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A simple but powerful method is presented for calibrating geophones, seismometers, and other
inertial vibration sensors, including passive accelerometers. The method requires no cumbersome or
expensive fixtures such as shaker platforms and can be performed using a standard instrument
commonly available in the field. An absolute calibration is obtained using the reciprocity property

of the device, based on the standard mathematical model for such inertial sensors. It requires only
simple electrical measurement of the impedance of the sensor as a function of frequency to
determine the parameters of the model and hence the sensitivity function. The method is particularly
convenient if one of these parameters, namely the suspended mass is known. In this case, no
additional mechanical apparatus is required and only a single set of impedance measurements yields
the desired calibration function. Moreover, this measurement can be made with the idesitce
However, the novel and most powerful aspect of the method is its ability to accurately determine the
effective suspended mass. For this, the impedance measurement is made with the device hanging
from a simple spring or flexible corddepending on the orientation of its sensitive axito
complete the calibration, the device is weighed to determine its total mass. All the required
calibration parameters, including the suspended mass, are then determined from a least-squares fit
to the impedance as a function of frequency. A demonstration using both a 4.5 Hz geophone and a
1 Hz seismometer shows that the method can yield accurate absolute calibrations with an error of
0.1% or better, assuming reopriori knowledge of any parameters. Z)05 American Institute of
Physics.[DOI: 10.1063/1.1867432

I. INTRODUCTION The impedance method described by Lin®Jan determine
the suspended mass but is restricted to specially designed

Geophones are sensitive instruments for measuring Videvices which provide access to the internal mechanism and
brations at low audio frequencies. Their low cost, ruggedwould not be practical in the field.
ness, reliability, and ease of use makes them useful in  This paper presents a new method of obtaining an abso-
many applications, apart from the standard one of seismifute calibration for any geophone or inertial vibration sensor,
surveying. An absolute calibration is not always requiredwhich exploits the reciprocity in a novel way to obtain all of
and calibration data are not readily available for some comthe parameters required to characterize the device, including
mercial devices. For mass produced devices, only typicathe effective suspended mass if required. There are two vari-
data are given and these might be of insufficient accuracyants of the method, depending on whether or not the sus-
Even if calibration data are available, the calibration is likelypended mass of the sensor is known and in both cases the
to change with time due mainly to aging of either or bothparameters are derived from a measurement of the imped-
the permanent magnet or suspension mechanism. Similar aince as a function of frequency.
guments apply to seismometers and other inertial vibration = This method requires only elementary equipment readily
sensors. available in the field. The simpler variant may be used when

Therefore, for those applications where calibration is rethe suspended mass is known to sufficient accuracy. In this
quired, shaker platforms have often been used. Apart frongase, it is similar to existing techniques such as the phase
being expensive and cumbersome, these are not commongylipse methotl except that this new method gives all the
available and rely on the availability of a reference sensoother parameters, including the inductance and resistance of
whose calibration is known to sufficient accuracy. Laser in-the coil from the single measurement. This is because the
terferometers have been udddr this but make the appara- method records both the amplitude and phase over a broad
tus more complex. Several authors have suggested alternatpectrum of frequenciegather than finding the 2 or 3 spe-
calibration methods which exploit the reciprocity of the cial frequencies as in the example of the phase ellipse
transducer. These are based on either transient métiais method. The impedance can be measured with the device
spot measurements of the phase of the impedafc¢éBoth  situ and all of the parameters are obtained with correspond-
techniques are described in some detail by Astart both ing accuracy by this single measurement.
are limited by the accuracy with which the suspended mass The extended variant must be used when the suspended
is known, which cannot be determined by these proceduresnass is not known. However, even in cases where the sus-
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TABLE I. Glossary of symbols.

