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ference in the resolved delay times is one sampling unit (0.1 second)
maximum. Although these subarrays are not located widely apart

enough to be considered as separate stations at different azimuths, the
good agreement of cepstrum-analyzed results among them is definitely

a plus toward better recognition of the capability of the cepstrum analysis.

Finally, beamforming in cepstrum time domain (BFCEP)
to enhance the detection of the cepstral peaks due to the multipath operator
has been formulated and implemented. Several sets of synthetic signals,
which simulate various cases of interest, have been used in the experi-
ments. Preliminary results show that BFCEP in general does achieve
its original purpose. Moreover, it appears that BFCEP can be expected
to produce a better effect when signals used in BFCEP are less cor-
related. This, in the real world, may imply that BFCEP will work more
effectively with the world-wide network data than with the single array
data.
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ABSTRACT

Fifteen earthquakes with known PDE (Preliminary Determina-
tion of Epicenters) depths have been analyzed using teleseismic short period
P-waves recorded at NORSAR. Results from this analysis indicate that mis-
decomposition by cepstrum analysis is unlikely, especially if the analyst fol-

lows the appropriate criteria closely.

Also, two presumed underground explosions from eastern
Kazakh (EKZ) have been analyzed using teleseismic short period P-waves 34
recorded at nine NORSAR subarrays with signal-to-noise ratio above 18 dB.
Waveforms recorded at nine subarrays are quite dissimilar, especially for
two subarrays on the west side of NORSAR. However, cepstrum-analyzed
results are fairly consistent among them. The difference in the resolved
delay times is one sampling unit (0. 1 second) maximum. Although these
subarrays are not located widely apart enough to be considered as separate
stations at different azimuths, the good agreement of cepstrum-analyzed
results among them is definitely a plus toward better recognition of the capa-

bility of the cepstrum analysis.

Finally, beamforming in cepstrum time domain (BFCEP) to
enhance the detection of the cepstral peaks due to the multipath operator has
been formulated and implemented. Several sets of synthetic signals, which
simulate various cases of interest, have been used in the experiments. Pre-
liminary results show that BFCEP in general does achieve its original pur-
pose. Moreover, it appears that BFCEP can be expected to produce a better
effect when signals used in BFCEP are less correlated. This, in the real
world, may imply that BFCEP will work more effectively with the world-

wide network data than with the single array data.
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SECTION 1
I INTRODUC TION
“ During this report period, the complex cepstrum technique has
I been further evaluated and validated by undertaking the following two tasks:

€ Analysis of fifteen earthquakes from known PDE (Preliminary

Determination of Epicenters) depths.

. Analysis of two presumed underground explosions from eastern
Kazakh (EKZ) using all available NORSAR subarray beam

traces.

Work accomplished for these two tasks is presented in Sections II and III.

Also, a technique called ""beamforming in the cepstrum time domain'' has
been investigated as a possible means of improving the complex cepstrum

technique or of detecting cepstral peaks due to the multipath operator. Re-

! sults are discussed in Section IV.
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SECTION II
CEPSTRUM ANALYSIS OF EARTHQUAKES

A. INTRODUCTION

In our previous reports (Lane and Sun, 1974a, 1974b, 1975;
Sun, 1975), cepstrum analysis was applied quite successfully to both synthetic
and real signals. For synthetic signals, there is no question in judging the
successfulness of the cepstrum analysis, since the criteria can be made very
objective. For real signals, however, due to the inherent nature of the prob-
lem, the interpretation of the cepstrum analyzed results are more dependent
on the individual analyst's experiences and opinions. Nevertheless, the suc-
cessful decompositions of a large number of real mixed signals by cepstrum
analysis have been well demonstrated (Lane and Sun, 1975; Sun, 1975).
Therefore, the capability of the cepstrum analysis in decomposing a mixed
signal is not the one in question. Rather, the problem of interest is to ascer-
tain whether the cepstrum analysis will give any arbitrary decomposition even
when no multiple arrivals in the signal are being analyzed. For this purpose,
fifteen earthquakes with known PDE depths have been chosen to be studied
here. These earthquakes have various estimated focal depths between 10 km
and 60 km. Itis known that for earthquakes the depth phase (pP) usually is
observed only in the deep focus events and arrives much later than the direct
P-phase. Therefore, when we analyze these earthquakes by using a signal
length of 3 to 5 seconds (comparable to that used in analyzing presumed under-
ground explosions (Lane and Sun, 1975)), we are sure that there is no depth

phase contained in the signal being analyzed.

II-1
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B. SELECTION OF SIGNALS AND CRITERIA OF SUCCESSFUL
CEPSTRUM ANALYSIS

J B Signals

Signals which will be cepstrum-analyzed in this section are
teleseismic short period P-waves of fifteen earthquakes recorded at NORSAR.

Table II-1 presents the source information for these events.

One difficult point in applying the cepstrum analysis to earth-
quakes is the selection of their signal lengths., Unlike previously analyzed P-
waves of presumed underground explosions which usually have well defined
signal length, the P-waves of these earthquakes are more complicated and
their signal durations are much longer. Figure II-1 shows the typical short
period P-waves of presumed underground explosions and earthquakes recorded
at NORSAR subarray. Since our purpose here is to ascertain whether the
cepstrum analysis will give any arbitrary decomposition even when there is no
depth phase in the signal being analyzed, the selection of signal length is
made to ensure that the pP-phase is excluded. Also, for the convenience of
cepstrum analysis, signal length is chosen as short as possible under the con-
dition that waveform complexity is preserved. Signal lengths of the earth-

quakes so chosen are also given in Table II-1.

It is noticed that nine events have PDE estimated focal depths
around 50 km and distances to NORSAR greater than 40 degrees. For these
events, pP-phases should arrive at NORSAR at least 12 seconds later than
the corresponding direct P-phases (Richter, 1958). And for the remaining
six events with shallow focal depths between 6 km and 20 km, the pP-phase
should not be observed. Therefore, for all signal lengths which are chosen

for events in Table II-1, we are certain that there will be no pP-phases.

II-2
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2. Criteria

Before applying the cepstrum analysis to these signals, it is
desirable to set up some criteria for judging the results. To facilitate the
statements of these criteria, we can group the results into two cases: first,
the mixed signal consists of only two single arrivals, and second, the mixed

signal consists of more than two single arrivals. As discussed in a previous

report where Russian PNE events were analyzed (Lane and Sun, 1975), the
number of paths of cepstrum analysis required to completely decompose a

given mixed signal is equal to the number of single arrivals contained in that

R i e

mixed signal minus one. Therefore, for the second case, criteria must be

provided for each path of cepstrum analysis applied and also for the final cep-

strum decomposition obtained. In the following paragraphs, two sets of cri-

teria will be given for these two cases.
For the first case, let us assume that the mixed signal x(n) is

cepstrum-decomposed into two single arrivals as follows:

Xn} =tgn) + g,n-n) n <N, (II-1)

where N is the signal length of x(n).

