SEISMIC VIBRATOR ARRAY AND METHOD FOR USING
Cross-reference to related applications Not applicable.  Statement
regarding federally sponsored research or development Not applicable.
Background of the Invention Field of the Invention [0001]This invention
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seismic source useful in geophysical exploration. More particularly, the
invention relates to methods for using vibrators for marine seismic

acquisition. Backgsusneb i d00021Spisaticdensplic sauises, including
vibrators, are used in geophysical exploration on land and in water

Naveigidaleas of the Earth. Acoustic energy generated by such sources
travels downwardly into the Earth, is reflected from reflecting interfaces in

t%&é&ﬁ%ﬂ??@%ﬂ%iﬁ ?émlgysﬁgﬁ%?e@ci@é’@ﬁcﬂyﬁ’icﬁg%lo ment

hydrophones or geophones, on or hear the Earth's surface or water
Not 8t6fRE81[0003]In marine seismic surveying, a seismic energy source such
as an air gun or an array of such air guns is towed near the surface of a

body of water. An arrBy gkseinmig taogi¢elayedeiv@s hydrophones, is also
towed in the water in the vicinity of the array of receivers. At selected

times, the air gun or array af guns f3laciuategionrelease a burst of high
essure air or gas into the water, The burst of high pressure generates

I .
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a base plate coupleé to the water, a reactive mass, an ﬁlydra ic or other

devices to cause vibration ofgla@g%]a&&yg Rass and base plate. The
vibrations are typically conducted through a range of frequencies in a
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proximate the base plate. The ' o .
sources travels downwardly into the Earth, is reflected from reflecting interfaces in

the subsurface and is detected by seismic receivers, typically hydrophones or

geophones, on or near the Earth’s surface or water surface.

[0003] In marine seismic surveying, a seismic energy source such as an air gun or an
array of such air guns is towed near the surface of a body of water. An array of
seismic receivers, such as hydrophones, is also towed in the water in the vicinity of
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 geologic 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
plate. The vibrations are typically conducted through 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




result of the cross correlation is a seismic signal that approximates what
would have been detected by the seismic receivers if an impulsive type
seismic energy source had been used. An advantage provided by using
vibrators for imparting seismic energy into the subsurface is that the
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benefits Of Using Vibrators, hat oo sl P8S P hAR PR ffamic energy
vibraiotsetsubserfereniaring SeismiczsusvéyinguBy tavitiga seitaticffnergy the
SO%ER%&B%S@%Q%@%@M%&W REROLAGIRISINAENAY Bfced by the use
substantial benefit to using more "intelligent” seismic energy signals than
corVeREYHIESINEERS. Such a seismic energy source would be able to
[Oo&ﬁnerat signals, have more of the characteristics of background noise
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redidestiwie enviapneental vinpaot & practicat it ionisngveyaindy having a

vibgagrs.fap, sieh sppRistigated 5%&1{&%%‘3&%5{}8% i%%hees Sfugture gfmarine
vibrators known in the art. In order to generate ‘arbitrary &g%aﬁs in'the
seisMiriefaudseshait i nesrssarynsHawe a soiomie wwhitiyhaieaakigthan
effigigneyishmakedpe saursecontialiakiewithin,the whbale 68i8MIC, generate
fre uengy and of interest. Combining several marine vibrators that are
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thatis bighear thagudie uBRe limit ofeedingrySeismiq freguentiasiohas a high
intergfst. This means that the vibrator energy efficiency will be very low, ~
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[OOOGB]rThe total impedance that will be experienced by a marine vibrator
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impeaareeyRar iBrtieofaditition wipedafiegeandsof igtthaeveaativeeans that the
im e 7 n analysis of the energy transfer of a marine .
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impedance cat be expressed as: =7v2 poeXI(x)(E% 3) where: x = 2ka

- 4-/slc;ésgnéc(|§§(§ta¥s43r&also subject to strong harmonic distortion, which limits the use
of more complex signals. Such vibrator characteristics can be understood by

examining the impedance 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)




(Eqg. 5) 4. (x) =2 sin(x cos a) sin‘ada("Eq. 6) in which which po is the
density of water, w is the angular frequency, k is the wave number, a is
the radius of the piston, c is the acoustic velocity, 2 is the wave length,
and Jj is a Bessel function of the first order. 100081Applying the Taylor
semdsrexpanisithe totthenabdveediatichs pdtvide srprslangoressdidnsisithe
22112124213 40GBX5 XI(X)= ni3 32.5 32.52 7 (Eq. 7) (Eq. 8)

{0007] In an analysis of the energy transfer of a marine vibrator, the system including

the vibrator and the water may be approximated as a baffled piston. The radiation

impedance R, of a baffled piston can be expressed as:
R, = ma’ pycR (x), (Eq.2)

and the reactive impedance can be expressed as:

X, =ma’ pycX,(x) (Eq. 3)
where:
% =2ka= 24 200 (Eq. 4)
A c
2
R (%) =1~;J1(X) (Eq. 5)
4 = .
X (x)=— Esm(x cosa)sin“ada (Eqg. 6)
Fia

in which p, is the density of water, w 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:
X2 x4 )
RO = e 3 Ea- 7
4ix  x° x°
X (%) =—| — = o e Eq. 8
1) nL 3.5 3%.5%.7 (Fa. )
[0009] For low frequencies, when x=2k¢ 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
R(x)— E(ka)z (Eq. 9)

X (x)— §—kﬁ (Eq. 10)
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[00091For 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
[001fHen thétriadimschuhdopibtoniitpeosins: tHEQIBYI(BEGMDGPXHB-wilBRa small as
LO03Llpllawshalfon lowiiteanpocies iedpdiationdmpedencaRivik AR

small as compared to the reactive impedance X, which suggests low
effICRHEYPRIgnaf GarB Yo CEO IRy, MeFEiiathase T réfifshithat can

magheaidtaiapeihalean genarate complex signalsend dhereis ameagioor
im roy 1the time eféi%encggofp ert%tm seismic data ac wimon t%) rovi %
Mot economicar operation and to minimize the efvirsimént SHpactsf ©
marninenseismiensunayingl Surmehafweafithecimvénsionef3d. 1]A method for
generating seismic energy for subsurface surveying according to one

aspect of the invention_includes operatirﬁ; first seismic vibrator and
operating at least a secURYRaIsHAE Uhs: iyeBi Rantially
ntemporaneously with the operating the first seismic vibrator. A driver

C
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vibsatorpate Stlestartialy intokelatednith Rackesthervib@Od2bhA mpeathpg at
for marineseismie.suvRMINg aecprding to.anciher aspect b ine ivention.
incﬁu es operating a first seismic Vibrator in a bo yo water and o%eraﬁ%g
at l@gssessee ot aeisricdvibratisnidl trelisddy ofcharéthsulistaantialy at least a

coptempeanaoyywithibe 8perating Jhe ftslse RGP rater. A driver

signal is applied to each of the first and the at least a second seismic

[00Mbratorsithaiase ssbstantialyunrostelaies Witboeash athelbiReIsmist of the
signals are .dellteé:ted at each %f seismic, recei¥ers disgcgsed at

lurality
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spaced apar
front elsesyyamparied intdsfokmationbelow tie hottpmodf tetdsodplofantially
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applied to each of the first and the at least a second seismic vibrators that are
substantially uncorrelated with each other. Seismic signals are detected at each of a
plurality of seismic receivers disposed at spaced apart locations. Portions of the
detected seismic signals resulting from energy imparted into formations below the
bottom of the body of water by each of the first and the at least a second seismic

vibrator are determined.

[0013] Other 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.




