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ABSTRACT

5 Controller and method for determining a driving signal of a vibro-acoustic

source element that is configured to generate acoustic waves in water. The method 

includes estimating at least one physical constraint of the vibro-acoustic source 

element; modeling a ghost function determined by a surface of the water; setting a 

target energy spectrum density to be emitted by the vibro-acoustic source element

10 during the driving signal; and determining the driving signal in a controller based on 

at least one physical constraint, the ghost function, and the target energy spectrum 

density.
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Australia

Patents Act 1990

COMPLETE SPECIFICATION 
STANDARD PATENT

P/00/011 
Regulation 3.2

Invention Title: Method and device for determining a driving signal for vibroseis marine 
sources

The following statement is a full description of this invention, including the best 
method of performing it known to us:
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Method and Device for Determining a Driving Signal for Vibroseis Marine 

Sources

BACKGROUND

5 TECHNICAL FIELD

[0001] Embodiments of the subject matter disclosed herein generally relate to 

methods and systems and, more particularly, to mechanisms and techniques for 

generating a driving signal for vibroseis marine sources.

L0 DISCUSSION OF THE BACKGROUND

[0002] Reflection seismology is a method of geophysical exploration to 

determine the properties of a portion of a subsurface layer in the earth, which is 

information especially helpful in the oil and gas industry. Marine reflection 

seismology is based on the use of a controlled source that sends energy waves into 

15 the earth. By measuring the time it takes for the reflections to come back to plural

receivers, it is possible to estimate the depth and/or composition of the features 

causing such reflections. These features may be associated with subterranean 

hydrocarbon deposits.

[0003] For marine applications, sources are essentially impulsive (e.g.,

20 compressed air is suddenly allowed to expand). One of the most used sources is 

airguns. An airgun produces a high amount of acoustics energy over a short time. 

Such a source is towed by a vessel either at the water surface or at a certain depth. 

The acoustic waves from the airgun propagate in all directions. A typical frequency 

range of the emitted acoustic waves is between 6 and 300 Hz. However, the
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2 frequency content of impulsive sources is not fully controllable, and different sources 

are selected depending on the needs of a particular survey. In addition, the use of 

impulsive sources can pose certain safety and environmental concerns.

[0004] Thus, another class of sources that may be used is vibratory sources.

5 Vibratory sources, including hydraulically powered sources and sources employing 

piezoelectric or magnetostrictive material, have been used in marine operations. 

However, there is no large-scale use of such sources because they have limited 

power and are not reliable due to the number of moving parts required to generate 

the seismic waves. A few examples of such sources are now discussed.

3 [0005] A marine vibrator generates a long tone with a varying frequency, i.e.,

a frequency sweep. This signal is applied to a moving part, e.g., a piston, which 

generates a corresponding seismic wave. Instantaneous pressure resulting from the 

movement of plural pistons corresponding to plural marine vibrators may be lower 

than that of an airgun array, but total acoustic energy transmitted by the marine

5 vibrator may be similar to the energy of the airgun array due to the extended duration 

of the signal. However, such sources need a frequency sweep to achieve the 

required energy. Designing such a frequency sweep is now discussed.

[0006] U.S. Patent Application Publication No. 20100118647A1, entitled, 

“Method for optimizing energy output from a seismic vibrator array," the entire

20 disclosure of which is incorporated herein by reference, discloses two flextensional 

vibrators (low frequency and high frequency) activated by electro-mechanical 

actuators and emitting seismic energy at two different depths during a frequency 

sweep. The vibrators are driven by swept frequency signals, each having a different 

selected frequency response. Signals such as Maximum Length Sequence (MLS) or
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2 Gold Sequence (GS) are also used to drive the vibrators. However, the driving 

signal of this document does not take into account various physical constraints of the 

seismic vibrator or the medium in which the vibrator operates.

[0007] A non-linear frequency sweep is described in U.S. Patent No.

> 6,942,059B2, entitled, “Composite bandwidth marine vibroseis array,” the entire

content of which is incorporated herein by reference. This document discloses a 

method for seismic marine survey using vibrator sources, each of them placed at 

different depths. The vibrator sources show a level of seismic energy comparable to 

an airgun array (single depth) by dividing the seismic bandwidth over a plurality of

3 different bandwidths. Each bandwidth is generated by a vibrator array using a non­

linear sweep in order to maximize the output energy. However, this document does 

not consider the various physical constraints of the marine vibroseis array when 

determining the frequency sweep.

[0008] A sweep design method for a seismic land vibrator is also disclosed in

5 U.S. Patent No. 7,327,633, entitled, “Systems and methods for enhancing low- 

frequency content in vibroseis acquisition,” the entire content of which is 

incorporated herein. The patent discloses a method for optimizing sweep signal 

strength by taking into account a single physical property of a seismic land vibrator,

i.e.,  a stroke limit of the seismic vibrator device. A non-linear sweep is obtained in

20 order to build up the sweep spectral density to achieve a targeted spectrum in the 

low frequency range. However, other physical properties of the seismic land 

vibrator, which limit the operation of the land vibrator, are not considered. Further, 

this patent is directed to a land vibrator, which is different from a marine vibrator.

3
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4 [0009] A more sophisticated sweep design method is disclosed in U.S. Patent 

Application No. 12/576,804, entitled, “System and method for determining a frequency 

sweep for seismic analysis,” the entire content of which is incorporated herein by 

reference. This method takes into account not only the plate stroke limit but also other

5 constraints of the land vibrator, e.g., the pump flow limit and the servo valve flow limit.

