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ABSTRACT

This report describes the synthesis and evaluation of mulli-
channel filters for the Uinta Basin Seismological Observatory. The filters
were designed for use in twc on-line multiple array processors (MAP).

A 19-channel and a 10-rnannel muitiple array processor
were designed, fabricated and installed at the Uinta Basin Geismological
Observatory.

The 19-channel processor was equipped with 7 multichannel
filters and 6 beam-steer outputs. These filters were designed for opera-
tion on various configurations of the subsurface 3-dimensional 16-element
array.

The 10-channel processor was equipped v. a3 multichannel
filters » ' b beam-steer outputs. All were designed fc: operation on the
10-el~ -». .urface planar array.
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SECTION I
INTRODUCTION

Contract AF33(657)-13904 has been directed toward the
development and insiallation of two on-line Multiple Array Processors
(MAP's) for the Uinta Basin Seismological Observatory (UBO) located in
Vernal, Utah.

This report contains results obtained from the synthesis
and evaluation of the optimum multichannel filter systems designed for
installation in the MAP's,

Two on-line processors have been installed at the UBO
location, These processors are a 10-channel system which operates on
the surface Z1-10 planar array and a 19-channel system which operates
on both the subsurface (buried 200 ft) SZ1-10 planar array and the 6-element
deep-hole vertical array. Figure I-1 presents the UBO array complex.

Fold-out pages have been provided in Appendix E which out-
line in tabular form the systems under discussion. The appendix will
provide easy reference to the systems during the reading of this report and
are designed particularly for use by station personnel in interpreting MAP
output results.

A. BRIEF DESCRIPTION OF THE 10-CHANNEL PROCESSOR SYSTEMS

The following paragraphs present a description of the 10-
channel MAP systems. Other optimum multichannel filter systems developed
under this contract, but not installed in the MAP, will be discussed in
Section V and Appendix D.

1. UBO MCF-1

This filter was synthesized in the t.me domain and was

designed for use with the surface Z1-10 planar array. The noise matrix
used for designing this filter was formed from an ensemble of measured noise

correlations which were averaged over 12 ambient noise samples recorded
during a 1-month period. The signal was defined to propagate

with infinite apparent horizontal velocity. The noise spectrum was approxi-
mately whitened and the signal spectrum was weightea the same as that of
the noise. A signal-to-noise ratio of 4 was used in the filter development.

I-1
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2, UBO MCF-2

This filter was synthesized in the time domain by using the
same noise matrix as that used in the UBO MCF-1. The signal model was
defined to be one of infinite apparent horizontal velocity and its spectrum
was weighted the same as that of the noise spectrum above 1.0 cps. Below
1.0 cps, the signal spectrum was shaped such that the resulting optimum
filter possessed an 18-db/octave low-cut frequency filter. The filter
was synthesized using a 2, 75 signal-to-noise ratio above 1.0 cps.

3. UBRM MCF-3

This filter was synthesized in the tim~< domain by using the
same measured noise matrix as that used in the UBO MCF-1. The signal
area was defined to be from 8.1 km/sec to infinite, apparent horizontal
velezity. The signal and noise spectra were weighted equally and a signal-
to-noise ratio of 4 was used in the filter synihesis.

4, UBO 10-Channel Beam-Steer Outputs

Six beam-steer >utputs have been provided on the 10-channel
MAP which are designed to enhance signal energy propagating with
an apparent horizontal velocity of 8.1 km/sec. The following directions

have been provided:

Es-1: 0 degrees from N
BS-2: 6C degrees E from N
BS-3: 120 degrees E from N
BS-4: 180 degrees E from N
BS-5: 240 degrees E from N
RS-6: 300 degrees E from N

5. UBO i0-Channel Straight-Summation Output
2 simple-summation output also has been provided on the
10-channel MAP which will enhance signals propagating with infinite
apparent horizontal velocity.

B. BRIEF DESCRIPTION OF THE 19-CHANNEL PzOCESSOR SYSTEMS

The following paragraphs present a description of the 19-
channel MAP systems.

i-3
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1. UBO MCF-8

This filter was synthesized in the time domain and was
designed for use with the subsurface €71-10 planar array. A measured
ambient noise matrix was used in the filter development. This noise
matrix was approximately whitened and averaged over 3 ambient noise
samples taken from a 2-day perlod. The signal model was defined to be a single
point in wavenumber space atk = 0 (i.e. signals propagating with infinite appar-
ent horizontal velocity). The noise and signal spectra were weighted equally
and a signal-to-noise ratio of 4 was used in the filter synthesis.