[001310ther aspects and advantages of the invention will be apparent
from the description and the claims that follow. Brief Description of the
Drawings [00141FIG. 1 shows an example marine seismic survey being
conducted using a plurality of seismic energy sources. [00151FIG. IA
[00KHows dfi@xdmpikawiplementationsifnalsdisenivvildeator sigméddyeneratgsmic
[0016]RIG. 1B shows an example signal detection device coupled to a.
seismic receiver. [0017]F.16. 2 shows an example structure for a
[ooenventigoal hydiaiicselsmie MbialenI00d8IFIGn R shaws AURXRERBsmic
structure for an electrical seismic vibrator. 100191FIG 4 shows another
exdMB®Vibrator in cross-section. [00201FIG. 5 shows another example
[00 Yﬁ rator ﬁé r Sv'\(lascé[hogxa:llh()?e éltlﬁclztcl;lreesfgrhe%\l\é%ec?tmcg lé'é?s%%% %‘{FP ytqde
ctrum Wlt WO résonan

[0019] FIG 4 shows another example vibrator in cross-section.

[0020] FIG. 5 shows another example vibrator in cross-section.

[0021] FIG. 6 shows a simulated amplitude spectrum with two resonances.

[0022] FIG. 7 is an example autocorrelation function for one type of direct sequence

spread spectrum signal.
[0023] FIG. 8 is an example of a direct sequence spread spectrum (DSSS) code.

[0024] FIG. 9 is a graph of frequency content of a seismic source driver using a signal
coded according to FIG. 8.

[0025] FIG. 10 is an example spread spectrum code using biphase modulation.

[0026] FIG. 11 is a graph of the frequency content of a seismic source driver using a

signal coded according to FIG. 10.

[0027] FIGS. 12A and 12B show, respectively, a DSSS signal and response of a low
frequency vibrator to the DSSS driver signal.

[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




[00221FIG. 7 is an example autocorrelation function for one type of direct
sequence spread spectrum signal. [00231FIG. 8 is an example of a direct
sequence spread spectrum (DSSS) code. [0024]FIG. 9 is a graph of
frequency content of a seismic source driver using a signal coded

accosding YoiF w8, {002k kIt g 1Rkisuanexamplelgploadspecitimcotte or
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content of a seismic source driver using a S|gnal code ccording t .
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respapsg.ahdon: realaney My aterde eSS SitkMemeigRalietic position of
100281FIGS. 13A and 13B_ show, respectively; a DSSS signal and
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DS&Ecleivey sighal {0028} GSeitdis andiddBrshow, respectively,

combined DSSS signals and output of the two vibrators as shown in FIGS.
[00320A, 12Bhd SAsandd3Be[0 (B¢ 1631 kbl s doplsy et dustecodrapatidncafithe along

sumgRf shensignals. FlGase18Anrd 1 selected pattern in the water W by the
recording vessel RV (and/or by another vessel). The pattern is maintained by certain
towing equipment TE including devices called “paravanes” that provide lateral force
to spread the components of the towing equipment TE to selected lateral positions
with respect to the recording vessel RV. The configuration of towing equipment TE,
paravanes P and streamer cables S is provided to illustrate the principle of acquiring
seismic signals according to some aspects of the invention and is not in any way
intended to limit the types of recording devices that may be used, their manner of

deployment in the water or the number of and type of such components.

[0033] The recording vessel RV may tow a seismic vibrator 10. In the example of FIG.
1, additional seismic vibrators 10 may be towed at selected relative positions with
respect to the recording vessel RV by source vessels SV. The purpose of providing
the additional vibrators 10 towed by source vessels SV is to increase the coverage of
the subsurface provided by the signals detected by the seismic receivers R. The
numbers of such additional vibrators 10 and their relative positions as shown in FIG.

1 are not intended to limit the scope of the invention.

[0034] FIG 2 shows an example of a conventional hydraulic marine vibrator.
Hydraulic oil feed is shown at 35 and the oil return is shown at 36. A piston (base
plate) 31 generates an acoustic pressure wave and is disposed inside a bell housing
(reactive mass) 38. Air 32 is disposed between the piston 31 and the bell housing 38.
Motion of the piston 31 is regulated with a servo 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




Detailed Description vessel RV is shown moving along the surface of a
body of water W such as a lake or the ocean. The seismic survey

recording vessel RV typically includes equipment, shown at RS and

referred to for convenience as a "recording system" that at selected times
actlratpsiopebendnorel seismid lenergysburoes 100, ditekmipes gepateticeismic
posiiltéggeggigge various components of the seismic acquisition system, and
records signals detected by each of a plurality of seismic receivers R.

[00830321 Thesseigmis recsiyapiR aretiypicallydenioned ol BRaced ARG e used
locations along one or more streamer cables S towed in a selected pattern

in tHATAESFIFBY thid T SESRINY vESSBIFRRF (ANAIDT ) CamBtives dedalpr tagce

patirmismmintéained Hyneettain Aowinkee tipnientdiEd includiog dalicesme 16

called," " thatprovide | f d the co nents of

e g e e R e SRR e

recdfdifig vessel RV. The configuration of towing equipment TE,

ravanes P and streamer cables S is provided to illustrate the principle of
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be %geigmtlhgi%nn?gg%gf deplo mertlt |g] the water or the _umbeé 0 arhd

type of such components. [003 meerrelgglr’ ing Vessel'R %l}ay oW'g oY may
seidine vibrattrmolainThé exabyileof FEGL.9), aslditiofiahsdisionc Vilngtorgown
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recording vessel RV by source vesse e purpose of providing the
addiiBHARIBYAIGTS £0 el By stluiew Fassdssvnisydheraksglief drivers
coverageofsthétsuhisustase aravidedmiythaisigralsdetesiad aytibeincludes an
seisi geelvers.R: The pumbers ofsych addiigna viiators 19 and thely
relative positions as shown in  F&ré not inteRded to 1Mt the 80%6313? war
the inpésmitfo034e RIGZ shons hmmexarmysicofediptealesitipnal Iy traplicsent
mardpgyiratopnidydraulic gil festhizistioreral8pand he Qg iiRiS omprises

shown at 36. A piston (base plate) 31 generates art acoustic pressure
waVBIERE s LY dah$ae i b THOtSIh G &b st &) megnaiicdield when
dispeseddaetvean ibepistaniztcand the hellkavsiag I31Matienief thefenol-D

piston 31 is requlated with a servo valve 34. An accelerometer 33 is used
o S TR or Biot Sual Teo BB B acsy Are st ond

to provide a ecabae
the pelbdmesihgiBsierdddeevibratinstin filak.Han tiinghsystendiinot 8 is varied.
showiused iRdeRlay Mg vibraker- Aus.to dhe figid,desio %Qéﬁgﬁcvﬁéﬁ%t% the

the first resonance frequency of such a vibrator'is typically above the =
upp&FiFRRLd? thatedbAnd YRéGtERdy Bgn@?%%@eﬁvmgsv@fw Pavenipe 2
efficiencysat dypicsl seismic fiequentiesdiOBoING v howsanexampienafthe
a different type of marine vibrator that can be used,in acgordance with the,.
e e R B Ao et Htneeame
withthaadeamidel@manbiaskditigldsaaiihectpdito the top of the frame 16
and includes apertures 24 which may be used for deploying the vibrator
[003G finto thdWatehofromblitreala drvaisamropantpiecbiiing wibinter satpartiarith

crosgasestivxwiighifelydes: dqgkiren Sunbiol IayiRe: & P AGRETQSHICV S ith
driver, and which maﬁrin some xa,mpi}lgﬁ be formed from an alloy made

