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DESCRIPTION

Field of the Invention

[0001] This invention relates generally to geophysical exploration and in particular to a
vibratory seismic source useful in geophysical exploration. More particularly, the invention
relates to methods for using vibrators for marine seismic acquisition.

Background Art

[0002] Seismic energy sources, including vibrators, are used in geophysical exploration on
land and in water covered areas of the Earth. Acoustic energy generated by such 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 energy is distributed over time, so that effects on
the environment are reduced as compared to the environmental effects caused by the use of
impulsive sources.

[0005] It is not only the possible environmental benefits of using vibrators, that makes it
desirable to adapt seismic vibrators to use in marine seismic surveying. By having a seismic
energy source that can generate arbitrary types of signals there may be substantial benefit to
using more "intelligent" seismic energy signals than conventional sweeps. Such a seismic
energy source would be able to generate signals, have more of the characteristics of
background noise and thus be more immune to interference from noise and at the same
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reduce their environmental impact. A practical limit to using marine vibrators for such
sophisticated signal schemes is the structure of marine vibrators known in the art. In order to
generate arbitrary signals in the seismic frequency band it is necessary to have a source which
has a high efficiency to make the source controllable within the whole seismic frequency band
of interest. Combining several marine vibrators that are individually controllable, with more
sophisticated signal schemes would make it possible to generate seismic signals from several
discrete sources at the same time that have a very low cross correlation, thereby making it
possible to increase the efficiency acquiring seismic data. Hydraulic marine vibrators known in
the art typically have a resonance frequency that is higher than the upper limit of ordinary
seismic frequencies of interest. This means that the vibrator energy efficiency will be very low,
principally at low frequencies but generally throughout the seismic frequency band, and such
vibrators can be difficult to control with respect to signal type and frequency content.
Conventional marine seismic vibrators are 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)

where: Z, is the total impedance, R, is the radiation impedance, and X, is the reactive

impedance.

[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, = pyeR (x), (Eq.2)
and the reactive impedance can be expressed as:
X =mi’ pyeX,(x) (Eq. 3)
where:
5
= 2kg = T L 200 (Eq. 4)
A c
2.
R(x)=1- ;'Jl(x,) (Eq. 5)
4 2 . 3 P
X(x)= I sin(xcosa)sin”ada (Eq. 6)
T 0

in which pg 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, A 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:

2 4
R (x)-

X X foe v e )
= (Eq. 7)

Al 3 o5 ]
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Xx="lto 2y 2 Fq. 8
=3 s e J -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:

R/(x) - -;:(/m)2 (Eq. 9)
X (x)— 8ka (Eq. 10)
3z

[0010] It follows that for low frequencies the radiation impedance R will be small as compared
to the reactive impedance X, which suggests low efficiency signal generation. Accordingly,
there is a need for efficient marine vibrators that can generate complex signals and there is a
need to improve the time efficiency of operating seismic data acquisition to provide more
economical operation and to minimize the environmental impact of marine seismic surveying.

[0011] US-A-5721710 describes a method of separating the effects of the earth response on
vibratory energy from individual ones of multiple vibrators to geophones, in generating a
seismic survey.

[0012] US-A-4159463 describes another example of a method of seismic prospecting involving
at least a first and second spaced apart vibratory sources, contemporaneously vibrating with
the same or different reference signals, and recording into a common geophone at a point
distant from both sources.

[0013] WO 97/41454 discloses a vibratory source with a flextensional outer shell which is
moved by a spring disposed between a magnetostrictive driver and the outer shell.

Summary of the Invention

[0014] A method for generating seismic energy for subsurface surveying according to the
invention includes:

operating a first seismic vibrator; and

operating at least a second seismic vibrator 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 at least a
second vibrators imparting energy into subsurface formations for detection after reflection from
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subsurface features, each of the first and the at least a second seismic vibrator having at least
two resonance frequencies in a selected frequency band,

each of the first and at least a second vibrators comprises:
a flextensional outer shell,
a magnetostrictive driver disposed within the outer shell,

a first spring disposed within the outer shell and in functional contact with the driver,
characterized in that

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.

[0015] Other aspects and advantages of the invention will be apparent from the description
and the claims that follow.

Brief Description of the Drawings

[0016]

FIG. 1 shows an example marine seismic survey being conducted using a plurality of seismic
energy sources.

