voltage output when no acceleratipat is present, are
temperature ependent.With a temperature effect on the zgyobias voltage
specified attlmg/&, a temperature difference jist 10 ¢ would result in &ias
voltage error of 10mg, which in turn would result in an error contribution to the
displacement trend of nearly 5cm in just one second of Wékele temperature
tends to alter slowlyandsuch changeis the zereg biascould be taken into account
during the zero bias derivation by pre-event data averagng; any change inthe

V H Q \sBdiffivity due to change in temperature wourlcecovenbly contribute to
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erroneous measeiments unless a outputtemperature compensati(mhemewas

employed

Althoughboththe ADXL325 and the ADXL327sensorsaareindeedtri-axial, due to
package limitationsher z-axisis only ableto achievenearly halfthe bandwidth of
the other twoorthogonal sensingaxes. A high performancetri-axial seismic
instrumentwould thereforenecessitatehe utilisation ofa separattEMS sensoiC
for the zaxis accelerationmeasuremenin order to work around the rather poor

inherent zaxis performance.

The internalto the sens@r32K outputresistors conceivedby the manufactureto
offer shat circuit protection anexternalfilter design simplicity could also present
another potential source of errdihe inclusion of theseather high in value resistors
provides arather inconvenienhigh impedance outpuwith any benefit on filter
designsimplicity readilynegated by their rather largd 5% tolerance Figure 3.16

belowshows a block diagram representation of the ADXL327 sensor.

Figure 3.16 Diagrammatic representation of the ADXL327 ser(source ADXL 327 datashegt

Although the interal resistos may be beneficial in many ngmecision applications
such as smart phones, in seismibration sensing, coupling to the front end

electronics requires their careful consideration.

.....87.....



Many other internal to the sensor sources of error requimerather deeper and
experimental investigatiom orderto gainan adequate depthunderstanding of

their natureand arrive asuitablecorrection methods

3.1.1MEMS Sensor miseexperimentalinvestigation

Sensor noise is by far the most obvious and prent source of error directly
DULVLQJ IURP WKH VHQVRUYYV SK\VLFDO HOHFWURPHFk

A direct and unfiltered measurement of a MEMS ADXL327 sensor gutpotvn in
figure 3.17, exhibiteda typical 1/f characteristic andratherprominentpeak aust
under 50KHz matching WKH &YV L Q Wrehuedy Ohid- @PeRkHN the
frequency howeveis both out otthe 100Hz seismibandwidth of interestand at-

72dB, of noreal concern aftdow-pass filteng of the raw signahas taken place.
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Figure 3.17 Sensor noise frequency spectrum

The miniaturization of mechanical structures witlinese MEMS devicesnakes

their moving parts very susceptible to mechanical noise resulting from molecular
agitation. Oneg if not the main source of such nagige Brownian motion where
molecules ofthe surrounding mater and gas collide with the mistctures to
produce a random motion. Unlike traditionafger scale sensors where the noise
floor is chiefly dictated bythe amplification stage and the front end elmuts, in
MEMS accelerometerthermemechanical noise can be very prominent anchast

casegshe limiting factor in the resolution attainable
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Since many environmental factors within the device can be considered constant,
such as the molecular densitigisgas and silicon structurethe mechanical noise

due to the agitation of molecules can be estimated by considering the effects of
temperature on the mobility of the molecules.

As seen earlier, th@rrangement of thmoving parts within the accelerometan be
thought ofas a mass (m) on a spring of constant (k) system, with mechanical
damping (R).A fluctuating force :B; would thereforeresult in a motion with

displacement (z) ashown inequation(3.6) below.

o @v_ @V o
§:4 L1 o F4=FGV ; Uy

The resistive forc€R) on the system dictates that any motion of the mass will decay
in time, but also necessitates that angvementof the surrounding structures
gasewill alsoresult in somenotion ofthe VHQVRUYYVY LQHUWLDO PDVV

Consideringthe Equipartition heorem, theaveragekinetic energy of an atorat
thermal equilibrium is equal té » 8 where(T) is the absolute temperature gifgs

) is the Boltzmann constaniewtonian physiciowever,dictates thathe kinetic

energyof a mass (m) and velocity (v) ggven by

S
— |

S
*th R6L—tlkl'€EI-"{3ERﬁo LUK

where R &R & are he orthogonalelocity componentsand each componentust

therefore contribute to the average kinetic energi by6

Fromthepotentialenergy of a masspringthen the mean square displacement

resulting from thermal moleculagitation can bexpressed as
S ~ .. S
—tGN“aAL—t-»G >? LUy,

where A Aepresents the average spectral densityeafcross all frequencies.
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For any mechanical resistance, the spectraiteaf a fluctuating force, in
accordance with Nyquigfy 5SHODWLRQ FDQ EH VKRZQ WR EH

(L¥v-,64 0 ¥ V? LU,

whichis equivalento the Johnson noise of a resistaoEatedoy the therme
mechanical vibration of tnmedium interacting with the free electrons within the

medium.

For the massspring system representatiasf the accelerometer, mathematical
analysisof equation(3.8) yields a relationship between thermechanical noes
density(NDy,), resonant frequendy&, masg(m), damping(Q) and temperatur€r)

of the sensor as follows:

§v-»6n

0&g L '3 >C ¥4 V7?2 ug;
8@U C " . H

b

ol

Where 3 L—.aE.and i L udr;

Q.

It can be seethen from the above analydisatin a MEMS accelerometesensor,
most terms arpre-set by the fabrication proceasdthe only variableavailable with
regard tonoise densitycontribution is temperature Theoreticaly then as the
temperature approaches absolute zero the noise dehsityd also tendowards

zeroin a nonlinear fashion.

It is worth noting that larger mass would then result in lower noise, pointing to the
fact that bulk machined accelerometers hbetter noise characteristics than their
surface machined counterparfdtering other factors in order to increaQewould

also benefit the signal to noise ratio at the expense of increased ringing at the

resonant frequency.
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3.1.1.1Experimentainvestgation of temperatureeffects orsensor oise

As the MEMS sensor noise is not onlgf thermomechanicabrigin, but also
comprises Johnson noisshot noise etcin the internal signal conditioning and
sensing circuitsit cannotexclusivelybe defined by guation 3.9alone. In order to
experimentally asses the noise characteristics otoheplete MEMSsensor over
temperature, adest circuit was designed affiabricatedas depicted in figures 31
and 3.1%elow.

M1

+3v GND G__I_
vVOoO—e

— ST Xout f—— -

SW1

GND Yout |— A
L] 1R02K ADXLMODULE 2 BL\’C 3 RL

- S/W SMT 3MM 100R

Y-OUT

R3

1.0K

GND

Figure 3.18 Circuit diagram of sensaroiseinvestigationcircuit

ADXL325

S Adg421

kADXLGZS Module

Figure 3.19Physical assemblgf sensomnoise investigatiomircuit

A quietbattery supply and a large amplification the amplifier stage was thought
essential in order for small variances in signal amplitude to be obserableyer,
exposure of the circuit teven unexceptional temperatures dowrbi revealed
rapid and exponential decrease in noise, albeit not reewifent by direct voltage

output examination, as depicted inurg 3.20 below.
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Figure 3.20direct sensooutput atrest and atlifferent temperatures

Statistical analysi©ioweverof the threevoltage outputrendsof figure 3.20, yielded

remarkable diferences in the noise content of the signals over the three different
temperatures.

Statistical info Vout5°C | Vout 17°C Vout 19°C

Standard Deviation| 0.0012389| 0.001241625 0.001294403

Range 0.0070588| 0.007215686 0.008235294

Sample Variance | 1.535E06 | 1.54163E06 1.67548E06

Table 3.1 Statistical analysis dhe output trends of Fige 3.20

Table 31 contans the results of thetatistical analysig€onducted orthe wltage
trends depicted in figur8.20 The studyreveaéd a standard deviation increase of
16.7%, which is representative of noise power; an increase &6 th2sample
variance, and a 1.2mV gk increase in the range of the signal, as the sensor
temperature increased in temperatinoen 5 toa 19 ¢ ambient Furthermore, the
increase ofboth noise powerand noise peak to peak voltagger temperature,

exhibited a rather sharp exponential tremd shown in figres 3.21 and 3.22
respectively.
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Figure 3.21Standard deviation of sensor noise over temperature
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Figure 3.22Noise range over temperature

In instrumentatiorterms, if the sensor output was to be amplified and digitised by a
16 bit ADC over the range ofrl0V, the noise increasm operationat 19 by
comparison to operation at@, would be equivalent tsacrificing the 3 least

significant bits (LSBs) to noise.

Operation at very low temperatures could thereforerbeffectiveway of reducing
the noise content of the signal directly from its source.
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3.1.1.2 Experimental investigation of differential-Bkial excitation fornoise
reduction

In an attempt tcexplore alternative additional methods of reducimgse at the
output of the sesor, furtherexperimental investigation and analysisaoly potential
relationship between theand y aitputs was conducted. Figures 3.23 and 3w
the unfilteredand simultaneously sampledand y outputs of the sensat rest or

zero acceleratiomput.

X axis sensor output (V'
S
5
o
5
o
§ 0 0.005 0.01 0.015 0.02
3 time (s)
Figure 3.23x-axis sensor output no excitation
y axis sensor output (V)
S
5
o
5
o
S
[%2]
c
QO
(2]

Figure 3.24 y-axis sensor output no excitation

The assumption behind this investigative apprgaelsupposethatsince the sensor
benefitedfrom a single wafeconstructionand the electrdns of each channeVere
thereforein very close proximity,at leastsome proportion of the totaloise, other
than thermomechanicahould exhibitommon mode characteristids should then
follow thatthe utilisation of two channels at 4f® the diretion of the acceleration
vector shouldhaveresuled in a pseudo differential voltage output proportional to

the acceleration, with the noiseaammon mode, as shown intige 3.25below.
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Figure 3.25Differential excitation of sensaxis

Standard differential signdandlingshouldhavethereforeresuledin an amplified

signal with much reduced noise content.

Although one sensor IC would have to be used for each instrument axis (2 sensor
channels per instrument axis), the advantageoise reduction at the soura®uld

by faroutweighthe additional overhead in cost and complexity.

Somesections of theacquiredsensor otput signalsaredepicted in figurs 3.23 and
3.24 did indeedappear very similaespeciallywhenclosely examied in segments,
as depicted n figure 3.26 Casual assumptions of patterns, phase shifts and

inversionsobserved could be easily maake follows;

——Xx axis Vout (V|

sensor output (V)

-0.004 -
-0.001 1.1E17 0.001 0.002 0.003 0.004 0.005

time (s)

Figure 3.26x and y axis output segment comparison
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Segment A could be interpreted as two signaith vantiphase low frequency
content, but phase shifted high frequency common mode noise content, whilst
segment B could indeed be interpreted as two signals where one is inverted and
phase shifted, also implying common mode content. Segment C couldrbassee
two in-phase signals with much common mode contatihough all of the three
aforementioned observatiomgerefrequently encountered within tlmtputsignals,

there was no single effect dominancecessitating the inevitable conclusion that
there vas not any notable common mode confenndbetween the x and yoise
output signals of the sensdn. addition mathematicahssessment vieorrelation of

the two signalgevealeda rather low consistent figure €d.165 or below, further
supportingthe noiseindependence of the two signalsd the little usefulness of the
differential braxial excitation approach.

3.1.1.3Conclusion on sensor noigevestigation

As noise can bene ofthe main limiting factas of sensor performancany methods
employed to minimise the effects of noise on the signale crucial. The
experimental evaluationf sensor noisén this chapter has shown an exponential
increase of noise with increase in ambi¢gmperature, and a characteristit
frequencyresponse Further, apeak atthe internal clock frequencglso became
evident, albeit outsiddne bandwidth of interest.

Noise coupling from the power supply to the seror alsoproduce a significant
detrimental effect on the sensor sigrad,the supply noise rejectiofi the MEMS
sensors is rather limited by comparison to amplifier standards. Effelgieeupling

of the supply rails and a quiet and stable power source are of extreme importance
since the sensor output is ratiometind thereforehe accuracy of any adeeation

measuremertanbedirectly affected by any supply voltageegularities.
3.1.2Experimentalinvestigation ofon- demandsensordynamicresponse

Any sensor or system employed to measure a physical property will be default
impart some alterationotthe original due to its inherent nperfect response.

Knowing the relationship between the input and the output of such a sensor or
system is therefore essential if the original signal measured is to be correctly

defined.Although the static or steadyase performance of a system is incredibly
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important for accuracy and long term performance, when dealing with fast changing
signals as is the case with seismic waves, the dynamic response of the system is also

of vital importance to the quality of the dadcquired with such a sensor.

7KH PDQXIDFWXUHUYY WHFKQLFDO GDWD RIIHUV YHU\
of the MEMS sensors, but alludesadlat frequency response from DC1®GKHz

without the use ofan external filterlt further states thahis useful bandwidth can

be reduced with an external capacitor to grodadming a lowpass filter with the

internal resistor, in order to benefit from the increased signal to noise ratio of the
more restricted bandwidthsAcquisition of a VHQV ByddgM¢ response
characteristicss typically conducted on a vibration platform able to sweep across
frequencies irthe bandwidth of interesinaking theacquisition ofthis information

by these mearfsom a sensor in the fieldndon demandmpossible.

3.1.2.1Sensor Frequency response acquisition via electrostatic frecussvesp

excitation

Most MEMS accelerometers are equipped with a test pin wipoh the application

of a voltage an electrostatic force is exerted onto the internal inertial mass, forcing it
to deflect in a certain direction, thus producangoltage outpubn all sensing axes
This test pinwas experimentally found to beternally buffered with a aoparator

of threshold voltage a little belo@V, presumablyto deliver a predictable response
and avoid interference due ¢éaternalspuriousnoise.It was empirically discovered
however that it wa possible to excite the inertial mass via this, oy applying a
square wave oincremental frequencies order to attain a frequency response of
the inertial masspring systemThe resulting frequency resporfsowed a typical
massspring characteristic curvas shown in figre 3.27, with the addition ofan
atypical dip betweea frequencies 1.5 KHz and 3 KHz. The otherwise perfect
frequency respuse acquired by the excitati of the self test pin confirmete fact
that theinternalinterfacing electronics of the test pirddot limit the frequency of
the input signal within the bandwidth of interest
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Figure 3.27Frequency response of sensa &lectrostatic excitation utilising the test pin

From the experimental results of fige 3.27 a flat response from DC to5lKHz
was evidentfollowed by acharacteristicesonant peak at 3.9 KHZhese findings,
althoughvery closeto the manufactureff V. F O D & BséfuRunfiltered bandwidth
from DC to 1.6 KHz were neither uniform nornonattenuatedio 1.6KHz. In
addition to the rather unexpected lower frequency respanseak resonance was
observed a#.9 KHz, which wa rather lower than thB.5 KHz specified in the
datasheeiConfronted with the above findingfiet manufacturer has since confirmed
that the internal conditioning electronipsoducefiltering of the output witha -3db

at 1.6 KHzlow pass characteristic, thualidating both the unchracteristic dip

observatiorand the shift of the resonance peak to a lower frequency.

It is conclusive from the above results that tinigut canbe effectively utilised for

the derivation of the frequency response of the sensor, and the wider electronic
system, withouthe aid of a mechanical vibrator, in the field and on demand. The
ability to acqure WK H V \Yayuemty Yesponse means that in part at least, the
validity of the instrument datzan be guaranteed over long term.

3.1.2.2Sensomwoutput dthering via high frequenclectrostatic excitation

Furtherfrequency responsexperiments showeithat forcing the mass to oscillate at
frequerties higher than 4.5 KHz resultédregions ofunstable behavioubut still
within the typical characteristias depicted in fig 3.27. However, afraquencyof
6.1 KHz,the mass appearéd regain sthility and the output exhibited sinusoidal
voltage ofamplitude54 mV peak to peakwith a mean DC offset 686mV from the
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nominal no excitdéion zero g.While powered from a3V supplyand at a position
orthogonal to the gravitational field GLUHFW PHDVXUHPHQW RI WKH
voltage outputconfirmeda value of 1.5@V, which wa within tolerance of the

typical half the supply voltage levéd mean DClevel of 1.44V was witnessedpon

the subsequemtpplication ofa6.1 KHzinputsignalto the test pin.

Sinceany mechanical excitatiaof the sensocan be thought of as a superimposition
on the electrostatically induced.1 KHz signal, the 6.1 KHz signal coulbe
successfullyutilised as a form of ditheringdowever, since thdypical sensor
sensitivity ofthe ADXL325 is 175V/g, thechange in zerg offset by-86mV due
to the dithering signalequats to a loss of 0.49g in dynamic range.The
superimposingeffed of the electrostatically induced dithering on a mechanical
vibration signal can be seen in figuré28 and 3.29 below, depicting a vibration

signal with and without the dithering signal enabled respectively.

1534 -
1532 -
1530 -
1528 - —
1526 -
1524 -
1522

Sensor output (mV)

0 0.005 0.01 0.015 0.02
Time (s)

Figure 3.28Mechanical vibration without theringenabled

1532 +
1530 +
1528 -
1526
1524 -
1522 -

1520 . . . .

0 0.005 0.01 0.015 0.02
Time (s)

Sensor output (mV)

Figure 3.29 Mechanical vibration witl.1KHz ditheringinjectedvia the test pin
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Such means aflithering can provide substantial benefi®vided that the loss of
dynamic range is acceptable for the intended application. Although thiéwada of

the resulting dithering signal is larger than normal, it could be of benefit to the
acquisition of seismic trends, especially in the capturing of the very low frequency,

low amplitude adulations, sometimes present in seismic signals.
3.1.2.3Sersor dynamicresponse acquisition via electrostaiticpulseexcitation

It was envisagedhatan impulse response representing the characteristic behaviour
of the device could be derived, if excitation of the test pin was achieved by a narrow
enough pulseapproximating an impulse with respect to the system. Such a

characteristic response should be similar to one acquired if the sensor was

mechanically actuated.

Whilst a mechanically actuated responseuld suffer from various errors and
inconsistencigsanelectrically derived impulse response could provide a much more
precise and stableharacteristicln additon VXFK GLUHFW GHULYDWLRQ |
responseould provideanon-demandsystem dynamic responshkaracteristic in the

field, without the ne@ of any specialist laboratory equipment.

It is widely accepted thatng linear system such as thiwhen within the linear
range of operationcan be thought ofas having a output yg) which is the
convolution of its input xf) and its impulse responséhsuch that;

1 2?5

UJ; LD XTI LI DGTJFGLI DGTJFG uB S
b@? | [l

where JLré&sdd Fsand/ L Os EOgF swhere 05 =J @¢ are the lengths
of the sequences: G = J @: G respectively.

The ablity to derive an on-demandthe impulse response h(kf the instrument,
KDYLQJ DFTXLUHG WKH GHYLFHYV RXWSiKpMsigndl GXH W
x(K), could lead to a numerical derivation of thaginal earthquake signat(k),

containing minima instrument distortion. The requirement of-ctnvolution of

course presents a mathematical challenge which is better dealt with in the frequency
doman 5HSUHVHQWLQJ ERWK WKH LQVWUXPHQWIV LPS.
data y(k) in the frequencyothainvia the application of thedstFourier Transform
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(FFT), de-convolution could then be performed the direct division of %Zin the

frequency domainconstituting deconvolution in the time domainSubsequent
application ofthe inverse T on the quotient should in theory resut in an
undistortecearthquakenput signalx(k).

Extensive experimentatiodeterminedthat apulse of3V, with a pulsewidth of
20 B on the test pinvas optimum for the pulst be assmed as an impulse by the
sensor. The sensor outptgsultingfrom the application of such an impulea the
test pin, resultedn a typicalimpulse responseharacteristic aslepicted in figire
3.30 below.

3.50E02 +
3.00E02 -
2.50E02 -
2.00E02 -
1.50E02 -
1.00E02 -

5.00E03 -
0.00E+00 A Prihin e,

T T v Yoo T T 1
-5.00E03 - \J/ \\,/
-1.00E02 - '

-1.50E02 -
0  0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018

time (s)

252B

Sensor output (V)

Figure 3.30 Sensor impulse response via the use of the test pin

The succesful and accurate in situand on demandlerivation of the impulse
response of the sensor and the wider systermdeed incredibly valuabl®r the
long term acquisition of undistorted data, especialtpri remote systes with

potentially changing chartaristics over time

Further, he impulse responseharacteristiccan beutilised to more accurately
ascertain the resonafrequency of the sensor or systeas shown in figre 3.30.
Direct calculation of the resonance perfooim the impulse responsgs2 B in this

case, resultesh a much more accurate figure of resorfaafuency of 3.97 KHz.
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In addition, further systen evaluation or confirmation coulde obtained from the
sensor or systenf required by the acquisitionof the step responsgerivedby the

integration otthe impulse responsas depicted in figre 3.31.

Further, a frequency response could also be derived from the impulse response by
acquiring its FFT already depicted in fige 3.27, without the need to provide

frequency sweep featurasthin the instrument

0.9 -
0.8 - N ——
0.7 - \/
0.6 -
0.5 -
0.4 -
0.3 - 252B
0.2 -
0.1 -
0 T T T )
010 0.0005 0.001 0.0015 0.002 0.0025
time (s)

Sensor output (V)

Fig 3.31 Integral of sensor impulse response

It should be notedthat due to the unknown unit impulse functiomhich is
proportional tothe actual force exerted by the electronics dht® inertial mass
within the IC, the stepresponse coulthe usedas asteady stateeferenceto aid
scaling.

3.1.2.4Sensophaseresponsaleterminationvia frequencysweep excitation

Dynamic representation of any system also requires knowledge of its phase
response, which is particularly impant in seismic datas it eventually determes

the location of important features on the seismograontunately, thisanalso be
acquiredvia the electrostatifrequencysweepingR1 WKH VHQ V,Radiby WHVW
measuring the comparative time delay bedw the inpuexcitationsignaland the

sensor output.

Conversion of this delay to angle for every imoental frequency experimentally
measured, yielded logarithmic scalgphase characteristic as depicted iufeg3.32
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below. The most interesting aspeof the phase response characteristic acqused i
of course the phase distortion within the 100Hz seismic bandwidth of intersst. It
evidentthat any signal frequencies nearing the 100Hz point would incur a phase
shift of as much a&.58q The fact thathis phasecharacteristic is by no means linear

is of no surprisesince the impulse response of the system derived earlier does not
obey a leftright symmetry. However, aloser study of the phase shift within the
seismic 100Hz bandwidth, fige 3.33, revealeda rather linear phase to frequency
response within the bandwidth of interestth the exception of a small anomaly

possibly due to measurement tolerance.

1 10 100 1000 10000

3 ~
15 \
\

25 +
30 +

\
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45 *

Angle (deg)

Frequency (Hz)

Figure 3.32Sensor phase response derived via test pin excitation

The discovery of theappmrentphaselinearity within the bandwidth of interest is of
course of tremendous importansince the only difference between a zero phase
and a linear phase respme is proportionality in delay.nlterms of real data
reconstruction thereforethe relatve phase relationship within the signal, and

therefore its shape and relevant time delays stillaccurately preserved
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Figure 3.33 Sensor phase respormsagnified segment

3.1.25 Sensomon demand dynamiesponsealeterminatiorconclusion

thasEHHQ VKRZQ WKDW VSHFLILF DFWXDWLRQ RI WKH \
for binary verification of operation by the manufactuamn yieldfrequencysensor
characteristicsypical of amassspringsystem. i cantherefore be assumed that this

respnse is purely due to the internal mechanstalicture of the sensorwhen

operated within the 100Hz bandwid#émd partly due to the lowass behaviour of

the interfacing electronics that contribute to a flat response from DC to 1.5 KHz.

7KH VHQVBdd ¥t feebudi®ies higher than this appears to be strongly
dominated by the mechanicatructures but alsdhe internal electronicswhich

further impart strong attenuation and phase effects t/theQVR UV RXWSXW

While high frequency excitation has pesvto produce a suitable dithering effect on

the sensor signahblbeit at the expense of dynamic range, impulse excitation has
demonstrated thatlatively accurateémpulse and step responses cobédobtained

on demand. The latter of course is of greaQd I LW VLQFH WKH VHQVRU
LQVWUXPHQWYV G\QDPLF UHVSRQVH FDQ-deHardFFXUDW
in order to be used for the-@genvolution of the acquired data, and therefore aid the
reversal of any inevitable and undesirable effecizanted by the instrument on the

original seismic signal.
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3.1.3Experimental investigation of an linear sensorresponse

Otherthan the manufacturer specified non linear resp@®eeralother factors can
influence the apparent linearity of the sensomastemming from manufacturing
configurations whilst others can be dependent on environmental fadtors.
seismographic applicationshere accelerometers are used to acquire motion data,
such small linearity errors or interferencesan become rather promemt after the
necessary double integration process, and usually manifest themselves as sizeable

displacement offset errars
3.13.1 Experimentainvestigationof potential sensor hysteretic behaviour

Any high accuracy sensor would not only possess pliasarity over frequency,
but also inherent directional sensing linegréggnot to contaminag the pureness of
the sensedsignal with hystereticor other nodinear behaviour.Testing for such
behavioural attributes took the form of a high accuracy nmecabplatform able to
rotate the sensor noise investigation platform about an orthogonal to gravitation axis

a full 360gas depicted in figre 3.34

Figure 3.34Mechanical rotational platform

Accurate control over rotation was accomplished wigearassembly with an input
to output ratioof 1:250 &RLQFLGHQWDO DUUDQJHPHQW RI WKH
axis of mechanical rotation, ensured minimal direct gravitational interference with
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the x axis output. Orthogonally to thiand in a rotationalplane parallel to the
gravitational field, he V H Q \WWRhdlz\axe served as the measuraraler different

anglesof rotation.