However, this method addresses a land vibrator, which has different characteristics than 

a marine vibrator, and the method also does not take into consideration specific 

features of the water environment.

[0010] Thus, there is a need to provide a method for designing a driving signal 

10 that takes into account constraints of the marine vibrator and, optionally, constraints 

imposed by the water environment.

[0010A] Reference to any prior art or background information in this specification is 

not, and should not be taken as, an acknowledgment or any form of suggestion that this 

prior art or background information forms part of the common general knowledge in 

15 Australia or any other jurisdiction; or that this prior art or background information could 

reasonably be expected to be ascertained, understood and regarded as relevant by a 

person skilled in the art.

4
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SUMMARY

[0011] According to one exemplary embodiment, there is a method for

5 determining a driving signal of a vibro-acoustic source element that is configured to 

generate acoustic waves in water. The method includes a step of estimating at least 

one physical constraint of the vibro-acoustic source element; a step of modeling a 

ghost function determined by a surface of the water; a step of setting a target energy 

spectrum density to be emitted by the vibro-acoustic source element during the 

o driving signal; and a step of determining the driving signal in a controller based on 

the at least one physical constraint, the ghost function, and the target energy 

spectrum density.

[0012] According to still another exemplary embodiment, there is a controller 

configured to determine a driving signal of a vibro-acoustic source element that is

5 configured to generate acoustic waves in water. The controller includes a processor 

configured to, estimate at least one physical constraint of the vibro-acoustic source 

element; receive a ghost function determined by a surface of the water; receive a 

target energy spectrum density to be emitted by the vibro-acoustic source element 

during the driving signal; and calculate the driving signal based on the at least one

20 physical constraint, the ghost function, and the target energy spectrum density.

[0013] According to still another exemplary embodiment, there is a seismic

survey system that includes at least one vibro-acoustic source element configured to

generate acoustic waves by moving a piston with an electro-magnetic actuator; a

driving mechanism connected to the electro-magnetic actuator and configured to

5
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configured to generate a driving signal for the driving mechanism for generating 

acoustic waves in water. The controller is configured to estimate at least one 

physical constraint of the vibro-acoustic source element; receive a ghost function

5 determined by a surface of the water; receive a target energy spectrum density to be 

emitted by the vibro-acoustic source element during the driving signal; and calculate 

the driving signal based on the at least one physical constraint, the ghost function, 

and the target energy spectrum density.

[0014] According to yet another exemplary embodiment, there is a computer

3 readable medium including computer executable instructions, wherein the 

instructions, when executed, implement the above-noted method.

[0015] According to still another exemplary embodiment, there is a method for 

determining a driving signal of a vibro-acoustic source element that is configured to 

generate acoustic waves in water. The method includes a step of estimating at least 

5 one physical constraint of the vibro-acoustic source element; a step of setting a 

target energy spectrum density to be emitted by the vibro-acoustic source element 

during the driving signal; and a step of determining the driving signal in a controller 

based on the at least one physical constraint, and the target energy spectrum 

density.

20 [0016] According to a further exemplary embodiment, there is a seismic

survey system that includes at least one vibro-acoustic source element configured to 

generate acoustic waves by moving a piston with an actuator; a driving mechanism 

connected to the actuator and configured to drive the actuator to generate the 

acoustic waves; and a controller configured to generate a driving signal for the

6
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configured to estimate at least one physical constraint of the vibro-acoustic source 

element; receive a target energy spectrum density to be emitted by the vibro­

acoustic source element during the driving signal; and calculate the driving signal

5 based on the at least one physical constraint, and the target energy spectrum 

density.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The accompanying drawings, which are incorporated in and constitute 

o a part of the specification, illustrate one or more embodiments and, together with the 

description, explain these embodiments. In the drawings:

[0018] Figure 1 is a schematic diagram of a vibro-acoustic source element;

[0019] Figure 2 is a schematic diagram of a driving mechanism for a vibro­

acoustic source element;

5 [0020] Figure 3 is an electro-mechanical model for a vibro-acoustic source

element according to an exemplary embodiment;

[0021] Figure 4 is a graph showing a maximum acceleration of a vibro­

acoustic source element as a function of various parameters according to an 

exemplary embodiment;

20 [0022] Figure 5 is a graph illustrating a maximum far field sound pressure

level of a vibro-acoustic source element as a function of frequency according to an 

exemplary embodiment;

[0023] Figure 6 is a schematic representation of a vibro-acoustic source 

element according to an exemplary embodiment;

7
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2 [0024] Figure 7 is a target output energy density spectrum according to an 

exemplary embodiment;

[0025] Figures 8a and 8b illustrate a vertical ghost function for two different 

depths;

5 [0026] Figure 9a and 9b illustrate a ghost function for two different elevation

angles;

[0027] Figure 10 is a schematic representation of a method for determining a 

driving signal for a vibro-acoustic source element according to an exemplary 

embodiment;

3 [0028] Figure 11 is a schematic representation of a driving signal according to

an exemplary embodiment;

[0029] Figure 12 is a schematic representation of a free far field sound 

pressure generated by a vibro-acoustic source element according to an exemplary 

embodiment;

5 [0030] Figure 13 is a schematic representation of a far field sound pressure

generated by a vibro-acoustic source element and a corresponding ghost according 

to an exemplary embodiment;

[0031] Figure 14 is a flow chart of a method for generating a driving signal for 

a vibro-acoustic source element according to an exemplary embodiment;

20 [0032] Figure 15 is a flow chart of another method for generating a driving

signal for a vibro-acoustic source element according to an exemplary embodiment; 

and

[0033] Figure 16 is a schematic diagram of a controller according to an 

exemplary embodiment.