A real mixed signal will be said to be successfully decomposed

by cepstrum analysis if:

less than N; and

‘ (1) El(n) and gz(n - Eo) are similar. The first few significant am-
4 plitude peaks of gz(n - no) should be delayed by n samples
‘ with respect to the corresponding peaks of gl(n); é
: ; (2) g\m) = 0forn > Nl' where Nl is a reasonably finite integer 5
! § - J

(3) gz(n - no) = 0 forn < B,

II-5




For the second case, let us assume that after the first path of
cepstrum analysis, the mixed signal x(n) is decomposed into a single arrival

gl(n) and a reduced mixed signal Lcl(n - 21); i, €.,

IA

x(n) = 5,(n) + x(n-n) n <N, (11-2)

where N is the signal length of x(n).

Also, the second path of cepstrum analysis decomposed xl(n)

into a single arrival, gz(n), and a later arrival, §3(n - EZ) (or Ez(n - _132)), as

follows:

x,(m) = s,(n) + s,(n-n) n <N-n, (11-3) i :;

(Here, when the later arrival appears to be complicated as compared to the
first single arrival, it will be called a reduced mixed signal and represented P |

by ;_c_i(n - _r_li).) For this case, the first path of cepstrum analysis will be said

to be successful only if the second path is successful under the criteria given

for the first case, and if:

(1) gl(n) and gz(n - gl) are similar,
(2) gl(n) < 0 forn > Nl' and
(3) il(n - 21) ~ 0 for n < n,.

The final decomposition of x(n) for this case can be obtained by summing up

equations (II-2) and (II-3) with appropriate time shift in equation (II-3) as

follows: |
x(n) = g,(n) + x,(n-n)) =
and ?il(n s 21) = gz(n = nl) ¥ Es(n = El # ~2) e !
LS
therefore, x(n) = gl(n) . iz(n s El) + 23("‘ g 5 22)' (II-4) U ?;’
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C. RESULTS

These fifteen earthquakes have been put through cepstrum anal-
ysis, event by event. Efforts to perform cepstrum analysis on these earth-
quakes are similar to analysis of Russian PNE events and all other presumed
underground explosions given in previous reports. That is, the following
procedures were performed for each event: several appropriate weighting
factors are used; cepstrum for each weighting factor is obtained and care-
fully examined for all suspicious cepstral peaks; shortpass filters are applied
to all suspicious cepstral peaks; and finally shortpass outputs are checked
against those criteria described in subsection B. Among these fifteen earth-
quakes, results of cepstrum analysis for thirteen are judged unsuccessful.
Only two events, KUR/099/04N and HON/258/14N, have been successfully
cepstrum-decomposed into two single arrivals which can be expressed as

follows:

x(n) = s,(m) + s,in-n), (11-5)

where x(n) represents .either KUR/099/04N or HON/258/14N, and gi(n),

i= 1,2 are the cepstrum-resolved single arrivals. For both events, L3} and
s, are found to be 180 degrees out of phase. The resolved delay times, R,
are 0.8 second and 1.1 second for KUR/099/06N and HON/258/14N, respec-
tively. Before we give any possible interpretation of the results, let us take
a look at the following figures which present some of the results: a success-

ful decomposition for event HON/258/14N and an unsuccessful one for KUR/
213/02N.

Figure II-2 shows the waveform and the cepstrum of the signal
x(n) for the event HON/258/14N. It is noticed that cepstrum does not show
the definite peaks due to the possible multiple arrivals; hence the most

straightforward way to filter the cepstrum is to apply the shortpass filter at

" ey "

any cepstral peak which is suspected to be the cepstral peak due to possible

II1-7
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FIGURE II-2
WAVEFORM AND CEPSTRUM OF x(n): HON/258/14N
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multiple arrivals. Then the corresponding cepstrum resolved signals are
examined to see if the signal x(n) is successfully decomposed. For this event,
cepstral peaks atn = 6, 7, 11, 12, 14, 16, and 17 are decided to be the sus-
picious peaks. The cepstrum decomposition by applying the shortpass filter
atn = 6 is shown in Figure II-3 and is judged unsuccessful. The same con-
clusion is made for filtering atn = 7, 12, 14, 16, and 17. The cepstrum-
resolved signals shown in Figure II-4 are obtained by shortpass filtering at L3
n = lland are thought to be satisfactory. The similar successful decomposi- |
tion is also achieved by filtering at n = 10. The delay time between the first

and the secord arrivals is estimated to be 1.1 second. It is noticed that the

cepstral peak at n = 11 is negative. This should result in the 180 degrees
out of phase between the two resolved arrivals (Sun, 1975), as shown in

Figure II-4.

The waveform and the cepstrum of the signal x(n) for the event
KUR/213/02N are given in Figure II-5. Cepstral peaks atn = 8, 11, and 18
are considered to be the suspicious cepstral peaks possibly due to the multi-
ple arrivals. Cepstrum decompositions by applying shortpass filter atn = 11

and n = 18 are presented in Figures II-6 and II-7, respectively, and are

judged unsuccessful. When the shortpass filter is applied at n = 8, we obtain
two resolved signals as shown in Figure II-8. According to the criteria de-
scribed in Subsection B, the first resolved signal (solid line) is taken to be a
single arrival and the second resolved signal (dashed line) is considered to be
a reduced mixed signal. That is, after the first path of cepstrum analysis,

we have:

x(n) = El(n) + §l(n—8) n < 58 (II-6)

It is clear that 5, and % do satisfy the said criteria; i. e., gl(n) < 0 for

n > N1 (here N, =~ 20) and xl(n -8 0 n«< n (here 0 = 8). Now, the

v
second path of cepstrum analysis is applied to the reduced mixed signal X

la




Unsuccessful: filtering at n=6

FIGURE II-3
CEPSTRUM DECOMPOSITION OF x(n):

x(a) = §_l(n) + gz(n-ll)

FIGURE I1-4
CEPSTRUM DECOMPOSITION OF x(n):
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Unsuccessful: filtering at n=11

FIGURE II-6
CEPSTRUM DECOMPOSITION OF x(n): KUR/213/02N
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Unsuccessful: filterin. at n=18

FIGURE II-7
CEPSTRUM DECOMPOSITION OF x(n): KUR/213/02N
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However, after all possible trials, no successful cepstrum decomposition can
be obtained for }il' Therefore, it is concluded that the second path of cepstrum
analysis has failed. This, in turn, implies that the first path of cepstrum
analysis on x is unsuccessful. Hence, for this event, no successful final

cepstrum decomposition is found.

