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ABSTRACT

A quantitative analysis is made vsing techniques of digital spectral arnalysis.
Two different pproaches are compared -- statistical and deterministic.

For the statistical approach, the computer program "BLACKY, " which
computes power density snectra, was adopted. A program wvhich uses the
Numerical Transform Theorem (lHuang, 1965a) was written for the CDC

160A digital computer. This program, "NUTRAN, " relies on a deterministic
consideration of a time series.

The agreement between the field calibration and the estimation of the magri-
fication curve is quite good up to 1.5 cps, considering the simplicity of the
mathematical model used in our study. Above this frequency, tne scatter is
gnite erratic, and further refinement of the technique is desirable. The
reason for this disagre:ment ~omes essentially frora a lack ot the high signal-
to-noise ratio which is the basis of our treatment. OQur technical success
seems to be limited by our ability to discriminate noise which contaminates
the signal arrivails.
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DiGITAL EVALUATION OF A CALIBRATION TECHNIQUE
FOR MULTIPLE-ELEMENT ARRAY SYSTEMS

1. INTRODUCTION

In the previous report (Huang,1965b), we made a qualitative study of a
calibration technique (Whalen, 1965) using the Geotech Analog Spectrum
Analyzer. It was found that good agreement existed between the estimated
and the field calibrated values of the relative magnification curve ior
frequencies below 1.5 cps. For the higher frequencies, the agreement was
poor.

In order that a more quantitative evaluation of the technique could be made,
we performed digital analyses. Two different approaches were taken; one
was rtatistical, the other nonstatistical (or deterministic). Since we base
our analyses on a high signal-to-noise ratio, a deterministic approach using
numerical transforms seems more logical. On the other hand, since we are
unable to determine what is really our signal, as it is invariably contaminated
by random noise, a statistical method using power density spectra seems
quite desirable. Both results are studied in this report.

It so happened that the events studied in the previous report did not fall on
the same dates as the end of the month calibrations, which had more cali-
bration information. However, from the day-to-day fluctuation of the motor
constant (G), which was found to be within 5%, we construed that end of the
month calibration results could be used reliably throughout the montn. Since
we nad both controlled calibration data and a significant signal from an event
on June 2, 1965, we concentrated our efforts on this set of data for more
quantitative analyses.

The Jercme, Arizona, station (JR-AZ) is situated on the Verde formation,
which is primarily a conglomerate of lake desp2sits consisting of white lime-
stone, gravel, sand, clay, and evaporites. The Z3 seismometer (figure 1}
is on a thin section of a limestone cap which sits on the mesa of the lake
deposits. The Zy, Z2, Z4, and Z7 seismometers are on a fragmented lime-
stone cap approximately 100 feet thick, and the Z4 and Zs seismometers are
on a relatively uniform river bed consisting of unconsolidated, incompetent
sands, gravels, and clays.
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The Winslow, Arizona, station (WO-AZ) on the other hand, is on the
Moenkopi formation which consists of nonmarine, locally gypsiferous,
sandy, and silty redbeds interfingering with some calcareous strata. All
seven scismometers are situated on this formation (figure 2). These two
stations, therefore, made it possible to study the effects of both heter-
ogeneity and homogeneity in local geological structures.

Since our qualitative study indicated the feasibility of taking short record
lengths for signal analysis, the current study was confined to Z- and 3-
second signal segments. The origin time of the June 2, 1965, Pacific event
utilized was 13:57:51z. The epicenter was located at 4. 6S, 105.6W (near
Northern Easter I. Cordillera) and had a body-wave magnitude (my) of 4. 8.
The epicentral distance from these two stations was approximately 4500 km.
which is within the teleseismic window (Carpenter, 1965) for signal trans-
mission.

2. TECHNIQUES OF SPECTRAL ANALYSIS

The mathematical model used for our calibration study was explained in the
theoretical considerations of the previous report (Huang, 1965b). The
following assumptions were made with regard to our imperfect model:

a. The data contain high signal-to-noise ratios to the extent
that noise can be ignored.

b. The effect of dispersion and scattering is very slight from
seismograph to seismograph so that station correction for the attenuation is
unnecessary.

c. Local geology is isotropic and homogeneous.

The resulting calibration curves are given by

M(w)

Aw) = A (w)
M, (w)

’ (1)
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Winslow hexagonal subarray (WO-AZ) L

Figure 2.

TR 65-127




and

= B_(: Mw) |
B(w) = B.(w) +{Mc(w) (2)

where A(w) and B(w) are the amplit(uc%e and phasid{e)sponse curves of the
. . . . Mlw W
estimated calibration results. M, (w) an M. )

and phase curves of the spectral ratios of the received signals, and A (w)

are the amplitude

and Bc(w) are the magnification and phase-response curves of the center
instrument, which serves as a standard. w is circular frequency.

From eguations (1) and (2), it is obvious that spectral analysis constitutes
the core of our evaluation scheme. Digital spectral analysis is used in

this report. The magnetic tapes from JR-AZ and WO-AZ, which recorded
the Pacific event of June 2, 1965, were digitized using the Geotech digitizing
system.

Two computer programs were used; the program "NUTRAN, " which performs
numerical transforms was written by Paul Kozsuch of Geotech. The program
"BLACKY, " which was written by personnel of the Seismic Data Laboratory
(SDL) of Aiexandria, Virginia, performs power dens .y spectral analysis
(Blackman and Tukey, 1958). A brief description of these two programs is
given below.

