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I . Introduct i  on

The term array,  as used in seism' ic,  appl ies to a group of  rece' ivers

or combinat ion of  rece' ivers and sources la jd out in a pattern

des igned to  enhance the  use fu l  se ismjc  da ta .

Arrays have three object ' ives:

To ' improve the  S/N o f  da ta  by  mul t ip l i c i t y :  the  random no ise

cance l Ia t ion  is  p ropor t iona ' l  to  Jn ,  where  "n"  i s  the  number  o f

i n d e p e n d e n t  o b s e r v a t j o n s  ( e . g . ,  r e c e i v e r s ) .

2 )  To  prevent  spat ia l  a l ' i as jng  o f  the  recorded da ta .

3) To at tenuate coherent noise.  Coherent noise js most commonly

def ined as  any  unwanted l inear  event  on  the  se ismic  record .

However ,  s igna l  and coherent  no jse  are  a  mat te r  o f  de f in j t ion .

Figure 1 and 2 show a var iety of  events which may be recorded:

a i rwaves ,  g round ro11,  d ' i rec t  b /aves ,  re f rac t ions ,  mu l t ip1es ,

d i f f rac t ' ions ,  and re f lec t ions .  S ' ince  in  re f ' lec t jon  exp lo ra-

t ion  the  main  in te res t  j s  the  pr imary  re f lec t ions ,  a l l  o ther

events  a re  cons idered no ise .  In  re f rac t ion  work ,  re f lec t ions

in te r fe r ing  w i th  the  re f rac t ion  ar r i va ls  a re  undes i rab le ,

hence are  cons idered no ise .

Therefore,  based on their  des' i rab j  I  i ty ,  the recorded seism' ic

waves  may be  c lass i f ied  in to  two groups :

1 )
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Page 4

a.  A lways  Undes i rab le :

(1 )  Near  sur face  genera ted  l jnear  events :  g round r011,

a' i rwaves, t rapped !{aves, reverberat ing f j rst  amival

ref  ract ' ions ,  and s ' ide swi pes f  rom surf  ace

d ' i  scont i  nu ' i t i  es .

(2 )  L inear  events  o f  deeper  o r ig in :  re f lec ted  re f rac-

t ' ions  and s ide  swipes  f rom bur ied  geo log ica l

s t ruc tu res .

(3 )  Non- l inear  events :  shor t  and long per iod  mul t ip ' les

and converted waves.

b .  D e s i r a b l e  o r  u n d e s j r a b l e  d e p e n d i n q  o n  t h e  e x p l o r a t j o n

method used and type of  target:

(1 )  Ref rac t jons :  no ise  fo r  re f lec t ' ion  work  and s igna l

for  refract ion surveys.

(2 )  D ' i f f rac t jons :  no ise  fo r  mapp ing  ta rge ts  be low

or ig in  o f  d ' i f f rac t jon ,  s ' igna1 fo r  loca t jng  fau l ts .

(3 )  Pr imary  re f lec t ions :  no ise  fo r  re f rac t jon  surveys ,

s ' igna1 fo r  re f lec t ion  work .

88263ACC0008-o



Page 5

I I .  P rope r t i es  o f  S iqna l  and  Coheren t  No ' i se  i n  t he  T ime  Doma in

A seism' ic t race is an analog s ' ignal  represent ' ing ground mot ion as

the  func t ion  o f  t ' ime.  The ampl j tude o f  the  t race  is  p ropor t iona l

to  the  ground d isp lacement .

In  d ig i ta l  record ' ing  the  ampl  i tude  ' i s  s to red  as  the  func t ion  o f

t ime by regular ly sampl ing the t race and recording the measured

ampl i tude va lues .  The spac ing  o f  the  samp' les  j s  the  sample

in te rva l  (F igure  3) .  The se jsmic  t race  conta ins  a  w ide  band o f

f requencies of  var ious ampl i tudes, hence can be represented by the

sum of i ts f requency components (Four ier  components).  Each fre-

quency  component  i s  descr ibed by  a  s ine  wave o f  cer ta . in  ampf i tude

a n d  p e r i o d  ( F i g u r e  4 ) .

Sampl ing theory states,  that  two non-zero samples per per iod can

un ique ly  de f jne  any  f requency  p lus  a l l  i t s  harmon ics .  There fore ,

certain sample rate def ines a maximum frequency which can be

un ique ly  de f ined.  The max imum f requency  is  ca l led  the  "Nyqu is t

f requency" .

A. The Nyquist  Frequency

ftt

where  At  =  sdmple  in te rva l  ( in  msec) .

= #  H z

88263ACC0008-o
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Page 8

B . Temporal Al ' i  as i nq

The maximum retr ievable f requency by a sampler is the Nyquist

f requency .  Frequenc ies  h igher  than Nyqu ' i s t  w i l l  appear  as

lower  f requenc ies  (F igure  5) .  The j r  va lue  js  a  mi r ro r  image

on the  Nyqu is t ,  as  shown on the  lower  g raph o f  F igure  5 .  Fre-

quenc' ies above the Nyqu' ist  f requency is somet ' imes cal led

" a l i a s i n g "  o r ' r f o l d o v e r "  f r e q u e n c i e s .

The ana log  s igna l  en ter ing  the  mul t jp lexer  (sampler )  con ta ins

f requenc ies  h jgher  than the  Nyqu is t  (e .9 . ,  f requenc ies  grea ter

than 250 Hz fo r  2  ms sample  ra te ) .  The a l iased f requenc ies

must  be  a t tenuated  be fore  sampl ing  or  the i r  fo lded equ iva len t

w i l l  be  sampled  and added to  the  t rue  f requenc ies  equ iva len t

to the fo lded frequency, hence the f inal  ampl i tude spectrum of

the  s igna l  i s  d is to r ted  as  shown on F jgure  6 .

The purpose o f  the  an t ' ia l ias  f i l te r  j s  to  ensure  tha t  f requen-

c ies  h igher  than the  Nyqu is t  a re  a t tenuated  by  a t  leas t  70  db

b e f o r e  t h e  a n a l o g  s i g n a l  j s  d i g i t i z e d  b y  t h e  m u l t i p l e x e r .  T h e

usua l  requ i rements  fo r  the  an t ia l jas  f i l te r  a re :

1 .  S lope =  70  db /oc tave .

2 .

88263ACC0008-p

Nyquist  f requency ampl i tude ' is  at tenuated by 70 db.



0 )
Saop l .e  per lod

4
I  NPUT
TRTQUtHCY

( x z  )

zs

. t 2 5

200

250

0r,  t  PIJ i
FRTQUT.HCY

l r r r  )

25

100 100

l ? 5

50

!J
;  t 0 0:)
o

e
r

) U
F

G
F=
o

Al les  f r equency  (125  Hz )

t

50  100  150  200

I I I P U I  F R I Q U E N C Y

250

5  -  T h e  C o n c e p E  o f  A l i a s i n g

l'=
i

Figure



(t0)

\$
\
\

S.
\

o
rtl
('r

o
o
rn

o
rn
C!

N

o v
o
c { h

o
O q ,
Itt )

e
o
!

O I &
o

1J
o

YI
H
o
A

o,
rl

> . 4
U E
c ( 6
0 @ ,
) l
c o
q , E
t l

t+a a{

u
ul

r'l
a
v
>.
z

\-N
T
*

*
\

$
\

*

' \

s)
S\r\

. \
\

*

\S
\

$
N

o

Fl
(tl

o0
Y{

a

u \
d r
o \

3?�./
C E
o ol)
0 r i l

& 6

eyry11&trV

'O F{
0 r ( I l
q C
o b o

.  r l t {
?1 vl



Page 11

There are two ' important facts to remember about tempora'l

a 1  i a s i n g :

a.  Al ' iased temporal  f requencies cannot be recovered by any

means.

b .  Two samples  per  per iod  w i l l  on ly  fu1 ly  recons t ruc t  the

frequency and ampl i tude. The phase of  the output waves

is  d is to r ted .  The amount  o f  d is to r t ' i on  depends on  the

pos i t ion  o f  the  sample  po in ts  as  ' i l  l us t ra ted  on  F ' igure  7 .

88263ACC0008-p
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Page 13

I I I .  Proper t jes  o f  S igna l  and Coherent  No ise  jn  the  Spat ia l  Domain

I f  the  se ismic  d is tu rbance reach ing  the  sur face  is  on ly  samp' led  by

one receiver,  j ts  recorded ampf i tude, f requency, and phase are the

t rue  va lues .  The s igna l  does  no t  have spat ia l  p roper t ' ies ,  regard-

less  o f  the  d i rec t ion  o f  p ropagat ' ion  (F igure  8) .

However ,  s ing le  t race  record ing  is  se ldom used.  The se ' i smjc  d is -

turbance is recorded by a number of  groups (usua11y 96-24A) distr i -

bu ted  even ly  ' in  a  l inear  o r  spa t ia l  pa t te rn .  Each group cons is ts

of  a number of  receivers la id out in some pattern.

There fo re ,  t he  d i s tu rbance  i s  samp led  by  the  rece ' i ve rs  spa t i a ' l 1y  i n

a p lane represented by the sur face.

The spat ia l l y  sanrp led  wavef ie ld  (s igna l  p lus  coherent  no ise)  has  a

number of  s imple propert ' ies which must be understood for the ef fec-

t i ve  use  o f  a r rays .

Se ismic  waves  are  descr ibed by  the i r  ampl i tude,  ve loc i ty ,  f re -

quency ,  and wave length .  These te rms,  except  ampl i tude are  re la ted

by :

V = f l ,

where V = veloci ty ( feet /sec or m/sec)
f = temporal frequency (Hz)
l .  = wavelength ( feet /cycle or m/cyc1e)

88263ACC0008-p
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Page 14

Two addi t ional  terms are also used:

The per iod :  T  (sec /cyc1e)

The spat ia l  f requency :  k  (cyc1e/ fee t )

"T"  and "k "  a re  re la ted  to  the  bas jc  te rms by :

T h e  s e ' i s m i c  d a t a  i s  u s u a l l y  d i s p l a y e d  j n  t h e  t j m e - d j s t a n c e  ( t - x )

p lane.  An event  in  the  t -x  p lane is  descr ibed by  a  locus  o f  wave-

l e t s .  T h e  v e l o c i t y  o f  a n  e v e n t ' i s  t h e  s l o p e  o f  t h e  e v e n t .

T=+

k = *

( 2 )

( 3 )

88263ACC0008-o
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Page 16

By comb' in ing  equat jons  L  and 2 :

I f  equat ion (a)  ' is  used

period (wavelength) and

( 4 )

to  de termine the  ve loc i ty ,  then the  spat ia l

temporal  per iod must be measured.

v=+

The se ismic  da ta  may a lso  be  d isp layed

f requency  p lane) :

i n  t h e  f - k  p l a n e  ( o r

From equat ' ions (  1)  and (  3 )

In the f requency plane the temporal  f requency is the

the  spat ia l  f requency  is  the  absc jssa .  The ve loc i ty

the  s lope o f  the  event .  The re la t ionsh ip  be tween the

plane and frequency plane are summarized on Figure 9.

v = i ( 5 )

ordinate and

of  an  event  i s

t ime-d i  s tance

Al l  se ismic  events  have a  ve loc i ty  when sampled  by  the  rece ivers  on

the  sur face .  Th is  ve loc i ty ,  de f ined as  the  "apparent  ve loc i ty "  i s

a spat ia l  property and should not be confused w' i th the vert ical  or

geo log ica l  ve loc i ty .  The apparent  ve loc i ty  ranges  f rom a  very  1ow

v a l u e  t o ' i n f i n i t y  d e p e n d i n g  o n  t h e  s l o p e  o f  t h e  e v e n t ,  o r  t h e  a n g l e

o f  a r r i v a l .

88263ACC0008-o
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A. Apparent Veloci ty and Wavelenqth

I
traPP = 

cosg:

Where  0  =  the  ang le  o f  inc idence.

F igures  10-12 exp la in  the  concept  o f  apparent  ve loc i ty  and

apparent wavelength.

F i g u r e  1 0  i l l u s t r a t e s  t h e  d i s t r i b u t i o n  o f  a  p a r t i c l e  s u b s u r -

face  jn  the  presence o f  a  hor izon ta l l y  t rave l l ing  s inuso ida l

event.  The d' isturbance is sampled on the surface by nine

rece i  vers .

The apparent  ve loc i ty  ' i s  de f jned as  the  propagat ion  o f  the

d is tu rbance a long the  sur face  as  seen by  the  rece ivers .

The apparent wavelength = VIPP

I n  t h e  c a s e  o f  h o r i z o n t a l l y  t r a v e l l i n g  d j s t u r b a n c e s  ( e . 9 . ,

ground ro11) the apparent veloci ty and wavelength are the same

as ' in the subsurface, hence apparent wavelength and ve1oci ty

are equal  to the t rue wavelength and veloci ty.

As  the  ang le  o f  emergence decreases  (F igure  11 ,  w ide  ang le

re f lec t ions) ,  the  apparent  wave length ' inc reases :

( 6 )

88263ACC0008-p
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S ' ince ,

vupp = P

VaPP = I

f  cosO
( 7 )

There fore ,  the  apparent  ve loc i ty  a lso  inc reases .  As  the  ang le

of emergence approaches zero (near normal jncidence, near

t race  re f lec t ion  f rom a  f la t  hor izon)  the  apparent  wave length

and apparent  ve loc i ty  approach in f in i ty  (F igure  12) .

I t  i s  impor tan t  to  remember ,  tha t  a  spat ia l  a r ray  samples  the

apparent wavelength (or apparent spat ia l  f requency) and not

the  t rue  wave length  o f  a  p ropagat ing  d is tu rbance.

Therefore,  the apparent wavelength,  apparent veloci ty and spa-

t ia l  f requency  are  present  due to  and re la ted  to  mu l t ip le

rece iver  record ing .

Spa t i  a l  A l  i  as ' i ng

The sampl ing  theory  d iscussed in  the  t jme domain  represen-

t a t i o n  o f  t h e  s i g n a l  a l s o  a p p l i e s  i n  t h e  s p a t i a l  d o m a ' i n :  a

minjmum of two samples per apparent spat ja l  wavelength are

necessary  to  recons t ruc t  the  "spat ia l  s igna1" .

88263ACC0008-o
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A "spat ia l  s igna l "  i s  any  event  on  the  se ismjc  sec t jon  and js

sampled by two samplers:  the groups and the receivers in a

group. Hence in seismjc recording there are two sample rates:

t .  The group in te rva l  ( t race  spac ing) .

2 .  The spac ing  o f  rece ivers  in  a  g roup.

S ince  the  group jn te rva l  i s  a ' lways  
' la rger  

than the  rece iver

spac ' ing  in  a  g roup,  the  group in te rva l  i s  more  c r i t i ca l  to

spat ia ' l  sampl ing  than the  geophone spac ing .  However ,  i t  w i l l

be shown, that  the geophone array of  a group can ef fect ively

be used as  a  spat ia l  an t ' ia l  ias  f  i  l te r .

B t  Spat ia l  Nyqu is t  F requency  and Wave length

I f  the  group in te rva l  j s  "Ax" :

1 .  Spat ' ia1  Nyqu ' i s t  wave length  ( the  longes t  a l  lowab le

apparent wavelength on a sect ion) = 26*.

88263ACC0008-p
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2 .  The  spa t i a l  Nyqu is t  f r equency  ( the  h ighes t  a l l owab le  ' t k r l

o n  t h e  s e i s m i c  s e c t i o n  o r  f i e l d  r e c o r d ) :

n n = *

S p a t i a l  f r e q u e n c j e s  h i g h e r  t h a n  " k r "  w i l l  b e  a l j a s e d .

C.  Spat ' ia l  A l  ias ' ing  in  the  T ' ime-Dis tance Doma jn

As shown on Figures 10-12, the apparent spat ia l  wavelength for

a  f la t  event  approaches in f in j ty  (k=0) ,  hence the  s igna l

cannot  be  spat ia l l y  a l iased.  As  the  d jp  o f  an  event  on  the

se ' i smic  sec t jon  inc reases  (apparent  ve loc j ty  decreases) ,  ' i t s

spat ' ia l  wavelength decreases and may become shorter than the

Nyqu ' i s t  wave length  and "k "  exceedr  "kN" .  The "d ip  ' i s  spa-

t i a 1  1 y  a l  i a s e d " .

