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lntroductlbn-

Since early suu%es a “ealth of l:terature has appeared on the sub_]ect of seismic arrays

‘but most of the work is dévoted, essentiwlly 10 the frotesting of seisinic array data. Denham

(1963) dealt with the-problem of construction of small arrays for sefraction shooting. Bimtill
and wh:teway«(lgﬁé), among others, com;dered the prob!em of array design relying. primarily
on empirical consideration regarding the ngnlll and the noise. Burg (1964), Capon (1969)
and some others considered the array design;. problem mathemarically and derived their
conclusions on the limsis of frequency wavehumber spectri pf the expecled signals and the
noise. :

Hartenberger-and -Van Nostrand (1972) pdint out the fact that compnratively lesser atten-
tion has .been given to, what they call, the rational design of a seismic array. They

. demonstrate the way ih which noise and signal characteristics impose limits on an array and

show clearly that nowall' the sensors of LASA are really essemtial, Arora (1970) considers
the problem of arraw.design mathematically in spece domain rather than i in wavenumher

- donrsin fwmdkuﬂumwaﬂm ofthe results. Basing hi¥ contidiérations on  thé' fordh of

noise correlation a4 ' decreasihg funétion of the sensor séparation, he tFies to obtain ihe
optimum number of geophones in- linear seismic array of fixed length and obtains results
similar to those of Rartenberger and Van Nostrand (1972). Since hé takes the noise to be -

uon:op:c, the dxrecxmmluy of the array does not,enter into his consideration. The ambient
noue, however, .a8 i1 is well known, has in many:cases directional properties and such as

lpomted out by Hanenbergef and-Vap Nostrand,; among others, the design of a seismic array

is a function of the direction and of the velocity of noise in the band pass of the signals
required to be detected or extracted. Here we shall be concerned with the éffect of the
directional properties .of the “noise on the orientations of-linear and cross-shaped arrays and’
shall try to obtain epiimal orientations for these types of ‘arrays as function of the noise
correlation. '

““fhe noise is taken.to be upaéé-hme stationary. Also suppose that the eprréhtbn of the
noise samplcs from two sensors is a function of the direciion of the line joining the sensor in

‘addition to its being:dependen upon their separaiion. ~ First 4&n M element non-linear array

is considered, resuhs about the directionality of a’ hnaar array. is derived and then these
results are extended to a cross-shaped array.

Let r;, 1 § j €M, denote the position vector of the jth sensor P, of an M element ‘array.

Supposing that the arrey data processing consists of beam forming, the recording of the jth
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" element can be wrmen as the sum

n(t) + n(t,r,) B S .
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of the signal component s(t) and noise eomponentm(t, r;) and it is luppmed that through

proper phase sh:fung the signal components at all the geophones are in phase Let s(t) and
b o

'n(t, r,) be orthogonal 80 that the (power) sxgnal-to no:se-ratm can be written a.l ‘
| ISNR = D/MS , = NSR, S e (@

‘whéi'e 5 ‘denotes the signal power for each of the § sensors and may be defined in the mlnner
‘it has been’ done among others, by the author (1970)
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_{bnr dcnoqng the sta,lultu:al averagmg Now suppou that the. .noise is stat:onary argoduc :
_ process, as u usually the case in respect of ambient seismic. nonmatlm wWe may wme

) Pll =-_ n(t, r‘} ll(t,lr;) f(ry, ay} i #js g,, l opnstant, i "'.] (4)

where ru i | ppeery = T, denotes the distance P, Py and au denotes tho anglg M :ﬁe
join of Py to P; makes with some fixed direction. It may be noted that Py denotes the
correlation of the noise traces from Py and Py, and henca Pi, = Py,

For the sake o!‘ nrnphcny, now Assume . _ : , o
. fb) =) Bb) L ()
Fherefore, h(a;;) = h{a;) , IR (6)

h(a) is a periodic function of * a wlth period », and hence has the Fourier series consmmg of
cosine terms only i.e.

. Ba)=cy2+cgconateucosdat . ' )
o 1 h(a) be' approxlmated by its first (m + l) terms, '
Then h(a) = Ka); - ' (8
Where h(a) = cg/2 + ¢5 cos 2a + ¢4 cos 4a i+ Cgu CO8 (2ina) : (9)
From elementary Trigonomentry,.
' - Ha) = Ag+Agcosf a4 Agcosta 4 ... + Agy cos2@a . (10)

“This involves only even powers of cosineés thus enablmg to carry on the anal‘gms in terms
of coefficients A,'®. : Lo
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In practical situations, h(a) is not given. The set of triplétl (ay, by, fy) from the obietva-
tional data are known, where fiy denoctes the valye of the correlation between a pair of
geophones distant a, and inclined at an angle by to the fixed direction. Thus the surface