2. UBOIP-1

This filter was synthesized in the time domain and was
designed to operate on the UBO 3-dimensional array consisting of the
subsurface SZ1-10 elements summed on 4 rings (the center element con-
sidered to be 1 ring) and the é6-element deep-lole vertical array. The
signal and noise models were theoretical isotropic models consisting of a
white frequency spectrnm. The noise model was defined for the first
3 modes of surface-propagating energy and was developed from theoretical
dispersion data. An infinite, apparent horizontal velocity signal model was
specified. A signal-to-noise ratio of 4 was used in synthesis of the filter.

3. UBOIP-2

This filter was synthesized in the time domain and uses the
6-element deep-hole vertical array as input. The signal and noise models
consisted of a white frequency spectrum; a signal-to-noise ratio of 4 was
used in synthesis of the filter. The signal model was defined for infinite
apparent horizontal velocity energy and the noise model consisted of surface-
mode noise which would appear to the vertical array as infinite velocity energy.

4. UBO Deghosting Filters

Four deghosting filters were developed for use in the 19-
channel processor. These filters are designed to operate on the 6-element
deep-hole vertical array using 3 inputs for each filter, White signal and
noise spectra and a signal-to-noise ratio of 4 were used in synthesis of the
filters. In each filter, the noise model vas defined for surface-mode
(horizontally propagating) energy plus either down-traveling or up-traveling
infinite apparent horizontal velocity signal, depending on whether the filter
was designed to extract up-traveling or down-traveling signals, respectively.
The following is an outline of the filters by signal model:

a. UBO DG-i

The signal is defined to be up-traveling infinite apparent

e
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horizontal velocity energy. The 4900-, 6900- and 8900-ft elements are
used as input,

b, UBO DG-2

The signal is defined to be down-traveling infinite apparent
horizontal velocity energy. The 4900-, €900- and 8900-ft elements are
used as input.

c. UBO DG-3
The signal is defined to be up-traveling infinite apparent
horizontal velocity energy. The 3900-, 590C- and 7900-ft elements are
used as input.
d. UBO DG-4
The signal is defined to be down-traveling infinite apparent
horizontal velocity energy. The 3900-, 5900- and 7900-ft elements are
used as input.,
5. UBO 19-Channel Beam-Steer Outputs
The following beam-steer (i. e., time-shift and summation)
outputs havz been provided on the 19-channel MAP for the 6-element
deep-hole vertical array. The signal for each beam-steer is
defined as follows:
As BS - 7
Up-traveling infinite apparent horizontal velucity P-waves.
bl BS - 8
Up-traveling appar2nt 8-km/sec horizontal velocity P-waves.
c. BS-9
Up-traveling apparent 8-km/sec horizontal velocity S-waves.

d. BS - 10

Down-traveling infinite apparent horizontal velocity P-waves.,

I-5




e. BS - 11
Down-traveling apparent 8-km/sec horizontal velocity P-waves.
f. BS - 12
Down-traveling apparent 8-km/sec horizontal velocily S-waves.
6. UBO 19-Channel Straight-Summation Output

The straight-summation output of the 6-element deep-hole
vertical array has been provided on the 19-channel MAP.
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SECTION II
SUMMARY AND CONCLUSIONS

The purpose of this contract was to construct, equip and
install 2 operational multiple array processors at the Uinta Basin
Seismological Observatory in Vernal, Utah. A 10-channel processor and
a 19-channel processor were construct:d and installed at the array location.
Each processor was provided with several optimum multichannel filters, a
variety of beam-steer (i.e., time-shift and summation) outputs and a
straight-summation output.

A. THE 10-CHANWEL PROCESSOR

The filters synthesized for the 10-channel processor were
designed for operation on the surface l0-element planar array. Tiree
filters (UBO MCF-1, -2 and -3), based on measured noise, were installed
in the processor and 6 beam-steer outputs for 8. 1-km/sec energy were
provided, together with a straight-summation output.

An evaluation of the 3 multichannel filters was conducted with
the following conclusions.