The d ip  on  a  sec t ion ,  wh ' i ch  i s  equ ' i va len t  to  the ' inverse  o f

the apparent veloci ty may also be expressed as a certain

moveout per t race:

( 8 )

r A td i p = 6 - p = t

where At = i loV€out per t race in sec.
6x = gFoup interval  jn feet  or  meters.

(e )

88263ACC0008-p
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Us ' ing  the  equat ions

n n = #  a n d  n = #

there  is  a  m ' in imum ve loc i ty  cor respond ing  to  "kN, , t

( 1 )  T h e  m i n i m u m  a l l o w a b l e  v e l o c ' i t y  t o  a v o i d  s p a t j a l  a l i a s i n g

for  a  q iven f requency  da ta  (a lso  known as  the  Nyqu is t

ve loc i ty  fo r  a  g jven f )

(Vapp  )m j  n = f  =  f

k x 1
ZN,

= 2fAx

Atmax= -
Ax

(Vapp)min  =  2 fAx

(2 )  The  max imum a l  l owab le  d ip ,  o r  t he  max ' imum a l  l owab le

moveout  per  t race:

(  10)

(  1 1 )

Max d iP  =

Atmax = h

1= -
2f Lx

"Atmax" corresponds to the Nyquist  spat ' ia1 f requency,

"kn" and depends only on the temporal  f requency of  data.

The concept  o f  spa t ia l  a l ' i as jng  in  the  t ime-d is tance

domain  js  i l l us t ra ted  by  the  syn the t ic  examples  on

Figures 13-18. The temporal  f requency of  the data ' is

30  Hz.

1= m =

88263ACC0008-p
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Due to the two sets

e v j d e n t  o n  s p a t i a l l y

o f  con f  l ' i c t ing  d ips  o f ten

al  ' i  ased data:

3 .  For  d ips  g rea ter  than L6 .67  ms/ t race ,  spa t ia l  a l ias ing

occurs .  The d ip  i s  inc reased f rom 0-33 ms/ t race .  As  the

s p a t i a l  N y q u i s t ' i s  a p p r o a c h e d  ( F i g u r e  1 5 )  a  s e c o n d  d i p

appears  and a t  the  Nyqu is t  (F igure  16)  two se ts  o f  d js -

t jnc t  d ips  appear .  The second se t  o f  d ips  i s  due to  spa-

t ' i a l  a l ' i a s i n g  a n d  a r e  c a l  l e d  a l  i a s e d  d  j p s .  A s  t h e  d i p  i s

fu r ther  inc reased (F ' igure  17)  on ly  the  a l iased d ips  a re

v i s j b l e  a n d  n o t e  t h a t  t h e  r a t e  o f  a l i a s e d  d i p  i s

decreas ing  un t i l  a t  a  moveout / t race  equa l  to  tw jce  the

N y q u i s t ,  f l a t  d i p s  a p p e a r  ( F i g u r e  1 8 ) .

T h e  c h a r a c t e r i s t j c s  o f  a l i a s e d  d i p s  i n  t h e  t i m e - d i s t a n c e

doma' in:

a.  Al  i  ased d' ips al  ways appear as 
' l  
ower than true d i  ps .

b .  A l jased d ips  a re  a lways  oppos i te  o f  the  t rue  d ips .

4 .  t ' /hy  ' i s  Spat ' ia l  A l  ias ing  Undes i rab le?

Reasons:

88263ACC0008-o
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( 1 )  M i g r a t i o n  i s  u n r e l i a b l e  ( a f  i a s e d  d i p s  a r e  a l s o

m' ig ra ted) .

( 2 )  S t a c k i n g  v e l o c j t y  d e t e r m i n a t i o n  i s  u n r e l j a b l e .

(3 )  Automat ic  s ta t i c  p rograms become unre l jab le .

b .  The t rue  coherent  no ise  ve loc j t jes  a re  unrecogn iz -

a b l e .  F i g u r e  1 9  s h o w s  a l i a s e d  g r o u n d  r o l l .  T h e

phase ve loc i t ies  necessary  fo r  a r ray  des ign  are

m a s k e d  b y  t h e  a l j a s e d  d i p s  ( v e l o c i t i e s ) .

c .  A l i a s i n g  r e d u c e s  t h e  e f f j c j e n c y  o f  f - k  f i l t e r i n g  ( a s

w' i l  I  be shown) .

d .  f - k  p l o t s  a r e  d i f f i c u l t  t o  a n a l y z e .

88263ACC0008-p
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5.  Is  Spat ' ia l  A l ' ias ing  A lways  Ident  j f  iab le  In  The T ime-

D'i stance Domai n?

I t  has  been shown,  tha t  on  the  se ismic  record  (o r  sec-

t i o n )  f o r  a  g i v e n  d i p  s p a t i a l  a l i a s i n g  i s  t h e  f u n c t i o n  o f

f requency. S' ince the recorded seismjc data is broadband,

some o f  the  h igher  f requenc ies  may be  a l iased.  Whether  a

d j p p i n g  e v e n t  j s  v j s u a l l y  a l j a s e d  o n  t h e  s e c t j o n ,  d e p e n d s

on the predominant f requency of  the data:  I f  the predom-

inant  f requency  is  no t  a l iased,  the  d ips  do  no t  appear

a l j a s e d ,  y e t  a l i a s i n g  m a y  o c c u r  a t  h i g h e r  f r e q u e n c i e s .

T h i s  j s  i l l u s t r a t e d  o n  F ' i g u r e s  2 0  a n d  2 1 .  F i g u r e  2 0 a

shows a  broadband event  w j th  inc reas jng  d ip .  Spat ia l

a l ias ing  is  no t  ev ident .  However ,  the  nar row band pass

f i l te r jng  on  F igures  20b and c  show,  tha t  spa t ja l  a l i -

as ing  does  ex is t  a t  h igher  f requenc ies .  F igures  21a and

b shows the  e f  fec t  o f  a1 ias ' ing  on  m' ig ra t ion :  a l  iased

f requenc ies  are  migra ted  to  the  wrong pos i t ion  caus ing

t h e  l o s s  o f  h i g h  f r e q u e n c j e s  i n  t h e  m o s t  s t e e p l y  d i p p i n g

events  and a lso  caus ing  m' ig ra t jon  no jse .

88263ACC0008-p
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V a = V  i l r _ I A a l

6. The Removal of  Al  ias ' inq ' in Processing

I s  i t  p o s s i b l e  t o  r e m o v e  s p a t i a l  a l i a s i n g  i n  p r o c e s s i n g ?

Y e s ,  b u t  o n l y  i f  " b u r i e d "  a l i a s i n g  i s  p r e s e n t  ( t h e  p r e -

dominant  f requency  is  no t  a l iased) .  The method cons is ts

of  creat ing extra t races to reduce spat ia l  sampl ing by

interpolat ion programs based on mult j  t race cross come-

la t ion .  I f  the  da ta  i s  severe ly  a ' l iased as  shown on

Figure 19, the cross correlat ion program cannot produce

non a l iased ex t ra  t races .

7 .  The  Compu ta t j on  o f  A l j ased  Ve loc j t i es  (D ' i ps )

I f  the  apparent  ve loc i ty  o f  an  event  j s  known and i t ' i s

a l ' iased,  the  equ iva len t  a l  jased ve loc ' i t y  (o r  d ip )  may

eas i l y  be  es t imated  f rom the  s imp le  equat ion :

( 1 2 )

l./here

V a  =  a l i a s e d  v e l o c i t y
V =  apparent  ve loc i ty  o f  event  (o r  measured ve loc i ty )
;  = predominant f requency of  event
Ax = group interval

88263ACC0008-p
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Frequenc ies  h igher

ased ve loc i ty ,  the

determined by:

r ,  -  fAxv - Y u a f [ x

E q u a t i o n  ( 1 2 ) ' i s  o n l y  a p p l i c a b l e  i f  t h e  s i g n a l  i s  a l ' i -

ased.  The s ' igna l  i s  a l iased on ly  i f  2 fAx  >  V.  The te rm

"2 fAx"  i s  the  Nyqu is t  ve loc i ty  fo r  a  g ' i ven  r r f r r  and ' rAxr l

as  shown by  equat ion  (10) .

I t ' i s  impor tan t  to  know,  i f  any  o f  the  f requenc ies  con-

ta ined in  a  d ipp ing  event  o f  apparent  ve loc i ty  "V"  and

recorded by a group interval  r rAxrr  are al ' iased.

8.  The Max' imum Non-Al iased FregenlX

fmax (  1 3 )V= 2N.

than  fmax are  a l iased.  From the  a l i -

u n a l i a s e d  e q u i v a l e n t  v e l o c i t V  ( V )  j s

(  i4 )

9 . T h e  P r o p e r t j e s  o f  A l j a s e d  V e l o c j t i e s

T h e  a l i a s e d  v e l o c i t y  i s  n e g a t i v e  ( d i p  i s  o p p o s i t e

u n a l  i a s e d  v e l o c i t y ) .

toa .

The al ' i  ased ve I oc r'ty i s

less)  than the  una l iased

a iways  h igher  ( the  d ip  ' i s

v e l o c i t y .

88263ACC0008-p
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c. Temporal  f requency of  a l iased data is unchanged.

D.  The Proper t ies  o f  S igna l  and No jse  ' in  the  f -k  Domain

The se ismic  da ta  may a lso  be  d ' i sp layed in  the  f -k  p1ane.  In

the frequency plane the temporal  f requency is the ordinate and

the  spat ia l  f requency  is  the  absc issa .

T h e  l i m i t s  o f  t h e  p l a n e  a r e :

1)  The tempora l  Nyqu is t  on  the  " f "  ax is  ( tempora l  f requen-

c ies  h jgher  than Nyqu is t  cannot  be  recorded) .

2 )  The negat ive  and pos i t i ve  spat ' ia1  Nyqu is t  on  the  "k "  ax js

(spat ia l  f requenc ies  h ' igher  than Nyqu is t  cannot  be

recorded,  on ly  the  j r  a l  jased equ iva ' len t ) .

A t  the  or ig in  o f  the  f -k  p lane,  bo th  the  tempora l  and spat ia l

f requencies are zero.

A l l  o f  t h e  s e i s m j c  d a t a  i s  d i s p l a y e d ' i n  t h e s e  t w o  q u a d r a n t s  b y

fast  Four ier  t ransform of the recorded t-x data.  0ther quad-

ran ts  a lso  ex js t  and a  very  smal l  por t ion  o f  the  se ' i smic

energy d ' isperses jnto these quadrants.  For an accurate

inverse transform (back ' into the t -x domain) these quadrants

88263ACC0008-p
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are necessary.  However,  f rom the pract ical  po' int  of  v iew two

quadrants  a re  su f f i c ien t .

1 .  The Appearance o f  Se ismic  Events  ' in  the  f -k  P lane

Figure 22 summarizes the most commonly occurr ing se' ismic

events  in  the  f -k  p la ' in .  The var ious  spat ia l  f requenc ies

represent  d ips  (apparent  ve loc i t ies )  :

a .  V e l o c i t Y ' i n  f - k  P l a j n  =  s l o P e

v = t [  o r  v = i

b .  S t e e p  s l o p e  =  h i g h  v e l o c i t Y
Low ang le  s lope  =  l ow  ve loc i t y .

c .  Band l im i ted  f la t  re f lec t ion :  the  apparent  ve loc i ty

o f  a  f l a t  e v e n t ' i s  i n f i n j t y ,  h e n c e  i t s  k = 0 .  T h e r e -

fo re ,  the  s igna l  i s  "bunched"  a round the  ver t i ca l

a x i  s .

88263ACC0008-p
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d. A mono frequency f lat  event or ser jes of  f lat  events

is  a  "do t "  (o r  very  sma11 area)  on  the  ver t j ca l

ax ' i s .

e.  A mono frequency dipping event or reverberatory

event  (e .9 . ,  F ' igure  14)  i s  a  "do t "  o f f  the  ver t ' i ca l

a x j s .  I t s  v e l o c i t y :

f .  A  c o n s t a n t  v e l o c i t y  b a n d  l j m j t e d  e v e n t s  ( e . g . ,  n o n

d ispers ive  ground ro l1 ,  a i rwaves ,  re f lec ted  re f r -

ac t ions ,  re f rac t ion  ar r j va ls ,  and the i r  reverbera-

t i o n ,  d i p p ' i n g  r e f  l e c t ' i o n s )  o c c u p y  a  s t r a j g h t  1 i n e ,

the  s lope be ing  the  ve loc i ty  o f  the  event .  L inear

reverbera t ions  a lways  s tack  up  a t  the  pos i t ion  o f

pr imary.

g .  V a r i a b l e  v e l o c ' i t y  b a n d  I  j m j t e d  e v e n t s  ( e . g . ,  d i s p e r -

s ' i ve  g round ro '11  ,  h ' igher  Ray le igh  modes,  and t rapped

modes)  a re  curved l ines  (o r  bands) .  The apparent

v e l o c i t y  a t  a n y  o n e  p o i n t ' i s  t h e  s l o p e  o f  t h e  t a n -

gent  1 ine .  Due to  d ispers ion ,  the  apparent  ve loc i ty

increases  w i th  a  decrease in  f requency .

i

V = -
K

88263ACC0008-p
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T h e  s e i s m i c  w a v e f i e l d

ran ts  and (F igure  23)

ran ts  ' i s  " fo lded back"

"a l iased"  o r  "wrapped

p r i n c i p l e  o f  a l i a s i n g

def i  ned.

h.  Ref lect ions uncorrected for NMO (hyperbol ic moveout)

a p p e a r  a s  a  s e r i e s  o f  s t r a i g h t  1 i n e s ,  s i n c e  t h e

asympto t jc  l im ' i t  o f  the  hyperbo la  dominates  the

spectrum. The separat ion or notch' ing,  or  spread in

the  k  d ' i rec t ' ion  occurs  s ince  the  re f lec t ion  hyper -

bo la  conta ins  some cont r ibu t jon  a t  a l l  d ips  less

than the asymptot ' ic  d ip of  the hyperbola.

F igures  22a and b  be t te r  i l l us t ra te  the  prob lem.

2 .  Spa t  j a l  A l  i as  j ng  i n  t he  f - k  Doma ' i n

on ly  occup jes  the  two majn  quad-

any  s igna l  ou ts jde  o f  these quad-

in to  these quadrants ,  sa id  to  be

around" .  Before  d iscuss ing  the

a number of  concepts need to be

a.  Spat ia l  Nyqu is t  Ve ' loc i ty  (V* )

I t  i s  t h e  m i n ' i m u m  a l l o w a b l e  v e l o c i t y  ( w i t h o u t  a 1 i -

as ing)  fo r  a  d ipp ing  event  conta in ing  a l l  f requen-

c ' ies up to the temporal  Nyqu i  st  and spat i  a1 1y

sampled  a t  Ax  ' in te rva l  s  (event  r rAr r  on  F igure  23) .

F
, ,  - ' N"N  -  

t -* N

88263ACC0008-p
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f 1
Vmin  =  -

kn

cr 1
= - = Z f r A x

1

N,

S i n c e

t n = #  a n d  k n

where At = temporal  sample interval

Ve loc  j t ' i es  lower  than Vn are  a l  iased (event  r rBr r  on

F i g u r e  2 3 ) .

b .  The Min imum Al  lowab le  Ve loc ' i t y  ( to  avo ' id  spat ia l

a l ' i as ' ing)  fo r  a  band I  jm i ted  event  (0< f  < f  1 )  .

Event  r rCr r  on  F iqure  23 .

I= N r /  4  {
v /t - -A7-

4 l

"Vmin"  i s  a lso  known as

" f 1 " .  V e l o c ' i t i e s  I o w e r

( 1 i n e " D " ) .

the  Nyqu js t  ve loc i ty  fo r

t h a n  " V m i n "  a r e  a l i a s e d

The Max imum Spat ia l  Sample  In te rva l  (g roup in te rva l

= Axmax) to avoid spat i  a1 al  i  as ' ing f  or  a band I  im-

j ted  event  (0< f< f1)  o f  ve loc i ty  "V" :  Curve  "C ' l

on  F igure  23  may be  used to  i l l us t ra te  the  computa-

t ion  procedure .  The ' in te rsec t jon  o f  ve loc i ty  "V"

and the hor izontal  l ine through the max frequency

88263ACC0008-o
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r r f  1 r r  (po i  n t  P )  de f  i  nes  the

f requency kmax.

maximum a l  lowab le  spat ia l

kmax =

Therefore,

Axmax ( 1 5 )

The Maximum Non-Al iased Frequency for an event of

ve loc ' i t y  "V"  sampled  by  r rAxr r .

fmax same as  equat ion  (13)

S p a t ' i a l  a l i a s i n g ' i n  t h e  f - k  d o m a i n  i s  a  c o m p l e x  p h e -

n o m e n o n  a n d ' i t  i s  d i f f i c u l t  t o  u n d e r s t a n d .

