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SElI SM C VI BRATOR ARRAY AND METHOD FOR USI NG
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invention relates generally to geophysical exploration
and in particular to a vibratory seismc source
useful in geCphysreferenceptmrelited appicatipasticul arly,
the invention relates to nethods for using vibrators
Nefrapplrablee sei smi ¢ acqui sition. Background Art [0002]
Sei sm c energy sources, including vi brators, are used

[ rat on_on la and i n water
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sei sm ¢ surveying, anehdSIﬁﬂledneelgyoxsource such as an
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gas into the water. T igh pressure
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-the array of receivers. At selected times, the air gun or array of guns is actuated to

release a burst of high pressure air or gas into the water. The burst of high pressure

generates seismic energy for investigating geblogic structures in the rock formations

below the water bottom.

-[0004] In marine seismic surveying, one type of seismic energy source is a vibrator.
Generally, a seismic vibrator includes a base plate coupled to the water, a reactive

:mass, and hydraulic or other devices to cause vibration of the reactive mass and base

platg. The vibrations are typically conducted tklfough a range of frequencies in a

* pattern known as a “sweep” or “chirp.” Signals detected by. the seismic receivers are

cross correlated with a signal from a sensor disposed proximate the base plate. The
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000002 1 ~ result of the cross correlation is a
seism c signal that approxi mates what woul d have been
detected by the seismc receivers if an inpulsive type
seism c energy source had been used. An advantage
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Vi tﬁxgp@pngﬁbg,mm@dance for a low frequency vibrator.

[0006] The total impedance that will be experienced by. a marine vibrator may be

expressed as follows:

Z =R +jX, (Eq. 1)



expressed as follows: Z =R +/ X, (Eq.l) 2 where: Zr is
the total inpedance, Rr is the radiation inpedance,
and X, is the reactive inpedance. [0007] In an

anal ysis of the energy transfer of a marine vibrator,
the system.including the vibrator and the water may
be ‘5@% 2mr‘rsat$ EPtajém Bna‘ief Re ds 19¢ sadition yaredangg; and; Bnis the
|ng%g§ﬂ@§n daffe. @ baffl ed p|ston can be expressed as:

= 7ra2 PoCR (x), (Eq. 2) and the reactive
[OQOr'ﬂ) edansancaalyse Oébbp ﬁ&@S}edaMer ofra rmaring Rieafor, (he) syétﬁq mcludmg

2 oS P A0 SRRty 1S T i

7r fmpedanediR; of pbafflsd bli®ndembé Exprafedi@t er, W is the
angul ar frequency, k is the wave nunber, a is the

radigus ,0f , LRgPi ston, c is the acoustic velocity,
the Mﬂve Iedg? and J1 is a Bessel function of t(ﬁ‘i3

rder e Taylor series
exp%{jrﬁim oﬁa?tgegrﬁgedﬁ%chggh%ﬁﬁ’?‘?s §2shr ovi des t he
exprnessi@psy ¥ x4 R (x) = 2 4 +, (Egq 2)
> bar P A (Eq. 8) [38@9?
Forwhaw frequenci es, when x=2ka is nuch small er than

1, the req{ ang i magi nary part of the total inpedance
expkekh e approximated with the first tquaﬁé
t he Tayl or 4seri®s expansi on. The expressions for |o

frequencieg, when the wave length is much [arger then
theRKah#Us;dﬂxlhe pi ston, becone: (Eq. 5)

T

4 < . .
X, (x)=— Psm(x cosa)sin’ado (Eq. 6)
T
in which p,, is the density of water, @ is the angular frequency, & is the wave number,

a is the radius of the piston, c is the acoustic velocity, 4 is the wave length, and J; is
a Bessel function of the first order.
[0008] Applying the Taylor series expansion to the above equations provides the

expressions:

x? x4

R '
0) = 2 281 Fa.7)
4/ x x° x°
X X)) =——}| ——— —— —_— ...
l( ) . {3 32 5 32 52 7 } (Eq' 8)

[0009] For low frequencies, when x=2ka is much smaller than 1, the real and
imaginary part of the total impedance expression may be approximated with the first
term of the Taylor series expansion. The expressions for low frequencies, when the

wave length is much larger then the radius of the piston, become:
1 2
R (x) > = (ka) (Eq. 9)

8ka
X(x) > = _ (Eq. 10)



R (x) -~ 2 (ka)2 (Eg. 9) X, (x) 8ka (Eq. 10) 3
[0010] It follows that for | ow frequencies the
radi ati on i npedance Rwll be small as conpared to
t he reactive inpedance X, whi ch suggests | ow
Ooié]el ci generation. Accordingl there is a.
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[0013] O her aspects and advantages o I nventi
wi | RUBHLY s@fpsgisavin receiyers tdiwosadeaicypagsdi apart dochtivhe ebmons of the

thaaete‘c&hlseaemB;lg&ﬁs g Bt)hlogheggfg aﬁzga A Bas e?rﬁlbﬂow the

shows an exanp rne Surve
Con‘!mt@me‘@f the body ef wgbub:aleaqhyofcrhe $iest and dle&ldezgiya second seismic

U{&g&ra,[eggégﬁm@.a 1A shows an exanpl e

npl enmentation of a seismc vibrator signal
[O(ﬂgf‘er At QRher aspects and advantages of the invention will be apparent from the

description and the claims that follow.

Brief Description of the Drawings

[0014] FIG. 1 shows an example marine seismic'survey being conducted using a

plurality of seismic energy sources.

[0015] FIG. 1A shows an example implementation of a seismic vibrator signal

generator.



4 [0016] FIG 1B shows an exanpl e signal detection
device coupled to a seismc receiver. [0017] FIG 2
shows an exanple structure for a conventional
hydraulic seismc vibrator. [0018] FIG 3 shows an
I tructure for an electrical seismc vibrator.
[00%3[118] eF#‘? ﬁ dOBRs 2 AR esraidptectianbdemticsr coupled to a seismic
Ccrags&iwection. [0020] FIG 5 shows anot her exanpl e
vi brator in cross-section. [0021] FIG 6 shows a
prul af hnfs U r | t C . Lo
o TRy o e o e B R, sfsmic
f orvigpler-t ype of direct sequence spread spectrum
Si nal.ééoozs] FIG 8 is an exanple of a direct
[0048]uenddG shyhead as srannle srucDBSKY at oldericdl 0624k vilr@or.9 i s
a graph of frequency content of a seismc source
[003P] ver FiSirshows siogreakxampieleitiragr toerdssagedan. Fl G 8.
[0025] FIG 10 is an exanple spread spectrum code
[0028] ng Hl@hashewsadothatexample vB26] in Btdss-seklion.s a gr aph of
the frequency content of a seismc source driver using
[0021] si grFG. €dded aaondaed agplitodddpeetrub®with 802@bondahéss. 12A
and 12B show, respectively, a DSSS signal and response

[0022] a | GAIG. T ieapietamply hitb@ilatib® filndBorDRPIne fypé&IF direct sequence
FIGS. 13A and 13B show, respectively, a

si gnal . 6‘%0028] EL
DSSE & FAUE 5 lesponse of a hi gher frequency
Lpr at than that shown in FIG 12B to the DSSS
[Ooé:}i)ver %ﬁ,@g%ap em@g]o? ffiieest seguonce pRreapeasufDSSS) code.
respectj éel y, conbi ped DSSS signals and output of the
(005" vi B4t IS &apk plolipfiupsey powient of 2/&eismpgsouncs Ariserdising B. signal

[ 002Q8d &ck&zdink%o QW an autocorrel ation of the sum of
the signals in FIGS. 13A and 14A. Detail ed

[0028BCT i B oMY iIE Qp gnum}ﬁ@ sﬁé%qpéc%u&fcoggﬁiiﬁ]fbigﬂsé MoGuiation.

surveying using a plurality of marine Vvibrator

[0026] ST GIENES BYa SABK BP%eiﬁgﬁéhQ%orﬁ&HmtsE%@E% %utcﬁ g&kg‘ using a

1. A seismic survey recording 5 vessel

novilghg! edethercordinasta i Gc- of a body of water Wsuch as

a_|l ake or the ocean. The seism c survey recording
[002ksel FiGSt 1341 end 13B ishy.uekpsctvglyi pMSSS, signehawirestionRSof a low

an éq%grﬁ;?rvﬁgatBPto];tg«{Dgg’@gﬁirﬁQﬁﬁ as a "recording

systeni that at ecte
[0028] FIGS. 13A and 13B show, respectively, a DSSS signal and response of a higher
frequency vibrator than that shown in FIG. 12B to the DSSS driver signal.

[0029] FIGS. 14A and 14B show, respectively, combined DSSS signals and output of
the two vibrators as shown in FIGS. 12A, 12B, 13A and 13B.