The multichannel filters, in general,demonstrated a 6- to 15-
db signal-to-noise improvement relative to the Z 10 output, at frequencies
below 0. 75 cps while the straight summation demonstrated only 0-to-3-db
improvement, relative to the sam« reference. Between frequencies of
0.75 and 5.0 cps, the filters demonstrated signal-to-noise improve ment
approximately equal to that o“tained through straight-summation p-ocessing,
in spite of the fact that the UBO noise field contaircd significant amounts
of low-velocity organized energy which should have been rejected by the
filters on the basis of wavenumb~r structure. Analyzis of the apparent
discrepancy indicated that the UBO array had an id=al configuration for
rejecting the known low-velocity organized noise contributars by straight
summation. The process of straight summation, therefore, yielded
approximately equivalent results in the 0.75- to 5.0 <ps frequency band
with the filters installed in the MAP.

Analysis of the UBO noise field indicated a non-time and
space-stationary* noise source present in the 1.75- to 3.0-cps frequency
band. Optimum processing with the 3 multichannel filters cf noise samples
which were shown to contain this high-frequency organized, low-velocity

“Space-stationary means that the crosscorrelations between equal vector
pairs, as measured at any point in ccrrelation space, are the same. It
should te noted that the noise field need be organized only and not necessarily
space- or time-stationary, in order to reject the noise on the basis of multi-

channel processing.
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energy, indicated that the filters were unable to reject this energy.

The reason for this failure in the filters was due to the choice of noise
samples used to construct the measured-noise model. These noise
samples did not contain measureable amounts of the noise source in the
model.

Application of the filters to measured teleseismic signals
indicated that two of thr filters which were designed for infinite velocity
signals (UBO MCF -1 and -2)slightly attenuated signal energy by approx-
imately 2- to 3 db. This attenuation is natural for an infinite velocity
filter which is designed to pass only a single point in wavenumber space
and normally will reject all other points to a varying degree. A third multi-
channel filter (UBO MCF -3) which consisted of a disc signal model enclosing
velocities of 8.1 km/sec and greater, did not attenuate noticeably the
teleseismic signal energy.

In spite of the conclusions that the multichannel filters do
not show significant improvement above a straight summation in the 0. 75-
to 5.0-cps frequency band, multichannel filtering of the UBO sensor outputs
is justified because of the large signal-io-noise improvement obtained at
low frequencies and because of the signal preservation which can be
accomplished by specifying other than a point-signal model.

Additional work should be conducted for the UBO array to
develop filters which will reject the non-time and space-stationary low-
velocity organized energy in the 1. 75- to 3.0-cps frequency band.

B, THE 19-CHANNEL PROCESSOR

The filters provided in the 19-channel processor were
designed for operation on the l6-channel subsurface (buried) UBO array
which consists of the 10-element planar array and the 6-element deep-
hole verticzal array. A total of 7 optimum filters were installed in the
processor and 6 beam-steer outputs and a straight-summation output of
the 6-element deep-hole vertical array were provided.

Evaluation of UBO MCF-8, which was designed on measuread
noise correlation statistics for operation on the 10-element buried planar
array, indicated that this filter produced slightly greater signal-to-noise
improvement than did the comparable filter developed for application to the
surface array data (UBO MCF-1). The improvement above that of UBO
MCF -1 probably was a misrepresentation and due to the time span from
which the noise matrix and evaluation data were taken. The subsurface
noise ensemble covered 10 percent of the time span of the surface ensemble,
indicating UBO MCF -8 was more highly tuned to the ensemble; but on a
long term basis this filter probably wiil show results comparable to that of

litel




UBO MCF -1, with the exception of improvement in the 2.0- to 3.0 cps
frequency band.

Evaluation of UBO MCF -8 indicated that a possible noise
source in the 2,0- to 3, 0-cps frequency band which was organized but did
not appear in the noise ensemble collected for the development of filters
for the 10-channel processor. The noise source is non-time stationary and
is not the same source as that referred to in the evaluation and analysis of
surface data.

Comparison of the theoretical and measured response for
JBO MCF-8 indicated a phase and araplitude distortion when this filter
was installed in the MAP. These distortions occurred whenever the amplitude
response of the filter showed greater than a 40-db variation between
frequencies of 0 and 6.94 cps and were due to the approximation of filter
weights by l-percent resistors. Whenever amplitude variations of 40 db
or greater occur, the MAP filter actually is working in the system noise
level.

At present, UBO MCF -8 is being redesigned for compatibility
with the MAP system. The redesigned filter probably will not be as effective
in rejecting the organized noise, particularly at frequencies below 0.75 cps.