8
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DETAILED DESCRIPTION

[0034] The following description of the exemplary embodiments refers to the 

accompanying drawings. The same reference numbers in different drawings identify

5 the same or similar elements. The following detailed description does not limit the 

invention. Instead, the scope of the invention is defined by the appended claims. The 

following embodiments are discussed, for simplicity, with regard to a method to 

generate or design a driving signal for a vibro-acoustic source element and/or a marine 

source array for achieving a desired target output spectrum in compliance with various 

0 constraints of each vibro-acoustic source element and other constraints such as 

environmental constraints introduced by the marine seismic acquisition. However, the 

embodiments to be discussed next are not limited to a marine seismic source, but may 

be applied to other structures that generate a seismic wave having a controlled 

frequency range.

5 [0035] Reference throughout the specification to “one embodiment” or "an

embodiment” means that a particular feature, structure, or characteristic described in 

connection with an embodiment is included in at least one embodiment of the subject 

matter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in an 

embodiment” in various places throughout the specification is not necessarily referring

20 to the same embodiment. Further, the particular features, structures, or characteristics 

may be combined in any suitable manner in one or more embodiments.

[0036] According to an exemplary embodiment, there is a method for 

determining a driving signal, for a vibro-acoustic source element or a marine source 

array, which takes into account various constraints of the source. For example, if the

9
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2 vibro-acoustic source element has an electro-magnetic actuator that is driven by a 

driving mechanism that includes an amplifier, the method identifies physical 

properties of both the actuator and the amplifier that may limit the ability of the vibro­

acoustic source element to provide the expected output, such as the source element 

5 stroke limit (e.g., actuator stroke limit), the source element velocity limit, the amplifier 

current limit, and the amplifier voltage limit. Identification of an additional 

environmental constraint introduced by the sea surface reflector, known as the 

“ghost function,” is also taken into account by this novel method. The method 

determines a driving signal that may be modulated both in frequency and amplitude, 

o The driving signal is configured to achieve a target output spectrum with maximum 

energy output while complying with multiple constraints. Various target output 

spectrums may be considered. However, for simplicity, the following embodiments 

discuss a flat target output spectrum.

[0037] It is noted that the method discussed below considers a vibro-acoustic

5 source element that is driven by a driving mechanism. However, the method may be 

applied to other vibratory sources.

[0038] Prior to discussing the above-noted method, an exemplary vibro­

acoustic source element is now discussed with reference to Figure 1. According to 

an exemplary embodiment, the vibro-acoustic source element 10 of Figure 1 is part 

20 of a seismic source array. The vibro-acoustic source element 10 includes an 

enclosure 20 that together with pistons 30 and 32 enclose an electro-magnetic 

actuator system 40 and separate it from the ambient 50, which might be water. The 

enclosure 20 has first and second openings 22 and 24 that are configured to be 

closed by the pistons 30 and 32. The electro-magnetic actuator system 40 is

10
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generating the seismic waves. In one application, the pistons 30 and 32 are rigid. 

The electro-magnetic actuator system 40 may include two or more individual electro­

magnetic actuators 42 and 44. Irrespective of how many individual electro-magnetic

5 actuators are used in the vibro-acoustic source element 10, the actuators may be 

provided in pairs, and the pairs are configured to act simultaneously in opposite 

directions on corresponding pistons in order to prevent a “rocking” motion of the 

vibro-acoustic source element 10. However, the method also applies to a vibro­

acoustic source element that has only one actuator and one piston.

0 [0039] The size and configuration of the electro-magnetic actuators depend on

the acoustic output of the vibro-acoustic source element. Figure 1 shows that the 

two actuators 42 and 44 are separated by a wall 46, which does not have to be at 

the middle of the actuator system 40. Further, in one embodiment, the two actuators 

42 and 44 are formed as a single unit, and there is no interface between the two

5 actuators. In yet another application, the actuator system 40 is attached to the 

enclosure 20 by an attachment 48. The attachment 48 may be a strut-type structure. 

In one application, the attachment 48 may be a wall that splits the enclosure 20 in a 

first chamber 20a and a second chamber 20b. If the attachment 48 is a wall, the 

actuators 42 and 44 may be attached to the wall 48 or may be attached to the

20 enclosure 20 by other means in such a way that the actuators 42 and 44 do not 

contact the wall 48.

[0040] To provide the pistons 30 and 32 with the ability to move relative to the 

enclosure 20 in order to generate the seismic waves, a sealing mechanism 60 is 

provided between the pistons and the enclosure. The sealing mechanism 60 may be

11
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2 configured to slide back and forth with the pistons. The sealing mechanism 60 may 

be made of an elastomeric material, or may be a metallic flexible structure. In 

another application, the sealing mechanism 60 may be a gas or liquid seal. A gas 

seal (air bearing seal) is configured to inject a gas at the interface between the

5 enclosure and the pistons to prevent the ambient water from entering the enclosure. 

A liquid seal may use, e.g., a ferromagnetic fluid at the interface between the 

enclosure and the pistons to prevent the ambient water from entering the enclosure. 