FIG. 1A shows an example implementation of a seismic vibrator signal generator.
FIG. 1B shows an example signal detection device coupled to a seismic receiver.
FIG. 2 shows an example structure for a conventional hydraulic seismic vibrator.
FIG. 3 shows an example structure for an electrical seismic vibrator.

FIG 4 shows another example vibrator in cross-section.

FIG. 5 shows another example vibrator in cross-section.

FIG. 6 shows a simulated amplitude spectrum with two resonances.

FIG. 7 is an example autocorrelation function for one type of direct sequence spread spectrum
signal.
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FIG. 8 is an example of a direct sequence spread spectrum (DSSS) code.

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

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

FIG. 11 is a graph of the frequency content of a seismic source driver using a signal coded
according to FIG. 10.

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

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.

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

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

Detailed Description

[0017] 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 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 actuates one or more seismic
energy sources 10, determines geodetic position of the various components of the seismic
acquisition system, and records signals detected by each of a plurality of seismic receivers R.

[0018] The seismic receivers R are typically deployed at spaced apart locations along one or
more streamer cables S towed in a 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.

[0019] 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
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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.

[0020] 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 frequency band,
and such vibrator will have low efficiency at typical seismic frequencies.

[0021] FIG 3 shows an example of a different type of marine vibrator that can be used in
accordance with the invention. The marine vibrator 10 comprises a vibrator source 20 mounted
within a frame 16. A bracket 14 is connected to the top of the frame 16 and includes apertures
24 which may be used for deploying the vibrator 10 into the water.

[0022] FIG. 4 shows an example of the vibrator in partial cross-section, which includes a driver
8, which may be a magnetostrictive driver, and which may in some examples be formed from
an alloy made from terbium, dysprosium and iron. Such alloy may have the formula Tb(0.3)
Dy(0.7) Fe(1.9), such formulation being known commercially as Terfenol-D. Although the
particular example vibrator described herein shows only a single driver, an implementation in
which a plurality of drivers are used is within the scope of the invention. The present example
further includes an outer driver spring 3 connected to each end 13 of the 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 bias
magnetic field to the Terfenol-D material, and variation in the magnetic field is generated by
applying a varying electrical current to the electrical coils (not shown) that are formed around
the Terfenol-D material. Variations in the length of the driver 8 cause a corresponding change
in the dimensions of the outer driver spring 3.

[0023] FIG. 4 shows additional vibrator components including an inner spring 4, with 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
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
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much higher than the frequencies within the seismic frequency range of interest (typically from
0 to 300 Hz).

[0024] Mounting brackets 28, shown in FIG. 4, are fixedly connected at the upper and lower
ends thereof to upper and lower end plates 18 (shown in FIG. 3). The driver 8 is fixedly
connected at a longitudinally central location thereof to the mounting brackets 28, to maintain a
stable reference point for driver 8. The movement of the ends 13 of the driver rod is
unrestricted with respect to the mounting brackets 28.

[0025] The example shown in FIG. 4 further includes an outer shell 2, to which the outer spring
3 is connected through transmission elements 5. The form of the shell 2 is generally referred to
as flextensional. In a particular implementation, the outer shell 2 comprises two side portions
that may be substantially mirror images of each other, and includes two end beams 1, with the
side portions of the shell 2 being hingedly connected to the end beams 1 by hinges 6. FIG. 4
shows one of the side portions of the outer shell 2, denoted as shell side portion 2a. When fully
assembled the second shell side portion (not shown in FIG. 4), comprising substantially a
mirror image of shell side portion 2a will be hingedly connected by hinges 6 to end beams 1, to
complete a flextensional shell surrounding the assembled driver 8, outer spring 3 and inner
spring 4.

[0026] FIG 5 shows a cross section of the assembly in FIG. 4 mounted in the marine vibrator
10.

[0027] With reference to FIG. 3 the marine vibrator 10 further comprises top and bottom end
plates 18. The assembled outer shell 2, comprising the two shell side portions and the two end
beams 1 are sealingly attached to the top and bottom end plates 18. Although the outer shell 2
is sealingly engaged with the top and bottom end plates 18, when the marine vibrator 10 is in
operation, the outer shell 2 will 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).

[0028] 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 from the interaction of the
inner driver spring 4 with its added masses 7 and the driver 8.