A partial evaluation of UBO IP-1, which was developed to
operate on the 16-channel, 3-dimensional buried array, indicated that
the theoretical signal and noise models used in the synthes’s of this filter
were accurate to 2.0 cps for the planar array. Results obtained through this
partial analysis indicated improvement comparable to that of UBO MCF -8,
which was developed from measured noise, with the exception of the high
degree of improvement noted in the 0~ to 0. 75-cps region. This difference
is dae to the increased complexity of the noise model used in the synthesis of
UBO IP-1,

Evaluation of the remaining 5 filter systems developed for the
19-channel processor was limited, due to the unavailability of deep-hole
vertical array data. Thus, evaluation of UBO IP-1 was limited to a partial
evaluation of that part of the filter system applicable to the 10-element
vianar array and evaluation of the UBO IP-2 was prohibited.

The remaining 4 filters were deghosting filters (UBO DG-1
tb - 1 -4) which were evaluated partially by using synthetic labcratory
tests. The results indicated that the filters were capable of extracting the
appropriate signal energy and rejecting the signal ghost, if
the assumption is made that the signal travel-time data used in computing
the signal models was accurate.
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SECTION HLI
ANALYSIS OF THE UBO AMBIENT NOISE FIELD
A. INTRODUCTION

The results of the UBO ambient noise field (as recorded by
the 10-element surface and subsurface planar arrays) analysis conducted
for this contract have been presented in a report titled '"Noise Analysis for
Uinta Basin Seismological Observatory' dated 15 October 1565. For continuity,
abrief surnmary of these results will be presented in this section with
particular emphasis on the following points pertinent to the multichannelfilter proktlem.

e Spatial organization of the ambient noise field
e Time stationarity of the ambient noise field

e Spatial wavenumber structure of the ambient noise
field

B. AMBIENT NOISE POWER-DENSITY SPECTRA

Analysis of the single power-density spectra for the UBO
ambient noise field indicates a noise level at 1.0 cps comparable to other
arrays placed on sediment. For example, the Angela subarray of LASA
averages approximately -4 db relative to 1 mu2 of ground motion/cps at
1.0 cps; the UBO averages -2 db to -6 db relative to the same reference.
For further comparison with other array stations, CPO average 0 db and
TFO averages -15 db relative to 1 mué of ground motion/cps at 1.0 cps.

If the assumption of a universal mantle P-wave level is made,
the UBO ambient noise power-density spectra indicate that the noise field is
not mantie P-wave limited in the 0.5 to 2.0-cps frequency band. For
example, at 0.5 cps, UBO is approximately 5 db above the assumed
universal mantle P-wave level, 12 dbat 1.0 cps and 17 db at 1.5 cps.

These results indicate that the noise field contains a significant amount of
energy attributable to either random noise or organized surface-mode energy.

C. THE MULTIDIMENSIONAL AMBIENT NOISE FIELD
A previous investigation made of the spatial organization
(spatial predictability) of the UBO ambient noise field indicated that the

ncise field is spatially organized in the 0~ to 2.0-cps frequency band.

Narrowband displays in the 0,2- to 0.33-cps frequency band
indicate the ncise field is composed partially of low-velocity (approximately

IM-1
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3 km/sec) 3- and 5-sec period microseisms which priucipally originate from a
generally northern direction.

In the 0.33 to 0. 75-cps frequency band, the analysis could
not demonstrate the presence of low-velocity energy, because of the
increas.d complexity of the noise field and the predominate mantle P-wave
contribution. It was concluded, however, that the noise field did consist of
some low-velocity components in this frequency range, but principally was
composed of high-velocity mantle P-wave energy.

In the 0.75- to 2.0-cps frequency range, wavenumber
analysis of the noise field demonstrated that the mantle P-wave noise level
falls off rapidly with frequency, in agreement with the anticipated uuniversal
mantle P-wave level. The wavenumber analysis indicated that there was low-
velocity organized energy (i.e., surface-mode) present in the noise field
in the 0.75~ to 2.0-ps range. Three organized noise lobes appeared
relatively time-stationary during the l-month period cf the analysis and
1 of these 3 has been shown to be present in the noise field over as great
as a Z-year period. These 3 lobes of organized energy originate from the
North, the East-South-East and the West.

Analysis of the Z1-10 single-channel power density spectra
for 2 noise samples indicated that a non-time and space-stationary organized
noise source was contributing to the noise field between frequencies of
1. 75 and 3.0 cps. This energy probably originated from a nearby highway
(East-West U.S. Highway 40),

The points to be derived from this noise analysis are:

1. The organized noise field is composed of some low-velocity
compotients which are separated in wavenumber space from the signal
regions of interest (i.e., teleseismic signals) which indicates that a
multichannel filter could be designed to reject this organized energy on
the basis of wavenumhber component.