Figure 3.16 below showsa diagrammatic representationtbé sensoplatform with
the yaxis at initial position ofT= 0. Roation around théorizontal to the groung-
axis as indicated by the arrow is termed positiveshould be noted that in this
configuration, since the x axis remainpdrpendicular to the gravitation vectos it
output also remainedt zero Only the z ad y axis wee variably influenced by
gravity depending on the angle of rotation. At the initial positleerefore both x

and z axe wee at zero g, while the y exoutput wa +1g.

-

y
9

Figure 3.35Sensor on rotational platim a initial position

Rotating the platform such that the sensyagxis spannedrom Oqgto 180qgwith
reference to the gravitation vecttausedhe yaxisto experiencen acceleration of
+1g at the O gposition and-1g at the 180qposition The graphin figure 3.17 below
depicts the yaxis voltage output faa Clockwise (CW) rotation from @to 180gand
the Counter Clockige (CCW) rotation from 18fback to Og Whilst difficult to
observe, the line in thiollowing graph is not straightut bowstowardsthe ends
hence exhibiting a nelnearity. This norlinear phenomenohowevercannot be
termedhysteretic since both the clockwise and counter clockwasaltingoutputs

are coincident.
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Figure 3.36y-axis voltage output for 180 ¢rotation and backo zero

Repeatingthe experiment for a full 36@rotation first clockwise ad then counter

clockwise, yieldeda y output sinusoidal inature The results othe y axis voltage

output, for both CW and CCWdirections are shown in figure 3.18 below.

Expecedly, a non hystereticresponsecan again be observedsince both CW and

CCW trends fdbw near identical paths
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Figure 3.37 y-axis voltage output for 93600¢rotation and back to zero
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3.1.3.2 Experimental investigation of sensor crass interferace

Curiously however, the appears to be a lack of symmetry betwtbenparts of the
curve 0go 180gand 180to 360.This can bébest VHHQ E\ 3IROGLQJ" WKH FX
an imaginary vertical line at the 18@oint, as shownn figure 3.19 below. The

resulting sigmoid is evidently not due to hysteresis.

1750
1700 i
1650 E
1600 :
1550 :

180q

1500
1450
1400
1350

1300 T T T T T T
0 30 60 90 120 150 180

Mirrored Angle (deg)

—— Vout (mV) CW
----Vout (mV) CCW

Vout (mV)

Figure 3.38Folded yaxis output along the 18fine

Further exemplification of this effect can be saefigure 3.20 belowwherethe y-

axis voltage outpus mapped aoassthe acceleration due tpavity.

Vout (mV) CW
—Vout (mV) CCW

Vout (mV)

-1 -0.5 0 0.5 1
Acceleration (g)

Figure 3.39ExperimentHly derivedy-axis output with respect to g
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The curvein figure 3.20 exhibits a consistent symmetric elliptical characteristic

mostly exaggeratedaty = 0 g. At theseoints of course, z =rl g depending on

whether Tis 90qor 270q Since theMEMS sensos considered in this worlare

fabricated using a single polysibn micromachined structyr@and the fact that
PDQXIDFWXUHUYYV GDWD Vceoddatid Isehsitiwiyevenis sitdge HQFH R
axis MEMS devices,the evidere strongly suggestthat any crossxis coupling

would bechiefly mechanicain nature

If the ideal y output was to beathematically plded over the 36@rotation and
back,using thesensitivity derived from the experimental datawvould result ina

straight line ashownfigure3.21 below.

A O O O O
O O © © O

Vout (mV)

O g O© G
O O O O (@

-1 -0.5 0 0.5 1
Acceleration (g)

Figure 3.40Expected calculated output ofaxis over a @ 360 gotation and back

7KH PDQXIDFWXUHUYV GDW DaMiK seHoWivity @f bh&vgarticWarK DWW |
device is 1%. Calculating th&% contribtion of the z axis which is 90qout of

phase with ypver the same 36fand back rotation, and simply addingdtthe ideal

curve of figure 3.21, resuls inacurvedepictedin figure 3.22.1t is evident that the
derivedcurveof figure 3.22bears a digtct similarity to the experimentallgerived

curve of figuire3.20,albeit less elliptical in shape.
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Figure 3.41Calculated output of y axis with the addedxis 1% crossxis contribution

Following the originalconcepthowever,that the crossxis irterference occurs at
the seismic madsvel, affectingthe primary electronic terface circuitry within the

MEMS IC, any output, z and y in this case, can be expressed as
VAl L ..."&;5E 8 Tudt;

Where S is sensitivity in mV/g8,js the zero g bias voltagend Tis the deviation
angle from the gravitational axiShe output at y withan addedl% contribution

from z canthenbe expressed as;

.haE{r;
{r;5 £
srr

de ud Yy

UL .."&5 E

It should be pted that onlythe y-axissensitivity 5 is consideredas the crosaxial
coupling of zto y is considered to bpurely mechanical. This mechanical coupling
resultsin a displacement in the y axis, which in turn is added to the actual y axis
displacementand subsequentlyterpreted by the y axis electroniahich employ
the y axis sensitivity.

>Srr...q;, E...'saE{r; 5

el L ST E 8y U\
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It thenfollows thatonly the zero g bias voltage occurring at fhaxis output stage

shouldbeconsidered

Vout (mV)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Acceleration (g)

Figure 3.42Mathematicallyderived yaxis output compared with experimental results

The resulting grapbf the matheratically derived y outputtilising equation 3.14s
shown in figire 3.23 in dotted red, whilst for comparison, the actual experimgntal
output data is shown in solid bluelt can be observed that although the
mathematically derived data is of appropriatepe, it yields a graph of narrower
characteristic than the experimentdata suggestsincreasing the crosaxis
sensitivity of the theoretical model to 2% yieldgraphwhich closely matches the

experimental dataas depicted in figre 3.24 below.

It can therefore be concluded that the MEMS sensors considered for this work do
not exhibit hysteretic or other classical Horear behaviours, however they do
appear to possess a cr@sgal interference which manifests itself as a -tinaar
characteristién a real three dimensional sensing environmkig. believed that the

most likely cause for this phenomenon is small variations in the spring constants of
the springs supporting the inertial mass into place as a result of the tolerances of the

manufactiring process.

~ 111~



Vout (mV)

1
-1 -08 -06 04 -0.2 0 0.2 0.4 0.6 0.8 1
Acceleration (g)

Figure 3.43Mathematically derived-gxis output with added 2% creasial sensitivity

3.1.33 Cross Axis interference theory development and experimental verification

As depictedin figures 3.25 and 3.26elow, the MEMS springs are flafprings
manufactured from polysilicon and therefore can prodboth tensile and
compressive forces during extension and compression respectively. Small
differences intheir spring constant will affect the motion of the inertial mass not
only along the foce axis, but also to a smaller extent lateralbo

Spring to mass connector

Flat polysilicon corner spring

Figure 3.44SlicedMEMS IC under microscope showirmprner springstructure
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Figure 3.45 SlicedMEMS IC under microscope showing inertial mass suspension structure

Figure 3.27 shows a typical implified diagrammatial arrangement of a seismic
mass M being suspended toyir corner springs. The moving massable tocreate
differential capacitor circuits with the fixed plgHV &,[D [ & \in &a&%and
y axis respectively. The orthogondl Y arrowsindicate thedirection of positive

output with respect to linear displacematung that axis.

% X
78BN

o ) | e

\< | — y
oy 7
N %
Figure 3.46Diagrammatic arrangement of inertial mass suspension

Assumingthat due to etchinga small inconsisterycexists betweeithe stifnessof
the springs anthereforeone of the springs, depicted with bold lines, is marginally

stiffer than the other three. A for¢a) applied in the direction ofyf would then not
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only correctly produce a movement in tiHg) direction, but also a lateral
displacement due to the opposition of the stiffer sptimgsresulting in a composite

displacement along the vecioy as shownn figure3.28

Figure 3.47Inertial mass displacement vectaredto uneven spring compression

This lateral movement wilinevitably manifest itself as a positive output on the
axis. Similarly, if the direction of the forcé) is reversed, the cros®upling
contribution due to the stiffer tension of the sprindgl pioduce an opposite lateral

movement, and yield a phantom negatiwexis output as showm figure 3.29
below.

Figure 3.48 Inertial mass displacement vector due to uneven sgeimgjon

It is evidentthereforethat anyrandom mismatcin the constants ahe suspension

springs will always result in a lateralovement of the seismic massd therefore
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crossaxis sensitivity will dways exist in all current reahonideal sensors

regardless of how many axis they areatap of measuring

Since the output of any axis is proportional to the acceleration acting upon that axis
and shows no hysteretic behaviour, calibrating out this effect should then be possible
by simply evaluatingthe amount ofcrossaxial coupling andhe sensitivity for each

axis.The voltage output of the x andayis cantherefore beepresenteds follows:
Ta L S#s E S# % E8ue Tud W
WL S# ES#% E8u LU X

Where 5; & are the sensitivities of x and y axis respectively in m¥fy] #: &

are theactualaccelerationgxperienced by the sensing axignd y respectivglin

g. The terms 8, «88,3; are the zero acceleration bias voltages on the x and y
outputs, and the letter C denotes CrAsgl Contribution constant with the first
subscript letter defining the contrilig axis whilst the second th&ectedaxis. For
example %; is the contribution thaz has on ya value 0f2% or 0.02 in the case of
the graphin figure 3.24 The simultaneous equatiol¥s15 and 3.16an then be
simply solved in order to obtaerctualacceleration values on each axéséd on the
voltage outputaneasured For examplethe acceleration along theaxis can be

derived as follows

5 %e kW F 8;,5,0E 5 k8ysF Ty0

0 #. L
0 T 5.5 1% % TF s,

udy,

In a real seismic wave acquisitiapplicationhowever, onevould of courseneed to
considerthe effect on all thredimensionalcomponentsDescribing each output in
terms of the other twgields three interdependent equatialescribing the vaoage
outputs of each axiss follows

WL#HS E8ui E%i#eS E% #5 [UB {;
VL # 5 B8 E%ifeS E%i# S udr;
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Since the earlier experimentarrangement isolatedhe xaxis in a plane
perpendicular to the gravitatiahvector, #; can only acquirehte value of zero
Furthermore, acceleratio#; can be readilycalculaed from theknown deviation
angle of the zaxis to the gravitational vectand its sensitivityor every equivalent
measurement of.ylt then follows thatthat equation3.19 expresing |} can be

simplified to yield
UWL#HS E&QuiEMm#S ‘uds;

The corrected output} sof U, with any crossaxis couplingremoved should then
bethe measured} output minus the calculated cross axial interference term of the z

axis %; #; 5 imposed on the y axis, as follows:
Wol WF 9% #35 udt;

Applying equation 3.220 every point of measuremeuoitthe arlier experimentally
derived yaxisoutputdata U (figure 3.20) the calculated z axis acceleratiém and

setting %; to an accurately measuredlue of1.8, yieldsa y axis correctedvoltage

output U ¢exhibiting an excellerinear responsasshownin figure 3.30below.
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Figure 3.49Mathematically correctedxperimental-axis output using equation 3.22

Having derived a mathematical model representing the voltage outputs of each axis,
andhaving proven by experiment that the model can indeed be used to reverse the
cross axial interference on each output, acquiring the true acceleration experienced
by the y axis in this case, could then simply be donesgranging equatiod.21as

follows:
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LLéF84UiF%‘|#i5
5

Examination ofequation 3.3 reveals that the true acceleratio#y experiencd by

the sensor in the girection, can easily be derived as all the ®on the right hand
side can be known8,;;;, 5, and %, can all be readily measured, whilgt can be
derived from the measured, data. It should be stressed that although the equation
for <, contains the tern#; and ha&ce the very eceleration to be derived, cress
axial interference is primarily mechanical in nature and therefore it is only the force
created by the external acceleratitimat creates the cross axis interference
phenomenon in all axigherefore the accetation on each axis @nly a result of

this externalforce. In other words, the acceleration experienced by each axis has as a
common source the external accelergtemmd therefore the acceleration experienced
by each axis does not endlessly crosapk with the other twaxis thuscreating

more inertial mass displacements in an infinite ever increasing loopvéatyisact
deems the simultaneous equations solvable and valid by experiment.

#

‘udu;

Extending thisidea to a three dimensionakpace expressioa for acceleration
experienced by each of the three saxanthenbe derived by simplyawriting the
three initid equations3.18, 3.19 and 3.28s follows:

#a L1 F %s# F %at ‘udv;
#i L ; F%l#e F%, #,’ Tudw
#I' L <F%I'#é|:%l' #i Tudx;

where : L @U?II—OE‘A L Iw)i#apand <L @pll—oaA

It follows then that the acceleration acting on each axfg, # and#; can be

calculated by thderivedlinear correction formulae 3.27, 3.28 and 3u2%w.

L k% % F %, 0E; :sF %:%;; E <1%:%: F % ;

‘ SF %e%; E %e%r E %e % %: F %e %, udy;
# k% %; F %s OF <% E : |
e L Udz:
s F %%
#i L <F %i#e F % # Tudq;
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3.1.3.4Sensor Cross Axis interference conclusion

([SHULPHQWDO LQYHVWLJDWLRQ LQWR WKH VHQVRUYV
to supporthatthe crossaxis interference is indeed the chief source oflnozarity.

Unlike previous reseah [98], the results presented herein demonstnatevidence

of anyhysteretic or otherwise classicanlinear behaviour exhibitely the sensor

'XH WR WKH DELOLW\ WR GLUHFWO\ ®éirleyidlert WKH D]
crossaxis sensitivities, the mathematical correction formulae derived are of
significant importance when attempting to reconstruct true acceleration data trends

from sensor measurements acquired in a real three dimensional environment, where

crossaxial coupling to strong orthogonal components is prevalent.
3.14 Temperaturerelated errors

In addition to having a direeffect on sensonoiseas described earlislemperature

variation contributes adversely adher crucial characteristics of sem performance

[99] [100], such as theero g biawvoltage output of the sensavhen no acceleration

forces are acting upon it. As shown inuig3.32extractedl URP WKH PDQXIDFW X
datasheethie zerobias voltageof the xaxissignificantly decreases witlinincrease

in temperature.

Figure 3.50 Voltage output over temperatuf@urce ADXL 327 datasheét
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Typically, within the range of O to 50 &, a7 mV decrease 08, ;is evidentover
the eight devices tested atieeir outputdepicted in figire 3.32above.lt should be
noted that the y axis zero g bias volta8g;; exhibits an inverse characteristic to
that of the x axis, showing an equivalent increasevaitage with increase in

temperature.

Preevent trend averagingnd AC couplingemployed bysomeseismographstend

to eradicate this issyespecially as temperature changes are slow to occur, hqwever
other temperature related @s are much harder tmanage in particular sensor
sensitivity changesThe manufacturer states a change in sensitivityOo®1 % per

&, therefore a feasible 5@ temperaturehange in the operating environment of a
seismic instrument, equates tor@.5 % change. The sensity of a typical sensor
could therefore change as muchmasrly r1 mV/g over themodests0  operating

temperature rangsonsidered, potentially resulting in significantly erroneous data.
3.1.4.1 Temperatunelated errorsconclusion

Although zero g bis drifts tend to be crudely alleviated by some seismic instrument
manufactures via the utilisation of AC coupling and therefore the creation of
unreliability of low frequency datagthers employ a 60 second averaging of pre
event data to derive a bias nefiece. The latter of coursdso diminishesany low
frequency adulations often present in seismic signals, or small immedisteegorte
seismic artefacts below the trigger thresholhich inevitably get averaged to
produce an erroneous zero bias refereagy deviation from the true zero bias
reference would of course result in exponential error due to the double numerical

integration necessary to derive displacement over time data.

Temperature compensation could be utilised, but the unknown and ictgioksl
true nature of the effect of temperature on the bias and the sensitivity of the sensor,

would make this inappropriate for high accuracy measurenretiis field.
3.15 Investigation ofFabrication based errors

Package misalignment, that is thegaiment error between the IC package and the
sensitive axis on the silicon die,qsotedby the manufacturer to be the region of

rlqg Small as this might appear, this inherent to the fabrication process
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misalignment can producggnificant errors in masurement due to thesultant
dynamic coupling between the axighich cannot beeadily resolved bysimple

instrument calibration.
A Package y axis

»
»

Silicon y axis

Acceleration vector
parallel to packge y axis p

Silicon x axis

» Package x axis
Figure 3.51MEMS package tailicon die misalignment

Figure 3.33 depicts such a misalignment @ single plane, with the angle of
misalignment- exaggerated for clarityAn acceleratiorvector Din parallel with the
SDFNDJHTV \ D[LV ZLOO UHVXOW LQ DprpoinddtdbH RQ W
D...'& and similarly an x voltage output proportional tdUe <«0&aSuch an
inconsistency couldbe thought to beeasilyresolved by calibratigngiven a simple
coplanar model such as this, howevextrapolation ofthis model to three
dimensions, andonsderation ofthe complex nature of seismic waves, exhibiting
both linear and rotational motionwould indeed result in a mathematical
impossibility, since linear and rotatioal componentscannot bemathematically
separatedin addition, other crosaxis efects such aghe cross axial interference
reviewedearlier, would furtheradd to the complexity of anyodelrenderingany

attempt orcrossaxis couplingcalibrationsimply notfeasible
3.1.5.1 Fabrication based errors conclusion

Consideration of a copflex motion containing both linear and rotational
componentseven in two dimensionshould very quickly indicate that since a
rotational motion can generate parasitic linear motion artefacts, as discussed in the
introduction of this work, distinction betwa true linear and linear artefacts caused

by rotations proves impossible. Thagdition of multiple sensorsor even the
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addition of rotational sensesuch as MEMS gyrgswould beof limited useas a
correction methodologyThe rather smalldistance between sensors within the
instrument would by comparison to the potential distance of the instrument form the
centre of rotation be far too small to produce results opaagtical useMinimising

this effectfrom the outseis therefore crucial for the accgiiion of accurate seismic

measurements.

3.2 Analytical evaluation of front end electronics

3.2.1 Filter phase and atteration investigation

As briefly discussed ithe beginning of this sectipthe necessity of an ardliasing

filter prior to the digtization of the sensor signal could present hidden artefacts in

the digital data if not thought out carefully. Classical electronics theory dictates a
minimum sampling frequency of twice the maximum frequency content of the signal

of interest, however thiNyquist point, is a minimum.

As most, if not all seismic instrumentstilise a simple RC filter for an@liasing
purposes the rather slow rolbff of the skirt presents an issue with the low
attenuabn of the unwanted frequenciesok sothe use othis type of filtertends

to push the3dB cut off frequencyBjto severaltimes the bandwidth of interest &m
attemptto minimise the adwse effects of phase distortion within the 100Hz
bandwidth.Althoughafilter can be easily designed by defig a minimal distortion

in the attenuation of the signal over the 100Hz bandwidth, satisfying the low phase

distortion requirement is much harder.

A low-pass RC filter with a cenff frequency of 100Hattenuates the signal by
3dB by design, however inpartsan impressive45 gphaseshift to the signal. The
design of the front end filter therefore shoblelpredominantly governed by phase

and sampling rate criteria.

Figure 3.34 shows that in order for the filter to exhibit a good plechseacteristiof
just -0.5gin the 100Hz bandwidth, it requires a cut off freqeye of 10KHz, as

utilised by the exceptional seismic instrument detailed in se2tfn
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Figure 3.52RC filter phaseover frequency characteristic

Although such a cut off frequency perfectly reasonableigitisation ofthe sensor
signal using a 24 bit ADGyould requirenoise frequency clearance downaio LSb
of -144dB.

S
tr HHKIWFSp Fsvv@ $ Tuair,

However,the RC ILOWHU TV D-BfSafidiy X Galde OfRIOQ dB at 100 GHz.
This of course does not directigcessitata sampling frequency ofd® GHz, as it
would assume very high frequency noise of fdhle to be present in the signal, but
serves as good indication that eonsiderablyhigher sampling frequenaypanthe

one dictated biNyquistwould be required when digitisinggsals from sensors such

as MEMS accelerometers, which inherently exhibit a white Gaussian noise

characteristic, contributing equally to all frequencies.
3.2.11 Filter phase and attenuatiatonclusion

The simplicity d an RC filter as means of baflichiting the sensor signal may
indeed apeal to many instrument manufacturers, however the limitations of such
filters when solely employed for bandwidth limitation prior to digitisatroake

them inadequate for the acquisition of high quahigh resolution seismic data.

Although many moder instruments boast 24 bit resolution and wide frequency

bandwidths, the employment of RC filtering at the first stages of the front end
electronics aids to only corrupt the sensor signal irreversibly, rendering any
subsequent active and digital filterimgeffective for the provision of high quality

undistorted seismic data.
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3.2.2Investigation ofoffsetsand drifts in thefront end electronics

Voltage offsets in the amplifier stages of seismic instruments, be it for active
filtering or simply for bufferig the signal to the ADC, are largely dealt with by
seismograph manufacturers via the utilisation of highest precision components.
While this is indeed a significant step towards the acquisition of accurate and long
term stable data, the limitations of ewvitie highest precision amplifiers prove to be

simply inadequatéor the high resolution data required by seismic instrumentation.

Typically, precision amplifiers have an input offset voltage in the region of 25 to
500R/. Special zero drift devicewith internal chopper architectures boast offset

voltages down to B/.

Whilst this is a superbly low offset for an amplifier, consideration of the

requirements of a typical isenic instrument could prove challenging.

Assuming the use of a MEMS sensor poweredal®y stable source, without any
requirement ér amplification;an ADC resolution of 24 bitaould dictate a Least
Significant bit(LSb) of 0.18R/, a figurenearlya tenth of the best offset achievable
by any amplifier. Asuming areasonable amplification dhe signalin orderto
provide an inpubf 10V maximumto the ADG would increas¢he LSb of the ADC

to a 0.6R/, and still below the best offset provided by specialist amplifiers.
Similarly, a boost of the ssor signal to 20V, which is very much the liraft24 bit
ADCs, would imply an LSb of just over B/. Although the lattemight initially
appear as a rather appropriate solution, in order for the signal to be amplifiea from
3V to a 20V useful range, an amplification of at lesisttimeswould berequred.

As this amplification can only berovidedby an amplifier, a skfold increase of the
DPSOLILHUYV RIIVHWbeiRe3anD d-HoZfRtXeBUBindi® dhRoffset

of at least @V at the ADG which of course is six times larger than the ABCSb.

Further, ageing effects of the amplifiers and the passive components utilised can
produce long term drift effects in the range of several tens of mvoits in the

useful lifetime of the instrument. In addition, temperature changes would alsd impa
drifts in the values of the analog components, making any attempt to zero the

offsets by calibration inadequate in the long term.
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Any gains within the analagg front end will also be affected by drifts and changes
of the passive components, a featwbkich would directly affect measurement

precision.
3.2.21 Investigation of offsets and drifts in the front eoeclusion

An analysis of the requirements and challenges presented by modern seismological
instruments has revealed that simply relying ornt lsesnponents and practices in
order to achieve high resolutiand long term stableneasuremestis indeed of
limited use. Even though instrument calibration could help minimise offsets in the
front end, the continuous alterations that take place due émg@nd due to
environmental factors such as temperature and humidifke the suppressioof

these sources of error by calibration alanattainable.

3.3 Evaluation of digitisation errors

Quantisation and aliasing errors although important and shouldabefully
considered in any digital system design, are indeed very well documented and
extensively considered by instrument designers. As detailed earlier, most
seismographic digitisers almost always employ a 24 bit ABi@ilarly, sampling
frequencies areormally chosen to be several times the Nyquist criteriith
typically five times to be an accepted standardgfmod quality signal reproduction

in the digital domain A sinusoidal signal therefore, sampled seven times its own
frequency, as shown inig 3.34 would be expected to @equeely reproduced in

the digital domain.