[0029] The 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 that provide a force related to an amount of displacement of the biasing
device. 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 the substantially the same result.

[0030] By introducing a resonance in the lower end of the seismic frequency spectrum, low
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frequency acoustic energy may be generated more efficiently. At resonance the imaginary
(reactive) part of the impedance is substantially cancelled, and the acoustic source is able to
efficiently transmit acoustic energy into the water. In constructing any specific implementation
of the marine vibrator, finite element analysis may be used, as is known to those skilled in the
art, to determine the first and second resonance frequencies. In any such analysis, the
following principles of operation are relevant. If the outer shell is approximated as a piston,
then, for low frequencies, the mass load, or the equivalent fluid mass acting on the shell can be
expressed as
84’

where, M is the mass load, pg is density of water, and a is the equivalent radius for a piston

which corresponds to the size of outer shell.

[0031] The outer shell 2 has a transformation factor Tgpey 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 8 and the short axis
being the width of the elliptically shaped spring. Referring to this transformation factor as
Tspring: the mass load on the driver 8 will be expressed as:

3
Aiu‘rwur = (T\'ha'll )2 ' (T §£'—

2
spring: ) ' pﬂ 3

(Eq. 12)

[0032] The first resonance, fresonance: for the vibrator will be substantially determined by the

following mass spring relationship

. ] f K .
CAONANCE = E . 13
j”“ ) 27[ Mdrwur ( q )

where K = spring constant, and M- = mass load on the driver 8.

[0033] K represents the spring constant for the outer spring 3 combined with the drive 8,
where the outer spring 3 is connected to the outer shell 2, through the transmission elements
5, end beam 1 and hinges 6.

[0034] To provide efficient energy transmission with the seismic frequency range of interest, it
is important to have the vibrator configured to have a second resonance frequency within the
seismic frequency range of interest. 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 frequency, however, is normally much higher than the
first resonance frequency, and accordingly, would be outside the seismic frequency range of
interest. 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
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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.

My =T, M - (Eq. 14)

mner.

[0035] The extra spring, i.e., the inner driver spring 4, will have a transformation factor Tjpner

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 the second resonance is

within the seismic frequency range of interest, thereby improving the efficiency of the vibrator

in the seismic frequency band. The second resonance may be determined by the expression:
+ K

1 X -
T vesonancer = T —M . (E .1 5)
f : 2” J (Tnnur )2 " ‘Madu'cd 4

I

in which Kjnner = spring constant of inner spring and Kgrjver = spring constant of outer driver

assembly.

[0036] 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 using single
resonance vibrator structures. A particular advantage of using a vibrator having an electrically
operated energizing element (driver) is that the vibrator response to an input control signal will
be more linear. Such may make possible the use of particular types of driver signals to be
explained below.

[0037] In using the system shown in FIG. 1, it may be advantageous to use more than one of
the seismic vibrators 10 substantially contemporaneously or even simultaneously in order to
increase the efficiency with which seismic signals related to subsurface formations (below the
water bottom) may be obtained. Seismic signals detected by each of the receivers R in such
circumstances will result in seismic energy being detected that results from each of the
vibrators 10 actually in operation at the time of signal recording. Operating the vibrators
contemporaneously should include driving each vibrator with a signal that is substantially
uncorrelated with the signal used to drive each of the other vibrators. By using such driver
signals to operate each of the vibrators, it is possible to determine that portion of the detected
seismic signals that originated at each of the seismic vibrators.

[0038] A type of driver signal to operate the marine vibrators in some examples 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
the 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 signal has spectral characteristics similar to background
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noise. The foregoing may make DSSS signals particularly suitable for use in environmentally
sensitive areas.

[0039] An example implementation of a signal generator to create particular types of vibrator
signals used in the invention is shown schematically in FIG. 1A. A local oscillator 30 generates
a baseband carrier signal. In one example, the baseband carrier signal may be a selected
duration pulse of direct current, or continuous direct current. In other examples, the baseband
signal may be a sweep or chirp as used in conventional vibrator-source seismic surveying, for
example traversing a range of 10 to 150 Hz. A pseudo random number ("PRN") generator or
code generator 32 generates a sequence of numbers +1 and -1 according to certain types of
encoding schemes as will be explained below. The PRN generator 32 output and 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.

[0040] 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.