from Y& fum WIS SIERH AR irch IS RIS L PTRM havE He! Bt sonance
Th(0i8) eyt Witle (hedkisuchifarmutationgb einigtkrewmtboagiercidltytassystem
Terfgnobhy, Althouah fhe partichlar example ﬁ)&rc%‘i%[ %%g&é'rbgc%&gﬁ?l%sonance
shows only a single driver, an |mpFementat|o In whic lurality o
drivERIsTECYsdaisSEmS they iitofe BEEhauiNtIoh. THe prasuifcegammpisical
furthepinelisiesnanQuiaraibverspriegisepnnactecite &ach 8achidhafither than
driver 8. In a particular implementation, the driver spring 3 may have an
elliptical shape. In the present example in which the driver 8 comprises
Terfenol-D, the driver 8 further comprises magnetic circuitry (not

specifically shown) that will generate a magnetic field when electrical

current is applied thereto. The magnetic field will cause the Terfenol-D
material to elongate. By varying the magnitude of the electrical current,

and consequently the magnitude of the magnetic field, the length of the

driver 8 is varied. Typically, permanent magnets are utilized to apply a
hiac mannetic field to the Terfennl-D matarial and variation in the




masses 7 attached thereto. As further discussed below, the inner driver
spring 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
wotld figpicaticdvsigiaytee secanid fregunap cenfregliamcystfoysysterfisrh avingoo
a sﬁg.suitable for use in marine geophysical exploration, the second
resonance frequency in such case would be much higher than the
[OﬂﬁrﬁqUe”%ﬂi’ﬁﬁg'ﬂr%ﬁe%?i%ﬁmﬁo%%%@y 43&9%5_2&1 %B%E&’EMH’&%HM fryt Ohd
to 300 Hz). [0038]Mounting brackets 28, shown in FIG. 4, are fixedly
cornf&gt&dat e iR rWer erts iHafsdfe e ahifiower Bhdriver 8
plaiesik&d(ghawieitef 163 S)lotfieudiiviy &dafixedhinconnested & ahe mounting
Iong;t% (Qgsa %e%g%ltgg%tiggbigeg ’e%ltgethgi 'P%‘%”&'rﬂ%lb §acﬁ?t3 Zsb}gent f the
maintain a stable reference point for driver 8. The movemen o the ends
13 efidhé3driviy dodeisrohiestrictedivdthitespeetitty the moutitiagrbekokets
28. [0039]The example shown in FIG. 4 further includes an outer shell 2,
10089 1vhich the Saterls phAY B iis Bohriediglembsliyles trarfitisissisH idmuhtehsthe
Theiesmpeinthe shelliegeneiatieaipirachioasmiaxtensianabd the shell 2
particular imglerpentc?ttion, the outer s eI&Z coml{)risies twag sidetgortiotlgs o
that &y e subStaftialy mirfor inages of Sath Gthet, AR METHdes wo °*
endshabhehpwisth the side pottionshef they SkelliBsteindghingadlymages of each
conpgcted 1o the,e0dibeams LmbingeabukiGad shaws onens Bersidgein,

portions of the outer shell 2, denoted as shell, side ﬁortlon 2a. When fully

assBisiEy trBisesd e Biketndidespisrtidty (HeeshowhIfR FiEhonys eiribmegde

su bﬁ%ﬁiﬁg%&@;}%ﬂ@f 'gmgﬁ, @ég&@dl aﬁ%ﬁeﬂ%ﬁﬂ@@?%aowiﬂﬁbevmgge@wl ashseilnbled
connected by hinge to.end beams 1, to.complete a flextensiona el,

curiBoRCIRE A hSCE ALTAE G B Buen ot 3L Tan S 4 ™o
[0040}fEt3 GisHbyids acrass2sectibie ditbelassemblydibFhG gdshouetdddms 1,
the mapingMbaL L0906 LN ISTRIERC IO EIG st ar e vilr Q%%g 3

10 further comprises top and bottom end plates 18. The assembled outer
shefi"s, iBEFhiEIAG the two shell side portions and the two end beams 1

re sealingly attached to the top and pottom end, plates 18. Althqugh the |
10 oy sneif o CE i OB b S PR i oMt rin
whevittheniérine vibrator 10 is in operation, the outer shell 2 will enable

movement with respect to the end plates 18, so the connection between
[0GhE] end pléitbsrafgrenmd tiveldGted shelhRuvigl bidratfiexiblésbemeetiorisehagp and

might e PEYidee. ek exppnlahyRAIeHDIe e N ARG R fNAL SABWRIN side

detail). [0042]FIG. 6 shows the results front a finite element simulation of

an dX4HIPABe the DS &R PREmSE ISR ARE EHGR (P11 de AR botiom end
substantially fromoinienactiancoktae outerspiing & anddheigrieriop and bottom
second resonapce frequency 12 results substantially from the interacti .
4EOMiRe INErachon win
of ARG SN T SR thsCad PR Il vy gt 2
enable movement with respect to the end plates 18, so the connection between the end
plates 18 and the outer shell 2 will be a flexible connection, 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




[00431The outer driver spring 3 and the inner driver spring 4 shown in the
figures could be different types of springs than those shown. For example,
the springs might be coiled springs or other type of springs that perform
substantially similarly. Essentially, the springs 3 and 4 are biasing devices
thatoprdliedaterfeiee pElhtcang anvansplng oidibplaeddadmesfehedsiddingriver
deyice. Similarly, the outer spring 3 and inner driver spring 4 might use a
diaphragm, a piston in a sealed cylinder or a hydraulic cylinder to achieve
[004tie subStantiadly tiae/e&amﬂngeswtadlﬂi@%ﬂ,@wﬂﬁeedpﬁﬂgg%mnam& iAgures
the lo the seismic fre rum, Jow freque acoustic
oG T B DA el G ety SR Moo R T T e
(relctivdppanroftheinstadanoe @fsubstanﬂMymfmﬂesdbmm&ie similarly.

aceusticSauige isable iodﬁﬁtpk&@%yagqﬁ@%@wc@sc%%?oe{a%r@f&a@rmod to an

water. In constructing angspeuflc implementation of the marine vibrator,

finARWBHOE AARSRRTE AL BRI RHIGET KHBWRH b thoseiinered e inner

artdtodeigininenhefitst andsoeond eeRnraneefauensiasicnoanyhsuehlic
anaﬁysgért ef l|0WI Pu Q%Rleﬁ E’h eratlon ftre relevant, if the outer

L0 acnicv amfs F
shéfl 18 approxima e 48 4 piston, then. for fow frequencies, the mass

(004970, oré'g»qn%%\yaﬁegrat Ié%%m@ésr% ﬁféﬂf&%&%ﬁ%ﬁﬁ%‘ LGan:be.& dﬁ‘%ﬁ%? ggc@ﬁm

='po 8a3°3 (Eq. 11) where, Ni is the mass load, po is density of wat
antP¥ .@%@w&%@m PAENEYS W%@@%ﬂéw&?@gﬁéﬁﬂs {9 tRwRiReedhe

outgfaghetly E@&@ﬁ%ﬁ?aﬁ@ﬁﬂﬁhﬁ'ﬂ)e%m% a Hassiarmatianckaetohntisthe acoustic
between the on rt axis of its eII| se, so that the deflection of the

o ettt et et R b e
thexnthexsidie mtmmemsmeﬂ 2F viitl haviecavitigher Amiplitleecthandiysis may b

deflection qf end beamsl, ngm&hewtﬁr%ep%Ct&t%%téw&%d&eogwp%§££econd

shell 2j caused by movement of transmission element 5. Furt
outEPEFR T eveRsiss dnrgerrinanslsiy G fkodinePIsipiee hensiion are

sphifigvalse hasatransiorashionifaeter Retween, thedong M%&@&s&l@ﬁ the
axis of i}s gll%)sg: with the tlg{é%lams bein substa% ? £e lengt fthe
AriVPB S ShT AR A s 5t B e SHASEE Soring.
Referring to this transformation factor as 71,1".,,e, the mass load on the

driver8 pyt-be expressed as: 8a3 cinvorGrshell)2 * (Tspring )2 B4Q.31)
(Eqg. 12)

where, M is the mass load, p, is density of water, and « is the equivalent radius for a
piston which corresponds to the size of outer shell.
[0045] The outer shell 2 has a transformation factor 7,,,, between the long and short

axis of its ellipse, so that the deflection of the two shell side portions (side portion 2a
in FIG. 4 and its mirror image on the other side of outer shell 2) will have a higher
amplitude than the deflection of end beams 1 (which interconnects the two side
portions of shell 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 § and the short axis being the width of
the elliptically shaped spring. Referring to this transformation factor as Ty, the

mass load on the driver 8 will be expressed as:




[0046]The first resonance, ffor the vibrator will be substantially determined
by the following mass spring relationship - 1K(Eq. 13) where K = spring
constant, and Achy= mass load on the driver 8. [0047]K represents the
spring constant for the outer spring 3 combined with the drive 8, where the
outer spring 3 is,connected tgihe outer shell 2, through the transmission
eleffents , erid b&hm=1 ad ‘hnges 6. [0048]To provide efficient
transmission with the seismic frequency range of interest, it is important to

[0040dve thd Wepiatbresermtretitohale eadbmirreedhansdsiariondpigmmngd
theo§%§rmﬁgg\ggg%gysr G%%%ti%@ﬁﬁ?t- In the absence of the inner spring,

the second resonance frequency would occur when the outer driver spring
3, acting together with driver 8, has its second Eigen-mode. This

resonance frequengy, however, is normally much higher than the first
resdranee TrEAUERCY, and accordingly, would be outside the seisffife 13)

frequency range ofititerest. As is evident from the foregoing equation, the

resonant frequency will be reduced if the mass load on outer spring 3 is

increbgedt Fhisrmassrsan, codld/be, noreadedl oy dddinigendass to driver 8,
wever, in order to add sufficient mass to achieve a second rﬁ]sqr%ance

190478 cuend, RRERTS ¥he"SerRHE HBRTES) Tireb P AR oot BRE B i drive
magsithat weuldiereedite bés adteditd thehdriver wolild, makeistehtansmission

sysggmm?ggcgé&rlu&% ml{g&réne seismic operations. In a practical

example vibrator, a second spring, the inner driver spring 4, is included

[o0483ide theouigndiivalcapiiRg.RWIR RIS MASEEs RRAME FideRlN8nge of
inner sprlnég% 3. The effect of such added mass_is equivalent to addin

ma¥ehith é%H%Pﬁ‘f’é“d‘i‘?\)éar"é.tPﬁn\@P(‘T‘SﬁéP?ﬁ%%ﬁédPl‘l?)Vfo%)ﬁ%?Pﬁ‘}efg%%?ﬂﬁm

sprirgubecy thatinnee deivetsengndy willraveiadransiarmatinndactdthe inner
as \sN?ﬂf a&de stelllo%%d et%tlggcgn AR t%gg v?QuEQ %gcrﬁ\rl%\r/h%h %ﬁaeo?l etrhf? 'Ivré?%rrin 3
sprlﬁg 4gf With the adde mass, Gifows the second resonance of the: Prne 2
systeiingdagethanedsdrivet StthesseceedneEissarvedis Wibisnetioaasedshisigiency,

freqerey: range ahinterestdherekimmMeving th%@fﬁéé&faﬁxeofﬂt@éﬁ@yét%d
in the seismic frequency band. The second resonance may be determined

by m&o@%g&gswﬂcﬁ_qg %Waﬁecﬁ_waﬁr’@uency range of inferest. As is evident

from the foregoing equation, the resonant frequency will be reduced if the mass load
on outer spring 3 is increased. This mass load could be increased by adding mass to
driver 8, however, in order to add sufficient mass to achieve a second resonance
frequency within 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 = (Tinner ) 2. Madded ‘ (Eq 14)

[0049] The extra spring, i.e., the inner driver spring 4, will have a transformation factor

T,.. aswell, 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

10




27r.N (,,,42 Madded in which= spring constant of inner spring and Karn,"

= spring constant of outer driver assembly. [0050]A possible advantage of
using a driver structure as explained herein is that the multiple resonant
frequencies may provide a broader bandwith response than is possible
usithg shrglel resonemeeivibitiior Sirustisnets. Aeparticulranga\ventageof tisirtyy
a vibrRtor RaYingrAn SlscHiGAllY BRRsRtedIRNGIIRING SR ARV Second

that the vibrator response to an input control signal will be’'more linear.
SUEHIRHY THEREPP GESTBIENEHE Y S BXigattietlar types of driver signals to be

explained below. ing the system shown in FIG. 1, it may be
advantageaus tq Use.foberthan one of the seismic vibrators 10 (Bq. 15)
substantially Zoiteinpurahegusly or even simultaneously in order to
increase the efficiency with which seismic signals related to subsurface
formations B fhe-watbr boedti el B ohiiirend Seismicssigtenstant
detacied Ry ieachehiig receivers R in such circumstances will result in
seismic energy being detected that results from each of the vibrators 10
[003Hiually 1hRssERAtI SRV AR IB8e Fiveles BigHMTeReTRIG s Opdniinddasen is that the
vibraiarsicqsismporaReausly shgulstinglude shivirg pachvwibratobméhian is
signgslswﬁt is. substantiall uncorkr)elated with the gisgnal sed to drive $ach
of S Qe ViAo Bl SURR ATV AT 1 Gl LR B of there
vibratorsr ihdsippssitisttedbtepmined that pontipelofithg detegtedhaeisemitrator
SoRaisatoroled ARl R BERIE MBIR'ARAGRAHM RS Shic the

driver signal to operate the marine vibrators in some examples is known
as BedifSetiadtidyRe ey sigaelyimbesyanadivelersequence spread

00% ectrur? signal ("DSSS") generation uses a modulated, coded signal with

1003 chip" Hetitnly SRS TR Mirle fHE% &g fdME ARt e use more than
(bamdwidth)tiof theitndnswilitedrsigh@l. Abchigilneanstenpulaecshapedbiteven
of t ' cod ' |, Diyect se nce.spread spectrum.
L e R R
fredREHREAE Renzvsitnty fthchasebbeitbBibhial do théithe. résisiiirgsignals
Qr?&?%c@gwléaa@em%ﬁea%%egsmﬂ'ml' r@i{aﬂ%ﬁ%@s%ghﬁfggwseg'@% energy

pregoin y make signals particularly suitable for use in

en&?&%ﬁ&?ﬁgﬁg St if%‘as?afgégéﬁm%%@ DR MR ERSHIGR &t the
signial gehepatd récoctate Paticiutathty pésaodrvibsatonsignats tigetdnidheclude
inveption i tically,in FIG. A local ascillataor 30 . .
or ok SRS RS S i = SR SRR R e i
cart&dsiy ARy Ay Beeleststhginatidty poise ol ierercigrelstfopperate each

CorginUeYSEH&E! W RLiIR RIRBleXANRIRS, dNRPESERARL SIINRE MY i8als
a sweep or chirp as uysed in conventional vibrator-source seismic
sur\g@}iﬂégwe STt G SFATAY A TRAKESof 10 to 150 Hz. A pseudo
[0053 dom rAumI?ee ro% 5‘113/'&}!* %i gﬁetrat()orezoal% C.?fgeelga%glner%ggra%%sgi%ns%rr%gesx%mples is
séquence of numbers +1and -1 agcoralng to certain ¥ypes of encoalng
schieres as will bieceixptansect baisad FThecPRN gamelratdpiBRiostpuinandspread
the (ijg@mqﬂgmr&@s@@i@lg%ﬁ&%%%qemaanmﬂw@&%&éd%g}gméme‘cmp»

modulator 34 is conducted to a power amplifier 36, the output of which
ultirEIRRP Op¥TAEE ShaHTIHBSBRsHEURARRSED DANSTIEY ComtglratBHted
mayipealised dpippacaie eadtechapplusaliy ol vikaiemaust ks, iMirect
"G4, 00541 Slonals generated by the device. shownin FIG, 1A Canbe,., o
detecte usir?g Sdvice Such'as &nown in F1G. 1B Each GPthe S&isinic
recéiverlsRivmyiss oolipledaosopnesmn hifierass sigithierodireciy mstlifogd$SS
a suitable multiplexer (not shown). Output of the preamplifier 38 may be
digitized in an analog to digital converter ("ADC") 40. A modulator 42

mixes the signal output from the ADC 40 with the identical code produced
by the PRN generator 32. As will be explained below, the signal

generating device shown in FIG. 1A} and its corresponding signal

detection device shown in FIG. 1B generate and detect a DSSS.

