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Abstract - This paper discusses technical problems of performing ameatecelectrical sine-wave
calibration of seismograph systems. This topic i Wweown in the seismic scientific community,
however it has been presented to a lesser extenigineening research and industrial circles. The
purpose of the paper is to identify the unsolved techrgeastions related with calibration of
seismograph systems. Finding exact solutions is beyongutpose of this paper, considering the
complexity of research and design work required.

Index Terms: Calibration, metrology and standards.

.  Calibration Methods of Seismographs

Data collection from a large geographical area, nafnety worldwide distributed seismographs, is a
very actual scientific and technical challenge. The afrscientists is to have a high station-density
network, providing good geographical-resolution informatioataDcollected by a wide area data
acquisition network is used to build an extensive databaderatessing the data to detect seismic
motions, to accurately locate the source of the eanatind to predict future changes of the monitored
environment.

Wide area seismographic data acquisition systems (Figgreconsist in measuring points
(seismographic sensor and transducer, signal conditibii& and A/D converters or digitizers, data
communication device and power system), digital long-destacommunication network (VSAT or
Internet based communication) and data acquisition arabgsimg centres. The confidence regarding
the acquired data is basically determined by the élsiment of the above-mentioned information
chain: the analogue signal based seismographs accuracy.
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Fig. 1. Block diagram of a seismograph network



Seismographs measure ground motion for determining impomdormation such as earthquake

epicentre, earthquake magnitude, for conducting refractiveys) remote sensing of explosions, etc.
Seismographs provide invaluable data for scientidfsignfield — from here the ever-increasing number
of installed seismograph systems and networks. Seigplogrinclude a seismic sensor and a
recording device. There are two types of seismic sengwertial seismometers and strainmeters.
Inertial seismometers measure ground motion relativan inertial reference (a suspended mass),
while strainmeters or extensometers measure the matione point of the ground relative to another.

The seismometer is a mechanical-electrical transdoamielled as a mass-and-spring mechanical
pendulum and a coil. The current or voltage variation éncttil is linear to the angular acceleration of

the mass relative to the coil.

The output of the seismograph must be linear to the mezh@arameter in the operating frequency
band. The linearity is represented by the trarfafection of the seismograph. As with any transducer
an exact determination of the transfer function isiatdor the precise analysis of measured data. The
transfer function can either be derived from preciseasurement of parameters of physical
components of the system or from mechanical or éattralibration experiments. The calibration of
a seismograph system consists of determining thearesaip of the output of the system with the
input, when the input is known. The input of the seipraph system is known when the inertial mass
is moved with a known force.

In design or manufacturing environment usually both methods bea used. Methods used for
determining the transfer function of the seismometdalboratory environment include:

1. Mechanical calibration using a shaking table, when the seismometer is placed om-a hig
precision mechanical shaking table simulating groundamot The system input in this
case is considered to be the simulated ground motion pibdycthe shaking table while
the output is the recorded electrical signal produced bydisenometer.

2. Electrical calibration, when an analogue electrical signal is input in the caidoratoil of
the seismometer and the generated output is recordedindiitecalibration signals could
be pulses, step functions, random binary signals, wititge and sine-waves of different
frequencies. The seismometer response is calculateddifergnt methods depending on
the type of the calibration signal. During electricaliloration the ground motion is
simulated with an electromagnetic force generateddaliration coil applied to the mass
of the seismometer. Figure 1 presents the block diagfaetectrical calibration of the
seismometer.
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Fig. 2. Block diagram of electrical calibration of seismomster

Seismographs (systems composed of seismometer, digitidesicquisition software) require periodic
calibration following their field-installation (on grourslirface, in borehole or bottom of the ocean)
without disconnecting components of the system. THg faasible method for determining the

system’s transfer function following the installation electrical calibration. This paper discusses
guestions regarding the electrical sine-wave calibrationertial seismometers.



I[I.  Sine-wave Calibration of Seismographs

The most common calibration method used after thelliatsta on the field is sine-wave calibration.
The sine-wave calibration is an electrical calibratihen a precise sine-wave with known frequency
and amplitude is input in the calibration coil of thessemeter. The advantages associated with sine-
wave calibration include simplicity and efficiency. cAlibration with sine-waves therefore permits an
immediate check of the system transfer function, witlaoytmathematical modelling.