[0030] FIG. 15 shows an autocorrelation of the sum of the signals in FIGS. 13A and
14A.

Detailed Description

[0031] An example of marine seismic surveying using a plurality of marine vibrator

seismic energy sources is shown schematically in FIG. 1. A seismic survey recording



times actuates one or nore seism c energy sources 10,
determ nes geodetic position of the various

conmponents of the seismc acquisition system and

records signals detected by each of a plurality of
seismc receivers R [0032] The seismc receivers R
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and t ents,
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10 towed by source vessels SV is to Increase the
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such additional vibrators eir re ive
003351 t i O ré®rdlOWisd Rvith i LG gn

O e rscgpgé')of.st Ry o i Ot il bftmple of FIG.
an exadfisipeal geismiccwhipeas il mdy beythwad|at selowed reiative positions with
Vi blegdeer [ | khyf ' t35 and the ..
o el o the Wb Rel K SR FIBMIE Top B8 ol froviding
genige additonahvibeatars 10 covsddy sanmse wessels SNdis its indiessealecbverage of
i NS I ' : [ s).38.. Air 32 is

o o6 Subhuffce prdOiE RO ind HERALINERRER s hiptk reiiyay R The
38. nunpetsi afrsudf additeonpli Gbrators3Hl0 arsl theig tlaive gostiidnl ad sisdfvi@ FIG.

val . Lerpneter is used to provide a
f eeggrgglét %éﬂ%e?jﬁg? md tg%%%f’l?e ?f'g%f B ount s 37 are

nt e n,the bell housing 38 to reduce vibrations .
[Odlgﬁyt heqﬂgngﬂ %}H’é’v Ss%teé%“?%of)gﬁ(‘i%‘jenﬂ%’@gﬁly raulies gpasipet Kigrator.
vi bidpdraulic diufeed & dhbenrat 85 endlesi@inrefiin (showh Bf 86.OA, pidthe (base
fi rsltt r$ onance fre u.encg/ of such a vibrator is ]
ty gt el @g%ﬂ?&}f‘é PR OUPE AFSPITRifaVH NG fpdispasedningide g bell housing

fr e@esetieymbanst. Ansh sulpodbetiRh th¥ pitioR 3V 8nd B¥Wbell housing 38.

effjciency at typical seismc frequencies.
Motion oiy the plSt(}{’lp31 is regulated with a s_ervg valve 34. An accelerometer 33 is

used to provide a feedback or pilot signal. Isolation mounts 37 are mounted on the
bell housing 38 to reduce vibrations in the handling system (not shown) used to
deploy the vibrator. Due to the rigid design of the vibrator, the first resonance

frequency of such a vibrator is typically above the upper limit of the seismic



[0035] FIG 3 shows an exanple of a different type of
marine vibrator that can be used in accordance with
the invention. The marine vibrator 10 conprises a
vi brator source 20 nounted within a frane 16. A
bra ket 14 is, connec ed to the top of the frame 16
and F%P%Q%“dapaélg Vléf&t%wéh weey [y efficismey gt typical seismic
depfregtienged. he vibrator 10 into the water. [0036] FIG
4 shows an exanple of the vibrator in partial
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conist ’@P@Fiq’syap&gu% 4 éfh@ﬂl ey ¢ tded dorhdeplogingathe rvxbcdtarlo into the
exagpleg Vi brator described herein shows only a single
driver, an inplenentation in which a plurali ty of

vers L Sco f th
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the driver .8 vtg rlses magnetic circuitry
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rmgnetlc field cause the Terfenol-D materi al
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magnetic field, the length of the driver 8 is varie ed
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el egksttical cufrbntl i§ applRE tﬁ&@t\én)Tﬁehﬂﬁgréﬁ@ﬁ ﬂfmd?aﬁEeotﬁE dl"e{fenol D

the Terfenol-D material. Variations in the
t hemaferigefo glangtiee BY cBRYies ¥ anagitude hefnthe ¢lcctm¢vé current and

di ”@d}ﬁé@@ﬁtl}‘){he ‘iﬁ%mﬁk’ltz SF trfdmh éﬁétlcsiﬁ)élﬁ RS lgnqtg gP 1%7]dx1ver% is varied.

shows addi t'i onal “vi brat or conponent’s 1ncC
i nnéypieallyi Mgrnzpnerii mpgnetsaars egilizedata aphipd blhsematgnetchﬁeld to the

' bR e Bt 1k B A BRR S o s
pr oVdruiag gleswicalrdrreny ¢ élmekeemmlamde(nof shewn)eﬂha:t}armfdrﬂned]around the
t he | SITHC, u t er,est. t hough a .

o7 SRR S R0yl e LIS g

muclwngglmitbedlhycnsimrsplfﬁye oatesdnmdpxﬁ@swnance frequency,
for systens having a size suitable for use in marine

[0038dphy sFical4 shewphdnlltamaloﬁbratoh eorifsiRe ifcRIIMBARE Biner spring 4, with
fr CRu&E¢ a{tach %eret asﬁs %ﬂgclerddlgnelssny %Qlovbl t Q 1enrne; Qr?vllr sp7r1no 4 with
masses 7 attached thereto can be included to provide a second system resonance
frequency within the seismic frequency range of interest. Although a vibrator system

that included only the outer spring 3 would typically display a second resonance
frequency, for systems having ‘a size suitable for use in marine. geophysical

exploration, the second resonance frequency in such case would be much higher than



the frequencies wthin the seismc frequency range of
interest (typically fromO to 300 Hz). [0038]

Mounting brackets 28, shown in FIG 4, are fixedly
connected at the upper and |ower ends thereof to

upper and | ower end plates 18 (shown in FIG 3). The

dr i therreguengigs pithiadhe/seisorinfequsdcyatnge dfomgiest(dipivally §tom 0 to 300
cenjgpl location thereof to the nounting brackets 28,

to maintain a stable reference point for driver 8. The

¢ dri :
O et vy a8 o i HeE &l e G ompeSio et e paper and
[ 00B®er Tkl tmrwfpcb eprehendloiver Eddplatds fRigshéver ir FC. B €BheaRiver 8

outer outer sprin

conﬁsefé elac?y £ ?ﬁ“gaacﬁ Waﬁgﬁ"gg}agﬁ °§Ptéarlrelﬁ‘fa§1°g tgeFﬁ‘éf Pothn Bunting
t hebmbledtd 282 to rrmmmmersableyeﬂe&fneé p@ﬂt foP d%er 8. The movement of the
fl ext particul ar. | npl enentati on,

t he
Ut B1E 13 B wvers F|U§E¢§tr‘€EﬁB YhARPBG % I Feoup A brckgts B8
stant.j al | rror . es of each ot her, and
[O‘ﬁ% okt X’@[?&*‘B&&dﬁ - fhifemeher prclugegian it Fhsis2, a9 which the
t he osbiedpting 3 hetdhgectdd ﬂﬁﬂﬁglll %aﬁs‘ﬂﬂﬁ%tﬁé}lnén% i h?heei%gn BERERhel 2
s 6. FIG 4_shows one of the side portions

1 by hin
of FrenBaterIerR o 3, TeiBOe. o & ReTipuls] gelpuntaion the outer
2a. shdfiencdmirisys Wﬁ@ﬂ)&ﬂonsttﬁﬁ Iﬁﬁﬁ@qﬁbmla ty Shifl6r i images of each

portion (not shown in 4), nprisin

subS¥gm@ngincjudss fve cpd bearma@ew@h theheudb p@rtdms pbthe sell 2abeing
Wi | hinBeupbaaedtt 6 eans

to clg%pl }gt e a d/teof(@gﬁggﬁgﬁgﬁmby bg hﬂ%siﬁr o%ﬁd?%go"? e Of]the side
ass BoPrscPidhy Quier sBell dudeapted ps shey sBle partibni2an éfo’hesxrfn]lﬁ@sembled

4. Ehgggf&]nd Fllxeﬁ s"i_’d é&) etcsthg\%ﬁ ?ﬁ 4 %g{?‘lgflgl?gsu%ftabt%%y a mirror

in FIG 4 nmounte mar 1 ne Vi
W t kmagefoé ﬁf@ﬁcseietportléh@a va3ll bé bingedly penwitld By Bihgek® to end beams 1,

fur I
nsscnt AT R S ER AP AN ur B A HE R Sk o aine 3
por eidbinserspringe two end beans 1 are sealingly
attached to the top and bottomend plates 18.

