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A B S T R A C T 

A computer code for the automatic analysis of the transfer functions of the Italian Teleme
tered Seismic Network run by the "Istituto Nazionalc di Geofísica" has been operating since 
1991. A dedicated software was designed to perform fully automatic calibration analyses of the 
digital signals. In this paper we describe the signals used for the calibration and the interactive 
and batch procedures designed to obtain calibration functions in automatic mode. By using 
a steady-state method we reach a high degree of accuracy in the determination of both the 
frequency and amplitude of the signal. The only parameters required by this procedure are the 
seismometer mass, the calibration-coil constant and the intensity of the current injected into 
the calibration coil. The paper includes a general description of the designing criteria, and of 
the hardware and software architecture, as well as a report of the system performance during a 
period of two years of operation. Finally, appendix A shows the best calibrations available to 
date. 

INTRODUCTION 

The progress in computing resources often results in an improvement of the application per
formances of seismic instrumentation. The main purpose of the automatic procedure described 
in this paper is the real time monitoring of proper functioning and set up of the seismic stations. 

All the stations in the network are equipped with S-13 Tcledync Geotech short period seismic 
sensors. The main characteristics of these seismometers are natural frequency of 1 Hz, high 
output level, small size and sturdiness. Since 1980 a large number of stations have been added 
to the Italian seismic network, which now includes 77 stations. Most of the sensors have been 
in operation for 10 years. For this reason the calibration functions could now be different from 
those reported by Teledyne Geotech for factory-new instruments. 

The Istituto Nazionalc di Geoñsica (ING) technicians perform tests and calibration opera
tions periodically on the Italian Telemetered Seismic Network (ITSN) stations. As a first step 
they apply a steady-state method which consists in measuring the frequency response for dis
crete harmonic frequencies injected into the calibration coil. Secondly they calculate the transfer 
function for equally spaced data using a least squares method by weighting the frequencies that 
arc less affected by noise. The parameters required to determine the transfer function arc the 
mass, the calibration coil constant, and the current injected into the calibration coil. It should 
be stressed that this method can be directly applied to find the transfer function of any system 
equipped with a calibration coil. 

The software procedure was specially designed to require no modifications when the charac
teristics of the applied signal change. Furthermore, with this procedure it is possible to obtain 
the response of the complete system, from the ground motion to the final recording. The system 
includes different electronic components such as a transducer, amplifiers, telemetry sections and 
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filters. Thanks to this procedure, the transfer function is promptly and automatically deter

mined in the ING data acquisition center located in Rome. The data resulting from the analysis 
are used to test the correct functioning of the stations. An automatic calibration procedure has 
many advantages. In particular, it performs the acquisition and automatic calibration of the 
transfer functions, and it allows a high precision together with reduced working times. 

DESCRIPTION OF THE NETWORK ARCHITECTURE 

The overall architecture of the ITSN has been described in detail by De Simoni and Di 
Giovambattista (1988). What follows is only an overview of the main features of the network 
architecture for a better understanding of the problems involved in calibration operations. 

The hardware of the network can be schematically represented by several distinct modules 
(block diagram in Figure 1). The centralized seismic network includes three main parts: 
 Remote stations; 
 Transmission system; 
 Data acquisition and recording systems. 

Each station is equipped with an S13 Teledyne Geotech short period vertical seismometer 
with a natural period of is and a critical damping of 70%, and a Kinemetrics electronic device 
which amplifies, band filters and modulates the signals. The signals are then transmitted over 
telephone lines or radio links to the ING data acquisition center where they are finally demodu

lated and recorded both on analog recordings (^hermosensitive paper Helicorder drums) and on 
digital devices. 

The transfer function of the analog recordings is different from that of the digital data. Data 
recorded on Helicorder are filtered with a 1Hz and 1 pole low pass. 

The digital acquisition system [Mele, 1993) was developed in 1986 in the framework of a 
cooperation agreement between the United States Geological Survey and the ING. It runs on 
VAX G000 and VAX 9000 computers. It includes a conversion system consisting of two Preston 
A/D converters with 128 channels; the analogue signals are converted to 12 bit plus sign samples 
rated at 50Яz. The digital data are transmitted to a Vaxlab and to a Vax4200, where a pre

analysis is performed, and then to a Vax9000 and VaxGOOO where they are processed and stored. 

CALIBRATION M E T H O D 

The S13 seismometers include a calibration circuit, designed to receive special signals. This 
operation is equivalent to forcing the mobile mass of the sensor. 

On the basis of the technical characteristics provided by the manufacturer we can determine 
the equivalent displacement of the ground due to the signal injected into the calibration coil. 
The output voltage produced by the seismometers during the calibration is telemetered similarly 
to the actual seismic signals and recorded in analogue mode on the drum recorders and on the 
digital acquisition systems. Digital voltage values are expressed in counts (1 counts O.GlmF). 

