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(57) Abstract: A computing device and method for removing
noise associated with an excitation signal and its odd harmonics. A
computing system (1200) for processing electromagnetic (EM) sig-
nals includes an interface (1208) that receives (1100) raw data in-
dicative of a time rate of change of a magnetic field as recorded
with a receiver coil while airborne, wherein the magnetic field in-
cludes a primary source excitation; and a processor (1202) connec-
ted to the interface. The processor is configured to calculate (1102)
a rotation of the receiver coil relative to a desired orientation;
derotate (1104) the raw EM data based on the rotation of the re-
ceiver coil relative to the desired orientation and on the primary
source excitation, to obtain derotated EM data; and generate
(1106) an image of a surveyed subsurface based on the derotated
EM data.
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Apparatus and Method for Compensating for Receiver Motion in Airborne

Electromagnetic Systems

BACKGROUND
TECHNICAL FIELD

[0001] Embodiments of the subject matter disclosed herein generally relate to
methods and systems and, more particularly, to mechanisms and techniques for
determining a motion of a receiver of an airborne electromagnetic (EM) system and

compensating a measurement of the receiver for its motion.

DISCUSSION OF THE BACKGROUND

[0002] EM surveying is a method of geophysical exploration to determine the
properties of a portion of the earth’s subsurface, information that is especially helpful in
the oil and gas industry, geographic mapping, geologic mapping, mineral exploration,
groundwater exploration and quality assessment, unexploded ordnance detection and
characterization, engineering work, bathymetry, etc. EM surveys may be based on a
controlled source, which sends a primary field into the earth. An EM survey may also
be based on a natural source, in which case the primary field is the naturally generated
magnetic field of the earth. By measuring the associated secondary fields with an EM
receiver, it is possible to estimate the depth and/or location and/or composition of the
subsurface features. These features may be associated with subterranean hydrocarbon
deposits and/or mineral deposits.

[0003] An airborne EM survey system 100 generally includes, as illustrated in
Figure 1, a transmitter 102 for generating the primary EM field 104 that is directed
toward the earth. When the primary EM field 104 enters the ground 108, it induces
eddy currents 106 inside the earth. These eddy currents 106 generate a secondary
electromagnetic field or ground response 110. An EM receiver 112 then measures the
response 110 of the ground. Transmitter 102 and receiver 112 may be connected to a
carrier 114, e.g., an aircraft, so that a large area of the ground is swept. Receiver 112

may be located concentric with transmitter 102. The currents induced in the ground are
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a function of the earth’s conductivity and of course, the transmitter characteristics. By
processing and interpreting the received signals, it is possible to study and estimate the
distribution of conductivity in the subsurface. The distribution of conductivity is
associated with the various layers 116 and 118 making up the subsurface, which is
implicitly indicative of the location of oil and gas reservoirs, and/or other resources of
interest for the mining industry.

[0004] Passive source EM surveying involves measurements where a receiver
senses two or more components of a magnetic field, where the components are not
necessarily measured at the same location. The magnetic field can be generated by
naturally occurring random fluctuation of the earth’s electromagnetic field or from a
stationary transmitter located at some distance from the receiver. A frequency
dependent transfer function of the measured components can be calculated and used to
infer electrical property structure or geological structure of the earth.

[0005] For a number of reasons, it is often desirable to operate the surveying
system with a wide-band of signal detection. Signal processing algorithms for EM data
have developed over many years and there are numerous techniques available for
removing noise in different parts of the frequency spectrum. Stacking algorithms have
been developed to remove power line noise while simultaneously reducing random
noise by averaging data samples. One issue limiting the low-frequency operation of
airborne electromagnetic (AEM) systems is the receiver’s rotation or oscillation in the
natural magnetic field of the earth. As the receiver coil moves in the earth magnetic
field, a low-frequency signal is created (according to Faraday’s law), which can obscure
the desired signal from the ground (Annan, 1983; Munkholm, 1997; Lo and Zang, 2008).
This signal is often called coil motion noise.

