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ABSTRACT

A t ime-var ian t  Wiener  f i l ter  based on the reg ionally dis pers ive

cha rac t e r i s t i c s  of long-period surface waves is presented. The dispers ion

curves are determined with maximum entropy spectral analysis .  The fi l ter

per formance  is tested with synthetic chirp waveforms and with real seismic

data. The f i l t e r  enhances the estimation of signals and , in par t icular , the

surface wave magnitude measurabili ty, for waveforms with s ignal- to-noise

ratios down to 0 dB RMS . For lower signal-to-noise ratios the signal esti-

mates are  less reliable , and magnitude estimates may be biased. Compared

with bandpass filtering , noise rejection improvement ranges from 3 to 9 db.

The f i l ter s ability to separate multiple signals is limited by fi l ter impulse

response side lobe in terference . The fi l ter performance is fur thermore

limited by dispersion of noise , by non-stat ionary noise , by the f ilter 1 s inher-

ent ability to generate false signals from broadband noise components , by the

signal bandwidth , by the regional dispersion curve variation , by narrowband

f i l te r  response characteris t ics, and by the reliability and resolution of state-

of- the-ar t  spectral analysis methods , The f i l ter  appears to be more effective

as a signal estimator than as a detector,

Neither the Advanced Research Projects A gency nor the Air  Force
Technical Applications Center will be responsible for information contained
here in  which has been supplied by other organizations or contractors , and
this document is subject to later revision as may be necessary .  The views
and conclusions presented are those of the authors and should not be inter-
preted as necessarily representing the official  policies , ei th er expressed or
implied , of the Advanced Research Projects A gency, the Air  Force Techni -
cal A pplications Center , or the US Government,
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SECTION I

INTRODUCTION

Dispersion of surface waves has been used in signal processing

and anal ysis of long-period (LP) seismic waveforms. For instance, correla-

tion processes , such as reference waveform and chirp waveform matched

~ It c-ri ng (M F ) .  compress the available signal energy while averaging the sup-

po-~e’~f lv  rdn dori~ noise , to yield correlation peaks of high signal-to-noise ratio

.i.~st- of signal energy compression in time, these techniques do

improve t h t -  estimate of the orig inal signal and are therefore more usefu l

b r  ‘~ - t~ofl purposes.

This report presents a method to enhance the estimate of an

~ P -i.~~al , by utilizing prior knowledge of its dispersive characteristics. We

..aLI “i l s  tt. hn~q ze dispersion-related filtering (DRF).

The most elementary  form of DRF consists of time-variant

~a r r . w . an d f i l t e r i n g  alon g the si gnal ’ s presumed dispersion curve . In this

n anner -n side rab l y more noise energy can be rejected than in stationary

handpass filtering of the waveform over the entire expected signal frequency

hand . This method has the inherent ability, however , to generate dispersed

waveforms , easi l y mistaken as signals , from any broadband input , including

- - 
pure noise.  For th is  reason , DRF is not well suited for signal detection; its

main function is signal estimation.

- 

~
. I For a given region-station combination the expected dispersion

curve may be obtained by overlaying time-variant signal spectra measured

from strong events occurr ing in a given region. The spread or variance of

I — i

_________________ 
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the dispersion curve ensemble and the si gnal bandwidth at each point in t ime

then determine the bandwidth which should be applied at each point along the

dispersion curve.

The signal estimate can be fu r the r  improved by pe r fo rming

t ime-var ian t  Wiener f i l te r ing  (TVWF);  1. e. , for each point along the disper-
• sion curve the expected si gnal power and the expected noise power are bal-

anced to yie ld a si gnal estimate of minimum mean square error .  In particu-

lar , TVWF tends to reduce signal over-estimation at frequencies of relatively

high noise power, e. g . ,  at 0. 06 Hz (17-second micro-se i smic  noise), and at

frequencies around 0.02 Hz (50 seconds).

Besides ambient noise rejection , DRF is theoretically capable

of separating multiple dispersed signals , provided that the individual disper-

sion curves can be resolved by spectral analysis.

It is clear that in all cases the DRF and TVWF performance

depends largely on the effectiveness and reliability of the spectral analysis

method applied. Therefore , part of this study ’s effort  was dedicated to the

use of a hi gh-resolution spectral analysis method, the maximum entropy

spectrum (MES) technique (Burg, 1967).

In this study the DRF and TVWF methods were developed and

tested on synthetic chirp waveforms and on beamed waveforms from Sinkian g

Province seismic events , recorded at the Alaskan Long-Period Array  (ALPA).

The use of this data base permits comparison with the result s of a previous

matched filtering performance study (Unger , 1973). The emphasis was

placed on the feasibility of dispersion-related fi l tering and on its potential

and limitations to improve the estimation of long-period seismic signals from
. - noisy waveforms.

Discussion of the above topics is presented in the following

sections. The spectral analysis technique and its results are discussed in

1-2 3
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Section II. Section III presents  the DRF and TVWF development and d iscusses

various design aspects and performance expectations. The DRF and TVWF

per fo rmance  are  evaluated in Section IV , and the stu dy and its conclusions are

s u m m a r i z e d  in Sec t ion V . Related l i tera ture  is listed in Section VI. Some

related detai ls  are contained in the appendices.

I
I
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SECTION II

SPECTRAL ANALYSIS

A . INTRODUCTION

A pre requis i te  for  the success of d ispers ion-re la ted  and

Wiener  f i l t e r i n g  is a reliable , hig h-resolut ion spectral analys i s .  The maxi-

mum entropy spectrum (MES), f i r st p resent ed by J. P. Burg (Burg,  1 967)

and comprehensively discussed by T. E. Barnard (Barnard , 1 975) is a high -

resolution spectrum obtained f rom a relatively small number of lags of a

waveform ’s auto-correlation function. However , the reliability and the reso-

lution of the spectrum depend strongl y on the selected input parameters:  the

J waveform gate or window length and the number of correlation lags used.

For t ime-variant  spectra such as those of dispersed wave-

forms , the choice of this parameter combination is even more delicate than

for stat ionary spectra. On the one hand , a shortest possible gate must be

selected to best descr ibe  the spectral variat ion with t ime . On the other

hand , the spectral reliability inc r eases with th e r atio of gat e leng th t o the

number of lags used , while the resolution improves with the number of lags

used.

Yet another aspect is the sampling rate of the waveform , or

equivalently, its Nyquist frequency. For an oversamnp led waveform the MES

algorithm might find peaks beyond the actual signal frequency band. Th,s

would r esul t in a loss of r esolu t ion in the frequency band of interest , Thus ,

i t seems appropriate  to use the lowest possible s a — i p l ing  ra te  that , accord-

ing to the sampling theorem , sti l l adeq uat el y d e s c r i b e s  the s ignal , i . e . ,

11—1
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T = 1 / (Z V i) , ( I l — I )
S

where T is the sampling period and W is the si gnal cut-off frequency.

ALPA LP si gna l s , for  instance , u suall y do not extend (partl y due to the instru-

ment response)  beyond 0. 06 Hz , so that we could low-pass the waveform at

0. 06 Hz and sample every 8 seconds (0, 125 Hz sampling rate) .  On the other

ha nd , over-sampling  provides us with a greater  number of points per t ime

uni t , which might  permit us to take shorter gates.  However , the fact  that

these points a re  no longer independent may nullify this assumed advantage.

Since it appears to be difficult to analytically establish an opti-

mum MES parameter  combination (Barnard , 1975), an attempt was made in

this study to empirically arrive at some best set of parameters, based on

spectral analysis  of synthetic linear chirp waveform combinations arId real

data. The “best” parameter combination found in this manner was then ap-

plied in the dispersion curve analysis of Sinkiang Province event s . The noise

spectral analysis , required by the Wiene r fi l ter , demands a different  set of

parameters. 
-

• The MES parameter anal ysis , the Sinkiang reg ion dispersion

curve analysis, and the noise spectral analysis, respectively, are presented

in the following subsections. The maximum entropy spectra used in the anal-

ysis were computed using a variation of the MES algorithm , the Burg tech-

nique (Burg, 1968), which is especially efficieriL for the computation of spectra

from short waveform windows. It bypasses the computation of the actual

auto-correlation function and derives the spectrum directly from the coeffic-

ient s of a waveform prediction error filter (Burg,  1968; Barnard , 1975). The

number of filter coefficients used (the filter length) equals the number of

auto-correlation lags in the original MES computation.

-~ 11—2 
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B. MAXIMUM ENTROPY SPECTRUM P A R A M E T E R S

Combina t ions  of l inea r  ch i rp  wave fo rms  were  syn thes ized  to

test  the r e l i a b i l i t y  and the reso lu t ion  of the maximum entropy spectra (MES)

and to obta in  a best combinat ion of window length , numbe r of lags , and sample

rate as parame ters  for  the MES algor i thm.

F ig u r e s  11-1 through 11-4 present  the moving-window maximum

entropy spectra of a 0. 015-0 . 055 Hz s ing le l inea r chi rp  waveform and of a

combination of two waveforms, for various parameter combinations. Each

waveform has a 24-second cosine taper at both ends. For each point in time

specified (here, every 8 seconds) the spectrum is computed from a waveform

window taken symmetrically about that point. At every 80 seconds the spec-

trum is fully plotted , with its power density in the direction of the time axis;

the power density reference (origin) is at the corresponding time point m di-

cated,where not obscured by plotted data, by a tickmark on the upper side of

the time axis. The spectra are held constant where they fall below their refer-

ence power level and where they exceed the length of the time axis to the far

right. The reference (origin) power level (relative to 1 computer count) anno-

tated below the figure depends on the average power of the waveform; the

logarithmic power scale (dB) drawn above the figure depends on the space

• between the plotted spectra. For each computed spectrum the frequencies

with highest, second highest, and third highest power density are indicated by

a circle , triangle, and plus sign, respectively. The pattern of these symbols

establishes the basic dispersion curves; the individual spectra give additional

information about the signal bandwidth along the dispers ion curves.  The

actual dispersion curves are given in solid lines.

• We observe from Figure 11-I that the dispersion of a single

linear chirp waveform is described adequately by the spectra of Figure II-lb;

the peaks art’ well defined and narrow and accuratel y follow the actual dispe r-

sion curve. Increasing the number of lags leads to spurious peaks as shown

by the spectra in Figures lI-ic , lI-id , and lI-ic . In Figure Il-ic this causes

11-3
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MES PARA METER ANALYSIS : SPECTRAL VARIATION AS A FUNCTION OF
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MES PARAMETER ANALYSIS: SPECTRAL VARIATION
AS A FUNCTION OF GATE LENGTH
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ambigu i ty  and inaccuracy  in th e desc r iption of the d ispers ion curve ; in Fig-

u res l I - i d  and I T - i c  it suggests  the presence of mul t i ple s igna ls  wi th paral le l

dis persions in addit ion to the waveform actuall y p resen t.