[0040] hou gﬂq hehayut zeerosshesttion2ofi the swahblyp gh i@ mgedediint the marine
the & ?d bottom end plates 18, when the marine
Vi brator O is in operation, the outer shell 2 wl]l

G o e R L 05”5 REF e piEwEE 19 o somgises Sop and

out bottezhetd pRtenilB] TR @sdnibied @lt& sh@lll neebhMkingt Mattwo shell side
ght _.be %EOE{I ded, or exanpl e, a flexible

renBYERE f5Y° eatbhggmsy %retssﬁhn;ly qtieehed]to theciop gnd hefesn end

t hepra&s llBt Sklfhb@gﬂ fe foufet kieelled @R AMng) Aagdd Rith He B5 and bottom
exa vibrator. A first resonance frequenc

11 F aliaieg UB’Q?%\HFI BERE YiPIgHAr 19t 16 im @pfrafiorp fthy h'éer shell 2 will

out edabRRhdvatest wiflretfeet td ke plffesslgcéa)r}ge ESmORRN BEtween the end
frequencg 12 results substanti al ?/
lates 18 and the outer shell 2 will be a flexible connectlon that might be provided,

for example, by a flexible membrane 22 (not shown in detail).

[0042] FIG. 6 shows the results from a finite element simulation of an example of the
vibrator. A first resonance frequency 11 results substantially from interaction of the

outer spring 3 and the driver. A second resonance frequency 12 results substantially



fromthe interaction of the inner driver spring 4 with
Its added masses 7 and the driver 8. [0043] The outer
driver spring 3 and the inner driver spring 4 shown in
the figures could be different types of springs than
t hase shown. For exanple, the sprin ht be coiled
s prqs'%g’e deTgettoEof themnep firives springs4 gtlts pededanagses 7 and the driver
sulgstantially simlarly. Essentially, the springs 3
and 4 are biasing devices that provide a force related
[0049] an TABRMRE dlerdpPiRg 3CREERAL u{H‘er 4fiGerd ﬂﬁ% D%hOFY i ?he ﬁoures
Simlarly, the outer Spring 3 and inner Ariver sp
4 rfoyKtbedafierent dypsp pf spgings tham thososhown. Fos exmet, thel spnmmgm
oru'e&méa !rh&sp d[fg eMe: sy A5t ankL Al :
the sanme r §uT ° %%%P ofs ﬁ?m%dﬁgf gggé?eﬁ%%lﬁgglfﬁbﬂmh
t heEspanfialty. éhmlsmﬂgs hensé ras;rhmsufg dayiren that pmmt aUfofce rdlaed to an
fr I e rat
cf £y R, ARlBhLE SRS LIALCF, SRREDVRE pHBPriveg and inner
pardriverf sp[rmg 4i migbti asece diaphragrsa amtqnauhlayseaaﬂ egliddetlor #RAgldraulic
th t I to f|C|entIy transmt
& ﬂﬁ:&p% Acﬁlevg% ?b%tatnﬁalﬁyk%hff sgme rFﬁ‘l

acoust I C energy constructi ng any

cif emen ntation of .the maring, vihrat finite
(003" | B hARLERE U Boh e O b v Ehy Bk Selimt Gefvbinspectrum,

skilbwdtkqhency Iaeouamd enefgy rdﬁ}t B¢ pénetatdd@orfel effﬁélexﬁl@d A“t@@s@ﬂ@hce the

resgonance freguencje such anal ysi s,

o1 PRGITG CSPRIE] B bt Bk FowvosAmial shsodidt and he acousti
t hesoongt 6@ atih el éﬁibﬁnt@pﬂﬁrmhhtr@bﬁﬂlcaeﬁel%y RhSUAS waleP &R cohucting
IOM/fre nC| t he (ggss | gad, _or the equival ent

f1 A"y S %?fﬂij“%wnt hesmarine ¥ibretere fiaitp elemericanalysig amy be
M =usk) a3 icBahowhld thvleesi@lledMnl thet HE€ (BBRTrmAR%he 995’(' ahd second
density of water, and a is the equi val ent radius for a

pi SCHRARITEAULRGIer N quchiagalypie the Sallowinguineiples hEdreration are

[ 0GéR)anihEr thelb@ér shble is' apgroﬂﬁﬁat@i 4sraa§1§f>ﬁ) Mth& 'fd? novr' ?r@&tféﬁmes the
Tsti er et ween t he short axis of it

el |38 g)aRch ‘#WIVPH@ %Hé mé%,Sta%mg f the Blell cangbe mssedgs de
portions (S|de portion 2a in FIG 4 and its nlrror

i ma gn<!he ot her side of outer shell 2) wll 3
hi gher " aml i tude than the deflection of end bea G 11)

(which interconnects the two side portions of shel

2) Wheis Y ibihe maveiahe. svdepsitniivasesi and ads teeanivadent radius for a

Fu L Elie 1 SRL LN s a |larger mass
J%Qgﬁ“' H@o %ngsg)sFFf Oé%¥er8 gr spring 3 also has

[ooa:] tr aﬁEqEmewl’sh@Im hacd @insﬂﬁhmnfa&tbﬁ zihgr&nﬁeéhﬁhearaﬂg and short
short axis of its ellipse, with the long axis being

s ubdsaitits gllipge, tspéhat theglefectibn pfitse dw il Sdegpoctichb eslwm—mon 2a
o158 16 D 15l o L L X 008 e e
Ts rAnipligudet than thméfiﬂebmmdof)md heandr i (ehic8 intetdonie@ts the two side
ex%o?t?o%@ gf &l 2) caused by movement of transmission element 5. Further, the outer
spring 3 creates a larger mass load on the driver 8 since the outer spring 3 also has a
transformation factor between the long axis and short axis of its ellipse, with the long
axis being substantially the length of the driver 8 and the short axis being the width of
the elliptically shaped spring. Referring to this transformation factor as Tipring, the

mass load on the driver 8 will be expressed as:



9z =) ") z Po gas Miriver (Tshell (Tspring (Eg.
12) [0046] The first resonance, / resonance for the
vibrator will be substantially determ ned by the
followi ng mass spring relationship K (resonance = -
(Eq. 13) 2;r Mriver ng§re K = spr}n84$?nitant, and
Mo = _mgss.d oad on t driver 8. [0 represents
thgﬁéﬁ?rﬁgiﬂ%hgﬁ@ﬁ T8 st He outer spring 3 conmbi nédd- 12)
with the drive 8, where the outer spring 3 is
[0M8hnect By firs repmarsst droshelfor the vibmteyhl bensubstantially determined
tr Lssi0n  elenents 5. end beam 1 and hi nges 6.
[OS&%%EﬁngPEVPﬁ%S%?gfI?@ﬁFH@nergy transm ssion with
the seism c frequency range of interest, it Ls
i nportant to the vibrator configured to have a
sggqnd r esdn ndg__frequency wWthin the seismc (Eq. 13)
frequéency EQagéM f interest. In the absence of the
i nner spring, the second resonance frequency woul d
occur when the outer driver spring 3, acting together
wi t Whepei & &7 spaing penstant ands dc.ond nESyead potie driviri8s

onange frequency, however, .is normally much hi gher
[OG47E " S TomrosEts st IR Ligh s 1T SENE EReRcrgRy the drive
wous,dviizes thebstetlgring e isedmmbited td @6 URBLHell ANHRHUGH the transmission
r est s evident fromthe foregoi ng equation,

i nt . AS
t hegFIE%?wiotr?f’d#’?aé‘h ARG OF be reduced if the mass
d d op outer ring 3 is increased. This mass | oad
[0 é@il d bﬂo PROX g £dlistient Per@y TRBSTHEEQ wEh they sejsayic Frequency range of

howewesst, it B ifpdRint it® hawddths Whdrhiel S6HA IR S0 have s BEOUE r@onance

second resonance frequency within the seismc _

fr eé‘ﬁféﬁ’&%y Vil heorismin Bsausicy rnge efiperset. db theesbsenchaf the inner
WOULRinBEGE séBndp ?esé‘rgaqgéjfrE@eBagwgﬁlH \oEur WaHdh SR G d?ll%/%rhsp%ng 3,
systeminpractical tor use i'n nmarine selsmc

opefHPe fEsther With dpyads hesdfs srendpfigenympiat Biris resomaesofiefuency,
SPrhdvibvel "B hofGlly bl SfigRP A fthe Fifst ! Irégclnldgé%d f}egﬁéngﬁ and
the outer driver spring 3*wth added nmasses / on e

si deecgpdinghe Worldde agpsideribe sismmip dreatieney tangd ofsinetesad deds evident

MBS forh ShE MW e @R hatloR, AL UBNTRS Suenk [1@? il %he 1
driver 8. Mgnnér a=a |ﬁnner %an n@‘&é‘e’gw qe. ! _ I [1% 28 oad
TheCreQHteraspeipg B igincicased, Thisemasshesd cdulidberingg@sédgy aiding mass to
Wl e nsf [ - nner,.as well .  and
| bR GG 90 LR gl 58, S
i nn@gqugpqyi Wwihia the seismic frequency range of interest, the amount of mass that
would need to be added to the driver would make such a system impractical for use in
marine seismic operations. In a practical example vibrator, a second spring, the inner
driver spring 4, is included inside the outer driver spring 3 with added masses 7 on the
side of the inner spring 3. The effect of such added mass is equivalent to adding mass

in the end of the driver 8.