Although true according to Nyquish terms of shape retention and absence of
aliasing, a periodic pattetmowever is evident on the amplitudes of the peaks of the
sampledsinusad.

The graph in figure 3.34 arranged such that the minor grid lines on thexig
represent the quantisation level of the ADC, while the minor lines on-thesx
represent the sampling period, in this case 250 Hz. Since the signal depicted here is
a real sinusoid of frequency 34.7 Hz, its period of 0.02881 is marked by vertical

dashed lines in redRed circles on some of the peaks indicate the highest sampled
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values, which appear to occur every fifth cycle. The amplitude difference between
the highestand the lowest peaks is many orders of magnitude greater than the

guantisation levekherefore this phenomencamot berelated to ADC resolution.

Figure 3.53Sampled signal exhibiting digitisation errors

&RQVLGHULQJ WKH UH O D \perietd@f B.6P88Z-ardth&\siirhplig. J Q D O
period of 0.004sthe signal period is 7.2 times greater than that of the sampling

clock. Although this dictates that no aliasing should be present, it also dictates that if

both the sampling clock and the signal weoincident such that at time zero the

sampled data was that of the absolute peak of the signal, the next peak of the signal
would not be sampledt its maximum valu@s it would occur 0.2x0.004s aftes

nearest sample. Similarly, the following peak wowldcur 0.4x0.004s after its

nearest sample and so forth, until near coincidenceld beachieved on the™

peak of the signalSince both the signal and the sampling clock are periodic, the
resuling phenomenon is also periodic, producing peaks in thgplea data every

5" cycle.

Although this occurrence is clearly demonstrated by the digitisation of a single
frequency sinusoidal complex signal would almost certainly mask its existeltce.
is evident from the above, that a seismic accelerograph, edrepiveral times its
maximum frequency in order to satisfy the Nyquist criterion, could still undergo
sampling distortions, which depending on the start and end points of digitization,

would most certainly produce exponential errors in the resudisgjacement trend.
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3.3.1The Quality Preservation Sampling (QPS) criterion
Considering a perfect sinusoid of the form
UL #OEtEBP ‘udl s

where A is the signamplitude and f is the frequenadytilising an ADC of N bits
resolution, with voltage reference span &fg yolts to digitise this signal, would
dictate arLSb of the ADCas follows

&gu

.5>L
> t¢Fs

8KHPO Tudut;

The differential of tle signal would of course yield a cosine with a maximum at t=0,
indicating amaximum rate of change of the signal at t=0. At the point therefore that
WKH VLJQthde frahsizers8dhe LSb level

UL#OEEBPL .5> Tudl y

yielding a minimunmQuality Preservation Samplingyiterion time of

.5>
ReiL <3| =B Ul v
t#e

It can then be concluded, that in order for a signal to retaab#slutefidelity, the
sampling frequency must be at minimum
BeiL > Tudw
1T R '
Application of the QPS criterion requires only an estimate of the highest frequency
and amplitude of the signal, since the ADC resolutiod aoltage references are
usually predefined or constrained by design and availability.

The signal of figure 3.34vhich was sampled with an 8 bit ADC over a voltage
reference range of 10V, would therefore require a sampling frequency in excess of

14 KHz inacordance with the QPS criteridar its characteristics to be preserved.
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3.4 Soil dynamic effects

Up to recentlyseismology was concerned with the effects of linear motion along the
three orthogonal components, x or E@stst, y or NorthSouth, andz or Up and
Down. Soil however is not a uniform mediumor is it constant. Its properties of
elasticity for example depend on moistuaed its dynamic response to vibration

depends on consistency and frequency of vibration.

Liguefaction is such one extr&e dynamic characteristic of saturated soil, where
under certain circumstances it behaves like a liquid duaimgearthquake, thus
allowing any structures upon it to rapidly sink into it.

3.4.1 Dynamic and static tilts

Since surface waves can be of larggphtude with wavelengths spanning to several
tens of meters or more, it is only logical to accept that the very surface of the Earth
not only undergoes linear displacements due to seismic wave propagation through it,
but also experiences tiltsetweenthe troughs and peaks of the resonance. In high
magnitude earthquakes, near field instruments can be significantly affected by these
dynamic tilts to produce rather inaccurate seismic @iH4] [102]. Furthermore,

local afterevent tilts could be permanent due to the actual displacement of soil mass
in the area where the instrument is locateds causing a permanent misalignment

of the instrument.

Since surface waves tend to mainly cause rotatiortheisurface of the soivery

much like water waves do on water, it is assumed that the z axis of the instrument
therefore would be most affected. Evidence however suggesteetiatitely large
rotations caralsobe experienced orhé plane parallel tche ground, as shown in

figure 3.35below.

~ 127 ~



Figure 3.54 Rotation of obelisk after the 1897 Great Shillong Earthq8kerrce: Report on the
Great Earthquake of f2June 1897Mem. Geol. Survey India, vol. 29. (from figure 1)).

Although one might corregtlassume that rotations round the z axis are no different
to rotations around the x ¢ axis coplanar to the groundijth respect to the sensor,
these can indeed be perceived rather differently.

Figure 3.36below depicts a senswith two sensing axis xr@l zat rest at an angle

of - to the vertical z reference.
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Figure 3.55Vertically misaligned sensor

An accelerationDapplied along the vertical reference would be interpreted by the sensing

axis of the sensorsatwo orthogonal componentsk and U which from basic trigonometry

equate to:
Tudl X

M

)
%oe[JéLU-<¢6; udly,
The obvious result laes no surprisehowever it dictates that tilts on the z axis are
by far less corruptive to the z sensing asignalthan they are to the x t¢iney axis
signals In order to quickly and visually autify this, fig 3.37below depicts the
standard sine a@hcosine graphs. A sensar rest and in perfect alignment with the

vertical reference would therefore be experiencing a zero degree tilt. Any tilt
causing deviation from the zero axis of reference would as discussed cause a

alterationto the sensingengivity of the axis.

It can be seen from the graphs below, #rat smalldeviation about the zero angle

of reference produces dramatically different changes to the sensitivity between the
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sin(x) and co$x) dependent axes, wdhi clearly indicates that the axis is rather

tolerant,while the x and y axeare considerably sensitive to even small tilts.

Figure 3.56Gradients around @f Sine and Cosine graphs

3.4.11 Dynamic and static tiltsonclusion

As reviewed earlier in this work, there are ncame of calculating and excluding the
effect of tilts in order to derive pure linear-&xial seismic data. The complexity of
motion alongside the restrictions of the instruments does not fdlave resolution

between linear and rotational components.

Another factor to be considered is the asymmetrical behaviour of the ground. Since
soil is a normuniform mixture, seismic waves travelling across underground rock
formations or sand deposits will behave differently to when travelling across a more
uniform day substratd103] [104]. Sensors therefore positioned near underground
boundaries could in theory experience an asymmetric oscillation dependant on the

direction of the waves with respect to thaspion of the sensor and the boundary.

Considering for simplicity a vertical oscillation of a sensor near an underground

boundary, as shown in figure 3.B8low:
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Figure 3.57Sensor near underground boundary

With a seismic wave propagating from sandy to rocky soil, a change in the shape of
the wave would be expected amongst other artefacts such as reflections etc. Very
much like a water wave reaching the shallows, an increase in amplitude over the
rocky subsoil wald create a non uniform vertical motion for the smm On the

arrival of the wavdront, the sensor would be accelerated upwards and tilted by the
smaller in amplitude surface wawdescribing a motiomepresentedy vector U,

Once the wawdront is over the rocky substrate, its increase in amplitude would
create a sharper wave edge on the downward motion thus creating a larger tilt during

the negative acceleration part of the sensors motion, as represented bydyector

The above phenomenon would inevitably introduce almaarity in the form of
mechanical hysteresis as it wouldonsistently generate larger upward than
downward acceleratiomeadings, leading to sizeable offsets in the velocity and

displacement treds post numerical integration.

In conclusion, tilts can and do play an important role in seismic error generation in
more ways than originally anticipated. Their measurement and consequent
corruption of seismic data has been known for over a decade, éGowevmethods

exist to date enabling their isolationtbeir useful integrationnto the seismic data.
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3.5Conclusion

The identified possible sources of rer were both mathematically and
experimentally examined in this chaptéfith the utilisaton of the primary MEMS

circuit and the precision sinusoidal vibration platfornt, was confirmedthat the

direct use of a MEMS acceleration sensor for the measurement of seismic data, with
or without primary filtering inevitably results in erroneous displacerndata after

the necessary double numerical integration.

A detailed examination of the sensor itself identified numerous sources ofeleor
to corrupt theseismicsignal before it even exits the MEMS IC.

Sensor noise is by far one of the most obvioussea of error and sensor resolution
limitations. It exhibits a Brownian noise characteristic spanning the entire spectrum
and contains some artefacts from the internal clock albeit significantly attenuated
and at frequencies beyond the bandwidth of intei®@snsor noise dependency to
temperaturgalthough widely documented and mathematically evaluated herein, did
not reveal tk true magnitude of this dependency until experimental investigation
revealed a sharp exponential increase of sensor noise retatimgcrease in

temperature.

An attempt to attenuate the sensor noise by utilising common mode rejection in the
form of braxial differential excitation proved that although some noise should be
common due to the shared wafer between the channel electriti@iasorcommon

mode micromechanical noise by far exceeds any common mode noise content that

might be present.

The test pin, present on most MEMS accelerometer sensors fobirlaey

confirmation of their operation, was successfully utilised to gain \s&isor

dynamic response information, enabling thesiton and ordemand acquisition of

the frequency, impulse, stegind even phase response of not only the sensor, but the

wider instrument. Such information of course can be used to reverse the effects of
WKH LQVWUXPHQWYY HOHFWURPHFKDQLFDO G\QDPLF |
by means of deonvolution in the frequency domain.
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Further use of the test pin also showed the ability to dither the output signal with
some loss of dynamic range, shouldé necessary to monitor very low frequency
and amplitude adulations which may cause errors in the zero g bias voltage

evaluation.

Experimental investigation on the sen$ofinearity did not show any signs of
hysteretic behaviouhowever it revealed anontlinear effect stemming from cross

axis sensitivity due to mechanical coupling between the channels. The extensive
mathematical evaluation and the subsequent derivation of formulae for the
correction of this phenomenarere experimentally proven in theability to derive

true and uncorrupted by this effect acceleration data from each channel.

Further sensor limitations were investigated, such as the effects of temperature
fluctuations on sensitivity and zero g bias voltage. It was shown that the b&r®e g
was quitesusceptibleto variations in temperature in a ntmear fashion and in
different polarities between channels, making its removal by calibration rather
inefficient. The sensitivity change due to a variation in temperature could be one of
the several key sources of hidden error as it dirdatiyactsthe precision of the

acceleration measurements.

Finally, sensor die to package misalignment was examined to reveal that correct

sensor to instrument alignment from the outsegitéd to acquirirg uncorrupted data.

The frontend electronics also contribute to potential errors in the form of amplifier
offset errors, component agejrad thermal drifts. An examination of these sources
of error revealed that current common practice and the utiisati best available

components is simply not adexja for the attainment of errfnee seismic data.

Environmental factors other than temperature and humidity also influence the
accuracy of data, and the much discussed issue of dynamic and static gtsund t
during a seismic evemwas investigated to show that not only it affects the direct
accuracy of the readings, but it also affects different channetsfferent ways,
depending on their orientation. It was further shown thaturoformity in soil
composition could produce a hysteretic behaviour due to the alteration of the shape

of the surface waves across underground boundaries. Suelnean effects of
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course contribute to asymmetrical datahich in turn results in exponential

displacement trendrrors due to the cumulative effect of the integration process.

In conclusion, manufacturers have been attempting to pro2diét resolution,
high accuracy seismiagnstruments,by solely dependingon the quality of the
componentsused and theefinementof databy subsequent linear FIR filtering,
whist completely ignoring the very prominent sources of error stemming from

within the sensor itself.

Although few seismic instrument manufacturers have employed more effective
front-end electronicsolutions such as active filtering and evemulti channel
averaging, the latteonly aid to smooth ovef the fundamental sources of error,
which left uncorrected from the source, cannot be corrected by any means further
down thedadaacquisition line. This study cly identifies the rather prominent
shortcomings of current seismic instruments gmwposes methods for the

improvement oficquisition of seismic data.

To this effect, this studgerves as guidelineof specifications demanded of a novel
benchmark semic instrument,with the ability to acquire precise and repeatable

data in a real environmerandover very long operating periods.
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Chapter 4
Realisationof the HPAGSensor

In the previous section of this work, andepth investigation of & challenges
encounteredby the accurate measurement of ground acceleration datatsand
subsequeniprocessing to precisioground displacement over time, highlighted
several sources of error currently not tackled by current seismic sensor technology.
It was shown that these range from internal to the MEMS package drifts,
misalignments and nelmearity, to the challenges of the freehd electronics in

terms of noise reduction, filtering, signal preservation, and long term stability
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Figure 4 Specification diagram of HPAGS sensor base on error analysis
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A careful reevaluation of these erroserval as an accurate specificatiomodelfor

a high precision instrument, for which a system le@fjram is shown in figure. 4

In addition to the error sources depicted in the requirements system diagram above,
environmental factors suchs aemperature and soil dynamitsd to also be
consideredn the design of a high precision instrument.

4.1 Electonic Systems

The HPAGS sensor is intended to be a smart and active seismic sensor unit able to
interface with a variety of digitisers for the acquisition of undistorted seismic data.
To this effect, the device considered herein, does not encompassscaaodit
methods for the digitisation of the signal, however, as seen earlier, novel correction
algorithms and linear FIR filtering of the data is provided for the correction,

derivation, and evaluation of accurate displacement trends.
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Figure 4.1HPAGS systm level diagram

~ 136 ~



A top level system diagram of the HPAGS sensortedacs is presented in figure
4.1, believed to present a set of realisable novel solutions to the challenging

problems identified in this work.

All control signals between the micomntoller and appropriate peripheral devices
such multiplexers, DACSs, sensor electrostatic excitation, and interfacing electronics,

have been omitted for clarity.

With the sources of error identified throughout this work in mthi novel sensor
topology amedto systematically address them all in the hope of acquiring superior

quality seismic data.

HPAGS sensor electronics compdde/o MEMS accelerometers, one for the x and

y sensing axes, and a separate one for #vesz Although the ADXL327 is a ti

axial device, the manufacturing constraints and consequently the inferior
performance of the-axis of the MEMS sensor, matlee use of an additional sensor
essatial. Vertical mounting of thedditional MEMS alloved for its x or y sensing

axis to be used faz-axis acceleration measurement.

The front end electronics wee arranged as to eliminate the use of an external
capacitor in conjunction with the internal to the MEMS resjsigrproviding a very

high impedancénterface. This servetb neutralise theftects of a high impedance

source and also alled the instrument to be unaffected by any changes in the high
tolerancesource resistor. Instead, a tstage bespoke BessBhompson active

filter circuit aidedto attenuate high frequencyise whilst acclately retainedhe
VLIQDOYY DPSOLWXGH DQG SKDVH FKDUDFWHULVWLFV

As the front end electronics weneevitably going to be subject to component

changes due to ageing and environmental variation, closed loop correction and
evaluation systems were devisesdRUGHU WR DVFHUWDLQ WKH LQVWL
its lifetime.

For any electronic circuit comprising active components which introduce gain, the
knowledge of the precise valwé gain and offset at the time of the acquisition of
data is essential. Simpiypeasuring the output of a channel as means of deriving
offset might appear a sensible approach, and indeed most manufacturers do just that,

however the output of each channel is a product of both gains and offsets, and the
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two cannot be considered asumified offset error. While true offsets arising from
the active components of the instrument could simply be negated-datat
acquisition, changes in gain in the freanhd electronics directly affect the sensitivity
of the instrument, and can lead to sesiousinterpretation of data. For example, the
ADXL with a typical sensitivity of 420mV/g coupled to a circuit with a gain of 3.3
would yield an instrument sensitivity of 1.386V/g. With the most accurate available
resistors of 0.01% tolerance used for tlesign, a gain error of 13%/g would still

be possible from the outset, and subject to unpredictable variations over time.

In order to put this into perspective, the digitisation of the HPAGS sensor output,
digitised by a 24 bit SigmBelta convertor ovea 10V output rangeyould havean

LSb and therefore a resolution of nearly 0 which is already half of the gain
error. Multiple gain tages within the instrument woutif course add to this error

and multiply it yielding an error in the evaluationtbé seismic signal.

The electronics of the HPAGS sensor incorparae accurate voltage reference
which with the aid of a multiplexer (MUX}his reference voltage coub switched
through the front end electronics instead of the MEMS output, thusiafjder its
measurement and therefore the determinatiothe overall gain of the frorend
electronics. A problem howeveran arisewhen one considers that even the
precision reference itself has a voltage variation and tolerance gtbatethe
required resolutionof the instrument. This issue wauccessfullyresolved by a
further MUX on the output of the instrumerty which thke voltage from the
reference couldbe directly connected to the output of the instrument and therefore a
direct comparisorcoud be made betweethe actual voltage from the reference and

thevoltage resulting from the reference being fed through the front end electronics.

In most standard instruments, the offagsing from the MEMS accelerometer and
further exaggerated by theoht end electronics, is dealt with in the digital domain.
As reviewed in eamr sections, an average of greent data is collected and
averaged for the derivation of a bias reference. This referencenisub&acted

from the signal. This approach prdes for the allowance of errors, both from any
preevent artefacts and from possible quantisation errors prior to a double
integration able to exponentially exaggerate even the smallest of offsets. Further,

allowing the true vdhge bias in the analogu®ihtend to be offset in either positive
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or negative directionsignificantly reduces the dynamic range of the instrument as
saturation could be reached in eitherediron by a strong motion evenfo this
effect, theHPAGS sensor design incorporatectlosed loop high gain system and
offset circuitry allowing for the precise setting of the bias voltage to zero in each of
the three channels. This allowtat maximum dynamic gain and a trigger threshold
able to be set at very low levelsithout the fear offalse triggering due to drifts.
This method hadhe additional major advantage of allowing for true zero bias, not
requiring the use of prevent data or its averaging, thus eliminating any potential
errors associated with pewent artefacts and erroneounitial conditions of
integration, known to majorly contribute to the exponential errors so frequently

encountered in seismic data trends.

It was envisaged thahe completeHPAGS sensor woulth future be fabricated on
silicon and encapsulated alongsitie MEMS to provide an integrated solution on
chip. As suchthe electromechanical design coldd significantly scaled down via

the use of micrdearings and micractuators, resulting in ainified novel
electromechanical seismic sensor, complete witrntioelectric cooling for the
significant reduction of noise and the avoidance all errors associated with

temperature of drifts.

On the systentevel, the HPAGS sensor was designed to protiulee precision
output channels of analog acceleratiordata, whie rejecting and eliminating
environmental and internal sources of error via active electronic and
electromechanical circuits. Due to the smart and active nature ofethedy a
requirement for communication with the data acquisition system and wider
seignographic instrument existed, which svailfilled by means of Infrared (IR) and
visible optical transceiver A full IR RS232 serial link waincluded for the direct
communication to the embedded mi@antroller, and a binary visible range sensor,
for the signalling of a seismic event. The optical matof the transmission of data
was dictated by the restrictions posed by the mechanical structure requiring six

degres of freedom without the obstruction of cables.

The circuit of theHPAGS sensor with only one channel shown for clarjtys

depicted in figure 4.Below. The other two channels are identicad@siq.
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Figure 4. 2HPAGS circuit with only one out of the three channels depicted
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The signalchannel electronicef figure 4.2 were divided in functional sections
enclosed in dashed rectangles to aid their functionality description. The remaining
not enclosed circuit, comprises the micantroller with the interfacing electronics
to the channels, the electromechanical componendistrenoptical communication

ports.

Following WKH FLUFXLW LQ D ORJLFDO RUGHU, théRP VHQ'
MEMS section of the circuit is depicted more detail infigure 4.3 It is worth
noting that the Self Test pi@ of the accelerometer wamade availablefor

connection to the microontroller for dynamic response evaluation of the system.

In addition to he power decoupling capacitors C8 ardl7Can in serie with the
supply resistor R13 vgincluded in order to filter out any spurious ndisat might
be present near in frequency to th&B8z clock, or any of its harmonic&ince the
output of the MEMS accelerometer is ratiometric with respect to its supply, any
noise or variation to the power suppbould cause errors to thacceleration

measured.

+3V REF

iy

100R

c8 | C47 1
1uF 0F |
| U1

EST [> ST Vs
COMm Vs

[ R13

15
14

12

COM XOoUuT
Ccom
COM YOUT
ZouT

ADXL327

|co\|muw (=] (X}

10

V0g= 1.5V Vss=3V (1.3V-1.7V)
420 mVig (378 - 462 mV/g)
output resistance 32K +- 15%

Figure 4.3Detail of MEMS circuit
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The low pass RC filter created sipaided the attenuation any frequencies

above 1.4%Hz present in the power source.

The MEMS deviceas other crittal components of the circuit, wgowered by a
very stdle 3V referencesource generated by a high precision referend@ as
shownin figure 4.4below. It should be noted #t a 2V precision reference U9 sva
also used to provide accurate voltage referencetheé ADCs and to theutput
channels. Botlvoltagereferencesallowed for aninitial r3mV accuracy very low
drift, and exceptional noise characteristidslike the low power requirement of the
2V reference, the 3V reference servad a precisiorreference and as power
supply and wa therefore bufferetdy a unity gainstable power amplifier U25 of
matching characteristics in prsion.

+9v
+3V REF
? Ua T +9V
J 2 1 Vin A
Vout
—- 022—L c21 ——{ e Tin -
1uF | OAuF ADRA443 —L C20
% I 0.1uF
< = ceel L coe
1 — 1w 0AUF
- u25 +3V

2v Vref I: 0
+ 8 |
Ug -
OPAS51UA

Vin
4 Vout 5
_L C24_—I—_ C23 GND Trim f——

’2—‘/
| 10uF 0.1uF ADRA420 c25 g-,f
s 01uF
1

- - 1uF 0.1uF
-9V

Figure 4.4HPAGS sensor power supply and precision reference circuit detalil

\I

Although WKH UHIHUBQ FHJWRIUQD WG W KédnDiReESt@Odivd rise) 1V F R X
to alarger offset, the 3V supplgnly powereddevices not sensitive to variations in

supply voltage, whilst theensitiveMEMS sensorsvere powered directly from the

reference source The 3V reference voltagevas made available for precise
measuremertb thewider instrument, as it could in theory drift enougtettect the

validity of acceleration measurements.
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7KH 0(06 VHQVRUYV PDQXIDFWXUHU SURYLGHV WKUH
GHYLFHTVY VHQVLWLYLW\ GHSHQGHQF\ RQ WXaSSO\ YR
graphical format in figure 4.%elow, verifying atrue linear dependencyThe

derivative of this curve provides a value of sensitivity change due to supply voltage
change of 131mV/g/V. This rather large alteration in sensitivity indicates how great
dataerrors fromcurrentseismological instruments can be, as theynot employ

any form ofanalogue level correction methods.

550
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G
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3 300 o
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2 25 3 35 4
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Figure 4.5MEMS sensitivitydrift due tosupply voltageechange

Although the ADC referere within the micrecontroller wa also spplied via the
3V rail, a small change in the absolute precision of the meaansddguevalue dwe
to any voltage alteration woulibt beof significarce due to the exceptionally high

amplification of the signal prior to its input to the ADC.

The 2V refeence railcould alsoundergosmall variationsn its value, and although
it was used to supply the voltage referenof the DACSs, this variation wabf no
conseqguence since absolute value wsanot required due to the closed lawgture

of the zereg bias voltage correctionystem discussed in detail later in this section.

Following the signal path through the channleg¢ butput of the accelerometersva
fed to a MUX simply serving the purpose of switching either the signal or the 2V
reference to the ing of the channel. Thamplification and offset node wa
accomplished by the use of an instrumentation amplifier configured for a gain of

3.35. It should be noted that any offsets in any of the amplifier stages through the
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channelswere simply zeroed by thzereg bias offset closed correction loop and
therefore of no importance. The gain of the angglistage wa set by high precision
0.01% resistors R8 and R7in order to reduce gain variation in the channel.
However, since even such small variationsld@dampact the precision of the overall
instrument, a gain evaluation circuit discussed later smidaction, wa employed to

ascertain the absolute accuracy of the sensor.

The r9V supply throughout the circuit waderived from a battery source ensuring
very low noise.Any variation in the battery voltageould not cause any adverse
effects to the instrunme as long as it remainexdthin the normal operating limits of

the electronics.