Unsuccessful cepstrum decompositions of the majority of these
earthquakes, thirteen out of fiteen, are expected and understandable, since
the signal lengths of these earthquakes have been chosen in such a way that the
pP-phase is excluded. The situation requiring explanation here concerns the
events KUR/099/04N and HON/258/14N, which cepstrum analysis success-
fully decomposes into two single arrivals of opposite phase. Unlike explo-
sions, the direct P-phase and the pP-phase are not necessarily out of phase.
Moreover, we know that no pP-phase is included in the signals being analyzed.
Therefore, the second arrival given in equation (II-5) might be due to these
causes: scattering (at the source, along the travel path or at the recording
station), another event nearby, or the result of misdecomposition by cepstrum

analysis.,

D. CONCLUSIONS

During the course of cepstrum analysis of these fifteen earth-
quakes, it has been found that the earthquake signal is more difficult to deal
with than the explosion signal. This difficulty is caused by two factors: the
earthquake signal usually is more complicated and the criteria for the earth-
quakes cannot be made as restricted as those for explosions. Even so, among
the fifteen earthquakes being analyzed here, the percentage of possible mis-
decomposition by cepstrum analysis is low: about 10% at the worst. It is
possible that the misdecomposition comes from the inherent defect of the
complex cepstrum technique. However, it is more likely that this is due to

the lack of more restricted criteria for analyzing earthquake signals.
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Therefore, it is believed that the misdecomposition by cepstrum analysis is

unlikely, especially if the criteria can be made more restricted and if the

analyst follows those criteria closely.
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L SECTION III
CEPSTRUM ANALYSIS OF TWO EKZ EVENTS
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g A. INTRODUCTION

v

In our previous analysis of the teleseismic short period P-waves

'
FIREICSS WP 33

of presumed underground explosions in Russia, eastern Kazakh(EKZ) events
‘- i (Lane and Sun, 1974b; Sun, 1975), and PNE events (Lane and Sun, 1975), we
1 i usually used signals recorded at one single subarray (with best signal-to-
noise ratio) in NORSAR (or LASA). The reason was simple and practical.
Second, for EKZ events, signals recorded at NORSAR were the best; and for
PNE events only LASA data were usable in most cases. However, when ana-
lyzing an event using only one signal recorded at a single station, the follow-
ing question always exists: whether the cepstrum-decomposed multiple arri-
vals really originate at the source(s) or whether they just result from some
other mechanism, such as local scattering. This is the question to which the
complex cepstrum technique alone has no answer. Intuitively, however, if

we can analyze an event using signals recorded at several different stations,

the results of cepstrum analysis which are common to all stations are more

likely to originate at the source(s). Preliminary results using signals re-

corded at two stations were presented in a previous report (Lane and Sun,

1975). There, we found that for some EKZ and PNE events, both NORSAR

EBINRN S .

I and LASA data were available and usable. Between them, the results of

§ cepstrum analysis were found quite consistent. It is the purpose of this sec-

tion to elaborate the above idea of analyzing an event using signals recorded
at several stations. Here, two EKZ events will be analyzed using signals

C recorded at several different NORSAR subarrays.
i
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B. SELECTION OF SUBARRAY BEAM TRACES

Cepstrum analysis of an event using signals recorded at differ-
ent staticns probably will give more convincing results if these stations are
in different azimuths. However, the availability of the accessible yet usable

data has been preventing us from doing so. It seems that the next best ap-

proach is to use signals recorded at different sensors in a large array station.

Although the distance between two NORSAR subarrays is about 100 km maxi-
mum, due to the local geology, the variations of the recorded signals from
subarray to subarray are quite noticeable for the EKZ events, especially
between the subarrays in the west side and those in the east side of NORSAR
(Barnard and Whitelaw, 1972; Ringdal and Whitelaw, 1973). Figure III-1
shows teleseismic short period P-waves of the event EKZ/294/06N recorded
at twenty-two NORSAR subarrays. Therefore, we have decided to use signals

recorded at several NORSAR subarrays.

Two EKZ events, EKZ/294/06N and EKZ/333/06N, are chosen

to be analyzed. The subarray signals are selected according to the following

guidelines:
] Hopefully, a good mixture of subarray signals from both east
and west sides of NORSAR can be obtained.
@ The subarray signal-to-noise ratio (SNR) possibly is greater

than 18 dB. (This lower limit in SNR is set based on the con-
clusion obtained in the previous study on the effect of noise

(Sun, 1975).

Table III-1 presents the source information for these two events. Also given
in this table are the SNR's of the selected subarray signals. In order to show
the relative locations of these selected subarrays, NORSAR array configura-

tion is given in Figure III-2.

III-2




iokoe L GRRE IR DT NP TSR . TR RS\ TR WA IR i Ul

T PR

Subarray #

l *_.a LB e RS S ___/V".\‘f‘u'J",,_,‘_,\,» O

2 f______wﬁr\fvf%w KR %, L
3 <}-~———-—-~\,wv~xfw+vw R
;' e “F\,‘ v‘v‘\/fvv\/\ﬂ! '-wam-»-#w s I[ Lins e 5

i

L__,, A “’Hlf PSS PURE RN S
T \L” \/VVT’ A :—\/ J\."E'-

o [L 1' ,r\/\(\fu,-m,,h., S 210 i B A AR

7 »{Wwf F,,-,_h,'r»‘_“ Sl

'\/\W\nw ol S S S e 3
S |

l
9 4\/\[\N+1»AA/\MN e .JJ‘*\V,_J’__N__ g
10<!————+—— T R E
< | b

: IHMAWW*/W\N\“M“’LV"V e A AN A
IZJN——‘/\N,VV\/\/\N\/\*\AMMA\{»M ’\+’\/’~/ T /\,{ i . ;

e

B

....~_

RS

o I s SO
i R O -

w

“

T

—t

S 1 3—L_‘/\M/\/WM"_’+\WW WV Srnps ::
" 14 V\VWAL\/MW«N-vof\r»J\M- Vrrrne e ‘
% l 5-’—+’\/\VMWM | e :

o
A oy e

22 S 4
I '5 3

sec

- cecRueT s it S ouRE e S

;f'
FIGURE III-1 4
TYPICAL SHORT-PERIOD P-WAVES OF EKZ EVENT
RECORDED AT NORSAR SUBARRAYS
111-3 3

I
I
I
|
l
l
l
I
|
I
l
I
l
l
l
1
I
g
§




TABLE III-1
TWO EKZ EVENTS

Event I, D.: EKZ/333/06N Date : 11/29/71
Latitude : 49.79°N m_ : 5.5
Longitude : 78.09°E A° to NORSAR: 37.9
Subarray 2 1 a4 e d13 4 as s )22 nl
SNR (dB) 24 130 | 30 |30 ] 28 V25 7} 24 |22 | 20
“d
Event I. D.: EKZ/294/06N Date : 10/21/71
Latitude : 50.0°N m, $ 5.6 _
Longitude : 77.59°E A° to NORSAR: 37.5 1 1
Subarray 2 5 11 12 | 13 )14 |15 | 18 | 22 i3
SNR (dB) 25 | 23 | 26 | 18 | 18 | 24 |20 | 18 | 18 :
=
!
I11-4
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Here, again, we must have some criteria for judging the re-
sults of cepstrum analysis. Criteria described in the last report (Sun, 1975)
for signals of presumed underground explosions are thought to be appropriate

and will be followed here.