F igure  24  summar izes  the  bas ic  p r inc ip les .  Suppose

the  pr imary  event  o f  ve loc i ty  "V"  conta jns  a l l  tem-

pora l  f requenc ies  to  the  Nyqu is t  and a l l  spa t ia l

f r e q u e n c i e s  u p  t h  " 7 k N " .  A l I  t h e  s p a t i a 1  f r e q u e n -

c ies  abov .  "kN"  a re  a l iased or  fo lded back  in to  the

main  quadrants .  The mono f requency  event  a t  "A"  j s

a l  j  ased.  Where  ' i s  the  a l  i  ased equ i  va l  en t  (A '  )  i  n

the main quadrant?

1 fmax= -
2Axmax V

V= -
2fmax

d .

V= -
2Lx

88263ACC0008-p
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KO is  fo lded back  about  " -kN"  (a  s igna l  a t  kn  a lso

a p p e a r s  a t  - k X ) , ' i t s  d ' i s t a n c e  f r o m  - k n  i s  t h e  s a m e

as the  d js tance o f  r rAr r  f rom "k r "  tha t  ' i s  f requenc jes

h igher  than kn  w i l l  masquerade as  lower  f requenc ies ,

s i m i l a r l y  t o  t e m p o r a l  a f  i a s i n g .

There fore  the  a l iased spat ia l  f requency :

kA,  =  kO -  2kn (  1 6 )

T h e  a l ' i a s e d  v e l o c j t y  i s  n e g a t i v e  a n d  h i g h e r  ( t h e  d i p

i s  l ower )  t han  the  p r imary  d ip  (as  shown  by

F i g u r e s  1 3 - 1 8 ) .  r r B r r  i s  f o l d e d  b a c k  t o  B ' .  A t  B '

t h e  d i p  i s  f l a t  a s  s h o w n  o n  F i g u r e  1 8  a n d  j t  i s  s a j d

t h a t  a  c o m p l e t e  " f o l d o v e r "  o c c u r r e d .  r r C r r ' i s  f o l d e d

back  to  C '  and  the  p rocess  i s  repea ted  fo r  h ighe r

spa t i a l  f r equenc ies .

e . Wraparound

Sjnce the  pr imary  event  ' i s  the  sum o f  d js t inc t  f re -

quenc ies  such as  A,  B ,  C ( the  sum o f  i t s  Four je r

components ) ,  the  a l iased equ ' i va len t  j s  a  ser ies  o f

s t ra igh t  l ines  para11e1 to  the  pr imary  event .  The

process ' is  a lso known as "wraparound".

88263ACC0008-p
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Wraparound may a lso  be  v isua l ' i zed  by  d iv id ing  the

f -k  space in to  a  ser ies  o f  " t i l es"  as  shown on

F igure  24 .

The pos i t ion  o f  a l ' i ased spat ia l  f requenc ies  is  found

b y  s i m p l y  s t a c k i n g  t i l e s  A ,  B ,  C ,  e t c . ,  o n  t o p  o f

the  main  quadrants .

f  .  The Computat  jon of  A l ' iased Frequencies

Ihe al iased spat ia l  f requency for each component of

the  pr imary  event  shown on F igure  24  is  p red ic tab le .

I f  P r i m a r y  j s  i n  t i l e  A ,  ( k n  S  k p  <  3 k n ) :

k A = k p - Z k t t

I f  P r i m a r y  i s  ' i n  t j l e  B ,  ( 3 k N  1 k p  5 k n ) :

k A = k p - 4 k t t

I f  P r i m a r y  i s  ' i n  t h e  ' r n . ' - t h  t i 1 e ,  t ( 2 n - 1 ) k N  I  k p  <  ( 2 n + 1 ) k N l

k A = k p - Z n k n

l,'|here,

, f 1 fk A = h -  ;  k H = f u . ;  k p = V p

(  1 7 )

f f 1- = - - -
V^ Vp Ax

tt
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i f

the

12.

(  i 8 )

(  1e)

a l s o  b e

k N .

( 2 0 )

expressed as  the

( 2 1 )

(22)

vA = Vp#+h

S i m i  1 a r 1 y

sect i  on ,

equat i  on

Vp = vA*rh

F o r  t h e  " n " - t h  t i l e

v a = v p F j + " V F

.  fAx
Vp = Va f^-it-ila

Equat ions  12 ,  18-20  may

func t jon  o f  kp ,  kd ,  and

E q u a t i o n  ( 1 2 ) :

vA = rF{7q

E q u a t i o n  ( 1 8 ) :

. ,  fv p = q * 7 R x

E q u a t i o n  ( 1 9 ) :

va = 1o J5q

w h i c h  i s  e q u a t ' i o n  ( 1 2 )

t h e  a l i a s e d  v e l o c ' i t y ' i s  m e a s u r e d  o n  t h e

pr imary  ve loc ' i t y  i s  p red ic tab le :  f rom

88263ACC0008-p
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E q u a t i o n  ( 2 0 ) :

vp = m#znq Q4)

i t  has  been emphas ized,  tha t  the  a l jased d ip  i s

a lways  less  than the  pr jmary  d ip ,  i t s  spa t ia l  f re -

q u e n c y  j s  l o w e r  h e n c e  t h e  a l i a s e d  v e l o c i t y  i s  h i g h e r

than the  ve loc i ty  o f  the  pr imary  event .  Fur ther -

more ,  as  s ta ted  in  equat ions  18-24 the  a l iased

ve loc i t ies  a re  p red ic tab le  f rom the  f -k  p ' lo ts .

However ,  t he  ve loc i t y  f rom f - k  p lo t s  i s  compu ted  by :

' ,  Af
t = ^ [

and F igure  24  shows i t  very  c lear ly  tha t  the  a l iased

ve loc i ty  o f  a  band l im i ted  event  i s  exac t ly  the  same

as tha t  o f  the  pr imary .  Th js  j s  a  paradox .  The

p r e d i c t a b i l i t y  o f  a l i a s e d  d i p s  ( o r  v e l o c i t i e s )  w a s

deducted  by  fo ld ing  the  ind iv idua l  tempora l  and spa-

t ' ia l  f requency  pa i r  po in ts .  Th is  conc lus ' ion  is  t rue

and can be  app l ied  to  the  se ismic  sec t ion .  The

v i s u a l  a l j a s e d  d i p  i s  t h e  r e s u l t  o f  t h e  p r e d o m i n a n t

f requency  be ing  a l ' iased.  There fore ,  i f  the

predominant temporal  f requency and j ts veloci ty is

measured,  the  a l ' iased v ' i sua l  d ip  i s  p red ic tab le .
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The reason for the apparent paradox is not known.

The facts are:

The a l iased d ip  (o r  ve ' loc i ty )  seen on  the  t -x

d i s p l a y  i s  n o t  r e c o g n ' i z a b l e  o n  t h e  f - k  p 1 o t .

The sum o f  a1 l  the  apparent  a l  iased ve loc ' i t ies

in  a  comple te  wraparound ( f rom -kn  to  +kn)  i s

the  ve loc i ty  o f  the  pr imary  event .

T h e  v i s u a l  a l ' i a s e d  d i p  s e e n  o n  t h e  t - x  d i s p l a y

is predictable f rom the predominant f requency

and velocj ty of  the pr imary event and vice

v e r s a  ( F i g u r e  2 5 ) .

1 )

2 )

3 )

88263ACC0008-p
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g.  The Ef fec t  o f  S ta t ' i cs  on  A l  ias ing

Trace to t race stat ic var iat ions ' introduce sharp

changes jn  the  apparent  ve loc i t ies ,  hence a  h igh

f requency  modu la t ion  on  the  spat ia l  wave length .  The

ampf  i tude o f  modu la t ion  depends on  the  magn i tude o f

stat ' ic  errors.  These higher f requency components

may i  ntroduce al  i  as i  ng ' into the otherw' i  se unal  i  ased

data .  The la rger  the  s ta t j c  e r ro r ,  the  more  a l ' i -

a s i n g  ( s m e a r i n g )  w i l l  o c c u r .  T h j s  i s  ' i l l u s t r a t e d  o n

Figures 26-28 where at  50 percent stat ' ics ( the

random stat ic movement is 50 percent of  the predom' i -

nant  per iod)  w i '11  smear  the  s igna l  a l  I  ac ross  the

f - k  p 1 a ' i n .

S ta t i c  var ia t ions  be long to  the  fami ly  o f  "edge

ef fec ts " .  0 ther  edge e f fec ts  caus ing  a l ias ' ing

(smear ing)  a re :

1 )  Dead t races .

2 )  D i s c o n t j n u i t y  i n  s l o p e  o f  d a t a  ( s p i i t  s p r e a d ) .

88263ACC0008-p
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i .  The Advantaqes of  f -k Representat ion of  Data 0ver

t - x  D j s p l a y

I n  s p i t e  o f  a l l  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  w i t h

the  ' in te rpre ta t ion  o f  f -k  p1ots ,  there  are  two s ig -

n j f j can t  advantages :

88263ACC0008-p
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f -k  d ' i sp lays  are  a  power fu l

a t tenuat ion  o f  the  major i t y

n o i s e  n o t  v ' i s i b l e  i n  t h e  t - x

severe ly  reduces  the  S/N o f

too l  in  the  e f fec t i ve

of unwanted coherent

domain that of ten

t h e  f i n a l  s t a c k .

1 ) In  the  t -x  p iane var ious  events  a re  separa ted

on the bases of  depth,  f requency, and apparent

ve loc i ty .  Hence over lapp ing  events  o f ten

cannot be separated.

In the f -k plane events are separated based on

the  apparent  ve loc i ty .  Over lapp ing  events  a re

we l l  separa ted ,  there fore ,  f -k  f i l te rs  may be

app l ied  to  remove undes i rab le  coherent  no ise .

L jnear  coherent  no jse  reverbera t ions  appear

wi th  the  pr imary  in  the  f -k  p1ane,  hence are

u s u a l l y  w e l l  s e p a r a t e d  f r o m  t h e  s i g n a l .

2 )

T h e  m a j o r  p r o b l e m  w i t h  t h e  f - k  p l o t s  i s  t h e  d i f f i -

cu l ty  o f  iden t i f y ing  the  var ious  ampl  i tude  a1  ign-

ments  o ther  than the  most  obv ious ,  h igh  ampl i tude

l inear  no ise .  f -k  in te rpre ta t jon  requ i res  exper i -

e n c e  o r  t h e  r e s u l t  o f  f - k  f i l t e r i n g  c a n  b e

d'i sastrou s .

88263ACC0008-o
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IV. Source and Receiver Arrays

Source  and rece iver  a r rays  -  as  d jscussed in  the ' in t roduc t jon  -  a re

a group of  receivers or combinat ' ion of  receivers and/or sources

la ' id  ou t  in  a  pa t te rn .

The object ives of  amays are three-fold:

1)  To  improve  the  S /N  o f  da ta  by  mu l t j p f  i c i t y .

2)  Prov ' ide  adequate  sampl ing  to  avo id  spat ia l  a l ias ing .

To at tenuate coherent  no ise waves.

(lb
Arrays 4 Temporal  and Spat ' ia l  Frequency F i l ters

As shown on F jgures  10-12,  f ie ld  a r rays  sample  the  apparent

wave length  o f  the  wavef ie ld  as  i t  p ropagates  a long the  sur -

face .  The ou tpu t  o f  the  ar ray ' i s  the  sum o f  the  ampl i tudes

recorded by the ind' iv ' idual  receivers.  The output for  a g ' iven

array depends on the apparent wavelength of  the disturbance:

fo r  long  wave lengths  (F igure  12) ,  a1 l  the  rece jvers  record

ground movement  in  the  same d j rec t ion ,  resu l t ing  in  h igh

ampl  i tude  ou tpu t .

3 )

A .

882634CC0008-o
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However ,  i f  " the  apparent  wave length  js  such,  tha t  the

receivers exper ience equal ly the ef fect  of  upward and downward

d isp lacement " ,  the  ne t  ou tpu t  o f  such aray  (F ' igure  11)  ' i s

zero.  The array has discr iminated against  a certain apparent

wavel  ength,  hence amays are spat ja l  f  i  l  ters or spat ' ia l  f  re-

quency  f i  l te rs .

When d iscuss ' ing  f i l te rs  jn  the  t -x  p1ane,  the  te rm "ar ray"  j s

used.  S ince  ar rays  are  spat ia l  f requency  f i l te rs  jn  the  f -k

domain  the  te rm "spat ia l  f requency  f i l te r "  j s  used when d is -

cuss ing  f i l te rs  in  the  f requency  p1ane.

The apparent  wave length  is  a  func t ion  o f  the  tempora l

frequency

l ^ = E
f '

therefore,  arrays are also temporal  f requency f j l ters.

In summary,  arrays have dual  ef fect  on the data:

1 )  Spat ia l  f requency  (o r  wave length)  f i l te r ing ,

2)  Tempora l  f requency  f i l te r ing .

88263ACC0008-o
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B. Types of Arrays

Based on the spacing and weight of  the elements,  arrays are

d iv ided in to  th ree  c lasses :

1) Un i f orm or l i  near amays ,

2) Linear ly tapered amays,

3) Non- l inear ' ly  tapered or weighted arrays.

88263ACC0008-o
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1. Linear Arrays

A l ' i near  a r ray  cons js ts  o f  a  number  o f  equa l ly  spaced,

u n i f o r m l y  s e n s i t i v e  e l e m e n t s ,  u s u a l l y  i n  a  s t r a j g h t  f i n e

with the energy sources (or projected ' into a straight

l ine  fo r  ana lys is  purposes) .  L jnear  a r rays  are  the  most

common type ' in land acquis ' i t ' ion and are used 80 percent

o f  the  t ime.

a .  D e f i n i t i o n s

F' igure 29 summarizes the basic terms used jn array

d e s i g n :  " n " ,  t h e  n u m b e r  o f  e l e m e n t s ,  " s "  t h e  e l e -

ment  jn te rva l ,  "A l "  the  ac tua l  a r ray  length ,  and

" 1 " ,  t h e  e f f e c t i v e  I e n g t h .

b.  The 0utput of  L ' inear Arrays

S ' ince  the  recorded se ismic  wave le t  ' i s  the  sum o f  i t s

Four je r  components  (o r  the  sum o f  s inuso ida l  waves) ,

the response of  an amay can suff  ic ient ly be

descr ibed by  the  summat ion  o f  s jnuso ida l  waves ,

proper ly  de layed.

88263ACC0008-p
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According to

tude" (norma

ments i  s g ' iv

I

l r
A r  =  l _

l "

anten

i z e d )

n b y

s i n

,  the

form

i  o n :

eory

u n i

quat

0\
2 ) t

na th

o f a

the e

(*

3)l
s h i f t

array

1
n:T

se

he

^ (

p h a

s t

" r e I a t i v e  a m p ' l i -

a r ray  o f  "n"  e le -I

e

a

( 2 5 )

s l n

the

cross

where  "0"  ' i s

t i m e  d e l a y )

Q = ZnfLt

where

( a  s t a t i c  s h i f t  o r

(26)

G -
t -

A t =
temporal  f requency
t ' ime delay across the array

may a1 so be

and " t ra " .

expressed as the func t i  ontquat ion  (25)

o f  r s r  a n d  " L "

S i n c e n * = A l = ( n - l ) s
Va Va

Equat ion  25  becomes

A r =
1 ,t.f# ^t,o*r. 

-jl

-"-t{
n ",'f* "'
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s in  (nns

A r =
1

n

n ,t.fff i

FJ
(^' *t )

(27)

(28)

(2s)

s i n

s i n  ( n ^.8)^'l
s i n  ( n

)

il^'=l:
Furthermore, s ince

,,. (ffi)

k = h

I 'o'=l r :++-{ft|i'
I

or  by  subs t i tu t ing  D =  ks

o'=l* :t++fi9, I

i n t o  e q u a t i o n  ( 3 0 )

( 3 0 )

(  3 1 )

i nter-

the

var i  es .

a n d  3 1 .