The design of the active filter sectiatetailed in figure 4.6was alsoof crucial
importance since tould LPSDUW XQUHFRYHUDEOH HUURUV RQ W

both in amplitude and phase.

+9V

T
csaJ_ c52J_

1uF | 0.1uF |

C44 =

ADBSS9ARZ 3.3nF

U19'A ADB598ARZ

B IR ?l u19:B
— — +N R27 R26 . |\+
’;‘/_/ o oKk . | > i
cs3_1_ cs4 1 N

220F T 120F |

Zfb

Figure 4.6 Active filter circuit detail

The twostage active filter constructed using ultra low noise and ultra low distortion
dual amplifier AD8599ARZ labelled in circuit as U19:A and U19iB the channel
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in question ensuredhe highest signal fidelity. The hardwired unity topology of the

filter furtheraided the avoidance of any gdiased error distortion.

In order to preservéhe vital phase characteristics of the seismic signaless@&

Thomson configuratiowith a cutoff frequencyof 6 KHz wasselected

A direct comparison between the characteristics achieved by the RC filter utilised in
the current state of the art instnent, and the active filter used in the HPAGS

sensor, can be seen indigs 4.7and4.8 below.

HPAGS sensor
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Figure 4.7Phase comparison between HPAGS active filters and current state of the art instrument

The phase laracteristics shown in figure 4afe irdeed very similar in both the
active and passive RC filter cases, indicating that the design was predominantly
governed by the phase response. However, a comparison of their resulting amplitud
responsesas shown in figure 4,&learlydemonstrate the adantage the HPAGS

sensor presents in terms of noise rejection
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Figure 4.8 Amplitude comparison between HPAGS and current state of the art instrument filters

The output MUX positioned after the last filter amplifier and buffer, enalbed
selective connection of either the seismic signal or the 2V reference voltage to the
output. All the switching and multiplexg devices used in the circuit wee
specifically chosen as not to impart any distortions to the signal via attenuation or

via stray capadince.

It is important to note that there svan additional connectianade availabl¢o the
filtered output signal from the aote filter section, which serveds the feedback
signal for the auto zerq bias correction loopThe autozero offset bias cirgu
adjustedthe output of the HPAGS sensor to true zero voltage throughout the
channels, representing a zero acceleration sensed by tice.dBve feedback loop
comprisedthe micracontroller, which upon reception of an instructigia the
optical port, aquiredthe voltage of an output channel through the Bias feedback

error block shown in figire 4.9below.
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Figure 4.9 Auto-zero correction feedback loop detalil

In this sction a multiplexer U6 switchethe output of the appropriate channel,

under the ontrol of the micro U13, through a very high gain amplifier, tB}the

microo FRQWUROOHU YV s$&anfigured &skah RRC 2znput. The high gain of

201 of the amplifier, amplifiedAWKH HUURU RI WKH VHQVRUfV RXW:
zero, thus providinga resolution of 1%/ to the 10 bit ADC within the micro

controller, whichis better than half the LSb of a 24 bit ADx@at may be used to
acquire the HPAG VHQVRUfV GDWD

An input protection circuitD1, coupled toan RC lowpass filter proteced the
mico-FRQWUROOHUYV $'& LQSXW SLQ IURP RYHU YROW
frequency content allowing for an accurateasurementf the sensor voltageas

not zero, and error exet and the micro increasdtie voltage to the offset
adjustment node U3, inrder to reduce the erran a closed loop control fashion.

This was accomplished by the micamntroller by serially transmitting successive

correction values to the Auttero DAC U5, which in turn fed representative

voltage to the offset adjustment amfiplt U3. This operation continuedntil the

output voltge of the selected channel waso.

Since the zerg offset correction loop is a high gain closeddacontrol system,
instability was prevented by a twgtage incremental proportional control algun
within the micracontroller, which allowedadequatesettlingtime between control

steps before reampling the error.
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The action of the zerg bias correction circuit and contralgorithm revealeda
rapid 0.8V/s correain rate as depicted in figuAelObelow.
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Figure 410 $FWLRQ RI +3$*6 VZ&@ UdrréeLfion cretivaRd algorithm

The gain errormeasurement circuit elaboeat on earlier in this section wa
implementedthrough the control of the input and output multiplexers of each
chanrel, U5 and U# for the channel examined here. The switcléngbleda direct
comparisorbetweerthe 2V reference voltagand the voltage output of the channel
as a response w2V referencenput.

Referring to thecircuit in figure 4.2 communications we served by the optical IR

device U7, connected to the serial port of the mamotroller, while thevisible light
phototransitor, wa connected to the micte RQWUROOHUfV KLJK SULR!
allowing for a quick response to an event trigger fromatiter instrument.

The power control of the gyro motors and gimbal brakese switched by
MOSFETs Q1, Q2, and Q&onnector CONN1 wsaan onboard programming port

allowing for in-circuit reprogramming of the micrcontrollerasnecessary.

The dynamic resptse of theHPAGS sensor unit veaaccomplished via electrostatic

excitation by the application of an impulse or a variable frequency square wave
voltage to the self test pin of the sensBin 11 of the micracontroller wa

connected to the pins of both MEA DFFHOHURPHWHU VHQVRUVY VHO
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simultaneous and equal excitation of all three x, y and z channels of the instrument.
The impulse response of HPAGEHQVRUTV [ FKDQQHO LV VKRZQ LQ
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Figure 4.11Impulse response oftshannel @rived by electrostatic excitation

It should be appreciated that this is the impulse response of the whole channel

inclusive of active filters, and not just of the sensor.
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4.2 The physicallayout

The physical implementation of the HPAGS sensectronics took the form of an

ultra thin 0.5 mm 4 layer printed circuit board (PGB)shown in figure 4.12

MEMS X and Y sensor Gyro motor aperture

GND access pads «— X axis channel

+9V Suppl <«— Y axis channel

<«—— Xaxis output
Microcontroller. .
<+— Y axis output

<+—— Z axis output
Brakes control —, \

Power supply
Gyro control —— >

-9V Supply
MEMS Z sensor module \

Optical interfaces Z axis channel

Figure 412 +3$*6 V H Q &rbhcY phiysical layout

The highly compact desigenabled for low noise interference and small
mechanical gimbal assemblythe thinness of the board allowddr its easy

LQVHUWLRQ LQWR WK HdndaJu@tieUredcldn DukefxeigbttbFtheV V
overall platformload.
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4.3 The electromechanicalassenbly

The customdesignedelectromechanical assembly, precision machined to 0.1mm
toleranceout of aluminium and brasaspictured in figire 4.13, allowedhe sensor
electronicsa three dimensional rotationdécoupling from the measurement surface.
The gyros oriented in a perpendicular to each other arrangement, actively stibilise
the platform toa fixed celestial point thus allowing for the decoupling of any
rotational seismic motion from the otherwise linggound acceleration motion
vectors.(Detailed mechanical diagrams of the assembly can be found in appendix
D).

Ground terminal coupled to the mechanical structure.

Gyro +9V supply
motors
\ Brass gyro
mass
Retaining
endplates
Retaining Bearing and
endplates power supply
transmission
housing
Gimbal to
gimbal
connector
and
compression
screw Inner
gimbal
Middle
gimbal
Outer
gimbal
-9V suppl

Figure 4.13The Active GyreStabilised electromechanical assembly Brake pad
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4.3.1 The gyro stabilisatiosystem

Gyro stabilisationn itself is not a new concept since it has been in use for decades
in various formats for the aid of gyroscopic navigation instruments. Unlike these
instruments however, the gyro stabilised platform requirements for the HPAGS
sensor maksit a rather uniqa undertaking.

Gyro instruments can be broadly divided into compasses, where gravitational
biasing forces North to South alignment by means of regression, and gyro
stabilisers, mainly used in camera stabilisation units. Much larger gyro stabilisation
platforms exist, as those used in ships for the damping of the wave induced rocking

motion.

,Q DOO RI WKH DERYH DSSOLFDWLRQV WKH J\URVFRS
its ability to reasonably quietly provide enough angular momentum are of little
importance, provided that its size is also appropriate. In HPAGS however, its most
important characteristic had by default to be its ability to provide reasonable short
term stability, adequate for the duration of an earthquake, without producirag any
all vibration interferenceo theultra sensitivesensing elements onboardriginally
therefore, a smooth electromagnetic, liquid gyro drive was proposed for the purpose
of stabilisation of the HPAGS sensor electronics. The proposed gyro would have
utilised mercury as its rotating mass, and would have been driven by high current
injectors, acting perpendicular to strong permanent magnetis, ftelgs imparting a
resultantorqueonto the conductive liquid.

The stringent health and safety regulations/K universities and industrsequiring
rather elaborate measures to be taken for the handling of mewrdoytunately
prevented the construction and test of such an apparatus, therefore allowing only for

the use of conventional motors for actuation.

Conventiomal motorshowever generateenoughvibration during operation abléo
interfere with the very sensitive sensing electronics of the HPAGS platform. The
solution soughttherefore, was the design of a motorised gimballed platform
employing high speed motorsich light enoughrotationalmassesin an attempt to
push the frequency of theevitable motowibration outside the 100Hz bandwidth of

interest Although such a construction was countguitive in terms of angular

~ 152 ~



momentum, and therefoed the expensef long term gyro stabilityit wasthought
the only way availableadequateenoughfor the purpose oproof of the overall

concept.

The inner gimbal, encompassing the gyro assenmbjepicted in figure 4.14.

Bearing

Motors
Horizontal
Gyro
Vertical
Gyro

Figure 4.14 Gyro assemblydetalil

The gyro assembly was constructed in such a way as to have a centre of mass below
its rotational axis, thus able to self acquire the vertical gravitation vector without the
need of any active components. Further, the positive gravitational biasiuigl

enable the true North alignment of the platfovim the operation of the vertical

gyros alone.

The opposing nature of the vertical gyros enabled the cancelationiroftiging
torque, whilst it helped oppose the respective starting torque ofdbendly
energised horizontal gyro. Since the low centre of gravity aided the platforms
vertical stabilisation passively, only a single gyro was deemed necessary to avoid

oscillation.

In order to gain as much mechanical advantage, the gimbal arrangemgnt w
constructed from lightweight aluminium, while the high speed gyro masses were

machined out of brass.
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4.3.2 The power commutatiosystem
Resolving the mechanical problems however required a way of conveying power to

the very centre of the gimballed gtarm without impeding on its free movement.

A through bearing power transfer method was conceived and fabricated as shown in

an exploded view ifigure 4.15 below.

Bearing
Plastic housing
Bearing
Threadgd metal Metal inner  jnsert
outer insert insert
ﬁ"'ﬁ’/j
Large
Brake pad bearing Small
Plastic insert bearing
spacer

Figure 4.15 Throughbearing power commutation detail

An assembled osssectional view of the throughearing power ammutation

assembly is shown in figure 4.16.

The metal outer insert served electrically as a ground connection to the casing and
mechanically as a brake pad holder, but more importantly as means of agplying
compressive force on the opposing bearings in order to eliminate any vibration due

to internal relative movement.

The metal inner insert was used to covey power through to the small bearing,
providing a fully flexible means of power transfer without biting the rotational
movement of the gimballed platformhe plastic inner and the plastic bearing insert

allowed complete insulation from ground.
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The large bearing being in tight contact with the casing ensured a good ground
connection, while the bearirigsert was manufactured with a 1mm rim, in order to
ascertain the electrical separation between the large and small bearings, and
therefore between ground and power respectively.

Ground Insulation
connection Power

connection

Threadel

portion for
brake mot.lon Ground
and bean.ng connection
compression to casing

Figure 4.16 Assembled bearing and commutator detalil

The threaded portion of the outer insert allowed for the circular operation of the
brake pad, actuated via means of a shape memory alloy. Tethering holes on its inner
ring allowed for both the mechanical connection to the pad but also the electrical
connectionto ground. A small current passed through the shape memory alloy
would increase its temperature and force itapidly return toits shorter in length
original shape, thus forcing the pad to rotate and tighten against the bearing housing.
Removal of thecurrent would allow the alloy to relax and stretch under the tension

of an opposing spring acting upon the pad, thus releasing the brake.
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4.3.3 The six degree of freedom assembly

The assembled gimballed gyro system is depicted in figure 4.17. The noathan
arrangement allowed for the isolation of any rotational motion around the X, y, and z
axes, whilst directly mechanically coupling of the sensing eleictsp residing on

the inner ginbal, to any acceleration stimuli along these axes, naroglyy, and

U.

Outer inserton . o X
outer gimbal

for connection X SE 7l
to the casing \ Inner

Middle
gimbal

Figure 4.17 Six degrees of freedom gimbal assembly

The gyroscopic force created by the gyros was indeed adequate for short periods of
time, however, longer term drifts and mechanical biases would eveniniglifere

with the system, returning its attitude to a preferred state relative to the casing rather
than the celestial space. This was no doubt due to the rotational mass size
compromise made during the design phase in order to try and push the wibratio

noise of the platform to a higher frequency than that of the bandwidth of interest.
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4.4 Control and embedded software

The HPAGS being a microontrolled sensor, appropriate code was required for the
onboard micrecontroller in order for the variourrection and actuation algorithms
to be implemented. Further, Windowased control software was also required in
order to remotely communicate with the sensimus allowing for the emulatiorf a

complete seismograjhsystem.

4 4.1 PC Host InstrumentControl Software

The host softwaredevelopedallowed the remote control of the sensor, as if
incorporated into a complete seismograph solution. To this end, the control software
was able to instruct the sensor to activate the gyros;calitirate for biagrror on

all axis, activate and release brakes, and switch the references through the channels

and directly to the outputfor gain verification and correction.

Instruction Gyro control Instruction window and
buttons and status channel status panel

Figure 4.18 Bespoke Windows baseas$tinstrument control software

A screenrshot of the windows based control software is shown in figure 4.18.

~ 157 ~



In addition to status indication boxdbge user interface also incorporatadfull
commented instruction response window for clarity of operation. Further, an active
diagrammaticchannéstatus panel was alsoincluded, in order to provide clear
indication of input and output MUX status and DAC programmed voltage outputs at

any given time.

An additionalindicationpanelwasalsoincorporatednto the General User Interface
(GUI), which allowed for the status of the gyros to be viewedaaglance, thus
providing a fulloverallremote control system for the HPAGS sensor.

The control software was developed to take advantage of the available USB
connectivity by utilising a Virtual Com PortVCP) driver for windows thus
creaing D 3K D Q Ghe port WaRware. The use otU$B to Serial IC enabled the
serial communication between thWgindows control software and the embedded
microcontoller onboard the HPAGS sensaither optically or via a two wire

connection

The instruction protocol developed was basetheASCII character instruction set,

where each character would correspond to an individual instruction. The symbolic
representation of the characters was therefore ehsaitylled by he high level

windows software, while their numeric representation enabled the easier creation of

an instruction decoder on the3$*6 VHQVRUYV HPEHGGHG PLFURFRQ

The coddisting for the controlsoftware excluding objects and controls,included
in Appendix A.
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4 4.2 Embedded Software

The embedded software was developed in assembler and in a manner that allowed
the HPAGS sensor to function as a +eale systemA simplified flowchart of the
code is shown in figure 4.19 below.

Reset Vector Event interrupt
(Opto)

‘, |
Initialisation of
Interrupt

ports, clocks, . :
. servi@ routine
and peripherals

A\ 4
Release brakes,
end correction
algorithms, set

Y
Main loop <

—N |
sensor to
- Instruction > acquisition
> received?
mode

Y

A 4

Instruction
decoder

Y

A 4

Functions

Figure 4.19 HPAGS sensor embedded software flowchart
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On reset, or power uphe initialisation routine was designed to quickynfigure

the digital input/output (I/O) ports and set up theanaloguechannelsand thér

connections to the internal ADCheinternal clock speedas selectetbr fast code

execution (4MHz) and serial port compatibilifyset to a speed of 9600 bits per
second.7KH +3%$*6 VHQVRU zZDV FDSDEOH RI HQWHULQJ W
main loopin under 113 from reset, where it awaited for further instruction from the

wider system. Upon a valid instruction received, verified by the Instruction Decoder
section, the appropriate function was called and the instruction executed before

returning to he ready state.

Most openrloop instructions were deded and execetl within micro seconds.
Closedloop instructionshowever,such as autaero axiscorrectiors necessitated
hardware settling time allowance for stabili;md therefore requirefigw second to

complete.

The optically coupled event interrupt was designed to rapidly set the HPAGS sensor
in a normal acquisition mode, in the very unlikely event that an earthquake occurred

whilst the sensor was executing a correction algorithm.

The embedded testode developed is listed in appendix B, containing the core
functionality and function holders where necessary, as described by the flowchart in
figure 4.19.
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Chapter 5
HPAGSdsts and results

Experimental wlidation of some of the new corretion methodsdevelopedwas
demonstratedn chapter 3 and this chapter should therefore be viewed as an
extension to those results. Correction methods only theoretically derored,
requiringthe use othe full HPAGS sensaglectronic hardwareembedded stware,

and post digitisationmathenatical correction are experimentally evaluated and

presented in this chapter

The requirement for the followingexperiments to deduce theew VHQVRUTV
effectiveness inmproving the accuracy afeismic dataas well ago compare with

traditional and currenttate of the art instruments, coutthly be met bythe
methodicakevaluationR|I WKH +3%$*6 VHQVRUYV FRUUHFWLRQ SUL

5.1Sensor calibrationprocess

$ FDOLEUDWLRQ SURFHVV IRU W KHernaHbdractiernistic)R Q R1 W K
of course crucial to the acquisition @ny precision measurements, since it
guantifies WK H V Hp@rioRdrfceparameters including axial and crossixis

sensitivity.

Experimental derivation of these parameterguired that tb sensor andétont-end
electronics underwernésting infour specific spatial orientetns as shown in figure
5 below. The directiors indicated bythe arrows denotehe VH Q V L Q podiyél V 1

acceleratiorvectors.

U L Tz Ts
ravity (+1g < |
2)

1) (3) 4)

Figure 5 Spatialorientations for calibration

The orientations depicted in figureebsure that two out of the three sensing axes

experiencd zero accelerationwhile the third axis experienced +1gor a -1g
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accelerationslt should be noted thatue tothe perpendiculartWR WKH SDJH{V VX
z-axisorientation, the -axis didnot experience anglteration in its zero acceleration

state n any of thefour orientations presented

The precise rotational positioning required by the calibration process necessitated

the modifcation of he high accuracynechanical platform of figure 3.3th a
manner as taccommodate thelPAGS V H Q V R Udnits thGhértwal planeas

shown n figure 5.1below.

Figure 5.1 High accuracy rotational pfarm

Mathematical representations for the x and y outputs for the geradifatation
setup could theme derived via the use diie earlier deriveacquations 38 and

3.19 reproduced below for clarity.
Ta L #:5% E 80E %a# 5 E %t % UB Z

UL#S E8uyi E%i#:5 E% # 5 U {;

By dimination of the terms containing-axis acceleration duto the zaxis

perpendicular to the gravitation vector orientation

Ta L #:5% E 806 E %W # &

=
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WL #S E8ui E%i#S A

Whilst the above equations wouldhve been correct for outputs derived directly
from the sensor, the front end electronics of the HPAGS sensor intcbdud®/
bias offset to the sensor sigral the summing junctigrand subsequently, a gain
).=3.35 thus necessitatdtie alteration of equationsamd5.1in order tocorrectly

representhe HPAGS sensor unit as follows:
Ta L >#:5% E8u6E et & F 9o ;I

WL >#%5 E8u E%#:5;Fs?. v Th

In orientation 1 of figure 5#; L r and # gF stherefore the representation of the

y-axis output in this orientation

WL =F5 E8yi; Fs?o TV

Similarly, in orientation 3,#s L r and # gE s and thereforethe y output in

orientation 3

UL =5 EB§y;; Fs?o WA,

Direct measurement of outputd; and U, reveaéd values of 0.140V and 2.88V

respectivelyFrom equations 5.4 and 5.3 therefore
UL &F5 E8§yioFsg. Lr&vr:8; DWW
UL &5 E8yijoFsg. Lt&z:8; Ny Th

Solving the simultaneous equationsfirgt equating each to the common te@x;;

8103 L)L’3 EsES5 W
8401 L)E]EsFS AN
and subsequently to each other
F
5 LU7 L':L’er'a'vr{:SIC!C; W T

t)O
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The zereg bias voltage of the y axi8,;; could therefore be directly calcated

from equation 5.6
& L s&¥wrys; (5.11)

Derivation ofequations forTs and T, for orientations 1 and 3 respectively, using

direct measuremesndf the xaxis outputs, resulted:

Ts L K8y F %s 5:0F sgo L s&w8; TWE t;
since#s L rand # gF s

T, L &8s E %s 5 0F sgo L s&vv.8; TWE U

Similarly, orientations 2 and 4 yiedd

To L kB E 8,5:0F sgo L t&z:8; B
Tg L &kF5 E 83:0F sgo L r&xv.8,; TWE W
0 5% L r&rw:8eC; TWE X
e 8yl s&wws; TV Y,
Therefore
%s L rawvyu W& Z

Equaly, direct measurement of thegutput in orientations 2 and 4 proviiéhe

following mathematical representations of the outputs

WL &8y E%;5 OoF sgo L sé@avus,; TWE {;
WL &k8y; F%;50Fsg. L s&{:8; TWALT
0 %; Lrdasvys TWALS;

([SHULPHQWDO GHWHUPLQDWLRQ RI aibddonMidQ VRU TV
conducted at an ambient temperature off20andwith a supply of r9V. Since
PDQ\ RI WK Hpavam@er®re fxinly affected by temperatuaed supply

voltagevariations,all experiments wer canducted at the same temperature ahd
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the same supplvoltage. All subsequent experiments were also conducted in similar
environments and therefore utilised the correction coefficients derived in this

section.

5.2FIR Low-Pass 100Hz Filter design

In order toretain the amplitude and phase qualities of dniginal signal, the
+3%$*6 VHQVRUYY DFWLYH ILOWHUV ZHUoif av5k@21G WR S
To further bandlimit the acquired datan the digital domainto the seismic 100Hz

bandwidth a Finite Impulse Response Filter (FIR) was desigared inplemented

The filter requirements of sharp 100Hz-odit with high attenuation in the stop band
and linear phase response were satisfie@d baiserwindow implementation. The
amplitude response of the filtehown in Figure 5.Below,exhibitedno ripplein the

passband, andittenuation in exess 0f120dB in the 102Hz stepand.

Magnitude Response (dB)
T T T

.20 |~

.40 |~

-60 |~

.80 |-

-100 —

Magnitude (dB)

-120 —

-140 -

-160 —

-180 —

-200 — -

[ [ [
0.05 0.1 0.15
Frequency (kHz)

Figure 5.2Kaiser Windowamplitude response (fc=100Hz, fp=102 Hz)

The phase response of the filter, as depicted urdi¢p.3,alsodemonstrate@ good
linear phase charace’W WLF WKHUHIRUH UHWDLQLQJ WKH RUL

without distortion.
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Phase Response
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Figure 5.3 Kaiser Windowphase respongéc=100Hz, fp102 H2

The impulse response of the filter cheterised by its coefficientshownin figure
5.4 below, exhibitd a rightto-left symmetry, characteristic o&d phasdinear

system

x10°

Figure 5.4 Kaiser Windowimpulse responsgc=100Hz, fp=102 H2

5.3 Setting theassessmenstandards

Direct momparison between existing instruments and the HPAGS sensor proved to
be ather more intriate than originally anticipated, sinttee comparativénstrument

references establishedere:

1. Conventional instrumentwith RC filtering, representing over 95% of the
instruments utilised to date.
2. Stateof-the art instruments of highermepling frequency RC and active

filtering, representing a very small minority used for specialist applications.
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Since the more complexHPAGS sensgremployed a much higher sampling
frequency active filters only, and severalnew correction methodologies dn

circuits, namely:

Sampling at QPS criterion for undistorted digitization of data.
Active zero offset calibration

Active gain error correction

Crossaxis interference correction

Impulse deconvolution correction

o gk w N PE

Active gyro tilt correction

direct comparien of resultsbetween instrumenttherefore basedsolely on the
amount of drift of the baseline in their equivalent derived displacement data, was

deemed to be an unreliabteeasure oinstrument performance

It could be argued that the displacement liaserror over apecific period otime
could be used as airdct comparative measure of qualityetween arrent
technology and the HPAG&nsor, howevedue to the multvariable environment
affecting the deviation of thdisplacemenbaseline, such aimplistic comparative

methodwould result in inequitableomparisons

For example; mosinstrumentsutilise 60 seconds of pmvent data to derive the
average bias level, and 60 seconds of event data to capture the event. A conventional
sensor samplingta rate of 500Hz, would acquiB®,000 samples of prevent and

event data, where the HPAGS sensor sampling at 250KHz would acquire
15,000,000 samples of respective data. Clearly therefore, if an improvement was to
be shown in the displacement baseliffsai of the HPAGS sensor restuiltsthe 60
second periodit could not be known whether this improvement was due to the
correction methods employed, or simply due to the higher resolution of the signal, or
indeed due to both. Further, since integratioa mulativemathematicaprocess,

the higher samplingrate would vyield a superior accuracy in terms of area
calculation,while it would also yield a exaggeration of angmallremainingerrors

due to the disproportionate increase of summations for a give.