F igure  11-2 shows the spectra for  a combina t ion  of two wave-

for ms: the same l inea r  chirp waveform as used in F igu re  l I- i , plus a mono-

chromat ic  waveform s tar t ing  200 seconds later .  We notice that four  lags are

not s u f f i c i e n t to desc r ibe  the dual d ispers ion .  The spectra obtained with  six

lags , however , ade quatel y descr ibes and delineates the two curves  and espe c-

ia ll y at the i n t e r s e c t i o n  show suff ic ient  resolut ion power. Again , increas i ng

the number  of lags leads to spurious spectral  peaks beyond those that cor-

rectl y follow the d i spers ion  curves , with Figure  II-2e possibly sugges t ing  the

presence of a th i rd , weaker wavefo rm dispersed in parallel to the f i r s t  one.

- The spectra of Fi gu x e  11-3 were obtained using shorter  wave-

form windows in combina tion  with the six lags found to be adequate in the

previous f i g u re . We observe that shor ten ing  the gates causes more scatter

in the descr i ption of the d ispers ion curves.

• N ext , in F igure  11-4 , we investi ga te the eff ect of u s i n g a hi gher

sampling r ate. Probabl y because of the fact that the data points are not

independen t , this does not allow us to use shorter t ime gates , desp ite the

fact that a greater  number of waveform points is used.

Thus , summar iz ing  the effects  of var ious parameter  combin-

ations on the spectra of known waveform combinations , it appears tha t apply-

ing the Nyquist  sampling rate (8-second period or 0. 125-Hz sampling rate

for a 0. 06-Hz si gnal cut-off f requency)  and us ing  a 160-second time gate , in

combination with six auto-correlation lags in the MES computations , ade-

quatel y desc ribe and separate the d ispers ion  curves of two simultaneously

occurr ing si gnals. For a sing le si gnal onl y f ou r la g s should be u sed . It is

also possible that the dispers ion rate (i. e .,  f requency c h a n g e/ s i g n a l  length )

a f fec ts  the MES. This was not investi gated in this stud y.

11-8
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Now the problem a r i s e s  that wi th  real s igna l s  we do not know

how many spectral peaks are authenticall y present at a given time , so that

we do not know how many  lags to use  to adequatel y d e s c r i b e  the  va r ious , and

var ian t number  of , spec t ral peaks.  For ins tance , LP wavefo rms , in genera l ,

consist  of multipath si gnals , ma y conta in hi g h er modes , and a re affected b y

noise which in itself may possess  several  (possibl y non- s t a t i ona ry )  spectral

peaks . There does not seem to he a ready solution to this problem, and the

best that one can do, therefore , is to experiment with the parameters and to

accept the most plausible outcome. This means that the specification of region-

al dispersion curves is highly subject to an analyst’s spectral interpretation .

As an example, we will investigate the Love wave beam spectra

of one of the Sinkiang region ’s strong events for various numbers of lags , as

given in Figure 11-5. To a large extent, it is difficult to decide which spectral

peaks are spurious and which ones are not. But there is sufficient consistency

in the patterns of Figures lI-Sc , TI-Sd , and II-5e to suggest that at least two

main dispersion branches are present. Since the SNR is hi gh, about 30 dB

RMS ’, the noise is probably of minor influence. For the purpose of this

study,this analyst settled for the spectra of Figure II-5c , thus assuming that

basically two dispersion curves are simultaneously present for at least part

of the time.

Accordingl y, the 8-second sampling time , a 160-second gate ,

and six auto-correlation lags will be used in the further spectral analysis of

signals. The use of this parameter combination , however , may cause spur-

ious peaks to appear where, in reality, only a single spectral peak is present ;

and it may cause spectral inaccuracies where, in fact, there are more than

two peaks.

RMS SNR (in dB) = 20 10g RMSS 
= 10 log mean si gnal power ; see Sec .IV .

RMSN mean noise power

- 1
- - 11-9

I

~~~~~~ ~1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~



-- - -- - - - - - - -~~------- - ---•----— - -  
~~~~~~~~~

SIN/170/ IIAL LOVE WA~~ 8EAII
SAPIFLING 1N~ERVPL = 8.00 SEC
NO. DATA POINTS = 250

SOURCE TitlE 17.23 3 DATE. 6/ l U / i l
tie = 5.~ DELTA • 67.18 LA) • 41.5 LON = 79.~ CE PT ~

INPUT - ‘ ~.7 i  (.3

(a) 
- - 

.. — ~ - —

12 17 1~ t 1 1~ I7 teL? 2017 22(1 2~.17 2611 2 4 1  ~~i
TRA V EL TItlE ( 3 ( L )