C. RESULTS
1. EKZ/333/06N

Figures III-3 through III-11 present the results of cepstrum
analysis on the event EKZ/333/06N for nine NORSAR subarray signals identi-
fied in Table III-1. For each figure, the waveform and the cepstrum of the
subarray signal are displayed. Waveforms of two cepstrum-resolved signals
are also shown in the same figure, with the first arrival in the solid line and

the second in the dashed line.

With the first glance of the waveforms of these subarray sig-
nals, it seems that they appear to be quite similar. Except subarray 18, they
all exhibit obvious phasing (amplitude node) which usually can be caused by
the interfering arrivals. However, when these waveforms are examined in
more detail, it is noticed that these phasings do not take place at the same
place (0.8 second for subarrays 2, 14, and 15; 0.9 second for subarrays 5,

11, 13, and 22; and 1.0 second for subarray 12); and amplitudes of the node

and two peaks around the node vary quite a lot among the subarrays. Moreover,
the amplitude variation (peak amplitude) among these subarray signals is very
noticeable, about 3 to 1. So, after all, these subarray signals are not very

similar,

No periodic appearances of cepstral peaks are observed in the
cepstra of these signals. This is thought to be reasonable, since the possible
second arrival can be expected to be non-identical to the first for the real

seismic signal (Sun, 1975). Therefore, the cepstrum is shortpass-filtered
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cepstrum of x(n)

x(n) = sp(n) + spp(n-?)

FIGURE III-11
CEPSTRUM ANALYZED RESULTS: EKZ/33°/06N SUBARRAY-22
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at each suspicious cepstral peak. The cepstrum decomposition by filtering at 1

the first suspicious cepstral peak -- which occurs atn = 5, 6, or 7, differing
from subarray to subarray -- yields two resolved single arrivals as shown in
each figure (Figures III-3 through III-11). These decompositions are judged to ;

be successful and can be expressed as follows:
x(n) = s,(n) + s,(n-n) (II1-1)

where x(n) represents the subarray signal. Based on the opposite phase of

the resolved second arrival as compared to s, and knowing that this event is a

1

presumed underground explosion, we have decided that s, is the direct P-phase

1

and that s_ is the surface reflected pP-phase. Hence in the corresponding

2
figures, equation (III-1) is expressed as follows: E

x(n) = sp(n) + spP(n -130). (I11-2)

Three slightly different values of the resolved P-pP delay time,

n , are found among these subarray signals: 0.5 second for subarrays 2 and

5; 0.6 second for subarrays 12, 14, 15, and 18; and 0.7 second for subarrays
11, 13, and 22. If the average of these resolved P-pP delay times, 0.6 sec-
ond, is taken to be the P-pP delay time of this event, the deviation of 0,1
second found in the resolved P-pP delay time for the different subarrays is
acceptable because the sampling rate is 10 samples per second here. The
peak-to-peak amplitude ratio of spp to Sp is in the range of 0.82 to 1.05. It
is hard to say what is the cause of this 20% variation among these subarray
signals, although the surface reflection coefficient of 0.82 to 1.05 is not an
unreasonable value. The similarity coefficient of SpP and sp ranges from
0.75 to 0.9, which figures are reasonable and compatible with those found in
the last report (Sun, 1975). Finally, the amplitude (peak amplitude) variation

among the resolved direct P-phase, s_, is found to be about 3.5 to 1. This

P




e L K R 2

S S 5 S R8s A A R ol B3 V' A e 3

R e e

is in the same order as that previously mentioned for the original subarray
signals. Thus, in the process of cepstrum analysis, no artificial amplifica-

tion has been introduced.

Although some variations have been observed among the results
of nine different subarray signals, they are reasonable and thought to be insig-
nificant. The important thing is that cepstrum analyses of nine different sig-
nals for the same event have yielded practically the same essential results,
namely, that they all consist of two single arrivals, the direct P-phase, and

the surface reflected pP-phase, with the P-pP delay time of 0.6 second.

2, EKZ/294/06N

Figures III-12 through III-20 present the results of cepstrum
analysis of the event EKZ/294/06N for nine subarray signals given in Table
III-1. For each figure, the waveform and the cepstrum of the subarraysignals
are displayed, together with the waveforms of two cepstrum-resolved signals.
When the second path of cepstrum analysis is required to further decompose
the resolved second arrival from the first path of cepstrum analysis, the
waveform and the cepstrum of this second arrival are also shown, again,
together with the waveforms of two resolved arrivals by the second path of
cepstrum analysis. For the cepstrum resolved signals, the first signal is

plotted in the solid line and the second in the dashed line.

Similar to that observed for the event EKZ/333/06N, there is
noticeable signal variations, both waveform and amplitude, among these sub-
array signals. In fact, the amplitude variation (peak amplitude) is about the
same as that found for the previous event, about 3 to 1. However, these sub-
array signals appear to be more complicated, in terms of the waveform and
signal length, than the corresponding subarray signals for the event EKZ/333/
06N; and their signal-to-noise ratios are comparably lower. Therefore, it
can be expected that the process of cepstrum analysis on this event will be

more difficult and results might be more complicated.
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CEPSTRUM ANALYZED RESULTS: EKZ/294/06N SUBARRAY-13
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Cepstra of these signals show several possible cepstrum times
to filter the cepstrum. Again, the shortpass filter is applied at every suspic-
ious cepstral peak. However, no successful decomposition can be obtained
with shortpass filtering. It is noticed that the first suspicious cepstral peak
occurs aroundn = 4, which seems too close to the zero time. As discussed
in a previous report (Lane and Sun, 1974b), when the first cepstral peak due
to the possible second arrival is close to the zero line, the shortpass filter in
general will truncate the cepstrum of the first arrival too much to achieve a
successful decomposition. Hence, in that report, a special type of comb fil-
ter, which adjusts those cepstral peaks due to the second arrival to some
appropriate values, was derived for this situation and used in conjunction with
the shortpass filter. Therefore, as done in the previous report, here the com-
bination of the comb and the shortpass filters is applied at the first suspicious
cepstral peak. The corresponding cepstrum decompositions are shown in

Figures III-12 through III-20.

Except for the subarray 22 (Figure III-20), the resolved second
arrivals appear to be more complicated than the corresponding first arrivals.
Hence, we have decided that the first arrival possibly is a single P-phase and
the second is the reduced mixed signal, Thus, the first path of cepstrum an-

alysis yields the decomposition which can be expressed as follows:

x(n) = gl(n) + gl(n-go), (I1I-3)

where x(n), gl(n), and El(n - go) with n, estimated to be 0.4 second,represent
the subarray signal, the first arrival single phase, and the second arrival
reduced mixed signal, respectively. For subarray 22, the second arrival
appears to be as simple as the first, and the decomposition is judged to be
successful. Since two resolved signals are in opposite phase, the first arri-
val with positive first motion is taken to be the direct P-phase and the second
the pP-phase. The final decomposition is expressed similarly to that for the

event EKZ/333/06N as follows:
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x(n) = sp(n) + spp(n-go). (111-4)

The resolved delay time, Ho’ for this subarray is found to be 0. 5 second.