A comparison of equal lengths of dataterms of number of samplesould appear
to bea fairer comparison, since both offsets dhe integrationprocessact upon
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individual samples, howevethe peak adulations observed in wfrequency
samped datawere best examined ovenuchlonger trends as the output coulth

some circumstanceependon the start and end points of the acquired.data

While the effectof displacement baseline error is indeediraication of overall

error, it isnotin itself an error that could be directly addressed, since its omgins
shown to bea multitude ofprimary underlying errors. Baseline error is thereftire

result of the cumulative effect of several primary errarsdconsequently it ishe

correction & these primary errors that thePAGS sensor should beddressing
directly, andbe evaluatedponthoroughly.

It is widely accepted, and shown within this work, thabwentionaland stateof-
the-art technologies areindoubtedly unable to pvale accurateseismic data.
Further the effects of sampling rates much below the QPS criterion wdisce
shown toproducenotableerrorson higher frequencyligitised data.tlwastherefore
concludedthat experimentation utilisingypical lower sampling frequencies thi
sinusoidal mechanical stimuli in the higher end of the 100Hz bandwidiyld

only provide information already derived earlier in this work, and data which is
widely accepted as inaccuratéurther, the utilisation of higher nonrdistorting
sampling ate,would allowfor theuseof shorter in time trendssince the envelope
formation due to inadequate samplingould no longerbe an issue Any other
primary error should howeverbe clearly evident within the very first few cycles of
anoscillation. Redction of the data sizevould also servéo speed up calculations

in mathematical software without the loss of fidelity, since all results could be
extrapolated to the full 66econd timeframe for comparison where necessary.

The experimental setup used for WKH HYDOXDWLRQ RI WKH

effectivenessiequiring a frequency variable sinusoidal inpsitshown infigure 5.5

The vibration platform benefitedfrom nearpure primary sinusoidal mechanical
excitationverified by thereferencedisplacemensignal derived by the IR sensas
discussed earlian this work Since theactualamplitude of mechanical oscillation
was able to be determined by direct measurement on the excitation plaifholtme
phase linearity of the HPAGS senssas already evalied in chapter 3the IR
signal served only as\asualassurance of sinusoidal fidelitgnd therefore deemed

surplus to requirement in the following experimental evaluatibime HPAGS
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electronics were mounted on the mechanical vibration platfatth the xaxis in

the vertical plane, and theaxis in the horizontgblane

Direct comparative analysis of experimental results was conducted by the systematic
HYDOXDWLRQ RI HDFK Rl +3%$*6 VHQVRUTV FRUUHFWLY!

HPAGS

Electronics Linear guide

Linear bearing

Upper
transmission

shaft Optical sensor

Spherical
bearing

Lower
transmission
shaft

Cam shaft

Figure 55 Mechanical vibration platform with HPAGS electronics affixed to the excitation shaft

The unfiltered IR output of the displacement sensonfirming the sinusoidal

action of the mechanical vibrator, is showrigure 5.6 below.
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Figure 5.6 Unfiltered IR displacemensensodata

5.4HPAGS Auto-zero biascorrection assessment

The Quality Preservation Sampling (QPS) criterion derived earlier in this work, does
not only aid the retention of signal integrity batsothe measurement accuracy of
digitised data. According to the QPS criterion therefore, the HPAGEQ \kRuisT V

outputrequired sampling time peripaias derived allows;

N 0¢85 “Wai T

Reil ~<osg et
ReiL o<¥5F SWiHsr G WA U
El t HssaHeE HwWHs 7 ' ’
ReiL ugyvao TWALV;

In the above calculatiorthe LSb figure wa based on 46 bit ADC used forthe

digitisation of the signal over a 10¢ferencaange, and @eaksignal amplitude of
1.3V at a maximum frequency of 5KHZ he 5KHz frequency limit waof course
imposed bythe cut-off frequency of thective filtersin each channeln the HPAGS

senso electronics.

An indicative sampling frequency o267KHz wa therefore required in order to
preservehe data qualityof the signalbut also the measurement of the error voltage
on the feedback loop of the attero biascorrectioncircuit onboardthe HRAGS

sensor.

In the following experimental assessment, thatézero bias circuit was remotely

activated by the host Windows softwaaed serveds the only means of bias offset
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correction ofone set of acceleration data, whilst the other set of dataamecied

using the conventional average subtraction method.

Both sets of data were acquired using the same sampling frequency, under the same
conditions, resulting in the same number of samples, thus providing firect
comparison betweethe conventioal, and the advanced attero method utilised

by the HPAGS sensor.

5.4.1 Results

The unfiltered autozero correctedacceleration dataand the conventionally
corrected acceleration data, bedmpled at anore convenient, but close to the QPS

derived,frequency of 250KHzs shown in figure 5.Below.

Mean of Autezero trend Auto-zero corrected

Mean of conventional trend Conventionally corrected

150

3

100

Quantised displacement

150 [ [ [ [
0

1 15 2
Sample number it

Figure 5.7 Auto-zero versugsonventionally averagsubtraction corrected acceleration trends

The resulting error ointerestis of course the distance betwethie mean value of
each trend anthe absolute zero reference line of thaxs. It was observed that the
Auto-zero method provided superiperformancen terms of baseline corcgon of
the acceleration data.

Filtering of both the biasorrected sets of data, and subsequently danbdgrating
them, resulted in expected bidsviating displacement trends due to the initial offset

errors. The bedit linear lines of both the autwero corrected and conventional data
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sets, are shown if figure&.where theconsiderablémprovement redting from the

autozero corrected data can be clearly seen.

It should be evident however, that due to the small error in thezauocorrected

acceleration trend, thresultingdisplacement trend exhibitedslight baseline offset,

albeit not very sigificant by comparison tahat of the conventionally corrected

data.

Auto-zero corrected best fit

x10°

Conventionally corrected best fit

0

Sy T

Quantised displacement
:

T T T

[ [ [

Sample nmber

Figure 5.8 Auto-zero, and conventionally corrected béslinear displacement trends

A block diagram of the Autaero correction circuit is shown in figure 5.9, with

circuit diagam references corresponding to the circuit of figure 4.2.

Ve
C
. RC LR
10 bit ADC* . N G=201
Filter
T u4
— DAC cntrl
ul13
MEMS output G=3.35 11 AENTE ' » HPAGS output
+ 1| Filters |
| us uzas

us

DAC 16 bi

F— DAC cntrl

Figure 5.9 Auto-zero bias correction system block diagram
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The theoretical error of the correction loop can be calculated by analysing the

resolution and the gains throughout the loop.

The correction applied to the loop via the micamtroller is diredy fed to the 16
ELW '$& 8 LWK WKH '$2/1 e esdlitichHb®de caredtive

step can be shown as

L U riva AW
5 E s uravasg WA W

However,U3 further amplifies thisorrective stefpy 3.35 times, resulting in a step

of 102R/ at the HPAGS channel output.

In turn, U4 amplifies the absolute value of the output by 201 tintesefore
increasing the step voltage to 20.5ml\he ADC input. The ADC within the micfo
controller shares the 3V supply as a reference and therefore achieves a resolution
over 10 bits of 2.9mV.

A worst case scenario woulthereforeproduce a correctionvershoot of 20.5
2.9=17.6mV at the ADC, equivalent to an actu@ximumbiaserror ofonly 87 R/
RQ WKH +3%$*6 VHQVR UMoevet,OdpahiselR oUW E Xe/mean
resulting from the Autaero correction on the waveform in figure 5was inded

many times the magnitude of the maximum calculated.error

Direct measurement of tlegnalat the ADC input, after Autaero, revealed a high

noiselevel content, as shown in figue10.

=1

o
T

I I IS M N A |

1 T T 1

ADC input voltage (V)

5
@

[ [
Sample number
Figure 5.10 Voltage at ADC input

The high gain of amplifier Udesulted in noise content higher than the RC filtes wa
able to attenuate efficiently, thus creating a feedback signal of undetermined and

variable amplitude.
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An increase of the filter capacitor to B and the increase of a settling time delay in
the migo-controller Autezero codefesulted in an improved HPAGS Autero
system able to further reduce the offset errr comparison of he means of the

biascorrecedacceleration output sigredierivedare shownn figure 5.11.

Conventiondly corrected HPAGS HPAGS improved

0.15 T T T T
01~ —

HPAGS output (V)

25

[
Sample number

Figure 5.11 Mears of Conventionally, HPAGS, and HPAGS improved bias corresigaals

The resulting displacemetiestfit lines are shown in figure 5.12 below, with the
improved correction systeroducing adisplacemenbaselinesignificantly closer

to the zero »axislevel

Conventionally corrected HPAGS  HPAGS improved

x10' |

1 v

Scaled displacement mean
/(
/

1 1
Sample number

Figure 5.12 Displacemenbestfit lines of Conventionally, HPAGS, and HPAGS improved corrected

signals

Quantificationof the bestfit lines revealed that for a seismic signal acquired over a
60 second periodsampledDW WKH +33$*&@QP&Hrégudnty oY 250KHz, a
conventionally bias corrected signal by average subtraction, would result in a
displacement error of over 13 cm, whereHPAGS bias corrected signal utilising

the improvedsystem would result in a displacement errorafly just over 3 cm.
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Averaging of the feedback signal in the micantroller as means of deriving an
even more superior accuracy of data was not possible wittHBA&GS sensor

circuit since the ADQvithin the microwas unidirectional.

From this point onwards irhis work, any reference to the Astero correction
mechanismshould be regarded as a reference to the improved version of the

algorithmand circuit as detailed above, unless otherwise explicitly stated.

54.2 Conclusion

The comparative experimentalssessent between #Ato-zero corrected and
traditional bias subtraction corrected dgtagved that although the data in both
experiments was acquired at an increased sampling rate of 250nidh, higher
thanany conventional or even statd-the-art instrumerd, the resulting autzeroed

displacementrends demonstratadajorimprovement in terms of accuracy.

Although the Autezero correctionmechanism still prodwed an offset error in the
acceleration trends higher than tieeoreticalideal, the validity ofthe method as

means of significantly reducing the offset error wadoubtedlydemonstrated.

It can therefore be concluded that timvel autozero bias correction algorithm and
circuit employed by the HPAGS sensor does profade dramatic improvemendt

the accuracy of displacement trends derived by the numerical integration of
acceleration datdurthermore, the action of the Adteroing improves the dynamic

range of the sensor lmgntringits outputon the zerovolt reference.
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5.5HPAGS input re-compositionby impulse deconvolution

Utilisation RI WKH 0(06 DFFHOHURPHW H WEMSWHI\QW RSU TV WDR) G
the wider HPAGS instrumenf V U H YV &Rpfewadsly discussed, allowéa the

reduction of any sensgelated variationsto the aiginal signal. According to

classical Digital Signal Processing (DSP) theory, the acquired acceletatadrom

the sensocan be thought of ake convolution of the actuatechanicahcceleration
experienced by the sensand its impulse responseDe-convolving the impulse

response from the output data of the sensor, should therefdreeory provide

accurate reconstruction of the mechanical actuation signal.

Convolution being @omplex operation between data sets renders the application of
direct deconvolution of the resulting data mathematically impossibtemost real
applications Since however convolution in the time domain is equivalent to
multiplication in the frequency domain, the process otaevolution in the time
domain simply beconsea division in the frequency domain, posing fewbut still

someimplementatiorchallenges.

5.5.1 Results

Figure 5.13below shows aut@eroed and FIR filtered acceleration datauaey
from the HPAGS instrumentexcited by the sinusoidal mechanical vibratio

platform.

150 =T T T T T =

Quantised HPAGS outpu

r r r r r

2 25 3 3.5
Sample number x 10*

Figure 5.13 Auto-zero corrected and filtered acceleraticend

An impulseremotelyinitiated by the host software and digitised immediately after
theacquisition of theacceleratiordata is shown in figure 5.13klow.
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Figure 5.14 Electrostatically triggeredmpulse response

It should be noted that the horizontal positioning of the impulse peak in figure 5.14
DSSHDUV FHQWUDO RQO\ GXH WR WKH GLJLWL]JHUTV
LPSXOVH UHVSRQVH GRH Vch@&ciarisic® dthidrithan kel pvase W H P
relationship in terms of delay between the input and the output data sets. It was
already showrearlier in this workthat the HPAGS sensor exhibitédear phase
characteristics and therefore a shift of the impuls& peaample zero was deemed

appropriate if representative data was to be acquired, as shown in figure 5.15 below.

Quantised amplitude

0 200 400 1200 1400 1600

600 800 1000
Sample number

Figure 5.15 Impulse response ofaxis channel

The shifted representation of the impulse response of figure 5.15 is contained only
within the first 182 samples of data. The rest of the data set comprises zero padding
of an appropriate length for the enablement pbmt by point division of the sensor

output andmpulse response frequency spectra.

Close examination of figure 5.J&8soreveals the presence of noise on the impulse
response signal which was originally thought detrimental to the data recovered by
de-convolution, however, experiments showed that although smoothing the impulse

response by averaging yielded a smoother in appesar@sponse, it created abrupt

~ 177~



changesn the magnitudeof the datawhich in turn generated their own frequency

content yielding a much noisier result.

The frequency spectrum of the impulse response is depicted in figure 5.16 below.

1800 T T T T

Quanised amplitude

’ Sample number ? i

Figure 5.16 Frequeacy spectrum of yaxis impulse response

It should be noted that the impulse response was digitised at the same sampling
frequency as the HPAGS output signal, allowing for bestaterolution results.

The frequency spectrum of the HPAGS output, is shiowigure 5.17 for reference.

It can be readily envisaged that the spectra division would yield a magnification of
any noise artefacts in the regions where the impulse response frequency data
approaches near zevalues, thus necessitatittye use of anIR filter to recover the
de-convoluted data.

Quantised amplitude

[ [ | [

Sample number

Figure 5.17 Frequency spectrum of HPAGSaxis output.

The resulting spectrum of the division of the two frequecharaceristics is shown
in figure 5.18 below, exhibiting the anticipated increase in naistne near zero
regions of the impulse response frequency data.
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Figure 5.18 Frequency spectrum dtie division of the acceleration and impulse response spectra

Since fgure 518 depicts the frequency spectrum of theotient of the HPAGS
output and irpulse response spectiia,should also mathematically represent the
spectrum of thede-convolved mechanical input stimulusThe derivation of the
mechanicalaccelerationinput to the HPAGS sensor, shown in figure 5.98s
thereforeaccomplishedy the apfication of theinverse FFT(IFFT) to thequotient
spectra, andoy subsequenfIR filtering in order to removethe residualhigh

frequency noise

Quantised amplitude
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Figure 5.19 mechanicalnput derived by the IFFT of the acceleration and impulse spectra

The resulting rachancal actuation trend of figure 5.1%as found to beof the
expected form with regard to shape and phase, reyregethe mechanical
acceleration input to the sensor. Since the HPAGS sensor was specifically designed
to impart low noiseminimal phase,and minimal attenuation to signals within the
100Hz bandwidth of interest, the resulting impulsecdevoluted acceleration input,

as expected, did not exhibit amptable differences by comparison to the output

sensor data of figure 5.13. In fact, othban magnitude scaling, the impulse de
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convoluted input was found to be nearly point to point identical to the output of the

Sensor.

Derivation of displacement trends by double integration of the HPAGS output data
and the impulse deonvolution derived dat yielded nearly identical results, thus
further proving the transparency of the sensor tebandwidth data.The
displacement trends of the direct output and theateolution computed input, are

depictedn figure 5.20 below, scaled appropriately finedt comparison.

Impulse derived displacement (red’ Output derived displacement (blue)

Quantised amplitude

* Sample nurfiber

x10'

Figure 5.20 Displacementrends of impulse erivedand direct output accelerations

In order tofurther confirm thetransparencyf the instrument and tha&ccuracy of

the impulse responsenode| a sinusoidal of frequency 1.5 KHand therefore
ZLWKLQ WKH +3%$*6 VHQVRUTV .+] DFWLYad olb@WHU ED
band7.5 KHz noisewas synthesised@nd presented as aput to the model This

high frequency input wasonstructedoy the addition of two digitised sinusoid§ o

different amplitude as shown in Figure 5.21
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Figure 5.21 Synthesisedhigh frequencynput
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&RQYROXWLRQ RI WKH VIQWKHVLVHG LQSXW ahLWK WK
RXWSXW ZLWK WKH KLJK ITUHTXHQF\ .+] (QRLVH" |
designed 5KHz bandwidth, highly attenuated, as shown in figure 5.22
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Figure 5.22 Evaluated output by convolution of high frequemggutand Impulse response

The results depicted in figure 5.22 provided further experimental proof of the
validity of theimpulse response acquisition and dynamic modelling of the HPAGS

sensor via the direct impulse excitation\WfK H 0 (&8 fest pin.

5.5.2 Conclusion

The recovery of the mechanicatceleratiorstimulus was shown possible via the

electrostatic excitatioof theinertial mass via the self test pin on the MEMS sensor.

The input acceleration data obtad by the deconvolution of the experimental
HPAGS sensor impulse response from the digitised output, resulediilentical
datato the digitised outputhus strongly suppartg of the original design claim of
the VHQVRUTV PLQLP D GbagdL SigheisUnWalddtion WUR ofLigand
interference signals wessoshown to be successfully attenuasesda result of their
direct convolution with the expienentally derived impulse response, providing
further evidence fothe validity of the impulse response derivation method onboard
the HPAGS sensor.

The ability to acquire hsitu, direct dynamic characteristics of the sensor, was
shown to provide good mearsdf onrdemand system response evaluation, and

therefore long term output data correction as required.
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5.6 HPAGS gain error correction assessment

Drifts in the frontend electronicglue to environmental factors and dud¢heageing

of componentgan impat the accuracy of the sensor in terms of offset but also in
terms of gain. Whilsthe offset was shown to b&gnificantlyrectified via the use of
the autezero bias correction mechanism, gain drift would require physical
component alteration for its cextion or direct measurement and post digitisation

scaling of the data

The gain correction circuit onboard the HPAGS sensor provided foditket
measurementR 1 HDFK FKD QQH@gMdrednall€d thecorrection of any

such drifts in the frorénd electronics.

5.6.1 Results

With reference td-igure 4.2 the gain correction methodology was based around a
direct comparison principlevhich although not perfect, it was believed to offer a
excellentaccuracy to circuit complexity ratio.

By switchingthe input MUX (U14) such that the input to the fremd electronics
was provided by the 2V reference instead of the MEMS acceleroraatewith the
DAC (U15) output set to zerthe output of the HPAGS sensor changghttained a
value of6.53V

The throughchannel voltage output can be described as:

& L k8 g (F 8y axb? E 8 a6 WA W ;
Therefore gain
Lw :Mx;
k8: & F 8y =P

Where A is the channel gairg, is the channel output: 4 is the voltage reference
voltage, §; adS the input voltage offset of the instrumentation amplifier (U3), and
8 sadS the input voltage offset of the filteection (U2:A and U2:B).
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Subsequent switchingf the output MUX (U16) such that the HPAGS sensor output

was directly coupled to the 2V reference indicatedaetualreference voltaged: 4

of 1.96V.

Quantiication ofthe input offset parameters of thamplifier stages, as specified by

the manufacturers:
Byagel tvra8e fS:tra8rP UL
8yasel tWABI=T

confirmed amaximumgain measurement error of 0.005%, antyical error of

only 0.0015%a gain accuracy improvement of 20 to Bids respectively.

Substitution of tke typical values in equation 5.26dicated a gain of 3.33 rather

than the 3.35 expected by design.

A comparison ofacceleration trendsbtainedwith andwithoutthe +3$*6 VHQVRU YV
gain correction circuiutilisation is shownin figure 523 as adifferencein data

amplitude representative of the gain output error.

Output difference (g)

2 I | I I
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Figure 5.23 Outputdifference between expected again-correctedrends

5.6.2 Conclusion
It was shown that the gain correction circuti@oyed by the HRGS sensor aided
to significantly reduce the errors resulting from component drifts in the feodt

electronics.

The ability of the circuit to provide gain correction functionalitydemand and in
situ allowed for lhe reduction of gain errors acquirel data without the improbable
requirement of long term stability of components. The ghesatefit behind this

correction methodology designed in the HPAGS sender,the acquigion of
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correctly dimensionedutputdata, as gain errodirectly affectthe nsitivity and
therefore the accura®f the instrument

The inclusion of the gain correction circuit on the HPAGS sensor was deemed to
provide exceptionalgain correctionand a superior benefit to data accurdmy
comparison to thencreasedomplexityand costof the overall instrument.

5.7HPAGS Crossaxis sensitivity correction assessment

The crossaxis sensitivity assessmemonducted in section 3.1.8nd subsequent
correction formulaewere experimentallyand thoroughlyproven in a sampiby-
sampe steady state fashion. An experimentahssessment utilising the mechanical
vibration platformallowed for the application of the correction formulaeymamic
and more realistidata sets

5.7.1 Results

After autezeroing, vith the HPAGS sensor mouuten the vibration platform, as in

the previous experiments (figure 5.6), with thexis oriented in the vertical plane

and the yD[LV LQ WKH KRUL]JRQWDO SODQH D KRUL]JRQWI
means of mechanicdisplacemenof the whole vibratin platform along the-gaxis

This y-axis induceddisturbance, along with thaffectedx-D[LV] YHUWLFDO VLQ
cycle were digitised for analysiSections oftie x and yaxisacceleratioroutputs of

the HPAGS senspfocussingon the disturbance evertre shown in the figurés24

and 5.25espectively.

Acceleration ( G;
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Figure 5.24 Accelerationtrend ofx-axisoutput
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Figure 5.25 Accelerationtrend ofy-axis output

The single x-axis acceleratiocycle affected by the horizontal disturbanseshown

in figure 5.24, corresponding to a&ertical motionof the HPAGS sensor from the
lowest to the highest poiof oscillation.

Figure 5.26depicts the »axis x-axis crossaxis sensitivitycorrected andthe y-axis
data trends.

The general correction equations 3.27 &8 were rearranged farse with the
discretex and yaxisacceleratiordatg with all z-axisterms excluded, as follows
F: k%;0E ;

\>?— :. i
B S, ind

# X kF%; OE : _
#3771 S Wz,

where : L @A and; L I;—f’p since bdh channels were auzeroed and therefore

the term 8,;was deemed to be zerAlso, the crossxis sensitivitiesvere set to
% L %,; L rat; the channel sensitivitie§: L 5 L r& rw/g; and the channel

gains were set t8.33, basean values derived experimentallfhe Matlab script

for the crossaxis sensitivityand gaincorrection of the x and y channels is included
in Appendix C.
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x-axis acceleration: raw (blue), cresds sensitivity corrected (red)
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Figure 5.26 Comparison betweenaxis raw, crossxis corrected, and-gxis data

The Dmaxregion in figure 5.26denotesa region of greatest difference between the
raw x-axis acceleration in blue, and the cragss sensitivity correctedcceleration

in red, asindicatedby the subtlevisibility of the blue trend just above the red
otherwise nearly coincident and therefore invisible outside this region. This segment
of maximum deviation coincided with the pealaxis disturbanceas dictated by the
correction formulaeof section 3.1.3, which werbased onthe already proven

steadystateexperimental results.

5.7.2 Conclusion

The maximum difference of 0.60° between the crosaxis corrected and the
uncorrected »axis accelertton data observed in figure 5.38ses little threat to the
accuracy of accelerograms as presented in this experionahtr laboratory
controlled conditionsHowever, had this eror been due to anore realistic non

uniform excitation, or a due to a permanent exedticed tilt, itcouldhave been the
cause ofa significant baseline errasf up to 0.9mover a standard seismograph
eventrecording period of 60 seconds.Figure 5.2 graphically depicts he

displacement error dhe datasegment examined
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Figure 5.27 x-axis displacement data; uncorrected, and eag#scorrected.

The general crosaxis sensitivity correction formulae derived in section 3.1.3, were
therefoe shown to provideessential correction to realistic dynamic dde&xived
from the HPAGS senspand thus able to minimise baseline offset errors due to

crossaxial coupling effects on seismic data trends.