Minner = (T;nner)z ’ Madded : (Eq 14)
[0049] The extra spring, i.e., the inner driver spring 4, will have a transformation factor

T, as well, and will add to the mass load on the driver 8. Use of the inner spring 4,

with the added mass, allows the second resonance of the system to be tuned so that
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with the added mass, allows the second resonance of

the systemto be tuned so that 10 the second

resonance is within the seismc frequency range of
interest, thereby inproving the efficiency of the
vibrator in the seismc frequency band. The second

r est[‘l?]ziﬁ‘to@d (FESPIBRSE det iR (1B’ sismitdreavquee gaigenof Interest, thereby
I eSERIIVGRANE eficle ' fsmic? y

(T nher) e cftilen %ﬁ%ﬁhgﬁ@%*ﬁég’ﬁ ﬂ(ﬁ%grﬁ'?’#n}g‘e“é%‘ﬁ ¢ 3Rgl: Jpe second
i nrf&$OnaRSE My bs detereiped ot theexpresiap: const ant  of out er
driver assenbly. [0050] A possible advantage of using

a dr.d ver stlrucKyye+ &g, .expl ained herein is that the

mul {Fpie T esQRANL T Reguenci es may provide a br oadelEq. 15)
bandw th respgonsé

e’ t haff*“is possible using single

resonanc e whibk & O =Shrittedons@st ofinma Eﬁr.ln%g:nfil g ad VQ%{T@% Constant

of using a vibrator having an electrl y ‘Ofier
ene¥fguter dgveehssembly. (driver) is that the vibrator

onsg_t o..an j nput ntrol signal will be nore
(00 P ar A B Ay aReeoT 35108 aveF Fguctire as eFPlajagc hesein i that the

t ypesltiph @idnier r&qu@RatsS ma Brovid Pl 8i0agd bekewh L8R than is
In usi. g t.he .Séstem shown in FIG 1, it.may be

adVEEST A5 451E Sipgle fesananst SIbfHgRstrushEesofA parkcudasiadintage of using a

Vi bribdatk favldh slddecdally 8pdrite8 RRLEHRQ RARA #i?/er? s et HE vibrator
si mul taneousl_li¥ in order to increase the efficiency
wi t TSRRATCA 38 dfruhFentiof signgl svifldiegnerg lingas. Sudfsmey meke possible the

f orusbF plsculR e RYoE ifelabSls Ma%%ﬁﬁaﬁ;ﬁ%al@@. obt ai ned.

Seismc signals detected by each o e receivers R

0051) SUChn Gkin %Té‘fs{yﬁ%esﬁ Wh bl FIGSUlitmdy b SIS &0 NE"

[ be} ng det elcged_ hat resul tsf(sflérlrtwnée?{:]%e a&?jﬁ]{%oﬁ ligr"ggglroge than
10 et GAl thy ispismiservilirpiors a0 tfwbstantialte ofntshgmadeously or even
I ecgk dihd &l ald- 9 idhesViar t empor aneousl|
shoul d | n%lfsﬁj]gle driving ?eeaclzj% e\?xltkg%%f/ 8"?&\,\)“’ }?lﬁh 5elssn|"§r§l§inXIS related
t hate spsusfagssformations (bglownibe wagdr dorem)vinehbe bieaisédyndismic signals
US egbidoR P ieX G G teQ; : RV tors.. By using .
such?dri \%,re si gnall g%l‘é&%%ér?g%g cgg%rgsrtglg% Vtvﬁlwlere%ﬁltﬂ? 5&1%?15 cenergy
it beingodpsestad) thattresulie fromneanle of st vipmtors bhagiiallyhie operation at the

detgal 66s:SEh SI G - otpat.origi nated at each of .

t he se?gsn%?l?u &é@é%gsér?%gg?vfkmtt &° ?mﬁof'f‘??@lls% Ql:ﬂﬁ‘lﬂ include

t 0 gpdrsash tvitatnawithe sigrat taoisssubstaimialie ueX@RIME@SWILS the signal

kno " di uence spyead spectrunt. signal.

o T e ool Sl QAR ey PR e g opérae cach

genefith¢ vibratars étsis ossibitutoatereine althe Jorsibg BEdhe Mk te&edseismic signals
ected to determ ne the frequency

cgﬂihgtn%rigir%gegu\ﬁ?a%ﬂft%lsiselfrﬂlg Vt‘t?rfé\tﬁrssm tted signal. A
[001:522;8" | anlsqfa %fv%légitegnglhtgpoepgra% ¥he_or];1ar}ngevil9rlatror65(:itn ;%%ugxggl%les is
known as a “direct sequence spread spectrum” signal. Direct sequence spread
spectrum signal (“DSSS™) generation uses a modulated, coded signal with a “chip”
frequency selected to determine the frequency content (bandwidth) of the transmitted
signal. A “chip” means a pulse shaped bit of fhe direct sequence coded signal. Direct
sequence spread spectrum signals also can be configured by appropriate selection of

the chip frequency and the waveform of a baseband signal so that the resulting DSSS
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sequence spread spectrum signals al so can be

configured by appropriate selection of the chip

frequency and the waveform of a baseband signal so

that the resulting DSSS 11 signal has spectral

char act er| stics simlar to_background noise. The

f or SEBFINMES tasPraheleectssstissigian 1 tpakarpund] misey Bl foesgbieg may

f or mkke DSRS %@KME PM@QE@ L BIE RS ug+ endir e(_rlea[ll sens]tlvg freas.

exanpl e i npl ementation of a signal gener

ticulagr n I
DS 8 MBSl BE L A Bl I e s o
oscivitirgpotizdds yeddn sheeimventivasie skoveh sxmemamrallg igREG.. 1A.n A local
one g%ﬁgzgplj ad g@&?at?saﬁe&% d rrnre} Slrgezis]r : f)ne ﬁ%’imp‘fe the baseband

sel e t1on pulse o I'rec
contchmigosignadimag e a S@Lcmeé [itiratibm poisdef diescaspteas or téiinuous direct

comsanti ok PRE: lRAICR S SPUBERTlf ek Be GayFagor e as wed i

ex awpm\enmmi/absaltmgsoarce adigeic Glirvdfing tfor é;@glpl’éztravérs[?r%eaurgﬁ’ge of 10
gener at or

rant%lorptsgg[;o PRN lzj%enelra or _or_ code

gener a a Lo fifuAR T g esrs( E?tNa)n§ef}elat%(c%ro?<lﬁerﬁ}n@r@tor 32
cer tgananatésy P esjueiice TGREHRG +15 SREMEScERinY tb!ceREin types of encodine
expl ah ned bel, gvl\)/ The. PRN [%svner ator 32 output and the =
| oc&PHCMGE &F WiK (05 exBlg N5 o5 0P adBe RRXeerneritas 3Ruepuatand the local
34 o@iﬂaﬁd}ﬁ 30buthiCarBREiNEAIOE nfhulafor ﬁonéuﬁﬁl@gf Ne rﬁodulator 34 is

CE"gnpllfler 36, the output of which ultrimt

opercg? ef b2 Bewermplifig; %ﬁfnﬂlf‘ aptnyt af whish H!Olmaﬂﬁlbsvmdt@srone of the
confséigticadib@fbrd Ry, be suses Joﬁﬁglf}%cﬁt ﬁa?%@lél g&: t& ope[rf)tB§2Th of a

plurality of vibrators such as shown
Si gk r@‘%%@?réfoéfosuﬁ}gra%mwaéw]f&1shovvn in FIG I|A can
&gﬂdet ected using a device such as showmn in FIG 1B.

[0 h of SiERals genasaied by dheidedes siRwmaip BI&. daupdnebe ﬁﬂect@i usmg a
preaswtd fuckhs $Bwnah Fieripdi ah
mul ti pl exer. (not sh o%)lﬁj E’a%ﬁtokﬁle% lsﬁlﬁ rgéérgxg:ésq{?n%yto Foupled to
38 Aekreaerlifienidfi sishr i direathy anahregglt o mugnle amummmeer(mr shown).