Since the second resolved arrivals from the first path of cep-
strum analysis have been determined to be the reduced mixed signals, the
second path of cepstrum analysis is applied to them. Cepstra of these signals
are also given in Figures III-12 through III-20, following those displays of
results for the first path of cepstrum analysis. Except for the subarrays 13
and 18, the application of the shortpass filter atn = 5, where the first sus-
picious cepstral peak appears, successfully decomposes these reduced mixed
signals into two single arrivals as shown in Figures III-12 through III-20.

Thus, the second path of cepstrum analysis yields:

X)) = s,(n) + si(n-n,), (111-5)

where the resolved delay time, n., is found to be 0.5 second. The successful

1
decomposition, given by equation (III-5), obtained by the second path of cep-

strum analysis impliés that the decomposition expressed in equation (III-3) is
also successful. The final decomposition of x(n) can be obtained by substitut-

ing equation (III-5) into equation (III-3); i.e.,

X(n) = s,(n) + g,(n-n) + g3(n - n/ - 1)) (I11-6)

When waveforms of 8, and s, are examined, they are found to be similar and
of opposite phase. Hence, we assign 8 with positive first motion to be the
direct P-phase and g, to be the pP-phase. Consequently, in Figures III-12

through III-20, equation (III-6) is written in the following form:

X(n) = s,5(n) + slpp(“'-'-‘o) + 83(n - n,), (I11-7)

III1-23




where B, = B % n,. For subarrays 13 and 18, although the second path

of cepstrum analysis has failed, comparison of their first cepstrum-analyzed

results with those having the successful cepstrum analysis in the second path

leads to the conclusion that the decomposition given in equation (III-3) for

these two subarrays probably is realistic.
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As those observed in the event EKZ/333/06N, again, 30% vari-

ation (0. 86 to 1. 3) in the peak-to-peak amplitude ratio of s is ob-

Ipp 2 f1p
served among these subarray signals. The amplitude ratio of S5 to S1p
ranges from 1.0 to 2.3. The amplitude (peak) variation among the resolved
slp's is 3.5to 1.1, in the same order as that for the original subarray sig-

nals. The similarity coefficient of s

1P and slpP is reasonably good, varying

from 0.8 to 0,98,

For this event, a common result is obtained for eight out of
nine subarray signals being analyzed. This common result is that the tele-
seismic short period P-waves of this event consist of a direct P-phase with
its associated pP-phase delayed by 0.4 second and the other P-phase delayed
by 0.9 second. For subarray 22, which gives only two single arrivals instead
of three common to all other subarrays, the resolved P-pP delay time of 0, 5
second agrees well with that of 0.4 second obtained from the other subarrays.
Although the subarray 22 and the rest of the subarrays result in the different
numbers of single arrivals, both cepstrum decompositions represented by
equation (III-4) for the subarray 22 and equation(III-7) for the remaining are
believed to be equally reliable based on the following reasoning: First, the
same criteria for judging the cepstrum-analyzed results have been followed.
Second, the amplitude spectra shown in Figure III-21 seems to support this

viewpoint.

In Figure III-21, four amplitude spectra are presented: the
subarray signals 22 and 11, the typical subarray signal of the event EKZ/333/
06N, and a synthetically mixed signal consisting of two identical single P-

phases, as follows:

I11-24
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x(n) = sp(n) - 0.9 sp(n-no) + €(n), (117 -8)

where sP(n) is a single P-phase of some EKZ event, n_ is 0. 6 second, and

€ (n) is the real seismic noise associated with sp(n). Here, the selected
noise level yields x(n) with a SNR of 18 dB compared to those of the subarray
signals. It is quite clear that the amplitude spectrum of the subarray 22 is
very similar to that of the synthetically mixed signal and the subarray signal
for the event EKZ/333/06N, both consisting of a direct P-phase and a delayed
pP-phase; while the amplitude spectrum of the subarray 11 shows more com-
plicated modulation, suggesting that the signal possibly consists of more than

two single arrivals,

D, CONCLUSIONS

Analysis of two EKZ events has yielded fairly consistent results
among the nine different NORSAR subarray signals being used. For the event
EKZ/333/06N, results obtained from all nine subarray signals indicate that
it is a single event and its teleseismic short period signal consists of two
single phases: a direct P-phase and a surface reflected pP-phase delayed by
about 0.6 second. For the event EKZ/294/06N, a possible double event has
been suggested by 90% of the results, with 80% of them indicating that its
teleseismic short period signal consists of a direct P-phase with its associ-
ated pP-phase delayed by 0.4 second and another P-phase delayed by 0.9

second,

Although the largest separation between any two NORSAR short
period subarrays is only about one degree, a considerable signal variation,
both amplitude and waveform, has been observed among the nine subarray sig-
nals being analyzed. This signal variation is also observed among the cep-
strum-resolved signals of these subarray signals. These results lead to the

following conclusions:

II1-27




o A A Dt e i i i s O o I GOl e oA S0 M RN i W i 8 R 3530 3 €5 TSt VA i o

;

® Cepstrum-resolved delay times, especially the P-pP delay

time, can be expected to be quite reliable, even when only one

recorded signal is used. However, the amplitude ratios among
the resolved signals vary quite noticeably among several differ-
ent recorded signals being analyzed. This seems to imply that

the amplitudes and the waveforms of the signals are very easily

influenced by the different travel paths and local geology, while

the relative delay times among them are not so influenced.

e The idea of cepstrum analysis of an event using signals re-
corded at several different stations is good in the sense that
several independent estimates for the same event can be ob-
tained, and results common to these estimates can then be
taken with more confidence as the source effect. While the
obtaining of several independent estimates gives no real prob-

lem, except taking more of the analyst's time to get a given

event analyzed, the assigning of the common results to the true

source effect creates some question, the answer to which some-

times depends heavily on the individual analyst's opinion. For

example, for the event EKZ/333/06N, there is no question in

deciding what is the source effect, because the results are f
common to all nine subarray signals., However, for the event
EKZ/294/06N, we have chosen the results common to the

‘ ; majority of the subarray signals to be the source effect.
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SECTION IV
; : BEAMFORMING IN CEPSTRUM TIME DOMAIN

W ek
[

INTRODUCTION

In the last report (Sun, 1975), the following conclusions were

found:

For the synthetically mixed signal consisting of identical P-
phase and pP-phase, the lower bound of the signal-to-noise
ratio (SNR) for the unambiguous detection of the cepstral peaks

due to the P-pP delay time is about 18 dB; and

® For non-identical yet similar P-phase and pP-phase which usu-

ally is the case in a real seismic signal, no nice periodic

appearances of these cepstral peaks can be expected. However,

¥ there always exists a suspicious cepstral peak, although not as
i

sharp as theoretically predicted, at the right time equal to the

o

true P-pP delay time to help out the detection.