FT dO kOT Time frequency description

y Y vertical component of the housing position
+ L‘J y sY vertical component of the housing velocity
y $?Y  vertical component of the housing acceleration
m T X X vertical component of the sensor proof mass position
X my mass of suspended sensor mass
FIG. 1. Mechanical model of the vibration sensor. ko mechanical spring constant of sensor suspension
do viscous damping coefficient of sensor suspension
pended mass is quoted by the manufacturer, it is useful to u§f§ ;TJS;;; ?:t:regf sggoc;frzzgzggf:ded
the extended method to verify the mass, since the specme,q mass of housing and associated fixtures
Value m|ght be Of InSUffICIent aCCUI’acy OI’ as found |n atrne effective mass of the housing Suspengjspring or Cord
least one case, incorrect. ky effective spring constant of housing suspension, including
The calibration method is based on the standard me- umbilical
chanical modéf of an inertial vibration sensor, which is ¢ viscous damping coefficient of housing suspension
describedwith particular reference to geophonés Secs. Il fr Fr  force from transducer on suspended mass of sensor

Vs Thevenin equivalent voltage source of transducer
Vr voltage of loaded transducer
It current flowing in the transducer

and Ill. Section IV outlines how the model gives the sensi-”S
tivity of the sensor as a function of frequency. This is fol-”
lowed in Sec. V by a description of the equivalent eIectncaILT 7. inductance of the transducer coil

model of the device, which is characterized entirely by |tsR T lesistance of the transducer coil
impedance. frequency(Hz)

The calibration procedure for the two cases, dependlng s variable in the frequency domaiezj2mf; j=y-1
on whether or not the mass of the moving part is known, is
developed in the subsequent four sections, with example data
from the calibration procedure for both a typical geophon
(a model L15 and a typical seismometdia model L4
manufactured by Mark Products IAt.

Finally, an experimental verification of the calibration is
described in Sec. X.

&orm of a resistor connected in parallel with the output to
provide the desired damping characteristic but may also in-
clude stray capacitance at the input of the amplifier and in
the connecting cable. The amplifier, with frequency response
function A(f), provides the necessary gain and filtering for
data acquisition.
The signal from the geophone is given by the standard
An inertial vibration sensor consists of a damped resoequatiod®**for a passive transducer
nant mass constrained in a housing to move in one dimen- _
sion parallel to the sensitive axis. A mechanical model for the (FT(f)> = (Z“ 212><S(X(f) 2 )
geophone with its housing fixed to the Earth’s surfémeto Va(f) Zn Zz I+(f)
any object whose vibrations are to be meashigdhown in  whereZ; is the transimpedance matrix of the transducer and

Il. SENSOR MODEL

(&

Fig. 1. the other terms are defined in the glossary. For a passive
In this example, the sensitive axis is vertical but horizon-transducer, energy conservation requires tEaj=+7Z,,
tal configurations are equally common. (reciprocit)a,13 where the sign depends on the type of

The analysis is most conveniently performed using theransducet®
complex Laplace transform and a glossary of symbols used The open circuit or unloaded condition corresponds to
in the model is given in Table I. i_.=0 and in this case the output is

The notation adopted is such that signals in the time _ _
domain are represented in lower case, and for each one the Valf) = V() = Zpy(HX(R) = Y(D)), @
corresponding signal in the frequency domain is represente@here the factoZ,(f) depends on the nature of the trans-
by the corresponding upper case character. ducer and in some cases is a function of the frequency. Most

geophones use an inductive transducer, for wiighs -7,

I1l. ANALYSIS OF THE GEOPHONE MODEL

In the configuration of Fig. 1, the device is clamped to

the Earth’'s surface and thus the housing motjoorre- T A out
sponds to the seismic motion of the Earth’s surface.
A transducer senses the relative motion between the
mass and housing to produce an electrical sigfaalvhich is Ve =751 s(X-Y) ZL
modeled as the Thevenin equivalent circuit shown in Fig. 2. ST721
All sources of noise are ignored as they are not required
for the purpose of obtaining the sensitivity of the device. AV