Other seals may be used as will be recognized by those skilled in the art.

[0041] The embodiment shown in Figure 1 may also include a pressure

o regulation mechanism 70 (e.g., a pneumatic regulation mechanism if air is used).

The pressure regulation mechanism 70 may be used to balance the external 

pressure of the ambient 50 with a pressure of the medium enclosed by the enclosure 

20 to reduce the workload of the actuator system 40. It is noted that if pressure of 

the ambient at point 72 (in front of the piston 30) is substantially equal to pressure of

5 the enclosed medium 73 of the enclosure 20 at point 74, the workload of the actuator 

system 40 may be used entirely to activate the piston to generate the acoustic wave 

instead of a portion thereof used to overcome the ambient pressure at point 72. The 

enclosed medium 73 of the enclosure 20 may be air or other gases or mixtures of 

gases.

20 [0042] The pressure regulation mechanism 70 may be fluidly connected to a

pressure source (not shown) on the vessel towing the vibro-acoustic source element 

10. The pressure regulation mechanism 70 may also be configured to provide an 

additional force on the pistons 30 and 32, e.g., at lower frequencies, to increase an

12
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2 acoustic output of the vibro-acoustic source element and also to extend a frequency 

spectrum of the vibro-acoustic source element.

[0043] The embodiment illustrated in Figure 1 may use a single shaft 80 and

82 per piston to transmit the actuation motion from the actuator system 40 to the

5 pistons 30 and 32. However, more than one shaft per piston may be used, 

depending on the requirements of the vibro-acoustic source element. To provide a 

smooth motion of the shaft 80 relative to the enclosure 20 (e.g., to prevent a 

wobbling motion of the shaft), a guiding system 90 may be provided.

[0044] In one application, heat is generated by the actuator system 40. This

D heat may affect the motion of the shafts and/or the functioning of the actuator system 

40. For this reason, a cooling system 94 may be provided at the vibro-acoustic 

source element. The cooling system 94, as will be discussed later, may be 

configured to transfer heat from the actuator system 40 to the ambient 50.

[0045] The pistons 30 and 32 are desired to generate an output having a

5 predetermined frequency spectrum. To control this output, a local control system 

200 may be provided, inside, outside, or both, relative to the enclosure 20. The local 

control system 200 may be configured to act in real-time to correct the output of the 

vibro-acoustic source element 10. As such, the local control system 200 may 

include one or more processors that are connected to sensors that monitor the

20 status of the vibro-acoustic source element 10 and provide commands for the 

actuator system 40 and/or the pressure regulation mechanism 70.

[0046] The source arrays discussed above may be made up entirely of the 

vibro-acoustic source element illustrated in Figure 1. However, the source arrays 

may be made up of different vibroseis source elements or a combination of those

13
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2 shown in Figure 1 and those known in the art. Depending on the vibro-acoustic 

source element, the method determines different driving signals because the driving 

signal is dependent on the specific construction and characteristics of the considered 

vibro-acoustic source element. A driving signal may be a frequency sweep as

5 known in the art, i.e., a signal that includes plural frequencies that are produced one 

at a time in a certain temporal order. However, the driving signal is not limited to the 

frequency sweep but may include a non-continuous signal, a signal that includes 

plural frequencies emitted at the same time, etc.

[0047] For a better understanding of the constraints imposed on the vibro-

o acoustic source element by its associated driving mechanism, Figure 2 illustrates a 

generic arrangement for the driving mechanism. Such a driving mechanism 250 is 

electrically connected to the vibro-acoustic source element 10 and is configured to 

apply a driving signal to drive the electro-mechanical actuator of the vibro-acoustic 

source element 10. An exemplary structure of the driving mechanism 250 may

5 include a processor 252 for generating the driving signal. For example, in one 

application, the processor 252 has a first component that is configured to generate a 

baseband carrier signal. The baseband carrier signal may have characteristics as 

known to those skilled in the art. A second component of the processor 252 may act 

as a pseudo-random number signal generator, and may be configured to generate a 

20 signal that is mixed in a third component with the signal of the first component. The 

mixed signal may be amplified by a fourth component prior to being provided to the 

vibro-acoustic source element 10. It is noted that the driving mechanism 250 may be 

part of the vibro-acoustic source element 10 or may be provided outside the vibro-

14
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2 acoustic source element. Also, it is noted that other configurations for the driving 

mechanism 250 may be used as those skilled in the art would recognize. 

[0048] With this structure of the driving mechanism 250 and the structure of 

the vibro-acoustic source element 10 discussed with regard to Figure 1, a schematic 

5 representation of some characteristics of the driving mechanism and the vibro­

acoustic source element are shown in Figure 3. Again, it is noted that other vibro­

acoustic source elements or other driving mechanisms may be used. Figure 3 

illustrates a lumped element model for the electrical and mechanical components of 

the vibro-acoustic source element 10 and also for the electrical components of a 

o component of the driving mechanism 250 that acts as an electrical amplifier. More 

specifically, the model 300 shown in Figure 3 has an electrical part 302 that 

corresponds to the electro-magnetic actuator and the driving mechanism of the 

vibro-acoustic source element, and a mechanical part 304 that corresponds to the 

piston of the vibro-acoustic source element.

