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ABSTRACT

N

The evaluation of the beam steering capabilities of the 37-element short-period
seismograph array at TFSO indicates that the array provides a signal-to-noise
ratio improvement over a single detector of approximately 12 dB at frequencies
near 1.0 cps. The phased summed output of the array suppresses the noise by

a factor oﬁ\ﬁ¢ (15.6 dB) for frequencies greater than about 1.5 cps. At

1.0 cps, the average noise reduction relative to an individual output is

13.7 dB. The signal amplitude loss in a 30-second P-wave coda is between

1.0 and 2.0 dB in the frequency range of greatest signal power (0.5-1.0 cps).

w
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PRELIMINARY EVALUATION OF BEAM-STEERING
CAPABILITIES OF THE TFSO 37-ELEMENT ARRAY

1. INTRODUCTION

In November 1967, construction and instrumentation were completed on a medium
aperture 37-element short-period seismograph array at the Tonto Forest Seismo-
logical Observatory (TFSO). The design of the array was directed toward
providing the capability for velocity filtering of teleseismic signals and,

more specifically, to increasing the signal-to-noise ratio (S/N) of processed
outputs in the frequency range of 0.5 to 2.0 cps. The results of noise studies
conducted on data recorded by the cross-linear and 31-element arrays, used in
conjunction with theoretical array response studies, indicated that significant
S/N improvement could be provided by velocity filtering of a hexagonal array in
which the distance between sensors is 5 kilometers and the overall diameter of
the hexagon is 30 kilometers. The array was designed on this basis; however,
due to considerable topographic relief in the area and problems of legal access,
the actual locat.ons of the elements, shown in figure 1, were slightly perturbed
from the ideal theoretical locations.

This report deals with the evaluation of the beam steering capabilities

exhibited by the 37-element short-period array during the first months of
its operation.

2. DATA SELECTION AND PREPARATION

2.1 METHOD OF EVALUATION

The evaluation consisted basically of the comparison of the S/N of the phased
summed outputs of the 37-element array and of two subarrays to the S/N of the
average of the outputs of the individual seismographs and to the unphased
summation and the unphased filtered summation of the cross-linear array.
Figure 2 shows the locations of the seismographs which were contributing
elements to the unphased summation and to the unphased filtered summation

of the cross-linear array. One of the subarrays chosen for evaluation con-
sisted of the center seismograph and the seismographs of the inner ring; the
other subarray was composed of the center element and the elements of the
inner and middle ring. Twenty earthquakes occurring at teleseismic distances
from TFSO were used.

The S/N for each of the various outputs was computed by two methoas. The first
method utilized the ratio of the power density spectrum of the signal to that
of the noise; the second used the ratio of an amplitude measurement from a
dominant half-cycle of the signal and the rms of the noise. Noisc reduction
and signal loss were computed in addition to the S/N.

zll.-
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2.2 DATA SELECTION

The data samples were selected from 16-millimeter film seismograms of the
individual elements of the 37-element array. The daily TFSO station message
to the Coast and Geodetic Survey (C&GS) and the daily LASA bulletin were used
as guides in the search for suitable data samples. Each sample selected
satisfied the following requirements:

a. At least 5 elements from the inner ring, 10 elements from the middle
ring, and 15 elements from the outer ring were operational and not excessively
noisy at the time the signal was recorded. Also, it was required that each of
the 8 elements of the cross-linear array was operating properly.

b. Each data sample was 3 minutes and 20 seconds long, consisting of
2 minutes and 50 seconds of noise followed by 30 seconds of signal coda.

c. Each signal originated within the epicentral distance range of
30 to 90 degrees from TFSO.