[0041] 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 c¢; 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 (t). 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 chips) of the code before repetition takes place. The
baseband carrier is preferably centered in time at =0 and its amplitude is normalized so that at
time zero the baseband carrier amplitude is equal to unity, or (¢(0)=1). The time of occurrence
of each chip / within the spreading code may be represented by Tc. The signal used to drive
each vibrator may thus be defined by the expression:

u )= Y c/wt-jT.) (Eq. 16)

J=rie0

The waveform uj(t) is deterministic, so that its autocorrelation function is defined by the

expression:

R ()= ]Ll(z)u(z ~7)d! (Eq. 17)

where 71 is the time delay between correlated signals. The discrete periodic autocorrelation
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function for a = a; is defined by

N=)=/

]
> aa,,, 0<ISN-1
a=0
N=-1+1

R, (=1 Y a a, 1-Nsl<0 (Eq. 18)

=0

0, llIZN

Using a formula similar to Eq. 17 it is possible to determine the cross correlation between two
different signals by the expression:

R, (1) = wfu(,:)u'(:—r)dr (Eq. 19)

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

expression:
N-1-/

>ab, ., 0<I<N-1
j=0

N-bsi

Ru(h=4 > a b, 1-N<I<0 (Eq. 20)
j=0

0, [zN

[0042] The signal detected by 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(t), and from energy
originating from the other vibrators transmitting at the same time, but with different direct
sequence spread spectrum codes (represented by ck(t) wherein k#/). The received signal at

each receiver, represented by x;(t), 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:

5, = Y u, () + (i) (Fq.21)

[0043] 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 t = tp, then the received signal resulting therefrom occurs at time t=r+/ T, +ty
after the transmission, wherein Iy = any number being an integer and r, = 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;(tg), as shown in FIG.

1B. Such mixing will provide a signal that can be correlated to the signal used to drive each
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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:
Yoo, + 0T+ =u @ )x,(r, + [T +t,))=u,(0)x,(z, +1T,)

=u, (0)[§:zzk (7, +lkTC)+n(l)J
k=1 -
=u,(r+1T.)u,(0) (Eq 22)

+ iuk(rk 1T, (0) + 1, (1)n(r)

k=l ki

[0044] Mixing (FIG. 1B) the detected signal with the spreading code results in a correlation.
The result of the correlation is:

N-i
R, (7, +1T.) = 2Oz )e/c/

_ ’;1 y (Eq. 23)
+Z{w<0> Yz, )cfcz*“}u,-(z)n(z)
/=0 k=lk=i

[0045] Simplification of the above expressions provides the following result:
N=i~1

Rvu, (TI + ]I TL) = Cilw(o)l//(rl) Zcijcfj+i
7=0

o [ Mo
+1(0) Z { Z‘/’(H)C‘/Ci”‘J‘*“/(’)n(“)

k=lk#i| =0

(Eq. 24)
=y (O (z)R,, ()

w0 YR, U]+ uon)

k=1 k=i

[0046] If R(0)=N and w(0)=1, the foregoing expression simplifies to:

R, (0)= (O R, (0)+y©) ¥ [z )R, €)]+u, 0@
M h
=N+ Sleor, )l w om0

daia k=1k=i

(Eq. 25)

background _noise

cross _ correlations

[0047] 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



DK/EP 2184618 T3

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

[0048] 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 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.

[0049] 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.

[0050] 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.

[0051] "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 h(x)

h(x)y=hx, +hx,  +o.+h_ x+h, (Eq. 26)

m m=]

[0052] For 1= j < m, then h; =1 if there is feedback at the j-th stage, and h; = 0 if there is no
feedback at j-th stage. hp = hp, = 1. Which stage h; that should be set to one or zero is not

random but should be selected so that h(x) becomes a primitive polynomial. "Primitive" means
that the polynomial h(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 "1" than "0." For a 511 chip
sequence, for example, there are 256 ones and 255 zeros.

[0053] Another type of sequence that may be used is the Gold sequence. The structure of
Gold sequences is described in, R. Gold, Optimal binary sequences for spread spectrum
multiplexing, IEEE Trans. Information Theory, vol. IT-13, pp. 619-621 (1967). Gold sequences
have good cross correlation characteristics suitable for use when more than one vibrator is
used at the same time. Gold sequences are generated using two or more maximum length
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sequences. It is possible to generate N+2 Gold-sequences from maximum length sequences,

where N is the sequence length. Gold-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.