(" Alg nal t
from %I)ﬁlé%ggé E])-I%QI\QI{\Pi ﬁéro{ls 141%?, (ere 1t&‘%’heco e %ﬁ) El&ltﬁlyconverter
t he (PHRCYeer AtroeduRor 4% miviels |thd sigmat higiun &dmbié ADC Ubavith the

si gR@htige @@Je‘}rb&&eﬁj &Y é}g EpRI O\é\:@erétgre \5% CGés Svﬁg\}&% negpllla][gF%below the

correspondl n Sl gna teCtI
1B §endresneraineddadéiteetiowa iDFSS. 1 A0S IdreespdnamdipadignaRHbetection

I d det ect
BR800 rstl??ﬁ%?‘%&? PR Qeec*r%@S%%sgnsi gﬁafc o
[06 r eseﬁ"ﬁf;e %e@étl(gal explanaélém o?ﬁfleggsat ed neg%{og angﬁj&tectlon may be

ctrum "sprea

genen@ﬂrmhd afsdﬂsllowsar‘ﬂhb BSSbyighierepRERN@iesial, ahPbe ée%grateﬂ by using
u at &eaa baseba carrier. A baseband

c)tx‘u d
car f |Sge rfp E?'él 'gefetsat ée@res?rﬁ? BX(é'nﬂdege“Ef?te@h@f exaeple, by the

osciPRN%eﬁéra(oB 32 i FFGG1A), A moﬁﬁ‘l@tekha&@&%%j carR8! T'A BhseBAR carrier
a wavef orm reﬁrf%sent ed by fi( The sg(r) eadi n 5

has can be generate in FIG. ?A) The baseband

carrier has a waveform represented by (7). The spreading code has individual

r example, by the local oscillator (
elements ¢; (called “chips™) each of which has the value +1 or -1 when 0< Jj<Nand 0

for all other values of j. If a suitably programmed PRN generator is used, the code

will repeat itself after a selected number of chips. N is the length (the number of
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el ements cy (called "chips") each of which has the

value +1 or -1 when 0<_j<N and 0 for all other

values of j. If a suitably programred PRN generator is

used, the code wll repeat itself after a sel ected

nunber. of chi is the length (the nunber of 12

chichigy) <ffthe H@Peclaﬁé@e Beebtien fakpeplpes. ohhe basehang (carrier isTHreferably

ba Sarl

( Coriaagtlif i BT OB B EhBR (CROEIAR L ol HFRk ero e

z ebesebdngl calyigs ebiptitide &requarto alll'rpi’ idry d@)—‘FS Aty gimetad occurrence of

un| ) The time of occurr f _,each
ettt R i B soh oS e RGP ER e gPe B palged ©

Tc drl'vrhach ivihmatbr mayettiug ee defihed By thaekpredstohat or may t hus

be defined by the expression: W U (Eq. 16) J=~O The

V\/aveforn@u (&) ,is determnistic, so that its

aut ocor¥ n‘//ftun’cTﬂ on is defined by the (Eq. 16)

expression: "R (r) = f u(t)u(t - r)dt (Eq. 17) where

r i.s the tinme del bet. rrel ated si.gnals. The

di é@? 8%‘%""{83? i“c'@i‘sc@{%%?: &t F%&ﬁ{ ft%ﬁ“t?‘i?HE{Sanmg'r"&‘?onals defiped by
i s tikedxipreeslody N-1-1 lajaj+l, 0<-1:-N1 j=0 N 1+
Ra,a(l1l)= Yaj 1laj, 1-N< 1<0 (Eg.18) =0 0, 111 >>> N
Using a fornmgla simlar to Eq. 17 it is possible to

det er mikér)t=hdu@ussr)dor r el at i on betvveen two diff €Eenl)
signals by te expression: R' (r) =f u(t)u (t - r)dt
(Eq. 19) The discrete periodic cross-correlation

f underon figrthg tﬁnfajdelalnobeb~eenbforrqlasedjelfgnaied Pye tilserete periodic

ex %ﬁ%@éﬂr&ﬁlon%&tﬂ%m }ﬁjﬂl ajjls d8'< nea b? N1 j=

(N=1-1
Zajaﬁ,, 0<I<N-1
Jj=0
N-=1+/

R, (D=3 a,ja,, 1-N<I<0 (Eq. 18)

Jj=0

0, =N

Using a formula similar to Eq. 17 it is possible to determine the cross correlation

between two different signals by the expression:

@

R, ()= fu(eyd (t—7)dr (Eq. 19)

-0

The discrete periodic cross-correlation function for @ = g;and b = b, is defined by the

expression:

(N=1-t
D ab,, 0<ISN-1
J=0

N-1+/

R,(D=4 > a,_ b, 1-N<I1<0 (Eq. 20)

Jj=0

0, =N

\




N-1+1 Ra,b(1)=jaj-,bj, 1-NI<0 (Eg. 20) j=0 O,
I11>>-N 13 [0056] The signal detected by the receivers
(Rin FIG 1) will include seisnmc energy originating
fromthe one of the vibrators for which seismc
information is to be obtained, as well as several
mu?@pes &he signabdetepted b thegaestivers (Ran K.l rvdll nimilsde, seismic energy

r eBFlgﬁ%ﬂ{geﬁloxgythQ GOhe or 3R vik 2L ERE r\gl%llCl’? %élgmn atk tn%ﬁtféornolrsn to be

the other vibrators transmtting
bupbwnﬁﬁ 8 fedr entseviral eWPessemiuamEr&apsr, esuch sqsebztdkgmsnnd noise,

L L e wo—

x| @t )the tshlma 1|119¢, bute V\Sﬂhgdﬁferd&t éicdoe thelpyene GPread dpb&rum codes
arﬁéeStem wth Mseismc

(

grreg’ie iedobﬁ{e‘ik@t Wf%f'de‘a ¢9h gr he fieetYadpignalag pagleregeivery fepregented

by b§/ by, Baps, AESIiS1 détdotdd By dadh(d)thd fElkivedd
E%édtoo 7% Thegglner gy fryom each vi brat o%rR \L/n\a)i:IG q)ﬁw)syswm

peﬁVé EIhE YPIBY PEURINGe St OBG same timsy ean ibsndestrittedwby - the
t hexpadseim: bottom and reflected signals fromthe
subsurface will be detected at the receivers after a
"two way" tpavel tinme depending on the positions of
t he vi Bv@opsudid n@cei vers and the seisnic vel oci(Ey 21)
distributiofffin the water and in the subsurface bel ow

the water bottom If the transnmitted vibrator signal
10058 g fré%tene%qﬁéﬁcéacélpl’@é?éosp’elBt pengirgodibe | subsicfacs g@blogical

ti Brratib be‘icﬂ@ﬂxet\ﬂl%r rb%ff@rh Vzﬁfzi r%h%{ﬂ%irs g{{agsﬁ;(}r% g}e%{lli)]sgrface will be

therefromoccurs at tine t=
t r Antspted 8§ Ba reogivers aifter '<II.RtW30 waﬁ’ytravahﬂuac ddpendigg anm the positions of

i A B USRh eo

be snbsudfacenbeldw tthe watke ritoitoml $1Dt}feam?hnl§xgltted odigraiss e@nhlofor direct
L

O MR B RGeS DAL LRl Bo®lne R s

t haesubang therefton peduat actuneoz=t ﬂelksu g@aﬁeme thatisehishidny Sherein /;, =
ti.cul ar vi brat The m xi ng out put can be

each
e efRhen it feeRs “0gin i e PUpBRYE! beeenegregnat signal

Or iagll i@t dhi}Otirhé M. eRehedeRIR8EhAIVGN ‘ﬁb an?etdq{hth t-lliﬁ fentical spreading
for egm n ma be expressed as follows

detQds @rﬁgql@ eac;}] v1?r|a}or $ outpptrsignal, (y)(to;}_; agphc(vm;m)BIG [B.; Such
+ ImikihgtwillProviddlh sigadthat(dah b8 dodrdikiedl to fhe signal used to drive each

particular vibrator. The mixing output can be used to determine the seismic response

of the signals originating from each respective vibrator. The foregoing may be
expressed as follows for the detected signals:
it + LT, + 1) =u, () x, (v, + 1T, +1) =u,(0)x,(z, +1.T,)
= ui(O)(ki u (r, +1,T)+ n(z‘)j
—u(c+ 1_} D, (0) (Eq. 22)