Most digitizers (data acquisition blocks) used in the fields@ismic instrumentation can generate
calibration sine-wave, therefore, no additional eopgipt required for performing sine-wave
calibration. In sine-wave calibration no pre-prooggsor post-processing of the input and output
signals are required. The response of the seismoaredethe generator constant of the main coil are
calculated by comparing the output electrical signal ofsismometer (in frequency and amplitude)
to the current fed to the calibration coil.
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Fig. 3. Stages of calibration

As shown on Figure 3., for calculating the systemsdfer function, the following parameters should be
taken in consideration:

a. The amplitude of the calibration signal:

Voltage, when the calibration signal is generated byitag® source Yca (t) [V]}
Current, when the calibration signal is generated @yreent sourcelga (t) [Al}

b. The total input impedance of the calibration ciraéen by the digital-to-analog converter
generating the calibration signal — if the calibratgignal is generated by a voltage source.
{Rc [Ohms]}, as the reactive component of the impedanoebeaneglected at the very low
operation frequencies of the seismometers;

c. Factor of proportionality between the current in thelbcation coil and the generated
equivalent ground acceleration of the mass — knowthesalibration coil motor constakg
and usually expressed in [#s].

Relation between the calibration current and thelat#on of the mass caused the electromagnetic
field generated by this current:

AWM = lea(t) / ke - (1)
If a voltage source is used this formula becomes:
A) = Uea(t) / (ke Re). (2)
The signal coil generator constant (seismometer’sitbéty) ks [Vs/m] can be calculated from the

relation between the acceleration of the mass cabgetie electromagnetic field generated by the
input current of the calibration coil and the seismometput voltage:

ks = Uour(t) / /AG) dt (3)



The integrator is included in the feedback circuit of thisrsometer in order for the output voltage to
be proportional with the ground velocity. By repeating @lheve procedure for a number of different
frequencies in the pass-band of the system (e.g.: 0.001Hz)58nd for a few frequencies outside of
the pass-band for determining the 3dB-points and the tuegfon, the transfer function of the
seismometer-digitizer system can be plotted and stdlrezllarger the number of frequency points the
higher the accuracy of the derived amplitude response.curkie system sensitivity and the transfer
function are then compared to those calculated fronorfactr theoretical values and the differences
are taken in consideration during analysis of real grourttbm¢seismic data).

[Il.  TheAccuracy of the Calibration

The calibration accuracy is characterized by the dvstween the transfer function obtained with
calibration and the actual transfer function of #ystem. The accuracy of a calibration operation
depends, typically, on the following factors:

» The accuracy of the calibration signal generdtgg ©r Ucal);

» The accuracy of the calibration coil motor constég, (

e The accuracy of the calibration circuit.

A. Accuracy of the calibration signal generator

The calibration signal generator consists of alltdigind analog circuits that transform the parameters
included in the calibration command issued from the in¢erface of the system into the actual electric
sine-wave signal, with user-specified amplitude and frequercsymentioned above most digitizers
used in seismic instrumentation have an integratedratibh signal generator consisting of a digital to
analog converter and auxiliary circuitry. The paransetérthe calibration signal generator integrated
in the digitizer can be measured with good accuradyerfdctory. It is usually documented on the unit
test sheet and does not change considerably during Yezrsration.

B. Accuracy of the calibration coil motor constant

The sensor calibration circuit consists, typicatliya coil with an input impedance or coil resistance,
Rc, and a calibration constarkk;. As mentioned above the motor constant of the ssiseter’'s
calibration coil quantifies its capability of moving tmeass with a desired acceleration when a
specified current is flowing through the coil. The caliton coil motor constant is given in [#s]

and represents the ratio between the calibration duened the acceleration of the mass under the
electromagnetic force generated by the coil whercétibration current is applied to it. The coil also
has an inductancelL{), but this is negligible at typical pass-band frequen¢®601-50 Hz) of
seismographs. As with the calibration signal generahar,parameters of the calibration coil are
measured with good accuracy in the factory and are retami¢he calibration sheets accompanying
the unit. However, the calibration coil motor camstis believed to change over years of operation due
to aging of material, temperature changes, improper tret@agpo, etc. Then this factor is a real error
source and must be managed by multi-annual re-calibratispeicial laboratories.