Many samples which satisfied these requirements were later rejected when
digital-to-analog plots of the Astrodata digital magnetic tapes indicated

that an acceptable number of channels had not been suitably recorded. Excessive
spiking and parity errors on the digital recordings caused many samples to be
rejected. The spiking was due primarily to lightning and to the fact that
both data and power were transmitted over the same spiral-4 cable. The parity
errors resulted from a defective tape transport. Ultimately, 20 data samples
satisfying the selection criteria were obtained and processed. Table 1 gives
the epicentral data for each signal and lists the unusable channels for each
sample. The epicentral data were obtained from the "Preliminary Determination
of Epicenter" cards published by the C&GS. Figure 3 shows the distance and
azimuth of each epicenter relative to TFSO,

The calibration constants for each of the individual outputs and for the
unphased filtered and unfiltered summations wer: determined from 1.0 cps
sinusoidal calibrations. Prior to 24 May 1968, the individual elements were
calibrated both separately and simultaneously in groups of about 10 elements.
After 24 May, the simultaneous calibrations were discontinued because of some
doubt as to their validity. The calibration constants for data samples

1 through 11 were computed from the simultaneous calibrations, while the cali-
bration constants for the remaining data samples were necessarily computed
from individual calibrations. As a check on the two types of calibrations,

3 data samples were processed with calibration constants computed from both
individual and simultaneous calibrations. The output data showed that the
two methods of calibration gave essentially the same results.

Digital-to-analog plots of the calibrations were obtained to determine whether
any of the Astrodata channels were overloaded. In some cases, overloading
caused the calibrations for some elements to be recorded improperly. The
problem was essentially eliminated by the installation of an automatic ovcrload
reset circuit in the Astrodata system on 16 April 1968,

-4-
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Because of parity errors, the calibration constants for data samples 1 through
8, excluding sample 6, were computed from calibrations recorded on a day
different from the day on which the data sample was recorded. In almost all
of the samples there were a few elements for which calibration constants were
estimated. Estimates were based either on previous calibrations or on the
basis of calibration levels of other systems.

Calibratious were demultiplexed from the Astrodata field tape and analyzed by
computer to obtain the calibration constant.

3. DATA PROCESSING

After the calibration constants were computed, each data sample was demultiplexed
from the Astrodata digital field tape, and an X-Y plot of each output was gene-
rated. Figures 4 through 8 show a portion of the plots for each individual
element and for the unphased filtered summation output of the cross-linear array
from data sample 6 (see table 1). Each trace has been normalized by the plot
routine on the basis of the maximum amplitude for that particular element;
consequently, no relationship between relative trace amplitudes can be

obtained from the plots. The plots were used to determine the relative delay
times necessary to form the phased sums. The element with the earliest signal
arrival was used as the reference element.

Formation of the phased sums, determination of signal amplitude and calculation
of noise rms, calculation of the average output of the individuals, and com-
parison of the average output with the phased sums were accomplished by a
computer program (TFOSAN). Because three phased sums were desired for each
sample, that is, the 7-element subarray (PS1), the 19-element subarray (PS2),
and the 37-element subarray (PS3); the sample was processed three times by
program TFOSAN. On each pass, only those elements contributing to the parti-
cular phased sum under consideration were used. Besides the subset tape
containing the data sample, program TFOSAN required as input the delay times,
calibration constants, filter coefficients, label of any element to be deleted
from consideration, time window length, and a reference start time for the

time window. The filter coefficients used were for the standard SDL bandpass
filter. Figure 9 shows the amplitude response of the SDL filter and the analog
filter used in the cross-linear filtered summation (CLSF). The SDL filter was
applied both forward and backward in time in order to achieve zero phase-shift;
thus, the effective bandpass applied to the data is the square of the SDL filter
amplitude response. Each element was filtered prior to the analysis of the
data sample. The phased sum was formed from the filtered elements. Figure 10
shows a portion of the plot of the filtered and aligned traces for Z1 through
710 for data sample 6. The relative amplitudes between traces are correct.
Comparison of the filtered data with the raw traces shows that the signal is
enhanced considerably by the bandpass filter.

Program TFOSAN allowed any element in the data sample to be deleted from the

analysis procedures and the phased sum. This option was used in forming
PS1 and PSZ2,
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An arbitary time-window (generally no more than 8 seconds) was established
and a reference time selected so that the time window spanned the start of the
signal. In this window the largest (peak-to-peak)/2 signal amplitude was
determined for each individual element and the phased sum. In general, this Tt
measurement was made on the same half-cycle of the signal on each trace.

- The noise analysis was accomplished by computing the rms and the center-to-
peak range of the noise for the 100 seconds preceding the start of the signal.