________ 62.5 08

GROUP ~ELCC~Ti ~~~~~
~ 6.0 .O ~.D 3.0

~~~~~~~~~~~~~~

1n7 1617 1817 2017 22 17 2i11 2617 2 Ii ~~(7 32(1

TRA VEL TitlE (SECT

ORIGIN POWER LEVELS. 25 08 (1 0.0. REF.)
IC. LAGS = 4 POINTS = 32 SEC
GATE LENGTH = 20 POINTS = 160 SEC

- 62.5 06

GROUP VELOCIT Y (P01/SECt
~~ 6 0  ~~0 +.0 3.0

(c)

N ~~217 lilT 1617 18(7 2017 2217 2i17 2617 2 1 3T . ( 3.
TRAVEL TIME (SECT

ORIGI N POWER LEVELS. 25 08(1 0.0. REF.)
- 

- IC. LAGS = 6 POI NTS = 48 SEC
GATE LENGTH = 20 POINTS = 160 SEC

FIGURE 11-5

MES PARAMETER ANALYSIS: REAL DATA
(PAGE i OF 2)
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Since the noise  spectra may au then t ica l l y conta in  more  than

two peaks , the noise  spectral  anal y s i s  may re q u i re  a d i f f e r e n t  set of param-

e ters .  This  is inves t iga ted  in the noise spectral  anal y s i s  subsec tion.

C. SINKIANG REGION DISPERSION ANALYSIS

MES analysis  using the parameters  established in the previous

subsec tion was performed on the Love wave beams of some of the s t ronger

events of the Sinkiang da ta base presented in Table l I - i .  This data base is

part of th e one used in a pr evious match ed f i lt er stud y ( Unger , 1973). The

results of that study ind ica te a g ood co r re lation betwee n th e si gna ls of these

eve nts. The distance between event epicenters  is less than 300 km (Figure

11-6); their great circle epicentral azimuth s toward ALPA d i f fe r  by less tha n

20 . The event numbers used in the matched filter study have been adopted in

Table Il-i  and in Fi gure 11-6.

Figure  II-? shows the dispersion , both as moving-window spectra

plots and as group velocity curves derived from these spectra , for the event

‘ SIN/ 170/ 17AL , which was used as a re fe rence  event in the matched fi l ter

study. Figure 11-8 present s the signal spectra of four other relatively strong

events; their reference power levels are indicated. The f igures  are aligned

with respect to their dispersion curves. F igure  11-9 is an overlay of the dis-

persion curves of these five events. Since for  each event the group velocity

scale and the travel time are slightly dif f erent , the group veloci ty and travel

time scales of event SIN/170/ 17AL were taken as references  in th is  picture

and in the discussion to follow.

We observe that for  each event individually the dispersion is

rather complex. However , over most of the signal duration - i. e . ,  between

roughl y 4. 1 and 2. 9 km/sec  group veloci ty - the f ive events show consider-

able consistency. In the lower frequency part , f rom 0. 016 Hz to 0. 032 Hz

(between 4. 1 and 3. 3 km/ sec  group veloci ty)  the reg ion al dis per sion seems

11-12
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wel l defined and re la t ive l y narrow (less than 0. 005 Hz v a r i a t i o n ) .  Th i s  part

i s followed b y a d iscon t i n u i t y  near  3.4 km/sec  where  a branch  with almost

zero  dis pe r s ion  about 0. 04 0 Hz occurs .  Th i s  b ranch  t e r m i n a t e s  approxi-

mately where a thi rd  branch (pe rhaps a con t inua t ion  of the f i r s t  one) of h ig he r

f requenc ies  seems to start  up (near 3. 1 k r n/ s e c ) .  At the 3. 4 km/sec  discon-

t inui t y, both the si gnal bandwidth and the spectral  uncer ta in ty ( re f lec t ed by

the amount of scatter in Fi gure 11-9) appear to have increased .  For each in-

dividual event there seems to be addit ional  s t ruc ture  beyond the d i spe r s ion

curves or branches described here , bu t the overlay picture does not show

this  s t ruc ture  to be very consistent.  The spectral analy s i s  m ethod as applied

here apparently is not capable of resolving possible multiple si gnals in th e

coda.

An extensive discussion on the possible seismological causes

and the plausibility of the measured dispersion structure is beyond the scope

of this report. For this stud y ’ s object ive  - i. e. , to demonstrate  the feasi-

bi l i ty  of dispersion-related f i l ter ing - the main feature is the establishment

of a dispersion pattern which to a large extent is regionally consistent .  This

same feature , of course , is used in the concept of matched f i l ter ing.  In thi s

respect , linear chirp waveform matched f i l ter ing is probabl y less successful

than reference waveform matched f i l t e r i ng ,  due to the presence  of more than

one dispersion branch.

Since the ‘no-dispers ion ’ bra nch about 0. 040 Hz resembles

part of an oceanic group velocity curve (al thoug h sh ifted in f requ en cy , F igure

11-10), we should mention the fact that the 67° great  circle propagation path

includes a 100 to 15 0 span over the Arct ic  Ocean .

• 
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D . NOISE SPECTRAL ANALYSIS

The Wiener  f i l te r  requires  the expected values of the noise

power dens i t ies  present  at each point dur ing  si gnal rece pt i on (Section III).

One way of obtaining these expected values is to assume the noise to be sta-

tiona ry over an int e rv al of about f our t imes th e si gnal durat ion , and to meas-

ure the power density spectrum of a relat ively large noise gate preceding the

si gnal. Another method would be to assume the noise  to be long term (at

least seasonally)  stationary, and to aver age the spect r a ove r an ensemble of

typ ical (seasonal) noise samples. Because of time limitations , we wi ll not be

able to verif y which method would give the best results , and we will pr oceed

with investigating the less time consuming f i rs t  method.

Thus , we will examine the relatively short term stationarity of

a typical noise sample. Later , in Section IV , we wil l use this same noise

sample in the actual testing of the dispers ion-rela t ion fi l ter .  First , however ,

we must evaluate which parameters to use in the MES noise analysis , since we

do not know a priori how many distinct spectral peaks will authentically be

present at a g iven time in the noise sample.

Fi gure Il - li  shows the spectral analysis for various MES para-

mete r combinations , of the f ir s t  2000 seconds of a typical 3800-second ALPA

ho rizontal component , north-looking beam noise sample , low-pass filtered

(with a fourth-order Butterworth f i l ter)  at 0. 06 Hz , and sampled every 8 sec-

onds. A plausible result seems to be obtained with a 160-second gate and a

number of either 8, 10 , or 12 auto-correlation lags. These patterns show a
- •  good consistency; yet they give some idea of the degree of non- s t a t iona r i ty ,

under the (somewhat ambiguous)  assumption that th ree  to five peaks describe

the moving-window spectra more or less adequately. We will choose ten

lags for this analysis.

- 11-20
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FIGURE 11-11

I NOISE SPECTRA FOR VARIOUS MES PARAMETER COMBINATIONS
(PAGE 1 OF 2)
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The spectra c lear l y show that  t he re  is si gn i f ican t  va r i a t ion ,

bo th in the d i s t r i b u t i o n  of the  peaks over f requency ,  as we ll as in the peak

magni tude  and gate average  power levels . Note that the plotted spectra are

inde pendent;  i. e. , the y were  computed from non-over lapping t ime gates .

Figure  II -12 is the MES measured f rom the f i r s t  1400 seconds

(a t ime interval  corresponding to the noise gate in general  available before

the f i r s t  P-wave a r r iva l  on ALPA records)  of this  noise  sample. This  spec-

trum is the expected power densi ty  spectrum for each point of the noise occur-

ring in the last 1800 seconds , assuming a signal  would be present in the latter

in terval. We will  now investi gate how well th is  es t imate qualif ies.

Fi gu re 11-13 shows the 160-second moving-window noise spectra

of th e sec ond part of the noise sample. For comparison , the expected spec-

trum has been drawn in as a dotted curve.  We observe power densit y devia-

tions typicall y on the order of 6 dB (occasionally as much as 15 dB) .  In the

Wiener  f i l ter  design discussion in Section III , we wi ll see how th ese deviations

affect  the f i l t e r  performance.

I
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EXPECTED NOISE SPECTRUM
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SECTION III

FILTER DESIGN

A . INTR ODUCTION

This sect ion presents  the d i spe r s ion - re l a t ed  f i l t e r ing  (DRF)

and t ime-va r i an t  Wiener  f i l t e r i ng  (TVWF) developments.  Included are vari-

ous des ign  aspects , and th e fi lt er pe r fo r mance ant icipation based on the re-

sui t s of the spec tr al analy sis obtained in the previous section. Subsection B

d iscusses  the basic  DRF design ; Subsection C presents  the TVW F process .

B. DISPERSION-RELATED FILTERING

I Dispers ion-re la ted  f i l t e r ing  can be pe rfo rmed as a sampled ,

t i m e - v a r i a n t  convolution along the signal) s presumed dispersion curve:

N
y(t ) = ~ [x (t) h (n, t ) J  . 6 (t - ~~~~t )  (111-1)

I n=1

where

• y ( t )  is the DRF output ,

I x( t )  is the DRF input ,

h(n , t) is the DRF impulse response at t ime n .

I 8(t ) is the Dirac function ,

N is the number of d ispers ion curve time points ,

1 - ~~t is the sampling interval .

I In our DRF implementa t ion  the convolution is per formed via the f requency

domain:

I
Ill-i
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y( t ) = 
E ~F~~~[ X( j w )  (H (n ,~~ )]~~ . 6(t - n .  ~~ t )  (111-2)

where

F ’ denotes the inverse Fourier t r ansformat ion ,

X(j~~) is the Fourier  transform of X( t ) ,

H(n ,~~ ) is the (phase less )  t rans f er funct ion of th e na r rowba nd

fil ter applied at the nth dispers ion point.

Thus , the DRF consists  of a bank of narrowbarod f i l ters  (NBFs) ,

in pr inciple one NBF for each dispersion point , and the DRF output is synth e-

sized f rom adjacent samples , each one taken from the output of its corre-

sponding NBF. This process involves one forward Fourier t ransform and in

principl e N inverse t ransforms.  However , at points where the NBF speci-

f icat ion remains unchanged (for instance , if part of the dispersion curve is

f la t) ,  the same NBF output can be re-used to establish the next DRF output

sample.

The shape of the NBF t ransfe r  function applied is basicall y

rectangular ;  its gain equals one for the f requencies  within the f i l t e r  band

speci f ied , except for a 0. 002 Hz cosine taper near the cut-off f requencies .

• The impulse response of a rectangular t ransfe r  function with bandwidth W H z

has a sin x/x  envelope (where x = irW t) with zeros occurr ing every 1/ W sec-

onds from the maximum. The cosine tape r serves to reduce the amplitude of

the impulse response sidelobe; however , it also changes an or iginal l y speci-

fi ed bandwidth of W 0 Hz into an effect ive bandwidth of approximately W

- 0.002  Hz , and may change sli ghtl y the shape of the impulse response also

in other aspects.

To specif y the desired dispers ion band , the user inputs several

dispersion band points as x -y  coordinates in inches , based on his  measure-

ment and interpreta t ion of the moving-window signal spectra.  These point s a re

111-2
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then in te rpo la ted , e i t h e r  i n a l i n e a r  or in a quadra t ic  fash ion  as spec i f ied , to

es tab l i sh  the total d i s p e r s i o n  band to be used by the DRF. In the case of a

l inea r ch i rp  w a v ef o r m , a co n st ant bandwid th of l ine a rl y i n c r e a s i n g  cen ter

f r e q u e n c i e s  can be app l ied . However , r eal da t a , at least  as shown by the

Sinkiang reg ion d i spe r s ion , dic tate the need for  a dispers ion band which var-

ies in width along the d ispers ion curve.

The D R F  process  is i llustrated with the f i l t e r ing  of a l i n t - a r

