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FIG 4.39. Station 17, filter panel 0/0/5/8. Left, geophone. Right, DSU.
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FIG 4.40. Station 17, filter panel 1/2/5/8. Left, geophone, Right, DSU.
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FIG 4.41. Station 17, filter panel 5/8/30/35. Left: geophone. Right: DSU.
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FIG 4.42. Station 17, filter panel 30/35/50/55 Left geophone Right: DSU.

4 L]
SHOT 29|3 32|3 35‘3 31?3 41‘3
CHAN N 8 ~
£3 i 23]
i

=R
=
B <
= 3
L -3
-
=3
w
S
o=
=
@
=

o
=
=3

=
=
=3

=
=
=3

@
2
=3

@
2
=3

20 [l SELE % oS

20 [l SELE % oS

e

=4

=
L

e
=4
=

TINE (ms)
=
]
TINE (ms)
=
]

1200 § : 1200 435
!_%;Sj iE:

1400 1400

1600 1600 1552
=:

1800 91- cxmm 180091

FIG443 Statlon 17, filter panel, 60/65/80/85. Left geophone nghtDSU

v. Crosscorrelation

Where the sensors were similarly coupled to the earth, the recorded traces were
very similar (Figure 4.44). Most of the crosscorrelation values (Figure 4.45) are over
90%, with a couple nearing 99%. It is plain that the source responsible for the noise
around trace 40 on the filter panels has a much more profound effect on the horizontal
components than the vertical component. Since the noise does not appear to more
severely affect the horizontal record than the vertical record at this station, this is likely
due to S-waves traveling with very low velocity through the near surface and reaching the

geophone and DSU at significantly different times, while the same is not true of
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refraction and reflection energy. This leads to a very different trace between the two
sensors, and is essentially highlighting the problem with intra-array statics in 3C
recording. This noise interferes strongly with the signal band, so selecting a time interval
or bandpass filter will improve the crosscorrelations somewhat in the noisy region

(Figure 4.46).
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4.5 Discussion

The DSU-428 sensors at Spring Coulee suffered from many poor plants, resulting
in more noise in the average DSU than in the average geophone record, especially before
the first breaks and at late arrival times. At well-planted stations, the DSU was observed
to have larger noise amplitudes than the geophone below 60 Hz, but smaller noise
amplitudes above. Even in the interval with strong reflection energy, the noise could still
be seen to have an effect above ~75 Hz. Coupling was clearly the largest driver of data
quality in this survey. The largest amplitudes were essentially identical.

Where the sensors were similarly planted, there was no evidence of nonlinearity,
though in the time domain gathers and filter panels it was seen that the low frequencies
did not recover quickly once the DSU was driven to clip. This did not affect the general
seismic signal band. The signal interval spectra closely matched closely where the
sensors were similarly planted.

The both vertical and horizontal components had generally high crosscorrelations
when source-generated signal was isolated. As at Violet Grove, the very low frequencies
in the vertical component appeared cleaner in the geophone data, though in the horizontal
component they were cleaner in the DSU. Overall, filter panels showed there was very

little practical difference between the sensors.
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CONCLUSIONS

This work began with a discussion of the mechanics of seismic sensors, based on
the simple harmonic oscillator model. Both traditional analog geophones and MEMS
accelerometers can be viewed as harmonic oscillators, over the range of frequencies used
in seismic exploration. Where they differ is in the transduction used to record the motion
of the proof mass. Geophones use a coil/magnet inductor, while MEMS accelerometers
use capacitors. This defines the proof mass motion that they detect. Geophones detect
the velocity of the coil relative to the magnet, and MEMS accelerometers detect the
displacement of the central proof mass in the silicon sandwich. Due to the MEMS
accelerometers’ very high resonance, any residual displacement of the proof mass is
proportional to the acceleration of the case. For timescales on the order of the desired
signal frequencies, the digital feedback loop in the MEMS accelerometer effectively acts
as an additional analog restoring force. This effectively stiffens the suspension of the
proof mass, which further increases the resonance, and increases the range of frequencies
where the ‘high-frequency resonance’ approximation is true. For the useful seismic band,
MEMS accelerometer output is a direct representation of the case, and thus ground,
acceleration. Due to weight and sensitivity requirements, the resonance of a geophone is
neither very high nor very low relative to the frequencies of the desired signal. This
means no approximation can be made, and geophone output is not a direct representation
of any domain of ground motion.