In Eig. 2,7y is Fhe output impEdance O_f the trans_ducerFlG. 2. Thevenin equivalent circuit of the signal source for the vibration
and Z, is the load impedance. The latter is usually in thesensor.
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is a constant, namel¥;,=B¢, whereB is the effective mag- IR N I O W ¥ 71 A N N OO0 N ¥ 71 R Y A
netic field of the permanent magnet afids the effective 64
length of wire in this field. 44
The output impedance i%,,. For an inductive transducer
this is the impedance of the coil which produces the signal; / ,
and at sufficiently low frequency, this is simply the resistance >ﬁ [

o_f the coil_in ser_ies_ with its inductance. At higher frequen- 2 10@ ///’ Open Circuit, Q = 2.01 E_
cies, the interwinding capacitance becomes important, a2z 6 I J— R=5000Q,Q=127 F
does the hysteretic loss in the core of the coil. The former'd 44 /// ————— R =2000Q,Q=0.87
produces a lovQ factor resonancésee Fig. 7 beloy while 2 o ,,;74/ - --R=10002,Q=061
the latter is nonlinear and not easily modeled in terms of 248y = R=675Q,Q=0.5 -
simple passive components. r,"/f/
Thus, for sufficiently low frequencies, 1/ =
I 1 1 IIIIIII 1 1 IIIIIII 1 LILI
2 4 638 2 4 68 2 4
222 = RT + SLT. (3) 1 10 100
In the presence of a finite load impedarge the loaded Frequency, Hz
output signalN+(f) is a measure of the velocisg)(f) of the FIG. 3. (Color online Sensitivity curves for the L15 geophone.
geophone housing and is given by
Vo(f) = K(f)sY(f), 4 z
w(H) =K(f)sY(h) @) dmggs — 22 10
(Rr+Ry)

whereK(f) is the sensitivity function of the device.

which is often quotedusually normalized to critical damp-
ing) in the manufacturer’s specification for a geophone. The
IV. SENSITIVITY OF THE VIBRATION SENSOR corresponding change in resonance frequency described by
Eqg. (8) is much smaller and is usually ignored.
The unloaded caseZ, =, is approximated by|Z |
>|Z,, and in this case,

The sensitivity functiorK(f) can be written as the prod-
uct of its constituent terms in the form

K(f) = G(f)Z1(H)H(F), (5

rop o1k
whereG(f) is the attenuation factor due to the loading of the G ~1, fo=~fo= 2 \/; (1D
output impedance, anH(f) is the transfer function of the
mechanical resonator, when coupled to the loaded transducénd
These are, respectively, 2oy
. Q%=~Q="5 (12)
G(f) =5 (6) °
Atz The functionK(f) is often plotted by the geophone manufac-
and turer for several values of load resistarize=R, ). This pro-
2 vides additional damping and the valueRyfwhich gives the
(ﬁ’)) (fi)z flattest sensitivity curve is often used. In many cases, a re-
H = — 7 17y (7)  sistor of this value is installed by the manufacturer and must
L _<f_é) Qa(ﬁs) be either removed or taken into account during the calibra-
tion.

where f is the loaded resonance frequency a@f the
loaded quality factor of the resonance. These are given in
terms of the intrinsic, unloaded mechanical resonance pa{2
rametersf, and Q, by the approximations

An example of the sensitivity function for the L15 geo-
hone is shown in Fig. 3.

At frequencies sufficiently above the resonance peak, the
curves are approximately flat and this defines the useful fre-
Ziz'—T quency band of the device. However, the sensitivity drops
mO(R—+R)2> (8) slightly above a few hundred Hz, where the increase in out-
Tt put impedance, due to the series inductance acting as a volt-
and age divider with the load impedance, becomes significant.