+ Z w, (7, +1,T.)u, (0)+u, (t)n(t)

k=Lk=i
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=ui (0) 1 Wk(rk +lkTc)+n(t) k=1 (Eq. 22) = wu; (r +
IiTE)ui) (0) + 1 uk (rk + 1kl c )ui (0) + ul (t)n(t)
k=l, kxi 14 [0058] Mxing (FIG 1B) the detected signal
with the spreadi ng code results in a correlation. The

ul t elatl nis: N1 RY,,, (ri +iTT) I
[ Yf f( gl(Fgé) QB) he eteqted WQ@CW“@@)C sprdapiifgQyode results in a
Y, (zbrrélﬁudnchhlelfesﬁltHfthétzasr?e{lit)on1L~ =0 k=I, kxi [0059] )
Sinplification of the above expressions provides the
followng result: xV-1j-1 Ry,_,l (z, + 11 TT) =
diyi (O ifz() +#.70 < s OWENel&™1 +Y/ (O ~Y1 (zk )Cl
Ck+1k + ui (t)n(t)f—‘k I, k#i j=0 (Eq. 24) y/ (Ovyl/ ?Eq 23)
YRu,u, (Ili +wW( 0) % ) Ra, u (1k )] + ui
(t)n(t) kI , kxi Tﬁ W{OY#Q%I‘&:’WVM(@) =1, the
foregm ng expreSS| 6ht si rf‘ril"‘i’fl es tod Ry,, (0) - '"u(0)
&I(l) W 0) W Tk )Rn,uj (101 + Ul(t)n(t)
["ﬁ kx| S Iikfmﬁqnaﬁ thehpve expEesgiofSTHoYifkes, thy foflbikjre esult:
(t)n(t) 1-1 data , kxi background noi se Cross

k=l
_E! h t
s bi dorlr thEd %%ﬁﬂ%@th e e
N-lk—-1

+(0) Z [ Z(//(Tk)cj ”'*} Fu, (On(r)

k=Lk=i| j=0

=y (O (z)R,, ()

(Eq. 24)

+wm§ﬁmn&xmhu@w>

k=1 k=i

[0060] " If R(0)=N and y(0)=1, the foregoing expression simplifies to:

Ry, (0 =0 (0 R,, ©+3(0) Y lir)R,, ()4 ,0m)

k=1,ksi

(Eq. 25)
-8+ SR, Gl wone i

dﬂm u i . background _noise
cross _ correlations

[0061] Equation (25) shows that it is possible to separate the direct spread spectrum
sequence signals corresponding to each spreading code from a signal having
components from a plurality of spreading codes. N in essence represents the
autocorrelation of the transmitted signal, and by using subétantially orthogonal or
uncorrelated spread spectrum signals to drive each marine vibrator, the cross
correlation between them will be very small compared to N. Another possible
advantage is that any noise which appears during a part of the time interval when the
seismic signals are recorded will be averaged out for the whole record length and

thereby attenuated, as may be inferred from Eq. 25.

[0062] In a practical implementation, a seismic response of the subsurface to imparted
seismic energy from each of the vibrators may be determined by cross correlation of

the detected seismic signals with the signal used to drive each vibrator, wherein the
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sequence signals corresponding to each spreadi ng code
froma signal having conponents froma plurality of
spreadi ng codes. N in essence represents the
autocorrelation of the transmtted signal, and by

usi n subsﬁ antially orthogonal or  uncorrel ated spread
s peEPPUFATSIAGAR IS & ringe of selsctrdiimsalelayi tamieally frame zero to an
CI O&fpecte®ifaRindln 8o R} WRGRCIRAET, Wabdi R e rfé(rm%ﬂﬁrlsl of interest in
conpared to N. Anot her possible” advantage is that any
noi 4§ sypsuefce sty abatitipithé secopapt Output hEthe icrpss ¢amtedativmimay be

whe L Sda ' r l | : .
o P AL e B R Rl o onampce s
at t @mgheneef timpsdelay be inferred from Eq. 25. [0062] In
&ﬁr actical inplenentation, a seismc response of the
(0868 s ur f Bheebasebandsamierbias twegirepertiesahwe myy Her @uinéadhTid baseband

t he . yi: e l ned | cross correlatio
e ST ele SR B S B ey
t o dentent arhahauicorrelaion, thetthas eiwelitdefinedldorrelatisSpeak. Equation (25)

cor [ incl.udes ran of selected tine del ays .
Cypr5a Pl R o Gl A e st W iy the sigal
sei smhaiseerago gy the eivekortsigimel. flhe dogelandd paagks edsulting oRSthe cross
in thq tsubs rf age g)léjpiual'l abOLiLj&S to 6 seconds).
cut S G PRECRIE 28 SXRIPe 2ROV W hingrepss lingrly, with thi dgmath of (the
pr esembedfichipd) Hheisprighding taeeLa@EMRtlon¥drtBqeh@S$ will improve the
corr el eitl on anpl |tud§ as.a function of tinme del ay.
[ 00881 ’f%’é‘”i%fgg%‘n‘fdo thevitsstongignal.wo properties that
é@‘ﬁ be optim zed, The baseband carrier should be

(0004l ect eliSipg ApRTERFARLY Sakestadispreadiag cerder searenodstinis pogsibitioeenerate
f r eqaighie ¥ign&lo Ha€ A prifla@ Ba At RGQbRL &f d inratl Q@{ist{asf’!ss&ne useful
wel | defined correlation peak. Equati on 25) al'so
shof&UERFA thetren be HepdHor pleglitydif seemicyhratan aspdistussadrbelow.

uencg Wi.Il affect the signal to noise ratio of the
[06(7%3 r at o!rgM%’Pﬁ‘HHﬁ.eng?% eSCEYTFES| 238 7 BRC 9E aYedic eedathatiargyenerated using

t he a afrR&Sshif QEdigbakvhiRR HRH of Pinad 0
W | Ial [ ncrsez;se %li nearly wth ta%dﬁogﬁ%ﬁ %?ée?tgﬁe‘%&nﬁlﬁboeurtpm of
of EFFARsFlagesddst madulerg andded backr gethe Mipit ohthershift register. The

" seqHERE Oshxid I BRF €iar S s .
propert i ele\lgg‘th eggﬂ\?i géf/ T 1](i)ér‘:! %eflgﬁsgﬁ%[tﬁgéﬁfhﬁgis‘h"é‘ sequence is the
appragest seqieycestibitendy spererd i msipg coshift sexiuern ¢ dathdmaitisally the

POS Stk Lo BE0SLALE 1y SEL A6, 2 903! > Lhat approxi mate

bac ound nol S€ 1T n spectr tics. Some useful

sequenc t hat n be used for, a plurality of seispmc
vi br at o?’gx)ép'éx'ﬂ%%bxus‘s+e'd+ bW [ 0065] " Maxi num | en@tqh%)

ééﬁuences are a type of cl)P/cIic code that are generated
[0008l,g  Bon hsyearm disniy =} dhese isrfesdbrakat igs-thnsieeaged 4y = 0 if there

ot g St A Faes "Mnd™ od” bk 58 KRR g s pome o
shi £gror Bgnait wpdonrhiut shawld beregleetednsoethgt H(x) segomece primitive
der ipg@ﬁorrliﬁp m‘ﬁxjﬂﬁitifv@chlematslatstﬂg r})o@g&%leap %SC) ic%n&ott1 %e factored. The
number of chips for a maximum length sequence is given by the expression N = 2m -
1, where m represents the number of stages in the shift register. The maximum length

sequence has one more ”1” than ”0.” For a 511 chip sequence, for example, there are

256 ones and 255 zeros.
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| ongest sequence that can be generated using a shift
register. Mathematically the sequence can be
expressed by the pol ynom al h(x) h(x)=hox,,, +h,xmt

.+h" _, x+h" (Eg. 26) [0066] For 1<_j < m then hj

it there is feedback at thej-th stage, and hj = 0

[0(?‘1‘7]t her&nothes typs af seqtisagsithaitnayt e usehigahe Goldseduetice= The structure
VWhi P e td zero i
ot o So ol Rotepgite s REOBE, dpBnal Bl sehiislel fg pread
a peheairwn vieultiglering JiFEE| Trah@r infirmiatiel’ TheaysvdlhBE-13 hpzp 619-621
ol f ored, ..The

Chi (287 g stducr@tRke ed BEIRE ot Syprbafingis Seble for use
expwbesnore tharmo@nvibratr isvsed et i sape ﬁ&erﬁsldtsl?tﬁleﬁuw’@@rgenerated

th hi f t ter. The. maxinum | eng
Seqﬁgeu?égv ornmgrﬁgn%brplé lfing%‘t ﬁe&;ﬁemﬁs t pcppss&qg iql_ged]ﬁ{a& N+2 Gold-
seqseelnaees from reasdiiuh Gengith ©g@ede § WRBRSN GBS s@c{iﬁnc?eﬁ@n%h Gold-
e

zerQs. 7 y of sequence that ma
usea"'q“%“"% Jo"%‘@%b}eng | b s PRl Bregers o hessreltor a muliple
sequeNCRpossthicl@awbidr@dd Golll sebfienc® il thaf It hiBloriiaRaHk }é not as good
sequences for sgr ead spectrum nultiplexing, |EEE

Tr aﬁss OrF‘ﬁ¥‘HP1th1€ PRSeAMHEVES, vol. 1 T-13, pp. 619-621
ol d se%uences have goqd cross correl ation
[06:(# r actjé'flsiag’t‘ SR eIy lfeo\‘sedé’é SOmp, e¥pntRbIsDecaae thekidave very

Vi blo @bssicorrbigsh. athebd¥e SRANELIelBsets @ KA SR IMRRERS. A focedure
generated using two or nore maximum |l ength Sequences.