Equat ions  25 ,  27 ,  28 ,  29 ,  30 ,  and 31  are  used

changeab ly  to  su i t  par t i cu la r  purpose.  0n1y

independent  var iab le  d ' i sp layed on  the  x -ax is

The most commonly used equat ions are 29, 30,

88263ACC0008-p
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It  is  important to note,  that  the above equat ions

on ly  ho ld  fo r  "mono f requenc ies" .  For  a  band I im-

i t e d  s e i s m i c  w a v e l e t ,  t h e  s p a t i a l  f i l t e r  r e s p o n s e

g iven by  the  above equat ions  js  convo lved w i th  the

f requency  response o f  the  se ismic  wave le t  to  ach ieve

the  f i l te red  response.

For the special  case, when n+o (1arge number of

phones) ,  equat ion  25  becomes a  "sync  func t ion" .

A r = ( 3 2 )

S jm i  la r1y ,  equat ' ions  29 ,  30 ,  and 31 :

,,^ (g)

s i n  ( n
L \
^-a /

A r =

s i n  ( n k L )
n k L

Note,  that  for  a g" iven group length as

Furthermore, as n + @ for a given group

s  >  0 ,  there fore ,  the  spat ia l  Nyqu is t  +

response never repeats.

n lul

( 3 3 )

(34)

n + F A l + L .

1 ength ,

o and the

Ar= 
I
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The output of  arrays (Ar)  ' is  p ' lot ted as the per-

centage of  maxjmum ampf i tude (when al l  recejvers

record  the  s igna l  the  same ins tan t ,  hence there  is

no delay across the array).  The percentage may also

be expressed in  "db" ,  the  max imum outpu t  be ing  "0"

db  and smal le r  ou tpu ts  ' in  negat jve  "db" ,  hence a

certajn "db down" f rom the maxjmum output.

c .  Bas ic  Proper t ies  o f  L inear  Amays

Figures 30 and 31 show the array response for "n"

e lements .  The re ' la t i ve  ampf  i tude in  db  is  p lo t ted

on the  ver t i ca l  ax is .  A  number  o f  d i f fe ren t  var i -

ab les  may be  p lo t ted  on  the  hor izon ta l  ax is

depending which of  the equat ions are used from

equat ions  27-31.

F igure  30  shows the  e f fec t i ve  g roup length  (L )  o r

the apparent wavelength ( Ia)  or  the temporal  f re-

quency  ( f )  on  the  "x "  ax is .  0n  F jgure  31  the  most

o f ten  used spat ia l  f requency  (k )  and the  d jmens ion-

l e s s  q u a n t i t y ,  " D "  a r e  d i s p l a y e d  o n  t h e  " x "  a x ' i s .
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A number of  s imple propert ies of  l inear arrays are

shown on F jgures  30-31.

1)  The f i rs t  no tch  occurs  a t  a  wave length  equa l  to

the ef fect ive group length ( l ,a=L) and subse-

quent  no tches  a t  L /2 ,  L /3 ,  e tc .  I f  the  spat ' ia1

f requency  is  the ' independent  var iab le ,  the

f j rst  notch occurs at  l /ns and subsequent

no tches  a t  2 /ns ,  3 /ns ,  e tc .  I f  "0 "  i s  p lo t ted

o n  t h e  " x "  a x i s  t h e  f i r s t  n o t c h ' i s  a t  l / n  a n d

subsequent  no tches  a t  2 /n ,  3 /n ,  e tc .

2 )  The number  o f  no tches  =  n-1 .

3)  The response is  symmet r jc  about  the  spat ia l

Nyqu ' i s t .  The spat ia l  Nyqu is t  i s  a t  2L /n=2s  or

k=I /  2s or D:0.  5.  The array w' i  1 1 pas s spat i  a]

f requenc ies  h jgher  than the  Nyqu ' i s t .  However ,

these f requenc ies  w i l l  be  a l iased and mas-

querade as lower f requencies.  The response can

be fo lded back  a t  the  Nyqu is t  to  de termjne the

a l iased spat ia l  f requency .
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4) The response repeats at  s=L/n or k=l /s or

D=1. .0 .  I f  the  response is  fo lded back  a t  the

N y q u i s t ,  t h e  r e p e a t  f a l l s  o n  t h e  m a i n  l o b e ,

fu '11 wraparound or fo ldover occurred.

5)  The main  lobe o f  the  response ' i s  the  pass  band.

6)  The reg ion  f rom the  f j rs t  no tch  to  the  las t

no tch  is  ca l led  the  re jec t  band.

7)  The w id th  o f  the  re jec t  band ( f i rs t  no tch  to

l a s t  n o t c h ) :

a )  I f  wave length  ( la )  o r  e f fec t i ve  g roup

l e n g t h  i s  u s e d :

Reject bandwjdth = 
+53) t

b)  I f  spa t ia l  f requency  is  p lo t ted :

Reject  bandwjdth = n=2 l
N S

c )  I f  " D r r  i s  u s e d :

Reject  bandwjdth = n-2
n
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I t  is  ev ' ident that  the width of  the reject  band

may be extended by increasing "n" ( for  constant

" s " ) .  T h e  e f f e c t i v e  g r o u p  l e n g t h  w i l l  a l s o

i  ncrease.

8)  The w id th  o f  the  pass  band js  decreas ing ,  by

jncreas ing  the  e f fec t i ve  g roup length .

9)  By  keep ing  the  e f fec t i ve  g roup length  cons tan t

a n d  i n c r e a s i n g  " n " ,  " s "  w i l l  b e  s m a l l e r .  T h e

pass band stays constant,  but  the reject  band

i  s  ex tended.

10)  The e f fec t i ve  g roup length ,  apparent  wave length

are decreasing and the temporal  f requency, spd-

t ia l  f requency  and "D"  a re  ' inc reas ing  in  the

r r x r r  d i r e c t i o n .

11)  Phys ica l  mean ing  o f  no tches :

a) At the notches the output of  the array is

zero .
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b)  Equat ions  27-34 compute  the  "abso lu te  re l -

a t j v e  a m p l i t u d e " .  I n  f a c t ,  t h e  f i r s t  l o b e

has negat ive  ampl j tudes ,  the  second

p o s i t i v e ,  e t c .

c )  There fore ,  a t  the  no tches  po la r i t y

' invers ion  occurs .

d )  T h e  p h a s e  s h i f t  " f f  i p - f 1 o p s "  a t  t h e

notches between 0o and 180" as shown on

F i g u r e  3 2 .

d.  The Performance of  L inear Amays

The purpose o f  f ie ld  a r rays  ' i s  to  pass  the  use fu l

s igna l  and re jec t  the  coherent  no ise .  The ampf i tude

of coherent no' ise " is of ten 40-50 db above the

s igna l .  There fore ,  a  m ' in imum of  40  db  a t tenuat ion

is  requ i red  jn  the  re jec t  band.
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e. The Effecb of  Number of  Elements (n) on Attenuat ion

Figure 33 d' isplays the super imposed response of

arrays f rom two to s ix elements at  a constant ef fec-

t ive group length.  The response curves are arb' i -

t ra r i l y  sh i f ted  to  show the  d i f fe rences  in  re jec t

bandwidths.  The graph also shows that the at ten-

ua t ion  o f  each success ive  lobe in  the  re iec t  band js

constant,  regardless of  the number of  rece' ivers.  An

envelope may be drawn through the peak of  lobes

(  F i  gure  34)  up  to  the  spat ' ia1  Nyqu i  s t .

f .  The Fundarnental  L ' imi tq@

a )  F i g u r e  3 4  s h o w s :  T h e r e ' i s  n o  s h a r p  d ' i s c r i m i -

nat ion between pass band and reject  band'

therefore,  l inear arrays are best sui ted to

those cond i t ions  where  s igna l  and no jse  are

wel l  separated ' in the spat ia l  f requency domain.

b) The average at tenuat ion in the reiect  band is

not more than 25 db for the most commonly

occurr ing number of  phones per group.
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Example:  From Figure 34 at  24 phones per

group,  the  las t  lobe  be fore  Nyqu js t  j s  the  l l th

lobe.  A t tenuat ion  o f  l l th  lobe  =  33  db  (max-

imum at tenuat ion) .  The a t tenuat jon  o f  l s t  lobe

= 13  db .  Average =  23  db .

g.  Arrays as Ant ' ia l  i  as Fi  I  ters

The max' imum acceptab' le group interval  to avoid spa-

t i a l  a l ' i a s i n g  ' i s  g i v e n  b y  e q u a t j o n  ( 1 5 ) .  I n  t h e

select ion of  group jnterval  the max' imum frequency of

da ta  (s igna l  and no ise)  and the  min imum apparent

ve loc i ty  must  be  de termined,  hence the  max imum

spat ia l  f requency .

From equat ' ion  (15) ,  the  max imum acceptab le  g roup

i  nterval  .

Axmax = bffi,*D (35)
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\

I f  there are no spat ' ia1 f requencies in the data

greater than

1kmax = Ufu*

then  the  se ismjc  da ta  w i l l  be  proper ly  sampled  in

space.  The func t jon  o f  the  subar ray  ( in  a  g roup)  ' i s

t o  i n s u r e  t h a t  t h e r e  a r e  n e g l i g i b l e  c o n t r j b u t i o n s  i n

the  da ta  fo r  "k " -s  h jgher  than kmax.  We proceed as

f o l  l o w s :

a) The requirement for  the subarray is to pass

r rk r r -s  lower  than kmax and re jec t  r rk r r -s  h igher

than kmax. Therefore,  rve place kmax at  the

f  i rst  notch of  the array response. Assum' ing

above nine phones/group equat ion (32) may be

used to approximate the required subarray

1  ength .

At  the  f i rs t  no tch .

t n
s i n  ( i ,

f i p = - = Q

g
2
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a
s j n c e  l = n L 1

s jn  (n  A l  kmax)
n Al kmax

n A l k m a x = n

b ) kmax

- 0

A l  = , 1
KMAX

Where "A l "  i s  the  min imum group

su barray.

c )  S i n c e kmax = 1
2^xmax

Almin = ZAxmax

l eng th  o f  t he

( 3 6 )

Therefore,  to suppress wave numbers above kmax, the

m' in imum subar ray  lenqth  is  tw ice  the  oroup in te rva l .

h .  The Ef fec t  o f  L inear  Ar rays  on  the  Ref lec ted  S iqna l

The upsurge in  s t ra t ' ig raph ic  p1ays  in  recent  years

lead to  the  deve lopment  o f  h ' igh  reso lu t jon  tech-

n i q u e s  r e q u i r i n g  h i g h e r  a n d  h i g h e r  f r e q u e n c i e s .

Therefore,  the arrays cannot be designed str ict ' ly

for  the purpose of  at tenuat ing coherent nojse waves,

but the degrading ef fect  of  arrays on the seismic

re f  lec ted  s igna l  must  a l  so  be  cons ' idered .
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Geophone arrays are t jme-djstance varying spat ia l

f i l te rs  and the  CDP method is  a  ser ies  o f  cascaded

f  j  l te rs ,  wh ich  may degrade the  se ' i smic  s igna l .  The

magn ' i tude o f  a t tenuat ion  depends main ly  on  s ix

parameters:

a )  Ref lec t ion  t jme.

b)  D i  s tance.

c) Frequency.

d )  V e l o c j t y .

e )  D j p .

f )  Group length .

To a  lesser  ex ten t ,  a t tenuat ion  a lso  depends on  the

number of  phones/group and the degree of  fo ld.

When des ign ing  ar rays  fo r  the  a t tenuat ion  o f

coherent  no jse ,  the  in te rpre ter  must  insure  tha t  the

ref lected signal  is  not at tenuated by the array more

t h a n  6  d b ,  w h i c h  ' i s  t h e  a c c e p t a b l e  l i m i t  o f

at tentu at  i  on .
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The First  Notch Frequency

Equat ions  (1 )  and (5 )  show,  tha t  the  apparent  spa-

t ja l  wave length  ( l ,a )  and the  spat ia l  f requency  (ka)

are the funct ion of  apparent velocj ty (Va) and

temporal  f requency:

l ^  =  v d  f

, and ku = 
Vu-

Furthermore, at  the f i rst  notch of  the array response

L a = n s

Therefore,  the f i rst  notch temporal  f requency:

.  _ V i tt r  =  
n i  (37 )

Subsequen t  no tches  a re  a t  2 f1 ,  3 f1 ,  . . . .  n f r .

The c r i te r ia  fo r  a r ray  des ign  js  tha t  the  h jghes t

des j rab le  re f lec ted  s igna l  f requency  must  be  jn  the

pass  band.

The apparent  ve loc i ty  (apparent  average ve loc i ty )  o f

a ref  lected s ' igna1 as measured by a "group" of  Al

length  and o f fse t  o f  "x " ,  assuming s t ra igh t  rays

( F i g u r e  3 5 ) :
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V a =

[.lhere:

At
v
0
To

v a = V  
[ . ( + )  1 '

The d j f fe ren t ia l  NMO across  the  group:

I t = {
Va

A t =

s=v r. (38 )

dif ferent ' ia l  NMO across the group
average ve loc i ty  to  re f lec to r
t rue  d ip  o f  re f lec to r
two-way normal incidence ref lect ion t ime.

k
\vt. )

s i n

sco

+

The  p lus  s ign  means  shoo t i ng  down  d ip  and  the  m jnus

u p d i p .

For  hor jzon ta l  re f lec to rs ,  equat ion  (38)  j s

s i m p l  j f j e d :

At

(3e)

(40)

( 4 1 )

/,o,

/ ;

\ vro

o I

l ' .
L )1

88265ACC0077 -o
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Di f fe ren t io l  NMO (A  t )  Ac ross  A  Group

Q1)

( a /  )

L e
A t = t /2

f.
I

VCos a

)1= L  t s i n c
VTo

# 
= [pPo rent

\

V e l o c i t y  ( V o )

Figure 3f
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or  fo r  f la t  layers :

(42)

[,.(+) 1'
By us jng  equat ions  (41) ,  (25) ,  and (26)  the  response

of the array to the ref lected signal  may be

computed.

The frequency coresponding to a -6 db at tenuat ' ion

( the  acceptab le  l im i t )  i s  es t imated  by :

f ( - 6  d b )  =  0 . 6 0 5  k  
( 4 3 )

The dependence of  s ignal  f requency at tenuat ' ion on

the  e f fec t i ve  a r ray  length  (ns)  and o f fse t  i s  bes t

ana ' l yzed by  examin ing  the  var ia t ion  o f  f i r s t  no tch

frequency locat ' ion as the funct ' ion of  these

parameters.

The Locat ion of  First  Notch Frequency as the Func-

t ion of  Ef fect ive GrouP Lenqth

The f i rst  notch f requency graph on Figure 36 is nor-

mal ized to an ef fect ' ive group length of  50 feet '  In

th ' is  manner the f i rst  notch f requency values may be

expressed as percentages of  the f i rst  notch

AlI t = l
v
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:. (#)'

f requency at  ns = 50 feet ( the 50-foot group

is  an  arb i t ra ry  cho ice) .

I  ength

f 1  ( % )  = (44)

The graph shows,  tha t  the  la rges t  decrease jn  the

f i rst  notch f requency occurs when the ef fect ' ive

group length is jncreased from 50 feet to 300 feet.

For  longer  a r ray  lengths  the  re la t j ve  decrease is

m i n ' i m a l .

The Locat jon of  First  Notch Frequency as the Func-

t ion  o f  0 f fse t

The graphs on Figure 37 are normal ized to an of fset

of  1000 feet.  Therefore,  the f i rst  notch f requen-

c ies  a re  expressed on  the  ver t ' i ca l  ax js  as  percent -

ages of  the f i rst  notch f requency at  x = 1000 feet.

For  f la t  re f lec t ions :

Afr  (%) = 100

100 5q
ns

]  

\  

( 4 5 ,

- 1  
+  ( x ) 2

w h e r e z = d e p t h t oref  I  ector.
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Two important conclusjons are evident f rom the

graphs :

a)  The grea tes t  reduc t ion  in  f i rs t  no tch  f requency

occurs when the of fset  is  ' increased from

1000 feet to 4000 feet.  For longer of fsets the

a d d i t i o n a l  r e d u c t i o n  ' i s  m i n i m a l .

b) The reduct ion ' in f i rst  notch f requency depends

on the  depth :  the  grea ter  the  depth ,  the

larger the reduct ion.  Furthermore, as the

depth  js  decreased,  the  curves  f la t ten  ou t .