C. Accuracy of the calibration circuit

The calibration circuit consists of all elements andnections between the calibration signal output of
the digitizer and the calibration coil of the seisneten. While the parameters of the calibration digna
generator and the calibration coil can be determinethénfactory, the quality of the digitizer-
seismometer connection depends on the quality of workmanshipgdbe field installation. Poor
cable quality (“noisy” connections, cold solder joiepr shielding, etc.) can considerably affect the
accuracy of the calibration signal fed into the calibratoil. In case of borehole seismometers, for
instance, the analog cable between the seismomatethandigitizer can have lengths of over 50
meters. It is important, therefore, to determinedfiect of the calibration circuit on the accuracy of
the calibration signal following field-installation.

V. Method of Increasing the Accuracy of the Calibration Process
A method of determining the accuracy of the calibratigma consists in digitizing the calibration

signal before is fed to the calibration coil. Thisthrod is known in the field of seismic instrumentation
as “digitizer relative calibration” and requires the wea loop-back circuit. The calibrator is first



looped back to the digitizer channel and the digitized r@lin signal is recorded in the system. The
calibrator is then connected to the calibration coithaf seismometer and the generated seismometer
output signal is digitized by the same digitizer channéhally the seismometer generator constant is
calculated from the amplitudes of the recorded signals.

The closer is the loop-back circuit installed to thdébcation coil the better the accuracy of the

measurement. The authors of this paper propose il itigt loop-back circuit inside the seismometer,
thus allowing for performing digitizer relative calibiat remotely, after the installation on the field of

the seismometer, without the need of additional equiparahivithout disconnecting cables.

The loop-back circuit is shown on figure 4. The Resistor is inserted in the loop-back circuit to limit

the calibration signal, input as single-ended signahéndigitizer channel. The inserted resistor and
the input resistance of the digitizer channel will faarwoltage divider with gain G. The gain of this

voltage divider should be selected to limit the input &idielow a level saturating the common mode
rejection circuit of the digitizer channel.
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Fig. 4. Conceptual diagram of calibration loop-back circuit ihstiinside the seismometer

In the conceptual diagram shown on figure 4. one relagésl to connect the calibration lines to the
calibration coil, while the second one to switch ¢aébration lines from the loop-back resistor to the
calibration coil. The digitizer would control both ag$, the calibration command in this case
including not only the parameters of the calibration digoticontrol bits for the relays.

As first step of this calibration process the loopkbaircuit is connected to the calibration signal
generator. Figure 4. shows the equivalent system diagvith the feedback circuit connected to
calibration circuit.
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Fig. 5. Equivalent system diagram with feedback circuit
The digitized calibration signal is:

Uea = G ko Uca 4)



where ‘G’ represents the gain of the feedback circlit.the second step the calibration coil of the
seismometer is reconnected to the calibration ciendtthe same signal is fed into the coil.
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Fig. 6. Equivalent system diagram with calibration coiinected
The digitized seismometer output is:

A’ca =ko Co UcaL / (2Tt ke ). (5)

Finally, from equations (4) and (5) it can be calcul#itedgenerator constant of the signal coil:

ke=2mfG kCAdCAL/ UdCAL ) (6)
which is justthe seismometer transfer function:
Hs(f) =2nfG kcAdCAL/ UdCAL . (7)

The A’cy andU%cs amplitudes can be precisely measured, and the gain afapebhck circuit ) is
precisely known. Therefore, the accuracy of this cafibn depends only on the accuracy of the
calibration coil motor constanid).

V. Conclusions and Contributions

The contribution of the authors is the proposal to nithlkeloop-back circuit for digitizer relative
calibration as integral part of the seismometer.is Tequires relatively minor design changes of
existing seismometers. Adopting the relative calibratmethod the sources of error associated with
the digitizer sensitivity, the calibration signal geater and the calibration circuit are eliminatedis|t
believed, that this calibration can provide an accutstier than 5%, what is considered adequate
acceptable for most seismic applications. Installiregloop-back circuit inside the seismometer, close
to the calibration coil, digitizer relative calib@ can be performed not only in laboratory
environment, but allows for remote calibration afietd deployment of equipment, without the need
of disconnecting cables and the need of additional equipme

Further increase of calibration accuracy can be adthieyeneasuring the electromagnetic field created
by the calibration current flowing through the calibratwoil. With this method the remaining error
factor, that is: the uncertainty of the calibrati@il smotor constant could be eliminated. However, this
method requires further circuits and devices to be integi@stalled, tested and experimented) in the
seismometer, which might considerably increase diseaf today's seismometers.
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