5 [0049] The electrical part 302 includes a current source 310 represented by Io,

a coil resistance 312 represented by Re, and a coil inductance 314 represented by 

Le, where the coil is part of the electro-magnetic actuator discussed above with 

regard to Figure 1. An induced electromotive voltage 316 represented by U appears 

into the coil, and this voltage is responsible for actuating the piston of the electro-

20 magnetic actuator. The mechanical part 304 includes the piston mass and acoustic 

reactance 320 represented by Mt, a total mechanical stiffness 322 represented by Ct, 

and a mechanical damping and acoustic radiation 324 represented by Rmt. Through 

a coupling 330 between the electrical part 302 and the mechanical part 304, a

15
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2 Lorentz force 332 produced by the electrical part is transmitted to the mechanical 

part, where the Lorentz force is proportional to the current of the current source 310. 

[0050] With this model for the vibro-acoustic source element, it is now 

possible to determine the influence of various physical constraints on the seismic

5 output. A good quantity for estimating the seismic output of the vibro-acoustic 

source element is the acceleration of the piston. The acceleration of the piston (and 

also a far field sound pressure that is related to the acceleration, as will be discussed 

later) is limited for the representation considered in Figure 3 by at least four factors. 

These factors are the maximum displacement of the piston Xmax, the maximum 

o speed of the piston Vmax, the maximum current lmax that may be generated by the 

driving mechanism shown in Figure 2, and the maximum voltage Umax of the same 

device. The maximum acceleration of the piston is determined, for example, for 

each of these four factors by equations:

^max max >

5 amax biVmax,

amax —

;wBlGmUmax
Ο·τη.αχ ·

in

The quantities Gm and Zin depend on the parameters shown in Figure 3.

[0051] The maximum acceleration amax may be plotted on the same graph, as

20 shown in Figure 4, for the four factors. Thus, curve 340 corresponds to Xmax, curve 

342 corresponds to Vmax, curve 344 corresponds to lmax and curve 346 corresponds 

to Umax. The intersection of these curves corresponding to the four factors 

determines an area 350 that is representative of an available operating range of the 

vibro-acoustic source element. This means that as long as the vibro-acoustic source
16
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2 element operates in the area 350 defined by these factors, a sustainable output of 

the vibro-acoustic source element is expected.

[0052] As the maximum acceleration of the piston is related to the maximum

sound pressure in a far field in a free-field, the maximum sound pressure has the

5 shape shown in Figure 5. Figure 5 illustrates a sound pressure in dB at 1 m from the 

source with a reference of 1 pPa. It is noted that the values shown on the Y axis in 

both Figures 4 and 5 are scaled. For example, the maximum sound pressure may 

be related to the maximum acceleration by the relation:

o where p is the density of the medium and S is the area of the piston. Regarding the 

area S, it is noted that for the specific vibro-acoustic source element discussed with 

regard to Figure 1, there are two pistons. In this regard, Figure 6 schematically 

shows the vibro-acoustic source element 10 having a first projector 402 and a 

second projector 404, the two projectors arranged back-to-back. Each projector has

5 its own piston 402a and 404a. As the projectors are actuated in phase and are 

back-to-back, the vibro-acoustic source element 10 acts as a monopole, i.e., a point 

source. With this clarification, it is noted that area S in the above formula includes 

the area of two pistons 402a and 404a. Of course, for other configurations, for 

example, a vibro-acoustic source element with only one projector, or more than two

20 projectors, or another type of vibro-acoustic source element, the area S and the 

above equation need to be adjusted accordingly.

[0053] Up to this point, the physical constraints of the vibro-acoustic source 

element have been discussed and are specific for the vibro-acoustic source element 

shown in Figure 1. For other types of source elements, other constraints may be

17
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2 considered. Based on the teachings of the above embodiments, one skilled in the 

art would know how to determine the physical constraints for the source at hand. 

Next, a target shape for an energy spectral density is discussed, still with regard to 

the vibro-acoustic source element shown in Figure 1.

5 [0054] For determining the energy that should be provided by the driving

signal, the sound pressure level discussed above does not provide enough 

information. The quantity that provides the missing information is the energy 

spectral density (ESD). The ESD for a finite energy signal (e.g., a sweep) in dB at 1 

m in pPa/Hz is given by:

ESD (J)0 ESDda = 101og10-^p

where ESD(f) is the energy spectral density at 1 m from the source in Pa2/Hz and is 

given by a Fast Fourier Transform of the pressure. From here, using, for example, a 

Parseval operation, the acoustic energy of the source can be calculated.

[0055] For the given vibro-acoustic source element, it is desired to determine

5 the driving signal such that a target ESD is obtained. There are various possible 

shapes for the desired ESD depending on the nature of the survey, the intended 

features to be revealed, etc. As an example, Figure 7 shows a flat ESD over 4 to 

128 Hz. A flat ESD has the advantage that increases the resolution of the final 

image for most of the frequencies in the frequency band. Thus, the ESD shown in

20 Figure 7 is the ESD target shape. However, it is noted that the ESD may have other 

shapes, for example, a sinus shape or other non-regular shapes.

[0056] Another constraint for calculating the driving signal is now discussed in 

more detail. This constraint, which is due to the environment, is the "ghost function.” 

By taking into account this constraint, a final image of the subsurface to be obtained
18
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2 with this source is better. However, it is noted that the ghost function may be 

ignored when determining the driving signal for the vibro-acoustic source element. 