chi rp waveform in Fi gure  111-1. F i g u re  111-la presents  the d i spe rs ion  band

applied in the DRF;  Fi gure  111-lb shows the or ig ina l  wave fo rm;  Fi gures  111-ic ,

111-Id , and I l l - le  a re  the respec t ive  NBF outputs for  three equall y spaced

points along the dispersion curve;  Figure 111-if is the DRF output; Fi gure

1 
II I - lg  is the e r ror  t race  obtained by subtracting the signal  f rom the DRF out-

1 put. All  t races are plotted on the same scale. Note the charac ter  of the NBF

outputs; they consis t  of a main lobe and reduced sidelobes; the node interval

(approximately 350 seconds)  corresponds to a 0. 003 Hz effect ive  (0 , 005 Hz

I 
spec i f i ed)  f i l t e r  bandwidth. The NBF output data samples which synthesize

the DRF output are  indicated with arrows and dots. A correction factor ,

I 
required in the narrowband f i l t e r ing  of t ime-var iant  waveforms (explained

later in the text and in Appendix A ) ,  was used in generat ing the NBF outputs.

1 We observe that the or ig inal waveform is reproduced fa i r l y

accurately; there is some dis tor t ion due to NBF end effects .  The f i r s t  and

last sample of the DRF output waveform , at 500 and 1500 seconds , respe c-

t ivel y, should equal zero , but the NBF is not inf ini tessimally narrow , thus
- 
. I permi t t ing  the signa l energy  at nei ghbor ing  f requenc ies  to pass throug h and

to establish non-zero  values at those points. On the other hand , the fact that ,

for the NBFs applied over approximatel y the f i r s t  and last 100 seconds of the

waveform , the s ignal  energy  of the nei ghboring fr equ encies  on one side is

I m i s s i n g  r esul t s in si gnal underes t imation  over those in tervals .  We further-

more  not ice  some overshoot (approximatel y 15%) around 670 second s and

I 13 i 0  seconds , and a very  small amount of ripple over the rest of the wave-

fo rm.

I 111-3
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The NBF process inherent l y produces  amp li tud e and phase

er r o r s ;  these  a r t -  t r ea ted in more detail  in A ppendix A. A c c o r d i n g  to th i s

t rea tment , the m a i n  cause  of the  NBF amp litude er r o r  is  the fac t  that  the

na r rowband  f r equency  en e r g y  i s  dis t r ibu ted  in the output over a r e l a t ive l y

wide NBF response in te rva l .  Th i s  e r ror  can be corrected  by appl y ing a

bandwidt h and d i spe r s ion  rate dependent correct i on fac tor  (CORFAC).  Other

ef fec ts , wh ich  could not be compensated for  at this  point in the development ,

cause ad di t ional  ampli tude er r o r s  as well as phase er rors.  The magni tude

of these e r rors  seems to depend on the nature and ampli tude of the input

si gnal and on the bandwidth of the NBF app lied. In Fi gure Il l- i  the ampli tude

e r ror  (af te r  NBF amplitude co r rec t ion )  is less than 5%, excluding the over-

shoot at the beginning and at the end of the  DRF output . The r e l a t i ve l y la rge

er ror si gna l dis pla y ed in F i gure  I l I -Ig  resul ts  mainly from the phase e r ro r ,

leadi ng to an unrea l i s t i c  68. b~ RMS e r ro r  relat ive to the RMS si gnal.  A p-

pendix A shows that in some cases the unco r rec t ab l e  part of the ampli tude

J 
error  can amount to 30%, i , e , 2. 3 dB or 0. 115 sur face  wave magni tude

units.  This potential si gnal d is tor t ion must  be weig hed against  the si gnal

estimat e impr ovement obtained f rom th e f i l ter ’ s noise reject ion capability,

which ranges approximately f rom 3 to 9 dB as will be shown next,

At each point along the dispers ion curve the amount of noise

reject ion is de termined by the width of the d ispers ion  band specif ied , and by

the actual di s t r ibu t ion  of noise  e n e r g y  over the total si gnal f r equency  band.

For ins tance , the Sinkiang reg ion d i spers ion , accord ing  to Fi gure 11-9, re-

qu i res  a bandwidth of at least  0. 005 Hz for  th e’ lower f requency  pa rt , and a

bandwidth of possibl y as much as 0. 020 Hz s ta r t ing  at the d ispers ion  discon-

t inu i t y at 3.4 km/sec  group veloci t y. With respect  to s ta t ionary ban dpass

f i l t e r i ng  over a 0 .015  to 0 .055 Hz signal band (0. 040 }-,.. bandwi d th) ,  and

assuming the noise  to be white over that  f requency  ba nd , the DRF would be

capable of 10 log (0. 040/0,  005) 9 dB noise r e j e c t i o n  over the f i r s t  par t  of

111-5
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10 log (0. 040/0. 020) = 3 dB over the second part. However , some si gnal

energy ,  contr ibuted b y f r equencie s outs i de th e dis pe r s i o n  band app lied , is

po s s i b l y sac r i f i c e d  in the f i l t e r i n g  process.

These amounts of DRF noise  re jec t ion  are  on the same order

as that of a 9-e lement  beamsteer  f i l t e r , and as th e match ed f i l te r SNR gains

ove r bandpass f i l t e r i n g  (Capon et al. , 1969 ; Strauss , 1973). However , it

would be dangero us to use the DRF as a si gnal detec tor since it is inherent l y

capable of genera t ing  false a larms , in the form of partial ch i rp  waveforms ,

Iron-i noise , as wil l  be shown in the f i l t e r  per formance  analys i s  (Section IV) .

Also , the Sinkiang s ignals  appear to have thei r  hi ghest amplitudes occur dur-

ing the second part of the dispersion curve , where  the DRF noise  reject ion is

less.

To apply the DRF correctly we must know in advance the signal

start  time. The DRF design allows for “searching ” the signal by s l id ing  the

dispersion band throug h the received waveform data , and comparing the out -

put peak amplitudes and RMS values for  each shif t .  Supposedly, the shift

yielding the hig hes t  output value s th en would indica te  the best t ime ali gnm ent

between the signal and the DRF dispers ion band. Th i s , however , is ei ther a

computer time , or a computer core consuming process.  Moreover , the sig-

nal spectrum uncer ta inty  may fur ther  obscure  the actual signal posi t ion s in

time. The procedure works well for  no i s e - f r ee  l inear  chirp waveforms , but

loses its effect  under marginal  noise conditions (about 0 dB RMS SNR).  The

starting problem is fu rther analyzed in Appendix B where alt e rnative attempts

to find a signal’ s start time also are descr ibed.  Among these alternatives

are the t ime-domain  si gnal phase detection method and the MES detection
- 

- 
method. All these methods seem to have their limit around 0 dB RMS SNR.

111-6
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C. TIME-VARIANT WIENER FILTERING

The DRF reduces  the e r ro r  in the es t imat ion  of si gna ls  f r om

L P wa v ef o rms  by e l i m i n a t i n g  the noise  energy  f rom f r equenc i e s  outside t h e

s igna l  d is pers ion  band. The presence  of noise f rom frequenc ies  inside the

dis persion band , however , st i l l  causes some in t e r f e r ence , in ge neral  leading

to si gnal overes t imat ion .

A wel l -known techni que of reducing the est imation e r ro r  is

W i e n e r  f i l t e r i ng  (WF) . This  f i l t e r i ng  process  min imizes  the mean-square

es t imation e r ror  by ba lancing,  at each f requency ,  the si gnal and n oise powe r

• densi t ies (e. g .,  Papoulis , 1 967). If the noise is uncorrelated with the signal ,

the t ime-va r i an t  WF t rans fe r funct ion  is :

E4 5(t , -w)

1 
H(t , ~ = E 1

~s
(t

~ ~
) + E4 N (t , w )  (111-3)

where

I H(t , w)  is the t ime var iant , phaseless  WF t r ans fe r  funct ion ,

E (t(
s (t ? w)  is the expected value of the t ime-var ian t  s ignal  power

I densi ty spec t rum , and

I E4 N (t . ~u )  is the expected value of the t ime-va r i an t  noise power

den s i ty  spectrum.

We can also wr i te  the WF t r ans f e r  function as:

H(t , w )  = 

+ 

Eth
N

(t , ) 
4 (111-4)

E4~s
(t

~
w)

To show the effect  of Wiener  f i l t e r ing ,  we will consider some

I h ypothetical cases.  For a n o i s e - f r e e  input the WF t r ans fe r  function equals

one , thus pass ing  the input waveform unchanged. If , at a g iven time , the

1 111-7
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expected values of the  noise and s igna l power d e n s i t i e s  are  equal for  all fre-

q u e n c i e s , the t r a n s f e r  func t ion  equals  0. 5 for  all f r eq u e n c i e s ;  i. e . , i t  is ex-

pected that  in the mean , for  equal no i se  and s igna l  amp l i tudes , the best  esti-

mate is half the value of s ignal  plus no i se .  If at a g iven t ime and for  a g iven

f r eq uency ,  the si gnal power dens i ty  equals twice the noise power d e n s i t y ,  t hen

t he f requency component concerned of the input waveform is attenuated with a

factor  0 . 67. In general , for hi gh SNRs the f i l te r  effect  is l i t t le ;  for  low SNRs

the WF per forms  a f requency and t ime-dependent attenuation.

in the case of DRF we are  concerned with the power densi ty

rat ios  wi thin a relat ivel y nar row band at each point in t ime along the si gnal

d is pe r s i o n  curve . For a g iven reg ion the expected values of the t ime-varying

power densi t ies  can be obtained by taking the moving-window spectra from a

st rong ( re fe rence)  event signal , or by averaging the spectra of s t rong,  re-

gi onal event signals.  The expected value of the noise power densi t ies  can be

obtained by assuming  the noise to be stationary and by measu r ing  the noise

spectrum of a large input waveform gate just  pr ior  to the a r r i va l  of any si gnal

ph ase , as d i scussed  in Section II.

Since we will appl y this f i l ter  to signals of d i f fe ren t  strength s

and under var iant  noise conditions , we mus t  ada pt t h e spect ra l ra t io  t e rm

E
~~N / E t hS according to the expected SNR. This can be achieved by f i r s t  no r-

mal iz ing  the measured noise and signal  spectra to uni t  power , i. e. , d i v i d i n g

th e power dens i t i e s  by the average signal  and noise  power , res pect ive l y,  or

by the squares of the si gnal and noise RMS values. We then multi ply th i s

term by the WF design parameter , the inverse  of the square  of the expected

RMS SNR:

H(t,co) = , (I I I -~~)
I 

________1 +
ESNR

2 Ps(t , w )

111-8
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where
P N ( w)  is the no rmal i zed , supposedl y sta t ionary  noise  power

d e n s i t y spectrum ,

P
s(t ,

~~
) is the normal ized , t ime - - v a r i a n t s ignal  power de nsit y

spec trum ,

ESNR is the expected RMS SNR of the input waveform,

We will  now inves t iga te  the WF ef fec t  when the actual power

densi ty ratios deviate  from the expected ra t ios,  These effects , calculat ed

from Equation 111-5 , are shown in Fi gure 111-2 for  var ious true SNR situations.

The values at 0 dB e r ro r  are  the cor rec t  WF attenuatiori s applied to the input

waveform in order  to minimize  the signal  estimation mean-square  (m, s.

e r ror .  The WF gain factor becomes more erroneous as the amount of powe r

density ratio e r ror  inc reases .  In the case of SNR overest imation, the WF

still reduces fu r the r  the DRF signal  est imation e r ro r .  For SNR underestima-

t ion , a point may be reached where the WF attenuation is greate r than twice

the cor rec t  WF attenuation , indica ted by the ver t ical  dash-dot line at 0 dB

SNR e r r o r . Beyond that point , the s ignal  es t imation e r ro r  caused by excess-

ive WF attenuati on is  greater  than the IJRF s ignal  overes t imat ion  e r ror .  The

excess ive  WF attenuation is represented by the dotted parts  of the WF gain

I 
curves. Cons ider ing  this , and a lso  the non- l i near it y  of the curves , it is con-