[0006] Many systems employ a coil suspension system for the receiver coil to
reduce the amplitude of this signal and to shift the frequency of the noise signal out of
the band of the desired measurements. However, coil motion noise is still problematic
when the receiver motion noise frequency content approaches the transmitter base
frequency (Allard, 2007). Even with the suspension system, a data processing step is
often required to remove noise caused by the receiver coil's motion. The suspension
system essentially places a lower limit on the bandwidth of the AEM system.
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[0007] Different techniques have been applied to remove coil motion noise.
Munkholm attempted to project the measured x-, y- and z- component coil data into the
direction of the earth’s magnetic field where the coupling of coil vibrations is minimal.
Spies (1990, U.S. Patent No. 4,945 309) describes a method in which motion noise is
monitored with a motion sensor; if the motion noise exceeds some threshold value over
some interval, that portion of the signal record is removed. Kuzmin and Dodds (2014,
U.S. Patent No. 8,878,538 B2) describe a system where the receiver coil orientation is
measured and the noise caused by changes of the orientation of the receiver coils in the
earth’s static magnetic field are subtracted. Harbaugh et al. (2010) describe using global
positioning systems (GPS) and inertial measurement unit (IMU) sensors to measure the
vibration and motion of the receivers in a ground system and presented the equations
necessary to calculate the voltage caused by these motions. Harbaugh et al. also
compared the measured noise and the noise modelled using the IMU measurements of
receiver motion.

[0008] Allard illustrates an example of using a quasi-linear function to
approximate the slowly-oscillating baseline that results from coil motion noise. Kingman
(2004) describes using a tapered stacking approach to remove linear drift in data, which
is called a tapered Halverson stacking filter. This filter is effective at removing coaill
motion noise because its low-frequency part is approximately linear. Allard also states
that coil motion noise can be approximated by a quasi-linear function. Similarly,
Smiarowski (2013) removed coil motion oscillation noise by subtracting the running
average of the continuously streamed measured signal over four transmitter half-cycles.
Fugro-TEMPEST (2007) acquisition and processing reports describe a process to
remove coil motion noise below the transmitter base frequency by applying a tapered
stack. The Fugro processing report recognizes that this process has difficultly removing
coil motion rotation noise at the base frequency.

[0009] Thus, the existing methods and devices do not fully correct the coil motion
noise. Therefore, there remains a need for an improved algorithm for correcting raw EM

data affected by the receiver coil’'s motion.
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SUMMARY
[0010] According to one embodiment, there is a computing system for processing
electromagnetic (EM) signals. The computing system includes an interface that
receives raw data indicative of a time rate of change of a magnetic field as recorded
with a receiver coil while airborne, wherein the magnetic field includes a primary source
excitation; and a processor connected to the interface. The processor is configured to
calculate a rotation of the receiver coil relative to a desired orientation; derotate the raw
EM data based on the rotation of the receiver coil relative to the desired orientation and
on the primary source excitation, to obtain derotated EM data; and generate an image
of a surveyed subsurface based on the derotated EM data.
[0011] According to another embodiment, there is a method for processing
electromagnetic (EM) signals. The method includes receiving raw data indicative of a
time rate of change of a magnetic field as recorded with a receiver coil while airborne,
wherein the magnetic field includes a primary source excitation; calculating a rotation of
the receiver coil relative to a desired orientation; derotating the raw EM data based on
the rotation of the receiver coil relative to the desired orientation and on the primary
source excitation, to obtain derotated EM data; and generating an image of a surveyed
subsurface based on the derotated EM data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings, which are incorporated in and constitute a

part of the specification, illustrate one or more embodiments and, together with the
description, explain these embodiments. In the drawings:

[0013] Figure 1 is a schematic diagram of an EM acquisition system;

[0014] Figure 2A illustrates the noise induced by the modulation of the transmitter
base frequency, Figure 2B illustrates a correction signal, and Figure 2C shows the

corrected signal;

[0015] Figure 3 shows the frequency power spectra for the raw signal;
[0016] Figure 4 shows the frequency power spectra for the corrected signal,
[0017] Figure 5 shows an estimated coil orientation based on a primary field of

the transmitter coil;
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5
[0018] Figure 6 shows the corrected signal after derotation;
[0019] Figure 7 shows the frequency spectra of a derotated signal;
[0020] Figure 8 shows the frequency spectrum computed from measurements of

the earth’s magnetic field using a stationary coil;