. f = f(a,b) ‘
== g(a} h(b), {from (7)} » (1
“has to he_z determined which gives the best fit, in some sense, to the set of triplets {a), by, fi;)
. (Schumaker, 1976). o ‘
Noise-to-signal-ratio of a linear array

CoTt is- evident that for a linear array ay for all i, with .i<j (i>j) is the same and,
therefore, - - ‘

a, i<J: - B
| i +a, i, . . (2
and hence from'(3);" (4), (5) and (6), . ,
D=Mgo+h(a) & g(ry) . (13)

: W=t~
In case of a uniform array of flxed length R having distance r between the adjacent
. geophones, c | - | |

Therefore from (4) and (13),
D = M go + N h(a), - (M)
M .
N = ap!;‘ | (M—p)gy - 1

From (2), (14) and (15} it is found that SNR (or NSR) of a linear array depends upon: (a)
the length R of the array, (b) the number M of the geophones in it, (c) the functional
dependence g(y) of the noise correlation on the geophone separation y, (d) the nature of the
expected signals, (e) the behaviour h(a), a factor in the noise correlation with the direction a
of the array, which we shall call the direction factor (of the array). Except (e}, which is
being discussed here, the other points have been covered by the author in his work of 1970,

Determination of the best direction for a linear array

As is known that D stands for the noise power of the array and gg for the noise power of
each of the geophone of the array & using the fact that SNR of an M element array cannot
exceed M, it is found from (), (3) and (14) that either h{a) and N are both positive or both
negative. By definition g(a) is positive from ail a, and hence from (10) and (14)

Ag>0, Ag+ Ag+ . + Ay DO ' (16) -
Remembering that we are concerned with the direction factor only, the maximum value of
SNR {or the minimum value of the NSR), will be dete1 mined by the value of minimising h(a)
Diflerentiating h(a) twice with respect to a. We see fiom (9) that the best direction for the

'
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X r¥cos (2ra) > 0:-
rs=]

Tt ma'y ‘be ‘fioted ‘froin (é) that the’ penod o h(la) is equal to uf:'.’ and l'rom ('llu: 1’3} lulﬁ;' Btb
consider -

ae [o, ”12} o5 resatl ok e ousi-u siame J-«n:%‘

... Far. wast of observational data, regardmg noise correlption, ¢'a cap: :nat. ,M determined..
Instead of (17), therefore, (10) is easier to analyse and is bemg coxmdered The folh,wug two-

cases which, of course satisfy (16) are given below :
(i) Al the A,’s are non-negative. ) .
Here h{z) is a monotomcally decreasmg functxon oﬁ a;[{rom (10) & {18)] and hence the-
best direction for the array is given by ' ]
a == xf2 e 3 ST e (19
'l h:s specnal case oorrespond hyyothe;tcal model of the upblen} noise in a coastak
""" pofo id to geneuie (ngueﬁ wave ‘motion with wavqfronts
pa:a]hl to the coast. TRNis clearly means that the noise correlation would be maximuin iz
an array parallel 1o the coast. Evidently, hpne!‘ore;{he Hest dn‘eehon Tor the array would
be the perpendicular direclion to the coast, as given' by (19) This noise model is clearly
100 simple to be of any practical significance. In general,. there wre: more 1han one such
idirections which correspond to the minimum valye:{s) of the divection facior.

A simple illustration of the fact that there can be mbtre than one preferred directions
which minimise the direction factor is given by thé f-'tltowmg 4pec1a1 case ;

. {ii)  One of the A’s (i > 0) is —ve,, (16) is gatisfied. §
Consider the direction fagtor givenby - - = - L T Ep
1 ="feost & 4 § conha o Lo
Tt is éasy to see that there are two p:eferred du-ecuonl gwen by a = 0 and a = /6.
“However it ¢an be immediately seén thae 0 T o N
a=xf6 N - o - (20)
gives the best direction for the aresy.: -+ if s uui 80ies 08 cand wng 0 taons e 48
'Dctermination of the belt direction for a mn—nhped aruy

Gon,sxder a cross array havmg M elemems ip eacl;n o€ the @wo, _arms of the array From
(2 ) (3) and (14), thp sym of the nq:n-to-ngn@l-rauo for the t.yvc arms can be wiitte n as

2M gy + Nfh(a) + h (a +2/2)].
MeS

so that the dlrecnon factor for such an array can be wntten as F(a) E(a) + k(a4 #/2)
= ¢o+ c.em4a + t;gcos&a, Foae -4 Cap.cos {4 pa).from (9) .- I .1(22)‘

(2')
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= (Ap + Ag) + Aqlcost af sinda) 4 Ag (cos®a) 4 .. Ayp (costda 4 win®® a) - (28)
where p =‘[mf2] dénntes the greatest integer not greater than m/2. ~ From (22), we see that

i; T Cap sin (4ra) = 0 : (24)
r=p . . : - . :

and T '£1 t3.c4, cos (4ra) > O
will determine the value of ‘a’ which minimises the diteclion factor. However due to the
lack of knowledge of c,'s for want of data regarding noise correlatmm, M-ofm[m .
(24) two spegial:cases from (23) are considered i .. reaiii