A correction based on a simple harmonic oscillator can be found to correct
geophone output to any domain of ground motion desired. The usual ‘geophone response
curve’ used to ‘dephase’ geophone data is one of these corrections. Frequency domain
corrections for one sensor will only vary from each other by some factor of i®, since i®
represents a time derivative in the frequency domain. The correction to calculate ground
acceleration from geophone data is simply the usual ‘geophone response curve’ divided
by iw. The MEMS accelerometer does not require correction because the assumption that

its resonance is much higher than the highest recorded frequency is reasonable over the
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entire seismic band. If frequencies that were high enough to violate this assumption were
to be considered, a more detailed model for the MEMS accelerometer would have to be
considered.

Both sensors use AX loops to digitize their analog output, and in both cases it
largely defines their noise floors. Geophones maintain digitization as a separate process,
where the analog output is generated in the sensor and then sent to an external digitizer.
MEMS accelerometers, on the other hand, derive their feedback from within the
digitizing process, which keeps the proof mass centered so most nonlinearities in the
capacitors can be ignored. Some factors, such as feedback voltage and sampling rate, can
also be adjusted to help control the nonlinearities over the frequency band of interest.
The sense-feedback process inside a MEMS accelerometer is essentially a physical
analog for the electrical sense-feedback that converts geophone data from analog to
digital.

The point at which the AX loop adds the system noise provides an inherent
difference between the sensors. Accelerometers have lower noise at high frequencies; the
cross-over is estimated here at between 40 and 110 Hz, depending on the recording
systems being compared. Conversely, geophones have lower noise at frequencies below
that cross-over point (down to ~5 Hz for a 10 Hz geophone), despite their decrease in
sensitivity below resonance. As a result, geophones may have the advantage in detecting
very small signals if the dominant frequency lies between 5 and ~60 Hz, while MEMS
accelerometers may have an advantage in detecting very small high frequency signals.
This may mean MEMS accelerometers perform best at small to medium offsets and
travel times, where the high frequency signals may exist that are not detectable by a
geophone. Geophones may be best when using very long offsets or very long listening
times for deep exploration targets where even the dominant frequencies may be very
small. A direct observation of the recording system noise floor was not made in the field
data, because the ambient noise was found to be significantly larger than recording
system noise the land data presented. If we rely on fold to reduce the random ambient
noise, that brings signals above ~30 dB below the ambient noise into consideration. If

the noise floor presents a barrier to this 30 dB reduction, where the other sensor’s noise
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floor would not, then the sensor with the lower noise floor would have a useful
bandwidth advantage. At Violet Grove, the lowest ambient noise was generally at above
~120 Hz, where the MEMS accelerometer has the noise floor advantage. Under very
windy conditions at Spring Coulee, the opposite was true (where DSUs were properly
planted).

Modeling with zero-phase and minimum-phase wavelets shows that the raw data
from the two sensors should not appear remarkably different, and accelerometer data will
not be 90-degree phase shifted from geophone data. In addition, if one wishes to recover
from a geophone Vibroseis data with the Klauder wavelet embedded as it was input to the
vibrator truck, it is necessary to use the ground displacement correction equation. Raw
accelerometer data will have the double time derivative of the input Klauder wavelet
embedded, as will geophone data after the acceleration correction has been applied.

An important point is that the concept of ground motion domain applies only
before deconvolution. No matter what the domain of the embedded wavelet was (ground
velocity, ground acceleration or geophone distorted motion), the most common
application of deconvolution is to ‘remove’ it by whitening the spectrum to come nearer
to recovering the earth’s reflectivity. Deconvolution seeks to isolate the frequency band
that is related to the reflection signal of the earth and flatten it; maximizing all
frequencies that contain desired information and minimizing those that do not. Once this
has happened, the original character of the ground motion is lost, and the seismic data can
no longer be seen as relating to a ground motion domain. They no longer represent the
motion of the ground; they represent, to some degree, the reflectivity. Modeling with a
known reflectivity series showed no advantage to using acceleration data as input to
deconvolution over geophone data. Also, no ground motion domain showed a significant
advantage over the others in terms of robustness to noise.