Figure 11 shows the major portion of the TFOSAN printer output for PS3 of data
sample 6. The trace amplitude values in columns 2, 3, and 4 are given in
millimicrons. Columns 5 and 6 are signal-to-noise ratios and column 8 contains
the delay times, in seconds, used to form the phased sum. For each statistic
computed in the analysis of the individual elements, the mean, the variance,
and the standard deviation of that statistic is computed. Program TFOSAN
analyzes the phased sum in the same manner as an individual element is analyzed
and compares the analysis to the average analysis of the individual elements.
The comparison of PS3 to the average individual element for data sample 6

shows 0.19 dB signal loss, 13.02 dB rms noise reduction, and 12.81 dB signal-
to-rms noise ratio improvement.

A high-magnification plot of each phased sum was obtained. Figure 12 shows a
portion of PS3 for data sample 6. The magnification of the plot of PS3 is
approxjmately eight times that of the individual traces in figure 10. It is
interesting to note that PS3 snows clearly the first cycle of the signal, which
is completely obscured on the unprocessed seismograms and only faintly visible
on the filtered individual seismograms. Figure 12 also shows the high-
magnification plots of PS1 and PS2 for data sample 6. The noise reduction
provided by PS2 over PS1 and PS3 over PS2 can be seen clearly from these data.

The spectra of the signal and the noise were computed for each of the elements
and averaged over the data sample. A maximum lag of 3 seconds was used in cal-
culating both the signal spectra and the noise spectra, resulting in estimates
of signal power and noise power at the same frequencies. The spectra for the
three phased sums were computed in the same manner, except for the averaging.
The spectra for the average individual element (IND), the three phased sums,
and the filtered summation of the cross-linear array (CLSF) are shown in
appendix 5. The secondary peak in the noise spectra at about 2.0 cps was a
common feature of all of the noise spectra. Another common characteristic of
the noise was that the_average peak power for the individual elements was
generally about 0.1 mu2/cps. For the 20 signals in the data ensemble, the
signal power peaked below 1.0 cps on 18 signals, with the majority peaking at
0.67 cps. It should be noted that the frequency resolution of the spectra was
about 0.16 cps, which allows only a rough estimation of peak frequencies.