100551 The theoretical explanation of DSSS signal generation and

detection may be




understood as follows. The DSSS signal, represented by u, can be
generated by using a spectrum "spreading code", represented by ci and
generated, for example, by the PRN generator (32 in FIG. 1A), to

modulate a baseband carrier. A baseband carrier can be generated, for
examplel, ipy tpectodalbesittatsc3aml#| G, WojgPhadoasebaiticnigpinasnay

a W%&f&ﬁl’s%eﬁ%%ﬁ’ﬁ RO e SREeRdING. CAAS, F\é&éﬂ%ﬁé’é%{% areas.

elements ci; (called "chips") each of which has the value +1 or -1 when

[0088]-SN and &iﬁfpﬁllﬂiﬂ@ﬁ%ﬁ%qﬂ alﬁ@ﬁwgé@yamf@%%ﬁ%r ttypes of

generator iS.u the code will repeat itself after a selected numb
chip€PRER fﬁ%l% ARENSUMISERGE 1SS b tREREGY Eﬁébeéqieﬁétltlénlocal
takesplace. Thechasebandcatried isqpriefesably. canteredeitubinle, ahd=€hseband

end s syl s nomalied so el ARG Seio e heschand et .

amp litude IS equa to unlty, or e time 0 occurr’ence of eaC
chip"HiftHinlthethsp reaniplgsc defebeialape vigpresentdd bywrep Phelsigralused in

USedo@/a{ﬁéﬁ@Q@Ba‘%@@@&ﬁ@k@iﬁﬁhb‘%@@egﬁ%nﬁg by, @%W@x‘%ﬁig% ranga b 10

(Eq. 6) The waveform ui(t) is determlnlstlc s,o that its autocorrelation
funciorfs HefinedPS5F fioe "B B SiRP R ilﬂ?ne?a‘)‘ift(@qc%i‘?) $HREAF 32
is thﬁmdelagqhmweﬁhﬁﬁfb@bmdaﬁtgn‘ﬁ&c&h@lgI&Cl&i@x@ﬁfy@éécof encoding

aum%ﬁ&&é@%’% Cé“(e)Qp a7 & flgsqueffﬂg %HXJ CgLe%grlgtgi ’cpl:llt 'ang the local
oscillator 30 output are mixed in a modulator 34. Output of the modulator 34 is
conducted to a power amplifier 36, the output of which ultimately operates one of the
seismic vibrators 10. A similar configuration may be used to operate each of a

plurality of vibrators such as shown in FIG. 1.

[0054] Signals generated by the device shown in FIG. 1A can be detected using a
device such as shown in FIG. 1B. Each of the seismic receivers R may be coupled to
a preamplifier 38, either directly or through a suitable multiplexer (not shown).
Output of the preamplifier 38 may be digitized in an analog to digital converter
(“ADC”) 40. A modulator 42 mixes the signal output from the ADC 40 with the
identical code produced by the PRN generator 32. As will be explained below, the
signal generating device shown in FIG. 1A, and its corresponding signal detection

device shown in FIG. 1B generate and detect a DSSS.

[0055] The theoretical explanation of DSSS signal generation and detection may be
understood as follows. The DSSS signal, represented by u;, can be generated by using
a spectrum “spreading code”, represented by ¢; and generated, for example, by the
PRN generator (32 in FIG. 1A), to modulate a baseband carrier. A baseband carrier
can be generated, for example, by the local oscillator (30 in FIG. 1A). The baseband
carrier has a waveform represented by w(). The spreading code has individual
elements c; (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 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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Using a formula similar to Eq. 17 it is possible to determine the cross
correlation between tWo different signals by the expression: R(r)=
:Tu(07.11(1 -r)cit(Eq. 19) The discrete periodic cross-correlation function
for a=a" and h = b", is defined by the expression: 1-N <(Eq. 20)

10666 Tehsigndd defectechytithetareepiars (Rhin bak@Ebd)dnvibiritel idpreferably
selyE.AnGaY,riginaing fram e ane o e MRARrs oL Bich ReiamiCe
information is to be obtained, as ef as several types of interterence,
subkselsushokyroandiviseisreprade sty by hiv(P)ahd frbetierresfyccurrence of
crigipling oM e Re A YRnsoitng el e sarpe fci bt wilh .
different direct sequence spread specfrum codes (represented by cid)
WHERSEE VIPFECFaBTaES Sig Adinrieichs 62RRAsIOepresented by xi0),

that is, the signal detected by each of the receivers (12 in FIG. 1) in a
system Wi@h A%g}wic yﬁ:c)gators operating at the same time, can(bg. 16)
described by the-expression: x1 (t)=(t)-( n(t)(Eq. 21) [0057]The energy
from each vibrator will penetrate the subsurface geological formations
beibi m?evmrudatféﬁgt@zﬁawﬁ@d@@%ﬁgﬁaagtﬁf@ﬁﬁ%%dbgﬂr?&dé deiinsd by
detgetaghaidbg: receivers after a "two way" travel time depending on the
positions of the vibrators and receivers and the seismic velocity

distribution in the water and in the subsurface below the water bottom. If
the trandfifted Jisftersieffal for direct sequence spread spectruff©ddé i
occurs at time t= to, then the received signal resulting therefrom occurs at
time,{eT.0-fr. MG ()6, rANSIDISIRNWNSIEIN g S PUMBELDEINGAN perioic
integer and as, =the mlsallgynment etween the received S|gna1 and the
chiprtrperiptionHendiseifed sighas éefinbéinixed with the identical
spreading code used to produce each vibrator's output signal, ut(to), as
shown in FIG. IRSSych mixing will provide a signal that can be correlated
to the signal used: o’dfive each particular vibrator. The mixing output can
be used to determine the seismic response of the signals originating from
each resPedtiv \Efatd’ﬁ. THe fbFdgding may be expressed as folldfifs
the detected signéfs: H t )=u (tc)x,(r LTe + to) = u,(0)x,(z.1,11)

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, (t)= o}u(z)u'(z —7)ds (Eq. 19)

00

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

expression:
N=1-1
> ab,,, 0<ISN-1
j=0 -
N=1+
Ryh=9 > a b, 1-N<I<0 (Eq. 20)