2.1 PROGRAM NUTRAN

For a digitized trace of finite length, the numerical transform theorem
(Huang, 19652) can be conveniently applied. This relationship is given by

., .2Tn )
fi =‘"1r?7 E l, ;_,fke” mo (k-1), i=0, 1, 2 ----- , m-1, (3)

0

m-1 m-1

n=0 k

where j is an imaginary unit.
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The relationship is similar to the well-known Fourier Transform Theorem
for a continuous function of an infinite length, that is,

1 o T . |
f(t) =—— [ a j f(g)e~iw (8-t ag (4)
&l J_m -
The complex expression for Fourier analysis is given by
@
Z .
f(t) = C'ne J T - (5)
ns=s -
where the coefficients C' are determined by
T
s — f(t)e 7T dt.
C'h=—7 (t)e (6)
-T §

2T in the expression (6) represents the period.

With a properly chosen digitization rate and filter setup, the digital
spectrum cun be given by

el
1 . 2nk
Fp= — fre I 7™ . (7)
m
k=0 ‘
TR 65-127 -6-
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The frequency spectrum is related to (6) and (7) by

w n ., _ .
Fl=—) = F(5=) = F, = C', . (8)

Detailed descriptions of the above relationships are given in a separate
report (Huang, 1965a). In order to perform a Fourier transform, expression

(7) is replaced by
1 'j 2mnk
Fn="m fxe © m' . (9)

where m' is larger than m.

To perform a spectral stacking, the m' in equation {9) should be taken from
a subsection of 2T. The record length 2T and m are related by

2T = mit, (10)
where At is a digitization increment.
The NUTRAN program listing is contained in Appendix 2. Since a signal is
invariably contaminated by “andom noise, spectral smoothing is per-
formed just before estimation of the calibration results. In order for these
results to be comparable to BLACKY outputs, smoothing of the Hanning type
(Blackman and Tukey, 1958) is incorporated.

2.2 PROGRAM BLACKY

This program computes power density spectra through Fourier transform of
the autocorrelation functiomn.

TR 65-127 -7-
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For a digitized time series X;, the bias-removed autocorrelation func‘ion is
given by

n n n
Y(kj 2 —— X . X ——5 Xi- Xi. 11
(k} o1 é_; i-k™i (n-l)z i-k i (11)
imk4 1 isk+ 1 imk+ 1
The power density spectrum is given by
m-1
F(w) :ﬂ_[ -2- 2W(k)Y(k)cos 2K 4 Y(O)],
m m
k=1
where (12)

# forw=0o0rm
bw =

1 otherwise

and

Jo
— .

2W(k) =1+ cos

Expressions (11) and (12) are approximations of the results given in '"The
Measurement of Power Spectra'' (Blackman and Tukey, 1958). W (k) is the
lag window.

3. RESULTS OF SPECTRAL ANALYSIS

In figures 3 and 4, playbacks of the Northern Easter Island Cordillera event
at JR-AZ and WO-AZ are shown. These signals, together with the noise
preceeding them, were digitized at a rate of 25 samples per second with a
low-pass filter set at 8 cps and 18 dB per octave attenuation. The folding
frequency falls at 12.5 cps.
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For the 2-second (50 samples) cases, a maximum lag of 25 samples was
used in computing the power density spectra. We assumed that the received
signal had a low noise content, and so tried to improve our resolutios at the
expense of the confidence level of the power spectrum (Blackman and Tukey,
1958). The maximum lag was changed to 10 samples for the 3-se.ond

(75 samples) cases, and this difference is reflected i1. ¢he output of the
BLACKY prog-am.

Figures 5 through 18 are the plotted results of the NUTRAN computations.
The corresponding BLACKY results are shown in figures 19 through 32.

4. CALIBRATION RESULTS

application of formulas (1) and (2), together with the reference calibration
curves &: the hexagonal subarray centers {Appendix 1), yielded the results
shown in figures 33 through 80.

4.1 AMPLITUDE RESPONSE

Bcih smoothed and un.moothed cases were studied. As already mentioned
in ~ection 2 «f this report, Hanning smoothiag was applied in the frequency
domain for the NUTRAN output. Figures 33 through 4% ccmbine the results
of the 2- and 3-second unsmoothed cases and figures 45 throus’ %8 show the
2- and 3-second smoocthed cases. In general, the 2-second cz. :s agree
better with the field calibrations.

A comparison of smoothed 2nd unsmoothed cases indicates that the smoothed
spectra give better results. This is probably due to the randora nature of
the nois» contamination. The BLACKY estimates for the calibration were
inferior to the NUTRAN estimates. A possible interpretation of this result
is that the deterministic approach is more suited for treating signals.

As previously cencluded (Huang, 1965b), the agrecrnent between the esti-

mated and the calibrated results is quite good for frequencies below 1.5 cps;
the technique requires refinement beyond 1.5 cps.

It is also of interest to note that the geologically homogeneous station,
WO-AZ, shows a better agreement than the heterogeneous station, JR-AZ.
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2 second case
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2 second case
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Figure 54. Smoothed calibration estimates at WC-AZ Zg,
2 second case
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