There fore ,  a t  sha l low depths  the  f j rs t  no tch

f requency  ' i s  very  sens i t j ve  to  depth  changes,

b u t  i n s e n s i t i v e  t o  o f f s e t  v a r i a t i o n s .  A t

depths greater than 5000 feet,  the depth change

is  no t  a  s ' ign i f i can t  fac to r ,  bu t  the  o f fse t  i s

c r i  t i  ca l  .

The combined ef fect  of  amay 
' length,  

of fset  and

depth  ' i s  computed by  mu ' l t jp ly ing  the  percent -

ages  on  F igures  36  and 37 .
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The re la t ' i ve  f i rs t  no tch

ef fec t i ve  g roup length  is

shown by  equat ion  (44) .

At long of fsets

notch frequency

frequency reduct jon due

independent  o f  d ip ,  as

(over 6000 feet)  the f j rst

i s  n o t  s e n s j t i v e  t o  d ' i p .

The t f fect  of  D' ip on F' i rst  Notch Frequency

to1 )

2 ) The f i rst  notch f requency--accordjng to equat ions

(37)  and (38) - - i s  a lways  less  fo r  shoot ing  downd ip .

Therefore,  only the downdip f i rst  notch f requency

var ia t ions  w i th  d ip  a re  d isp layed on  F igures  38-40.

The fo l low ing  conc lus ions  are  ev ' iden t  f rom the

graphs :

a )

b ) For  shor te r  ranges ,  the  reduc t ion  dramat ica l l y

inc reases  w i th  d ip .  The curves  f la t ten  ou t  a t

s t e e p  d ' i p s ,  i n d i c a t i n g  t h e  i n s e n s i t i v j t y  o f

f i rs t  no tch  f requency  var ia t ' ions  w i th  o f fse t .

The Maxjmum Acceptable Group Lenqth

The maximum acceptable at tenuat jon of  the ref lected

s igna l  due to  the  f requency  f i l te r jng  e f fec t  o f  an

ar ray  js  usua l ly  se t  a t  6  db .  I f  "Ar "  i s  se t  a t
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6 db ' in equat ' ion (25),  Q/2 may be computed and

wi th  the  he lp  o f  equat ions  (26)  and (a1)  the  max jmum

acceptable group length (A1max) can be computed for

a n y  c o m b i n a t i o n s  o ;  t t I r t ,  " T o " ,  " x " ,  " o ,  a n d  " n " .

Seven nomographs are enclosed (Figures 4l-47) to

es t imate  "A lmax"  ( f rom 0o-40o d ip ) .  The graphs  were

computed for n=2 phones/group and frequency f=1 Hz.

The "Almax" for  any f requency is computed by

d iv id  jng  the  "A lmax ' r  fo r  1  Hz  by  the  des ' i red  f re -

quency "Al ' rmax from n=2 may be converted to any "n"

by  mul t ip ly ing  the  va lue  o f  "A lmax"  fo r  n=2 by  the

"C"  va lue  (on  F igure  48)  cor respond to  the  des j red

i l n i l .

Exampl e:

To =  1 .000 sec
xmax ( ' longest of fset)  = 10 000 f t
V = 24 000 f t lsec
0  = 0 o
n  = 6
f  = 6 0 H 2

88265ACC0077 -o
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Start ing on the lower graph of  F ' igure 41, the ' inter-

sec t jon  o f  the  hor jzon ta l  l ine  th rough To =  1 .0  sec

and the  s lan t  l ine  x  =  10  000 f t  de f ines  a  po in t .

The in te rsec t ion  o f  the  ver t j ca l  l ine  th rough th is

point  and the V = 24 000 f t lsec curve on the upper

graph projected hor izontal ly to the maximum accept-

ab le  g roup length  ax is  de termines  the  va lue  o f

"Almax" for n = 2 and f = L hzz

A l m a x  =  2 . 1  x  1 0 4 f t .  F o r  f  =  6 0  H z ,  A l m a x  =  2 . 1

x L04/60 = 350 f t .  For n = 6,  f rom Figure 48

C =  I .52 .  Hence the  f  ina l  A lmax =  532 f  t .

The graphs may also be used ' in a reverse sense.

Example:  to at tenuate some coherent noise wave a

graph length  o f  532 fee t  j s  requ i red .  Determjne the

max' imum off  set  xmax by start ing wi th Al  = 532 f t ,

the xmax = 10 000 f t .

A number of  conclusions may be drawn from

Figures  41-48.

a ) The "C" curve on Figure 48 shows that the

improvement jn "Almax" (hence the output of

array) is very smal l  above ten phones/group.
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Page 1.07

For steep d' ips ,

i a t i o n s  i n  d e p t h

b )

c )

d )

e )

For  a  cons tan t  ve loc i ty ,  a t  sha l low depths  and

large  o f fse ts  "Amax"  i s  ' i ndependent  o f  d ip .

"A lmax" ' i s  jnverse ly  p ropor t iona l  to  the  f re -

quency, therefore,  arrays are very strong h' igh

f requency  f i  l te rs .

"Amax"  i s  no t  sens i t i ve  to  var -

and o f fse t .

The steepest part  of  the curves is the mid

range o f  depths  and d is tances ,  ' i nd ica t ing  tha t

"A lmax"  j  s  most  sens i  t i  ve  to  changes ' in  depth

and o f fse t  in  tha t  range.

Attenuat ion of  the CDP Trace

The max ' imum acceptab le  g roup length ' i s  usua l ly  com-

puted for the longest of fset  t race in the CDP. How-

ever,  each trace in the CDP is at tenuated by a

d i f fe ren t  amount .  The longes t  o f fse t  a t tenuat ' ion ' i s

t h e  w o r s t  a n d  j t ' i s  u s u a l l y  s m a l l e r  f o r  a  C D P  t r a c e .

Therefore,  in amay design the at tenuat ' ion of  the

CDP t race  shou ld  a lso  be  examined.
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o.=lF ' lnr l  .o ,^J '  . ( ! ,Jonl  , ' .g ' )  
l '  

(46)

where u0k/2 '  and "Ak" are the phase shi f t  and

re la t ' i ve  ampf  i tude o f  the  ind iv idua l  t races  as

def ined by  equat ions  (25)  and (26) .

Figure 49 shows a 600 percent CDP conf igurat ion.

For ease of  computat ion the symmetr jc conf igurat ion

' i s  used.

In  the  CDP t race ,  "N"  s inuso ' ida ' l  s igna l  s  a re  summed

w' i th  var  jous  ampl  i tudes  and phase sh i f t s .

The re la t i ve  amp ' l i tude  o f  "N"  t races  ' in  a  symmet r ic

CDP conf igura t ion  is  de termined f rom the  equat ion :

Figures 50-52 are summary graphs to help observe

c o n c l u s i o n s .

C o n c l u s i o n s

a) The at tenuat jon of  the CDP trace ' is  consider-

ab ly  less  than tha t  o f  the  longes t  o f fse t

downdjp t race. Therefore,  j f  the maximum

acceptable group length is computed on' ly for

88265ACC0077 -o
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the  longes t  o f fse t  downd ip  case,  the  ar ray  w i l l

be shorter than requ' i red by the CDP stack.

Shorter arrays mean mor.e shots/mi1e, higher

expense and less at tenuat jon of  coherent noise

waves.

b)  The top  le f t  p lo t  on  F igure  50  shows s t rong

at tenuat ion  a t  low ve loc i t ies ,  hence long

ar rays  are  s t rong low ve loc i ty  f i l te rs .

c )  For  h jgher  f requenc ies  the  a t tenuat jon  is  more

severe .

d)  I f  d ' ip  i s  in t roduced,  the  curves  f la t ten  ou t ,

hence the  a t tenuat ion  is  no t  sens i t i ve  to

changes in  depth  (To) .

e )  A t  s teep d ips  and h igh  f requenc jes  the  a t ten-

ua t ' ion  is  ex t remely  severe  even a t  h igh  ve loc i -

t ies .  There fore ,  d ip  i s  a  very  s t rong h igh

f requency  f i l te r .  The graphs  on  F ' igure  51  con-

f i rm this observat ' ion even at  short  arrays.

88265ACC0077 -p
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f )  I t  i s  ev ident  f rom F jgure  52 ,  tha t  ne ' i ther  the

' increase in the number of  phones per group nor

the jncrease in CDP coverage changes the at ten-

u a t i o n  s i g n i f i c a n t l y .

i .  Max imum Acceptab le  E leva t ion  Chanqe Across  a  Group

Attenuat ion across a group occurs not only due to

NMO cance l la t ion  in  a  g roup,  bu t  a lso  because o f  the

s ta t j c  sh i f t  caused by  e leva t ion  changes across  a

group. An acceptable amay may be designed to pass

the  requ i red  f requenc ies ,  bu t  la rge  e leva t ' ion

changes across  the  group may p lace  the  ou tpu t  s igna l

in  the  re jec t  band,  espec ia l l y  a t  low near  sur face

v e l  o c i  t i  e s .

Figure 53 summarizes the equat ions used in the com-

puta t ion  o f  max imum acceptab le  e leva t ion  change

(AEmax) .  ' rA t , ,  in  th is  case ' i s  the  s ta t i c  t ime sh  j f t

across the group.
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utf)

AE

A E =
V =

A t =

Geophones

El .  Chonge  Across  GrouP

Neor  Sur foce  Ve loc i t y

Ver t i co l  T ime D i f fe rence  Across  Group

A t =
A E

A E
V

V

a
2

A r  = 6
2. ( *

F o r  A r = . 5  A E =  [ E m o x

V6 / 2
A E m o x 1 8 0

A E m o x = B + = B \ c

Mox imum Accep  l ob le  E  l evo t i on  Chonge

Across  A  GrouP (AEmox)

0/2= IBO f  At  = IBO f

/ n
\  n - l

Figure 5 3



r00
90
t 0

70

60

F  . A
UJ

. - U J
u.

a 0
x
(!

E
I'lJ t6
A

\J

Qt ()

MAXIMUM ACGEPTABLE ELEVAIIII CHANGE AcRoss A GROUP ( AEmaxl
'  ̂ - 

FOi n = 2 PHONES/GROUP)

1  5  q ?
5  6  ? q

t ,o@
900
100

700

- 600

500

a00

FREOUENCY (Hzl



Page 117

I f  the  e leva t ' ion

more than AEmax,

From Figure 54 "AEmax" may be determined for any

combinat jon of  f requency and near surface velocj ty

pairs.  The graph is computed for n=2 phones per

group. The answer is converted to any number of

phones per  g roup by  mul t ip ly ing  the  resu ' l t s  w i th  the

appropr iate "C" factor f rom Figure 48.

The fo l ' l ow ing  conc lus ions  are  ev  jdent  f rom

F i g u r e  5 4 :

"AEmax"  i s  ' i nverse ly  p ropor t jona l  to  the  f re -

quency  and,  there fore ,  very  sens j t i ve  to  f re -

quency change in the 5-25 Hz range.

" A E m a x " ' i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  n e a r

sur face  ve loc i ty .  There fore ,  the  h igher  the

near  sur face  ve loc i ty ,  the  more  e leva t ion

change is  a l lowed across  the  group.

1 )

2 )

3 ) change across the group is

the  phones shou ld  be  bunched.

4 ) AEmax is independent

group length and the

of  the  ac tua l  o r  e f fec t i ve

depth of  target.
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5)  Note ,  tha t  by  a l low ing  6  db  a t tenuat ion  fo r  NMO

cance l la t ion  in  a  g roup and an  add j t iona l  6  db

for the elevat ' ion across the amay, the

cascaded a t tenuat jon  is  12  db ,  wh ich  in  fac t

may be  excess ' i ve  in  cer ta in  cases .

2.  L inear ly Tapered Arrays

The fundamenta l  l ' im i ta t jon  o f  l inear  a r rays  is  the  lack

of sharp discr iminat jon between pass band and reject

band.  There fore ,  l inear  a r rays  are  no t  e f f i c jen t  spa t ia l

f i  I  t e r s .

a.  Methods to Increase Reject  Band Attenuat ion

The most common approach ' is  to def jne an jdeal

response in the wave number domain and then deter-

mine what type of  spat ia l  funct jon (array) is

requ i red  to  ach ieve  such a  response.

88265ACC0077 -p
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F igure  55  shows an jdea l  response,  wh ich  w i l l  com-

p' letely pass wave numbers f rom 0*0.02 and completely

re jec ts  any  h igher  wave numbers .  Note ,  tha t  th is  i s

a  "box  car "  func t ion  in  the  "k "  doma' in  and i t s  spa-

t i a l  e q u i v a l e n t ' i s  a  " s y n c "  f u n c t j o n  a n d ' i t s

response is  shown on F igure  56 .  In  o rder  to  ach ieve

the  idea l  response an  jn f in ' i te ly  long  ar ray  is

requ i red  w i th  s t rong we igh t ' ing  o f  the  center  e le -

ments  and a l te rna t ing  negat ive  and pos ' i t i ve

weight ing of  the elements away from the center.

Si  nce such arrays are ' impract ' ica1 to impl ement i  n

the f ie ld approximat ' ions must be made to the sync

func t ion .  However ,  doy  approx imat ' ions  w i l l  d is to r t

the  idea l  resoonse.

A l l  we igh ted  ar rays  are  des igned in  such a  manner ,

tha t  the  we igh t ing  func t ion  approx imates  the  main

lobe o f  the  sync  func t ion  shown on F jgure  56 .  In

o ther  words ,  the  we igh t ing  func t ion  ' i s  t runcated  a t

the  f i rs t  zero  c ross ing .

The f i rs t  approx imat ion  to  the  majn  lobe is  a  t r i -

ang le  as  shown on F igure  57 .  The we igh ts  jn  th js

amay are l inear ly tapered, hence the array ' is  a

l inear ly tapered array,  where the weights are
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tapered in ' integral steps away from the array

center.  The response ' is  shown on Figure 58. The

d i f fe rence in  a t tenuat ion  be tween a  l inear  and l ine-

ar ly tapered amay of  same d' imensions is only 10 db

as may be deducted from the comparjson of  Figures 58

and 60. A better approximat ' ion of  the main lobe is

by  a  " f la t  top"  des ' ign  shown on F igures  61  and 62 .

The cu to f f  o f  the  " f la t  top"  a r ray  is  sharp ,  the

re jec t  band is  f la t  w j th  an  average a t tenuat ion  o f

30 db as compared wjth 25 db on the tr iangu' lar  array

and 15 db w' i th the I  jnear array.  In fact ,  the

c loser  the  we igh t ing  func t ion  ' i s  to  the  main  lobe o f

the  sync  func t ion ,  the  more  re jec t jon  is  ob ta ined

and the f  lat ter  the response w' i l l  be ' in the reject

band.

b.  The Implementat ion of  L ' inear ly Tapered Arrays in the

F i e l d

L inear ly  tapered ar rays  are  ach ieved in  the  f ie ld

by :

1) The comb' inat ions of  receiver subarrays.

8826sACC0077 -o
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In other words,  the desired tapered response ' is

ach ieved by  mul t i -s taged f i  l te r ing .

For  example ,  the  I ' f la t  top"  ten-e lement  we igh t ing

func t ion  on  F igures  61  and 62  can be  la id  ou t  in  the

f ie ld  as  th ree  equ ' i va len t  spa t ia l  rece ' i ver  a r rays

shown on F igure  63 .
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Layout  "A"  cons is ts  o f  f i ve  s t r ings  o f  2 -10  phones

per str ing in a house top arrangement.  This ' is  not

a  v e r y  f i e l d  e f f i c i e n t  l a y o u t ,  s i n c e  i t  r e q u i r e s

s t r ings  o f  var iab le  number  o f  phones.  A  be t te r

l a y o u t  i s  i n d j c a t e d  b y  " 8 " :  f i v e  s t r j n g s  o f  s ' i x

p h o n e s  e a c h .  L a y o u t  " C " ' i s  a l s o  p o s s i b l e :  s j x

s t r ings  o f  f i ve  phones each.  The most  p rac t ica l

l a y o u t  i s  " B "  s j n c e  i s  r e q u i r e s  o n l y  f i v e  s t r i n g s .