J=0

0, [|=nN
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k (T. k 1 kr Jiff (O) + u, Wri(t) [0058]Mixing (FIG. 1B) the detected signal
with the spreading code results in a correlation. The result of the
correlation is: 1,71) =w(0)11f(r,)c,i tr--C  (Eq. 23) w(o)vcric/c/,' -F u;
(2)n(1) [0059]Simplification of the above expressions provides the
[0056g]lowinghresptialRgtedie 7 the receivers (R in FIG. 1) will include seismic energy

originating from the one of the vibrators for which seismic information is to be
obtained, as well as several types of interference, such as background noise,
represented by n(z), and from energy originating from the other vibrators transmitting
at the same time, but with different direct sequence spread spectrum codes
(represented by c(?) wherein k). The received signal at each receiver, represented
by x;(2), that is, the signal detected by each of the receivers (R in FIG. 1) in a system

with M seismic vibrators operating at the same time, can be described by the

expression:
M
X ()= u, @) +n() (Eq. 21)
J=1
[0057] The energy from each vibrator will penetrate the subsurface geological

formations below the water bottom, and reflected signals from the subsurface will be
detected at the receivers after a “two way” travel time depending on the positions of
the vibrators and receivers and the seismic velocity distribution in the water and in the
subsurface below the water bottom. If the transmitted vibrator signal for direct
sequence spread spectrum code i occurs at time ¢ = f#5, then the received signal
resulting therefrom occurs at time r=17,+[;T, +f, after the transmission, wherein I =
any number being an integer and 7, = the misalignment between the received signal
and the chip time T,.. The received signal can be mixed with the identical spreading
code used to produce each vibrator’s output signal, u,(?y), as shown in FIG. 1B. Such
mixing will provide a signal that can be correlated to the 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:
v, (@, +1T, +t) =u(t)x, (v, +1.T, +1t5) =u,(0)x,(z, + [T,)
=1 (0)£i up(ry +4, 1)+ n(f)j
k=1
o, (v + 17,1, (0) (F-22)

+ i“k(% + 1,7 ), (0) +u, ()n(t)

=1, ki
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d,u/(O)cu,) jo N-ft-1 V1(:1)(2- k)C; el:+4 u,(1)0(1) (Eqg. 24)
W(O)Werl(ii) +1,/(0O)kuerk )R u,(012(1)

[0058] Mixing (FIG. 1B) the detected signal with the spreading code results in a

correlation. The result of the correlation is:

o (T H1T,) = IYZw(O)z//(r et
=0 (Eq. 23)

2

Z {t// () ZW (z)e]cl™ } +u, (n(r)

J=0 k=1, ki

[0059] Simplification of the above expressions provides the following result:

N-l -1

Ryuf (Ti +Z, ) dW(O)(//(T ) ch JH

(0 Y { z‘v/(rk)c’cz*’k}ru 020

k=1,k#i j=0

=y O (r)R,, ()

(Eq. 24)

s (0) Y )R, ) u, )

k=1,kwi

[0060] If R(0)=N and yf0)=1, the foregoing expression simplifies to:

Ry, (0) =y/(0)" R,y (0 +3/(0) D lpr)R,,, ()] 2,00nt0)

=N+ [wmmw ol won
u, ()

data k=Lk

(Eg. 25)

background _noise

cross _correlations

[06061] 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 substantially 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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[0060] If R(0)=N and u/(0)=1, the foregoing expression simplifies es to:

R(0) =w(0)2 R(0) + u/ (0)ly3k,";(1,) =N+ [If (zKk)R(1 u,(t)n(t) (Eq. 25)

data kaa.,kaa
cross correlation includes a range of selected time delays, typically from zero to an
expected maximum two way seismic energy travel time for formations of interest in
the subsurface (usually about 5 to 6 seconds). Output of the cross correlation may be

stored and/or presented in a seismic trace format, with cross correlation amplitude as a

function of time delay.

[0063] The baseband carrier has two properties that may be optimized. The baseband
carrier should be selected to provide the vibrator output with suitable frequency
content and an autocorrelation that has a well defined correlation peak. Equation (25)
also shows that the length of the direct spread spectrum sequence will affect the signal
to noise ratio of the vibrator signal. The correlation peaks resulting from the cross
correlation performed as explained above will increase linearly with the length of (the
number of chips) the spreading code. Larger N (longer sequences) will improve the

signal to noise properties of the vibrator signal.

[0064] Using appropriately selected spreading code sequences it is possible to generate
seismic signals that approximate background noise in spectral statistics. Some useful

sequences that can be used for a plurality of seismic vibrators are discussed below.

[0065] “Maximum length” sequences are a type of cyclic code that are generated using
a linear shift register which has m stages connected in series, with the output of
certain stages added modulo-2 and fed back to the input of the shift register. The
name “maximum length” sequence derives from the fact that such sequence is the
longest sequence that can be generated using a shift register. Mathematically the

sequence can be expressed by the polynomial A(x)

h(‘x):hOxm +h1xm—1 +“'+hn—1x+hn (Eq 26)

[0066] For 1<j < m, then k; =1 if there is feedback at the j-th stage, and A; = 0 if there
is no feedback at j-th stage. Ay = h,, = 1. Which stage #; that should be set to one or
zero is not random but should be selected so that A(x) becomes a primitive
polynomial. “Primitive” means that the polynomial A(x) cannot be 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 717 than ”0.” For a 511 chip sequence, for example, there are

256 ones and 255 zeros.
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uackgrvundnotcc -rasa _carrelations li [00611 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
[00&Utocorralatiber ofpihefttansmittedisignals and bhythisihg sistantiaiite structure
ort lor rrelated spread spect ignals to drive each marine
o B B i oS K ead

to NrexHstherpasspns.ativdntateds iiaramonoldeanhicklappedrspduingé2 1

part@kthe e arRkwhan theseienicsignalh aigReqtded WilldBe for use
averaged out for the *hole record length and therentz)é}?ttenuated, as may

be IWREREWTIME 5P 1H0BZ] Y BrakticaPminentettationere sergrignerated
respeingevad thensubsaurfacentddngpastgdeaetsmidepasiyidroneachof-thesold-

vibrators may be determined by cross correlg\tior}vof e detectedl sei%mi(cJ
iqfiequences Jrom maxd umZﬁ%;% sequencgs, Where Vs he scqupnce ength. Gold-
signals with the signal use rive eacn-viorator, wnerel e
sequences have the period N = 2"-1 and exist for all integers m that are not a multiple
of 4. A possible drawback of Gold sequences is that the autocorrelation is not as good

as for maximum length sequences.

[0068] Kasami sequence sets may be used in some examples because they have very
low cross correlation. There are two different sets of Kasami sequences. A procedure
similar to that used for generating Gold sequences will generate the “small set” of
Kasami sequences with M = 2 binary sequences of period N = 2" — 1, where n is an
even integer. Such procedure begin with a maximum length sequence, designated a,
and forming the sequence &' by decimating a by 2" + 1. It can be shown that the
resulting sequence ¢’ is a maximum sequence with period 2”2 — 1. For example, if n
= 10, the period of @ is N = 1023 and the period of ¢” is 31. Therefore, by observing
1023 bits of the sequence a’, one will observe 33 repetitions of the 31-bit sequence.
Then, by taking N = 2" — 1 bits of sequences a and g’ it is possible to form a new set
of sequences by adding, modulo-2, the bits from a and the bits from ¢’ and all 2 - 2
cyclic shifts of the bits from o’. By including « in the set, a result is a set of 2™
binary sequences of length N = 2" — 1. The autocorrelation and cross correlation
functions of these sequences take on the values from the set {—1, — (2" + 1), 2"% -1 }.
The “large set” of Kasami sequences again consists of sequences of period 2" — 1, for
n being an even integer, and contains both the Gold sequences and the small set of
Kasami sequences as subsets. See, for example, Spreading Codes for Direct
Sequence CDMA and Wideband 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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cross correlation includes a range of selected time delays, typically from
zero to an expected maximum two way seismic energy travel time for
formations of interest in the subsurface (usually about 5 to 6 seconds).
Output of the cross correlation may be stored and/or presented in a
seismibdrade foenagnwithecross gorealatiany dm pﬁmes;asaalﬁgmdﬂanscﬁhﬂme in
del [ 0 %%T e haseb ca that