't Flglllﬁb?sﬁhﬂ‘l esefl dorgeanerating Gl sagyenges gfellqg‘tmmthﬁr ‘omell set” of
max K%hrfﬂl @c{lﬁﬁ&s SEAUZBCBS bip é@ﬁsr ﬁlééﬂﬁéesrc?fg)gg?\?sﬁ guzﬁn whare nis an

| engt h sequences ha
exi 8Yenfipieges) ISupi pregreuse paginhwith ameaximem dengtl seqyznee, deflgnated a,

4. th)fb%ﬁ}ngttﬁe gé [{(bgfde%agngc’ e%u'e?‘ﬁeﬁg;]? th t dm,]that the

aut ocorr el &1 on s no for
seqFEWERS sequEe @ lsrea@a?ﬂmume&qqmce nglpsrwmg/"” bel. lEme dximple, if n

cor T oP Brou e ST OCaRY Bk f o . TRy observing

corr el at ere arée two
seqli@dsclats of shepsequendeing ons iwidl lobserte3 X tepdtitioseof nheBl b1t sequence.

en [ ~spquence N enerate.the
get ?B%#, b{ %é(s@ n]? quﬁeﬁgseog s%%%uteﬁce%la anﬂ flﬁis (st]lg{pr;o form a new set
s eqabseqesnces bypeldingdmpiiuto-2,'the bits frow eraad ithei tsts &dm ae\aaﬂ all 2" -2
|nt ure.b w.th a. maxi num | epgt
o ERAE oMU L BREANE o O Ml T SRR ot 20
by Umalrynat]uemgesaofb}ﬁngh IR —+2”l 1l tTlﬁbaiut@@n‘éiaﬁNWaﬁd"lﬁbsst &frelation
uence Wit

res uence a' se
perl%luogl%“ﬁrg of > ‘798?3“8?&?&?10& 2 e Yalﬁesrpm %C stthal.pepi gulof™ -1 -
a i S‘hé\f largt 023 oﬁﬁdsdrﬁi&e@ﬁﬁde@dg&ﬁ c@'lsmtssof:ﬁéqueﬂ_dé@BﬁSé?ffo@,2"—1 for
by servin 1023 bits of the sequence a', one wl

obs BVEESS e Hivien Gid coRainh &8 bg ok saweReseind tinemall set of

by Kadainiigsebuencéds' as sihbé%tst S SRE, SRULGRHRS Sradfthe@Colids fob Direct
posg,lbletoforma new set
equence CDMA and Wzdeband CDMA Cellular Networks, IEEE Communications

Magazine, Sept. 1998.

[0069] In implementing spreading codes to generate a driver signal for the vibrators, it
may be preferable to use biphase modulation to generate the chips in the code.
Referring to FIG. 8, an example spreading code is shown wherein a change in polarity

from +1 to -1 represents the number -1, and the reverse polarity change represents the
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of sequences by adding, nodulo-2, the bits froma and

the bits froma' and all 2~2 -2 cyclic shifts of the
bits froma'. By including a in the set, a result is a

set of 2' binary sequences of length N= 2" - 1. The
autocorrel ation and cross correlation functions of

t heBembs qu e rlde signalkspedmint aneradduinsthé nbove tsheadigg cdde ks shown in

(2" ) et - e The l.ar set" of Kasam . .
SoabiSh SuWHE S aondent rop IS, S8 HHE A Sliapfel ih pmpitude exists a
1, D6r (zemw Bequegeyan &\I:Erlsig'nla} lemtrumaj?cgeﬁ@ﬂlﬂ}ah&ssuh@ﬁlg b eismic
ol ences t s et . asam sequences.
2s Sepd3ERagD. e ORuaRR et Gilns, ivin el Fiw ampliude
Di r egd fregeeneg i aulSDiAaliyn derdV dﬂlavagmlneC%dQ%l d¢ddk Bhown in FIG. 8
Net vvorlks tIdEEErlaﬁgfgg]\jnt‘n‘uJni cations Magazine, Sept. 1998.
[ 008 CPHY Y PHFOLFORS AP ELC - &gﬂéﬁ%@’éd‘daﬁon can
dri yeimsiergenadd Byafaving @very BIt AF BeSoriginkl infR¥ighA (BET iR 1R pfeading
to use bi phase nodul ation to generate the chips Int fe
cod&’ ©) %‘F‘i‘tF‘ﬁ §° £ Ioesal gateq vhichatRgriecss foreadll pgpedde Every
IS slpan-vihern eieNnput CARRIR pleleRY, #rick¥m lte,rag 'Rvﬁ' HitfePent Bits (10 or
represents the nunber -1, and the r eve?se polarity
chafbdn theugu Rt s Eyene inpyt7logigalsel” can be Tépeesemterh 6r example, as two
SpeeduayBrI@DSF a1y . RRQY, i Csth it cell i
Pog ot PRABDEE T RodnIE BS G eAbRRT IR EX G Sofa, gy cot s
a sabyanongf theileyishat thengsidiof theepremipustesil.aln bifh@se medwation output,
fr egiiepeyal- hysj : ' eneral | 0 .
St {ap B 1 M ORBIeBRE VTG SpRORTaf nfpyle but opposice
nmodoelatitiesn Ths signilsspeitpinasthe spreeding codetsBown GNEIG. 10 is shown in
anpki e . u i S substanti al ero
Thoris, 4° Bl sl SnplkGS I FRnB 9V el figh e, tus
usi ngking pichsedenmdrel sattatdnfor seishiowsherpngdnefatiod. 0. Bi phase
nodul ati on can be inplenented by having every bit of

(098 or i b yeale axapples, nqn dlan (cnhiviisatbnmaybe syed @agpargcular location

cod sent | ogi.cal.s s i ch, i

Coge) HErPAES 00 SR, KPR i bR 15 giei e vibrgor has <

Ijhfedifﬁpimt frequenierespmse s Bndoatk, e)ﬁﬁiple@mlml gequaﬁc}’tfé@onse vibrator
[ [ 10 or. O in the aqutput bit. Every _

By BB b Beteile RlonP flouBestadE sheielombsianaling @:250) and

t wo anotlenjitziheb ifteguenBy vidratcr Inayi be is8e tgdnptate hidled SreqRUEY Yeismic

I ogiercl:earll Lev%l5 @@ }*de stgrt of a bit cell is an

i nveT PN St t ) OtGr eXBPIES fhegnuliiple resprapeeoyjrator structure

cel Hiscussedoibphasay B0 dsddat ADExpMihddbove, sk JiRdiotAhay fave two or

and -1 are r ep%%sent ed with the sane voltage anpl’itude

but MOFPGEIRRCC IHgHenCissERin thy seigig{Eaauensy Sendugo ppraximately 0
spr essborlz. code shown in FIG 10 is shown in FIG 11.
The signal anplitude at zero frequency is very snall

[0¢1ag] ow ABRQx&tle of RitSw rBRIEhAODEYS RodeQRET 1 Ke §l§h1tta%® Sonfigured
00701 I n sone

for seism c_energy 8ener ation. %
exa?‘r%Faé%r, isphpwn tik RGohdA v The 2XSSS apdy nisy beseanfigtred to provide a

par tdigdudBtrequericd ot by Rithhle s¥BRh of FQChSXAMPh & et
shown at 10 in FI%\El 1}{ wher el n eacﬁ vicglﬁat or hg%c a of energy
output of a suitably configured vibrator using the code of FIG. 12A is shown in
corresponding FIG. 12B. FIG. 13A shows a DSSS code used to drive a higher

frequency configured vibrator. Responses of the vibrator (signal output spectrum) of

such vibrator to the DSS code of FIG. 13A is shown in FIG. 13B. Both seismic

signals are effectively summed. After detection of the signals from each such vibrator
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different frequency response. In some exanples, a | ow
frequency response vibrator nay be used to generate a

| ow frequency part of the seismc signal e.g., (3-25

Hz) and another, higher frequency vibrator may be

used to generate higher frequency seismc energy
(e. & theomedipnl $eimic |signalshesr explaingal elsovet e dBtHctddpilg?nals may be

res ture dIS ussed oV
S DREE (LN LS 2GS SCERE IR, T o2
or Vibmater qmnmmfm shpreniti BEG. W4Bhi An bit6ccs@1a8ih ©f the summed

f t el to 300
oo s 00 in E16 12 FRRER: T il sandemacea ape o each

dri D8S& cedd. t ﬁhﬂ yarﬁmmfvibgawlednay/bdaﬁ%%eﬂaﬁ:d%h@%leét@d Bl in the
12A wagre Q§SS co g “P3¥ conflggred to provide a
sel €€ 8°rf PRGRE &S ths diepgncy yangg of eash uib §3é‘Prect| on of the

e A spectrum of energy output of a suitably

OFRP oo i g oSG Sy andsmegodsh & copgratipg syhGyibmpes aesording to the

Shomldu@ aspeRls(F IRO LMD Fxh ool
DSSS code Iﬁ:gesd to dri vena ﬁlg her © Iﬂrgé%%%%é%g%? gﬁal decfcuon
vi bP&Y oF “C%%be@ﬂ%l%@aldfnpﬁﬁ@f\ﬁmmat frvey Big dryadpreading lselsmlc energy
Speeidrmeldibely SHE ¥
1oRC, ; Showne Iy T d]th:ﬁ%[ Hhﬁ@%@regs%dtge {’ﬁmeng of seismic
ef f 8EVEXRg by %f@hhfé’olslmmqr@ﬁusmwpn ofia pfurdiie oﬁsegsﬁ’rﬁd: Sources while
fr OB BRENISAS %Bﬁ cei v seism c