c luded that less e r ro r  is made when overes timat ing  than when underes t imat ing

J the SNR ~

I The power dens i ty  SNR devia t ions  f rom the expected SNR at

eac h f requency a re  caused by two fac tors :

. The moving-window noise spect rum f luc tua t ions  about the cx-

pected value of the noise spectrum (typical l y 6 dB , occas io nally

1 10 to 15

. The mises t imat ion  of the ESNR , since it is d i f f i cu l t  to estimate

I the SNR f rom low SNR waveforms (probabl y as much as 6 dB

SNR e r ro r  at 0 dB true SNR; l a rger  e r r o r s  for lower true SNRs) .
- 

- 
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Thus , the two effects  combined can amount to devia t ions  spanning  the range

g iven in the f i g u r e . In the - case of a 0 dB t rue  SNR at a g iven f r e q u e n c y ,  t h i s

means tha t  the WF ga in  can be as muc h as 15 dB (a facto r 5. 6 ) too low or

I) dB (a fac tor  ) too hi gh when u n d e r e s t i m a t i n g  and overes t imat ing ,  res pec-

t i v e l y ,  the power dens i ty  SNR. For lower t rue  SNR si tuat ions , th ese e r ro r s

are  la rger .  For a true SNR of 14 dB or hi gher the WF has little effect , and
- is also l i t t le  af fected by SNR estimation e r rors .

This  rap idl y puts a limit to the general WF performance;  at

the lower SNRs , where improved signal estimation is desi red most , the ESNR

is di f f icu l t  to es t imate , result ing in large er rors  in the WF gain factor  which

in turn cause la rger  signal estimation errors.  From the curves in Fi gure

1 
111-2 we antici pate unreliable si gnal estimation for waveforms with less than

0 dB RMS SNR.

I For a given waveform the SNR is probabl y best es t imated by

visual comparison with waveforms obtained through simulation of various SNR

situations , fo r instance , by burying the regional re ference  signal in var ious
• levels of t rue se i smic  noise . An alternative method is to deduce the SNR

I f rom the bodywave magnitude and measure the noise level just pr ior  to si gnal

arr ivals .  Because of rn,0 and m.0 -to-M conversion uncer ta in t ies , the uncer-

I tainty in the ESNR value would be on the order of 10 dB , sli ghtly les s accu rate

• than SNR estimation directl y f rom a waveform of 0 dB true SNR , but probab ly

I equally or more accurate for lowe r true SNR waveforms.

A third method is to compute the RMS ratio for the expected

signal and noise gates; if signal and noise are uncorrelated , the ESNR can be

obtained from:

2 RMSSN 2

I ESNR 2 - 1 , ( I I I - t)
RMSN

I
I I l l - I l

: 1

_ _ _ _ _ _ _ _ _ _ _ _ _  
-5----- - _ _ _ _ _ _ _
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where

RMSSN = si gnal- plus -no i se-  RMS value , and

RMSN = noise RMS value .

Exper im ents  will have to be conducted to evaluate this  method.

1~

-
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SECTION IV

FILTER PERFORMANCE EVALUATION

A. INTRODUCTION

In thi s section we will evaluate the per formance  of both the

basic DRF concept and the TVWF process.  Fi r s t , the DRF and TVWF are

applied to a l inear chirp signal with added se i smic  noise  for  var ious  SNR

I le~’els. Second , we wil l app ly the TVWF to a Sinkiang region r e f e r e n c e  Love

- wave beam signal under var ious  noise condit ions , and to the waveforms con-

ta m ing the si gna ls of othe r  Sin k iang reg ion even ts. In the third subsection

the DRF si gn al separ at ion capabi l it y is tested on a combination of synthetic
- 

si gnals and t r ied on the r e f e r ence  si gnal.

Since the Wien~ r f i l ter  perfo rmance is greatl y af f ec ted by the

• power SNR , we wi ll desc r ibe  the test  condi t ions  in term s of the RMS SNR ,

I r a the r  than the peak-si gna l - to -RMS-no i se  ratio  f requent l y use d in seismic

analysis :

RMS SNR = 20 log RMS ~ig amp 
= 10 log mean si g power 

- (IV 1)
10 RMS noi amp 10 mean noi power

I 
For seismic signals , roug hl y, the RMS SNR is about 10 dB

lower than the peak-to-RMS SNR and approximately equals the peak-to-peak

I SNR. For uniform envelope sing le chi rp  s ignals  in se i smic  noise , the RMS

SNR is 3 dB lower than the peak-to -RMS SNR and about 7 dB h ig her than the

peak-to-peak SNR.

I
I
I

- ‘ ‘ ‘
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B . FILTER P E R F O R M A N C E  ON LINEAR CHIRP WAVEFORMS

F i g u r e  IV - l  shows the resul ts  of app ly ing th ’-  bas i c  DRF

(H ( t ~u , t )  1, fol lowed b y cosi ne taper ing,  wi thin  each NBF passband)  to wave-

f o r m s  c rea ted  by addi ng seismic noise to a synthetic  l inear  ch i rp  waveform

for var ious SNR si tuat ions.  In Fi gure IV-2  the DRF outputs f rom the low SNR

inpu t waveforms are  plotted on a l a rge r  scale to show more detai l ,  Down to

14 dB RMS SNR the DRF rather fai thfully reproduces the or ig inal s ignal  with

the main dis tor t ions as mentioned in Section III: waveform taper ing ,  f ollowed

by a 15% overshoot at the beginning,  and the same phenomena in r eve rse  se-

quence at the end of the waveform;  some ri pple along the rest  of the waveform ;

a rela t ivel y l a rger  er ror  si gnal due to phase e r rors .  The ripp le inc reases

wi th decreas ing  SNR due to a growing in t e r fe rence  of si gnal and noise.  From

6 dB SNR down the distort ion increases  considerably, in ri pple as well as in

amplitude e r ror .  The DRF output , howeve r , always is a much better approxi-

mation of the ori g inal signal than is the unfi l tered trace.  Notice that the DRF

produces parts of a chirp waveform from pure noise;  if there is no information

regarding the antici pated signal amplitude, thi s DRF output might be mistaken

for a si gnal.

The TVWF performance (using the t ransfe r  function g iven b y

Equation 111-5 , f ol lowed by cosine taper ing ,  wi thin each NBF passb arid)  on the

same input waveform is disp layed in Figures  1V-3 and IV-4. In each SNR

ca se , the true RMS SNR was input as the ESNR in the TVWF algori thm (see

Section III). In the noise-only case a 0 dB ESNR was used to test  the f i l te r

output . As anticipated , there  is little d i f fe rence  in per formance  between t 1~e

DRF and the TVWF for waveforms of 14 dB or hig her  SNR, For the lower

SNR waveforms, the Wiener  f i l ter  provides a better s ignal  est imate than does

the DRF; over the ent i re  s ignal  duration the ampli tude e r ro r  is smal ler .

Also the TVWF apparentl y can generate s igna l - l i ke  waveforms  from pure

noise.

IV - 2
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- For a q u a n t i t a t i v e  ‘- - v a l u a t i o n of f i l t e r  pe r fo rmanci - , Fi gure

IV -5  d i sp lays  th e  er r o r s  in m a x i m u m  am pli tude , excl ud ing  the overshoot at

the beg inn ing  and end of the si gna l , for the un f i l t e r ed  t r ace , the 0. 010-0. 060

Hz band pass f i l t e r ed  (BPF ) t r ace , the DRF output , and the TVWF output ,

respec t ive l y,  as a f u n c t i o n  of RMS SNR. We observe that the TVWF ampli-

tude e r r o r s  a re  in good ag reemen t  with the e r r o r s  anticipated based on the

curves  of Fi gure 111-2 and on the amount of noise spectral va r ia t ion  shown in

Fi gure 11-13 . This amount of spectral  var ia t ion  es tabl ishes  the limits of the

I TVWF performance. -

I The graphs , fu r the rmore , indicate that the DRF and TVWF

outputs permi t  accurate magni tude  measurement  at a s i gn i f i c an t l y lower SNR

than is possible with ei ther the BPF or the unf i l tered t race,  For instance ,

measurement  of the peak amplitude t s logari thm (log A)  within ± 0 .  1 is feasi-

ble for the unfi l tered t race  only for input waveforms with an RMS SNR of at

least 16 dB: with TVWF the same accuracy of measurement  can be obtained

from waveforms with an RMS SNR as low as 5 dB . A number of magnitude

• measurabi l i ty  versus SNR relationships are listed in Table IV- l .  This table

I indicate s the increase  in magnitude standard deviation caused by log A mea-

surement  e r rors , assuming a distance factor uncer ta in ty  (oh ) of 0. 3. We

I 
notice that a log A e r ror  of 0. 1 does not si gni f ican t ly increase  the overall

magnitude e r ror .  Magnitude measurability improvement enhances the classi-

f icat ion of seismic events , and in part icular  should improve n-~~-M discrimi-

- • nation for events with an approximately known dispersion curve .

I . Comparing the mer i t s  of the TVWF with al ternat ive methods ,

we remark that possibly si milar  results can be obtained with matched f i l t e r -

I ing (MF) , since the amount of noise reject i on is on the same order  as that of

TVWF. However , the large var iance in MF gains prevents accura te  cal ibra —

I tion of the MF output (Strauss , 1973) ,  and the MF log A measurement accur-

ac y, the re fore , is not known. The MF gain pr obabl y should be calibrated by

-4s 1
I IV - 13
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TABLE IV-  1

SNR R E Q U I R E D  FOR DESIRED MAGNITUDE
M E A S U R E M E N T  A C C U R A C Y ~ ’)

I
M Accuracy Log A Minimum RMS SNR Required (dB )

I 
(assuming -ri, = 0. 30) Accuracy  Unfi l tered TVWF IO11)

0. 30 0. 05 23 16

I 0 .32  0. 10 16 5

0. 34 0. 15 13 0

0. 36 0 . 2 0  10 -4

I
0. 39 0. 25 7

*) For linear chirp waveform in noise.
~*) SNR presumed known exactl y.
*~~*) Extrapolated value.

I
I
I
I

IV - 15
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measur i ng the gain  when a r e f e r e n c e  w a ve f o r m  is  mal~-h ed to i t se l f , r a t he r

than the present  procedure of ca l ibra t ion  ~,i th r eg ional l y a v e r ag e  MF gains .

The above e r ro r  anal y s i s  is based on the c o m b i n a t i o n  of One

simulated c h i r p  waveform and only one , presumabl y typica l , sam p le of S (i S -

rn ic noise.  The curves  in F igure  IV -5 , th e r e f o r e , ca n give onl y an ind ica t ion

of the expected f i l t e r  pe r fo rmance ;  true per formance  c h a r a c t e r i s t i c s  can be

obtained onl y f rom anal yzing a number of noise sample and si gnal  combina-

tions , or , pe rhaps equivalently,  by t ime-sh i f t ing  the no ise  waveform with

respect to the si gnal. However , based on a quick vis ua l inspect ion of oth er

moving-window noise spectra , we expect the noise spectral  power densi ty

fluc tuations about an average noise spectrum not to deviate si gni ficantl y f rom

those displayed in Fi gure 11-13. Since the peak ampli tude er rors  a r e mainl y

det ermined by the WF misest imation of power density SNRs , i t is anticipated

that the curves in Figure IV-5  will not be much d i f fe ren t  f rom an average

TVWF performance curve established from an ensemble of si gna l and noise

sample combinations,

Also , this TVWF perf ormance is based on an exact, a pr io r i

knowled ge of the ESNR , which , especially for  low SNR waveforms , is a sen-

sit ive WF desi gn parameter.  In normal f i l tering situations , additional e r ro r s

are incurred since the ESNR must be estimated by visual inspection of the

input t race , or by deduction f rom the bodywave magnitude , as discussed in

Section III. Figures  IV-3 and IV-6 indicate that the SNR of a 6 dB true SNR

waveform can probably be estimated well within 3 dB accuracy.  Thus ,

according to Figure 111-2 , the WF gain erro r due to SNR mises t imat ion will

• ~- be small (less than 2 dB) for waveforms of 6 dB or higher  true RMS SNR ,

but they may become significant for  lower SNR waveforms.

Besides improving the surface wave magnitude m e a s u r a b i l i t y ,

t ime-var ian t  Wiener  f i l t e r ing  may enhance source parameter  es t imat ion ,

Love wave versus Rayleigh wave energy ratio measurement, and poss ib l y

other si gnal anal ysis and class i f icat ion techni ques.