The curves in Fig. 3 are consistent with those published by
Q= QO2 _ 9) the manufacturer.
1+ (:liRL) Note that the form of the sensitivity functid€(f) in the
o useful frequency band does not depend individually on either
These results are easily derived from the impedance formaky, or ky but only on the raticky/my=(27fy)?. Indeed, the
ism described in Sec. VI. dependence ofy, is rather weak; although, and Q, deter-
Equation(9) describes the additional damping producedmine the useful frequency band, the sensitivity within this
by the load resistance and a more familiar form is band is almost independent of either. Therefore, the absolute

féz fo(l +
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5x10° JResiduals ______— |
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Series R 74 L4 seismomete cut-off for [
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z; o ] Fit i
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Geophone | Zg ad 29 B
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Z; g
g & ,q L15 geophone o
6- - Data -
FIG. 4. Block diagram of the calibration procedure. 5 Fit =
4] L
I I I I
calibration of the geophone for the unloaded case depend 0.1 1 10 100
mainly on the parametet;,, with some weak dependence on Frequency, Hz

fo and Qo i . FIG. 5. (Color onling Frequency response for the L15 geophone and L4
However, a common configuration is to operate the geozeicmometer.

phone loaded with the appropriate resistance to give the de-
sired damping and in this case the paramefgrandLy (in
addition of course tdR) are also required. These could be VI- CALIBRATION PARAMETERS OBTAINED FROM
obtained from direct electrical measurement of the imped-THE MEASURED IMPEDANCE
ance at the ou_tput termi_nals of the device. Hoyvever, such a  The plock diagram of the arrangement used for the im-
measurement is not entirely straight forward since the elecyeqance measurement is shown in Fig. 4. Apart from the
trical properties are strongly dependent on the mechanicgleophone, only a single resistB is required. The imped-
behavior, as outlined in the next section. ance Zg is obtained from the ratio of the voltage divider
formed byRg and Zg.

In Fig. 4 a FFT spectrum analyzéModel HP35665A

V. EQUIVALENT IMPEDANCE OF THE SENSOR from Agilent, formerly Hewlett Packajds used to measure

) . this ratio as a frequency response or transfer function.
The observed electrical impedance between the output The signal source is programmed to produce a periodic

terminals of the geophone, seismometer or other passive "&‘nirp, which has a “white” spectrum, but random noise with

ertial vibration sensor is given by a similar spectrum would also be suitable. If a spectrum ana-
7.7 lyzer is not available, a data logger with at least two input
Ze =27, —24 (13)  channels and one output can be used.
Zn In either case, the input impedanZgof the instrument

d’nust be taken into account and the measured frequency re-

whereZ,, is the mechanical impedance of the device, define .
sponse corresponds to the complex ratio

by analogy with Ohm’s law as

_FT_&( smy Sdo)_

= 10014270, 29
M sX s

ko ko

For the inductive transducer, this gives

Z,
f)=—=—"—,
ay POz

(16)

whereZ[. represents the impedanceZy in parallel with the
input impedancg; of the analyzer and similarly faZg, with

jomtz3,
my(2mo)(1 - (7,)*+ & (%))

The parameters of this function can be obtained experimenAn example of applying the calibration procedure for the
tally by a least-squares fit to a set of measurements of thel5 geophone is shown in Fig. 5.
impedance made at several frequencies in a suitable fre- This geophone provides a useful test because reasonably
quency band. comprehensive calibration data are quoted by the manufac-
It is evident that the parameteZs, andm, are not sepa- turer. Some of these, including,, fy, Qo andLt are sus-
rable and only the rati@s,/m, can be obtained, whereas the ceptible to drifts because of aging and fatigue. Others such as
remaining parameter§,, Qy, Ry, and Ly required for the my and Ry are likely to be more stable. In particular, the
calibration can be found separately. suspended mass is quoted with reasonable precision, so that
In the case wheray is known independently, the entire the full calibration can be obtained from the single imped-
calibration is given by this procedure. ance measurement.