Lab tests from the VASTA project confirm that modern geophone elements are
manufactured to very close tolerances and all parameters estimated from the harmonic
scan tests fell within quoted variances, with one minor exception. The accelerometer
element, while not exactly the same as digital-grade seismic acquisition elements, also

performed to within fractions of a dB from its stated gain and a few degrees of the
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expected zero phase lag. These results were for ‘moderate’ excitation levels which
started near a hundred um/s” at low frequencies and increased up towards a few m/s” at
high frequencies (100-200 Hz). This is the range of amplitudes encountered in actual
land seismic data, as the field gathers showed an ambient noise floor around 100-200
um/s” (about 80 dB down from 1 m/s?).

Neither sensor followed their modeled response below signal strengths of ~0.5
um/s®. However, this is well below 30 dB down from the ambient noise, and would not
likely be recoverable from land surface seismic data. The fact that both sensors are
observed to perform very well down to dynamic inputs of 1 pg or below is itself
remarkable.

Finally, two sets of comparison field data were examined; one from Violet Grove,
Alberta, and one from Spring Coulee, Alberta. Both sets compared Sercel’s DSU system
to analog geophones, using dynamite shots to maximize the recorded bandwidth. All
comparisons were done in the ground acceleration domain. At Violet Grove, the sensors
were very carefully planted and were largely frozen into the ground, producing generally
good coupling. The geophones were recorded with an ARAM Aries instrument, while
the DSU-408 sensors were recorded using a Sercel system. This resulted in some
differences needing to be accounted for, particularly the different anti-alias filters. The
Aries filter also used a 3 Hz lowcut, which the Sercel did not. After correcting for
instrument response, the geophone and accelerometer amplitudes were very similar down
to ~5 Hz. Also, numerical ground acceleration values calculated using the geophone
sensitivity constants did not directly match the amplitudes used by the Sercel system, and
a scaling constant was needed. Examination of gathers that included both far and near
offsets showed that the constant was applicable for all non-clipped values, which is
equivalent to stating no nonlinearity was observed in the Violet Grove data. The same
constant was equally applicable to the horizontal component data.

The data were examined in the frequency domain. Over an interval excluding the
largest amplitudes and first breaks (concentrating on reflection signal), it was shown that
the only consistent difference between the two sensors was an increase in amplitudes

below 5 Hz. In the largest amplitudes, the DSU tended to have smaller high frequency
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content. Isolating the smallest arrivals and ambient noise, the DSU vertical component
appeared to have lower noise than geophones above 100 Hz, and higher noise below 50
Hz. The DSU horizontal component was somewhat noisier than the geophones
throughout the investigated band, in part because the horizontal sensing elements are
housed within the upper portion of the case, not below the ground surface like the vertical
sensing element. In general the clearest observation was that nail-style sensors were
shielded from high-frequency noise compared with surface-style sensors.

The data were also examined in the time domain with filter panels and
crosscorrelations between the geophone acceleration and accelerometer traces. The
crosscorrelations were very high where coupling was equivalent, and at some stations the
DSU traces were indistinguishable from the geophone traces. The filter panel tests failed
to show any significant difference at the high frequencies, but any differences may be
hidden beneath ambient noise, not visible unless further processing were undertaken. At
the very low frequencies, the DSU did not outperform the geophone in the vertical
orientation, but appears to be less noisy in the horizontal orientation. It is unclear
whether MEMS accelerometers can improve on the horizontal component low
frequencies of a geophone enough to offer valuable new information. Further study is
needed. In general, it appeared the two sensors performed according to their expected
response over a wide range of frequencies and amplitudes, confirming the Ilab
observations.

The data considered from Spring Coulee were a series of dynamite shots recorded
by Geospace SM-24 geophones and Sercel DSU-428 units both recorded using the Sercel
instrument. This eliminated any concerns about differences in the recording, ensuring
any differences could be traced to the receiver station. Here, however, geophones were
observed to be better planted than the DSUs. Again, one constant was applicable to the
vertical data of all amplitudes.