The e lement  spac ing  is  cons tan t  in  a l l  the  layouts .

The subarays  ( f i ve  in  layout  "A" ,  f  i ve  jn  layout

" 8 " ,  a n d  s i x  i n  l a y o u t  " C " )  a r e  I i n e a r  a r r a y s .

88265ACC0077 -p
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Page 132

c. The Response of Two or More Subarrays

Applying two or more l jnear (or other)  subarrays

s i m u l t a n e o u s l y  i s  e q u i v a l e n t  t o :

1 )  S p a t i a l  c o n v o l u t i o n  o f  t h e  i n d j v i d u a l  p a t t e r n s

on the  ground.

2 )  T h j s  j s  e q u ' i v a l e n t  t o  t h e  m u l t i p l i c a t i o n  o f

the i r  ampl i tude responses  in  the  spat ' ia1  f re -

quency  domain ,  i f  the  ampl i tudes  are  expressed

in percentages.

3)  I f  the  ampl i tudes  are  p lo t ted  in  db ,  the  spa-

t ' ia l  convo lu t ion  o f  the  subar rays  is  s ' imp1y the

sum o f  the i r  respec t ive  amp ' l i ' tude  va lues  a t

e a c h  " k "  ( o r  L  o r  D ) .

For  example :  The ampl i tude response o f  the  ten-

e lement  tapered ar ray  on  F igure  63  jn  the  r rx r r  d i rec-

t r 'on  is  equ ' i va len t  to  the  sum ( in  db)  o f :

a )  Layout  "A" :  2 ,  4 ,  6 ,  8 ,  and lO-e lement  l jnear

arrays.
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b)  Layou t  r rB r r  and  r r c r r '  a  s i x -e lemen t  and  a  f  i ve -

e lement  l inear  amay.

Note :  The ar rays  are  on ly  equ iva len t ' in  the  "x "

d i rec t jon .  In  the  r ry r r  d ' i rec t ion :  layout  "A"  i s

equa' l  to an asymmetr ic f ive-element tapered array,
' layout "8" js a f  ive-element I  jnear array,  and

layout  "C"  i s  a  s jx -e lement  I inear  a r ray .

Combjned subarrays are most of ten used with surface

sources (v ibrose' is)  where both the recejver and

source arrays are l jnear arrays.  In some areas

(Mjdd le  Eas t )  1arge ,  two d ' imens iona l  source  and

rece' iver arrays are used to at tenuate strong

coherent  no ise  waves  and to  ach ieve  subs tan t ja l  S /N

improvement through redundancy.

d.  The Propert ies of  Combined Subarray Responses

1) Linear ly tapered array (such as shown on

F igure  63)  can a lways  be  la id  ou t  as  the  combj -

na t ion  o f  l inear  subar rays .

2)  The no tches  o f  the  combjned response w ' i l l  be

located and only located at  the notches of  the

ind" iv ' idua1 responses .
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F igures  64 ,  65 ,  and 66  ' i l  l us t ra tes  the  pos i t ' i on

of notches when a four-element source and a

sjx-element receiver arrays are convolved.

3 )

4 )

The f i rs t  no tch  occurs  a t  the

the subarray wi th the 
' longest

1  ength .

f i rs t  no tch  o f

ef fect ive group

The combjned array response repeats at  the

f i rs t  repeat  wave length  (o r  k )  common to  a l l

the subarrays.  For example,  on Figures 64-66,

the element spacing for the four-element array

is  S  =  150 f t ,  hence the  four -e lement  a r ray

repeats  a t  l ,  =  150,  75 ,  37 .5 ,  e tc .  The e lement

spac ing  fo r  the  s ix -e lement  a r ray  is  75  f t ,

hence the response repeats at  l '  = 75 ,  37 .5,

etc.  The f i rst  common repeat wavelength for

the combined amay is 75 f t ,  hence the combjned

response repeats at  75 f t  as shown on

F i g u r e  6 6 .

88265ACC0077 -p



3 l -at-

( Pr)

v
\9

I

C5

;

I t  I  o . r t

o ' t o
/ - ' l o
a ' Z s

|  ' i o

! r ' q o

o '  L o

, ' o l
t s ' l l
9 ' ? t
q ' f  /

t ' e t  a

q ' 0 "  J
n ' z o

L ' r t<  |
Z ' g r r  O
L ' L I  Z
t 'Ao  U,

9 ' z ^  u J
f  ' t ^  >
7 ' o r  (
O ' t 6  ]

l ' tg

tlJ
U)
z
o
A
U)
l-LJ

E.

t!

U
&
)

o
v)

o o l l  ^ ' o e l

a ' c a l
7 ' d ?  l
9 ' t f l
I ' q a  I

6 ' Z r l
t ' l r l
q ' t E t
z ' 9 c  l
f ' t o l
l ' 9 9  I
, ' Z l . l
9 ' 8 1  |
Z ' 9 r  l
f ' z ^  |
O 'O( ,  Z
t ' o o z
f  l  l z
t '  L z z
l ' 8 t z
0' 0.J?

q ' L t  Z
l ' t ^ Z
9 ' Z  t (
f ' f t f
[  1 , , t
o' t '  0f
1 ' 9 t i
a '  r ( t
o 'cx 's

ooz

?  ? : I
|  

" '

?
I
tr
It c ' r u

t ' f  t  r )
o 'cno  I
0 ' o c z  I
{ .e99,1
o 'oo9z
n. ncog

(  . t J  )  3AYt ,
lZ- OC- 9t- ar-

(40, l'roattu

-4t tU:---T

t - l P  t t -

- 1  5 -

,F rF 09-



t

ir
ir
IJ

Q3r)
af - lt- tE- oC- tfS- lF aF rt

o ' 0 9
q ' 0 9
0 ' r 9
E ' t 9
t ' z g
9 ' 4 9
e ' e E
a ' t q
€ ' t E
6 ' 1 9

z ' 9 9
s '99
9 'Lg
t ' 9 9
8 ' 8 9
E ' 6 9
z '09

8 ' 9 9
l '99
9 ' 1 9
q ' 9 9
, ' 6 9
, ' o L
' ' u
9 ' Z l
q ' c l

-- l'�ttalal4 : ,ol'�"'.ZL ^

h
\o

O
;

.r l l:t i i

6 ' e r  i
r ' e [  I
t ' 6 1  v
9 'O l  t
o 'as  F
f ' f F  i
r ' re  3
z . m  !
i :4 i  i
t ' o u  >
6 '06  <

3:l: )
z ' 9 6

3iffi,""''
o'?o l
z'ro l
r ' 90  |
l  ' 001

z ' 9 . , 1
6 '  l 9 l
L ' 9 9  |
J . Z L I
9 ' 9 1  |
Z ' E B  I
e ' z 6 l
o'ooz
[ 'RO?
, '  L t ?
t ' L ? z
| ' 9 f z
o ' o 9 z
z ' t e z
A .  L L Z
l ' 1 6 z
9 ' Z r C
f '  t f f
t ' t q f
9 ' t g f
t ' 9 l t
9 ' t 9 ,
o '00E
9'999
o ' 9 2 9
t ' ' l l
t '  c f  f r
o'000 |
o 'ogz  I
L '999 |
o ' ( rgz
0 '000E

(  l J  )3 lYp

Ld
a
z
o
o-
U)
tlJ
&

E
Lr.l

bJ
LJ
l-t-l

K

--Jrt,rbAt-

I
|  . p
A . R i
V . r .

I  " "
a
I
I
I
?J

l l t
I N

d.r

tt_ 6- 'C- ti. ||}, tt O'-
(ao) taFatl

- 1  6 -



U 37)
! f -  a l -  l z -

\o
\s

ao
;

os I  o ,o . .'  I  e ' n c

ul
q
z
o
o-
V)
LJ,

&

a
t!
z
m
t
o
O

,tr,n) 1..21
. . ' L 9

t  ' F t

P ' g ( ,

7 '  O o

0 ' l o
l '  l 9
9 ' ? o
f  ' f  o
l ' r 9

e ' q 9
L ' a 9
e ' L 9
q ' p 9

i '  t l
c ' z L
9 ' t t
o ' r l
a ' 9 1
6 ' 9  t

9 ' 0 8
o ' z e
c ' t  u

z ' 9 p  +
l ' l  P  v

e ' t 6  I
Z ' 9 ^  u
{ ) ' F 6  i

oor  I  o 'oor  !
I  0 ' z o l q
1  Z ' ' O l  >i : :3 i  !

o ' l (
c ' t E
t ' 2 . ,
a '  ? . ,
z ' t  t

t '  8c '  I
t ' i l  1
o ' f  l l
e  ' o t l
O ' ^  t l
O ' Z c  l
o ' 9 2  |
Z ' a Z l
9 ' r f l
I ' q f  I

A ' z F l
t ' l ' l
9 ' r E l
z ' 9 9 1
€ '  l 9 l
l ' 9 9  1
n ' z l  I
9 ' F l  I
z ' 9 e  I
t ' z ^ l
o ' o 0 z
t '  9 (  t Z
" L l z
t '  l . za
t ' 8 t z
0 ' 0 ! , 2
z ' t 9 z
e ' L t Z
l ' F 6 a
9 ' Z t t
f ' f r I
t ' l E c
o ' t g f
L ' � 9 l '
q ' i E t
o 'ocg
9 ' 9 q 9
o ' q 7 9
f ' r I
f ' t f n
o 'oo0 |
0 ' o c z l
I '999 |
o 'oo9z
0 ' fnoq

(  L { ) : l iY !

I

I
I
I
I
t
t

t;
!r
|r
lr
Nr
lr
lr
H
lr

- ooB

t

I
h

o
4,
Lr

lr

b
4

U
o
d,

o
a

tl- C- tC- tl- tt'- |l- O'F
(ll) tr[atlr

- 1 7  -

l t -  a r -



Page 138

5 )

6 )

The spat ia l  Nyqu is t

h a l f  t h e  " k " )  o f  t h e

b jned response.

The w id th  o f  the  re jec t  band,

notch before repeat depends on

the f i rst  repeat common to al  I

never before the repeat of the

the  shor tes t  e lement  spac ing .

js  tw jce  the  wave length  (o r

f i rst  repeat of  the com-

hence the  las t

t h e  p o s i t i o n  o f

subarrays,  but

subarray w' i th

e . Prac t jca l  Cons jdera t ' ions  in  Tapere

Lavender  (1973)  and Ka l lwe i t  (1976)  have des igned

" ru les  o f  thumb"  to  a r r i ve  a t  "op t imum" ar rays  when

us ing  the  comb' ina t ion  o f  two or  th ree  l jnear  a r rays .

F' igure 67 summarizes the rules for  both.
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3. Non-Ljnear ly Tapered Arrays (Weiqhted Arrays)

The max jmum ach ievab le  a t tenuat ion  in  the  re jec t  band by

l inear ly tapered amays is 30 db. However,  the coherent

no ise  ' i s  o f ten  40  db  above the  s ' igna1,  there fore ,  the

theoret ' ical  requirement for  any spat ' ia l  array js 40 db.
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1 . Two Subarrays Convolved:

THE ' 'OPTIMUM' '  ARRAY

Modi f ied  f rom Lavender  (1973)*

A . Make the  e f fec t ' i ve  length

greater  than,  the  longes t

of  the longer

wavelength one

subamay equai  to,  or

w ishes  to  a t tenuate .

B. Make the ef fect ' ive length of  the shorter subarray approxi-

mate ly  70  percent  o f  the  e f fec t j ve  length  o f  the  longer  sub-

array.  Thi  s wi  I  I  resu I  t  ' in about 30 db at tenuat i  on across the

re jec t -band.

C.  Make the  subar ray  w i th  a  fewer  e lements  the  shor te r  one.  Th is

tends to broaden the reject-band by pushing the f i rst  repeat

wavelength (zero at tenuat jon) towards the shorter wavelengths.

*  Lavender,  L.  1. ,  L973, �
s ion,  Amoco Product ion

Rule  o f  Thumb Ar ray  Des ign ,  New 0r leans  D jv ' i -
Company.
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2. Iitee SubarlqJl Jslvglveg:

A. Make the ef fect ive length of  the longer subarray equal  to,  or

grea ter  than,  the  longes t  wave length  one w ishes  to  a t tenuate .

B. Make the ef fect jve length of  each rema' in ing subamay

80 percent  o f  the  e f fec t j ve  length  o f  the  nex t  longer  sub-

amay.  Th ' i s  w ' i l l  resu l t  ' i n  about  45  db  a t tenuat jon  across  the

re jec t -band.

C. Make the subarray wi th a fewer elements the shortest  array.

Th js  tends  to  b roaden the  re jec t -band by  push ing  the  f i rs t

repeat  wave length  (zero  a t tenuat ion)  towards  the  shor te r

wave l  engths .
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A better approximat ion to the required theoret jcal

response shown on Figure 55 may be achjeved by a c loser

f i t  to  the  main  lobe o f  the  sync  func t ion  on  F igure  56 .

Th is  can on ly  be  ach ieved by  non- l jnear  taper  o f  the

weigh ts .  Sav i t  and Ho lzman so lved the  we ' igh t ing  coef f i -

c ien t  func t ions  fo r  e lements  o f  an  equ ispaced ar ray  con-

s t ra ined to  be  o f  f in i te  length  w i th  on ly  pos ' i t i ve

w e i  g h t s .

In  Sav ' i t ' s  so lu t ion  the  RMS er rors  be tween the  ' idea l  and

computed array responses are minjmized.

In  Ho lzman 's  so lu t ' ion  the  Chebyshev op t im jza t ' ion  c r  j te -

r i o n  i s  a p p l i e d ,  w h i c h  c o n f i n e s  t h e  m a x ' i m u m  a l l o w a b l e

er ror  jn  the  so lu t ion  to  a  spec i f ied  amount .

a.  Savi t  Array

A n  a r r a y  d e s i g n e d  b y  S a v i t ' s  c r i t e r i o n  j s  c a l l e d  a

"Sav i t  Amay" .

b. Chebyshev Array

An ar ray  des igned by  Ho lzman 's  c r i te r ion  is  ca l led  a

"Chebyshev Amay".
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G i v e n t  l L

Ls
Ro

Cal  cu  I  a te :

D o =

Figures  68-71 show the  we igh t ing  func t ions  and

ampl i tude responses of  the Savj t  and Chebyshev

arrays.  The Chebyshev array has better response and

a f la t  re jec t  band.  The leve l  o f  a t tenuat ion  may be

arbj t rar i ly  great depend' ing on the design parame-

t e r s .  I n  m o s t  c a s e s  4 0  d b  i s  s p e c j f i e d .

Since the Chebyshev and Savi t  arrays requ' i re comp' lex

we igh t ing  func t ions ,  such ar rays  are  d i f f i cu l t  and

in  most  cases  imprac t ica l  to  imp lement  jn  the  f je ld .

The Chebyshev array ' is  used to marine streamers.

However ,  on  land on ly  the  e lec t ron ica l l y  we igh ted

geophones are  a  p rac t ica l  method o f  imp lement ing

such arrays.  The "Min' i  Max" system by Geosource

u s e s  e l e c t r o n i c  w e ' i g h t i n g  t o ' i m p l e m e n t  C h e b y s h e v

arrays in an easy to use pract ical  manner.

Determinat jon of  In i t ' ia l  Chebyshev Array Parameters

' longest 
wavelength in reject  band

shor tes t  wave length  in  re jec t  band
re jec t ion  ra t io  (usua1 ly  100 =  40  db)

A t  + L s
-:- = spac'ing of array elements
1,,- + Ls

oo = 
co-trilj=l-Ll 

= transformatjon constant

882654CC0077 -p
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7he Chebysh,ev
P o l y n 0 n l n q l

ffi#d$ = order or solutjon

m + I  = number of  array elements

m =

n -

(46)F. ..,(fr.)] Tm-2i F,f;.1]
we igh t  w i th  i nc reas jng  f rom "0 "

centre

* r = i
Where:

The we jgh ts  a re  g iven by  the  equat ion :

ln/21
t=:o Es Tm

l , l i  = the ' i th

at the array

[E l  =  la rges t  in teger
L ' J

E s  =  1  j f _ s  =  0 ;  E s  =  2  j f  s  I  0

,^ =T'le,\o /^\ { ' tor,-x:1R
R ' o  ( z n l ^  r '

Exampl e:

t rL  =  62 '5  m

I s  =  6 . 0 0  m
Ro = 100 (40 db)

Then ,

5 . 4  m
1 . 0 3 9 1
19
20

The we jgh ts  a re :  207,  291,  463,  668,  897,  1131,

1352, 1541, 1678, 1750. The output of  the array

ca lcu la ted  f rom the  genera l  equat ion :

D o =
O O =

m =
N -

' t s

88265ACC0077 -o
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M
:

i=1 t . l ' i  cos [2nk (d ' i -dc)  ]
A r = ( i n  % )  ( 4 7 )

M
: t l i

j = 1

Hhere :

k = wave number
W i  =  t h e  r e l a t i v e  w e i g h t  o f  t h e  i t h  e l e m e n t
di  = d ' is tance of  the ' i th element f rom an

arbi t rary reference point
dc = distance of  amay centre f rom reference

p o i n t
M =  to ta l  number  o f  we igh ts  (e lements )

in array

The ampl j tude response o f  the  example  js  shown on

F ' igure  72 .