(1) Ali.the Ay’s are non-negative. ~ = - - R

‘From (28), i’ thé" interval [0, nﬁ] the: d1réct|on factor is mdnbtomcnlly iﬂcreasmg lnd
in the remaiting dubinterval =/4, %/2 of the' interval ¢ lengih n/2, whmh is equnltothe-
period- -of the diucuon ﬂxctor, it is monotonically- decréutfng 'l‘hus '

a=0 a=xf2 S T (25)

minimile the direction factor. [t may, however, be noted that in. 30 far as the dmcuonahty :
is concerncd, (25) refer to the same cross-shaped array.

@ A =0, .-46..‘...‘..p : [ ¢ 1)
Equation (26) nmphen that. we have approxmtnd h(a) by (9) withm. = 1.

From (23), in chis case the direciion factor is independent of a. Thus in case (26)
hoids, an array oriented in one direction is as good as’an array oriented in another direction.

Orientations for the srray when there are two or more preferred directions

While considering special case (i) in respect of the determination of the best direction
for linear array it is noted that, h(a) was found to be monotonically deqrqa,nng function of
a. on the interval {0, x/2] equal to the period of h(a). Consequently there was found to
be one preferred direction for the array and the period of h(a) is equal to x. Now consider
the behaviour of h(a) in an interval I of the length x. In this cage h(a} will be monotonically
decreasing function on some sub-interval of I and monotonically increasing on the remaining
sub-interval (s} of I. * Thus in general,  we shall get more than one piéferved directions for
a linear array. As an jllusiration let us suppose that the duecuon factor for & linear array
is given by

H(a) = A0+Agc',s’a+A4cos4a+ m COSTF a L

: + Bo + By cos? (a+b) + By cort (a+b) + ... Bay, cos®® (a+b) (27)
where b is h constamt given by | b | < »/2 and Ags and By's are nonsnegative constants.
From the foregoing it should be clear that a = =/2 and a = =/2 — b are two of the preferred
.digection in this case, Substimuing for the power of cos 2) and of eos (a-+b) in terms of
sines and cosines of muliples of ‘a’ and of (a+b) and;s:mpllfymg, {27).can | be written as

H{a) = Co/2 + Cgcos2a + Cycos 4 a + ... + Cyycos(2 ma)

_ 4+ Dgsin2a + Dgsinda 4 .. +l),...sm(2ma),. ‘(28)

“where Cy’s and Dy's are determined by Ay’s and B’s.  That the direciion factor for a linear
array in the general case, is given by (28) should not e surprising.

-
o -
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+From (28);#he dirttion faetar far a.ovoss shaped. array is given by, L

ot Hmy %L‘B(m*}—'{xlﬁ?}m'Fm:'-rl-g-cczﬁ,ﬁ 42 4.Cocos B2t ... + Gy cos (4 pa) _
- .+ Dygsin4a + Dgsin8a + .. + Dy, sin (4 pa), (29)

Thus for the general case, the best orientations for the linear and cross shaped ATrAYys are
to be determined from (28) and (29) respectively by minimising these expressions. The
coefficients Ci’s and I)\"s are to be determined from ‘the dbservational data as already
indicated. - . ‘ o
S e R e L x Vo
Mﬁ%‘-“ﬁlfﬂ-itwwi- B L T S . R TR . TRt
From what has been said in the foregoing, it otld Becomie éloar  that at tHe sites Whdre -
noise is suspected to possess directional properties, it might be fruitfisl so-explore the behaviour
‘of ithe nolse .cervelation; with. different. . directions,and so.amake the couseqyential choice for
the. orientatjon .of . the array. 1 8ince. the. diregtion . factor .of a.cromshaped array involves,
higher powers of the trigonometrig, xasion. then. the diregtion factor. for, 3 ligear array, it js
evident that for a cross shaped array, the array otientation ip not as important as for a linear.
array, In fact from special case (2) we see that in certain cases the array orjentation might
not matter at all for & cross L SRR T

RPN v

noise, the directions from which signal are more frequently expected thight be preferred -
directions, an example “being’ the " diréction ‘of the(known)sites of mitlear explosions. - In
such cases, however the correlation.of the. signal-generated . noige has.to he taken account of.
It is evident that the behaviour of this wype of -noise cannot be determined. by the usual
methods, apd, perjce sqme, ofher, method for finding the functional betwesn the noise
correlation and direction has to be found. _ ' ’ '

From special case (i), it should be’ clear that due to thepmenceqf n‘gt'lal‘-g:enorited,,

L
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