In vertical component data, it appears the amplitude spectra are very similar
where coupling conditions are similar. The high amplitudes were nearly identical
irrespective of coupling conditions, perhaps a sign of an improved high amplitude

response of the DSU-428 over the DSU-408. Even in cases where DSU coupling was
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poor, the reflection data amplitudes were nonetheless fairly similar, with some additional
high frequency noise content. Time domain filter panels did not show a significant
difference in signal bandwidth. Crosscorrelations over the time interval dominated by
shot-generated signal were high (>98%), though not as high as at Violet Grove. In the
horizontal component, the data were again very similar. No large differences were
observed in the amplitude or phase spectra, beyond the difference in ambient noise
already mentioned. The DSU appears to be more coherent below 2 Hz, but no significant
differences were observed between 2 and 5 Hz in the time domain. Crosscorrelations
were generally high, especially when concentrating on a time interval and frequency band
dominated by source-related signal. Poor crosscorrelations were observed near an
external noise source, which did not have as large an effect on the vertical component,
and are likely related to the low velocity of shear waves in the near surface.

Where properly coupled, consistent differences between DSUs and geophones
were small, and it was difficult to come to any conclusion on which more accurately
recorded the ground’s motion. Both sensors can be said to have very faithfully and

similarly recorded the source-generated signals.

Future work

Much work can be done to further delineate and exploit differences between
geophones and MEMS accelerometers. In my opinion, chief among these is to determine
if richer low frequency content is recorded by the accelerometer than by common seismic
exploration geophones (10 Hz resonance). Ferguson (1996) showed a clear example of a
low-resonance (2 Hz) geophone providing better low frequencies for impedance
inversion than a standard (10 Hz) geophone. Over the 2-10 Hz range, the 10-Hz
geophone amplitude response drops by 12 dB/octave relative to a 2-Hz geophone. By
comparison, a 10-Hz geophone amplitude response drops only by 6 dB/octave relative to
an accelerometer. Whether the accelerometer provides as much additional low-frequency
information as a low-resonance geophone is not yet determined. Inspection of filter

panels in this thesis does not lead to great confidence. Ferguson (1996) showed that
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greater low frequency content after migration, even by a few dB, was indicative of a
clearer, more conclusive inversion result. Migration and impedance inversion of a
comparison line between 10-Hz geophones and accelerometers may be able to come to a
clear conclusion. Alternately, comparison of the 2 and 10 Hz resonance raw records from
the Blackfoot broadband data used by Ferguson (1996) to the accelerometer and 10 Hz
geophone records, respectively, of a comparison line may also be useful.

In the lab, it may be useful to run the exciters with a synthetic data trace of a
smaller sinusoid overlain on a larger sinusoid. It may reveal which sensor is better at
representing two different amplitudes at the same time. If the actual motion of the
exciters can be monitored accurately enough, driving the sensors with actual field
recorded traces from both near and far offsets may more accurately reproduce field
recording, under controlled ambient conditions.

The relevance of choice of domain to processing could be an important topic. It
appears to the eye that there is little apparent difference in stacked data processed from
geophone and acceleration domains (Hauer, 2008, pers. comm.), and testing with spiking
deconvolution showed little difference as well. However, when processing flows are
tailored to suit one domain, perhaps some advantage may become evident.

The noise floors of the sensors show that there is an inherent difference between
geophones and accelerometers, and accelerometers should be less noisy at high
frequencies. In surface seismic field data, this was difficult to investigate because the
ambient noise was larger. It would be interesting to test MEMS accelerometers in a
borehole or on the seabed where the recording system noise floors may be relevant.

One more area of interest is the ability of a MEMS accelerometer to detect the DC
component. It may be that in order to achieve low noise and high linearity current
MEMS accelerometers were forced to give up some accuracy in the DC measurement.
However, it may be possible to engineer a MEMS accelerometer with the ability to
record microgravity. Then, with a package of six MEMS chips, it would be possible to
have microseismic, microgravity and tiltmeter applications in one sensor, which could be

of great value in monitoring situations.
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Appendix A. Derivation of simple harmonic oscillator equation