882654CC0077 -p
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C.  Prac t ica l  L imi ta t jons  o f  Ar rays

A prominent  geophys ic ' i s t  s ta ted :  " I t  i s  easy  to  s ' i t  in  an

of f i ce ,  w i th  a  computer ,  and des ign  exo t ic  a r rays  wh ich  g ive

fan tas t jc  a t tenuat jon .  For  any  par t i cu la r  survey ,  however ,

there  are  l ' im i ta t ions  in  the  f ie ld  as  to  what  can be

accompl  j  shed" .

Newman and Mahoney have invest ' igated the ef fect  of  errors in

we igh ts  and e lement  spac ing  (pos j t jon ing)  on  the  per fo rmance

of  un i fo rm,  l inear ly  tapered,  Sav i t  and Chebyshev ar rays .

F igures  73-75 sumnar ize  the  resu l ts  fo r  emors  o f  2  percent ,

5 percent,  10 percent,  and 20 percent.  A 10 percent error js

common in  f ie ld  work .

The fol lowing conc' lus ' ions may be drawn from the study:

1)  H igh ly  tuned ar rays  w i th  sharp  d is t inc t ' ion  be tween re jec t

and pass bands are very sensi t ive to errors in weight and

e lement  pos i t ion ing .  As  shown on F jgure  75 ,  a  10  percent

er ro r  in  pos i t jon jng  and we igh ts  l im i ts  a  60  db  a t ten-

uat ion Chebyshev array to 30 db.

88265ACC0077 -o
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2) Linear arrays are not sensi t ' ive to errors.  As shown

F' igures 73 and 74 a 30 db at tenuat jon can be reached

s' imple I  inear array.

3)  The prac t ica l  l ' im i t  o f  any  ar ray  js  30  db .  Th is  j s  the

reason why h igh ly  tuned,  complex  arays  are  se ldom used.

They are  d ' i f f i cu l t  to  imp lement  in  the  f je ld  and the

errors inherent in layout destroy the advantage of  the

array.

4)  In  sp i te  o f  the  l im i ta t ' ions  o f  non- l inear ly  tapered

amays,  the  d  j s t inc t ion  be tween pass  and re jec t  bands  is

sharper  w j th  the  Chebyshev than l inear  a r rays .

5)  Other  d ' i sadvantages  o f  h igh ly  tuned ar rays  is  tha t

coherent  no ' i se  modes and the j r  bandw' id th  in  the  spat ia l

doma' in  may vary  rap id ly ,  espec ia l l y  j f  near  sur face  con-

d j t ions  change,  hence a  soph is t j ca ted  ar ray  h ' igh1y  tuned

to a certa ' in bandwjdth is not going to be very ef fect ' ive

a  " few mi les  down the  road" ,  where  the  no jse  bandw' id th  i s

d i fferent .

on

b y a

of

are

6 ) Because

arrays

arrays.

the above reasons, the most commonly used

s imple  I  jnear  a r rays  or  l ' i near iy  tapered

8826sACC0077 -p
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V." The Design of  Source and Receiver Arrays

The main  purpose o f  f  ie ld  amays ' i s  two- fo ld :

1 )  To  improve the  S/N th rough mul t ip l i c i t y .

2 )  To  a t tenuate  coherent ,  most ly  l inear  no ' i se .

F ie ld  a rays  are  h  jgh  cu t  spa t ia l  f requency  f  i l te rs .  However ,  the

spat ia l  f requency  is  d i rec t l y  p ropor t iona l  to  the  tempora l  f re -

quency .  There fore ,  f ie ld  a r rays  are  a lso  h igh  cu t  tempora l  f re -

quency  f j l te rs .  The bas ic  requ i rements  fo r  the  des ign  o f  spa t ia l

f i  l te rs  a re :

1 )  To  pass  the  use fu l  s igna l - -usua l ly  the  max imum requ ' i red  s igna l

f requency--wi th a minimum of at tenuat ion.

2) To reject  the coherent no' ise events.

Coherent  no ise  t ra ins  a re  o f ten  h igh  ampl i tude (30-40 db  above

s igna ' l  leve l ) ,  bu t  in  the  major i t y  o f  cases  res t r i c ted  to  lower

tempora l  f requenc ies  (be1ow 20 Hz) .  There fore ,  the  f j rs t  s tep  ' in

amay des ign . is  to  de termine whether  the  coherent  no ise  can be

at tenuated  by  s jmp le  low cu t  tempora l  f i l te rs  w i thout  degrad ing  the

lower  f requenc ies  o f  the  s igna l .  0ver  60  percent  o f  the  cases  th is

may be ach' ieved and amay des' ign becomes academjc.
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I f ,  i t  has  been de termined tha t  spa t ia l  f i l te rs  a re  necessary ,  one

may proceed with the array design.

Arrays are des' igned to at tenuate coherent nojse,  but at  the same

t ime,  i t  i s  necessary  to  check  the  re f lec ted  s igna l  a t tenuat jon  by

the array.  Usual ly a compromise must be reached between ef fect ' ive

no ise  a t tenuat ' ion  and s igna l  pass ' ing .  I t  ' i s  usua l  l y  be t te r  to  pass

some no ' i se  ra ther  than to  a t tenuate  s igna l .

88265ACC0077 -p
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A. Field Tests Necessary for  Array Design

The on ' l y  f ie ld  tes t  necessary  fo r  a r ray  des ign  is  a  "s ' imp le

wave tes t " .  A  s imp le  wave tes t  cons is ts  o f  record ing  a  s ing le

ender  spread o f  c lose ly  spaced s ing le  rece jvers .  I f  back

scattered no' ise is suspected, a 3D wave test  must be des' igned.

The length  o f  spread shou ld  a lways  be  as ' long  as  the  pro-

duc t ion  spread.

The spac' ing of  rece' ivers in a wave spread: the shortest  wave-

length  no ise  and/or  s igna l  shou ld  no t  be  a l iased.  From

equat ' ion  (13)  the  max group in te rva l :

Axmax = ,rYu#jl

Where Vamin = the m' in imum expected apparent veloci ty
fmax = the maximum expected frequency

T h e  m j n i m u m  v e l o c j t y  j s  u s u a l l y  t h e  a j r w a v e

(Vam' in = 1100 f t lsec) w' i th a max. f requency of  100 Hz. There-

fore,  the spacing of  phones should not be more than 6 feet .

H o w e v e r , ' i t  i s  v e r y  d j f f i c u l t  t o  a v o i d  s p a t i a l  a l i a s i n g  o f  t h e

h igher  f requenc ies  o f  a j rwaves .  No ise  f requenc ies  are  be low

50 Hz,  hence a  max ' imum phone spac ing  o f  20  fee t  i s  usua l ly

adequate.
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us ing  a  s imp le  wave tes t ,  a f fays  can be  des ' igned jn  the  t ime-

d i  stance or f  -k doma' i  n.
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B.  Ar ray  Des iqn  in  the  T ime-Dis tance Domain

As a  f  i r s t  approx imat ion ,  des ign  a  s ' imp1e l ' i near  rece iver

array.

1.  Coherent Noi  se Attenuat ' ion

a)  S teps  in  L jnear  Ar ray  Des ' iqn

The fol lowing steps are recommended:

1)  Ident ' i f y  a l l  coherent  no jse  events  on  the  wave

tes t  and measure  the i r  phase ve loc j ty ,  p redomi -

nant  f requency  and re la t i ve  ampl i tude to  the

weakest s ignal .  The measurements can be made

by a  s imp le  "db"  sca le  o r  by  p rogram "DLLI " .

Figure 76 shows a wave test  and Figure 77 the

ident ' i f ied  events .  Two sec t ions  shou ld  be

made.  One in  t rue  ampl i tude to  measure  ampl i -

tudes  and one w i th  DAVC to  ident i f y  events .
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2) Compute the wavelengths (or spat ia l  f requency)

o f  each o f  the  events .  S ince  no ise  t ra ins  have

a range o f  phase ve loc i t ' i es  and predominant

frequencies,  a range of  wavelengths are com-

puted  us ing  the  s imp le  fo rmulae :

l , a = f f i ;  u u = #

T h e  d a t a  i s  l ' i s t e d  i n  a  t a b l e  o n  F i g u r e  7 8 .
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3) Plot  the data in a histogram form as shown on

F igure  79 .  The ampl j tude h is togram is  p lo t ted

as the funct ion of  range of  apparent wave-

lengths .  Th is  p resenta t ' ion  has  the  mer i ts  o f

no t  on ly  ident ' i f y ing- - ' in  v isua l  fo rm-- the  wave-

lengths needed to be at tenuated but also by how

many db '  s rel  at i  ve to the weakest s ' igna1 .

4) Compute (or read of f  the h ' is togram) the longest

wave length  no ise  ( Imax)  and p lace  i t  a t  the

f i rs t  no tch  o f  a  s imp le  I inear  rece iver  a r ray .

At  the  f i rs t  no tch :

l ,max = ns ( the ef fect ' ive array length)

t rmax =  70  m' in  the  example  shown on F igure  79 .

5) Compute (or determjne from histogram) the shor-

tes t  wave length  no jse  ( Im in) .  P lace  t rmin  a t

the last  notch before repeat.  At  the last

no tch  ( f rom F igure  30) :

L m i n  =  h S ,
n - r

lm in  =  20  m fo r  the  examp]e
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Event  No.

I
2
3
4
5

6
7
8

9
10
1 1
L2
1 3

I4

1 5
16

1 7
18
19
20

2 T

Event
Mode
V
f
I
K
A
db

5 600
17 000
9 480

21 000
2 960

6
1 7
6

2T
1 1
L 7
1 1
2 I

1

000
000
000
000
000

720

420
430

I 280
1 280

830
1 130

270

140.0
680.0
4 7  4 . 0

1050.0
1 7 0 .  6

326.0
8 5 0 . 0
2 6 0 . 8

8 4 0 . 0
5 5 0 . 0
914.4
5 5 0 . 0
840.0

34.4
4 3 . 0

2 L . 0
3 3 .  1

6 4 . 0
5L.2
2 5 . 1 5
45.2

20.77
2 7 . 0 0

0 . 0 0 7 1 4
0.00  147
0.002 1  1
0.00095
0.00586

0.00307
0 . 0 0  I  1 6
0.00383

0 . 0 0  1  1 9
0.00182
0 . 0 0 1 0 6
0 . 0 0 1 8 2
0 . 0 0  I  1 9

0.029 10
0.02300

0.02760
0.03000

0 . 0 1 5 6 3
0 . 0 i 9 5 3
0.03980
0.02210

0.04800
0.03700

1 .  3  2 . 2
t . 7  4 . 6
2 . 0  6 . 0
2  . 0  6 . 0
1 . 3  2 . 2

1 . 7  4 . 6
1 . 7  4 . 6
1 . 0  0 . 0

1 .  3  2 . 2
1 . 0  0 . 0
1 . 0  0 . 0
1 . 0  0 . 0
1 . 3  2 . 2

1 . 3  2 . 2

I . 7  4 . 6
L . 7  4 . 6

2  . 0  6 . 0
I  . 7  6 . 0
1 . 3  2 . 2
1 . 0  0 . 0

3 . 0  9 .  5

per i  od

1 0 )  i n  d b

Charac ter is t i cs  o f  S ' igna l  and No ise

Mode d b

520
000
520

s (0-2)
s (o-2 )
s  (0 -2)
s (o-2)
s (0-2)

s (2 -3 )
s (2 -3 )
s (2-3)

s (3 -5 )
s (3 -5 )
s (3 - s )
s (3 -5 )
s )  3 -s )

N 1

N2
N2

40
2 5
20
20
1 7

20
20
2 5

25
20
18
20
25

50
40

20
1 3

N3
N3
N3
N3

N4

20
25
33
25

1 3
10

N o .  A s  s h o w n  o n  F i g u r e  4 . 2 . 4 8
S(0-2)  s igna l  be tween 0  and 2  seconds
Apparent  ve loc ' i t y ' in  meter /sec
Frequency in Hz (cyc' le/sec) computed from
Apparent wavelength -  V/ f  in meter/cyc1e
Apparent wavenumber -  l /g in cycle/meter
Ampl i tude in mm
R e l a t j v e  a m p l i t u d e  ( r e l a t i v e  t o  e v e n t  n o .

88265ACC0077 -p
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6) Determ' ine the number of  e lements in the l inear

array:

- _ l , m a x + l , m i n
r t - - Am] n

7 0 + 2 0n = f f = 5 i n t h e e x a m P l e

7) Determi ne the spac' ing of  e l  ements:

s - Lmax

t = f = 1 4 m i n t h e e x a m p l e

There fore ,  the  parameters  fo r  the  s imp le  l jnear

receiver array are:

e f fec t j ve  g roup length  (ns)  =  79  t
number of  phones/group = 5
Phone sPac ing  =  14  m
actual  group ' length = 56 m

8) Determ' ine the degree of  noise at tenuat jon

needed f rom the  h is togram.  The no ise  ampl i tude

s h o u l d  b e  a t  l e a s t  1 2  d b  b e l o w  s i g n a l .  T h e

s t rongest  no ise  (NA)  i s  10  db  above the  s igna l ,

hence a  22  db  a t tenuat ion  in  the  re jec t  band is

r e q u ' i r e d ' i n  o u r  e x a m p l e .
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The array response for a

array ' is  shown on F' igure

computed us ing  equat ions

s ix -e lement  I  inear

80. The response ' is

( 2 e )  o r  ( 3 0 ) .

e ) Compute the amay response with the parameters

determ' ined ' in steps 5-7.  The crew jn the

example  is  equ ipped w ' i th  s t r ings  o f  s ix  phones

( the  min jmum number  o f  phones per  g roup) .

Therefore,  the revjsed parameters are:

e f fec t i ve  g roup length  =
number of  phones/group =
phone spac ing  =
actual  group length =

7 2 m = n s
6  = n

1 2 m = s
6 0 m = 4 . |

^ . = /

A r  =  

/ *

sin 0 ff i)

( *^  )s'r n

or

s j n  ( n k  n s )
s i n  ( n k s )
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(t 6e)

t
S \ $

\,

N
l1

e
,

\

ss
$
\

s+,
\)

_\)
\.

T i
' . $

$ $. s $
\ a
$ \ *
A q

b
\

\

$. s
{

s
sS
\)
\
\

. S )

t

\
s\r
\a
a)

\o

I
\J
v)
s,s
*a)

\
t r

s
is

\-

$
<\

C
$
F
{

Pq,

g

s\o
frf

/wa



Page 170

10) Compare the required no' ise at tenuat ion wi th the

attenuat ion of  the reject  band of  the array

computed in step 9.  Note,  that  the graph on

F igure  34  (a t tenuat jon  enve lope)  may a lso  be

used to est imate the at tenuat ion of  the reject

band. I f  the average at tenuat jon of  the reject

band ' i s  less  than the  requ i red  no ' i se  a t ten-

ua t jon ,  d  l inear ly  tapered rece jver  amay or  a

l inear  source  ar ray  (o r  ' l i near ly  
tapered source

array) or some comb' inat jons must be used to

ach ' ieve  requ ' i red  a t tenuat ion .

L inear ly  tapered rece jver  a r rays  can eas ' i1y  be

imp lemented by  add ing  add i t ' i ona l  s t r ings .  The

ava i lab i l ' i t y  o f  source  ar rays  depends on  the

type of  source used and econom' ics.  Source

ar rays  ( l inear  o r  tapered)  a re  read i l y  ava ' i1 -

ab le  w j th  v ' ib rose is  o r  o ther  sur face  sources ,

bu t  may be  imposs ib le  w j th  deep ho le  dynami te

shoot i  ng .

b ) Tapered Recejver Arrays

Attenuat ion may be Increased by

arrays.