The steadystate calibration method allows the absolute value of the transfer function to be 
determined, that is, the magnification for each value of the frequency used to excite the sensor. 
A current i(t) circulating in a calibration coil with a G calibration constant produces a force (on 
the seismometer mass) equal to 
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For sinusoidal currents, i{t) can be expressed as follows: 

knowing the seismometer mass, the ground acceleration is: 

Once the acceleration is known, we can determine the equivalent ground displacement by 
means of a double integration: 

A system transfer function is given by the ratio between the output and the input signals. 
Therefore, the transfer function of the complete system (including the detection, transmission 
and acquisition of ITSN digital data), can be determined for any value of the angular frequency 
u>: 
where y0 is the amplitude in counts. 

In the steady-state calibration of the ITSN sensors, the signal transmitted to the secondary 
circuit consists of sinusoidal waves generated by a device designed by the ING laboratories 
[Romeo et ai, J985} with frequency in the range 0.1Hz and 4Hz and current in the range 2mA 
- ImA. 

While the seismometer is excited by the calibration signals, its output voltage is acquired 
and processed by means of the designed algorithm to determine the amplitude in counts for each 
value of the angular frequency u>. The previous formula does not involve approximations and 
the error associated with the computed amplification value depends on the accuracy of some 
characteristic values of the sensors and on the value of the current injected into the calibration 
coil. 

Teledyne Geotech supplies the value of the transducer mobile mass with a maximum tolerance 
of 1% and the value of the generator constant with a maximum tolerance of 2%. The motor 
constant G of the calibration coil can be experimentally redetermined following the instructions 
described in the S-13 reference manual [Teledyne Geotech, 1976]. 

The 6' values determined for some of the old sensors are different from those described in the 
operation manual and are not included in the tolerance values reported by the manufacturer. 
A rough estimate of the maximum error is of 0.008Ar/-4, but further measurements will be 
necessary to obtain a more accurate determination. The uncertainty related to the age of the 
sensor must be taken into account when estimating the error associated with the computed. 
ground displacement. This aspect will be discussed together with the results. The accuracy 
in the determination of both the amplitude values (counts) and the frequency of the acquired 
calibration signals is another fundamental factor in the estimate of the error associated with 
the complete amplification value. These values, which are determined based on the parameters 
assumed in the algorithm, will be discussed later. 

Table 1 contains the values of the parameters used in equation 6 with the associated toler
ance, while Table 2 contains the errors associated with the values estimated by the procedure. 
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Table 2: Errors associated with variables of equation (6). The relative error depends on the 
maximum variation accepted around the mean value, computed on 2N half periods contained 

in the window T r e c , where N — Trec • u> and Trec = 27s; the error on the mean value depends on 
the package frequency, and is referred to w = (0.1 T A.Q)Hz. 

ALGORITHM FOR THE CALIBRATION ANALYSIS 

We used the steady-state method to identify transfer functions of the seismograph system. 
Our goal was to develop a computer algorithm for correcting theoretical ITSN transfer func
tions. This method consists in measuring frequency responses for discrete harmonic frequencies 
across the system passband and identifying the corresponding transfer function [Mitronovas and 
Wiclandi, 1975]. This is a long procedure to follow but it is insensitive to nonlinearities and to 
noise. The algorithm used in the automatic procedure was designed to compute the amplitudes 
in counts and the period in seconds for each set of monochromatic signals injected into the 
calibration coil. The procedure is based on a window moving on the digitally acquired data: the 
mean amplitude and period are computed for each monochromatic set of signals. The window 
length is set accordingly. A monochromatic set of signals is identified by performing a test 
based on the permanency of the frequency and amplitude within an assigned tolerance from 
the mean value. The tolerance is determined taking into account the iluctuations due to the 
telemetry system. The mean of the extreme values of the sinusoidal signals inside each moving 
window is computed in connection with the mean of the associated periods. The quality of the 
acquisition is evaluated by means of a simple pre-analysis based on the following conditions: 
the data arc accepted if the extremal values differ from the mean values by less than 4.5%; the 
same tolerance is assumed for the periods. The amplitude of the window (approximately 27 
seconds) was set on the basis of the duration of the monofrequency package (about 31 seconds) 
and of the attenuation time of the exponential factor (1.5 seconds maximum). Tbe shift of 
the starling value of the window is assumed to be approximately equal to | of the difference 
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between the duration of the monofrequencies and the window length. These values represent a 
compromise between the running time and the number of recognized monochromatic packages 
transmitted to the calibration coil (usually 13 over 15). The error associated with the estimate 
of the amplitudes and periods was considerably reduced by assuming the mean value for each 
mobile window. Within the examined frequencies we used from 4-8 to 100-200 available values 
depending upon the analyzed frequency. The algorithm includes a filter used to reduce the high 
frequency noise when dealing with low frequencies. This filter consists of a mean of 1 second 
on a window with a shift of 1 sample. It does not introduce perceptible signal distortions for 
frequencies lower than IIIz. The software was designed to require no modifications if the device 
used to generate the sinusoidal current should change. In particular, changes in the number of 
monofrequency packages transmitted to the calibration coil with the only restriction that the 
difference between the frequency of two consecutive packages be greater than 5%. 