ZeZ,
Ze+ 7

Ze =R +j2mfly+ (15) 7= R

Rs+ Z;

andZg= (17
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6—_ . , ; _— 8 ] magmtude 60
9 = __ 5
2x10° 3 egiuals = 4 o phase L 40
4 ———phase 3
— & o L 290
i ER
" magnitude — 20 ¥ = B &
2 S & ®
2 ﬁ 2 01—_ 20 @
£ 0 = S second |[~ ~ 2
& 0.1 aq 6 resonance
= o g 5] L _40
§- — 20 44
6 3 -60
54
— -40 -1 3
4 10 10! 10
‘ Frequency, Hz
100 FIG. 7. (Color onling Second resonance of the L15 geophone.

Frequency, Hz
FIG. 6. (Color online Magnitude and phase of the impedance for the L15 SMooth curve. The residuals for both amplitude and phase
geophone. are also shown. Again, the systematic error at high frequency
is evident.
Figure 6 clearly shows that the resonance frequency cor-

For comparison, the L4 seismometer from the sameéesponds to the point at which the phase curve crosses zero,
manufacturer was also calibrated in this way. The magnitudédbeled asf,. The phase also crosses zero at a second fre-
of p(f) for both is plotted as the solid dots in Fig. 5. quency, labeled af,. This frequency is often referred to as

As indicated on the graph, the lower data set correspond&e upper resonance frequency after Adtefowever, as Fig.
to the L15 and the upper data is for the L4. The resonanc€ Shows, it is not appropriate to call it a resonance, although
peak is clearly seen for both devices, with the L4 having dt Would become a resonant dip if the coil resistance were
much lower resonance frequency than the L15. sufficiently reduced. This is not the case in either the L4 or

For each data set, the best fit function is plotted as &15 and probably not in any practical geophone operated at

continuous smooth curve, which for both devices is close t§00M temperature without feedback.
the data, indicating excellent agreement with the model. 1here is often a second resonance at much higher fre-

Some random scatter is evident from the residuals, which ardu€ncy, which is produced by the combination of the induc-
plotted on an expanded scale above the data. tance of the sensor coil combined with capacitance. This

Also evident from the residual plot is the systematic er_arises from interwinding capacitance of the coil and capaci-
tance of the connecting cables. The observed second reso-

ror at the upper end of the frequency interval, particularly for ; L
the L4 with its large inductance. The departure from the"aNce for the L15 is shown in _F'g' /. . -
The parameter values obtained using the spectrum fitting

model of the L4 is so large that the data above 100 Hz - ethod are aenerally in qood aareement with the quoted
(depicted in Fig. 5 by the arrow labeled “cut-off for Ldare 9 ying 9 q
values, as shown in Table II.

not included in the fit. This indicates that, as outlined in Sec.

IV, the output impedance is not well modeled as a SlmpleTABLE Il. Parameters for the L15 geophone and L4 seismometer.
inductance in series with a resistance. This is attributed to the

magnetic properties of the material of the cdrather than L15 geophone

the interwinding capacitance which becomes important at  Parameter Best fit Quoted

higher frequgncybut further investigation would be needed M@ 23 (fixed) 23,0040 01

to explore this. fo(H2) 4.847+0.001 45+05
Fortunately, the frequency at which this systematic error, 2 011+0.001 1.8+0.2

becomes significant, compared to the random errors, is wefi v m-1s) 33.8+0.003 33.1+3

above the resonance and does not affect the determination B;‘(Q) 376.6+0.2 375+38

the parameters associated with the resonance. The calibratiofH) 0.139+0.003

is therefore not significantly affected.