[0021] Figure 9 shows a simulation of the effect that an oscillating coil has on the
frequency power spectrum that would be calculated from the coil sensor signal;

[0022] Figure 10 illustrates an AEM system that is capable of correcting the noise
associated with the receiver coil’s rotation;

[0023] Figure 11 is a flowchart of a method for correcting the noise associated
with the receiver coil’s rotation; and

[0024] Figure 12 is a schematic diagram of a computing device that can run

various methods discussed herein.

DETAILED DESCRIPTION
[0025] The following description of the exemplary embodiments refers to the
accompanying drawings. The same reference numbers in different drawings identify 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 the terminology and structure of
an AEM system having a receiver coil and a transmitter coil. However, the embodiments
to be discussed next are not limited to this configuration; they may be applied to
configurations having only receiver coils and no transmitter coils.
[0026] 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 to
the same embodiment. Further, the particular features, structures or characteristics may
be combined in any suitable manner in one or more embodiments.
[0027] As discussed in the Background section, receiver motion noise for an AEM

receiver is caused by motion of the receiver coil in the static geomagnetic field. However,
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this is not the only source for receiver motion noise. The present inventors have observed
that motion or rotation of the receiver in the excitation magnetic field (i.e., the primary
magnetic field for a controlled source) also generates noise. The existing coil suspension
systems reduce the frequency of receiver motion, but this results in a modulation effect of
the excitation signal such that energy from the excitation frequency is leaked into
sidebands around the spectral peak according to the suspension frequency.

[0028] The following experiment has been performed by the inventors to elucidate
this modulation problem. In the experiment, a receiver coil was placed near a transmitter
coil. The transmitter coil has been configured to generate a half-sine rectified waveform
(excitation signal) with a transmitter base frequency of 30 Hz. The pulsed nature of the
transmitter results in a time-varying magnetic field which is sensed by the receiver coil.
[0029] Figure 2A shows 10 seconds of a raw measured signal 200 (the secondary
magnetic field) in response to the excitation (primary magnetic field) from the controlled
source, where a receiver coil rotates relative to the primary magnetic field. Figure 2A
shows that at about 0.5 seconds, the receiver coil was made to oscillate. The rotation
frequency, controlled by the suspension system, is about 0.4 Hz. Lobes 202 seen in
Figure 2A are due to the changing coupling between the transmitter coil and receiver cail
as the receiver coil rotates. The suspension system absorbs the rotation energy slowly,
attenuating the amount of rotation, which explains why the lobe amplitude 202 decreases
toward the end of the raw signal trace 200.

[0030] Figure 2B shows a linear drift correction term 204 calculated using the
Halverson filter. Note that the correction term 204 consists mainly of low frequency
signals, which may be in the DC to 20 Hz range. Figure 2C shows the corrected signal
206, i.e., the measured signal 200 after being corrected with the correction term 204. The
correction term 204 has only corrected noise caused by the rotation of the coil in the
earth’s magnetic field and has not removed the effect of rotation in the transmitter
magnetic field. This means that the Halverson filter has not corrected the modulation of the
secondary signal, which can also be considered an excitation signal from the perspective
of the receiver.

[0031] The frequency amplitude spectrum for the raw signal 200 is shown in Figure
3, which illustrates the signal component 300 from the 30 Hz base frequency and its odd
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harmonics 302, 304, etc. The spectral lines are not sharp spikes because the coil rotation
has modulated the transmitter signal into the sidebands above and below the base
frequency 300 and its odd harmonics 302, 304, etc. Figure 3 also illustrates the low-
frequency energy 306 below the base frequency 300, from DC to 30 Hz, which is due to
the rotation of the receiver coil in the earth’s magnetic field. Figure 4 shows the frequency
spectra after application of the Halverson stacking filter signal (frequency spectra for the
signal shown in Figure 2C). The powerline frequency 401 of 60 Hz is greatly reduced
compared to the raw spectrum in Figure 3. Also, the low-frequency noise caused by coil
rotation in the band from DC to 15 Hz has also been greatly reduced. However, the
modulation of the base frequency 400 and its odd harmonics 402 and 404 caused by coil
rotation in the transmitter magnetic field is still present.