5.8HPAGS Gyro stabilisation module assessment

The restrictions imposed on experimentation with the intended mercury liquid
drives, inevitably lead to the use of DC motors for the gyro stabilisation module and
therefore the injection of vibration noise into the HPAGS sigbale to small

asymmetries witin the DC motors inescapable by construction, some vibration

noise will always be present in any platform utilising them for actuation.

5.8.1 Static evaluation of gyro motor noise
Before any experimentation could be conducted, an accurate evaluatiomofshe

LOQOWHUIHUHQFH WKH J\UR PRWRUV LQGXFHG WR WKH V

Activation of the verticalgyros, on the otherwise statiogaHPAGS sensor
platform showed excessiveigh frequencyibration noise contenin its outputsas
shown in figire 5.28below.
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Figure 528 HPAGS xaxisoutput withverticalgyros on.

While every attempt was made during the design phase to restrict the loading on the
motors in order tachievehigh speed operatioithis method offorcing vibration
noise outsidehe 100Hz bandwidth of intereswas inevitably at the expense of

maximum angular momentum attained

Frequency analysis of the resulting noisy signal output of the sensor revealed a
spectrum with peaks at 175Hz andlier, as depicted in figure 5.29

Quantied magnitude

[ [ [ N
100 200 300 400 500 600

Frequency (Hz)

Figure 529 Frequency spectrum of thePAGS xaxisoutput withverticalgyros on.

With the 100Hz bandwidth mainly unaffected by the gyro motor noise, as intended
by design, therather high amplitude noisaesiding just outside the padsand
requiredthe redesignof the original FIR lowpass filter used this faim order to
adequately attenuate this higlemagnitude noiseThe effectiveness of this higher
order FR filter is shown in figure 5@ where the original unfiltered signal

spectrum is comparesith the spectrum of the signal pdatering.
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Figure 5.30 Spectrum comparison between unfiltered (blue) and filtered sensor outputs (red).

It can be seen from thesults depicted in figure 5.30atthe motofinduced noise
was satisfactorilyattenuatedy the higher order FIR filterallowing the extraction

of the signabf interest

5.8.2 HPAGSactive gyro correctiorassessment

As detailed earliethe unavoidable use of DC gyro motors, and the need to force the
inevitable vibration noise tbigh frequencies outside the 100HZ bandwidésulted

in lower angular momentum produced by the gyramnderingthe gimballed

platform incapable ofvery long term gyro stabilisation. While the platform
responded exceptionally well to angular accelenation all three axes, it was not

able to retain dong termfixed celestial orientation. This unavoidable consequence
DOVR LPSDFWHG RQ WKH -8ignDvith ltRi& id fitivbyDpielcé€3diol.\ W R D X'

Although the obligatory use of DC motors for the ation of the gyros did not
entirely fulfil the long term requirements of the HPAGS sensor, it still enabled the
provision of proof of concept in support of gystabilisation of seismic sensors via
alternative lowvibration technologies, such as the meycliquid drive discussed

earlier in this work.

With all the correction cirats, algorithms and formulaeemployed by the HPAGS
sensorsufficiently proven throughout this workan indepth assessment othe
correctiveaction of the active gyro stabilisedigiform on seismic datacquisition

was conducted. This assessmpatessitated anore involvedexperimental setup
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allowing for a complex but predictable motiodA Computer Numerical Control
(CNC) machine, with its cutting tools disabled, was used forpitowision of

accurate two dimensional displacement.

Figure 5.31shows theHPAGS sensorplatform on the CNC machinéed with

power, computer control, and signal cadéached.

CNC casing
HPAGS sensor

Location plate

CNC control
panel

~ CNC bed

Figure 531 TheHPAGS sensorttached onto the CNC machine

In order to also induce rotation, a flat metal plate with a location hole was machined
allowing the HPAGS sensor to both pivot and slide. [Bleation metal plate, with a

single locating hole, wasecurelyfixed to on a CNC Miron C500 machine bed,

capable of precision two dimensional linear motion. The HPAGS sensor was placed
onto the metal plate and pivoted -cEntre via the insertion of a metal pin through

WKH VHQVRUTVY ERG\ DQG LQWR WKHWRARD#AERJ KROH
WHWKHU DWWDFKHG WR WKH RSSRVLWH HQG RI WKH
a fixed noamovable datum, thus enabling the generation of a complex linear and

simultaneousotational motion.
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$ GHWDLOHG YLHZ RI WK BDFKBHHQ WRUWKHe&1& PDFK
bed is depicted in figure 5.3%low.

Sensor bod

Pivot point
Location plate

P Connection to stationary point

Figure 5.32 HPAGSsensor attachment to the CNC bed detail

7KH VHQVRUYV ERG\ ZDYV phRRQAQ e aYdcevibg NoW HH O

on the location plate beneath, thus creating a pivott @ipoint A. The location

SODWH LQ WXUQ ZDV VHFXUHO\ |DWWthéirggpomRNWKH &1
the base of the senshV E, ReBpendicular to thEaaxis allowed for a connection

to a fixed datum poinP on the casing of the machine (tether not shown in figure

5.32).

While the sensor electronics wetencentric withthe mechanicatotationalcentre
of the gmballed assembly along axis Ghe MEMS aaelerometeritself resided
offset from this axison the PCBas indicated by the locaticaxis Sa having its
sensing axigsindicated by the x and y arrows in figur&.It should be notedbr
clarity WKDW WKH &1 &xBsDvBKdoQditl§nf withtH +3$*6 VHQVRUTV \
D[LV DQG VLPLODU-®\[LW KH WV IrRHIQF-H BWH Q VexiZ LWK WKH \

~ 191~



The CNC machine was programmed to move the bed ingdidg§onal motionthus

forcing the pivoting pin, and the sensor body, to mal@mm in both x and y

direction, from position A to position B ah maximum speedietermined by the
PDFKLQHYV FR Dhe/tetRefngé RVQ\GHFWHG WR WKH VHQVRUTV
by theintersection oflocation axis FaD QG WKH V H QoydsédfthdikeBrv H

movementthus causing rotation of the HPAGS sensaivout the pivot point.

It is important toconsidey that although the pivot point was the point of rotation
between the locating plate and the HPAGS sertba was not the inertial centre of
rotation of the HP&S sensor withrespectto the fixedreferenceplane containing

point P.

In orderto exemplify thecomplex motion of the sensor and thadtitude of the
sensing axes within the gimballed mechanical arrangement, a topdiagramof

the HPAGS sensolis depided in figure 533 at the initial positionA. The points of
importancecorrespond to those of figure3, with Ca denoting the body centre of

the sensor and electronics, Fa denoting the tethering point, and Sa the MEMS
VHQVRU v tHe HPQBVR¢ Hirection of MEMS sensing ax®is shown by the x

and y arrows respectively.

Location plate . .
Inner gimbal and electronics

/

/Sensor body

N

Pivot point

Tethering arc ~a
Connection to stationary point

Figure 5.33HPAGSsensoion CNC bed top view diagram
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It is important toenvisagdhat as the bed, and the location plate, move fromt A

WR % WKH SLYRW SRLQW RQ WKH +3%$*6 VHQVRUSYV EI
linear motion, however, the tethering point Fadstricted in distancby the fixed

reference point anid therefore free t@nly describe a motion alorgtetheringarg

as indicated in figure 33 7KH FRPELQHG HIIHFW RI WKH EHGYV
the enforcement of the tethering arc on pointwauld yield a non sensecentric

rotational motion.

5.8.3 Results

In order toconfirm the validity of acquiredlata prior to engaging in complex
rotational and translational measuremetite HPAGS sensor wasitially firmly
clampedW R WKH P DFK LI gifivalElbtikedandwhié sensor and machine

axes aligned, ithex-to-y corresponding configuration as mentidrearlier.

In this configuration, the sensor wasced W R | R O O R Zx-WhiohbnBntiid gtV
any rotations introduced, thus enabling the acquisition of reference acceleration
velocity, and displacemendatg used to verify the accuracy and calibratidnttee

instrument before proceeding to the more complex experimental stages.

The acceleration data fthiex and y instrment axes is shown in figure33.

X-axis (red) Y-axis (blue)
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Figure 5.34 HPAGS x and yaxis acceleration dat#f machinebed

As it washoped, both chamis exhibied nearidenticalacceleration trends, whigh
turn correspondd to similarly-performing velocity and displacement datas

depictedn figures 5.35 and 5.3@spectively
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Figure 535HPAGS x and yaxis velocity dataof machinebed

It should be noted that thetal displacement attaindaly the sensor and therefore the
bed fromthe exmrimental results of figure 5.3@natch the programme@iOmm
displacement of the CNC machine.

X-axis (red) Y-axis (blue)
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Figure 536 HPAGS x and yaxisdisplacementlataof machinebed

Following the very satisfactory resultsbtained by the machinded motion
experimentthe HPAGS sensavas placed on the location plate and secure only via
the locating metal pin, and tethered te fixed point, as in figure 5.32llowing t

to rotate and translate accordinglin order to compare conventional rigid sensor
performance withthat of the gyro stabilised HPAGS platforrexperimeng were
conducted withall the gimbal brakes on, thus emulatiognventionalrigid sensor
behaviour,and then repeateth gyro-stabilised enabled mode, with the gimbal

brakes off and gyros active
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During all the gyro evaluation experimenthat focused solely on the ability of the

HPAGS sensor to provide superior translation data when exposed to eohcurr
rotational motion in comparison to conventional rigid sens&/ H VHQ &® 1V D XW
bias, gainand sensitivity correction systems and algorithms weabled

Thex and yaxis acceleratiordata of the HPAGS sensor, having undergone an A to

B motionin rigid mode(all brakes locked) is shown in figure33.
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Figure 537 HPAGS x and yaxis acceleration data rigid mode.

Unlike the coincident x and-gxes acceleration trends acquired by measuring the
linear motion of the machine bed, shownfigure 5.3}, the results obtained by the
complex rotational and translationalotion, shown in figure 5.37%ndicated lower
acceleration values in the-axis, by comparison to those in theayis. This of
course yielded corresponding results in the vgloand displacement ata, as
depicted in figures 5.38 and 5.88spectively.
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Figure 538 HPAGS x and yaxisvelocity data in rigid mode.

~ 195~



Y-axis (blue) X-axis (red)
N\ \
N

~ \
E a4 ]
= I
c
o \
6 pR—
£ P R S . A
Q P
<
x> .
2
720 0.05 0.1 0.15 0.2 ) 0.25 0.3 0.35 0.4 0.45 05
Time (s)

Figure 539 HPAGS x and yaxisdisplacementiata in rigid mode.

The motion in rigid mode is depictetlagrammaticallyin figure 5.4Q with the
VHQVRUTV LQLWLDO SRVLWLRQ LQGLFDWHG E\ D EODF

final positionall in blue.

Final position Initial position

P
Figure 540 HPAGS motionin rigid mode.

The geen dashed cross indicates the position and orientation attained should the
sensor was rigidly mounted on the machine bed. The difference in distance between
the xaxis final position, marked in blue, and the green cross reference is markedly

larger thanthat of the yaxis final position, indicating a shorter distance travelled,
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albeit in an arc of angle, by the xaxis. This is in line with the experimental
measwements depicted in figures 5.37 to 5.38howing consistent lower
acceleration, velocity andisplacement values in theaxis respectively. The angle

- measured on the graphicamulation model of figure 5.4@orresponded exactly

to the angle of rotation measured on the location plate during the experiment,
confirming the accuracy of the mod@lhe results obtained are representative of a
typical rigid instrument, albeit one of improved correction and sampling
performance.

In order to compare these typical results to those of the HPAGS sensor in active
gyro mode, the machine bed was returnedgariginal starting position and the
HISHULPHQW ZDV UHSHDWHG ZLWK WKH VHQVRUSYfV EUI

resulting x and yaxis acceleration trends are shown in figure bdlow
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Figure 541 HPAGS x and yaxisacceleratiordatain gyro mode.

A more substantial decline in the-axis acceleration was noted, which was
inevitably mirrored in the velocity, and the displacemesnds, as shown in figures
5.42 and 5.43%espectively. Examination of the diagrammatic simulation of the
seQVRUTV PRWLRQ ZKdhowd in f@ure\5)4cdpfRrietthat due to the
gyro assisted alignment of the central sensing gimbal,-rasxdid indeed travel a
much shorter distance in the x direction. Further, dmesasurementsn the model
revealed nearidentical end displacementalues to those experimentally derivied

gyro modeshown in figure 5.43
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Figure 542 HPAGS x and yaxisvelocity data ingyro mode.
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Figure 543 HPAGS x and yaxisdisplacementlata ingyro mode.

In themodel of figure 5.44ZKLFK DFFXUDWHO\ GHVFULEHYV WKH +3
it can be observed that although the sensor body underwent the exact same change in
attitude and location as that of the rigid mode experiment, the central gyroscopically
aligned gimbal and sensor electronics, indicated by the blue x-ari$,yremained

parallel to their initial orientationThis preservation of axial alignment allowed the
complete decoupling of the rotational motion imposed on the sensor body, thus

allowing the acquisition of pure linear displacement with exceptional accuracy.
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Exemplification of the performance attained by the gyro stabilisation can be
graphicaly reviewed by direct comparison between gyro mode and rigid mode

operation, with reference to actual displacetrdata, as shown in figure 5.88low.

y-axis displacement gyro mode

Actual yaxis displacement \ x-axis displacement rigid mode
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Figure 545HPAGSVHQVRUTV GLVSODFHPHQWahRigidhotdt VRQ EHWZHHC
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5.8.4Conclusion

The effectiveness of the HPAGS active gyro stabilised electromechanical module
was experimentally tested and was shown to be able to effectively acquire true linear
motion even when exposed to complesalistic motions containindginear and
rotaional accelerationsThe inevitablegyro motor noise was efficiently removed by

the higher order FIR lowpass filter allowing for the acquisition ahuch improved

linear acceleration trends and the subsequent derivation of more accurate velocity
trends representative of the true moticaong the original orthogonal axes of

reference.

The resulting displacement trenotsfigure 5.45 also demonstraté the difference
between the conventional rigid, and tHPAGS active gyreenabled instrumerg

performance clearly exemplifying the advantage of the gyro mod$ilability to

maintain W K H V loi@ia& attffode and therefore itsapabilityto directlyacquire

true to thereferenceaxesdatg by successfully deoupling the linear from the
rotational accelations.
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Chapter 6

Conclusion

The difficulty of acquiring precise seismic datavas discussed in chapter 1,
identifying the underlying cause as one of referedoe, to the problem that a clear
separation of the observer from the phenomembserved cannot be readily
accomplished, since the obsen®directly connected to the object of interdbe
Earth.

The almost total dependency on inertial instruments for seismic recording and
observation hagyiven rise to one most prominent obseable effect of data

corruption in the time domairrggardless of instrument WKH 3UXQDZD\ HIIHF
3% DVHOLQH (UU Rdsults melcaneddd) lme&athnd exponential ground
displacement offsets in numerically derived velocities and displacements
respectively, invalidatinghe accuracy of theséerived trendsas assumptions to

their nature are made in order to secure an artifltagleline of zero offset error.

Various methodsind advanced calibration techniques have be@tely employed

in an attenpt to reconstruct a true seismielocity anddisplacement trergj as he
runaway, and other related phenomehave been the focus a@huch research
Although modern seismographs have considerably improved over that last decade,
displacementlata derivedrom these still exhibits baseline errpos occasion in the

order of several meters.

The extensivework conductedover theyearsin the development of correction
algorithms, filtering, and system models to address some of the problems associated
with this type of data acquisitionyas shown to be one démoothing” the effects

rather one of curing the problems, and therefore unalbeoiuce consistent long

term results in the complexity of real environments.

The obective of this work therefore vgato research the multiple sources of error,
internal to the instrument and external, and demdadisable solutionwiith the aim

to create theHigh Precision Active Gyrétabilised (HPAGS) seismic sensor
capable ofthe acquisitionof highly acurateseismicdatain realistic and complex

environments.In order to achieve thispriginal theory, novel methods and
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algorithms concerned with the correction or minimization of errors in current

seismic sensing instruments weleveloped and experimentally tested.

Methods for the derivabn of the dynamic response MEMS sensas, direct
generation of sensor signal dithering, quality preservation samglircriteria
methodologies, androssaxis sensitivity correction formulagjere developed and
practically and methadally evaluated resulting ithe development of thdirst six
degree offreedom seismic sensor unit. The HPAGS sensor was foundncept
capable of addressirthe majority of the known issuelsy additionally introducing
novel correction circuits faauo-zero biasand autegain correctionalong with their

comresponding embedded algorithms.

The methottal investigation of errors and their novel potential solutions was
detailed in chapter 3The experimental evaluation of sensor noise in this chapter
shovedan exponential increase of noise with increase in ambient temperature, and a
characteristic 1/f frequency response. Further, a pe&k evidentat the internal

clock frequency, albeit outside the bandwidth of interest. Noise coupling frem th
power suply to the sensor waalso shown toproduce a significant detrimental

effect on the sensor signahd onthe accuracy ofheacceleration measuremsnt

It was alsoshown thatspeciic DFWXDWLRQ RI WKH VHQVRUYV VHOI
for binary verfication of operation by the manufacturesuccessfullyyielded
frequency and dynamic sensor response characteristics and was therefore

successfullyused in the resulting instrument.

Detailed aperimental investigation QW R WKH VHQVRUfMVWatecdLQHDUL
substantial evidence to supporatltrossaxis interference wsathe chief source of
nortlinearity in MEMS sesors andnathematical correction formulagerederived

for the correctionof this effect, enabling theeconstruabn of true acceleratiodata

trends from sensor measurements acquired inl dhreg dimensional environment.

Consideration of a complex motion containing both linear and rotational
componentseven in two dimensionsery quickly indicatd that since a rotational

motion can geerate parasitic linear motion artefacts, as discussed in the
introduction of this work, distinction between true linear and linear artefacts caused

by rotationswas impossible.It was also shown that attempts via the addition of
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multiple sensorandrotaional sensors such as MEMS gyros, would be of limited
use as a correction metitmogy, dueto several physical limitations, leading to the

design of gyro stabilised HPAGS sensor solution.

An analysis of the requirements and challenges presented by medemolegical
instruments revealed that simply relying on best components and practices in order
to achieve high resolution amohg term stable measurementssviladeed of limited
use,even though instrument calibration could h&dptemporarilyminimisesamne of

these errorsOther environmentafactors were als@onsideredn this work, such as
asymmetricalground motion Since soil is a neaniform mixture, seismic wage
propagating from sandy to rocky soipuld experience change in shape amongst
other artefacts such as reflectiongevitably introducing in some cases non
linearity in the form of mechanical hysterewsthe seismic data, further supporting

the need for a sensor able teariple translational from rotationadotion

With the utilisagion of the primary MEMS circuit and the precision sinusoidal
vibration platform, it was confirmedarly on in this workhat the direct use of a
MEMS acceleration sensor for the measurement of seismic data, with or without
primary filtering, inevitably reultedin erroneousvelocity anddisplacement data
after the necessary double numerical integratibhe detailed aforementioned
examination of the sensor itself identified numerous sources of error able to corrupt
the seismic signalwithin the MEMS IC. Further, sensor limitations were
investigated, such as the effects of temperatureutiicins on sensitivity and zegp

bias volage. It was shown that the zegdias was quite susceptible to variations in
temperature in a nelmear fashion and in differgé polarities between channels,

making its removal by calibration rather inefficient.

The specific and methodical evaluation of the correction methods developed was
discussed in section 5. The results concludedtiigahew autezero bias correction
algoithm and circuit employed by the HPAGS sensor was able to provide a
dramatic improvement to the accuracy of displacement trends derived by the
numerical integration of acceleration data, while the use of the self test pin provided
effective corrections inthe form of impulse response -denvolution of the
instrument transfer function. Furthet,was shown that the gain correction circuit

employed by the HPAGS sensauccessfully aidethe redudion of errors resulting
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from component drifts in the fromtd electronics by typically a factor of 60 or

more.

The general crosaxis sensitivity correction formulae derived wepeactically
shownto provide essential correction to realistic dynamic data derived from the
HPAGS sensor, and thugereable to minimig baseline offset errors due to cross

axial coupling effects on seismic data trends.

The realisation of the gyro stabilisation module necessitated the use of DC motors
resulting inmotorinduced noise onto the signdlhis noise, resideth the higher
frequency bands allowmits exclusion from the signal via digital filteringlthough

the obligatory use of DC motors for the actuation of the gyros diémtoely fulfil

the long term requirements of the HPAGS sensor, it still enabled the provision of
prod of concept and a strong case in support of gyabilisation of seismic sensors

via alternative lowvibration technologies, such as the mercury liquid daiso

briefly discussed in this work.

Finally, the effectiveness of the HPAGS active gyro stabdi electromechanical

module was experimentally tested and was shown to be able to effectively acquire

true linear motion even when exposed to complex realistic motions containing linear

and rotational accelerations. The resultidgta demongtated the difierence in
performance between conventional curnegid instrumentsand the HPAGS active
gyro-enabled sensor FOHDUO\ H[HPSOLI\LQJ WKH DGYDQWDJH
DELOLW\ WR PDLQWDLQ WKH VHQVRUTV RULJLQDO D\

directly acquire true to the reference axes data

In conclusion the research, evaluation, desigmplementation, and experimental
work described herein, present a multitude of novel pragmatic solutions to the
problem of accurate seismic data acquisitiorcceasfully verified by theoretical,
simulation, and empirical means, and a proof of concept benchmark seismic

instrument.

~ 204 ~



Chapter 7

Future work

Although experimentally proven to provide a large improvement on the accuracy of
acceleration derived dismlament trends, thelPAGS sensor is not without areas
that could significantly benefit from improvement.

The auto zero circuit and algorithm alled for a small error in trend deviation
mainly due to the noise contentthe feedback signal. This correctioincuit could
benefit from the inclusion of active filtering and a bipolar feedback ADC in order to
allow for signal averaging and therefore significant noise reduction.

Alternativemeans ofactuation of the gyros would also be a necessity for any future
instrumentglesigned to take advantage of rotational and linear moticroaigling

as the noise imposed by the gyro motors was found to be difficult to filter out
without the degradation of the signathiefly due to their close proximity in
frequency andheresultingpoor signal to noise ratio.

Miniaturisation and hermetic encapsulation of the electronics wouldagisear to

be the natural progression for this sensor, as it would enable the improvement of
signal to noise ratio by the addition of therneatric cooling, much likehe one
employedn commercially available microbolometer sensors.

The addition of a GPS would also aid accurate instrument positioning and time
stamping of the data, thus enabling the evaluation of seismic dataHRAGS
instrument clusters.

~ 205~



References

[1] WX Ev E U :X &X < E | A«IJU DX D}E v U X }o
Calibration: A New Method for an Absolute3itu Calibration of LorBeriod
Accelerometers, Tested on the Stredle v /veSEpu vSe }( SZ '}« }
Bulletin of the Seismological Society of Amerioh,81, no. 4, pp. 1360372, 1991.

2] WX tX Z} P &U " E}S }v S§Z E}vo]v E Z *%}ve 1}
Bulletin of the Seismological Sogief Americayol. 65, no. 2, pp. 52830, 1975.

8] WX Z -« v (E&IHridariti Test on an Accelerometer System Designed for th
Seismic Nera(] o D <« p @& Bullefirof the Seismological Society of Americ
vol. 59, no. 3, pp. 1218225, 1969.

[4] Xt] ovs v 'X "A"SE | ]sSmidg Sdigmometér: Design and
W (E (} CE uBulletld of the Seismological Society of Amerio&,72, no. 6, pp.
23492367, 1982.

5] 'X X D>vvvuUu~rv £ S5 }EE S]}v (}E ic Sel®Emia
v 0 C Bullgtin of the Seismological Society of Americh,59, no. 2, pp. 70315,
1969.

6] sX ' ]I EU "dZ E *%}ve 3} }lu%o £ PE}uv D}3]
"0% E]v N vel}lE& }vEUIRtLNGS tBd Peldmological SociefyAmericayol.
99, no. 2B, pp. 1366377, 2009.

[7] tX , X <X > U AN 'o}ee EC }( Z}3BdlEtin ob tHe FeisinolpBiCal _
Society of Americapl. 99, no. 2B, pp. 1082090, 2009.

[B] WX Xt SSU ~"dZ %o%o0] S]}V Y(1euX X | %Bollth dEthe
Seismological Society of Amerieal. 50, no. 3, pp. 47476, 1960.

[9] X <X "W%38 Vv <X ,u UArZCo]PZ v >}A tA ]
Period Range in the IndonesW Z] 0] %o %0 ] v Bulletih]gfihg Seismological
Society of Americapl. 65, no. 2, pp. 560821, 1975.

[10] "X X "Z vU X :X Zv v , X :X ,puvPU " E A o] !
N ve}E D} poh&L11thVEEE International Workshop on Advanced Motion
Contro| Nagaoka2010.