The ghost function may be seen as a weighting function applied to the energy 

spectrum density. Because a single vibro-acoustic source element or a seismic 

source array (including plural vibro-acoustic source elements) may be used at a 

specific depth, certain notches appear in the amplitude spectrum within the seismic 

frequency range, depending on the depth. These notches are caused by the sea 

surface reflected waves interfering with direct arrival waves (the constructive and 

destructive interference of these waves creating the ghost effect). Therefore, the

3 ghost function may be considered when designing the driving signal.

[0057] According to an exemplary embodiment, the ghost function may take 

the form g(d>6) = 2sin(kd · cosff), where d is a depth of the vibro-acoustic source 

element relative to the sea surface, k is wavenumber, and Θ is an elevation angle 

(elevation angle describes the position of an observer relative to a vertical line

5 through the vibro-acoustic source element). An example of the ghost function for 

two different depths at zero elevation angle is shown in Figure 8a, with curve 800 

illustrating the ghost function for a first depth and curve 802 corresponding to a 

second depth, smaller than the first depth. Figure 8b illustrates the two positions 804 

and 806 of the sources relative to the sea surface 808 having the elevation angle

20 zero. Figure 9a shows the dependence of the ghost function with the frequency for 

various elevation angles for a given depth. Curve 900 illustrates this dependence for 

a zero elevation angle, and curve 902 illustrates the dependence for a 60° elevation 

angle. Figure 9b shows the two elevation angles relative to the source 904.
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2 [0058] In both Figures 8a and 9a it is noted that the ghost function introduces 

notches at various frequencies and also boosts the spectrum at other frequencies. 

Thus, a careful consideration of the ghost function when determining the ESD target 

helps improve the ESD in the low-frequency range, which is advantageous as the

5 low-frequency range of the spectrum offers a better resolution of the subsurface at 

deeper levels.

[0059] Having now all the ingredients necessary for designing the driving 

signal, i.e., the physical constraints of the vibro-acoustic source element, the target 

ESD, and, optionally, the ghost function, a frequency-dependent far-field sound

□ pressure P that can be generated without exceeding the vibro-acoustic source 

element specifications can be determined. Considering this acoustic pressure to be 

P and the instantaneous frequency to be £(¢), a maximum far-field sound pressure 

in free-field can be written as:

f’(t) = f’moxC/iXO) · sin (2π £ 4- φ),

5 where φ is the sweep initial time. The free-field condition assumes that the waves 

emitted by the vibro-acoustic source element are not reflected at the water-air 

interface or that there is no water-air interface. Thus, the free-field condition is free 

of ghosts. The instantaneous frequency can be determined by inverting the 

instantaneous time as follows: 

20

where ESD(f) is the desired far-field energy spectrum density in free-field, but taking 

into account the ghost weighting function, and fmjn and fmax are the sweep minimum 

and maximum frequencies, respectively. Based on this instantaneous frequency
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2 law, the driving signal is generated according to maximum available amplitude that 

permits the transmission of the far-field signature with maximum energy. The 

instantaneous frequency law is illustrated in Figure 10. A control device 1000 (to be 

discussed later) is configured to take as input the physical constraints 1010 of the

5 vibro-acoustic source element, the ESD target 1020, and, optionally, the ghost 

function 1030 for outputting the driving signal 1040.

[0060] It is noted in Figure 10 that according to the driving signal 1040, the 

vibro-acoustic source element spends most of the time (e.g., 10 s of the total 15 s 

sweep time) producing low frequencies (e.g., lower than 5 Hz). If the ghost function

3 effects 1030 are not taken into account, the driving signal for the specific vibro- 

acoustic source element used in these calculations is as shown in Figure 11. In 

other words, according to an exemplary embodiment, the driving signal shown in 

Figure 11 takes into consideration the constraints 1010 on the vibro-acoustic source 

element and the ESD target shape 1020, but not the ghost function effects 1030.

5 This is an alternative operating mode of the vibro-acoustic source element.

[0061] To better understand the difference between the driving signal without 

the ghost function, i.e., the free-field, and the driving signal with the ghost function, 

Figure 12 shows the far-field sound pressure signature at 1 m for the free-field and 

Figure 13 shows the far-field sound pressure signature at 1 m for the case with

20 ghost. .

[0062] It is noted that the above discussion about the driving signal is valid for 

both a vibro-acoustic source element and an array of vibro-acoustic source 

elements, i.e., a marine source array. If a marine source array is considered, then 

the arrangement of the vibro-acoustic source elements needs to be considered, and
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2 a driving signal for the whole source array may be determined as noted above. 

However, because of the different distances between the vibro-acoustic source 

elements of the marine source array, various time delays may be calculated and 

applied to the elements making up the marine source array.

5 [0063] According to an exemplary embodiment illustrated in Figure 14, there is

a method for determining the driving signal of a vibro-acoustic source element that is 

configured to generate acoustic waves in water. The method includes a step 1400 of 

estimating at least one physical constraint 1010 of the vibro-acoustic source 

element; a step 1402 of modeling a ghost function 1030 determined by a surface of

0 the water; a step 1404 of setting a target energy spectrum density 1020 to be 

emitted by the vibro-acoustic source element during the driving signal; and a step 

1406 of determining the driving signal 1040 in a controller 1000 based on at least 

one physical constraint 1010, the ghost function 1030, and the target energy 

spectrum density 1020.

