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Abstract. A Butterworth-Bessel low-pass filter is described which filters the output
signal of the Askania borehole tiltmeter. The frequency and time-domain properties of the
filter characteristics have been adapted optimally for using the tiltmeter as an earth tide
recording instrument. Furthermore, a damping system of the instrument is described. This
device prevents the linear range of the electronic recording system from being exceeded
under extreme conditions, e.g. strong microseisms. Due to the improvements achieved
the accuracy of the records has been raised substantially.

Key words: Tilt and Solid Earth Tidal Measurements — Borehole Tiltmeter — Vertical
Pendulum — Electronic Filters.

1. Introduction

The Askania borehole tiltmeter (vertical pendulum) is an instrument which is
suitable for recording low-frequency tilts and horizontal accelerations. For the
reduction of surface influences, especially meteorological effects, it is installed in 30 m
deep boreholes (Flach and Rosenbach, 1971). In common with nearly all recordings
of geophysical data, the problem has to be considered that the atcual signal, e.g.
tides, is accompanied by undesirable noise, e.g. microseisms. If the noise covers
another frequency range than the signal its separation and elimination is practicable.
In the present case low-pass filtering must be used, since the noise frequencies (micro-
seisms, natural period of the pendulum) are much higher than the signal frequencies
(tides). Originally a passive two-pole low-pass filter has been used by the manu-
facturer. But for the following reasons, this type of filter does not meet the require-
ments based on the present state of electronics:

1. Passive low-pass filters with very low cutoff frequencies of 4 X 104 Hz can
technically only be realized with electrolytic capacitors depending to a high degree
on time, temperature and input voltage. Furthermore, passive networks are not
independent of load.

2. The step response of such a filter is very poor because of the high time lag of
40 min. This property particularly causes problems of the transfer of the calibration
pulse (Flach, Jentzsch, Rosenbach and Wilhelm, 1971).

An active filtering and damping system will be described in the following. In the
case of tidal recordings it mainly filters the noise (microseisms, natural period of the
pendulum) superimposed on the signal and is optimally adjusted to the conditions
at the station Zellerfeld-Mihlenhohe (51.82 °N, 10.34 °E).
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2. Specifications of the Filter

The signal generated by the recording system of the tiltmeter contains frequencies
between 0 Hz and the natural frequency of the pendulum (0.7 Hz). Above the tidal
frequencies it mainly consists of the frequencies of the oceanic microseisms (0.15—
0.25 Hz) and the natural frequency of the measuring pendulum (0.7 Hz). The maximum
amplitude of the microseisms at the station Zellerfeld-Miihlenhshe is about 30 mVy,;,
at 0.15 Hz, corresponding to the 1.5-fold tidal maximum amplitude.

A suitable low-pass filter has to attenuate the amplitudes of the microseisms in
such a way, that they do not appear in the tidal records any longer. In order to be
sure that the microseisms under no circumstances affect the recordings a damping
of —80 dB is necessary. Such an attenuation can be realized by filters of different
constructions and specifications. The following conditions should however be com-
plied with as far as possible.

(a) flat amplitude response in the band-pass of the filter,

(b) high attenuation beyond the cutoff frequency,

(c) small phase shift at tidal frequencies,

(d) good step response properties,

(e) high input impedance, low output impedance,

(f) simple design,

(g) good possibility of realization with regard to the properties of the construction

elements.
From these conditions it follows that only active filters are in consideration, since
(e) and (d) require the use of amplifiets.

2.1. Choice of Filter Type

Active filters allow complicated amplitude and phase responses which are opti-
mally designed with regard to different aspects (Tietze and Schenk, 1971). The most
important filter types are Butterworth, Bessel and Teschebyscheff. Conditions (a),
(b) and (c), for example, are very well met by a Butterworth filter, while for condition
(d) the Bessel filter is particularly suitable. Conditions (e), (f) and (g) apply to all
active filters in like manner and are of no importance in selecting the type of filter.

A Butterworth filter however is ruled out for filtering the signal in question be-
cause of its disadvantageous step response.