88265ACC0077 -p
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It  was shown by comparing Figures 58, 60, and 62

that the best response of  l ' inear ly tapered amays is

the  f la t  top  ar ray  des ign ,  wh ' i ch  p rov ides  a  f la t

reject ion band and approximately 30 db at tenuat jon.

This type of  amay requires the weights to be

tapered in integral  steps away from the centre,  wi th

repet i t ion  o f  we igh ts  a t  the  cent re .

The number  o f  e lements  in  the  subar rays  shou ld  be

s l i g h t l y  d ' i f f e r e n t  ( e . 9 . ,  5  x  6  o r  6  x  5  o r  8  x  9  o r

10  x  12 ,  e tc . )  and the  spac jng  o f  the  e lements  the

same in  bo th  subamays (we igh ts  decrease in  the

in tegra l  s teps)  o r  the  re jec t  band w j l l  be  uneven

wi th  less  than 30  db  a t tenuat ion  as  shown on

F igure  66 .

A symmet r ic  conf igura t ion  (6  x  6  o r  9  x  9 )  i s  a  t r i -

angu lar  taper  w i th  less  a t tenuat ion .

c )  Combinat jon  o f  L inear  Source  and Rece iver  Ar rays

Attenuat jon may be ' increased by the combinat ion of

l jnear  rece jver  a r ray  and l inear  source  ar ray .

The bas ' i c  ru les  to  fo l low in  the  des ign  o f  source

arrays have been discussed on Figure 67:
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The e f fec t i ve  length

equa l  to  the  longes t

ua ted .

of  the receiver array is

wavelength to be at ten-

i )

i i )  The source array js the subarray wi th the fewer

e lements ,  w ' i th  an  e f fec t i ve  length  o f

70  percent  o f  the  rece iver  a r ray .  Th is  tends

to  b roaden the  re jec t  band,  p rov ' ides  f la t

response and 30  db  a t tenuat ion  in  the  re jec t

band.

The s ix -e lement  a r ray  in  the  example  ( response on

F igure  80)  ach ieves  on ly  an  average o f  13  db  a t ten-

ua t jon .  The c rew in  th js  p rospec t  had on ly  four

s t r ings  o f  s ix  phones per  g roup,  there fore ,  a  max-

imum of 4 x 6 array could be used. The response of

the  4  x  6  a r ray  is  shown on F igure  81  and i t  p ro -

v ides  a  30  db  a t tenuat ion  in  the  re jec t  band.

Therefore,  a tapered 4 x 6 rece' iver array js ade-

quate to at tenuate the coherent noise.  Source array

is  no t  necessary .

2 . Ref lec ted  S ' iqna l  A t tenuat jon

1) Compute the maxjmum group interval  to avoid spat ia l

a l  ias ing  o f  the  max ' imum s igna l  f requency .

88265ACC0077 -o
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The maximum group

Axmax = ffill

Where:

Vamin  =  the  mjn imum expected  apparent  ve loc i ty
fmax = max' imum signal  f requency

From equat ion (38)

Vamin  =  Vm' in cos 0

+  s i n  q
Vmin  Tomin

in te rva l  f rom equat ion  (13) .

average ve loc i ty  to  sha l lowest
hor izon  o f  in te res t
re f  lec t ion  t ' ime to  sha l  lowest
hor izon  o f  in te res t
max' imum offset
d ' ip  o f  sha l  lowest  hor  j zon

1 +

I
I

I

f, lhere:

V m i n  =

Tomin  =

XmaX =
0 =

= 4233 m/sec

I n  t h e  e x a m p l e :  t h e  m a x i m u m  d i p  i s  1 5 o ,

Tom' in  =  1 .5  sec ,  xmax =  1680 m,  Vmin  =  2500 m/sec ,

fmax = 40 Hz.

Vamin = 2500

4233
m

88265ACC007 /  -o
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There fore ,  assuming a  48  t race  sp l i t  con f igura t ion

the max' imum group ' interval  ' is  54 m and the revised

max imum of fse t  i s  50  x  24  =  120 m.

2)  Compute  the  max imum group length  to  pass  the  des i red

s igna l .  The f requency  comespond ing  to  the  " -6  db"

a t t e n u a t i o n  i s  g i v e n  b y  e q u a t i o n  ( 4 3 ) :

f(_6 db) = 0.605 #ff i

There fore ,  (ns)max =  0 .605 #

In  the  example :

Vamin  =  4?33 n
fmax = 40 Hz

(nsmax)  =  105.8  m wh ' ich  ' i s  longer  than the  length  o f

rece iver  a r ray  des igned fo r  coherent  no ise  a t ten-

ua t ion  (70  m) ,  there fore ,  the  70  m e f fec t i ve  a r ray

length  is  acceptab le .

Note ,  tha t  jn  l jnear ly  tapered ar rays  the  f i rs t

no tch  js  loca ted  a t  the  e f fec t i ve  g roup length  o f

the  longer  subar ray ,  however ,  the  s lope o f  the  pass

band w i l l  be  s teeper  than fo r  the  longer  l jnear  sub-

array,  therefore,  equat ion (43) over est imates the
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0 . 5  =  1
n

maximum acceptab' le group ' length.  (Al)max may a' lso

be est imated from the graphs on Figures 41-48.

3)  Check  re f lec ted  s igna l  a t tenuat ion  due to  max jmum

surface slope across the group for the maximum

des i red  s igna l  f requency .

From F igure  53 :

g.
2

AEmax = 
180- #t

Where Q/2 is computed from

s i n ; !  g

s in f r  9

The graph on  F jgure  54  may a lso  be  used to  es t imate

"AEmax " .

4)  Compare maximum al lowable amay length to pass

s igna l  (de termined in  s tep  2)  w i th  a r ray  length  com-

puted  to  a t tenuate  coherent  no ise .  I f  the  
' longes t

subarray length exceeds the length required to pass

s igna l ,  se lec t  the  ar ray  length  accord ing  to  wh ' i ch

is more important:

88265ACC0077 -p
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a)  To  pass  the  s igna l  w i th  no  more  than 6  db

at tenuat i  on :

Se lec t  amay to  pass  s igna l  and sacr i f i ce  no ise

attenuat i  on.

b) To at tenuate coherent noise by 30 db:

Se lec t  amay length  des ' ign  to  a t tenuate  no ise

a n d  s a c r j f i c e  s i g n a l  a m p l i t u d e .

c) Select  an average of  the two array lengths (a

h a p p y  m e d i u m ) .

5) Compute the at tenuat ' ion of  the maximum desired

s' ignal  f requency by the CDP trace.

Us ing  equat ' ions  (46)  and (47)  the  response o f  the

array 'i s compu ted as f o I I ows :

8826sACC0077 -p
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Equat ion (47) computes the ampl i tude response of  one

group of  source and receiver pairs and equat ion (46)

for a symmetr ic CDP conf igurat ion.  This comparison

is  impor tan t ,  espec ia l l y  " i f  in  s tep  4  i t  i s  found

that in order to at tenuate coherent noise,  the array

length  js  excess ive  to  pass  the  s ' igna l .  S ince  the

at tenuat jon  by  the  CDP t race  is  usua l ly  less  than by

a group at  the longest of fset ,  the array length may

be increased to at tenuate the undes' i rable coherent

no i  se .
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C.  Ar ray  Des iqn  in  the  f -k  Domain

The des ign  procedures  in  the  f -k  doma' in  a re  the  same as ' in  the

t ime-d is tance domain .  The on ly  d i f fe rence js  tha t  spa t ia l

f requenc ies  (k )  ra ther  than wave lengths  are  used in  the  des ign

equat  ions .

The f i rst  step is to t ransform the wave test  data into the f -k

domain (an example of  a wave test  and j ts F-k representat jon

js  shown on F igure  82) .

l .  Coherent  No ise  At tenuat ion

Steps recommended for array des'ign to attenuate coherent

no i  se :

F i rs t ,  des ' ign  a  s ' imp le  l inear  a r ray .

1)  Ident i f y  coherent  no ise  events  on  the  t jme-d is tance

and f -k  p1ots .
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2) Determine the band of  spat ia l  f requencies for  the

coherent  no ise ,  t ra in  tha t  i s  kmax and kmin .  In  the

example on F' igure 82.

kmax = 8 cycles/kf t

kmin  =  1  cyc le /k f t

3 )  P lace  "kmin"  a t  f i r s t  no tch  o f  l inear  a r ray  and

"kmax"  a t  Ias t  no tch .

4) Determine the number of  e lements ' in the array:

kmax + km' in
| | - - - - i _

Kml  n

For  the  example :

n = 1 1 8 = 9" r

5) Determ' ine the spacing of  e lements and ef fect ive

array length.

, s = #  S = * ^ ,  =  / t t  F +
9  x ' o  o l

To accomnodate the master cable ava' i lable

s = 120 feet and n = 9 was used.
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The parameters of the rece'iver array:

n  = 9
s  = 1 2 0 f t
ns = 1080 f t

The ampl j tudes on the f-k plot  of  F ' igure 82 are nor-

mal ized  to  the  h ighes t  ampf i tude and contoured jn

negat ive  db-s .

6) Determine the degree of  noise at tenuat ion needed by

observ ing  the  d j f fe rence in  ampl j tudes  be tween

s ' i g n a 1  a n d  n o i s e .  T h e  f j l t e r e d  n o i s e  a m p l i t u d e  m u s t

b e  a t  l e a s t  1 2  d b  b e l o w  s i g n a l .

7)  Mult ' ip ' ly  the spat ia l  f requency response of  the array

(F' igure 83) and the input f requency response of  the

wave test  (Figure 82) and transform the f i l tered f-k

response in to  the  t ime-d is tance domain  to  de termine

the  e f  fec t i veness  o f  spa t ' ia l  f  i  l te r .

Figure 84 shows the f i l tered wave test  f -k response

and the  f i l te red  t ime-d is tance p1ot .  I t  appears  the

array was ef fect ive jn at tenuat ing the coherent

no ' i se .
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I f  the  des i red  a t tenuat ion  is  no t

l inear  a r ray  must  be  des igned as

steps 10a and b of  "Array Design

Dis tance Domain" .

achieved a tapered

descr ibed in

in  the  T ime-

2 . Ref lec ted  S jgna l  A t tenuat ion

To check the ef fect  of  arays on the ref  lected signal ,

the  same s teps  are  fo l lowed as  d iscussed in  the  sec t ion

on ar ray  des ign  in  the  t ime-d is tance domain .

The max imum group in te rva l  to  avo id  spat ia l  a l ias ing  may

a lso  be  de termjned in  the  f -k  domain  by  tak ing  the  or i -

g inal  v{ave spread and reject ing t races, thus creat ' ing

wave tes ts  o f  inc reas jng  group ' in te rva l .  The da ta  i s

transformed into the f -k domain and checked for wrap-

around (a11 'as ing) .  The la rges t  g roup in te rva l  no t

show' ing  a l ias ing  is  the  max imum a l lowab le  g roup jn te rva l .
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D. Complementary Field Tests for  Array Desiqn

The opt ' imum array has been designed based on theoret ical

equat ' ions,  which ignores the ef fect  of  e lement errors shown by

Newman and Mahoney.

Therefore,  the ef fect ' iveness of  the theoret ' ical  array must be

checked in  the  f ie ld  by  "Res idua l  Wave Tes ts"  o r  "Res jdua l

Wave Tes t  S t ' imu ' la t ion  (RWAV)  " .

1 .  Res ' idua l  Wave Tes t

A residual  wave test  is  a wave spread that has an array

b u i l t  i n ,  h e n c e ,  i n s t e a d  o f  r e c o r d i n g  i n d ' i v i d u a l  p h o n e s

at  each s ta t ion  o f  the  or ig ina l  wave tes t ,  the  geophone

array designed is recorded. The resul tant  wave test

shows i f  there is any array leakage.

Array leakage may also be checked by the regular pro-

duc t ion  spread la id  ou t  w i th  the  "op t imum amay" .

The advantage o f  res idua l  wave tes t ' i s  tha t  due to  the

c l o s e  s a m p l i n g ,  p o s s i b , e  s p a t i a l  a l i a s i n g  p r o b l e m s  a r e

avo ided and weak res idua l  no ise  t ra jns  (usua11y h igher

spat ' ia1 f requency) are readi ly recognizable.  However,
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fo l low ing  th is  p rocedure  two wave tes ts  a re  requ i red :

simple v,rave test  and a residual  wave test .

A better approach is the Residual  Wave Test St ' imulat ion

which  on ly  requ i res  one wave tes t .

2 .  Res jdua l  Wave Tes t  S jmu la t ' ion  (R[ {AV)

The method is  descr ib ' ing by P.  W. Johnson ' in  Amoco

Research Repor t  No.  F-8I -E-24.

The program requires that  the spacing of  the phones be

equa l  o r  less  than the  theore t jca l l y  de termjned e lement

spac i  ng .

The computat ion consists of  performing a we' ighted ' inter-

record mix of  the input t races for each output t race to

s imu la te  the  des i red  ar rays  (F igure  85) .  The number  o f

output t races is the same as the number of  jnput t races

and at  the same trace spacing. The output is in " t rue

ampl i tude" .  F igures  86-88 show the  or ig ina l  wave spread

and two I ' inear  a r ray  s jmu la t jons .  Th is  method is  h igh ly

recommended, where wel l  designed amays are a must.  The

method is  expens ive ,  requ ' i r ing  many shots .
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Pase lgZ

3. Mu I  t i  fo l  d Arays as Spat ' ia l  Fi  I  ters of  Noi  se

Mul t i fo ld  amays ( the  CDP t race)  a re  spat ia l  f  i  l te rs  s im-

i1ar1y to source and receiver arrays.
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Bas ic  p roper t ies :

2 )

1 ) The number of e lements  i s equal  to t h e  f o l d .

The spac ing  o f  e lements  i s  equa l  to  the  spac ing  o f

t races  in  the  CDP:

"  -  ( G I ) ( T r )
- n

Where

GI  =  Group in te rva l
Tr = No. of  t races recorded in spread.

3)  For  coherent  l inear  no ise  cance l la t jon  s ing le  ender

conf igura t ion  must  be  used,  s ince  the  l ' i near  no ise

' in  a  sp l i t  CDP t race  is  smeared,  bu t  no t  necessar i l y

at tenuated, due to the reversal  of  d ips on the two

s i d e s  o f  s p l j t  s h o t s .

4) Since in the CDP stacked trace the data is corrected

for NM0, the ef fect  of  mult i fo ld array on the

coherent noise is determined by t ransforming the

wave tes t  jn to  the  f -k  domajn  and mul t ip ly ing  the

response wjth the mult ' i fo ld array response and

transforming the data back jnto the t ine-d' istance

doma' in .  Note ,  tha t  a f te r  NM0,  the  l inear  no ise  is

no longer l ' inear and care must be taken in the
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process  o f  jden t i f j ca t ion ,  espec ia l l y  ' i n  the  f -k

domain.  Furthermore, due to NM0, the range of  spa-

t i  a l  f  requence ' i s  a l  so  a l  te red .

5) The mult i fo ld array may also be used to at tenuate

m u  I  t i  p 1  e s .

Steps  to  fo l  low in  mu l t ' i fo ld  a r ray  des ign :

a) Shoot an expanding spread. The purpose of  the

expanding spread js to obtajn a large number of

raypaths at  d i f ferent ranges from the same sub-

sur face  coverage.  The f ie ld  layout ,  the  sec-

t ion layout and an example are shown on

F ' i g u r e s  8 9 , 9 0 ,  a n d  9 1 .

b) Comect the sect ion for  NMO.

c)  Trans form data  (each s ide  independent ly )  in to

F-k  domain .

d)  Determine "kmax"  and "kmjn"  fo r  mu l t ip ie .

8826sACC0077-p
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e) Compute reject  band: number of  e lements ( fo ld)

and spac ing .

- _ k m a x + k m ' i n" - ---mi 
n--

, = ( G I ) ( T r ) = _ l _-  n  n  km in

1
GI = 

hf-f"

f )  Compute  response o f  mu l t i fo ld  a r ray .

PR0D/s I  k
88265ACC0077 -p
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