5 [0064] According to another exemplary embodiment illustrated in Figure 15,

there is another method for determining the driving signal of a vibro-acoustic source 

element that is configured to generate acoustic waves in water. The method 

includes a step 1500 of estimating at least one physical constraint 1010 of the vibro- 

acoustic source element; a step 1502 of setting a target energy spectrum density

20 1 020 to be emitted by the vibro-acoustic source element during the driving signal;

and a step 1504 of determining the driving signal 1040 in a controller 1000 based on 

at least one physical constraint 1010, and the target energy spectrum density 1020. 

[0065] According to one or more of the exemplary embodiments discussed 

above, the instantaneous frequency law is matched according to the targeted energy
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2 spectrum density based on physical limits of the vibro-acoustic source element and 

its depth. Further, regarding the constraint of the ghost function, tuning can be 

obtained for the on-axis far-field signature but also for any off-axis response (e.g., 

helpful for phased array application). Furthermore, the process described above

5 permits sufficient spectral energy density in the low-frequency-end band. It is known 

that the low frequency may permit evaluation of the earth’s subsurface at deeper 

levels.

[0066] An example of a representative control system capable of carrying out 

operations in accordance with the exemplary embodiments discussed above is

0 illustrated in Figure 16. Hardware, firmware, software or a combination thereof may 

be used to perform the various steps and operations described herein. 

[0067] The exemplary control system 1600 suitable for performing the 

activities described in the exemplary embodiments may include server 1601. Such a 

server 1601 may include a central processor unit (CPU) 1602 coupled to a random

5 access memory (RAM) 1604 and to a read-only memory (ROM) 1606. The ROM 

1606 may also be other types of storage media to store programs, such as 

programmable ROM (PROM), erasable PROM (EPROM), etc. The processor 1602 

may communicate with other internal and external components through input/output 

(I/O) circuitry 1608 and bussing 1610, to provide control signals and the like. For

20 example, the processor 1602 may communicate with the sensors, electro-magnetic 

actuator system, and/or the pneumatic mechanism. The processor 1602 carries out 

a variety of functions as is known in the art, as dictated by software and/or firmware 

instructions.
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2 [0068] The server 1601 may also include one or more data storage devices, 

including hard and floppy disk drives 1612, CD-ROM drives 1614, and other 

hardware capable of reading and/or storing information such as a DVD, etc. In one 

embodiment, software for carrying out the above discussed steps may be stored and 

5 distributed on a CD-ROM 1616, diskette 1618, or other form of media capable of 

portably storing information. These storage media may be inserted into, and read 

by, devices such as the CD-ROM drive 1614, the disk drive 1612, etc. The server 

1601 may be coupled to a display 1620, which may be any type of known display or 

presentation screen, such as LCD displays, plasma displays, cathode ray tubes 

o (CRTs), etc. A user input interface 1622 is provided, including one or more user 

interface mechanisms such as a mouse, keyboard, microphone, touch pad, touch 

screen, voice-recognition system, etc.

[0069] The server 1601 may be coupled to other computing devices, such as 

the equipment of a vessel, via a network. The server may be part of a larger network 

5 configuration as in a global area network (GAN) such as the Internet 1628, which 

allows ultimate connection to the various landline and/or mobile client/watcher 

devices.

[0070] As also will be appreciated by one skilled in the art, the exemplary 

embodiments may be embodied in a wireless communication device, a

20 telecommunication network, as a method or in a computer program product. 

Accordingly, the exemplary embodiments may take the form of an entirely hardware 

embodiment or an embodiment combining hardware and software aspects. Further, 

the exemplary embodiments may take the form of a computer program product stored 

on a computer-readable storage medium having computer-readable instructions
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2 embodied in the medium. Any suitable computer-readable medium may be utilized, 

including hard disks, CD-ROMs, digital versatile discs (DVDs), optical storage devices, 

or magnetic storage devices such a floppy disk or magnetic tape. Other non-limiting 

examples of computer-readable media include flash-type memories or other known 

5 types of memories.

[0071] The disclosed exemplary embodiments provide a source array, 

computer software, and a method for generating a driving signal for marine 

vibrational sources. It should be understood that this description is not intended to 

limit the invention. On the contrary, the exemplary embodiments are intended to 

0 cover alternatives, modifications, and equivalents, which are included in the spirit 

and scope ofthe invention as defined by the appended claims. Further, in the 

detailed description ofthe exemplary embodiments, numerous specific details are 

set forth to provide a comprehensive understanding ofthe claimed invention.

However, one skilled in the art would understand that various embodiments may be 

5 practiced without such specific details.

[0072] Although the features and elements of the present exemplary 

embodiments are described in the embodiments in particular combinations, each 

feature or element can be used alone, without the other features and elements of the 

embodiments, or in various combinations with or without other features and elements 

20 disclosed herein.

[0073] This written description uses examples of the subject matter disclosed to 

enable any person skilled in the art to practice the same, including making and using 

any devices or systems and performing any incorporated methods. The patentable 

scope of the subject matter is defined by the claims, and may include other examples
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2 that occur to those skilled in the art. Such other examples are intended to be within the

scope of the claims.
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2 THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method for determining a driving signal of a vibro-acoustic source 

element that is configured to generate acoustic waves in water, the method 

comprising:

5 estimating at least one physical constraint of the vibro-acoustic source

element;

modeling a ghost function determined by a surface of the water;

setting a target energy spectrum density to be emitted by the vibro-acoustic 

source element during the driving signal; and

o determining the driving signal in a controller based on the at least one

physical constraint, the ghost function, and the target energy spectrum density.