IV- 16
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C. T V W F  P E R F O R M A N C E  ON SEISMIC WAVEFORMS

Fi gure  I V - b  shows  the TVWF p e r f o r m a n c e  on wave fo rms  com-

posed of the Love w a ve  beam s igna l  of the Sink i ang  r e g i o n  r e f e r ence  event

(Event  No.  3 , Tab le  I l - i , F i g u r e  U - u )  and added s e i s m i c  noise  for var ious

SNR s i tua t ions .  No t ice  the shape of the d ispers ion  band app lied , made to

cont our the reg ional dis pers ion  var ia tion  given in Fi gure I I -9~ The t rue RMS

SNR value was input as the ESNR in each case.

We observe  that th i -  TVWF reproduces also the seismic si gnals

f a i r l y fa i thf ully. There  is some si gnal d i s tor t ion , m ainl y due to the elimina-

tion of s ignal  ene rgy  presen t  outside the f i l t e r  band (see Fi gure 11-8). This

ag ain show s that the process  of def in ing the si gnal spectrum , and se lecting

the corresponding d i spe r s ion  ba nd to be used by the f i l t e r , is somewhat am-

biguous ;  it depends on the anal y s t 4  s objec tive . The r elat ivel y low amplitude ,

and for  the most part non-s inusoidal , er ror  si gnal indicates that the TVWF

output of a natural  seismic waveform contains little phase e r ro r .  For the

6 dB and lower SNR waveforms , si gnal overest imation occurs around 2000

sec travel time. Along this interval , as shown by the corresponding  moving-

window noise  spectrum at 2800 sec in Figure 11-13 , the part of the noise spec-

trum coinciding with that of the si gnal spectrum (the f requenc ies  around 0. 024

H z )  is of rela t ivel y high powe r , and is about 6 dB . underest imated by the ex-

pected noise spectrum. Accord ing  to F igure  111-2 , this  results  in si gnal

ove rest imation of 0. 5 , 2 , and 6 dB , r espec tivel y,  for  the 6 , 0 , and -6 dB

SNR waveform s , in good agreement  with the amounts that can be measured

from the TVWF output waveforms.

The e r r o r s  incur red  by the or iginal  signal peak amplitude ,

i. e., the amplitude at 2300 sec travel t ime , are plotted in Fi gure IV-7. It

appears that the TVWF p e r f o r m s  better on se ismic  waveforms than on the

linear ch i rp  waveforms~ This is in part due to a low noise level re la t ive  to

other parts in the waveform and a rather good agreement  between expected

IV- 17
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and ac tual n o i s e  s p e c t r un i  fo r  t h e  si g n a l  peak amp l i t u de  t ime  and f r eq u e n c y

(3090 sec;  0. 038 l iz , FIgure 11-13).  A d i f f e r e n t  t Im e  al i gnment b et w e en  the

s i g n a l  and the n o i s e  sample , or c o m b i n a ti o n s  w i t h  d i f f e r e n t  n o i s e  samp les ,

t h er e fore , could r e s u l t  in somewhat less favorable  p e r f o r m a n ce  curves .

Never the less , accura te M n i e a s u re n-ie nt (log amp li tude measuremen t  wi thin

F 0 . 1 )  seems pos s ib le  down to at least 0 d B  RMS SNR , cor responding  approxi-

matel y to surface  wave magni tudes  r e f l ec t i ng  the 50% detec t ion  capabi l i ty  of

an array or station.

U s i n g  the same reg ion al d ispers ion band , onl y shifted in t ime

to ali gn wi th the var ious si gnal star t t imes , the TVWF was applied to the

waveform s conta in ing the s ignals  of the other  events l is ted in Table I l - i .  The

I 
resul ts  are g iven in F igu re s  IV- 8 and IV-9.  For each event the expected

noise  spect rum and its average power level were measured from a 1440-sec

gate just prior to the f i r s t  P-wave a r r iva l . The expected normalized si gnal

spectrum is determined by th e re g ional dispersion band , b y the power densi-

J ties measured and interpolated along the reference  si gna l dispersion curve ,

and by the re fe rence  si gnal RMS value , as described in Section III. The

I ESNRs were determined by visual inspection of the waveforms  and compari-

son with the simulated SNR condit ions of F igure  IV-6 .  The si gnal sta rt ti m es

1 were est imated with the techniques  descr ibed in Appendix B.

• Since we do not know the actual shape of the s ignals , but antic-

ipate them to he s imi la r  to the r e f e rence  si gna l (Fi gure I V - 6 ) ,  we can merely

observe that the resu l t s  seem very  plausible. Ce r t a in l y,  the f i l tered wave-

• I forms g ive the impress ion  of being more access ib le  to fur ther  si gnal analys i s
-: 

I 
than do the unf i l t e red  t races.  However , we do n ot know if an d how muc h si g-

- nal energy f rom f requenc ies  outside the d ispers ion  band has been eliminated

I in the f i l t e r ing  process. We not ice  that the TVWF outputs for the Events No.

1 , 2 , and 5 , which  are w i t h i n  2 0-25  km f r o m  the r e f e rence  event (Event No .

I 3, Figure  11-6 and Table I T - i )  a r e  indeed very  s imi lar  to that of the re fe rence

event. The events at 100-300 km dis tance  f rom the r e fe rence  event disp lay

IV-23
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slig htl y di f f e ren t  s igna l  pa t te rns .  Note the s igna l  s i n7 i l a r i t y  between Event s

No. 13 and 15 . The si gnal of Event No. 12 may be somewhat uncertain due

to the low SNR; however , in shi f t ing  the TVWF dispers ion  band in t ime through

the trace , si gn i f i can t  si gnal s t ruc tu re  in the TVWF output was found onl y

within  the expected si gna l t im e gat e indica t ed wit h ar rows , with the given out-

put y ielding the hig hest  peak amplitude. Also , the s ignal  level compares well

with the TVWF output of the -6 dB SNR waveform in Fi gure IV-6 ,  The f i l tered

peak amplitude of Event No. 13 is actually la rger  than the unf i l tered one , pro-

bably due to the removal of in te rfe r ing  si gnal ene rgy .  The TVWF output of

Event No. 14 is probably distorted due to unseparable low f requency  noise

around 2100 sec travel time, similar to the situation for the low SNR wave-

f o rms  in Fi gure IV-6.

The magnitude changes result ing from the TVW F are summar-

ized in Figure IV- 10 . No conclusions wi th regard to magnitude scatter im-

provement can be drawn from this fi gure;  thi s would require a larger statisti-

cal population of events.

D. SIGNAL SEPARATION

Fi gure IV - l l  shows the DRF separation capability for a com-

bination of two si gnals: the f i r s t  one a linear chirp  waveform , the second one

a monochromatic signal. The DRF adec6uatel y resolves  the two signals  by

separately apply ing the two corresponding dispers ion bands indicated in the

f igure.  The chirp signal picks up part of the monochromat ic  signal at the

intersect ion of the dispersion curves ;  the NBF for  the monochromatic wave-

form , however , d is t r ibutes  the chirp  si gnal energy  of the corresponding f re-

quency ove r the en t i r e  t ime interval  of the monochromatic  si gnal , causing a

sli ght increase in its amplitude.

Another example of s ignal  separat ion is g ive n in Fi gure IV - l 2 .

Here , the input consists  of t h r e e  si gnals  with  parallel  l i nea r  d i s p e r s i o n  curves ,

I V - 2 6
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CHIRP NO. 3 • 100 - 1 700 SEC . 0.015 - 0.055 HZ. AMP 1.000
S~ IPL ING INTERVAL = 2.00 SEC
P40. DATA POINTS 1000

I: 
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- -d 
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• 0 2433 41 600 ~~5 3053 4253 1453 600 1800 2000
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-
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TIME (SECT
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- 
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I 0 2433 454 61 85) 4000 4700 4 400 1600 141 210
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I ~~~~~~~~~~~~~~~~~~~
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I TIME (SECT

FIGURE I V - 12
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~~~~~~~~~~~~~~~~
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- s i m u l a t i n g  m u l t i p le si1.~nal  a r r i v a l s,  fl y s l i d i n g  the  DRF  d i s p e r s i o n  band fo r

a sing le si g nal t h r o u i~h the input w a v e f o r m , each of the t h ree  s ignals  is recov-

er ed  w h e n e v e r  th~ DR F dispersion band lines up w i t h  a s i g n a l’ s d i s p e r s i o n

c u r v e , i. e. , at 300, 500, and 700 sec , r e spec t ive l y.  However , t h e r e  is a

hi gh amoun t of d i s t o r t i o n .  In t h i s  case , the  separa t ion  capab i l i ty  is s eve re ly

l i m i t e d  by the  wid th and s ide  lobes of the NBF response envelope curve , de-
- t e rmined  by the DRF bandwidth . On the one hand , we want to make the width

- of this lobe small to reduce th e interference caused  by the ad jacen t  main  lobes

of oth er si gnals , by i n c r e a s i n g  the DRF bandwidth .  On the  other hand , t h i s

I 
would i n c u r  both s t r o n g e r  side lobes which , in turn , lead to i n t e r f e r e n c e, and

the pic k-up ,  wi th in  the wider  DRF band , of adjacent  s ignals  with parallel dis-

p e r s ion  cu rves .  D i s r e g a r d i n g  the e f fec t  of the s t ronger  side lobes , we can

a r r ive  at an opt imum separat ion bandwidth W s~~~~, y ielding a min imum sepa-

- - ra t ion  in terval  T - , as fo llows. The separation interval T is greater5min 
- -than the lobe width , de te rmined  by the DRY bandwidth W:

• 

- T 5 � 2 W -l  ( IV -2 )

But also , T must be greater  than an nterval  determined by W and the dis-

persion rate D , as ind ica ted  in the fi g u re :

T > 0.5 ~ D 
- 

, ( IV -3 )
S 

—

so that

T 5 - = D (IV-4)
mm

for

W 5 2 D . (I\~~5)I opt

I
I V - 3 1
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The above is onl y t rue if the DRF band is s u f f i c i e n t l y na r row  to p rese rve  the

lobe charac te r  of i ts NBF outputs. Acco rd ing  to A ppendix  A , t h i s  cond i t ion

seems to be sa t i s f i ed  fo r :

W � D . ( IV -6 )

Thus , the optimum bandwidth cannot sat isf y th i s  t h i rd  con-

st r a in t , leading to a compromise between los ing  to some extent the s ingle  lobe

charac te r  on the one hand , and the lobe be ing  too wide on the other . In F igure

I V - l Z , where D 4 .10~~ H z / s e c . the si gnals , which  are 200 sec apart , were

separated with an ef fec t ive  bandwidth of 0. 008 Hz , taking into account the

0. 002 Hz cosine taper. According to Equation (IV -2) ,  this results in a poten-

tial Separation interval of 250 sec , which still sa t i s f ies  Equation (IV-3):

T 5 � 200 sec. The distortion in the DRF output , therefore , is probably

caused mainl y by th e in te rf e rence  of the NBF res ponse main lobe and side

lobes.

Next , Figure IV-13 shows an attempt to delineate the reference

waveform into separate signals , more or less s imilar  to the method used in

Figure IV-11 . Moreover , dispersion band 1 is applied with various start

t imes , in search of multiple si gnals wi th parallel dispers ion curves. The

chirp si gnal in this band does not seem to extend beyond 0. 035 Hz; it merely

picks up signal energy from band 2 at the intersection of the two dispersion

cu rves , and some other scattered , small amounts of signal  energy.  Multiple

si gnals with parallel dispersion curves do not seem to be present , consi sten t

with the spectral analys i s .  The approximatel y monochromat ic  wavef orm with

a frequency of about 0. 040 Hz , rec overed by band 2 , is also consistent with

the spectral analysis .  Although these two signals  seem to be dominant and

together probably would synthesize most of the input waveform , other com-

binations of DRF dispersion bands could be made to separate or recover other

signals as parts of the composite waveform.

IV-32