[11] X :X t]Joo] ueU A A}o] ~§ & d]o§ D § E (JE HEE
IEEE2004.

~ 206 ~



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

tX dX VvPU ~X zX <Z}}U WX <X <Z}°] v X EX Z]A
Accelerometer for LowP D}3]}v dE |]vP %n¥cbBE InEefjatiobal
Conference on Robotics and Automagibiew Orleans, 2004.

X >X t}vP v DX X dE](uV -Adis’'Sqsitidty drid MEdlkgnment «
the Response of Mechanie® % S] o o EBWI€EEN b the Seismological
Society of Americapl. 67, no. 3, pp. 92956, 1977.

X dX ,X >]U ZX PPU X Z EEC v DX W o v]-A
NyvelE § (J& D euCE]vPIEBE2008. E Vv U _

X DX }}E U ™ (( 8§ }( < onDisplh@@Eentsdhd Response Spe:
for Several Recordings of the 1999-C&i]U d JA vU  aBslEtipof U_
Seismological Society of Amerigal. 91, no. 5, pp. 1199211, 2001.

H- X Z]JuU ~"§ o e o]Jv }EE oo y( FPHIletndE E
Seismological Society of Amerieal. 87, no. 4, pp. 93944, 1997.

X, X:AopuUdX KZu Z] v AX /vip U™ Ypu vs §].
Coseismic Displacements in the Near Field StrbrigS | } v o &} MBdeth z
of Seismological Society of Amerigal, 101, no. 3, pp. 1182198, 2011.

G. Xin, Y. Dong and G. Zhgn]U ""Su C }v EE}E+* }u% ve S]]
o (E}u SEHEERDOS.

DX X dE&](pv v sX tX > U ~cybeftGomiputedAsround GE
]* %00 uvse (E}u "SE}vP D}S]Bulletin af tiie BEISMologidal
Society of Americapl. 64, no. 4, pp. 1209219, 1974.

Y:-M. Wu, T-L. Lin, WA. Chao, HH. Huang, NC. Hsiaoand €. X Z vPU "&
ShortDistance Earthquake Early Warning Using Continued Monitoring of Filtere
s ES] o ]*%0 u vVvVSW o NS C }(SZ Tiil ] e] v
Bulletin of the Seismological Society of Amerioa,101, no. 2, pp. 76709, 2011.

A. A. Chandey, N. A. Alexander, J. Berrill, H. Avery, B. Halldorsson and R.
AP iJEvVeelvU N }v EV]VP e 0]y EE&}E- Jv SZ &
When Recovering Displacements from Strong Motion Records Using the

hv Ju 8§ t A o § d& Bulétds the Seismological Society of Americ.
vol. 103, no. 1, pp. 28395, 2013.

U-X. Tan, K. C. Veluvolu, W. T. Latt, C. Y. Shee, C. N. Riviere and W. T. Ang,
N eSlu S]VP ]*% 0 uvsd }(W E]} ] D}3]IEEE]SehshHis (
Journalyol. 8, no. 8, 2008.

X ,uUu X e« vP v X >] vPU ~ us} o] & S]}v D 8§z}

International conference on Mechatronic Scienktn, 2011.

~ 207 ~



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

>X &E}]}U &X W &Ee]Jv] v X }EPZ « U ™ usS} o]
Acceo E}u § E- A]3Z p3}u 8] e+ ve}(EEEpPensorsg. 1% v !
6, 2012.

tX X & EE oo v X &P U 2" Jeu] ~"CeS u o] C
Bulletin of the Seismological Society of Amero&,69, no. 1, pp. 25270,1979.

/IX &E}]}U "X "Spv] v EX X }EPZ « U ~ pus} o]
Instrumentation and Measurement Technology Conferg8oerento, 2006.

X EvVv E v X Z]Zo U ™}u us8zZ} e (}E& St@yu]
pe }( % Vv HOpUe V oBulelin of thE& Seismological Society of
Americayvol. 63, 1973.

C:J. Lin, HP. Huang, €. Liuand H. X Z]JuU » % %.0] S8]}v }( Z}8
Correcting Rotatiofinduced Effects on AccelerometetBulletin of the
Seismological Society of Amerieal. 100, no. 2, pp. 58597, 2010.

CJ.Lin,C. X >]p v tX , X > U~*Z }E& JvP Z}8 §]}v o v
D}§]}ve }( dA}d /' Z /E%o0}e]}ve Jv E}ESZ 5 Ev d ]
Buletin of the Seismological Society of Amenicd, 99, no. 28, pp. 123¥250, 2009.

AX >pu 1l IU tX Ko le]Jul v DX } v] IJU A~ ve]vP d]o$
IEEE SENSORS JOURAMAIB, no. 6, 2006.

ZX >X E]PDe@ddof*Rdeiom GroundD }S]}v D ¢ uE Bullesridof the
Seismological Society of Amerigal. 84, no. 5, pp. 1665669, 1994.

sX 'E ]I EU ~d]ose ]v "3 EBuIEtA @ {he\Seifnaddgivdl Society o
Americayol. 96, no. 6, pp. 2092102,2006.

X, X:AopUdX KZu Z] v ~X /vip U ~""Z}ES E}S
Rotation from StronéMotion Records: What Is Comparison with External
D suCE u vse d o d@W&inhof MdJSeismological Society of Amerioa,
102, no5, pp. 22572263, 2012.

ZX >X }E}* Z1 v X >PE v U ~d]os§ D-Jfiéinteg(aticre
1 >]lv @& o E}lu § E*W v / %BuHefin of heoSei%iamiodida
Society of Americapl. 96, no. 6, pp. 2072089, 2006.

dX d} ]38 U AX /] v dX /A § U "E pkielEAsymmetrio\Cerfjeal]
D }$]} \Bulletin of the Seismological Society of Americh, 100, no. 4, pp. 1456
1469, 2010.

ZX "o uvU X s vt SSuu v :XCladhelC%srekltiorn Anasis: A
EAd Zv]<p 8} D epE /ve3Epu v3 o E}]* }( ]P]%

~ 208 ~



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Bulletin of the Seismological Society of Amero&,96, no. 1, pp. 25871, 2006.

AX IE v X DX }}E U AKv « o]v rtaihGiEResgdnse \
Spectra for Baseline Variations Commonly Encountered in Digital Accelerograg
Z } & Bulletin of the Seismological Society of Amenic,99, no. 3, pp. 1671
1690, 2009.

X DX }}E& WtarDigitall®onversion as a Soeraf Drifts in Displacements
E]A (E}u ]P]8 0o Z }E ]JvPe« }( BHIpfivofthe o E §])
Seismological Society of Amerigal. 93, no. 5, pp. 2022024, 2003.

X « ZE v]l v X Wo ¢]JvP EU ~d}A & hv E - Effecls
e} 18 A]8Z t | ~ ]eu] A vse ]v BuHetirEof te Seisnoolbbic
Society of Americaol. 100, no. 1, pp. 593, 2010.

F.Mohdz ¢JvU X X <}E®u v v X :X E P oU "D <ucE

of MEMS Accelera S E*U_ % &Su vS }( o SE] o~ }u%
George Washington University, Washington, DC 20052, U.S.A., Washington,

Unknown.

DX X dE](pv U &X X h A ] v X'X E CUA™E:
STRONMGIOTION ACCELEROGRABdIetin of the Seismological Society of
Americayol. 63, no. 1, pp. 15187, 1973.

zX }IU X D oP E v Xim&ESthonguwotior! Broadband
]*%0 u vSe (E}u }oo} § 'W~N vBuletimof®pu § E-L
Seismological Sotjeof Americayol. 101, no. 6, pp. 2962925, 2011.

, X t}} U AKE -W/ dE/ > > Z K' Bulletibl of the Seismologica
Society of Americaol. 11.

WX X > ECU X sX D VIA v X zX >]U " &/ Z KV
Bulletin of the Seismological Society of Amenicd, 80, no. 1, pp. 21825, 1990.

R. Wildmesr®* Zv] E]JPU ~tZ § Vv "p% E }v p §]vP 'E A]t
NormatD} ~ ]eu}o} B@Mitof the Seismological Society of Ameriod,93,
no. 3 pp. 13761380, 2003.

K. U. Schreiber, A. Velikoseltsev, A. J. Carrand R. Frané U ~"dZ %0 %o O
&] & K%S] 'CE}e }% « (}E&E S$Z D eepE& u vs }( Z2}8

Bulletin of the Seismological Society of Ameroa 99, no. 2B, pp. 1267214, 2009

X >] vVPU &X <}Z+ | U yX >]U <X <puv]S}tu} v dX h
Yh Zde D D™ d/>d ~» EAKZ t/d, iXiiiEransducersDErzéy, 20D¢

EX X W}}C v X @& Z uU * Dg¥§i}o HédEo Mechafical |

~ 209 ~



[49]

[50]

[51]

[52]

[53]

[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

NCeS U o Elu 8§ & (}& he =« d]Jos v IPEE2P E
International Conference on Computer Modelling and Simula#0oh0.

dX 'X }ved v ]vip v X '}EP]}HU A~ D] E}%JEEEE d
2008.

X Y] vU X & vPU tX z vP v yX >pvU * unE S IEES
SENSORS JOURNAL,11, no. 10, 2011.

ZX oX E]JP }J@&U :X ZX A ve v X ZX ,u38U > 1}E

Rotational S]eu}u § @ulldtin of the Seismological Society of Amesioa,99,
no. 2B, pp. 1218227, 2009.

X ]Jev EP v dX sX D AlJooCU ~ KDWSHD RERONG *
DKAd/KE Zd,Yh < > Z K BullgtiZ 6ftthe Seismological Society ¢
Americayol. 61, no. 2, pp. 38397, 1971.

N-C.Tsaiand & X ~unu U N «]Pv v  v-AxG gyros¢opediEdomachine
C "HE( & OEEESENSORS JOURMAB, no. 12, 2008.

S.Gernvaisp JHE §U "E £ AU E € SV ERE011.
X < § o]JvU ~"D] &} }v§E}oo E =+ A~C-3EEEPQEE s] &

Y "Ce§ ue-URAPd&h” ]P]S o o (E }uSsisoldyjcar 'W A~
Research Letterspl. 79, 2008.

Z.L.Changand3.X ~Z }I1Z}vPU ~ A 0}%u v3 }( &]Jo3 u -
on MEMS sensor and Cortdxi U _THe& Tenth International Conference on
Electronic Measurement & Instrumen#d11.

'X ul}E U X, ¢« U <X Z}J]U <X DX > E-*}v Seismi z 1
Displacements through Combined Use élA GPS and Stroidption

o E}u SB(Hetld of the Seismological Society of Ameriok,97, no. 2, pp.
357-378, 2007.

X DX d@E 00]U tX &}/& ooU X Z} P E-U italEande %o
A%  }EvV D}IV]E}E]VP }( A ]+u]lIERPGA®QE05. t A U _

WX A Zo vU zX }vPU X DX EPuC vU &X Zu }o(U V
High Performance Inertial Navigation Grade Sigmas D D~* o E}u
IEEE2012.

X ov ECU EX pu *U >X > §}EE U &X D borms@ v

ACeS U (JE T KE] vs 8]}v IEEE Gdmpater Bakiety Annual
Symposium on VL SI008.

~ 210~



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

yX «Z vPU yX < v X «Z vP UEkZreMe@adickByRgmedjgita
P 1} %0 Z } \EERE International Conference on Atrtificial Intelligence and
Computational Intelligenc&010.

X &X o]vsé}v v dX ,X , 3§}vU "W Brongrhotion \elociy P -
Meter over a Strongu }S]}v o (&} bessniBlbpical Research Lettersl, 73,
no. 3, 2002.

P. Zwahlen, AM. Nguyen, Y. Domg, F. Rudolf, M. Pastre and H. Schmid,
"E s/' d/KE 'Z D D~ > ZKDE#&EZ010. ]v

X z — 1} }A]81 v ~X <ECo}AU ~D DA > ZKD d Z
DW>/&/ d/KE D , E/AD &KZ E, E  Trah8duckssDbntér,
2009.

X :X D]Joo]P vU X X ,}u ]i E v ZAXwnoiteMEMS CU »
Accelerometer for S]eu] /u P]VIEEE20]1%.

:X D]IpvIiU <X E}88u C EU dX <} C «Z]JU <X D]v u]
D] GE}lu Z]v o0 E}u § & A]3Z "upos v }us >]v C
IEEE international Conference on Ssilate Sensors anéictuators Chicago, 1997.

J-DX A8 p(( €U "D EIl § K%o%}ESUV]E] » JE A v
KA EA] A }( Sp o0 % ]o]&] * AeX Z IEHEE004 % ](]

X >]v v X D}uP v}isU A E &/d" K&D DUEROMETERS
&Kz K/> yW>K Z14thHKnEethatignal Conference on Sefithte Sensors,
Actuators and Microsystemgyon, 2007.

DX X >0 Vv :X'pUA™A op 8]}v }( ~"}o] "8 & )
W}e]S]}v <S]u &hMWdildComgress on Intelligent Control and Automatior
Taipei, 2011.

DX 'op U X pZu vv v zX D v}o]U ™~ us} o] €& S]}v
IEEE2012.

zX sX d E C AU zX WX <E]*38}A v X zX *]v ov]l}
Calibvation of High® ve]3]A]3C o E}ju § E+ v K3Z E 'E
Bulletin of the Seismological Society of Amerio&,84, no. 2, pp. 43843, 1994.

&X Z A ES E v KX U "r/vd E( JvP ](( & v8] o
Microcontroll E W ]E 3 IBERTRANSACTIONS ON INSTRUMENT,
AND MEASUREMEN®L. 59, no. 10, 2010.

WX tX Z} P E+U ~&Z Yh E z >/D/d» &KZ ~ /"DKD d .
SIGNADOEK/"A Z d/KAX W Zd TX d, & <Bollgthdkiie d

~ 211~



[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Sasmological Society of Americal. 82, no. 2, pp. 1099123, 1992.

DX X Z] < o0oU zZX X D}}E v :X X KE pussu ~>/D
AN /"DKD d Zz~ t/d, s >K /dz dZ E* h z»~ E > dZKE
Bulletin of the Seismologicab@ety of Americayol. 80, no. 6, pp. 1725752, 1990.

F.Mohdz<]JvU X X <}Eu vU X X EP v X dX Zpv
Peaks, Resonance Effect and 1/f Exponents on Noise Characteristics of MEM$
o BE}lu § EEH2004v

X "§E}oo}U "X W E}o JU <X ,X : Il oU X D EI}E
W E]} ~ve}Es (JE Z SE] AJvP Z 0] o ,Is W e (}(
Bulletin of the Seismological Society of Amenrio&,98, no. 2, pp. 67681, 208.

C. Collette, S. Janssens, P. Fernatdemona, K. Artoos, M. Guinchard, C. Hauvi

v X WE pulviU ~Z A] AW /v Eeé&juency Sewsnde Vikjadion> ]
D <u&E u Bgltin of the Seismological Society of Amenich,102, no4, pp.
12891300, 2012.

tX >] vPU X z vVP v YX }VPZ(}JEA EP84(JUS E(
in IEEE 4th International Congress on Image and Signal Pro¢&gkidg

DX t vPU zX z vPU ZX ZX , § Z v zX ¢Z vPU " %o
Based Attitu v , JvP Z ( E v ANAEBR004_ ]v

X Z]SZ]Euv v WX ~}}E |Ie U AdZ /u%o u vs §]}v }

*SJu S]1}v }( h &h Blectjigal Engineering/ Electronics, Computer,
Telecommunications and Information Tieology (ECTI) Association of Thailand
Thailand, 2011.

WX tpU zX ' U ~"X  Z v-neisingAlgqrithum Based on Compression of
tAos }((]]vs (J&E D D~ 0 Eroceedigs ¢Rhe 2010 K
International Conference onfbrmation and AutomationHarbin, 2010.

J-g. Song, &. Zhao, Sh. Linand Hi X >]JpU "~  }u%o}e]S]}v }( " ]
on Hilbert,p vP SE ve(}JEEHE2011.]Vv

DX X dE](pv U N EKd KE KZAOTIGNEABCELERDGEANV
&KZ /E~fdZhD Ed Z Buletheofthd Seismological Society of Amerio,
62, no. 1, pp. 40409, 1972.

EX X o &£v E v X X Zv EoCU” ZA]l AW
YO N Jeu] SPridceeflings of the Eighth émhational Conference on Civil anc
Structural Engineering Computingyustria, 2011.

~ 212 ~



[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

>X }JvP v <X «Z vPU ~A™ ve]l]vP v }v8C&}o }( D D7
&]o0s EBPE20].

Mii-/ Jo} v X dE&](pv U ~e ZK N OFBTROGNZEDTIANK
> ZK'Z E Bullktin of the Seismological Society of Amenicd,61, no. 5,
pp. 12011211, 1971.

ZX t vPU X " ZWEE®U X D]Jol € ]JSU «X ~Z } v DX
for Empirical Baseline Correction of BagiStrongD }$]}v Z } 8ulletih of the
Seismological Society of Amerigal. 101, no. 5, pp. 2028044, 2011.

J.Shojad Z EJU ~ Et "™ ~""D Ed K& ZZKZ™ &ZKD /']
BASELINE CORRECTIONS OF STRRONGK E > ZK'ZBllétin ofthe
Seismological Society of Amerieal. 70, no. 1, pp. 29303, 1980.

tX ,X }C U ~> dd zZ» dK d, /[dKZX [/Ed 'Z d/KHEullKti&
of the Seismological Society of Ameriaal, 60, no. 1, pp. 26263, 1970.

J.HershbergéEU ~Z Ed s >KWD EdDKH/Kd&EZ KE > Bulletib of
the Seismological Society of Amerit@54.

X DUEE CU /v PE §]}v }( 0o E}jud E § W &]
Z] §] "}o HEEEVFRANSACTIONS ON AUTOMATIC CONITBRIno. 2,
1987.

&X E pu vvU " E WWZ /~ > K& EhD Z/ > /Ed 'Z d/K
TO STRON®G® Kd/KE  @ullktin of the Seismological Society of America.

EX J]olUA”N § Gu]v]vP §Z vPpo & D}S8]}v }I( Z]P
Ac o (E}u 8§ E- t]SZ}us /VvIEEREZBOA]}VvU _ ]v

>X WX z E}eo Ael]JU X D}E v} v X Uu%}eU "&E «
%}A & }( vpu E] o Jvd PE 3]Pptipdl Soniésymf Amesicabl. 13,
no. 8, 2005.

E.J.Walte " E yd EA/KE K& d, D d,K K& EhD zZ/ >,
AN IM"DK'Z DM dK /E >h d,/Z [ERULZETNKOE UHE
SEISMOLOGICAL SOCIETY OF AMBRHCA,

X dX Z]vPo EU X ZX ,u838U :X ZX A ve v >X X *
Instrpyu v8 E}]e }Z E v v 0 C * ] Budetirzof thetSeidmological
Society of Americaypl. 101, no. 2, pp. 55867, 2011.

tX dX VvPU WX <X <Z}so Vv X EX Z]A] E U "Edvo]
D D 0 E }ulEEEBSENSORSRNALyoL. 7, no. 1, 2007.

~ 213~



[99] :X X sv u EU'X>X vEA v XDE]oU”voC
D] G}lu Z]v o EHEERO@B.U _

[100] <X 'X ,]Jvli vU X &0 ]J*Z E Vv 'X A ZA %% U ~>}vP d
Stat] } v Beismological Research Lettersl, 83, no. 2, 2012.

[101] « X z VPU X tX >pU X t vPU X 'pudf-freedenx Strdrig Grodird
D}S]}ve D eu®& u vS8 C he]vP ]PZS Intermati@aluCenfeEente
on Computer, Mechatroos, Control and Electronic Engineeri2@10.

[102] sX DX " ]I €U » (( 8 }( 3]0% }v «3E}SH Dyharhlos and
Earthquake Engineeringol. 25, 2005.

[103] X > AE v U WX }]v v X X > vPe3}vU nlineat haqh I
E}v <plo] EJuu Cv u] « ]Jv ~Z 00}AU hv Bulptr]ofthe »
Seismological Society of Amerieal. 99, no. 3, pp. 1650670, 2009.

[104] WX 'MW Py vU DX > vPo J*U WX &}E CU X Z}uee
IsolaS]vP "CeS uW dzZ uE] D BulRetiE pAthe $¢isndolagjical Socie
of Americayol. 101, no. 3, pp. 1078080, 2011.

[LO5] N. Maercklin, A. Zollo, A. Orefice, G. Festa, A. Emolo, R. De Matteis, B. Deloui

} J}U ~Adz  (( $fADistant Accelerometer Array to Compute Seismic

NMUE W E u S EW dZ % E]Jo 1110 >[ «p]Rulletindefize
Seismological Society of Amerieal. 101, no. 1, pp. 35365, 2009.

[106]F. T. Thwaites, F. B. Wooding, J. D.War<X ZX W o v :X X 1}oo0
System for an Ocean}$8}u ~ Jeu}u § GU_ t}} « ,}J0o K vVv}PQ

[107] : X , BE«Z EP EU ~"Z Ed s >KWKWEKE/EE "&BEWMdE of
the Seismological Society of Amerit@54.

[108] X X ,p ¢}v v ‘X tX ,}puev EU " E EMOIION K& "dZK
ACCELEROMETER DATA FROM THE SAN FRANCISCO EARTHQUAKE OF
i 6 i 6RMlletin of the Seismological Society of Amenio&,48, pp. 25268, 1958.

[109]B. Fry, R. Benitesand A.lka®EU ~dzZz Z E& S E }( o E S]}
ZE]*S ZPpE& Z EeiSmalpgitalUResearch Letters, 82, no. 6, 2011.

[110] WX 'm Py vU DX > vPoO Je*U WX &}E CU X Z}puee

Isolating System: The Buried Mangko (( Bullétin of the Seismological Socie
of Americayol. 101, no. 3, pp. 1078080, 2011.

~ 214~



[111] C. Collette, S. Janssens, P. Ferna@#mona, K. Artoos, M. Guinchard, C. Hauv

v X WE pu}lvsuU 2~z A] AW /v @Eeéjuery SeisihiE VibfatiEn > )

D e<u&E u Bgltin of the Seismological Society of Amenich,102, no. 4, pp.
12891300, 2012.

[112] X A"§E}o0}U X W E}o JU <X ,X : | oU AX D (E ReHoc

Sensors for Retrieving Reliablés W |¢ (}E & E <y v ] * >Beletthdf
the Seismological Society of Amerial, 38, no. 2, pp. 67681, 2008.