Q Bn Mf Q{Sg‘flp %ne Jflﬁ ll¥dh\ﬁ ua??nea o?gla ﬁgfxglcﬁgli)'ces

S|gnals as expl al ne e de

su are sho
(E 12}}:@@; r‘gg@?ﬁgﬁ% §§§§SC f&oﬁ(ﬁtto V\Erett?qjﬁqmber of
| s SMbofimpnis, Khase siUe! lnAhf: éﬂuthav:lng beﬂeﬂt ofahis ﬂfsclbb\ﬁe SMHHﬂﬁemate

t
ilogpgk gtfhlhrz%rﬁg@a eﬂt?g%le dev1s Ign\gp %gggggtc%e@ Lot the scope of the

\éar inyemtioni dr discdossd rhralymreaahccbelggpe et @d%eab? theSi8l@ebedhould be
ept:h i respon ing to the frequency
ranggn% Ohgsﬁﬂ%gggk 0072] Seism c vibrators and
nmet hods for operating such vi brators according to the
various aspects of the invention may provide nore
robust seism c signal detection, my reduce

envi ronmental inmpact of seismc surveying by spreading
seismc energy over a relatively w de frequency
range, and may increase the efficiency of seismc
surveyi ng by enabling sinmultaneous operation of a
plurality of seismc sources while enabling detection
of seismc energy fromindividual ones of the seismc
sources. [0073] Wiile the invention has been descri bed
with respect to a limted nunber of enbodi nents,
those skilled in the art, having benefit of this

di sclosure, will appreciate that other enbodi nents
can be devised which do not depart fromthe scope of
the invention as disclosed herein. Accordingly, the
scope of the invention should be
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limted only by the attached clains. 19 Cains Wat

is clainmed is: 1. A nethod for generating seismc

energy for subsurface surveying, conprising:

operating a first seismc vibrator; and operating at

| east a second seismc vibrator substantially

contenporaneously with the operating the first

seismc vibrator, the operG@kdimg the first and the at

| east a second seismic vibrators including applying a
Whatiiygaimed gnal to each of the first and the at least a

second seismc vibrators that are substantially

uncaoy other.. 2. . The nmet hod of claim
L AL PERE B e g Se‘%rf“aﬁgffrgéﬁ?fl SPRYripe WaeKingscoppgsing:

fi r@pe_:ratmg a flirst satsmnd dhator;aangecond sei sni ¢ vi brator
con%r&%wldgldlrect se uence. spread spectrum code.

a} %ec?ﬂdl SRS \éllb %rasghstggla{lh éoqtqm@gangpm;ly with the

the at | emsdiing the €iesndeisipic Siibator VihBIoBt@lind ¥ Firétlank 8BS Lt least a
two resopanc frequencies jn a sel ect ed requency

band. 4.°% %&‘%E?Forﬁ S{Uing SRIANG fdrivee sigead o each of the first

conpris ealdaﬂhe laeR8dt a0sREonafseBiT@Xibradrs ek QFerEuR ﬁ)ﬁ fifrorrelated
a &old se %ﬁe and a Kasam sequence. e met o&

of clai mVEd otfist- conprising detecting seismc
signals at a plurality of spaced apart |ocations and

2. det dhenrihdd opolaint 0RGeRin thberidgtsanhehpiad ShG (ﬁ‘ltWStsand the at
orlglnatln fromeach of the first and the at | east

sec O ASEF USRS ICHARIRIGF comprisyhadipgst spauenst spreadi spectrum code
wherein at | east one of the first and the at | east a

3. secdihe mettiodreftcdaimCD MpeieBESCh oF |thH ahst b ofe 1Dk, U d seismic
havi dlffer nt frequency _response, and wherein ﬁ

dri vé At hﬁﬁ%\? TR G OB &Féuqnﬁ@s Bl aselscied fregifency band
vi brators conprises conponents corresponding to the
4. f r eqhemeihod of ploins @ wiitregetbhcode donmripdsiat Baitioyie 6f a maximum length

V|b@ S et h d f claim1 wherein each of
t he %tugrgca’t aoégld::gg SPi e g AT resonance

fre uencies within a selected frequency range. 8. A
S. Be| method ed claim ls@rtk;qncgmpusmgyletagmg(seﬁmid Sigrial: at a plurahty of

opeg LD f vibrator in a body of water;
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bodyrlgﬁatmtfemn s¢bof tha firs khd/the @DIRA® HPEOAN VAL Vibidrh

the operating the first seismc vibrator, the

Oper8t nfdéhod of claim 1 wherein at least one of the first and the at least a second
vibrator comprises a plurality of vibrators having different frequency response, and
wherein the driver signal used to operate the plurality of vibrators comprises

components corresponding to the frequency response of each of the plurality of

vibrators.

The method of claim 1 wherein each of the vibrators comprises at least two resonance

frequencies within a selected frequency range.

8. A method for marine seismic surveying, comprising:

operating a first seismic vibrator in a body of 'water;
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the first and the at | east a second seismc vibrators

i ncl udi ng .applying a driver signal to each of the

first and the at | east a .second seismc vibrators that

are substantially uncorrelated with each other;

detecting seismc signals at each of a plurallty of

sei SRFRLRS @kileast & #reno swesiniat visasar eid ﬂmﬁmmy<ﬁbwmht@nﬁimnmuy

and det e%&lt&hﬁ&ﬁxggpérl% %ntﬁ tlg)ef gé/el;]&n'g% & %{3 sellsml%vﬂator the operating

signal s resul
f or mat i ot fivsy and thenas 14astt & synmuf sefshrec blhfh}forofncmtngrapﬂymg a driver

each of f the st a second sei
vi br at ortsﬁgall tkf' & @ﬂﬁ & s A n%ltthaelﬁi] sb\?‘]é‘?‘&“ﬁs‘?wc dfqr‘%}%rrs that are
si gnal ap@staedaltywreamﬁated witheadhiatisdr; and the at | east

br.at di t ence
2 or ERPERI R Sl oh B or SIS R S ghic crcaiva g Sposed at spaced

wher ei n tapaatboai@nsgaﬂqbrl ses at | east one of a nmaxi num

I en uence, d sequence and a Kasam
squitg%gglm PO Oﬁékf%%é“ 5 Eisayigysignalh esswliing fem| eagrgy imparted

one of t o farmatiomdmeiottBe Béttdne8fthe BoSEE QM er b¥' e%l'%fotﬁe first and
of vibrators having differe

conpri se urallté
frequenc@‘eraégﬁﬁﬁs?%con AASMIGNETEPR the driver si gnal
used to operate the plurality of vibrators conprises

9. contnertimdadiclaas Bovigieigtht drivBesidna PAPRREEY ef aﬁm
each, of the plur al‘IGEHyES’F vi, br atl%{aswlz A H&iﬁﬁp&}d the at

ol ail e SHRIGS e CQIARIISES ?gtreoé?ﬁﬂlu?fr?é Sﬁﬁad wesstunpcode.
second seismc vibrator have at | east two resonance

10.f r e e meittes dfielaim Selteediethe fcb@sitmm ke PRMhst b of 2 maximum length

sequence, a Gold sequence and a Kasami sequence.

11. The method of claim 8 wherein at least one of the first and the at least a second
vibrator comprises a plurality of vibrators having different frequency response, and
wherein the driver signal used to operate the plurality of vibrators comprises

components corresponding to the frequency response of each of the plurality of
vibrators.

12. The method of claim 8 wherein each of the first and the at least a second seismic

vibrator have at least two resonance frequencies in a selected frequency band.
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