[0032] It is possible to correct the effect of coil oscillation (e.g., Sheldrake (2005) for
fixed-wing EM and Fugro-Heligeotem (2007) for a helicopter system) in the magnetic field
of the earth as now discussed. Using an assumption that the relative transmitter-receiver
position is known, the transmitter on-time signal is used as an estimate of the primary field
from the transmitter. This estimate of the primary field is then used in an inversion
algorithm to estimate the coil orientation relative to the transmitter. However, these
corrections are not accurate in areas with conductive features (i.e., underground
formations that conduct electric charges) as the assumption that the on-time signal
consists mainly of the primary magnetic field may not be valid, which results in uncertainty
and error in the estimated orientation of the receiver coil as disclosed in Smith, 2001, and
Vrbancich and Smith, 2005. Figure 5 shows the estimated receiver coil orientation using
the measured raw signal 200 from Figure 2A. Figure 5 shows only the pitch 500, but roll
and yaw can also been computed.

[0033] After determining the orientation of the receiver coil, the raw measured
signal 200 can be rotated to determine the signal that would have been measured if the
coil set was oriented in the desired orientation. This process of correcting the raw signal is
referred to as “derotation” and it may be performed by using standard Euler angle rotation
matrices and the estimated pitch, roll and yaw angles. The derotation correction can be

applied to the recorded data before or after stacking.
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[0034] The Halverson stacking filter removes noise caused by receiver coil’s
rotation in the earth’s geomagnetic field, power line noise and white stochastic noise, as
illustrated in Figure 6. Figure 6 shows the derotated signal 600 after the rotation correction
and the Halverson stacking filter have been applied. Note that much of the rotation
modulation 202 has been removed and the peak amplitude from the primary field is nearly
uniform. Figure 7 shows the frequency spectra of the derotated signal 600. It can be seen
that the sidebands around the base frequency 700 and its odd harmonics 702, 704 caused
by the receiver coil’s rotation has been reduced.

[0035] While the rotation correction algorithm discussed above is useful, it is
desirable to further reduce the noise corresponding to the sidebands and obtain lower
noise levels. Also, if conductive material is located underground nearby the surface, this
results in an on-time response, which makes the assumption that the on-time signal
consists of only the primary magnetic field from the transmitter to be invalid.

[0036] The above example has been discussed for a controlled source EM system
with a single transmitter operating at a single frequency. If multiple transmitters are
employed, there will be a similar modulation effect dependent on the transmitter base
frequency and direction of the transmitted field.

[0037] Different from the controlled source EM systems, natural source EM
systems use the naturally occurring random fluctuations of the earth’s geomagnetic field
as an excitation source (i.e., primary signal). Passive EM systems use the same source
as natural source systems, but may also use man-made sources not controlled by the
system, such as very low-frequency (VLF) signals or other communication signals. In
natural and passive systems, the source signal very often is not comprised of a single
excitation frequency. The source spectrum for natural source fields has been
demonstrated by numerous authors (Bleil, 1964; Galejs, 1965; Hoover et al, 1978; Labson
et al, 1985).

[0038] In this respect, Figure 8 shows the frequency spectrum computed from
measurements of the earth’s magnetic field using a stationary coil (Labson, 1985). The
peaks 800 in the range 3 — 60 Hz are centered on the Schumann resonance frequencies,

which are a set of spectrum peaks in the extremely low-frequency band that result from
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the ionosphere acting like a waveguide. The frequencies of these peaks were predicted

by Schumann (1952) to occur at:

C
fo=5—yn(n+1),

where fn is the resonant frequency of the nth mode, c is the speed of light and a is the
radius of the earth.

[0039] The fundamental resonance occurs at 7.83 Hz, with Schumann peaks also
occurring at 14.3, 20.8, 27.3 and 33.8 Hz. The frequency of the peak can shift depending
upon ionospheric-earth conditions (Yatsevich et al, 2008) and are not a single spectral line
but show spectral width because of a dissipative effect in the ionosphere.