During the calibration of the tiltmeter by the ball calibration method, square
wave impulses are superimposed on the tidal signal. These are due to the shift of a
small ball inside the measuring pendulum by an exactly defined amount (Jacoby,
1966). As the accuracy of the calibration strongly depends on the number of cali-
bration pulses in a fixed time interval (Flach, Jentzsch, Rosenbach and Wilhelm,
1971), it is desirable to carry out the calibration pulses as quickly as possible (GrofBe-
Brauckmann, 1973). As a fast step response allows more calibration cycles in a fixed
time interval a Butterworth-Bessel low-pass filter was chosen. This is a compromise
between the good amplitude response of the Butterworth filter and the advantageous
step response of the Bessel filter. The poles of such a filter are located in the complex
frequency plane between those of the Butterworth and Bessel filters (Al Nasser, 1972).
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Fig. 1. Frequency response of the four-pole Butterworth-Bessel low-pass filter (amplitude
above, phase below). Cutoff frequency 0.015 Hz

For the required damping of —80 dB at 0.15 Hz a four-pole Butterworth-Bessel
low-pass was chosen. The number of poles # of a filter determines the attenuation
of the gain »* bevond the cutoft frequency f. according to

nt = —n 20 dB/decade for /> /. (H

The less the number of poles of the filter, the lower must be its cutoff frequency to
achieve the same attenuation at a fixed frequency.

A four-pole filter is constructed by using 2 two-pole filter elements in series. The
capacitances and resistances can easily be calculated by the aid of tables (Al Nasser,
1972).

2.2. Characteristics of the Filter

In case of high resistance signal sources it is advisable to connect the filter with a
differential amplifier in series, since otherwise the output resistance of the signal
source is added to the input resistance of the filter circuit and the filter characteristic
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will be changed. Furthermore, with the amplifier in series an additional gain can easily
be obtained. A further advantage of the differential amplifier is the suppression of
common mode noise which is capacitively superimposed on circuits.

A graph of the amplitude and phase responses is given in Fig. 1.

The step response of the filter shows an overshoot of 3%,. After 130 sec the de-
viation from full deflection lies within 0.1%,.

2.3. Test of the Filter

A critical point of active filters is the constancy of zero setting of the output voltage
depending on the offset voltage drift of the operational amplifiers used in filter cit-
cuits. In Table 1 all data of the filter are given with regard to the drift and noise
properties of the operational amplifiers.

Table 1. Drift and noise properties of the filter

Zero drift Zero drift Noise
(dependent on time) (dependent on temperature) (0.001—10 Hz
4 uV [ day 2 uV | degree centigrade 1 uVpp

As 1 bit of the digital recording system represents a voltage of 50 #V, it is obvious
that these values do not affect the accuracy of the records. The inctrease of the zero
drift is non-linear in time. After x days the total drift is about |/x times the drift per
day. This dependence was empirically derived from long-term measurements (Ana-
log Devices, 1971).

Fig. 2 shows a record of 2 days. For a better control two identical filters have been
connected in parallel with the same channel of the borehole tiltmeter. These have
now been operating successfully for more than 18 months. Besides tidal waves sut-
face waves of a distant earthquake can be recognized in the record. As these waves
can have periods of some 100 sec and very large amplitudes, they are not suppressed
by the low-pass filters.

3. Damping of the Pendulum by an Electronic Feedback System
3.1. Mechanical Properties of the Pendulum

Examinations of the mechanical behaviour of the Askania borehole tiltmeter
revealed a very small damping of the pendulum, the damping factor being about 0.01.
Strong microseisms in the frequency range of the pendulum’s natural frequency of
0.7 Hz result in resonant oscillations and therefore the unfiltered signal shows very
large amplitudes. In extreme cases the amplitudes may exceed the linear amplification
range of the recording system. Then the integration of the falsified signal by the
lowpass filter yields a measuring signal which is distorted considerably without any
possibility of recognizing this distortion afterwards,
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Fig. 2. Original record of 2 days; synchronous filtering of the same signal component with
two identical flters in parallel.
Time shift of the traces due to the pen position of the recorder: 3 min
Continuous record from 11 Sept, 1972 / 12 00 EMT to 13 Sept., 1972 /12 00 EMT

Short-time accelerations which may occur in seismic arcas arce able to overexcite
the undamped measuring system as well. However, it is very important to get cor-
rect recordings during and immediately after earthquakes in order to detect possiblc
sudden tilts of the earth’s crust due to the earthquake mechanism.

The reasons mentioned above speak for a stronger damping of the pendulum.
Two methods of damping can be considered:

mechanical damping by dipping the pendulum in a viscous fluid,

damping by electronic feedback of the pendulum’s movement.

Fluid damping has not been planned by the constructors of the tiltmeter and
would only be realizable by fundamental alterations of the instrument.