Thus, in both cases, there exists a need to improve the com-

| plex cepstrum technique for obtaining better detection of those cepstral peaks

for SNR below 18 dB, in the first case, and for providing easier identification

of the first suspicious cepstral peak, in the second case. It is quite obvious,

then, that the required improvement is to enhance the amplitudes of the de-
sired cepstral peaks relative to the cepstra surrounding them. For this pur-

- pose, the application of the conventional time-domain beamforming technique
|

.
!

in the cepstrum time domain appears to be appropriate. Without changing the H

basic formulation of the complex cepstrum technique, the beamforming in the

——
| S
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cepstrum time domain (BFCEP) is expected to accomplish its goal by
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performing either straight or weighted summations of the cepstrum of all
pertinent signals. Aside from the above-mentioned purpose, the BFCEP can
also be expected to solve the purpose of reducing those cepstral peaks which

are due to the multiple arrivals not originating at the source region.

In this section, the BFCEP will be applied to several different
groups of synthetic signals which are meant to simulate some real situations.
In some cases, the effect of the BFCEP can be easily understood from their
mathematical expressions. However, since this is not possible in all situ-
ations, both mathematical expressions and the experimental results of the

simulation runs will be given here.

B. PREPARATION OF SYNTHETIC SIGNALS

Four groups of synthetically mixed signals are constructed and
will be used for the simulation runs in the next subsection to demonstrate the
effectiveness of the BFCEP in overcoming those undesired factors which ob-
scure the detection of the cepstral peaks due to the P-pP delay time. The
undesired factors which will be considered here are: the noise, the multiple
arrivals from the local scattering, and the dissimilarity of the direct P-phase
and the surface reflected pP-phase. In the following paragraphs, the synthetic
signals will be formed to include these factors, one at a time. The class of
signals which will be used here is the teleseismic short period P-waves (with
sampling rate of 10 samples per second) of the presumed underground explo-

sion in eastern Kajakh (EKZ) recorded at NORSAR.
Ee Noise

The first group of synthetic signals is constructed as follows:

xi(n) = s(n) - a s(n -no) + ei(n) i = 1,N. (IV-1)

Iv-2
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where xi(n), which consists of a P-phase s(n), an ideal pP-phase -

as(n - no) delayed by n sampling units and the noise ei(n) in the ith channel
represents the signal recorded at the ith channel for a given event. In equation
(IV-1), we have assumed that the exact starting time of the signal for each

channel is unmistakenly picked. In general, equation (IV-1) should be ex-

pressed in the following form:

xi(n) = s(n -ni) - as(n - n, -no) + 'ei(n) i=1,N (IV-2)

where n, accounts for the error being made in determining the exact starting
time of the signal at the ith channel. However, in the process of cepstrum
analysis, the linear phase, which is produced by the time shift n, in the time
domain, is detected and removed. Thus, the complex cepstrum of xi(n) given 4
by equation (IV-1) will be identical to that given by equation (IV-2). Hence,
unlike the beamforming in the time domain where the exact time alignment
among all channels is very critical, the error in picking the exact starting

time of the signal for each channel will not affect the beamed cepstrum. There-

fore, in this section, all synthetic signals will be given in the form of those in

equation (IV-1),

In equation (IV-1), we have also assumed that signals of differ-
ent channels are identical; i.e., s(n) is used instead of si(n). It is obvious

that this assumption is not too realistic. In general, xi(n) should be expressed

as follows:

xi(n) = si(n) -asi(n -no) + €i(n) i=1,N. (IV-3)

where si's are different among channels. However, in the simulation runs,
two groups of synthetic signals, one formed according to equation (IV-1) and
the other according to equation (IV-3), will both be used for the following

reasons: Using xi(n) given by equation (IV-1), we can examine the sole
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effect of noise on the beamed cepstrum. Moreover, we will be able to com-
pare the results of both groups to see the effect of the signal dissimilarity

among channels on the beamed cepstrum.
2. Multiple Arrivals

To see the effect of the BFCEP on multiple arrivals which are
recording-station oriented, such as due to the local scattering and different
travel paths, and not the source effect, the third group of synthetic signals

are formed as follows:

xi(n) = s(n) - als(n - nl) + aZis(n - nZi) i=1,N, (IV-4)

where xi(n), s(n), and als(n - nl) have the same meaning as before. The
non-source-effect multiple arrivals are represented by the last term,
aZis(n - nZi). For simplicity in doing the analysis, yet without loss of gener-~

ality, only one such arrival is included here. a ; are different among channels

2
and can be zero for some channels to reflect that some station-recorded sig-

nals are pure source effect.
3. Dissimilarity between the P-phase and the pP-phase

For the fourth group, the synthetic signals are formed as

follows:

xi(n) = Sli(n) + sZi(n-no) i=1,N, (IV-5)

where xi(n) and sli(n) have the same meaning as before, and s_.(n - no)

Zi(
represents the pP-phase which is not identical to the P-phase as expected in

the real world.

1Iv-4

Gt it o

i Shent




i c. RESULTS

In this subsection, for each group of synthetic signals some
theoretical consideration on the BFCEP will be given first and then the exper-
imental results from the simulation runs. In the following derivations, with-

out loss of generality, the scale constants a, a., and a_. involved in the

1 2i
synthetic signals will be taken to be positive and less than one (since in the

O e e Tl
»
»

* i cepstrum analysis, they can always be made to be less than one by proper
weighting).
112 Noise

The complex cepstrum of xi(n) given by equation (IV-1) can be

shown to be:

k
£ = 8n) - Z - s(n-kn)

3 iy Ei(z)/S(z)
4 + z-transform In|l +
-n

1 -ag ©
.
’ :

i=L, N, (Iv-6)

i where Qi(n) and @(n) are the complex cepstra of xi(n) and s(n) respec-

tively; Ei(z) and S(z) are the z-transforms of Gi(n) and s(n), respectively.
6 (n) is the Dirac delta function, and z-transform_1 stands for the inverse

z-transform. The second term in equation (IV-6) provides the detection of

the cepstral peaks due to the P-pP delay times. In general, as long as ei's
are not identical and not perfectly correlated, the BFCEP should te able to

increase the amplitude of these cepstral peaks relative to the surrounding

A

cepstra which is represented by the last term in equation (IV-6). The beamed

cepstrum, QB(n), is obtained by summing up Qi(n) across all channels; i, e.,

Iv-5
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’,}B(n) D Z w, Qi(n), (IV-T7)

R .th :
where LA is a weighting constant for the i  channel (for straight sum, w =w.).
i

With some manipulation, it can be shown that:

K
?B(n) a Bn) - Z 31:- 8(n - kr_)
: .k

N
E(z)/S(z)
+ z-transform_l In I—I

N 1+az Ay o
=21
E W,

i=

(IV-8)
It is noticed that for this group of synthetic signals the only difference between
the beamed cepstrum and the cepstrum of the individual channel is the last

term in the corresponding equations. Hence, in order to determine mathemat-

Gl ik,

ically whether the BFCEP has improved the detection of the cepstral peaks due
to the P-pP delay time, we have to make a comparison of those two terms. It
is clear that, quantitatively, the comparison is difficult, if not impossible.