optlmlzgdq? ap[gs Jeban nfg%rrr}lgﬁéhouslé%ﬁe sel ecte Sl l})aw ltgd§|§?{é%tgrat
outPGt (itte Stitapie e qbedicylganteprcimon dp a@t@“@&ima&@mﬂh&t Frassgismic
well; 1%‘é‘ge%?féﬁ'al@@ﬁbﬁ@@d&lﬁﬁH%@@cM%@h%@W&tw&ﬁaﬁ%ﬁ%ht@&e at

the direct spread spectrum sequence will affect the signal to noise ratio of
theTBr ATHSRIMa THRSBBHAMISIP pelks PEGITREFHIIR fodcrggyn in FIG. 8
corielsitimarper mﬂgedpmsexmamad)ﬁhomm e ase IBI@HXM withuthgon can
length of he number of chi reading code. Lar
s R B P poresaing
sigﬁaqiepc)@@mmﬁﬁgwabmdpm@éIy@eﬁe@m@smw@mdense@m@més sty
posgila te.generataseismicignalethad apPrQypate, backaraud RRise o or

in sr&(lectral statistics. Some useful sequences that can be used for a
A

plutHit SRR TinkAfSr<ar (gctsséd B8 BB dnikimample. as two

lengthihSeguences B;rmaha/pa;ﬁftcyﬁhg cade Ihataregeaetatedusingba cell is
IInegH 1%@@358? osit ﬁ e eve S n %?es C&qg eCt?} IP %erhesé Vrr\{gcriluiau output,
output of certain ot ages adc}eg modulo’2°an back 1o the Input o the

shifthelistenl, Thendamererepxivsured eyidtihes sane neliade duasifderbthefaesite
tha suchiseanence s hedengestaeqpensshatcanhe %pﬁﬁatﬁﬂly%@n in

shift register. Mathematlcally the sequence can be expresse

o|f49nﬁ | /EPerstsel HBRIES S6T00EE RS Y et L P?fl‘EWerg—:O igB), thus
feedbacheatithebticstagesandibis ifihedsnodeedhack at j-th stage. ho
= h",= 1. Which stage hi that should be set to one or zero is not random

[0060t should bersetsotedesonthat théx) dme conasrarprirhitivee alynomiallar location

"Priige Baans: Bahine PRVARMAL(Y SOt DA AT Rbracor has 2
number of chips for a maximum length sequence is given by the
expfedsieht NeQuonsy. TESRPRETe 1A PESReSEIIS 183e MIDMBE B SRa dRs8 QRS brator

shlfhf@glﬁtegear e snaxiny myengieseapenecethas:Raecrghel 'de thans'iz) and
e,guence far example ther re 256 orheéh 255 ZEeros.

For a 5 gl e%s , 2 b .
[ooé“?‘fAnoth fype 6tse Jér‘{%é)"tﬁ“aatym%u‘}sne Used s Sedence. e
Theestgpt(sre. 01561@@1 Iée)q Uendes mde@cmbéd rrmlfﬁbl@g%dn@mmﬂabtmnmture
SCOUROERSI LY G SRCRUT MURlERNGo SR ARRALGHRAIRR two or
Theory, vol. 1T-13, pp. 619-621 (1967). Gold sequences have good cross
corr’é‘l%?ﬁdﬁseﬁ%%cf’"éﬂgﬁ%@f‘édﬁ%‘fét@r%@@%ﬁ@ﬁ%hﬁ’éﬁr{%&eWﬁa%%a@y 0
useebatthesame time. Gold sequences are generated using two or more
maximum length sequences. It is possible to generate N+2
[003d]d-seqiercesfiont maxinismdengtsSSquences] whizre N isithtdy configured

sequanes angify, Bl srauencesaus e periof N ocriand Xist 35 alhee «

integers In that are not a multiple of 4. A possible drz Gol
seqidfecied s MatheBRitbby sretaktie sels o a3 @é@alaf,af@r fhapgakie of energy

Ieng@htigﬁzqgﬁ@@&afﬁ;lp@aﬂﬁgﬁmi@@gt&mge&&ra@a/eb@“ l;rﬁ@d {n$086hown in
examples pe e av er W CIoss C ation. There are two

e Do PR a8 S 2SS Vo it et o
genératingcs old Segaenteswil Rpperste dhte smhell s et o Kasaumpectrum) of
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even integer. Such procedure begin with a maximum length sequence,
desitjgatds, ARG R sédifa e Al By B matﬁ%@f@w@hzwthwwator
can be shown that the resulting sequence a' is a maximum sequence with
period 2'12 - 1. For example, if n = 10, the period of a is N = 1023 and the
period of a' is 31. Therefore, by obseling 1023 hits of the sequence a',

one will observe 33 repetitions of the 31-bit sequence. Then, by taking N -

1 bits of sequences a and a' it is possible to form a new set of sequences

by adding, modulo-2, the bits from a and the bits from a' and all 2n/2 -2

cyclic shifts of the bits from a'. By including a in the set, a result is a set of

2'12 binary sequences of length N = 2' - 1. The autoconblation and cross
corralatinn fiinctione of thece caarieancec talkke Nn the vvaliiee from the cat




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 number +I. The signal spectrum generated

by thetaboveispieadingCcogdaHds Shawpliméd GhSVMhat isianpargikomhy be
FIG, 9 is that.a substantial signal.amplitude exists at DC (zero frequency).

UKD < G ASTAI L e fo Bl S e comded
gen‘é'itmi@n Dlﬁmhemdumti@m.lwsadilhs}?ﬁ(@hbé@ﬁ, Howeverotiet Signa th.e summed
amplige AtAeiRMEGHENaY issubstanialivizero. Jhe SATE RS0, cach

code shown in FIG. 8 implemented using biphase modulation is shown in
FIGPE8S BRsKasE mbHiREt G BT DB Ihplenh g B hal ngp v dsitlbfin the
the wtiginakiapuhsignsl (ghingieihier spreading cagdebrepresented as twro
logical states which, together, form an output bit. Every logical "+1" in the
[0G7Put carshismépréisentadsfomexampléragtvaddifferantbits ot aoiing ifo the
the it. Every.i logical "-I" can.he represented, for.example, as.
o B b el A8 MR R R A e
of akiy deflus s iversioialgnprstiefebhamtiseariey bitthe prewbus sénimenergy
biphage Mmedulation.aitprdt b jodical tiendy lntfeteRreSeRtasyitt temic

same voltage amplitude but opposite polarities. The signal spectrum of the
spre Aty Eote SSRBIS HiMEENIRH sOBRBRM AT e AIST Hesafgjhg) sources while
amplitaldia afi¢ettoiteduanaycisneery fsonalh{betmal ¢n0sdBihéhesmiakinges.
such code more suitable for seismic energy generation. [0070]In some
[0Emplesy hiloréhthimmeotieniratoemdss b elsedtatrespatticubatitotatiomiber of
the watek: fRnexampl a(iﬁéémﬁ%ﬁ} ﬂ&’l& BlGe o WHEL %c@&ﬁﬁﬂ@fﬁ&%recia‘c@

has a different fre uency response, In some examples, a low frequency
respBHsERAb FRBPHIBS Becarads & \jesterdtistadewaresn@h dippatiosapre of the
seisivesignak eifel¢S2hileh and-anatngry, highesdse reneniErasar aYd be
be L{lsrggetéjogrngyr%t‘g Eg{g er fggﬂggncy seismic energy (e.g.,‘25-100 Hz). In
other examp és, thé |piie resonance vibrator structure discussed
above may be used. As explained above, such vibrators may have two or
more resonance frequencies within the seismic frequency band (e.g.,
approximately O to 300 Hz.) [0071]An example of a low frequency DSSS
code used to drive a suitably configured vibrator is shown in FIG. 12A.
The DSSS code may be configured to provide a selected frequency output
by suitable selection of the chip rate. A spectrum 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 in the received seismic signals as
explained above, the detected signals may be summed. The combined
DSSS signals are shown in FIG. 14A, and the combined vibrator output
spectrum is shown in FIG. 14B. An autocorrelation of the summed signals
is shown in FIG. 15 indicating two distinct correlation peaks, one for each
DSSS code. The various vibrators may each be operated at a selected
depth in the water corresponding to the frequency range of each vibrator.
[0072]Seismic vibrators and methods for operating such vibrators
according to the various aspects of the invention may provide more robust
seismic signal detection, may reduce environmental impact of seismic
surveying by spreading seismic energy over a relatively wide frequency
range, and may increase the efficiency of seismic surveying by enabling
simultaneous operation of a plurality of seismic sources while enabling
detection of seismic energy from individual ones of the seismic sources.
[0073]While the invention has been described with respect to a limited
number of embodiments, those skilled in the art, having benefit of this
disclosure, will appreciate that other embodiments can be devised which
do not depart from the scope of the invention as disclosed herein.