[0040] Figure 8 also shows the power-line frequencies 802. Not shown in this
figure is the amplitude of the DC or 0 Hz component of the earth’s magnetic field, which is
shaped similarly to a dipole situated close to the center of the earth. This results in the
magnetic field at the poles being stronger than the field at the equator. Rotations of a
receiver in the earth’s DC magnetic field are also a concern for electromagnetic methods
but can be corrected using the methods described previously (including stacking, running
average filtering or use of a quasi-linear function).

[0041] For the case of a passive or natural electromagnetic system, the receiver
coil rotation will result in the modulation of every natural or passive source frequency.
Note that the controlled source electromagnetic system described in the above example
utilizes a particular waveform with an “on-time” period where a primary magnetic field is
being generated as well as an “offtime” period where no field is generated. In passive or
natural sources, the excitation signal is always active (even if low amplitude) and can be
decomposed into sinusoidal signals. The primary magnetic field is used herein as a
generic term that refers to the controlled source excitation, or natural source excitation or
the passive source excitation.

[0042] The receiver coil rotation modulates the spectrum of naturally occurring
excitation frequencies and the secondary signal they cause in the ground in a similar
manner to the controlled source case outlined above. Thus, it is desirable to correct for the
modulation effect caused by the rotation of the receiver coil set in the earth’s fluctuating

magnetic field and the resultant secondary field.
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[0043] Figure 9 shows a simulation of the effect that an oscillating coil has on the
frequency power spectrum that would be calculated by the receiver coil. The primary
magnetic field consists of the earth’s static geomagnetic field and the naturally-occurring
random fluctuations of the magnetic field and has components in the horizontal and
vertical directions. Because an induction coil sensor measures the time-rate of change of
a magnetic field, if the induction coil sensor is stationary, it is blind to the static
geomagnetic field. A stationary magnetometer, however, would sense the static
component as well. A stationary coil sensor shows energy at the Schumann resonance
frequencies, as indicated by line 900 in Figure 9. The frequency power spectrum
computed from an oscillating coil in the same magnetic field is shown as line 902 in Figure
9 and it shows the sidebands 904.

[0044] An oscillating coil sensor results in a change in coupling to the earth’s
magnetic field, which is a vector. A change in coupling results in a change in the magnetic
flux through the coil, which, according to Faraday’s Law, causes a voltage, referred to here
as a signal. A vertical coil is cosine coupled to the vertical component of a magnetic field
and sine coupled to a horizontal magnetic field. An oscillating coil will result in modulation
of the excitation signal because of the change in coupling at the coil oscillation rate (due to
sine-coupled component) and at twice the oscillation rate (due to the cosine coupled
component). Sensor rotation also modulates the amplitude of the spectral line. While
Figure 9 shows the modulation of the amplitude of the spectral line to be minor, the
secondary fields of interest are small compared to the excitation signal and a correction of
this effect can be important in some cases. More specifically, Figure 9 shows a
comparison of frequency power spectra of a stationary coil measuring the magnetotelluric
earth field (line 900) and power spectra for a coil sensor oscillating at 0.5 Hz. The peaks
at the Schumann resonance frequencies can be seen. The peaks at rotation frequencies
0.5 Hz and 1 Hz are due to the coil rotating in the earth’s static magnetic field. The caoil
rotation modulates the Schumann frequencies, which results in an error in measurement
of the amplitude of the Schumann resonances 903 and also results in the sidebands 904
around the spectral lines

[0045] According to an embodiment, a process is introduced that measures the coil
orientation and applies a correction to account for the effect of coil's motion on the
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coupling between the receiver and various sources which affects the magnetic flux through
the coil. Therefore, this process reduces the modulation effect. The excitation signal may
be from natural fluctuations of the earth’s magnetic field or from a controlled transmitter or
from a remote uncontrolled (by the survey system) transmitter. The signal caused by
rotation of the coil in the earth’s static geomagnetic field can be removed through other
means, such as those described previously, including the Halverson stacking filter, which
is effective at removing low-frequency noise due to rotation of a sensor in the earth’s static
geomagnetic field, or a running average filter, or a quasi-linear function to estimate and
remove the baseline introduced by coil oscillation.