However, qualitatively, as discussed earlier, we can expect that the cepstral

i it s kA

level of the last term in equation (IV-8) in general will be less than that in
equation (IV-6). The following results of the simulation runs on this group

will help in visualizing this comparison.

Figure IV-1 presents the cepstrum of five individual channels

L8 TR ..
ooy D

and the beamed cepstrum (straight sum) of these channels for the signal-to-

WO |

noise ratio (SNR) of 18 dB and the P-pP delay time of 0.5 second (i.e., R A 5).
Similar results are also given in Figures IV-2 and IV-3 for SNR = 12dB and
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SNR = 6 dB, respectively. For SNR = 18dB, the first two cepstral peaks due
to the P-pP delay time can be identified with little difficulty at n = 5 and 10,
using the cepstrum of any individual channel (except in the 5th channel, cep-
stral peak at n = 10 seems to be buried in the surrounding cepstra). This
conclusion is the same as that given in an earlier report (Sun, 1975). For the
beamed cepstrum, although the cepstral level of the surrounding cepstra aver-
ages a little bit lower than that of the individual channel, it is fair to say that
the detection of these cepstral peaks is more or less the same as that for indi-
vidual channels. For the SNR = 12 dB, it can be seen that use of the beamed
cepstrum instead of the cepstrum of the individual channel yields quite a notice-
able improvement in the identification of the cepstral peaks due to the P-pP
delay time. For SNR = 6dB, the cepstrum of the individual channel fails to
give acceptable detection of these cepstral peaks, when compared to those
observed for SNR = 18dB. However, the detection can be obtained by using
the beamed cepstrum. When we make the comparison across the different
SNR's, it is noticed that for the cepstrum of the individual channel, the cep-
stral level of the surrounding cepstrum has increased significantly from 18dB
to 6dB, and that the detection can be rated as fair for SNR = 18dB, marginal
for 12dB, and fail for 6dB. However, it is only reasonable to say that the
beamed cepstra for three different SNR's all yield much the same detection --
fair -- and that the cepstral level of the surrounding cepstra only increases
slightly from 18dB to 6dB. This implies that the BFCEP does improve the
detection of the cepstral peaks due to the P-pP delay time, especially for SNR
lower than 18dB; and does lower the SNR required for the fair detection from

18dB to 6dB.

For the second group of synthetic signals given by equation

(IV-3), the complex cepstrum of xi(n) will be as follows:




k

; | ol = By 2 :
S = 8m) - Y 2 sm-kn)
24 + z-transform In|1l+ S i=1,N. (IV-9)
; l1-az o
I The beamed cepstrum is:
- QB(n) = (n) E aT 8(n - kn )
. k
N
: E. (z)/S (z)
2 + z-transform fn | I e (IV-10)
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The difference between equations (IV-8) and (IV-10) is the first term in the

equation, That is, when the direct P-phase is non-identical among channels,
€
the beamed cepstrum of the P-phase is no longer the same as the cepstrum £

of the P-phase in the individual channel. Without any a priori knowledge about

/s\i(n), it is impossible to say whether ’s\i(n) or /S\B(n) will produce more un-

)

favorable influence on the detection of the cepstral peaks due to the P-pP de-

s S -
»

lay time which is represented by the second term in the equation. However,
{ i_ based on the following reasoning, it is fa‘r to say that QB(n) and ’s\i(n) prob-
{
' ably will behave in the same way. In generai, Qi(n) can be considered to be of

finite length; i.e., Qi(n) =0 for n >M where M is a finite number (for EKZ

events M is about 0.4~ 0.6 second) and so will be QB(n). Also, the cepstral

level of @B(n) might be expected to be less than that of Qi(n) as long as si's

Iv-11
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are non-identical and not perfectly correlated. Hence, for this group, the

£ s v e i

major factor in obscuring the detection will be the third term; i. e., noise in

the equations (IV-9) and (IV~-10) as that observed in the first group just dis-

i cussed.

Figures IV-4 through IV-6 present the results for this group

similar to those shown in Figures IV-1 through IV-3 of the first group. Here,

sy, 1 A o S

the similarity coefficient of si(n) and sj(n) ranges from 0.7 to 0.85. It can

be seen that although the various cepstra of this group are quite different from

g

those of the first group, conclusions concerning the detection of the cepstral

i peaks due to the P-pP delay remain more or less the same; namely, the
X p i

beamed cepstrum has yielded better detection over the cepstrum of the indi-

> vidual channel, and the requirement of SNR for fair detection is reduced from

18dB to 6dB through the BFCEP. !

Ze Multiple Arrivals

The complex cepstrum of xi(n) given in equation (IV-4) can be

shown to be:
k
A al
j I Sy =
. xi(n) s(n) - E T é(n knl)
k

k+ 1
¢-1) k
5 Z k a, &in-kng)
Kk

k-1

1 k b
}:(-1)1‘+ ‘112 (r)(-al)k raZirB[n-knl+ r(nl—nZi)]
k

r=1

-+

i=1,N. (IV-11)
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Then the beamed cepstrum will be:

Kk
A A aLl
AB(n) = s{(n) - ZT b(n-knl)
K
N
DI D )
Kk N e ek T
Kk Z i=1
N,
1
i=]
k-1
: Z:(-l)k+1 k et
k b o (-ai)
k s o |

i=1

Here again the cepstrél peaks represented by the second term, which is iden-
tical for the individual channel and the beam, provide the detection of the P-pP
delay time. The last two terms are the surrounding cepstra which will obscure
the detection. Therefore, in order to see if the BFCEP will improve the detec~
tion, the cepstral level of the last two terms in equation (IV-12) have to be com-
pared with those in equation (IV-11), It is obvious that comparison is possible
only if some predefined relations for wi's, a

i's, and n i's among all chan-

2 2
nels are given. Here, we will perform the comparison for two extreme cases:
the worst and the best that the BFCEP can do in improving the detection. The

worst case will be that there is no improvement in detection by the BFCEP.

This will take place when ay. = aZj and n,. = n2j among all channels, and
when &_ = 2. The other extreme will occur when a_, ¥ a..and n_.. % n_.
B i 2i 2j 2i 2j

for all i and j, excepti = j, Then, the cepstral level of the last two terms
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I in the beamed cepstrum will be N-l- times of that in the cepstrum of the individ-

ual channel. This reduction in the cepstral level of the surrounding cepstra is

I the best that the BFCEP can provide. When the worst case occurs, the second
P-phase arrived (i. e., aZiSZ(n - nZi) in equation (IV-4)) more likely is due to

the source effect instead of the station-oriented phenomena as being assumed

here. Hence, if the multiple arrivals are truly not the source effect, the !
BFCEP should be able to improve, to some degree, the detection of the cep-
stral peaks due to the P-pP delay time. Since the effect of the BFCEP for
this case can be explicitly seen from the pertinent mathematical expressions,

the results of the following simulation runs are just to serve the purpose of

B e il ot L e RS L a0 sadi L 2 Mt E L e Ll e e

visual demonstration.