[0054] 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 = 22 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 a’

by decimating a by 212 + 1. It can be shown that the resulting sequence a' is a maximum

sequence with period 272 _ 1. For example, if n = 10, the period of a is N = 1023 and the
period of a'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 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 272 - 2 cyclic shifts of the bits from a’. By including a in the set, a result is a set of 212
binary sequences of length N = 2" - 1. The autocorrelation and cross correlation functions of
these sequences take on the values from the set {-1, -(272 + 1), 2"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.

[0055] 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 number +1. The signal spectrum
generated by the above spreading code is shown in FIG. 9. What is apparent from FIG. 9 is
that a substantial signal amplitude exists at DC (zero frequency). Such signal spectrum is
generally not suitable for seismic signal generation. If the modulation used is biphase,
however, the signal amplitude at zero frequency is substantially zero. The same spreading
code shown in FIG. 8 implemented using biphase modulation is shown in FIG. 10. Biphase
modulation can be implemented by having every bit of the original input signal (chips in the
spreading code) represented as two logical states which, together, form an output bit. Every
logical "+1" in the input can be represented, for example, as two different bits (10 or 01) in the
output bit. Every input logical "-1" can be represented, for example, as two equal bits (00 or 11)
in the output. Thus, every logical level at the start of a bit cell is an inversion of the level at the
end of the previous cell. In biphase modulation output, the logical +1 and -1 are represented
with the same voltage amplitude but opposite polarities. The signal spectrum of the spreading
code shown in FIG. 10 is shown in FIG. 11. The signal amplitude at zero frequency is very
small (below -50 dB), thus making such code more suitable for seismic energy generation.
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[0056] In some examples, more than one vibrator may be used at a particular location in the
water, for example, as shown at 10 in FIG. 1, wherein each vibrator has a different frequency
response. In some examples, a low frequency response vibrator may be used to generate a
low frequency part of the seismic signal e.g., (3-25 Hz) and another, higher frequency vibrator
may be used to generate higher frequency seismic energy (e.g., 25-100 Hz). In other
examples, the multiple 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 0 to 300 Hz.)

[0057] 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. 13Ais 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.

[0058] 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.

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader's convenience only. It does not
form part of the European patent document. Even though great care has been taken in
compiling the references, errors or omissions cannot be excluded and the EPO disclaims all
liability in this regard.

Patent documents cited in the description

o US5721710A[8011]




DK/EP 2184618 T3

o US4158463A (00121
o WOO741454A (0013}

Non-patent literature cited in the description

« R. GOLDOptimal binary sequences for spread spectrum multiplexinglEEE Trans.
Information Theory, 1967, vol. IT-13, 619-621 {3853}

o Spreading Codes for Direct Sequence CDMA and Wideband CDMA Cellular
Networks|lEEE Communications Magazine, 1998, [3834]



10

15

20

25

30

DK/EP 2184618 T3

Patentkrav

1. Fremgangsmade til at generere seismisk energi til underjordisk opmaling,
omfattende:

at drive en fgrste seismisk vibrator i et vandomrade; og

at drive mindst en anden seismisk vibrator i et vandomrade i alt vaesentligt
samtidigt med det at drive den fgrste seismiske vibrator, hvor det at drive
den fgrste og den mindst ene anden seismiske vibrator inkluderer
anvendelse af et drivsignal til hver af den fgrste og den mindst ene anden
seismiske vibrator der er i alt vaesentligt ukorrelerede med hinanden, hver
af den fgrste og mindst ene anden vibrator overfgrer energi til
underjordiske formationer til detektion efter refleksion fra underjordiske
egenskaber, hvor hver af den fgrste og den mindst ene anden seismiske

vibrator har mindst to resonansfrekvenser i et valgt frekvensband,
hvor hver af den fgrste og mindst ene anden vibrator omfatter:

en bgjningsspaandt udvendig skal (2),

en magnetostriktiv driver (8) anbragt i den udvendige skal (2),

en fgrste fjeder (4) anbragt i den udvendige skal (2) og i funktionel
kontakt med driveren (8), kendetegnet ved, at hver af den fgrste
og mindst anden vibrator yderligere omfatter

en anden fjeder (3) anbragt i den udvendige skal (2) mellem den
fagrste fjeder (4) og den udvendige skal (2), den anden fjeder i
funktionel kontakt med driveren (8) og den udvendige skal (2), og

hvor en massebelastning af den udvendige skal, en fjederkonstant af
den fgrste fjeder og den anden fjeder, og en massebelastning pa
driveren fra den fgrste fjeder veelges til at resultere i de mindst to
resonansfrekvenser, nar den fgrste og mindst ene anden vibrator

anbringes i et vandomrade.