The following equations (A1-AS5) and the accompanying derivation are based on
Lowrie (1997) and Wielandt (2002). Sensors for seismic exploration are generally an
inertial (i.e. ‘proof’) mass (m) suspended by a spring from a frame, which is coupled to
the earth. We will use “up” as the positive direction within the sensor, and “down” as the
positive direction for the ground motion. When the earth is displaced by a seismic wave
by amount u, the frame displaces relative to the proof mass. The amount the frame
moves relative to the proof mass (i.e., the amount of stretch in the spring), is x. This is
the motion detected by the transducer, which transforms it into the electrical output. If
there is no motion of the proof mass relative to the frame, there is nothing for the sensor
to detect. Note that if an incident ground motion is upwards, the deflection of the proof
mass relative to the frame will be downward, and vice versa. A downward (positive)
earth motion produces an upward (positive) motion of the proof mass relative to the case,
and a positive peak on the seismic record. This is in accord with the SEG polarity
convention (Brown et al., 2001). The net motion (i.e., the movement of the proof mass
when viewed from outside) is n, which is equal to x+u. This is illustrated in Figure Al.

The sensor must be damped or else it would be overcome by vibrations at its
natural frequency and fail to record any other signals, which would be pushed out of its
dynamic range. Damping is represented by the dashpot in Figure A1, and can be thought
of as viscous, as if the mass was surrounded by dense fluid. In reality, damping is often
achieved electrically, such as a high resistance shunt in the case of geophones.

We will consider the free body diagram of the proof mass as the wave passes.
Newton’s 2™ law states that the product of mass and acceleration of the proof mass will
equal the sum of the forces acting on the proof mass. At any time there are three forces
acting on the mass: the gravitational attraction of the earth, the upward force of the
spring, and the damping force of the dashpot. We can write:
=F

gravity

+F

spring

+F

m damping *

(A1)

proof % proof
We are using the undisturbed position of the proof mass as x=0, where we can see that a

portion of the force of the spring will cancel gravity:
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+ (F +F ring Rel) + Fdamping ’ (Az)

m springComp Spi

proof L proof = F gravity
where Fypringcomp 18 the amount of spring force compensating for gravity, and Fpringrel 18
the amount of force that is greater or lesser than the gravity compensation. Equation A2
simplifies to:

m F ,tF,

proofaproof = spring Re amping (A3)
where Fgpringrel 1S positive when the spring applies more force than at its undisturbed

position (i.e. when X is negative), and vice versa. So equation A3 becomes:

0’ ox
M ro0r y(—u +X) =—hkx— ca , (A4)

because the relative spring force is always opposite in sign to X (and a positive spring
force from a negative displacement is increased by an upward ground acceleration), and
the damping force is always opposing the proof mass velocity. The spring constant is k,
and c is the coefficient of viscous damping. Now we can use the definitions o;)ozzk/ Mproof

and c=2Ak and divide through by my,or to write:

0 x ox ou
?+2/10)05+a)02x=?, (AS)

where A is the damping ratio.
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Figure A1. Proof mass motion as a wave passes. Ground motion is u, proof mass motion relative
to the frame is x, and the net motion is n.
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Appendix B. MATLAB code for motion domain conversion

B1. Full service program to calculate any ground motion domain from any geophone or
accelerometer

%%This program requires a seg-y file of seismic data and the sampling interval of the
%%data. It operates trace-by-trace and no scaling is applied. If true ground motion
%%amplitudes are required in SI units, the sensitivity constant of the geophone or
%%accelerometer must be accounted for separately.

clear;

%Load seismic wiggles

disp (' Enter filename of SEG-Y file ');
sw=input (' --->",'s");
seismic=altreadsegy(sw);
[nrows,ncolumns]=size(seismic);

%Define time vector

disp (' Enter sampling interval in ms ');
delt=input (' --->")*0.001;

tmin=delt;

tmax=nrows*delt;
tsw=tmin:delt:tmax;

%Define frequency vector
fnyq=0.5/delt;
fmin=tnyq/65537;
delf=fnyq/65537;
nsamples=fmin:delf:fnyq;