Two simulation runs have been made. Five channels are used.
In both runs, we have assumed that channels 1 and 2 have no record P-phase
arrival; i. e., a21 = 322 = 0, and the second P-phase arrivals in channels 3,
4, and 5 are delayed by 0.8, 0.9, and 1.0 second, respectively. The P-pP

delay time is 0.5 second in the first run and 0.6 second in the second run.

The choice of these values is quite arbitrary. Figure IV-7 presents the

beamed cepstrum and the cepstrum of the individual channel for the first run.

In both beamed and individual cepstra, the cepstral peaks due to the P-pP

delay time appear at n= 5k, k= 1,2,... and the cepstra level of these

peaks is about the same. However, comparing the beamed cepstrum with the
cepstra of channels 3, 4, and 5 where the second P-phase has been assumed
to arrive, it is noticed that the cepstral level of the peaks due to the second
JIms P-phase arrival is much lower in the beamed cepstrum. This is just what
{ ; should be expected as that described in the above theoretical discussion.

i Similar results for the second run are given in Figure IV-8.
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3. Dissimilarity Between the P-~phase and the pP-phase

The complex cepstrum of xi(n) given by equation (IV-5) can be
shown as follows:

k
a,
&m) = 8. - Z—l‘c— 8(n - kn )

E (2 a'no/sli(z)

-1
+ z-transform In 1+

-n
l1-2, z o
i

i= 1,N, (IV-13)
where:

Eld'(Z) = z-transform (e,4(n) = 85;(m) - aisli(n)]

and a, can be uniquely determined by requiring that the quantity 2 |eid(n)| e
be a minimum. We can view the last term in this equation as the cgnsequence
of the dissimilarity. As indicated in an earlier report (Sun, 1975), the effect
of this dissimilarity is that the periodic occurrence of the cepstral peaks indi-
cated by the second term will not be observed and the first cepstral peak will
be broadened (although, in general, the peak will appear at or around the right
cepstral time, i.e., n = no). .Hence, the BFCEP is expected to reduce the
effect of the dissimilarity and thus improve the detection of the P-pP delay

time. The beamed cepstrum will be as follows:
N

QB(n) £ QB(n) - Z: - N Z w a,k 8(n-kno)
k Z w, i=

i=

-n \W
Eiq(@ 8 ofS) (2

+ z-transform

N
In n1+

- 1+ a2 "0
§ : ¥ i=1 1
i (IV-14)
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In dealing with the noise, we have shown that the beamed cepstrum of the P-
phase, i.e., QB(n), will not affect the detection one way or the other. There-
fore, the improvement in detection by the BFCEP, if any for this case, should
be coming from the interaction of the last two terms in equation (IV-13). How-
ever, the mathematical expressions are too complicated to show the effect of
this interaction, explicitly and analytically., Hence, the easier alternative to
show the effect of the BFCEP for this case will be the numerical results of the

following simulation runs,

Figures IV-9 and IV-10 display the beamed cepstrum and the
cepstrum of the individual channel for the P-pP delay times (no) of 0.5 and 0.6
second, respectively. Here, seven channels are used with the similarity coef-
ficient of sli(n) and .SZi(n) varying from 0.6 to 0.9. For the run with n = 5
sampling units it is noticed that the first suspicious cepstral peak appears at
n = 5 to 7 (varying among channels), and there exists several equally suspic-

ious peaks at some other cepstrum times. In the beamed cepstrum, however,

the first cepstral peak occurs at n = 5 which corresponds to the right P-pP
delay time and the level of the surrounding cepstrum is comparatively lower.
For the run with n = 6 sampling units, although the first suspicious cepstral

peak appears at the right P-pP delay time (n = 6) for all channels, this peak

E { ) seems to be sharper in the beamed cepstrum. Again, in the beamed cepstrum,
- ' the level of the surrounding cepstrum is much lower. Thus, it is reasonable
; ‘ 3 to conclude that the BFCEP does make the identification of the first suspicious

cepstral peak easier and more accurate.
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D. CONCLUSIONS

In various cases, beamforming in the cepstrum time domain
has been proved to be effective in improving the detection of the cepstral
peaks due to the P-pP delay time. In general, the BFCEP has achieved its
goal through the reduction of the level of the surrounding cepstrum. The
major results from applying the BFCEP to combat the noise, the multiple

arrivals, and the dissimilarity can be summarized as follows:

° For the high SNR (above 18dB) event, the BFCEP is not neces-
sary, since the beamed cepstrum and the cepstrum of the indi-
vidual channel are practically the same. However, for the
low SNR (below 18dB) event, the BFCEP can give significant
improvement in the detection. The beamed cepstra for SNR's
of 12dB and 6dB are almost identical to that for the SNR of

18dB, and they all give equally fair detections.

For the multiple arrivals which are not due to the source, the
BFCEP does improve the detection noticeably. The maximum
reduction in the cepstral level of the surrounding cepstrum is

-11\-1 (where N is the number of channels used in the BF CEP).

For the dissimilarity between the P-phase and the pP-phase,
the BECEP can improve the detection by sharpening the first
suspicious cepstral peak and by reducing significantly the level
of the surrounding cepstrum. However, the BFCEP has not
brought back the periodicity of the cepstral peaks, indicated by
the second term in equation (IV-13), which will give an even

easier and firmer detection.

In these simulation runs, the number of individual channels used is small:
five for the first three groups and seven for the last, It is believed that the
effect of the BFCEP will probably be more enhanced with a larger number of

channels,
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ned underground explosions from eastern
yzed using teleseismic short-period P-waves
recorded at nine NORSAR subarrays with signal-to-noise ratio above 18
dB. Waveforms recorded at nine subarrays are quite dissimilar, es-
pecially for two subarrays on the west side of NORSAR. However,
cepstrurmn-analyzed results are fairly consistent among them. The dif-
ference in the resolved delay times is one sampling unit (0.1 second)
maximum. Although these subarrays are not located widely apart
enough to be considered as separate stations at different azimuths, the
good agreement of cepstrum-analyzed results among them is definitely

a plus toward better recognition of the capability of the cepstrum analysi.s.

Finally, beamforming in cepstrum time domain (BFCEP)
to enhance the detection of the cepstral peaks due to the multipath operator
has been formulated and implemented. Several sets of synthetic signals,
which simulate various cases of interest, have been used in the experi-
ments., Preliminary results show that BFCEP in general does achieve
its original purpose. Moreover, it appears that BECEP can be expected
produce a better effect when signals used in BFCEP are less cor-
This, in the real world, may imply that BFCEP will work more
ctively with the world-wide network data than with the single array