[0046] According to an embodiment, it is desired to correct (i) receiver or (ii)
transmitter and receiver motion in EM systems for the noise caused by their motion. These
systems typically contain two or three receivers, which may or may not be identical in
terms of configuration or area. Typically, the receivers are arranged to be oriented
orthogonally to one another, as for example, in U.S. Serial No. 14/678,228 (the ‘228
application herein). However, this is not a necessity. In airborne systems, as illustrated in
Figure 10, the receiver coils 1002 and transmitter coils 1004 are typically attached to a
platform 1006, which is towed by an aircraft 1008. Aircraft 1008 can be a fixed-wing
aircraft, helicopter, airship, blimp, dirigible, hybrid aircraft, balloon or similar. AEM system
1000 is shown flying over ground 1010. To explore at a desired depth, AEM systems
often employ low-excitation frequencies but, as identified by many in the industry, the
issue of coil motion noise in the earth’s static geomagnetic field increases noise levels at
low-frequencies such that the noise level greatly exceeds the desired signal.

[0047] In the experience of the inventors, the tapered Halverson stacking filter is
effective at removing noise caused by low-frequency coil motion in the earth’s static
geomagnetic field. However, the stacking filter approach does not remove the modulation
of the base frequency caused by the receiver coil’'s motion or coil rotation, which results in
relatively large amplitude sidebands around the base frequency and its odd harmonics. A
similar effect occurs when natural or passive magnetic fields are used as the excitation
sources. These sidebands increase the noise level of the electromagnetic system. Thus,
according to embodiments to be discussed herein, a system and method to measure a
rotation signal proportional to the motion or rate of change of motion or orientation or rate
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of change of orientation of a receiver coil set (which consists of at least one coil) are used.
A motion and/or orientation system 1012 (called herein rotation system) may be attached
to the platform 1006 for measuring the rotation signal. The measured rotation signal is
used then by a controller 1020 to determine a “derotated signal,” which is the signal that
would be recorded by the receiver coail if it were positioned and oriented at the time of
measurement in the desired position and orientation, which for example, could be with one
coil oriented straight up and down (i.e., along the earth’s gravity field) and a second caoil
oriented along the flight line.

[0048] Controller 1020 may have a component 1022 located on the ground, a
component 1024 located on the airplane 1008 and/or a component 1026 located on the
platform 1006. Those skilled in the art would understand that controller 1020 may include
one or more of components 1022, 1024, and 1026. In one application, each component
1022, 1024, and 1026 includes a transceiver for communicating (in a wireless manner)
with the other components. In one application, the controller is made up of only the
ground component 1022, and data collected from rotation system 1012 is supplied after
the survey to the ground component 1022 for calculating the receiver’s rotation. Note that
the receiver rotation may be related to the position and/or orientation of its coils.

[0049] The receiver’s desired orientation is not critical, but only needs to be
specified. The desired position is usually determined by the structure of the
electromagnetic system. Use of the “derotated signal” corrects for noise caused by the
modulation effect resulting from the receiver coil set sensing the magnetic field generated
by the transmitter (i.e., primary magnetic field) or natural fluctuations of the earth’s
geomagnetic field while the receiver coil set is in an altered position or altered orientation
away from the desired position or desired orientation. Use of the “derotated signal” allows
for the sidebands, resultant from modulation of the transmitter base frequency and its odd
harmonics by motion or rotation of the receiver coil set in the magnetic field generated by
the transmitter, to be reduced in amplitude.

[0050] After the “derotated signal” is calculated (various methods for calculating the
derotated signal to be discussed later), a stacking filter or quasi-linear function or running

average filter or some other processing method such as those described in the
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Background section can be used to estimate and remove the noise signal caused by
motion or rotation of the coil set in the earth’s static geomagnetic field.