2, The low-velocity organized noise field appears relatively time
stationary over the period thac the analysis was conducted. Time stationauity
of the organized noise field is necessary when designing multichannel filters
on measured noise samples which must be optimurn on a long-time basis.
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SECTION IV
MULTICHANNEL FILTER DEVELOPMENT
A. INTRCDUCTION

This section reviews briefly the multichannel filter techniques
used in synthesizing the filt>rs developed for this contract. Additionally,
the topics of signal-to-noise ratio and signal and noise spectral weighting
are covered relative to their importance in multichannel filter development.

B. TIME VS FREQUENCY DOMAIN SOLUTION

The synthesis of multichannel filters can be accomplished
in either the time c1 ‘requency domain. The filters developed for this
contract were syntherized in the time domain.

The advantage of solving multichannel filters in the time
domain as opposed to the frequency domain is that the resulting time-domain
operators are an exact solution to the multichannel filter equations, whereas,
the frequency-domain operators are only an approximation. This approx-
imation results first from transformingtime t: frequency the specified noise and
signal models and, thus, introducing a spectral estimate error and second from
inverse-transforming the frequency-domain operators obtained fram the
multichannel filter solution tu obtain the time-domain operators., The
true inverse transform yields an infinitely long function which must be
truncated in order to be compatible with the MAP, therefore, introducing
an additional erior.

The first error may be avoided sometimes if both the noise
and signal models are developed theoretically, since such developraent
may te accomplished in the frequency domain. The second error due to
truncation never can be avoided.

C. WIENER LINEAR MULTICHANNEL FILTER DEVELOPMLENT

The derivation of the multichannel time-domain filter
equations is a straight-forward extension to N-channels of the derivation
given by Norman Levinson™ for the solution of the single-channel Wiener
equation and results in the following linear equations:

*Wiener, Norbert, 1964, Extrapolation, Interpolation, and Smcothing of
Stationary Time Series: Appendix B, MIT Press,
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where a is the dzrired filter weight
C‘Oik is the crosscorrelation of channel i and k and
represents the sum of the signal and noise matrix
j and £ are lag values of the sampled correlation functions

@, 1s 2 crosscorrelation of the signal matrix
is

The solution to the multichannel time-domain equations is developed on
the basis of minimizing the mean-square-error I which is given by

n m
L T o T
I= C'“ss(o) - Z 5_; ai(J)Cﬁis(J)
i=1 j=-m

In other words, the best least-squares estimate of the signal is obtained.

D. SIGNAL-TO-NOISE RATIO

The signal-to-noise ratio as a function of frequency is
important in multichannel filter development, because the solution to the
equation is weighted in frequency by this ratio.

There are two cases to be considered in discussing signal-to-
noise ratio. The first case is where this ratio is constant and the second case
is where the ratio is variable from 0 to f,; when f,, is the folding or Nyquist
frequency of the sampled data

1. Constant Signal-to-Noise Ratio

In solving the multichannel filter equation, if
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where c is a constant, the resulting multichannel filter solution will be
weighted by this constant. In other words, it may be considered that tue
sigr.al is assigned importance of ¢ and the noise is assigned importance of

Ao

In the identification problem, where signal preservation is
important, a signal-to-noise ratio of 4 will, in most cases, insure that
the signal area in wavenumber space will lie between 0 and 3 db for other
than a point model ard usually will be 0 db for this model.

2. Variable Signal-to-Noise Ratioc

The solution to the multichannel filter equation in the case of

5°(f)
:1 = & (f)
@ij(f)

where & is variable function of frequency, will result in a filter which will not

&3

have a flat response for the specified class of signal, but will be zero phase. ™

In this case, the resulting filter may k= considered as a
multichannel filter possessing flat, approximately zero phage response and a
single-channel nonflat zero phase frequency filter to be applied to the
multichannel filter output.

As an example, consider the case where:

*As used in this report, zero phase will be referred to as absolutely
zero phase and approximately zero phase. If the signal and noise models
used in the filter synthesis are theoretical and isotropic, the resulting
filter will be absolutely zero phase (i.e., symmetric convolution operator
for specified signal). If either the signal or noise model, or both, used
in the filter synthesis are nonisotropic (i.e., include measured noise), the
resulting filter probably will be only approximately zero phase. A small
phase error results from the mean-square-error technique of filter solution.
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3 (f) = 4 0££f<3.C )
IJ .