Accordingly, the scope of the invention should be limited only by the
attached claime




MCSLLP Claims What is claimed is: 1.A method for generating seismic
energy for subsurfhce surveying, comprising: operating a first seismic
vibrator; and operating at least a second seismic vibrator substantially — pMcgLLp
contemporaneously with the operating the first seismic vibrator, the
operating the first and the at least a second seismic vibrators including
applying a driver signal to each of the first and the at least a second
seismic vibrators that are substantially uncorrelated with each other, each
of the first and at least a second vibi@laisrimparting energy into
subsurface formations for detection after reflection from subsurface
watyieslaaek of the first and the at least a second seismic vibrator having
at least two resonance frequencies in a selected frequency band, wherein
ach ofithe first and t a second Vi ) ises: ' -

Eer chal S IR e
spring disposedadithindseowérsteeilaadd in functional contact with the
driver, and. a. sec ring. di ithir ] bet
first spﬁh‘igraaiﬁrgg tﬁqenfgﬁ%tgrés%ee%ﬁﬁg %%%%%%g%ﬁ?g %r@ﬁ?%ﬁé}\ I %\%?}?tac %ﬁ%eousw
the driver anavtlie thetestsihasatie wikkiresismimadydtad e thpeouteg shelfirst and
a spring cons the first sprng: ing, :
foad on the car e P R ey iene
two resonanct frequerdies seanthehfirst denstat Isessnd seisone vibrattwssthat are
are dlsposed 'sﬂt?t%otd XHOfl\;N aker Ia%‘ C}hq@g&h&%&ffe I% ! m%reeﬁry@%nd at least
driver signal appﬁe& 5 €ach of the tirst and the at 16ast a second seismic
vibrator compsisesandikdbt sea enparspre 2 apscingmsobdarfacd Hermations for
method of claim 2 wherejn the code comprises at least gne of a maxim

a} g P me first

length sequerteHIER LS JEEleCL A dramRk SuRSacfu Leriures. FAgh ©
method of claipdl {Hethgr ROPHSRQ eI SENGSEISTUEBINAR AR at least two

plurality of spaced apart locations and determining portions of the
detected seismeisosigi Sisdyrntiag ftonidecte dithquiirstyahdnthe at least

a second seismic yibrator, 5. 'he method of clai wherein at least one
ot the MAEHR SRS RO bA sCiRarLrator S AR el
vibrators havipgidiftersideg auencyhegsponse, and wherein the driver
signal used to operate the plurality of vibrators comprises components

corresponding! (9 48BtettisHE Edpendisnsedon ighim s oriREsBe1l

vibrators. a first spring disposed within the outer shell and in functional

contact with the driver, and

a second spring disposed within the outer shell between the first
spring and the outer shell, the second spring in functional contact
with the driver and the outer shell, and

wherein a mass load of the outer shell, a spring constant of the first spring
and the second spring, and a mass load on the driver from the first
spring are selected to result in the at least two resonance
frequencies when the first and at least a second vibrators are

disposed in a body of water.
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6. The method of claim 1 wherein each of the vibrators comprises at least

two resonance frequencies within a selected frequency range. 7. A

method for marine seismic surveying, comprising: operating a first seismigqyc s p

vibrator in a body of water; operating at least a second seismic vibrator in

the body of water substantially contemporaneously with the operating the

first seismic vibrator, the operating the first and the at least a second

2seismithdbnatbrs! inClugimgl awhéying thaldneersiignal tpehedh tof ehehfirSthentirst and
the at |gasta pegond SR ABRlorR AL SURSIENal URCUIEIAE] gprcad

with eac ogther, each of the first and the at least a second seismic vi ratorp

havingsptdeast oaderesonance frequencies in a selected frequency band,

wherein each of the first and at least a second vibrators comprises: a

sflextensignal.g19g-shelind INREREIPRIECvE eriipridisRRIBEWRIN emaximum
outer shell, MOSLLP a first spring disposed within the outer shell and in

functiol§ardbirgeeinfrAtRedricarcartséadaranhiriydishosed within the
outer shell between the first spring and the outer shell, the second spring

4in funciipaal shsdast Maththeetier shefrng Witk dhegdriieni angmiiereiphurality
mass load of the outer shell, a spripg,constant of the first spring and th —
second’éﬁﬂﬁ"ge,daﬁaag H]%Csaél%]&dgﬁ HE GRVRYR ORI @%ﬁng%?%teg SCISMIC
selecteghinkesviltimthe afrleastdwo seshadhse dreltanciesdetectingnd seismic
seismicigignals at each of a plurality of seismic receivers disposed at

spaced ﬁ%{ﬂriocations; and determining portions of the detected seismic

signals resulting from energy imparted into formations below the bottom of
Sthe bodhohwtitet bf @aich bitherfirsealtdsthaaictist Brgeuvhtheeisiesst a second

VIbratO%i?%a‘;{n?%o%%qoe% %ﬁi@éﬂt& ngﬁﬁj éﬁeh‘i_()'}ﬁ ﬁ%@n@%&ﬁ%ﬁ% response,

each of the first a e at'least a second seismic vibrator comprises a

direct seduenueisthealli spesgushweddo 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.

7. A method for marine seismic surveying, comprising:

operating a first seismic vibrator in a body of water;

operating at least a second seismic vibrator in the body of water substantially
contemporaneously with the operating the first seismic vibrator, the
operating the first and the at least a second seismic vibrators including
applying a driver signal to each of the first and the at least a second
seismic vibrators that are substantially uncorrelated with each other,
each of the first and the at least a second seismic vibrator having at
least two resonance frequencies in a selected frequency band,

wherein each of the first and at least a second vibrators comprises:

a flextensional outer shell,

a magnetostrictive driver disposed within the outer shell,
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9. The method of claim 8 wherein the code comprises at least one of a
maximum length sequence, a Gold sequence and a Kasami sequence.

10. The method of claim 7 wherein at least one of the first and the at led$f SLLP
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 respbinse sifrézghdifpecgluratihtinothgpritess shell and in functional

contact with the driver, and
a second spring disposed within the outer shell between the first
spring and the outer shell, the second spring in functional contact
with the outer shell and with the driver, and

wherein a mass load of the outer shell, a spring constant of the first spring
and the second spring, and a mass load on the driver from the first
spring are selected to result in the at least two resonance
frequencies;

detecting seismic signals at each of a plurality of seismic receivers disposed at
spaced apart locations; and

determining portions of the detected seismic signals resulting from energy
imparted into formations below the bottom of the body of water by each

of the first and the at least a second seismic vibrator.

8. The method of claim 7 wherein the driver signal applied to each of the first and
the at least a second seismic vibrator comprises a direct sequence spread

spectrum code.

9. The method of claim 8 wherein the code comprises at least one of a maximum

length sequence, a Gold sequence and a Kasami sequence.

10. The method of claim 7 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.
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