~~~~~~~ 

5-— “ —  --



r --___

• 62.~ r -~
U1~-~~~C C N  MO NO GROUP VELOCIT Y T P ~’/~ E C )

,~

: ‘ ‘

F . .  ~
J

~~~~~~ =~~~~~
7 7

~~~a7
d

l 1c(
/

~ ~~ ~ ~I ~I ~ ~i ~
( 
~i ~

( ~I ~ ~ ~I .~~ ~ ~ L~~l ~‘?217 1141 161 7 f 4847 2037 2247 2-113 7 2611 2~ l7 ~)l7 3241

TRAVEL T I rE ( SEC T

I NPUT AIIP= 1.98 E 3

- - 

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 

- A -

3217 1417 4641 1817 2017 2211 2447 2b17 2q47 XI?

TRAVEL TIME ( S E C T
ORE OUTPUT bar.d 1a;~ RMP=1 .27E3

p ~~. P - ,  -
1~ 

—- 
~~

—
~~

-- \~-\‘V’fy\;- —~~—— 7--r- ~~~~~~~~~~~~~~

17 t 7  l~ )7 3617 181 7 2017 22)7 2q 17 2617 2~ l7 Xli 

TRAVEL TIME (SECT

ORE OUTPUT and 1b:~ RtlP~9.43E2

1237 1 1137 36)7 1~ 11 2037 22)7 2417 2617 ?$17 XII —
TRAVEL TII-if (SECT

ORE OUTPUT barid lc  PMP~ 1.O7E3

- -- - --- -

1211 1 114 7 1617 f 4 8 4 ’  2017 2217 21117 26 17 2~ l7 XII 
~~~~~

TRAVEL TIME (SEC T

ORE OUTPUT b~~fld 1d.  flMP=~.1~5 E 2  ~~~~~~~~~ ~ .
“ 

-
12 17 1111 7 3647 1817 2-j&1 2237 2417 2637 2~ l 4 33i7 E

TR~VEL TItlE (SEC T ~~~ — -- -  
&

_ 
-•

ORE OUTPUT b~ iid � ~~~~~ i.~~; i~ 
- U~ L c ry-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
- _ _ _ _ _ _ _ _

12 11 -.i 1617 1847 20 (7 22)1 2~ Ii 2b1?  2447 ~~I7
TR (rVLL T I ME (~~LC)

* band lc t ime-sh i f ted  as indicated by small arrow.
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SEC TION V

SUMMARY

A t im e - v a r i a n t , d ispers ion-related Wiener  f i l ter  (TVWF) was

developed and tested on synthetic linear chirp waveforms and on si gnals f rom

Sinkiang Region seismic events. The maximum entropy spectrum (MES) tech-

nique (Burg,  1968) was used to determine the Sinkiang R egion disper sion

curves.

These experiments led to the following conclusions and indica-

tions:

The MES results are somewhat ambi guous and depend strong ly

on the MES algori thm parameters used (sample rate , wave-

form gate length , number of prediction error filter coeffi c-

ien ts ) .

• The definition of regional dispersion curves is subject to an

analyst’ s spectral interpretat ion.

• Despite some ambiguity, the MES technique provides high-

resolution group velocity curves.

• The TVWF is effective as a signal estimator rather than as a

detector.

• The TVWF enhances the estimation of signals at least down to

0 dB RMS SNR. In par t icular , it cons iderably improves the

measurabi l i ty  of surface wave magnitudes.

• Below 0 dB RMS SNR , the estimates may bec ome unreliable

• due to noise spectral variation with time , and the dif f icul t y of

V.- l
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estimating the waveform ’ s SNR , whic h is a sens i t ive  parameter

in the Wiener  f i l ter  desi gn.

• The TVWF noise reject ion over stat ionary bandpass f i l te r ing

ranges f rom 3 to 9 dB depending on the inherent  bandwidth of a

signal along its dispers ion curve.

• Dispersion-related f il ter ing is based on narrowband f i l ter ing

about a known dispersion curve; narrowband f i l te r ing of t ime-

variant waveforms produces amplitude and phase errors .  The

amplitude er rors , which mainly depend on the fil ter bandwidth

and the dispersion rate , can in general be corrected to within

1 dB; in unfavorable cases the remaining error  may be as much

as 2. 5 dB . The phase error could not be corrected , but ap-

pears to be small for natural seismic signals.

• The filter ’ s separation power is limited by the widths of the

filter response main lobe and the presence of side lobes ,

determined by the filter bandwidth. For si gnals with parallel

dispersion curves , the minimum separation interval and the

corresponding bandwidth are determined by the dispersion rate.

For a 4 .l 0~~ Hz / sec  dispersion rate , signals separated by 200

sec can be resolved with a bandwi dth of 0. 008 Hz ;  however , the

4 
output contains about 5 C / 0  amplitude distortion due to f i l ter

response lobe interference.  Signals with non-parallel di sper —

sion curves appear to be better separable.

p 
• The TVWF requires that the signal start time be known ; this

may be found with any, or a combination , of the following

methods:

- deduction from given source location and time ,

- sliding the TVWF dispersion band through the waveform

and searching for the maximum RMS output value ,

v-z

II ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~
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- MES anal y sis ,

- ins tan taneous  si gna l phase de tect ion.

The second and th i rd  methods appear to be most accurate , hut

a re more computer t ime and core consuming.

• In the present  des ign the f i l t e r i n g  is per formed in the f r equency

domain; this  requires  in pr incip le one inverse Four ier  trans-

form for every dispers ion point of non-overlapping bandwidths.

For a signal with a 1000-sec dispersion , sampled at 2-sec

intervals , with 5 l 0 ~~ Hz f requency increments and a 0. 04 Hz

bandwidth , th is  amounts to more than 80 inverse t ransforms .

Alternat ively, one may conceive the f i l t e r  des ign  as a t ime-

domain r ecu rs ive  convolut ion , us ing  a digi tal  resonant f i l ter

technique ; this method should be considerably faster .

• The TVWF signal enhancement  should prove useful  in magnitude

measurement , M~~
mb disc r imin at ion , Love wave versus  Ray-

leigh wave ene rgy  measurement, source parameter studies ,

propagation and geological structure studies , and possibly

other signal analysis and classification techniques.

• A statistical fi l ter  performance evaluation using an ensemble
• of combinations of noise samples and known si gnals is r equi r ed

to establish the full range of f i l ter  performance character is t ics .

I
I
I
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APPENDIX A

N A R R O W B A N D  FILTERING OF DISPERSED WAVEFORMS

A . INTRODUCTION

In the development of the t ime-va r i an t , dis pers ion- re la ted

fil ter it was observed that narrowband f i l t e r ing  could lead to s igni f icant  am-

plitude and phase er rors .  In this appendix we will d iscuss  some of the possi-

ble causes and give a correc t ion  formula for  the amplitude e r ror  s temming

f rom one of these causes .

B . NARROWBAND FILTER AMPLITUDE ERRORS

Figure  A - i  shows the e f fec t s  of narrowband f i l t e r i ng  with vari-

ous bandwidths along the dispersion curve of a linear chirp waveform. The

narrowband f i l ter  (NBF) t r ans fe r  function and its response character is t ics

were  desc r ibed in Sec t ion III. The shape of the t r a n s f er funct ion is basically

rectangular , with 0. 002-Hz cosine tapers near the cut-off f requencies .  For

suff ic ient ly nar row fi l ter  bands (specif ied  later  in the text ) the NBF response

to a ch i rp  signal input hác  a lobe charac ter  with reduced side lobes; the node

intervals approximately equal the inverse of the effe ctive fi l ter  bandwidth (see

also Figure 111-i).

Figure A - l a  describes the variation in f i l te r  bandwidth applied

along the dispers ion curve. The solid lines indicate the cut-off  f requencies ,

-
~~ I the effect ive  f i l te r  bandwidth is approximately 0. 002 Hz smaller due to the

cosine taper.  F igure  A - l b  is the input signal; Fi gures A - i c  throug h A - lh  are

the outputs of the NBFs applied at the corresponding points along the disper-

sion curve. Fi gure A - l i  is the di spers ion- re la ted  f i l t e r  (DRF)  output

A - i
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J NEOR CHIRP SIGNAL ( CO M BINATION ).
CHIRP NC. I • 500 - 3 500 SEC . . 1 ~ - L. 055 HZ. ~~P =

SAMPLING INTERVA L = 2.00 5EC
NO. DATA POINTS ~0C 1/2  1/2W). D :

CORFAC~~l I CORFAC>1

~~f lj ISPERSION BAND I I

Pas sband

(a)

- 

~~~~~~~~~~~~~ 
-

200 400 ~~i 800 000 1200 4 400 600 8CC
TIME (SEC T

INPUT Pt-1P-1 .CC- EC

0 200 400 600 ~~ 4 000 4200 1400 1600 800
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(c) 
-- -~~~~ 

- - -

C 200 400 600 800 1Q00 4 200 41100 4600 4800
TiME ( SEC T

NBF GIJTPU T 700 SECi 0.013 - 0.3 5 HZ PMP I.)Ep E~

-

• 
(d)

C 200 400 ~~ 800 4 000 1200 4 400 4600 800
TIME (SEC T

FIGURE A-i

NBF EFFECTS ON A LINEAR CHIRP WAVEFORM
(PAGE 1 OF 2)
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syn t h e s i z e d  f rom samples of the var ious  NBF outputs. F i g u r e  A - I j  is the

er r or si gna l obtained by subt rac t ing th e inpu t  si gnal  f rom t he DRF output.

All t races  a re  plotted on the same scale.

We observe that the wider  f i l ter  band s (0. 030-0. 020 Hz , applied

f rom 500 to 850 seconds in the time t race)  reproduce the corresponding si gnal

peak fa i r l y well. The convolution of the chirp signal with the NBF impulse

response creates a small amount of ripple in the NBF outputs. From 0. 020

through 0. 010 Hz bandwidths (applied f rom 850 to 1300 seconds)  there appears

to be conside rab le int er f er ence , leading to amplitude e r rors  of up to 30%, as

shown in the DRF output. This error  could not be corrected.

For bandwidth s of less than 0. 009 Hz with the give n dispersion

ra t e , the NBF outputs assume the lobe character  as seen in Figure Ill-i.  At

this point , an amplitude error is created due to the fact that the signal energy

ca rr ied by the frequency components within the NBF passband is dis t ribut ed

over an effective output time interval , determined by the NBF response curve ,

which is greater  than the input interval established by the t ime- f requency

relationship (the dispersion curve) over the passband f requencies .  Based on

empirical observations and on theoretical considerat ons , a formula was foun d

which sat isfactori ly corrects  this type of amplitude e r ro r  for monotonel y (no t

• necessar ily l inearly) dispersed waveforms. To correct  the output amplitude ,

it is multiplied with a correction fac tor :

COR FAC = W
1 D~~~

2 
, W <

= 1 , W � D ( A -i )

where

D is the dispersion rate (I-Tz /s ec)  over the NBF passband fre-

quency components ,

W is the effect ive NBF bandwidth (Hz) .
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This  fo rmula  was used in all NI3 F output s g i -nc ra t &- d  in t h i s  stud y. The above

condi t i o n s  a r & .- i nd ica t - d  in Fi g u r e  A - l a .

For lobed NBF outputs , th is  co r rec t ion  reduces amplitude

er rors  to less than 5%, not coun t ing the overshoot  at the end of a waveform

as re ported in Sec t ion III and also pr esent ed in F igu re A - i L  The formula

was tested with  l inear  chirp waveforms of d i f f e ren t  duration , wi th d i f f e r en t

d i spe r s ion  ra t es , and wi th a cosine-modulated linear chirp waveform.

To show the si gni f icance  of this correct ion , we ca lculate the

CORFAC value for  the case of Fi gure Ill-i , where D = 4 1 0 ~~ H z/ s e c  and

the specif ied bandwidth of 0. 005 Hz leads to an effect ive  bandwidth of 0. 003

Hz . The result  is a correc t ion  factor  of 2 . 1. Thus , without the correct ion ,

we would have underest imated the si gnal by more than 50%. The CORFAC

value s are plotted as a function of e f fec t ive  f i l te r  bandwidth , for several dis-

pers ion r at es , in Figure  A -2 .

The condition W < D has a two-fold s ignif icance.  Firs t ,

from Figure A - i  it is observed that th i s  seems to be the condition under

which the NBF output has the lobed charac ter ;  for the g iven dispersion rate

(4 - 1 0  H z/ s e c )  the lobes start occurr ing f or speci f ied bandwidth s of less

than 0. 009 Hz ,cor responding to an ef fec t ive  NBF bandwidth of 0, 007 Hz , which

is only sli ghtly hi gher  than D 1/2  
= 0. 0064 Hz. For wider bands the lobed

character does not seem to be presen t ;  the correct ion factor  then is set equal

to one since we ca nnot co r rect fo r the ampli tude e r rors  occur r ing  in that case.

r -
~ Th e second si gu if icance of the condition W (  D is that

under this condition , as will be shown shortly, the effect ive output duration

is grea ter  than the length of the part of the input si gnal comprised by the NBF

passband frequency components , causing the output amplitude to be too low

with respect to the i nput amp li tude. This condi t ion  requi res  ampli tude cor-

rection.

1
I

• 1  
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We will now present the reasoning which led to Equation ( A - i ) .

The effective input duration is determined by the NBF bandwidth and the dis-

persion rate over this band:

T . = W D 1 (A-2 )

We define the effective output duration, T , as in Figure A-3. It is the inter-

val over which a constant amplitude waveform has the same energy as the lobed

NBF output waveform; the constant amplitude equals the maximum lobe value.

From visual inspection of the lobed waveforms encountered , it

was found that the effective duration approximately equals one-half of the

width of the main lobe , which is 2 W -1 Therefore ,

• T~~~~~ W 1 (A-3)

was adopted as a practical value for the effective output duration. It is of

interest to note that for the impulse response envelope of a rectangular filter-

• band (a sin x/x function , with x = irW t) the relation is exact: T = W

For any other lobed curve , T can be calculated from numerical integration.

However , using the above approximate value returned satisfactory correc-

tions , so that the numerical integration was not performed in the correction

process. It now follow s that:

:- T > T . for W < D . (A-4)

The correction factor then follows from the fact that the input signal energy

i present over the interval T . must be distributed over the larger interval T ,

1 causing the output amplitude to be smaller than the input amplitude by a factor

I (T . T 1) 1/2 
. To obtain equal input and output amplitudes , the output must

be multiplied by :

I
J I A-7
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COR FAC = (T T . ~
) ~~~ = W~~ D

’’2 
, W< D 

1/2 
(A-5)

Fo r T ~ T. (i . e . ,  W � D 1/2 ) no lobed outputs are expected , in wh ich case

we cannot perform a correct ion in the above fashion , and the correction factor

is set equal to one.