£ = 4y(f) 3.0<f<6.9

5 .@?J(f)=1 0sfs<6.94

The resulting filter then is considered as a multichannel filter designed
with a signal-to-noise ratio of 4, combined with a frequency filter having
an amplitude response for the specified signal given by

iy

A(f) = 1.0 0<f<3.0
= y(f)

1+y(f) 3.0<f <6.94
in other words, the filter response for the specified signal is no longer
flat, but is given by A(f). The filter will be zero phase.

UBO MCF -2 which is presented in Section V was designed on
this principle so that it would possess a 1.0-cps, low-cut, 18-db/_ztave
frequency fiiter.
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SECTION V

DEVELOPMENT AND EVALUATION OF THE MULTICHANNEL FILTER
SYSTEMS FOR THE 10-CHANNEL PROCESSOR

A, INTRODUCTION

This section contains the results of the synthesis and evalua-
tion of the multichannel filters (MCF-1, -2 and -3)installed in the 10-channel
MAP which is to be operated on the surface planar array (Figure I-1).

Seven multichannel filters (MCF -1 through -7) were developed
for the 10-channel processor using as a noise matrix the average-measured
correlation statistics. Appendix A desciibes in detail the formulation of
this noise matrix. The 4 multichannel filters (MCF -4, -5, -6, and -7)

which were not used in the MAP cre discussed in detail in Appendix D.

The analysis of MCF -4 through -7 as compared with MCF
-1 through -3 resulted in the following conclus‘ons in MCF development for
the surface planar array, where average correlation statistics were used
for a noise matrix:

1. Superdirectivity vs. Gain Equalization

The multichannel filters developed, using as a noise matrix
the average-noise correlation matrix described in Appendix A and a theoreti-
cal signai model, exhibited high signal-to-n.ise improvement between fre-
quencies of 0 to 0.75 cps. This iniproveme it was due to a superdirectivity
configuration and not to a gain-equalization problem.

Briefly, the gain-equalization problem results from using mea-
sured correlation statistics which exhibit channel-to-channel gain differences
and a theoretical, perfectly equalized signal model. It has been shown that,
under these circumstances, a filter can result which will use gain unequaliza-
tion as a criteria for signal-to-noise improvement (i.e., noise rejection).

The disadvantage, is that when this type of filter is applied to measured
signal (unequalized;, the filter could reject the signal on the basis of the un-
equalized gain.

However, analysis determined that for the correlation set used
in the synthesis of these multichannel filters, the gain equalization prcblem
did not exist. The filters actually were exhibiting a superdirectivity effect,
which yielded a high-resolution filter for low frequencies at the expense of
large sidelobes. Since these large sidelobes appeared at wavenumber -~alues
greater than an existing organized noise or signal component, superdirectivity




did not affect the signal-to-noise improvement capabilities of the system
(particularly at low frequencies where the random noise level was =mall),

2. Array Resolution Problem

Initially, MCF -4 and -5 were developed so that a velocity-
partitioning type of filter could be installed in the on-line processor. These
filters were designed for an isotropic signal area in wavenumber space that
extended from 15 to 8.1 km/sec and 8.1 to 6.0 km/sec, respectively.

Due to the limited diameter (approximately 3 km) of the UBO
array and the small number of sensors, the filters developed from these
signal models were ineffective in rejecting noise (i.e., the mantle P-wave
noise) within the inner specified signal range from 0.5 to 2.0 cps.

On the basis of these results, only simple signal models (i.e.,
infinite velocity and infinite-to-8.1-km/sec models} could be used in develop-
ing effective MCF's designed for signal-enhancement.

B. ' ZVELOPMENT OF THE 10-CHANNEL MCF'S

1. UBO MCF-1

UBO MCF-1 was developed in the time domain by using as a
noise model the average-noise correlation matrix discussed in Appendix A.
The sigral model was defined to be a single point in wavenumber space at
k = 0 (i.e., corresponding to energy propagating with infinite apparent hori-
zontal velocity). A signal-to-noise ratio of 4 was specified in developing the
filter.

The signal and noise spectra were chaped identically so that
the resulting multichannel filter would exhibit a flat, approximately zero
pbase response for the specified class of signal.