%0000... so many choices
endnow=false;
disp (' Enter 1 for geophone data, 2 for accelerometer data ')
choice=input(' -->")
if choice == 1
disp (' Enter geophone resonant frequency ')
fO=input(' -->")
disp (' Enter geophone damping coefficient ')
dO=input(' -->")
disp (' Enter domain to transform into: Displacement=1, Velocity=2, Acceleration=3 ")
domain=input(' -->")
elseif choice ==
disp (' Enter domain to transform into: Displacement=1, Velocity=2, Geophone
equivalent=3")
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domain=input(' --->");

if domain ==
disp (' Enter geophone resonant frequency ')
fO=input(' --->")

disp (' Enter geophone damping coefficient ')
dO=input(' --->")
else
f0=1,;d0=1;
end
else
disp (' Not a valid choice. Game over. ")
endnow=true;
end
if endnow == false
if choice ==
exponent=4-domain;
%Calculate geophone frequency response for appropriate ground motion domain
for j=1:length(nsamples)
f=j.*delf; omega=2.*pi.*f; omega0=2.*pi.*{0;
transfer(j,1)=(-(i*omega)"exponent)/((omega0"2)+2*i*omega0*omega*d0-
(omega2));
end
%Correct to appropriate domain with above response, one trace at a time
for i=1:ncolumns
%FFT with lots of added zeros
[transSW ,nsw]=fftrl(seismic(:,i),tsw,0,131072);
%Apply inverse of geophone response
transDP=transSW ./transfer;
%IFFT to find time domain trace
[outputtrace,tout]=ifftrl(transDP,nsw);
%store trace
for j=1:length(tsw)
seismicDP(j,i)=outputtrace(j);
end
disp('Trace dephased ');disp(i);
end
end
if choice ==2
if domain ~=3
exponent=3-domain;
for j=1:length(nsamples)
f=j.*delf; omega=2.*pi.*f;
transfer(j,1)=1/((i*omega)“exponent);
end
else
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for j=1:length(nsamples)
f=j.*delf;
omega=2.*pi.*f; omega0=2.*pi.*{0;
transfer(j,1)=(-(i*omega)"exponent)/((omega0"2)+2*i*omega0*omega*d0-
(omega2));
end
end
%Correct to appropriate domain with above response, one trace at a time
for i=1:ncolumns
%FFT with lots of added zeros
[transSW nsw]=fftrl(seismic(:,1),tsw,0,131072);
%Apply geophone response, or shift motion domain with frequency-domain
%integration
transDP=transSW . *transfer;
%IFFT to find time domain trace
[outputtrace,tout]=ifftrl(transDP,nsw);
%store trace
for j=1:length(outputtrace)
seismicDP(j,i)=outputtrace(j);
end
disp('Trace dephased ');disp(i);
end
end
end

B2. Function to correct geophone to ground acceleration
function [acceltrace,tout]=geophonetoaccel(geotrace,t,resonance,damping)

%Takes in a trace of geophone data, its time vector along with the resonance
%in Hz and damping ratio (a fraction of critical, e.g. 0.7) of the
%geophone. Returns the ground acceleration trace (accelerometer trace).

delt=t(2)-t(1);
fnyq=0.5/delt;
fmin=tnyq/65537;
delf=fnyq/65537;
nsamples=fmin:delf:fnyq;

for a=1:length(nsamples)
f=a.*delf; omega=2.*pi.*f; omega0=2.*pi.*resonance;
transfer(a,1)=-(i*omega)/((omega0”2)+2*i*omega0*omega*damping-(omega’2));
end

[transSW ,nsw]=fftrl(geotrace,t,0,131072);
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transDP=transSW ./transfer;

[outputtrace,tout]=ifftrl(transDP,nsw);

for b=1:length(t)
acceltrace(b)=outputtrace(b);

end

tout=t;

B3. Function to correct acceleration records to geophone output
function [geotrace,tgeo]=acceltogeophone(acceltrace,t,resonance,damping)

%Takes in a trace of accelerometer data, its time vector along with the resonance
%in Hz and damping ratio (a fraction of critical, e.g. 0.7) of some
%geophone. Returns the trace that geophone would have acquired.

delt=t(2)-t(1);
fnyq=0.5/delt;
fmin=tnyq/65537;
delf=fnyq/65537;
nsamples=fmin:delf:fnyq;

for a=1:length(nsamples)
f=a.*delf; omega=2.*pi.*f; omega0=2.*pi.*resonance;
transfer(a,1)=-(i*omega)/((omega0”2)+2*i*omega0*omega*damping-(omega’2));
end