~ 215~



Appendix A

Windows control software

Private Sub Command1_Click()

'‘Auto-Zero X Code A=65d

MSComml.PortOpen = True

MSComm1.Output = "A"

MSComm1.PortOpen = False

Textl.Text = Textl.Text & vbNewLine & "X channel Autozero done”

With Textl
.SelStart = Len(.Text)
.SelLength =0

End With

End Sub

Private Sub Command10_Click()
'Horizontal Gyro ON/OFF Code 1=73d
MSComm1.PortOpen = True
MSCommZ1.Output = "I"
MSComm1.PortOpen = False
If Check2.Value = 0 Then
Check2.Value =1
Label4.Caption = "ON"
Else
Check2.Value = 0
Label4.Caption = "OFF"
End If
Textl.Text = Textl.Text & vbNewLine & "Horizontal Gyro Power Toggled"
With Textl
.SelStart = Len(.Text)
.SelLength =0
End With
End Sub

Private Sub Command11_Click()
‘Vertical Gyro ON/OFF J=74d
MSComm1.PortOpen = True
MSComm1.Output = "J"
MSComm1.PortOpen = False
If Check3.Value = 0 Then
Check3.vValue =1
Label5.Caption = "ON"
Label6.Caption = "ON"
Else
Check3.Value =0
Label5.Caption = "OFF"
Label6.Caption = "OFF"
End If
Textl.Text = Textl.Text & vbNewLine & "Vertical Gyro Power Toggled"
With Textl
.SelStart = Len(.Text)
.SelLength =0
End With
End Sub
Private Sub Command12_Click()
'‘Brakes ON/OFF K=75d
MSComm1.PortOpen = True
MSComm1.Output = "K"
MSComm1.PortOpen = False
If Check4.Value = 0 Then
Check4.Value = 1
Else
Check4.Value =0
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End If
Textl.Text = Textl.Text & vbNewLine & "Brake Actuators Toggled"
With Textl
.SelStart = Len(.Text)
.SelLength=0
End With
End Sub

Private Sub Command2_Click()
'‘Auto-Zero Y Code B=66d
MSComm1l.PortOpen = True
MSComm1.Output = "B"
MSComm1.PortOpen = False
Textl.Text = Textl.Text & vbNewLine & "Y channel Autozero done"
With Textl
.SelStart = Len(.Text)
.SelLength =0
End With
End Sub

Private Sub Command3_Click()
'Auto-Zero Z Code L=76d
MSComm1.PortOpen = True
MSComm1.Output = "L"
MSComm1.PortOpen = False
Textl.Text = Textl.Text & vbNewLine & "Z channel Autozero done"
With Textl
.SelStart = Len(.Text)
.SelLength =0
End With

End Sub
Private Sub Command4_Click()
'Impulses Code C=67d
MSComm1.PortOpen = True
MSComm1.Output ="C"
MSComm1.PortOpen = False
Textl.Text = Textl.Text & vbNewLine & "All Channel Impulses Generated"
With Textl

.SelStart = Len(.Text)

.SelLength =0
End With
End Sub
Private Sub Command5_Click()
'V Ref Directly to outputs Code F=70d
MSComm1.PortOpen = True
MSComm1.Output = "F"
MSComm1.PortOpen = False
Textl.Text = Textl.Text & vbNewLine & "V Ref Now Connected to Outputs"
With Textl

.SelStart = Len(.Text)

.SelLength =0
End With
Line7.Visible = False
Line9.Visible = False
Linell.Visible = False
Line8.Visible = True
Line10.Visible = True
Linel2.Visible = True
End Sub

Private Sub Command6_Click()

'V Ref Through Channels G=71d

MSComm1.PortOpen = True

MSComm1.Output = "G"

MSComm1.PortOpen = False

Textl.Text = Textl.Text & vbNewLine & "V Ref Now Through Channels"
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With Textl

.SelStart = Len(.Text)

.SelLength =0
End With
Line7.Visible = True
Line9.Visible = True
Linell.Visible = True
Line8.Visible = False
Linel0.Visible = False
Linel2.Visible = False
Linel.Visible = False
Line2.Visible = False
Line3.Visible = False
Line4.Visible = True
Line5.Visible = True
Line6.Visible = True
Labell.Caption = "V=ZERO"
Label2.Caption = "V=ZERO"
Label3.Caption = "V=ZERO"
End Sub

Private Sub Command7_Click()
'Freq Sweep Code D=68d
MSComm1.PortOpen = True
MSComm1.Output = "D"
MSComm1.PortOpen = False
Textl.Text = Textl.Text & vbNewLine & "Frequency Sweep Activated”
With Textl
.SelStart = Len(.Text)
.SelLength =0
End With
End Sub
Private Sub Command8_Click()
'Dithering ON/OFF E=69d
MSComm1.PortOpen = True
MSComm1.Output = "E"
MSComm1.PortOpen = False
If Checkl1.Value = 0 Then
Checkl.vValue =1
Else
Checkl.Value =0
End If
Textl.Text = Textl.Text & vbNewLine & "Dithering Mode Toggled"
With Textl
.SelStart = Len(.Text)
.SelLength =0
End With
End Sub

Private Sub Command9_Click()
'V Ref Disabled Code H=72d
MSComm1.PortOpen = True
MSComm1.Output = "H"
MSComm1.PortOpen = False
Textl.Text = Textl.Text & vbNewLine & "V Ref Diasabled. Now In Normal Mode Operation”
With Textl

.SelStart = Len(.Text)

.SelLength=0
End With
Line7.Visible = True
Line9.Visible = True
Linell.Visible = True
Line8.Visible = False
Linel0.Visible = False
Linel2.Visible = False
Linel.Visible = True
Line2.Visible = True
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Line3.Visible = True
Line4.Visible = False
Line5.Visible = False
Line6.Visible = False
Labell.Caption ="V=0.5 V REF"
Label2.Caption ="V=0.5 V REF"
Label3.Caption ="V=0.5 V REF"
End Sub
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Appendix B

Embedded software

;CODE VERSION 1 16/02/14 Seism
org 0x00 ; RESET VECTOR
goto INIT ;GOTO INIT, SKIP INTERUPT VECTORS

S>SS>S>S>>>>>5>>>>>>>>>>>> HIGH PRIORITY INT SERVICE ROUTINE INTO >>>>>>>>>>>>>>

JINT Housekeeping roUtiNe..........oooviiiiiieii e

org 0x08; HIGH PRIORITY INT VECTOR ADDRESS
; bcf OxFD5,7; DISABLE TMRO IN TOCON,7
; bcf OxFF2,2; CLEAR TMRO INTERUPT FLAG IN INTCON
;OUT bsf OxFD5,7; ENABLE TMRO IN TOCON,7
retfie

ISSSSSSSSSSSSSSSSSSSSSSSSSSSSD |N|T <<<<<<LLLLLLLLLLLLLLLLLLLLLLLLKL

INIT org 0x90
; moviw  OxOF; ADCONL1 BUG FIX
; movwf  OxFC1; ENABLE FOR SIMULATION ONLY!
ICLK CONFIG......coooieeeeeeeeeae,
moviw  0x72; SET INTERNAL CLOCK TO 16MHZ
movwf  OxFD3; OSCCON = 0X72

; PORT A CONFIG......ctviiiiiiieieeeveeeveeieveveeeveveveae e
moviw  0x01;

movff OxXFES8,0xF38; MAKE RAO ANALOG...REST OF PORTA DIGITAL. ANSELA=1
moviw  0x01

movwf  OxF92; TRISA=1, RAO AS INPUT, ALL OTHER AS OUTPUTS

clrf 0xF80; CLEAR PORTA DATA

; PORT B CONFIG.......outviieiiiiiiiieee e
moviw  0x00;

movff OxFEB8,0xF39; MAKE PORTB DIGITAL. ANSELB=0

moviw  0x01

movwf  OxF93; SET TRISB, PORT B RBO AS INPUT, REST OUTPUTS [RBO
AS INTO]

clrf OxF81; CLEAR PORT B DATA

clrf OxF61; DISABLE PORTB INTERNAL PULL UPS, WPUB=0

; PORT C CONFIG.......coiiiitiiieeee et
moviw  0x00;

movff OxFE8,0xF3A; MAKE PORT C DIGITAL. ANSELC=0

moviw  0x80;

movwf  0xF94; TRISC, RC7 INPUT ALL OTHER PORTC OUTPUTS
clrf 0xF82; CLEAR PORT C DATA
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; POWER UP NORMAL CONFIG

bsf
bsf
bsf

bcf
bcf

; ADC CONFIG ANO

bsf

bsf
ADCON2

bsf

bsf

bsf

bsf

0xF80,3;

0xF80,4;
0xF80,5;

0xF82,5;
OxF81,1;

OxFC2,0;
0xFCO0,0;

OxFCO0,1;
0xFCO,3;
0xFCO0,4;
OxFCO0,5;

0x19;

OxFE8, OXFAF;
OxFAC,4;
OxFAB,7,;
OxFAB,4;

0xF81,3;

0x80;
0Ox5;

SETTING SYNC Z,Y,X RESP TO HIGH...DACS TO NORM

I/P REF SW TO ZERO RC5=0
O/P REF SW TO ZERO RB1=0

ENABLE ADC MODULE IN ADCONO BIT 0
CONFIGURE ADC CLOCK TO 600KHZ INTERNAL IN

CONFIGURE ADC ACQ TIME TO 20TAD

SET VALUE FOR INTO ENABLE
INTO BIT ENABLED IN INTCON REG

25d into SPBRG1 - BAUD RATE 9600 FROM 16MHz FOSC.
CLEAR SYNC BIT IN TXSTA1- SET ASYNCHRONOUS MODE

SET SPEN BIT IN RCSTA1 TO ENABLE SERIAL PORT
SET CREN BIT IN RCSTA1 TO ENABLE RX HARDWARE

SET FEEDBACK SWITCH TO X CHANNEL

SET DAC VAR TO 1.008V

ISSSSSSSSSSSSSSSSSS>>>>55>>>5>> MAIN <<<<<<<<<LLLLLLLLLLLLLLLLLLLLLL

MAIN

btfsc
call

goto

OxF9E,5;
EUSART;

MAIN

TEST EUSART RECIEVE FLAG, SKIP IF NO RX
CALL INSTRUCTION DECODER FUNCTION
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ISSSSSSSSSSSSSSSSSSSS>>>>>>>>>>> FUNCTIONS <<<<<<<<<<<<<L<L<LLLLLLLLLLLLLLLLLLLL<

;Delay of 200us Approx
DELAY
moviw
movwf
LO decfsz
goto

;Delay of 25 ms Approx

DELAY3

dly3

L3

EUSART;

IMP

VREF

DISREF

VRIN

AUTOZX

return

moviw
movwf
moviw
movwf

decfsz
goto
decfsz
goto

return

moviw
movwf
movff
cpfseq
goto
call

moviw
movwf
movff
cpfseq
goto
call

moviw
movwf
movff
cpfseq
goto
call

moviw
movwf
movff
cpfseq
goto
call

moviw
movwf
movff
cpfseq
return
call

return

OxFF
0x01
0x01
LO

;200us Approx

;25ms Approx

INSTRUCTION DECODER AND EXECUTION FUNCTION

0x43;

0x02;
OxFAE,OXFES;
0x02;

VREF
IMPULSE;

0x46;

0x02;
OxFAE,OXFES;
0x02;

DISREF
VREFOUT;

0x48;

0x02;
OxFAE,OXFES;
0x02;

VRIN
NOVREF,;

Ox47;

0x02;
OxFAE,OXFES;
0x02;
AUTOZX
VREFIN;

0x41;

0x02; MOVE 0x41

OxFAE,OXFES;
0x02;

AZX;

CHECK FOR IMPULSE INSTRUCTION ASCII 0X43

MOVE 0x43 TO LOCATION 02 FOR COMPARISON

LOAD EUSART RECIEVE REGISTER RCREG1 DATA INTO W
COMPARE W WITH VALUE ASCII 0X43, SKIP IF EQUAL

IMPULSE INSTRUCTION, CALL IMPULSE FUNCTION

CHECK FOR V REF DIRECTLY TO OUTPUTS INSTRUCTION
MOVE 0x46 TO LOCATION 02 FOR COMPARISON

LOAD EUSART RECIEVE REGISTER RCREG1 DATA INTO W
COMPARE W WITH VALUE ASCII 0X46, SKIP IF EQUAL

CALL V REF TO OUTPUTS INSTRUCTION

CHECK FOR V REF DISABLE INSTRUCTION ASCII 0X48
MOVE 0x48 TO LOCATION 02 FOR COMPARISON

LOAD EUSART RECIEVE REGISTER RCREG1 DATA INTO W
COMPARE W WITH VALUE ASCII 0X48, SKIP IF EQUAL

CALL NO V REF MODES INSTRUCTION

CHECK FOR V REF THROUGH CHANNELS INSTRUCTION
MOVE 0x47 TO LOCATION 02 FOR COMPARISON

LOAD EUSART RECIEVE REGISTER RCREG1 DATA INTO W
COMPARE W WITH VALUE ASCII 0X47, SKIP IF EQUAL

CALL V REF THROUGH CHANNELS INSTRUCTION

CHECK FOR AUTO ZERO X INSTRUCTION ASCII 0X41

TO LOCATION 02 FOR COMPARISON

LOAD EUSART RECIEVE REGISTER RCREG1 DATA INTO W
COMPARE W WITH VALUE ASCII 0X41, SKIP IF EQUAL

CALL THE AUTO ZERO X INSTRUCTION



IMPULSE;
bsf
call
bcf

return

0xF82,3;
DELAY
0xF82,3;

IMPULSE EXCITATION ALL CHANNELS 200us

SET RC3 EST PIN TO HIGH FOR 200us DELAY

RESET RC3 TO ZERO

bsf
return

NOVREF;
bcf
bcf
call
return

OxF81,1;
0xF82,5;
SRDAC,;

NO V REF MODES ON ALL CHANNELS

O/P REF SW CLEAR RB1=0 TO ALLOW DATA TO OUTPUTS
I/P REF SW TO ZERO - ALLOW OUTPUTS INTO CHANNELS
SOFT RESET ALL DACS TO HALF WAY LEVEL

VREFIN;
bsf
bcf
call
return

0xF82,5;
OxF81,1;
ZDACS;

ZDACS; SET ALL DACS TO ZERO

bcf
bcf
bcf
bcf

bsf

bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf

0xF80,5;
0xF80,4;
0xF80,3;
0xF80,7;

0xF80,6;

0xF80,6;1
0xF80,6
0xF80,6;2
0xF80,6
0xF80,6;3
0xF80,6
0xF80,6;4
0xF80,6
0xF80,6;5
0xF80,6
0xF80,6;6
0xF80,6
0xF80,6;7
0xF80,6
0xF80,6;8
0xF80,6
0xF80,6;9
0xF80,6
0xF80,6;10
0xF80,6
0xF80,6;11
0xF80,6
0xF80,6;12
0xF80,6;
0xF80,6;13
0xF80,6
0xF80,6;14
0xF80,6
0xF80,6;15
0xF80,6
0xF80,6;16
0xF80,6
0xF80,6;17
0xF80,6
0xF80,6;18
0xF80,6
0xF80,6;19

VREF THROUGH ALL CHANNEL INPUTS

I/P REF SW SET RC5=1 - ALLOW V REF INTO CHANNELS
O/P REF SW CLEAR RB1=0 TO ALLOW DATA TO OUTPUTS
SET ALL CHANNEL DACS TO ZERO

CLEAR SYNCX TO ENTER WRITE MODE
CLEAR SYNCY TO ENTER WRITE MODE
CLEAR SYNCZ TO ENTER WRITE MODE
CLEAR DATA TO PROVIDE ALL ZEROS

SET CLK TO HIGH
; PULSE CLK 24 TIMES-WRITE DATA ON FALLING EDGES

~ 223~



bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf

bsf

bsf
bsf

return

0xF80,6
0xF80,6;20
0xF80,6
0xF80,6;21
0xF80,6
0xF80,6;22
0xF80,6
0xF80,6;23
0xF80,6
0xF80,6;24

0xF80,5;
0xF80,4;
0xF80,3;

SET SYNCX TO ENTER IDLE MODE
SET SYNCY TO ENTER IDLE MODE
SET SYNCZ TO ENTER IDLE MODE

bcf
bcf
bcf

bsf

bsf

bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf
bsf
bcf

0xF80,5;
0xF80,4;
0xF80,3;

0xF80,7;
0xF80,6;

0xF80,6;1
0xF80,6
0xF80,6;2
0xF80,6
0xF80,6;3
0xF80,6
0xF80,6;4
0xF80,6
0xF80,6;5
0xF80,6
0xF80,6;6
0xF80,6
0xF80,6;7
0xF80,6
0xF80,6;8
0xF80,6
0xF80,6;9
0xF80,6
0xF80,6;10
0xF80,6
0xF80,6;11
0xF80,6
0xF80,6;12
0xF80,6;
0xF80,6;13
0xF80,6
0xF80,6;14
0xF80,6
0xF80,6;15
0xF80,6
0xF80,6;16
0xF80,6
0xF80,6;17
0xF80,6
0xF80,6;18
0xF80,6
0xF80,6;19
0xF80,6
0xF80,6;20
0xF80,6
0xF80,6;21
0xF80,6
0xF80,6;22
0xF80,6
0xF80,6;23
0xF80,6
0xF80,6;24

SOFT RESET ALL DACS TO HALF V OUT
CLEAR SYNCX TO ENTER WRITE MODE
CLEAR SYNCY TO ENTER WRITE MODE
CLEAR SYNCZ TO ENTER WRITE MODE

SET DATA TO PROVIDE ALL ONES - SOFTWARE RESET

SET CLK TO HIGH
;PULSE CLK 24 TIMES-WRITE DATA ON FALLING EDGE
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bsf 0xF80,5;

SET SYNCX TO ENTER IDLE MODE
SET SYNCY TO ENTER IDLE MODE
SET SYNCZ TO ENTER IDLE MODE

AQ
ADCONO
ADF

IF READY

INC

L1

STROBE

ZSTR

bsf 0xF80,4;
bsf 0xF80,3;
return

AUTO ZERO X..ovveevvieeeciieeenns

moviw  0x80;

movwf  0x5;
bsf 0xF81,3;
clrf 0x6;
clrf 0Ox5;
goto INC;
bsf OxFC2,1;

btfsc OxFC2,1;

goto ADF;
tstfsz OxFC4;
goto INC
return

incf 0x6;

btfsc 0xFD8,0;
incf 0x5;

bcf 0xF80,5;
bcf 0xF80,7;
bsf 0xF80,6;
bcf 0xF80,6;1
bsf 0xF80,6
bcf 0xF80,6;2
bsf 0xF80,6
bcf 0xF80,6;3
bsf 0xF80,6
bcf 0xF80,6;4
bsf 0xF80,6
bcf 0xF80,6;5
bsf 0xF80,6
bcf 0xF80,6;6
bsf 0xF80,6
bcf 0xF80,6;7
bsf 0xF80,6
bcf 0xF80,6;8
bsf 0xF80,6

moviw  0x9;

movwf  0x4;
decfsz  Ox4;
goto STROBE
goto B2

btfss 0x5,7;
goto ZSTR;
bsf 0xF80,7;
bcf 0xF80,6;
bsf 0xF80,6
rincf 0x5;
goto L1

bcf 0xF80,7;

SET DAC VAR TO 1.008V

DAC MSB VAR

SET FEEDBACK SWITCH TO X CHANNEL
DAC LSB VAR

CLEAR DAC MSB VAR

START ADC CONVERSION BY SETTING GO/DONE BIT IN
TEST GO/DONE BIT FOR END OF ADC CONVERSION. SKIP

ADC RESULT NOT READY. TEST AGAIN
TEST ADC RESULT H-BYTE. SKIP NEXT IF ZERO

ADC NOT ZERO...INCREMENT LSB DAC VAR
/INCREASE NEG FEEDBACK VOLTAGE

TEST CARRY FLAG FOR OVERFLOW, SKIP IF NO
OVERFLOW. INC 0x5 DAC MSB VAR

FIRST 8 CONFIG DAC BITS

CLEAR SYNCX TO ENTER WRITE MODE

CLEAR DATA TO PROVIDE ALL ZEROS

SET CLK TO HIGH

;PULSE; CLK 8 TIMES - WRITE CONFIG ON FALLING EDGES

NEXT 8 MSB VARIABLE BITS STROBED TO DAC
SET REPEAT VARIABLE TO STROBE 8 BITS

TEST VAR MSB

GOTO STROBE ZERO

SET DATATO 1 TO STROBE 1
STROBE PULSE CLK

ROTATE VAR LEFT FOR NEXT BIT TO STROBE

CLEAR DATA TO STROBE ZERO
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bcf 0xF80,6; STROBE PULSE CLK

bsf 0xF80,6
rincf 0Ox5; ROTATE VAR LEFT FOR NEXT BIT TO STROBE
goto L1
; LAST 8 LSB VARIABLE BITS STROBED TO DAC
B2 moviw  0x9; SET REPEAT VARIABLE TO STROBE 8 BITS
movwf  0x4;
L2 decfsz  0x4;
goto STROBE2
goto ouT
STROBE2 btfss 0x6,7; TEST VAR MSB
goto ZSTR2; GOTO STROBE ZERO
bsf 0xF80,7; SET DATATO 1 TO STROBE 1
bcf 0xF80,6; STROBE PULSE CLK
bsf 0xF80,6
rincf 0x6; ROTATE VAR LEFT FOR NEXT BIT TO STROBE
goto L2
ZSTR2  bcf 0xF80,7; CLEAR DATA TO STROBE ZERO
bcf 0xF80,6; STROBE PULSE CLK
bsf 0xF80,6
rincf 0x6; ROTATE VAR LEFT FOR NEXT BIT TO STROBE
goto L2
ouT bsf 0xF80,5; SET SYNCX TO ENTER NORMAL MODE

moviw  0xC8
cpfsgt  OxFC4

call DELAYS; ALLOW FOR FILTERS TO SETTLE AT NEW VOLTAGE.
; call DELAYS; ALLOW FOR FILTERS TO SETTLE AT NEW VOLTAGE.
; return;
goto AQ; RE-ACQUIRE ADC RESULT TO TEST FOR ZERO.
AV AUTO ZERO X FINE TUNE........ccoociviveeriiiiieee e
AQ1 bsf OxFC2,1; START ADC CONVERSION-SET GO/DONE BIT IN ADCONO
ADF1 btfsc OxFC2,1; TEST DONE BIT FOR END OF ADC CONV- SKIP IF DONE
goto ADF1; ADC RESULT NOT READY. TEST AGAIN
tstfsz OxFC3; TEST ADC RESULT LOW-BYTE. SKIP NEXT IF ZERO
goto INC1
return; ADC LOW-BYTE=0
INC1 incf 0x6; ADC NOT ZERO...INCREMENT LSB DAC VAR
JINCREASE NEG FEEDBACK VOLTAGE
btfsc 0xFD8,0; TEST CARRY FLAG FOR OVERFLOW, SKIP IF NO
incf Ox5; OVERFLOW. INC 0x5 DAC MSB VAR

; FIRST 8 CONFIG DAC BITS

bcf 0xF80,5; CLEAR SYNCX TO ENTER WRITE MODE
bcf 0xF80,7; CLEAR DATA TO PROVIDE ALL ZEROS
bsf 0xF80,6; SET CLK TO HIGH
; PULSE; CLK 8 TIMES - CONFIG ON FALLING EDGES
bcf 0xF80,6;1
bsf 0xF80,6
bcf 0xF80,6;2
bsf 0xF80,6
bcf 0xF80,6;3
bsf 0xF80,6
bcf 0xF80,6;4
bsf 0xF80,6
bcf 0xF80,6;5
bsf 0xF80,6
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bcf 0xF80,6,6

bsf 0xF80,6
bcf 0xF80,6;7
bsf 0xF80,6
bcf 0xF80,6;8
bsf 0xF80,6
NEXT 8 MSB VARIABLE BITS STROBED TO DAC
moviw  0x9; SET REPEAT VARIABLE TO STROBE 8 BITS
movwf  0x4;
L11 decfsz  0x4;
goto STROBE1
goto B21
STROBE1 btfss 0x5,7; TEST VAR MSB
goto ZSTR1; GOTO STROBE ZERO
bsf 0xF80,7; SET DATATO 1 TO STROBE 1
bcf 0xF80,6; STROBE PULSE CLK
bsf 0xF80,6
rincf 0x5; ROTATE VAR LEFT FOR NEXT BIT TO STROBE
goto L11
ZSTR1 bcf 0xF80,7; CLEAR DATA TO STROBE ZERO
bcf 0xF80,6; STROBE PULSE CLK
bsf 0xF80,6
rincf 0x5; ROTATE VAR LEFT FOR NEXT BIT TO STROBE
goto L11
; LAST 8 LSB VARIABLE BITS STROBED TO DAC
B21 moviw  0x9; SET REPEAT VARIABLE TO STROBE 8 BITS
movwf  0x4;
L21 decfsz  0x4;
goto STROBE21
goto OuUT1
STROBE21 btfss 0x6,7; TEST VAR MSB
goto ZSTR21; GOTO STROBE ZERO
bsf 0xF80,7; SET DATATO 1 TO STROBE 1
bcf 0xF80,6; STROBE PULSE CLK
bsf 0xF80,6
rincf 0x6; ROTATE VAR LEFT FOR NEXT BIT TO STROBE
goto L21
ZSTR21 bcf 0xF80,7; CLEAR DATA TO STROBE ZERO
bcf 0xF80,6; STROBE PULSE CLK
bsf 0xF80,6
rincf 0x6; ROTATE VAR LEFT FOR NEXT BIT TO STROBE
goto L21
OuUT1 bsf 0xF80,5; SET SYNCX TO ENTER NORMAL MODE

moviw  0xC8
cpfsgt  OxFC4

call DELAYS3; ALLOW FOR FILTERS TO SETTLE AT NEW VOLTAGE.
goto AQ1; RE-ACQUIRE ADC RESULT TO TEST FOR ZERO.
end
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Appendix C

Matlab function script

function [Axout, Ayout]=Chcorrect (Chx, Chy)
Cxy=0.02;
Cyx=0.02;
Sy=0.405;
Sx=0.405;
for n=1:length(Chx);
$Gain correct each channel
Chxc (n)=Chx (n)/3.33;
Chyc (n)=Chy(n)/3.33;
$Adjust for cross-axis sensitivity
Ayo (n)=((Chyc (n)/Sy) - ( (Chxc (n) /Sx) *Cxy) )/ (1- (Cxy*Cyx) ) ;
Axo (n)=(Chxc(n) /Sx) - (Ayo (n) *Cyx) ;
$Adjust for outputs in m/s"2
Ayout (n)=Ayo (n)*9.81;
Axout (n)=Axo(n)*9.81;

end
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Appendix D

Mechanical dawings
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