2. UBO MCF-2

In developing UBO MCF-2, the signal region was defined to be
a single point in wavenumber space at k=0 (coriespending to energy propa-
giting with infinite apparent horizontal velocity}). The average-noise corre-
lution matrix presented in Appendix A was used as the noise mudel.

This multichannel filter was designed for detection usage, not
for identification purposes. The signal and noise spectra wecre shaped such
that the response of the filter for the specified signal class would be flat
in the 1.0~ to 6.94-cps frequency band, but would decrcase in power at an
18 db/octave rate below 1.0 cps. In other words, the MCF possesscd a




built-in, low-cut frequency filtcr and would not exhibit a flat rcsponse for
infinite velocity signals.

In order to design the low-cut frequency filter into the multi-
channel filter, the signal specirum was shaped by the following equation:

8.(6) :
Sl = = 3 1.0 < f s 6.94
87 (f) + &, .(f)
ij ij
= ¥(f) 0<f<l.0

where U(f) represents a line of 18-db/octave slope having the value @fl.(l. 0)
1}

at 1.0 cps. Figure V-1 shows the signal and noise spectra used in develop-
ing this filter. As will be shown in subsection D, the resulting multi-
channel filter exhibits the appropriate low-cut frequency filter.

The signal-to-noise ratio used in developing this detection
filter was approximately the same as the signal-to-noise ratio for a magni-
tude 4 event. This ratio was determined to be approximately 2.75 from
the study of several approximate magnitude 4 events.

3. UBO MCF-3

UBO MCF-3 was developed in the time domain by using as a
noise matrix the dverage-noise correlation matrix for the surface array as
presented in Appendix A. The signal region was specified to be isotropic
in wavenuinber space and extended from 8.1 km/sec to infinite apparent
horizontal velocity. A signal-tc-noise ratio of 4 was used in design of this
filter.

The signal and noise spectra were weighted equally so that
the resulting filter would exhibit a flat, approximately zero phase response
for the specified class of signals.

Due to the increased area coverage in wavenumber space of
the signal model, compared with an infinite velocity model, this filter can
be expected to demonstrate less actual noise rejection than MCF-1. How-
ever, the majority of teleseismic signals filtered with MCF-3 will be less
attenuated than those processed through UBO MCF-1.
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C. TIME-DOMAIN OPERATORS AND SIGNAL RESPONSE

Time-domain operators for cach channel of MCF=~1, -2 and
-3 and the signal response of the 10-channel stacks are shown in Figures
V-2 through V-4. The single curve labeled impulse response is the summa-
tion or stack of the convolution operators for individual filters and repre-
sents infinite velocity signal response characteristics of the multichannel
filter. The ordinate in each case is a dimensionless quantity correspond-
ing to the amplitude of the filter weights, as labeled. The abscissa is 2
sec in length with zero time at the center or 2lst filter point.

D. THEORETICAL AND ACTUAL FREQUENCY RESPONSE COMPARED

In Figures V-5 through V-7, theoretical frequency responses
are compared with actual measured responses of the MAP installation
determined by taking the ratios of the transforms of the input and output
wavelets from each MCF set. The method used to calculate these actual
responses is explained in Appendix C.

E. EVALUATION OF THE 10-CHANNEL MULTICHANNEL FILTER SYSTEMS
1. Introduction

Thke evaluation of the multichannel filters designated UBO
MCF-1., -2 and -3 designed for the 10-channel MAP basically consisted of:

e Co:nputation of the filter wavenumber response

e Application of the filter to measured noise
and measured signal

e¢ Determination of the signal-to-noise imorovement
ratio using the results of filtering

The signal-to-noise ratio improvement as a functio of fre-
quency is defined as the spectral ratios:

Signal After Prccessing
Noise After Processing

Signal Beforc Processing
Noise Before Processing

The noise before processing is the referencc trace (generally chosen to
be Z10), the noise after processing is the MCF output and the signal is
an in-phase spike corresponding to an infinite velocity white signal. The

Text cont'd page V-10
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signal-to-noise ratio is, therefore, evaluated only for signals being of
infinite veloc’*y; and, in the case of UBO MCF-3, does not consider signals
in the 8.1-km/sec to infinite velocity signal region. However, analysis of
the wavenumber response of the filter basically will indicate the signal
response to other than infinite velocity signals.