The compltte processing scheme for a data sample is summarized in figure 13.
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VENEZUELA A 30 MAR g8 1219 1FO 14910 -
CH StP=p/¢) HMS RANGE S/RANGE S/RMS  RANGE/RMS BELTA T  SDL FILTER
*2y 2,92 357 1,01 2,40 6479 2.82 1,0%
12 2,14 0322 1,01 2.11 6,64 3,14 1,22
13 2.u6 .382 1,01 2,09 5,86 2.86 1.0%
74 1478 312 '08 2,26 6,35 2,80 .69
5 2.V02 318 1,07 1,89 6:¢37 J.36 .70
l6 2490 2327 1.40 1,92 7463 3.97 1.1V
27 1.91 347 1,¢7 1,50 5450 3.67 1,39
N 1000 330 9 1.82 5.45 3.00 1,.6%
29 2418 0 374 7 2.26 6473 298 1035
210 2402 0357 1402 2,58 74136 2.88 .99
212 286 400 1,92 2416 7414 3.30 .39
13 3490 BT 24¢0 1.50 5,87 3492 3%
714 2476 o343 1,05 2.62 8403 3.06 49
115 2047 318 4] 2493 7478 3407 .70
1% 223 318 ' 58 2,88 7497 2477 W9
18 202 1356 1.16 1.74 5468 326 1,60
219 197 .377 1,96 1.15 4416 3.61 1.5%
220 2440 YY) 1,92 1,59 41 2.96 1.90
221 2-‘6 |3’° -53 2-97 7.50 2!63 105’
223 3047 2385 1,91 2,66 9403 3440 .99
22% 2,16 «359 1.,U7 2.01 6,02 2499 2>
226 1477 «368 9 1.78 .79 2.69 ]
227 3045 385 1,87 2,23 7.93 3.56 .09
228 4,40 455 1,7 3,30 9,23 2,79 ,0%
229 4,90 2572 2.4 1,83 7.69 4,21 49 F
230 3,70 397 1,12 3,31 9,32 2,01 .35 {
231 2,94 .335 W99 3.19 8,48 2,66 W70
232 3410 427 1,97 1,97 7.29 3,68 .90 .
733 1.04 .298 1,07 1,73 6,19 3,58 1,20
234 1,90 ,325 ,v8 1,42 4,30 3,03 1,59 {
235 2,U1 437 1,40 1,68 4,61 2.,7% 1,9
136 1424 450 1,43 .87 2,7% 3.47 2,0V
SUM 78,9 1198 38,9y 67,93 231 ¢4 101 +36 1
MEAN 2.4 37 1.4 2,12 6,61 3.7
VAR 27 N0 12 36 2451 113
S1D !5 on? 'S4 W60 1458 42 i
UsSUM o0 133 E 9 1,99 3,3%
PeSUM 2.4 LY 29 6,28 28,86 3.49
BU=SUM ' 25 129 o2 99 1493 3,2%
BP=SUM 2498 .0R5 L 9,14 27,93 3,06
YIGNAL (UB) KM§ (nB) NOISE (pH) S/N (UB)  S/REMS (DB)
U=SuM 19439 “A.97 4,97 11,08 =10+44
P=SUM 19 ~13.02 12,27 11,82 1281
RU=SUN ~19490 n9.2% -9,11 “11,0% ®$0087
RP=SUM =31 Y ILL ®19,4¢5 12,68 12,52
Figure 11, TFOSAN printer output for PS3 for data sample 6 :
G 4442
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|
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I I
PROGAARM PROGAAM PROGRAM
TFEARY I | TEMAHY I l TFRARY I
| | l
| ' |
PRINTER Lia | PRINTER | FRINTER
auTRUT TAPE | oUTPUT l auTeuT
| I
| !
PRI HAM | FROG A AM | PROGHAM
TFOCAL i MERGSEIS I [‘_. SPECSUE 2
) |
I £ 1y
PUNCHED PRINTER | PHINTER SAVE S FRINTER
CARDS OUTPUT CUTRUT TAPE o JUTPLT
- e
. |
| |
| PROGAAM | PROGRAM
| DELETE | BLACKY
| ) | 1
| PRINTER EAVE I PRINTER
| QUTPUT TAPE I auTRUT
_______‘—___ 1-——d_—d-—_-—-——-
PFRAG A AM
TFOSAN
PHASE SUM | L ASE suM 3 PHASE SLUM
PRINTER SAVE PRINTER SAVE FRINTER SANVE
OUTPUT TAPE ouTPUT TaPE auTeuT TAPL
PROGRAM PROGHAM PROCAM
E— T BUBSETSL SUBt ETSL
— 3 1 +
PROGHAM PROGHS FLOT PROGRAM
BLACKY BLACKY TAPE BLACKY
L L
PROGAAM
FAINTER PRINTER ASPECTFD FRINTER
I- QUTPUT oUTPUT T auTRUT
RN |
FRINTER
OUTPUT
Figure 13. Outline of data sample processing sequence
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4. DATA ANALYSIS

4,1 NOISE REDUCTION

For each data sample, the noise power spectra were used to form the following
ratios: PS1/IND, PS2/IND, PS3/IND, and CLSF/IND. These ratios indicate, as

a function of frequency, the amount of noise reduction achieved by each system.
The noise reduction ratios for each data sample are shown in appendix 1. It

is evident that the three phased sums provide essentially the \/N noise
reduction at the higher frequencies. The result of the combination of the
analog and the digital filtering is evident in the noise ratio CLSF/IND,
especially at the higher frequencies.

The noise ratios for 2 given system were averaged over the data ensemble and
figure 14 shows the results. From the average noise reduction ratios, we
conclude:

a. Below about 1.2 cps, PS1 provides about 3 dB more noise reduction
that does the unfiltered summation of the cross-linear array (CLS). Above
1.2 cps, the two systems are about equal,

b. PS2 provides about 4 dB more noise reduction than PS1 at every
frequency.

c. PS3 provides about 2 dB more noise reduction than PS2 at every
frequency.

d. The noise reduction provided by the CLSF varies considerably due to
the analog filtering. At the lowest frequency considered, 0.33 cps, the noise
reduction achieved by the CLSF is equivalent to that of PS2, but the effective-
ness of the CLSF decreases with increasing frequency until at 1.0 cps it is
equivalent to the CLS. For frequencies above 1.0 cps, the CLSF provides
ircreasing noise reduction with increasing frequency. At the highest frequency
considered, 3.0 cps, the CLSF is about 4 dB mcre effective than PS3. Table 2
summarizes the average noise reduction provided by each system relative to
the average individual element.