2. The method of Claim 1, wherein the vibro-acoustic source element has an 

electro-magnetic actuator configured to actuate a piston.

5

3. The method of Claim 2, wherein the at least one physical constraint 

includes a combination of one or more of a maximum displacement of the piston, a 

maximum speed of the piston, a maximum current of a driving mechanism that 

drives the electro-magnetic actuator, and a maximum voltage of the driving

20 mechanism.

4. The method of Claim 2, wherein the at least one physical constraint 

includes a maximum displacement of the piston, a maximum speed of the piston, a
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2 maximum current of a driving mechanism that drives the electro-magnetic actuator, 

and a maximum voltage of the driving mechanism.

5. The method of Claim 4, further comprising:

5 determining a domain of operation of the vibro-acoustic source element as an

intersection of the maximum displacement, the maximum speed, the maximum 

current and the maximum voltage curves.

6. The method of Claim 1, wherein the ghost function takes into account a

o reflection of a wave from the surface of the water.

7. The method of Claim 1, wherein the target energy spectrum density is flat.

8. The method of Claim 1, wherein a majority of time corresponding to the

5 driving signal corresponds to a low frequency range.

9. A controller configured to determine a driving signal of a vibro-acoustic 

source element that is configured to generate acoustic waves in water, the controller 

comprising:

20 a processor configured to,

estimate at least one physical constraint of the vibro-acoustic source element; 

receive a ghost function determined by a surface of the water;

receive a target energy spectrum density to be emitted by the vibro-acoustic 

source element during the driving signal; and
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2 calculate the driving signal based on the at least one physical constraint, the 

ghost function, and the target energy spectrum density.

10. The controller of Claim 9, wherein the at least one physical constraint

5 includes a combination of one or more of a maximum displacement of a piston of the 

vibro-acoustic source element, a maximum speed of the piston, a maximum current 

of a driving mechanism that drives the electro-magnetic actuator, and a maximum 

voltage of the driving mechanism.

0 11. The controller of Claim 9, wherein the at least one physical constraint

includes a maximum displacement of a piston of the vibro-acoustic source element, 

a maximum speed of the piston, a maximum current of a driving mechanism that 

drives the electro-magnetic actuator, and a maximum voltage of the driving 

mechanism.

5
12. The controller of Claim 11, further comprising:

determining a domain of operation of the vibro-acoustic source element as an 

intersection of the maximum displacement, the maximum speed, the maximum 

current and the maximum voltage curves.

Ό
13. The controller of Claim 9, wherein the ghost function takes into account a 

reflection of a wave from the surface of the water.
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2 14. The controller of Claim 9, wherein the target energy spectrum density is 

flat.

15. The controller of Claim 9, wherein a majority of time corresponding to the

5 driving signal corresponds to a low frequency range.

16. A seismic survey system comprising:

at least one vibro-acoustic source element configured to generate acoustic 

waves by moving a piston with an electro-magnetic actuator;

o a driving mechanism connected to the electro-magnetic actuator and

configured to drive the electro-magnetic actuator to generate the acoustic waves; 

and

a controller configured to generate a driving signal for the driving mechanism 

for generating acoustic waves in water,

5 wherein the controller is configured to

estimate at least one physical constraint of the vibro-acoustic source element; 

receive a ghost function determined by a surface of the water;

receive a target energy spectrum density to be emitted by the vibro-acoustic 

source element during the driving signal; and

20 calculate the driving signal based on the at least one physical constraint, the

ghost function, and the target energy spectrum density.

17. The system of Claim 16, wherein the at least one physical constraint 

includes a combination of one or more of a maximum displacement of a piston of the
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2 vibro-acoustic source element, a maximum speed of the piston, a maximum current 

of a driving mechanism that drives the electro-magnetic actuator, and a maximum 

voltage of the driving mechanism.

5 18. A computer readable medium including computer executable instructions,

wherein the instructions, when executed, implement a method for determining a 

driving signal of a vibro-acoustic source element that is configured to generate 

acoustic waves in water, the method comprising:

estimating at least one physical constraint of the vibro-acoustic source

o element;

modeling a ghost function determined by a surface of the water;

setting a target energy spectrum density to be emitted by the vibro-acoustic 

source element during the driving signal; and

determining the driving signal in a controller based on the at least one

5 physical constraint, the ghost function, and the target energy spectrum density.

19. A method for determining a driving signal of a vibro-acoustic source 

element that is configured to generate acoustic waves in water, the method 

comprising:

20 estimating at least one physical constraint of the vibro-acoustic source

element;

setting a target energy spectrum density to be emitted by the vibro-acoustic 

source element during the driving signal; and
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2 determining the driving signal in a controller based on the at least one 

physical constraint, and the target energy spectrum density.

20. A seismic survey system comprising:

5 at least one vibro-acoustic source element configured to generate acoustic

waves by moving a piston with an actuator;

a driving mechanism connected to the actuator and configured to drive the 

actuator to generate the acoustic waves; and

a controller configured to generate a driving signal for the driving mechanism 

0 for generating the acoustic waves in water,

wherein the controller is configured to

estimate at least one physical constraint of the vibro-acoustic source element; 

receive a target energy spectrum density to be emitted by the vibro-acoustic 

source element during the driving signal; and

5 calculate the driving signal based on the at least one physical constraint, and

the target energy spectrum density.
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Figure 4
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Figure 5
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Figure 8a
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Figure 12

Figure 13
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