- In the present stage of the DRF algorithm Equation (A- 1) was

implemented assuming a l inear dispersion curve over the entire si gnal inter-

val. The dispersion rate is automatically determined from the high and the

low frequencies and the time interval of the dispersion band specified and

I input by the user.  This method can easily be extended for the case of non —

linear dispersions by calculating the expected instantaneous dispersion rate

from the dispersion band center frequencies. All data presented in this re -

port were processed in the above fashion; for the measured condition W�D

• J 
the correction factor is automatically 8et equal to one.

Thus, the correction formula was effectively applied in gener-

I ating the DRF and t ime-variant  Wiener filter (TVWF) output s of a synthetic

linear chirp waveform (Figures 111-1 , IV-l , and IV-3) . For the Sinkiang

I Region seismic waveforms , the dispersion curve variance required a band-

width greater than the square root of the average dispersion rate , so that no

I correction was applied (COR FAC = 1) in that case (Figures IV-6 and IV-8).

I c. NARROWBAND FILTER PHASE ERRORS

- 
t I In Section III , Fi gure lU- ig  showed a large error si gnal despite

good amplitude agreement throughout the waveforms. This large error  of

I rather constant amplitude must be caused by a near-constant phase error , as

shown below.

Consider a linearly dispersed waveform, and subtract this fr3m

the same waveform, only shifted in phase; then the difference signal is:

I
.
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e(t) = sin (ir D ft
2 
+ 4) ) - sin2ir ft

= 2 sin f- cos (lTD ft
2 

+ -f- ) . (A-6)

Thus, a DRF output phas e sh ift 4) results in an error  si gnal of constant am-

plitude ,

Ae 
= 2 sin -

~~~
- 

, (A-7)

and phase-shifted an amount f + -
~~~
- with respect to the DRF input.

In Figure u l- ig  the error signal amplitude , aside from end-

effect overshoot, is approximately 0. 7, indicating a phase error of about 42
0
.

An overlay of the DRF output trace and the original signal trace confirmed a

phase error of thi s order of magnitude.

The phase difference is caused by the convolution of the chirp

waveform with the NBF impulse response. This convolution is rather corn-

plicated ; the phase difference cannot be anticipated and , therefore, cannot be

corrected in closed form. Notice in Figure A - l i  that the phase error seems

to be small for the relatively wide bands; it becomes more significant for

bandwidths of less than 0. 020 Hz (around 900 sec on the time axis).

Probably partly due to the wide r filter bands applied , the phase

er ror  has not been noticed in the fi l ter output s of actual seismic waveforms.

Because of this fact , and due to time limitations, the phase error cause and

correction were not pursued further in this study.
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APPENDIX B

DETERMINING THE START TIME
OF DISPERSED SIGNALS IN NOISE

A. INTRODUCTION

Operation of the dispersion-related filter requires prior know-

ledge of the start of a signal’s dispersion curve. Under marginal signal-to-

noise ratio (SNR) conditions this may be difficult to establish. Below, four

methods of determining the start time of a signal’s dispersion curve under

• noisy conditions are discussed.

• B. DETERMININ G THE START TIM E FROM TRAVEL TIME TABLES

This method has been incorporated in the EDIT routine of the

long-period (LP) signal processing package. The resulting signal start times

and signal duration intervals are carried in the LP record headers. Signal

start and stop times are routinely indicated by arrows on the travel time axis.

The start time accuracy is on the order of 100 sec and is independent of the

SNR.

C . DETERMININ G THE START TIM E WITH THE TVWF

The start time of a signal’ s a priori known or assumed disper-

sion curve can be found by sliding the TVWF dispersion band through the wave-

form. Correct  alignment of the TVWF dispersion band with the actual signal

dispersion curve should y ield the maximum TVWF output . This principle is

J correct for si gnals with narrowly defined dispersion curves. In the case of

actual seismic si gnals a relatively wide inherent signal bandwidth and the

presence of unresolved multiple signals may cause some start time uncertainty.

B- i
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This method was performed on both a l inear  ch i rp  waveform

and a Sinkiang reg ion seismic event si gnal , without noise  and with a 0 dB

RMS SNR. Figures B- i  and B-2 show the TVWF RMS output as a funct ion of

presumed signal dispersion start time. The method seems to work well  even

for the seismic signal in a 0 dB SNR waveform ; the start time for the chirp

waveform dispersion is estimated correctly; the start time estimate for the

seismic signal is both plausible and consistent, The plots also indicate that

a 50-second t iming error  results in less than 1 dB amplitude error , i .e . ,

less  than 0. 05 surface wave magnitude error (EM
S

However, the process is either time or core consuming because

of the large number of inverse Fourier t ransforms (one for each different  NBF

applied along the dispersion curve; see Section III) required by the filter. One

has the choice between either storing the relevant intervals of all NBF output s

and shifting only the sampling time, or repeating the entire TVWF process for

each presumed start time. The first  method requires a high amount of com-

puter memory; the second method requires considerable processing time.

The choice depends on the available overall processing facilities and priorities.

If the filter were to be designed as a recursive dig ital resonance

filter , the processing time could be reduced considerably, due to the possibil-

ity of fast  time-domain convolution. In that case the procedure of repeating

the TVWF process probably is preferable. Moreover , estimating the init ial

start time with travel time tables followed by a rough probing scheme with a

subsequent fine search could be scheduled to avoid excessive processing.

The result s in Figures B-i and B-2 are only an indication of

the start time accuracy obtainable with this method, since only one noise

sample was used in conjunction with si gnals. For a statistical evaluation the

method should be tested on an ensemble of noise samples. If this method

shows consistently good results , also for lower SNR waveforms, this would

enable the TVWF to be used also as a detector rathe r than onl y as a signal

B-2
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est imator .  However , as it is possible to generate  fa lse  signals f rom noise ,

it may also be possible to generate  false start t imes.  A stat ist ical  evaluation

wi ll have to indicate the potential false alarm rate.

D . DETERMINING THE START TIME WITH THE MAXIMUM ENTROPY
SPECTRUM

The start time of the dispersion curve can also be determined

from maximum entropy spectral anal ysis  as performed in Section II. Accord-

I ing to Figure B-3  the high resolution of this techni que indicate s the possibil i ty

of picking up the dispersion curves from waveforms of 0 dB RMS SNR , prob-

abl y within 40 sec accuracy. Because the MES has to be performed on short

overlapping time gates which slide through the waveform, also this method

is rather time consuming. The method is fur thermore sensitive to the choice

of certain MES algorithm parameters; see Section II.

E . iNSTANTANEOUS ENVELOPE , PHASE , AND FREQUENCY
DETECTION

A waveform r(t ) can be expressed as:

r(t ) = R(t ) cos [ aIr
S 

f(t ) dt] ( B - i )

or , equivalently, as:

r(t ) = R ( t )  cos 2 i~f 0t + 4)(t) (B-Z)

where , see Figure B-4 ,

R(t) is the instantaneous envelope of r(t),

4)(t ) is the instantaneous phase of r( t)  with respect to a

monochromatic waveform of frequency f0,

f(t) is the instantaneous frequency of r(t),

f is an arbi trary reference frequency.
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The envelope and phase can be determined with the waveform ’ s

Hu bert  t rans form ~ (t ) .  a 90° phase-sh i f t  operator (e . g. , Papoulis , 1 965):

~ (t) = R(t ) sin [ Z i r f t  + 4 ( t )]  , (B-3)

by the relationships:

R(t) [r
2(t) + v2

(t)] 
1/2 (B-4)

and
V

= arc tan 
r , 

- Zirf t . (B-5)
r (t ) o

The frequency is then found by differentiat ing the phase function after modulo

23r removal:

1(t) = f + ...L. . 
d~~ (t) 

(B-6)

For a linearly dispersed waveform the frequency is a linear

• function of time. Consequently,  the phase function is parabolic. Since the

phase cannot exceed an interval of Zir radians, random noise with its frequency

band centered at f would have its phase fluctuations confined to this 2Ir

radians interval. A systematic phase function such as that of a dispersed

waveform, however , can be “unwrappedt ’ by eliminating its 2Ir modulo , to

expose its continuous function. Thi s may result in a favorable SNR of the

• phase function , depending on the noise spectrum and the signal dispersion

curve. The phase function , therefore , may be used as a detector , and could

indicate the start and duration of LP signals.

In reality, however , there are several factors that may reduce

the SNR of the phase function. First , the center frequencies of noise and sig-

nal bands may not coincide. One can choose f to coincide with the si gnal

center frequency; in that case the offset  of the noise center frequency causes

B-8
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the noise phase function to have a l inear  bias. Inverse l y,  one may choose f

to be the noise center f requency;  then the si gnal phase will have a linear bias.

• Experiments  wi l l  have to indicate which i hoicc of reference frequency is bes t.

Another  problem is that the noise is in general non-white , due

to one or more of the following causes:

• Propagated noise causing dispersion.

• Noise coherence due to instrument response and beamsteering;

in particular , possible ringing of noise.

I • Natural dominance of low-frequency noise.

This causes the noise phase function to have , over short intervals, a some-

what determinist ic  character. In “unwrapping ” the phase the peak noise phase

values then may become higher than ZIr , thus reducing the phase SNR . Pre-

whitening will not give a solution since this would affect the signal spectrum.

Figures B-5  and B-6 show examples of envelope, phase , and

• frequency detection. After making the phase function continuous , some of the

linear bias is eliminated by taking out the slope between the f i rs t  and the last

point of the function. The frequency is derived from the phase function before

its rotation. Because of the differentiation, the frequency function is noisier

than the phase function. In particular , it shows spikes where the phase func-

tion has discontinuities, for instance , due to multiple signals. For the hig h

SNR waveforms, the parabolic character in the phase function can be clearly

I 
discerned , despite the remaining linear bia s due to the choice of 1 (0. 040

• Hz) ;  the frequency function is clearly linear. Envelope , phase , and frequency

each show clearly the signal onset and duration. In the 0 dB SNR waveforms,
‘4

still some structure can be recognized in each of these functions , but although

I 
this structure is probably sufficient to call a detection , it is no longer possi-

ble to determine the signal onset and duration. Experiments with other noise

samples yielded somewhat more favorable results;  the meri ts  and limitations

of this method will have to be determined in a separate study.
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ENVELOPE, PHASE AND FREQUENCY DETECTION
OF SEISMIC SIGNAL; f 0. 040 Hz
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I ENVELOPE , PHASE AND FREQUENCY DETECTION
OF SEISMIC SIGNAL; f = 0.040 Hz
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F. SUMMARY

Considering the above analysis , it appears that determining the

dispersion curve start time is probably most accurately done with the TVWF

itself , by sliding it through the waveform and searching for the maximum out-

put. Thi s method , however , is time or core consuming. Next , the MES

method seems to give the best results. The envelope , phase , frequency de-

tection method needs further investigation. The travel time table method pro-

vides initial start time estimates. The signal start time must be determined

within 50 sec accuracy to avoid significant magnitude er rors  due to dispersion

curve misalignment.

B-14

- -~~~~~~~~~~~~ --~~~~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1LJ :~- _ _ _ _  _ _