3.2. Damping by Differentiating Feedback

Damping by eclectronic feedback can be achieved by translatory forces at the
pendulum’s lower end which are proportional, but with a phase shift of 180 | to the
velocity of the pendulum. Such forces can be generated by the device provided for
continuous calibration of the tiltmeter (Jacoby, 1966). This device consists of a small
permanent magnet mounted on the pendulum’s lower end and a Helmholtz coil
attached to the pendulum carrier. A current through the coil creates a homogeneous
magnetic field which produces a certain force upon the pendulum. The strength of
the magnetic field and consequently the deflection of the pendulum is proportional
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Fig. 3. Block diagram of the complete damping svstem

to the current in the coil. By the aid of a suitable feedback circuit and the calibration
device just described a damping system was built which makes possible damping
factors up to « =1 without any reconstruction of the tiltmeter.

The output voltage of the recording system is proportional to the angular de-
flection of the pendulum. A signal corresponding to the velocity of the pendulum
can be obtained by differentiating this voltage with respect to time. The operation
djdt is achieved by an electronical differentiator, which contains operational amplifiers
for the improvement of the differentiating properties of this circuit. In order to adjust
the gain of the feedback system Gp a preamplifier is connected in series with the
differentiator circuit. A block diagram of the complete damping svstem is shown in
Fig. 3.

The feedback is applied to both components X and Y of the pendulum’s move-
ments in order to achieve a total damping of the tiltmeter.

3.3. Samples of Results

Investigations of the pendulum showed that by the aid of the feedback circuit
damping coefficients up to a =1 can be realized depending on the gain G of the
feedback voltage. As the gain of the differentiator decreases at low frequencies by
—20 dB/dec G is always related to 1 Hz. The relation between the damping coef-
ficient and G is linear but the mechanical damping aps of the pendulum has to be
added to the damping by feedback, i.e.

o = op + au (2)
with ap = D Gp D = const = 0.031
and an = 0.01

In practice it is most advantageous to usc gains of G =23 dB which result in a
damping coefficient of x = 0.5 so that at 0.7 Hz the resonant increase of the pendulum’s
amplitude is about 1.15 (compared with a resonant increase of 55 of the undamped
pendulum). An undesired heating of the Helmholtz coils is largely avoided in this
case. The loss of heat is about 10 ¢W as an average while the preamplifiers of the
capacitive transducer system have a power loss of 60 mW. These values demonstrate
the small contribution of the feedback system to the total power loss.



Filter and Damping Syvstem for Askania Borchole Tiltmeter 309

IR

|

feedback not applied j

feedback applied

| H | TILTMETER 2 CHANNEL V Aug7,1972
R (SN = = o e e |

Fig. 4. Unfiltered signal without and with damping of the measuring pendulum

If the feedback voltage is increased very much, i.e. the gain (7 at 1 Hz is higher
than 30 dB, resonant rises of the pendulum appear. They are caused by the non-ideal
features of the differentiator circuit and a certain amount of cross coupling between
both components.

In Fig. 4 the effect of the damping svstem is shown by means of an original record
of the unfiltered signal. Without feedback the signal contains amplitudes up to
70 mV,;, mainly caused by the natural oscillations of the pendulum. After the damping
device has been applied, the amplitudes are greatly reduced to about 10 mV,,,.

The influence of the damping system on tidal amplitudes is very small. Due to
the small gain of the differentiator circuit at tidal frequencies (—93 dB compared with
the gain at 1 Hz) this influence is less than 0.005",, of the maximum semidiurnal tides
at the station Zellerfeld-Mihlenhéhe,

A long-term record of the constancy of the zero setting of the damping circuit
revealed a drift of 14 4V in 16 davs. Such a direct voltage is superimposed on the
feedback voltage and causes a deflection of the pendulum of 0.006%,, of the maximum
tides. Thus a serious effect of this drift on the long-term stability of the tiltmeter can

be excluded.

4. Conclusions

By means of modern operational amplifiers it is possible to construct active filters
which are substantiallv superior to the passive filters originally used by the manu-
facturer of the Askania borehole tiltmeter. This superiority covers the frequency
response as well as the long-term and temperature stability,
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Furthermore, the Butterworth-Bessel filters with a cutoff frequency £, =0.015
Hz especially reconciled with the requirements of the recording system of the Askania
borehole tiltmeter enable a more accurate performance of the ball calibration (GroBe-
Brauckmann, 1973).

The electronic damping device makes it possible to operate the tiltmeter even in
regions of strong microseisms since it prevents resonant oscillations which could
exceed the linear range of the recording system. By a special design of the differen-
tiator circuit of the damping device an undesirable heating of the Helmholtz coils
due to high-frequency influences is avoided. The damping device has no significant
effect on tidal recordings.
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