. . . L4 seismometer
The calibration procedure described above has some

. . ) Parameter Best fit Quoted
similarities with the commonly used “phase ellipse” method.
Although only the magnitude of the impedance is used fomo(@ 982.6(fixed) 982.6+0.1
curve fitting, the phase is also measured and that for the L15(H? 1.363:0.001 1.0£0.05
is shown in Fig. 6, together with the magnitude data from® 2:933£0.003 2.5%0.2
Fig. 5. The measured phase data are plotted as solid dots aff (vVm=s) 268.8+0.06 276+l

9- P P %) 5579+1 5500450

the model function for the phase, calculated using the pararr]L (H)
eters obtained from the fit to the magnitude, is plotted as a

4.90+0.01 6.0+0.6
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5x10° - Residuals __ -
_iTLr‘dl K s =
” i
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y Q R
&
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+ B %1 115 goopt =
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mgy T a & Data C
X 54 ——Fit ;
FIG. 8. Mechanical model of th ded vibrati . 4
echanical model o € suspenaed vioration sensor. | | _I_
0.1 1 10 100
Apart from the frequency no uncertainties are given for Frequency, Hz

the qUOt.e(.j param_e_ters and these a.re _mfgrred from the nurEI-G. 9. (Color onling Calibration data for the suspended L15 geophone and
ber of digits specified. However, this is likely to be some-| 4 seismometer.

what optimistic for these mass-produced devices.
An analysis of the covarianteshows that the param- . . .

L . . account and for a linear spring of total mass the effective

eters are statistically independent, apart from a slight corre-

lation betweerZ,, and Qq,. However, this is not significant mas_?r(:ga;tti?fﬂre'tszaé?%;)eagnrg?nln ct)?ethrg(l)gr?nfhw(;:trr:]es/:;én dulum
and the fitted parameter uncertainties listed in Table Il cor- pring 9 P

respond to the 95% confidence interval for the fit should be chosen so that the two normal-mode frequencies

In both cases, the frequency is somewhat higher than nare similar; that is they should be separated by less than the

quoted value and for the L4 is outside the specified rangesandwIOIth of the modes.

The L4 used in the experiment was manufactured in 1979

and the frequency may have been increased by 30% becau¥ll- ANALYSIS OF THE TWO-MODE SYSTEM

of shock damage to the spring or magnet during its life. The mechanical impedance of the two-mode system
shown in Fig. 8 is

VIl. CALIBRATION WHEN THE SUSPENDED MASS IS Zn= L
NOT KNOWN s(X-Y)

To obtain the calibration parameters when the suspended mes+d 4 Ky sidot Ko sl dn 4 Ko
massmy is not known, the extended variant of the method is 1 1 g Mo 0" g MoS| o s

required, using a configuration which allows, and m, to =

k
be separated. This can be obtained simply by suspending the myS+mgs+dy + -
geophone from a spring, to introduce a second normal mode. S
This measurement replaces and extends the fixed sensor (18)
method described in the previous secti@ec. V). The equivalent electrical impedance is as given before by

The mechanical configuration for the suspended geogq. (11),
phone is shown in Fig. 8 and shows the entire geophone
suspended from sprinky (with associated dampindy). It is Ze=2Zp0- 212l
modeled as a one-dimensional system, with two degrees of Zn
freedom. In this example the axis is vertical but horizontaly ¢ using the modified form oZ,,
configurations are similar.
_ For horizontal sensors, mstead of using a spring, the deI>< CALIBRATION FOR THE HANGING SENSOR
vice would be hung from flexible cord to form a pendulum in
which the sensitive axis of the sensor is kept horizontal. Again (as in the case where the suspended mass is
The total mass of the hanging systemNs=m;+m,  known), the spectrum analyzer is used to obtain the imped-
+m,, wheremy is the suspended mass of the sensgrthe  ance from a measurement of the ratid). The data for the
mass of the remaining parts of the device, including theL15 and the L4 in the hanging configuration are shown in
housing and other fixtures amd is the effective mass of the Fig. 9.
spring (or pendulum corgdfrom which the device is hung. These devices are designed for sensing vertical motion
The massm;+m, can be obtained simply by weighing the and were hung from a simple coil spring using wire and
device with a balance or scale of sufficient accuracy. How-adhesive tape to attach the device to the spring. The other
ever, the effective mass of the spring must also be taken intend of the spring was attached to a convenient hook on the
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TABLE IIl. Parameters for the L15 geophone and the L4 seismometer. 1
L15 geophone