C O M P U T E R PROGRAM 

The system software was entirely written in FORTRAN language and runs on a VAX com
puter. The flowchart is shown in Figure 2. As we mentioned before, this procedure is used for 
the calibration of the complete system, including the receiver, telemetry and acquisition system. 

The procedure was designed according to the following requirements: 
- Applicability to the routine calibration of an arbitrary seismograph equipped with a cali

bration coil., 
- Use of all the previous information on the transfer properties of the investigated system 

(zeroes, poles, scale factor of the theoretical transfer function and assumed accuracy of the 
individual parameters) [Di Maro,1993\. 

- Automatic quality check. 
The procedure is divided into two main parts: the first regards the acquisition and analysis 

of the polarity test, and the second deals with the acquisition and analysis of the calibration 
function. It can be activated by a command procedure that assigns the true logical names 
and the necessary privileges to perform the calibration acquisition. Furthermore, it can run in 
automatic or interactive mode and can be activated in all the acquisition systems running at the 
ING. The polarity test, only requires typing a command that allows the acquisition and display 
of the corresponding output signal. 

The procedure for the acquisition and analysis of the calibration signal is more complex. All 
the modules are schematically represented in Figure 3. This procedure is activated by typing the 
command "C'alibra lion" and specifying the station code. The data acquired in binary system are 
converted and subsequently the amplitudes for each monochromatic wave are computed using 
the algorithm described above. The calibration function is automatically plotted on a laser 
printer. Figures 4 through 7 show examples of the automatic output. A simple comparison 
between the theoretical and the experimental calibration functions allows us to verify that the 
station works properly. 

As we mentioned before, the automatic procedure may stop working depending on the results 
of the check performed on the acquired data. In case of high seismic or electronic noise, the 
automatic procedure will stop and the error message "divided by zero" will be displayed. This 
error occurs in the Taranew block when all of the threshold levels assumed in the algorithm are 
exceeded. Another interruption of the automatic procedure can occur in case of acquisition of a 
wave with a period longer than the mobile window. In this case the error message displayed is 
"batl search window length". This error usually occurs when electronic disturbances are recorded, 
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Figure 2: Flowchart of proposed calibration procedure. 
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ill whirli case the portion of recording can be removed by means of a utility. The error message 
"detect is not receiving data" may be displayed when the procedure is activated. In this case one 
should check whether the acquisition system is running, and in case it is not switch the procedure 
to another acquisition system. If the automatic procedure does not run, the interactive procedure 
can be used to enter each separate block. Other special modules are available to analyze the 
acquired data when the automatic procedure does not run. For instance it is possible to cut out 
parts of the analyzed data if noise or any kind of interference are recorded. 

Furthermore, the signal can be converted to SAC, Seismic Analysis Code of the Lawrence 
Livermore National Laboratory input standard format, and amplitudes and periods can be ob
tained using the picking utility. This utility is very useful in case the automatic procedure cannot 
run because of a high noise level. Indeed, in some cases the operator can interactively recognize 
the noise superimposed on the calibration signal. The automatic procedure can be optimized 
by activating it from each of the blocks that accept the input from the couuuand line. If the 
input is either missing or wrong a question will be displayed on the video. The procedure will 
run automatically. 
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Figure 3: Modules for automatic and interactive calibration analysis. 
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Figure 4: Example of the calibration signal injected into a sensor calibration coil and digitally 
acquired at the ING data center. 

Figure 5: Plot of amplitude versus period for the two calibration signals sent into the sensors 
with current i 0 and t'o/2. 
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POLARITY TEST 

The S13 seismometers are supplied by the manufacturer complete with connectors that are 
used to transmit the output signal to the transmission system. A mistake made in the link of 
these connectors or other components of the amplification, transmission and registration system 
may cause an inversion of polarity i.e. a wrong representation of the direction of ground motion. 
The polarity of a station can be tested by adding weight to the seismometer mass and thus 
forcing it to move towards the Earth. According to a scismological convention this procedure, 
which is equivalent to an Earth lift, must always be followed by a positive onset of the first 
pulse in the registered waveform. Figure 8 shows an example of the acquired signal which is 
recorded in analogue and digital systems. Indeed, as we mentioned previously the two systems 
are characterized by different electronic components, hence they have two different transfer 
fund ions. 
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RESULTS 