[transSW ,nsw]=fftrl(acceltrace,t,0,131072);

transDP=transSW . *transfer;

[outputtrace,tout]=ifftrl(transDP,nsw);

for b=1:length(t)
geotrace(b)=outputtrace(b);

end

tgeo=t;
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Appendix C. Optimal damping for accelerometers

There must be a damping value for each resonance frequency that extends the
range of flat response as much as possible in both amplitude and phase for an
accelerometer. For geophones, since resonance is within the band of measured
frequencies, lowering damping to achieve a flatter phase response will amplify any
incoming vibrations at resonance. This will take up some of the dynamic range of the
recording system, and is probably not desirable. For an accelerometer, with resonance
well beyond the desired signal band, the resonating frequency can be filtered prior to
recording so it does not take up recording dynamic range, and need not be represented
accurately, so long as it does not interfere with accurate representation of the signal band.

A lower damping value will extend the flat range in phase, but compromise the
flat range in amplitude, and vice versa. It should be possible to find an optimal damping
value that extends both flat ranges. Beginning with the amplitude and phase separated
out of the complex response (Mierovitch, 1975):

1

A(w) = , (CD)
JA-X3?) +(2AX)
and
o 24X
¢(®) = tan (1—)(2)’ (C2)

where X=wm/w,. Considering amplitudes (equation 37) first, it can be shown that

7'+ (47 -2 Z +(1- )=0, (C3)

1
A* (@)

where Z=X?. Finding the solution to the quadratic gives

1
A’ (w)

—(4x —2)1\/(4/12 —2)% —4(1- )

7 =

5 ; (C4)

which in turn becomes
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2 2 2 _ 1
—(42 2)1\/(4/1 2)* -4 Az(w))

= a)o 2 . (CS)

This is an expression for the frequency at which the amplitude will become some given
value A. Here only damping ratios lower than 0.7 will be considered, so the value of the
amplitude will rise towards a peak at resonance as frequencies increase. Assuming a
value of A=1.025 means the result will be the frequency at which 2.5% error is
introduced into the amplitudes. This is essentially setting a 2.5% error threshold.

Proceeding for the phase separated out of the complex response (Mierovitch,
1975):

tan(p()) X > + 21X —tan(p(w)) =0, (C6)

which leads to

o m22EQ20)° +d(tan(p(w))’

2 tan(@(w)) ’ ©7)

and

-4t \/12 + (tan(p(w))’
tan(¢()) '

Now we can calculate the frequency at which the phase value exceeds some arbitrary

o= o, (C8)

threshold. Setting ¢=0.025x results in the same 2.5% threshold as for amplitudes. Of the
two possible frequencies resulting from equation C5, one is lower and one is higher than
resonance. This analysis is concerned only with the lower solution. Of the two possible
frequencies resulting from equation C8, one is positive and one is negative. The negative
solution is ignored. Results calculated over a range of frequencies from 1 to 2000 and a

range of damping ratios from 0.1 to 0.7 are shown in Figure C1.
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FIG B1. Frequencies at which the error threshold is met. Blue surface is amplitude, red is
phase. The intersection of the surfaces is the highest frequency where both error
thresholds are met.

It is clear that higher damping ratios (up to 0.7) favour a flat amplitude response,
as the frequency at which the threshold is exceeded increases with higher damping.
Similarly, low damping ratios favour a flat phase response. The intersection of the
surfaces is the highest frequency where both amplitude and phase are less than 2.5%
away from their flat response value. As the resonant frequency increases, so does this
threshold frequency, so higher resonance always extends both flat responses. Most
interesting, however, is the fact that a single damping value is optimal for all resonant
frequencies. This can be explained by setting equations C5 and C8 equal to each other,
so both error requirements are met at some frequency. It is evident that the only variables
remaining are tan(¢), A and A. As both tan(¢) and A are the arbitrary error constraints,
and are constant, an single optimal damping value for all resonance frequencies can be
expected. From Figure Cl, clearly a damping ratio around 3.2 will preserve both flat
amplitude and flat phase response the widest band possible, no matter the resonant

frequency of the MEMS accelerometer.