Parameter Best fit Quoted ; -
my(9) 22.99+0.03 23.00+0.01 S
fo(Hz) 4.881+0.003 45+0.5 -« | T
Qo 1.998+0.002 1.8+0.2 E i
Z,,(Vm™y) 34.528+0.008 33.1%3 3 7.5 — —
Rr(Q) 376.1+0.3 375+38 = o e -
L+(H) 0.1132+0.0004 %‘
M(g) 144.6 (fixed) 5 7.0 1 N
f,(Hz) 2.552+0.002 'z
Q 120010 g --------- Quoted parameters

: 5 — — - Quoted mass
L4 seismometer ©2 6.5 — — Measured parameters [~

Parameter Best fit Quoted Data
my(9) 965.2+0.4 982.6+0.1 I I | |
fo(Hz) 1.364+0.001 1.0+0.05 12 14 16 18 20
Qo 2.95+0.002 2.5+0.2 Frequency, Hz
Zy(Vmts) 266.3+£0.05 27621 FIG. 10. (Color online Measured sensitivity ratio of the L4 and L15.
R(Q) 5596+1 5500+50
L+(H) 4.69+0.01 6.0+£0.6
M(g) 2173 (fixed) band of the quoted value. The mass obtained from the fit is
f,(H2) 1.812+0.001 consistent with the quoted value to the number of digits
Q 98+4 specified.

For the L4 the agreement between the parameters ob-
tained from the calibration and the quoted values is not so
good. In particular, the mass is nearly 2% less than the

ceiling. To avoid an unwanted pendulum mode near one ofjuoted value, even though the latter is given to 4 significant
the desired normal modes, the spring was extended by @igits, with an implied accuracy of 0.1% or better. Moreover,
length of wire to move the pendulum frequency out of thethe sensitivity is more than 3% below the quoted value.

band of interest.
The format of Fig. 9 is similar to Fig. 5. The dafplot-

Since the fit to the model is good, it is possible that the
quoted parameters are incorrect. This possibility is tested in

ted as the solid dotslearly show the two normal modes of the next section.
each device. The original internal mode of each sensor is

moved to a slightly higher frequency due to the reducec& VERIFICATION OF THE CALIBRATION

mass effect and retains its relatively low quality factor. The

second mode has a different frequency and by choice is A definitive test of the calibration procedure is to di-
within the bandwidth of the first.
The best-fit function for each data set is plotted as theuseful overlapping range of frequencies for the two.

smooth curve, which is in good agreement with the data,

rectly compare the sensitivities of the two devices over a

For this, the two devices were bonded together and sus-

apart from some scatter near the resonance peaks. This fiended from the cone of a heavy duty loudspeaker. The sus-
evident in the graph of the residuals, plotted above the datg@ension of this is sufficiently stiff to support the weight of

This also indicates the presence of some spectral lines ihoth the L4 and L15 without exceeding its available travel
the data for the L4. These are resonances internal to th@nge. The speaker was driven by a chirp signal with a flat
device, the lowest being at 22.5 Hz. This is outside the rangepectrum from 10 to 20 Hz.

of the sensitivity curves quoted by the manufacturer, which

are truncated at 20 Hz.
The systematic error due to the nonlinear properties othe same reason, a one metre long non-magnetic rod was

the inductance is again discernible.

To avoid spurious electromagnetic coupling between the

geophones, they were separated by a rigid plastic spacer. For

used to separate the geophones from the speaker. As de-

The best-fit parameters for both devices are listed irscribed below, the results obtained verify that spurious mag-
Table lIl, together with the quoted values for comparison.netic coupling is not a problem.
The last three parameters do not have quoted values as they The response of both sensors was recorded using the

are peculiar to the calibration procedure.
For both sensor§, andf, are sufficiently close, and it is

spectrum analyzer, with the observed frequency response be-
ing a measure of the ratio of the sensitivity functions for the

unimportant that for the L1%, < f, whereas the converse is two devices,
true for the L4, withf,> f,.