Table 2. Average noise reduction at 3 frequencies

Freq
st::= 0.5 cps 1.0 cps 2.0 cps
PS1 5.1 dB 7.0 dB 9.7 dB
PS2 8.7 dB 11,1 dB 13.3 dB
PS3 11.3 dB 13.7 dB 15.0 dB
CLS 2.0 dB 3.7 dB 10.6 dB
CLSF 6.8 dB 4.6 dB 14,9 dB
-19-
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The rms measurements of the noise on the individual elements, the phased sums,
CLS, and CLSF were used to obtain an rms noise reduction ratio for each system
relative to the average individual element. Table 3 gives the value of the
ms noise reduction for each system,

Table 3. Rms noise reduction ratios

Rms noise
sttem reduction
PS1 5.64 dB
PS2 9.15 dB
PS3 11.84 dB
CLS 2.04 dB
CLSF 6.36 dB

It should be noted that the rms measure of the noise is dominated by the noise
power at the lower frequencies 0.5 cps). Thus, the rms noise reduction is a
lower bound for each system except CLSF. The rms noise reduction is in complete
agreement with the noise reduction ratios obtained from the spectra.

4.2 SIGNAL LOSS

These curves show that for data sample 6, the signal loss at the frequency of
peak power was 1.4 dB for PS1, 2.0 dB for PS2, 1.9 dB for PS3, and 3.6 dB for
CLSF. From figure 10, it is evident that slight differences in the signal coda

phased sums. The larger signal loss on the CLSF is due to the response of the
analog filter. The signal loss ratios for each data sample are shown in
appendix 2.

The signal loss ratios for a given system were averaged over the data ensemble
(see figure 16). The average signal loss ratios indicate that the three phased
sums and the CLS have a signal loss of between 1.0 and 2.0 dB in the frequency
range of large signal power. The difference between the signal loss ratios of
CLS and CLSF is the result of the efforts of analog filter in the CLSF system.

From a signal detection standpoint, the signal loss is not as great as that
indicated by the signal-loss ratios. Program TFOSAN computed the signal loss
for the phase sums from the amplitude measurements made from the dominant half-
Cycle in the time window. For each phased sum, the signal loss was averaged
over the data sample ensemble. The results are given in table 4,

-21-
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Table 4. Average signal loss

System Signal loss
PS1 0.37 dB
PS2 0.55 dB
PS3 0.62 dB

The CLS and CLSF were not included in table 4 because the amplitude measurements
of the signal for these systems were calculated using Program SPECSUB2 which
calculates the maximum center-to-peak amplitude in the signal coda; whereas,
TFOSAN calculates the maximum peak-to-peak amplitude within a restricted window.
Because of this, comparison of CLS and CLSF sigual amplitudes with the average
amplitude recorded by the individual elements was not necessarily meaningful in
all instances.

&4

4.3 SIGNAL-TO-NOISE RATIOS

The signal and the noise power spectra for each system were used to obtain

S/N as a function of frequency. The curves for data sample 6 are shown in
figure 17. It should be noted that the maximum S/N does not occur at the

same frequency as the maximum signal power. In general, the S/N curves peaked
at about 1.17 or 1.33 cps. The S/N curves for a given system were not averaged
over the ensemble because they do not have a common reference point, and thus
vary from data sample to data sample. The signal-to-noise ratios for each

data sample are shown in appendix 3.

Program TFOSAN computed a signal-to-noise ratio for the individual elements ’
and the phased sums by taking the ratio of the (peak-to-peak)/2 signal amplitude
to the rms noise value. Table 5 gives the S/N for data sample 6.