2. Measured Signal and Noise

T, » evaluation of filter application tc 3 ncise samples and 2
signal samples is presented. Figures V-8, -9 and -10 are a short portion
of the 3 noise samples before and after processing. Figures V-11 and -12
are the results of applying the 3 multichannel filter to 2 signals. Figures
V-13 and -14 are tle single-channel power density spectra of the 2 signals
before and after processing.

3. Evaluation of UBO MCF-1
a. Wavenumber Response

The wavenumber response of UBO MCF-1 at frequencies of
0.25, 0.75, 1.0, and 1.5 cps is shown in Figures V-15 through -18, respec-
tively.

. Each of these figures shows that the specified signal area
(k=0) is being passed with 0 db attenuation, consistent with the results pre-
sented in Figure V-5, which indicates a flat, approximately z:r phase
response for infinite velocity signals. At 0.25 cps (Figure V-15), the filter
rejects organized energy in the 1- to 2-km/sec region propagating from
S-SE and N-NW, thus, irdicating a superdirectivity configuration, as dis-
cussed in sub-section A and Appendix D. Brieily, this means the filter

is rejecting inside the resolution area of the array at the expense of large
sidelobes (as great as +18 db). It should be noted, however, that these
sidelobes lie outside the area of organized signal and ncise (i.e., less than
1 km/sec), and the random noise level at 0.25 cps is only 1.5 percent of
the total noise power,

£t 0.75, 1.0 and 1.5 cps, the filter is seen to reject strongly
the 3 orgarized noise lobes, which were mentionad in the noise analysis,
propagating from the E-SE, W and N.

An important point to be derived {rom the wavenumber analysis
of the filter response is that some rejeciion (on the basis of wavenumber
component) of teleseismic energy can be expected since the signal model was
sreciiied to be that of only a single point at k = 0. For example, in
Figure V-17, signal e¢nergy originating north of the array at an epicentral
distance of 40 to 80 degrees will be rejected 3 to 6 db.

Text cont'd page V=22
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b. Signal-to-Noise Improvement

The signal-to~noise improvement for an infinite velocity
white signal bis been computed using the noise samples presented in
Figures V-8, -¢ and -10 for the MCF -1 output and the straight summation
output both re.ative to a single data channel (the Z-10 center seismometer)
and is presented in Figures V-19, -20 and ~21,

In each of these figures, at most frequencies the multichannel
filter is seen to do at least as good as the straight sum, and at frequencies
below 0.75 cps, considerably better. In Figures V-19 and -20 the multi-
channel filter indicates a 6 to 15 db signal-to-noise improvement whereas
the straight sum can show little improvement due to the limitations of the
array resolution.

Noise sample Q in Figure V-21 doecs not indicate this signi-
ficant an improvement below 7.75 cps. This is attributable to either of
two reasons which are: (l) 2 reduction in the microseismic energy level
and (2) a change of direction of the microseisrnic energy. Investigation of
the Z-10 single-chaunel power density spectrum in Figure V-21 indicates
that both reasons are probably applicable. The power density spectra indi-
cates a reduced noise level iu the 0.25 to 0.75 cps band, but nct sufficient
to explain the reduced improvement which would indicate a probable chang:
oi direciion for this energy.

On the basis of the ambient noise studies, which indicated
surface mode energy present in the 0.75 to 2.0 cps region (specifically
3 nuise lobes), a significant signal-to-noise improvement would be expected
relative to the straight sum. However, the improvement is approximately
6 to 10 db in thes= noise samples, but does not indicate significant improve-
ment relative to tae straight sum. This fact is explainable on the basis of
the straight sum response for the UBO 10-element planar array shown i~
Figure V-22. Analysis of the straight summation response in view of tue
known low-velocity organized noise field indicates that the UBGS array is
suited ideally for rejecting the 3 noise lobes between freguencies ot 0.75
to 2.0 cps . The normal rejection pattern in wavenumber space is 9 to 18
do on these noise lobes.

The sign:ficant point to be derived from this analysis is thai
comparison of the signal-to-noise improvement .or MCF processing and
straight summation procescing is actually the comparison oi 2 proces.ing
techniques. For the UBC noise field and array configuration, the array
s.»aight summatior processiag is approximately optimum in the 0.75 to 2.0-
cps frequency range for infinite velocity signal preservation.

Text cont'd page V-27
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Above 2.0 cps, both the straigit summation and multichannel
filter results are comparable approximately in signal-to-noise improvement.
This improvement generally is limited by /N where N is the number of
sensors if the noise field is random. This level is indicated in each of
the signal-to-noise improvement curves.
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