The calibration function of the ITSN is given using either poles and zeroes or frequency-
amplitude formulations. 
The standard format for GSE (Group of Scientific Experts) waveform data exchange has been 
followed [Source Book for International Seismic Data Exchange, 19S9) for both the represen
tations. Poles and zeroes are defined so that the complex instrumental transfer function T{w) 
relating ground displacement G{w) to the recorded digital seismogram S(w) is 

where 

w is angular frequency (— 2xf where / is frequency in Hertz) and s = jw. 
The absolute value or modulus of T{w) gives the number of units of ground motion in nanome
ters (rim) corresponding to one digital count at frequency w. 
The polynomials are specified by their roots. The roots of the numerator polynomial are the 
instrument zeroes, and the roots of the denominator polynomial are the instrument poles. Be
cause the polynomials have real coefficients, complex poles and zeroes will occur in complex 
conjugate pairs. 

The scale factor C was computed from the period-amplitude data determined by the auto
matic procedure. In this application we have N samples of the preprocessed and non-equally 
spaced experimental response /i t. Poles and zeroes are taken as fixed, i.e. the inversion proce
dure does not alter them. To obtain the scale factor that gives the best fit of the experimental 
data, we compute for each value of the frequency the C\ value obtained from the ratio between 
the experimental and the theoretical value computed in (8) assuming that 0 = 1. The C\ values 
associated with frequencies that are less affected by noise arc weighted more than the others. 
The minimum and maximum of the computed values are then determined, and starting from 
an interval ranging from Cmax + SG and C m j n — 6G we compute the least-square fit with an e 
increase of 1 count/nm. The C value for which we obtain the best fit of the experimental data is 
then assumed as the scale factor to determine equally-spaced values of the calibration function. 

Table 3 contains a brief description of the station parameters, while Table 4 contains a 
sample of the calibration function given as poles, zeroes and the scale factor G obtained from 
the best fit on experimental data. This table includes all the parameters with which the transfer 
function can be computed with formula (8). Table 5 contains data computed as equally-spaced, 
assuming the C value obtained by the best fit. The calibrations reported in Appendix A are the 
best available to date, and will be updated as soon as more come to hand. 

The limitations of the automatic calibration procedure are represented by the ratio of cal
ibration signal amplitude to seismic background noise. Indeed, if the ground noise is too high 
the maximum value of amplitudes and periods of each monochromatic signal may differ from 
the mean value by more than 4.5%, thus preventing the automatic procedure from working. 

Figure 9 shows some calibration functions of stations working at the same nominal amplifica
tion together with the theoretical transfer function. Comparing the theoretical transfer functions 
to those obtained for several stations having the same amplification shows significant differences 
between the experimental and theoretical amplifications. Using a standard transfer function 
to compute the Earth's displacement may result in large errors. The differences demonstrate 
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that some seismometers and, more likely, other components of the transmission system are not 
ideal instruments and therefore cannot be represented by nominal parameters. In any case, the 
differences observed measuring the G value of the calibration coil were not sufficient to explain 
the large amplitude differences shown in Figure 9. 

Table 3: Description of the station parameters, including all the parameters required to 
compute the ITSN transfer function. 
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Table 4: Example of calibration data given as poles and zeroes and experimentally 
redetermined scale factor 
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Tabic 5 : Equally-spaced values of ITS N transfer function computed by means of the 
calibration function procedure. 
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Figure 9: Calibration functions of stations working at the same nominal amplification. 
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DISCUSSION 

Although several aspects could be improved in a future version of the calibration operation, 
we still believe that a large amount of seismological work can now get started using the present 
system. In particular, the procedure we applied could be improved using the G value computed 
for each sensor. As we mentioned before, when we apply calibration pulses to the calibration coil 
and use the nominal value of the generator constant to determine the equivalent movement of 
the displacement, we introduce an error in the calculated response due to the efFect of a change 
of the G value as a consequence of the magnet ageing. 

The efforts of Federation of Digital Seismograph Networks to reach a standard format for 
digital data and for their description have disclosed a problem that exists for certain systems in 
representing the response with the complex transfer function in terms of poles and zeroes. Pow
erful Finite Impulse Response (FIR) filters with many hundreds of coefficients can be applied 
using modern microprocessors to produce very sharp anti-aliasing filters and therefore to maxi
mize the usable bandwidth for a given sampling rate. Such filters are already used in a number 
of existing systems. However, it is impracticable, if not impossible, to represent the action of 
such a filter in poles and zeroes, and the best that can be done is to supply the coefficients of 
tin; filter along with a plot of the amplitude response curve. Many available and very common 
formats for data exchange are provided for the representation of a number of successive FIR 
filters, as well as for combinations of FIR and IiR Infinite Impulse Response filters given as poles 
and zeroes [SEED reference manual]. 
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