Table 5. S/N from Program TFOSAN for data sample 6

System §L§
IND 16.4 dB
PS1 21.2 dB
PS2 26.2 dB
PS3 29.2 dB

4,4 S/N IMPROVEMENT

S/N improvement for the phased sums and CLSF was computed as a function of
frequency by taking the ratio of the S/N of the system under consideration
to the S/N of an average individual element (IND). Figure 6 in appendix 4
shows the results for data sample 6. At 0.67 cps, the frequency of maximum
signal power, the S/N improvement is 4.0 dB for PS1, 7.8 dB for PS2, 10.8 dB
for PS3, and 2.0 dB for CLSF. At the frequency where the maximum S/N occurs,
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the improvement is 5.9 dB for PS1, 9.1 dB for PS2, 11.5 dB for PS3, and 2.0 dB
for CLSF,

The S/N improvement ratios for each system were averaged over the data sample
ensemble, and the results are shown in figure 18. The ratios show that the
systems rank in the following order, from poorest to best: CLS, CLSF, Ps1,
PS2, and PS3. Table 6 summarizes the S/N improvement provided by each system
relative to the average individual,

Table 6. S/N improvement at 3 frequencies

System 0.67 cps 1.0 cps 1.17 cps
PS1 4,1 dB 5.6 dB 6.4 dB
PS2 7.5 dB 9.3 dB 10.0 dB
PS3 10.0 dB 11.9 dB 12,4 dB
CLS 1.1 dB 1.7 dB 2.7 dB
CLSF 2,8 dB 2.3 dB 2.9 dB

It should be noted that the drop in the S/N improvement at the higher frequencies
(22.0 cps) is due to the general absence of signal power at these frequencies,

Average S/N improvement was also computed from the S/N improvement factors
output by program TFOSAN for the three phased sums. Phased-Sum 1 shows an
average S/N improvement factor of 5.26 dB, PS2 shows 8,58 dB improvement, and
PS3 shows an improvement of 11.25 dB. These values compare favorably with the
S/N improvement ratios at 1.0 cps (table 6).

4.5 CONCLUSIONS
The following conclusions can be made from the data analysis:

1. The three phased sums and CLS suppress the noise by a factor of \/N
for frequencies greater than about 1.5 cps. At 1.0 cps, the average noise
reduction relative to an average individual element is 7.0 dB for PS1, 11.1 dB
for PS2, 13.7 dB for PS3, 3.7 dB for CLS, and 4.6 dB for CLSF. For the pass
band of 0.4 to 3.0 cps, the average mms noise reduction is 5.64 dB for PS1,
9.15 dB for PS2, 11.84 dB for PS3, 2.04 dB for CLS, and 6.36 dB for CLSF.

2. The signal amplitude loss in the 30-second P-wave coda is between
1.0 and 2.0 dB in the frequency range of greatest signal power (0.5 to 1.0 cps)
for the three phased sums and the CLS. Due to the response of the analog filter,
CLSF suffers about 3.0 dB signal loss in the same frequency band. Using
(peak-to-peak) /2 signal amplitude values measured on a dominant half-cycle in
a time window, the average signal loss relative to an average individual is
0.37 dB for PS1, 0.55 dB for PS2, and 0.62 dB for PS3.
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3. From a S/N improvement standpoint, the five systems that were studied
rank as follows, from poorest to best: CL3, CLSF, PS1, PSZ, PS3, The maximum
S/N improvement generally occurred at about 1.17 or 1.33 cps on the three phased
sums., At 1.17 cps, the average S/N improvement relative to an average indivi-
dual is 6.4 dB for PS1, 10.0 dB for PS2, 12.4 dB for PS3, 2.7 dB for CLS, and
2.9 dB for CLSF. For S/N computed with {peak-to-peak)/2 signal amplitudes and

rms noise values, the average S/N improvement is 5.26 dB for PSI, 8.58 dB for
PS2, and 11.25 dB for PS3.
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APPENDIX 1 to TECHNICAL REPORT NO. 68-47

NOISE REDUCTION RATIOS FOR EACH DATA SAMPLE
RELATIVE TO AN AVERAGE INDIVIDUAL ELEMENT
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APPENDIX 2 to TECHNICAL REPORT NO., 68-47

SIGNAL LOSS RATIOS FOR EACH DATA SAMPLE
RELATIVE TO AN AVERAGE INDIVIDUAL ELEMENT
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