The parameter values for the L15 are in excellent agree-  |p(f)| =
ment with those obtained previously with the sensor fixed. In
particular, the massn, and sensitivity coefficienZ;, ob-

[Kia(f)]
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where|p(f)| is the magnitude of the measured frequency re-

tained by both methods is consistent and within the toleranceponse|K 4(f)| is the magnitude of the sensitivity function
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for the L4 and|K|;5(f)| that of the L15. In both cases, the The new method has been successfully tested with two
load impedance is taken to be the input impedance of theertical axis sensors, the L15 and L4, which cover a large
spectrum analyzer. range of size, resonance frequency and sensitivity. For the

This ratio is plotted in lower part of Fig. 10, where the 15, the obtained calibration is in good agreement with that
solid dots represent the measured ratio. The three smootjuoted by the manufacturer. However, for the L4 the agree-
curves show the prediction calculated from three differeniment is not good. The mass obtained is some 2% different

sets of parameter values. from the quoted value and this error is almost two orders of
The first set consists of the values quoted by the manumagnitude larger than the uncertainty.
facturer. These are listed in Table(Hnd again in Table I)I An independent verification has been performed, by di-

in the columns titled “Quoted.” This gives the dotted curve, rectly comparing the calibrations of the two devices, which
which is obviously a very poor model for the data. Most of 5ho\s that the two calibrations agree within a root-mean-

the discrepancy is due to the sensitivity facgs, which for — go,ar6 error of only 0.07%. This suggests that the quoted

the L15 is about 3% higher than specified and for the I‘4parameters are incorrect and that the calibration procedure is
about 3% lower.

ble accurately to determine the sensor parameters, including

The second set consists of the quoted mass together Wifhe effective suspended mass. Assuming that the error is

the corresponding calibration parameters measured with the . L .
: : .~ equally apportioned between the two calibrations, each is

sensors fixed. These are the values which would be obtaine o .

accurate to within approximately 0.05%.

using any of the existing calibration methods which require This accuracy is obtained using only the magnitude of

the suspended mass to be known. They are listed in Table Ih . q ¢ fitting. It i ble th b
in the columns titled “Best fit.” This gives the dashed curve,t € impedance for curve fitting. Itis possible that even better

which although it is much closer to the data is still a poor@ccuracy could be obtained using both amplitude and phase

model, falling many times beyond standard deviation of thd" & two-dimensional fitting procedure.
noise. Note added in proofThe apparently anomalous result
Finally, the third set consists of the parameters obtainedr the L4 has been explained. The manufacturer has taken
by the new calibration procedure for both devices, listed in@n interestin the problem and offered to refurbish the device.
Table 11l in the columns titled “Best fit.” This gives the solid It has been returned with a different value for the mass en-
curve and is clearly an excellent match to the data, with &raved on the specification plate. This is now 965.7 g, within
root-mean-square deviation of 0.07% over the interval fromL.2 standard deviations of the value in Table III. It is possible
10 Hz to 20 Hz. The deviations, labeled “Errd#)” are  that the mass might have been changed slightly during the
plotted in the upper part of Fig. 10. refurbishment but unfortunately the original mass was not
It is emphasized that there are no free parameters in angcorded at disassembly. The calibration procedure has been
of the smooth curves; they are calculated from the previouslyepeated for the refurbished device and both the mass and
obtained calibration parameters. The close agreement beesonance frequency are within 1 standard deviation of the
tween the data and the solid curve is consistent with thepecified values.
hypothesis that the quoted mass for the L4 is incorrect and

that the calibration procedure gives the correct parameters.*A. MacArthur, Geophysic$0, 49 (1985.
2M. W. Asten, IEEE Trans. Geosci. ElectroGE-15, 208 (1977).
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