2. Fremgangsmaden ifglge krav 1, hvor drivsignalet anvendt til hver af den fgrste
og den mindst ene anden seismiske vibrator omfatter en direkte sekvensspredt-
spektrumkode.
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2

3. Fremgangsmaden ifglge krav 2, hvor koden omfatter mindst en af en

maksimum langde sekvens, en Gold-sekvens og en Kasami-sekvens.

4. Fremgangsmaden ifglge et hvilket som helst af de foregédende krav, yderligere
omfattende at detektere seismiske signaler ved en flerhed af med afstand
anbragte positioner og at bestemme dele af de detekterede seismiske signaler
stammende fra hver af den fgrste og den mindst ene anden seismiske vibrator.

5. Fremgangsmaden ifglge et hvilket som helst af de foregdende krav, hvor
mindst én af den fgrste og den mindst ene anden vibrator omfatter en flerhed af
vibratorer med forskellig frekvensrespons, og hvor drivsignalet anvendt til at drive
flerheden af vibratorer omfatter komponenter svarende til frekvensresponset af
hver af flerheden af vibratorer.

6. Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor hver

af vibratorerne omfatter mindst to resonansfrekvenser i et valgt frekvensomrade.



DRAWINGS
w
RV
%
RS
10
10
P
TE} s s |L-s Ls
gt R R Y\R
rR/Y R R MR
r/Y R R Y\R
R’Y R R YR
rY R R “\p

FIG. 1

10

DK/EP 2184618 T3

SV



DK/EP 2184618 T3

et e |
34 !
30 3 ! 10
[0 X WQ — v
|
\ ~PART OF RS (FIG. 1)
PRN :
32" -
FIG. 1A

SEISMIC SIGNAL



DK/EP 2184618 T3

FIG. 2
(Prior Art)



DK/EP 2184618 T3

24 14
= S I T
p )
Mhﬁl rll
_ . »

0 10

FIG. 3



10\‘

24

iy

28

13 \L%

FIG. 4

DK/EP 2184618 T3



DK/EP 2184618 T3

FIG. 5



DK/EP 2184618 T3

200
195
190 4~
185 -t
180 -
175 4~

170 -+
165
160 {1~
155 4
150 -
145

Sound pressure level [dB rel. 1 uPaj

: proenr ‘ —r—1
10 20 30 40 50 60 70 80 90 100 110 120
Frequency [Hz]

FIG. 6
600

500 -

400

3001

200

100

-100 . ‘ .

x 10°
FIG. 7



1.5

Amplitude
S =
2 S 9

[
-
|

~
o

S

0.1 02 03 04 05 06 07 08 09 1
Time [s]
FiG. 8

Amplitude [dB]
58885883

O
S

0

20 40 60 80 100 120 140 160 180 200
Frequency [Hz]
FiG. 9

DK/EP 2184618 T3



DK/EP 2184618 T3

-~
n

-~

|
]
—]
]

]

]

]

I

]

=

S
(&)
|

Amplitude
2

S
(€,
I

[
-~
—
{
{
| —
==
[
L
L
=

~
w

01 02 03 04 05 06 07 08 09 1
Time [s]

FIG. 10

S

Amplitude [dB]
S hEEEREE S
! I : ‘iu\

0 20 40 60 80 100 120 140 160 180 200
Frequency [Hz]
FIG. 11



Amplitude

Amplitude

Amplitude

DK/EP 2184618 T3

0 .
-20-
S
-40
, T -60- .
10000 20000 0 100
msecé Hz
FIG. 12A FIG. 128

10000 20000 0 100

msec Hz
FIG. 13A FIG. 13B

10000 20000 0 100
msec Hz

FIG. 14A FIG. 14B



Amplitude

20

-204

msec
FIG. 15

20,000

DK/EP 2184618 T3