[0051] There are a number of different methods and procedures that can be used
to generate a signal proportional to the motion or rate of change of motion or orientation or
rate of change of orientation of the receiver coil set. This list is not exhaustive, but it is
intended to indicate possible instruments and methods that can be used to determine
motion and/or orientation of the receiver coil set. Kratzer and Vrbancich (2007) used GPS
sensors and inertial navigation units (INU) to provide independent measures of the attitude
of a receiver platform. Reid (2010) describes use of inclinometers to measure transmitter
pitch and roll. Gyroscopes, accelerometers or angular rate sensors can be used to
measure the transmitter or receiver orientation. There also exist optical/video tracking
instruments, laser instruments, Attitude Heading Reference Systems (AHRS), inertial
measurement units, infrared motion detection, to measure orientation and/or position.
Another method to measure receiver coil set orientation and/or location is described in the
‘228 application. Macnae and Smiarowski (2007) used GPS measurements to measure
the relative positions of the transmitter coil and receiver coil set as well as the orientation
of the transmitter coil. Any of the devices noted above with regard to the method for
obtaining a signal proportional to the motion or rate of change of motion or orientation or
rate of change of orientation of the receiver coil set, may be part of the motion and/or
orientation system 1012.

[0052] A method for correcting a recorded EM signal is now discussed with regard
to Figure 11. In step 1100, EM data is collected with an AEM system. Alternatively, the
EM data is received from an existing AEM survey. The EM data is collected with an AEM
system including at least transmitter coil(s) and receiver coil(s). Additional sensors may be
employed to determine the orientation of the coils relative to the gravity vector (i.e., a
Cartesian coordinate system). Further additional sensors may be employed to determine
the relative position between the transmitter coil(s) and receiver coil(s).

[0053] In step 1102, a rotation of the receiver coil relative to a desired orientation is
determined. This step takes place in a computing device, for example, controller 1020
discussed above. This step can take place while the EM data is collected, or after the

AEM survey has concluded. There are many methods for determining the receiver coil
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rotation relative to the desired orientation. However, the method discussed above about
using the primary field for determining the rotation of the receiver’s coil is unsatisfactory
and should be avoided. While the Halverson stacking filter is effective at removing noise
caused by movement and rotation of the receiver coil(s) in the earth’s magnetic field, the
stacking process does not remove the modulation of the transmitter's primary signal by the
rotation of the receiver cail(s), which results in sidebands forming around the transmitter
base frequency and its odd harmonics. These sidebands are not adequately removed by
traditionally employed algorithms which estimate receiver rotation by using the estimated
transmitter primary field and assuming the relative offset between transmitter coil(s) and
receiver coil(s).

[0054] Step 1102 may be accomplished by measuring the orientation of the
receiver coils (or angular rate of change) and/or the displacement of the coils relative to
the primary magnetic field. Based on this step, the measured raw signal (i.e., collected
EM data) is derotated in step 1104 and the energy associated with the sidebands of the
modulated transmitter base frequency and its odd harmonics is removed. In one
application, knowing the transmitter base frequency helps in deciding how well the rotation
of the receiver need to be measured. This information may be received in step 1100 as
for an active system the operator controls the transmitter base frequency. Methods for
measuring the location and/or orientation of the primary magnetic field are known in the art
and not repeated herein. In step 1106, an image of the surveyed subsurface is generated
based on the derotated EM data.

[0055] The method discussed above is also applicable to passive or natural source
EM systems with minor modifications. For example, for a natural source EM system, the
excitation signal is the naturally occurring fluctuations of the earth’s geomagnetic field, and
the desired secondary signal from the ground will be at the same frequencies (and odd
harmonics) as the naturally occurring fluctuations. A rotation of the receiver coil(s)
modulates the excitation signals by the rotation frequency of the coil set resulting in
sidebands forming around the frequency of the excitation signals and their odd harmonics.
Stacking the raw signal will not remove these sidebands. By measuring the orientation
and/or motion of the receiver coils relative to the desired orientation, the measured signal
can be derotated before stacking, which will reduce or eliminate the modulation of the
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desired frequencies and the associated sidebands. Note that a land site may be used as
reference to obtain the instantaneous amplitude of the horizontal components of the
naturally occurring fluctuations of the geomagnetic field in the x and y directions.

[0056] In another example of the application of the method illustrated in Figure 11,
a passive source EM system is considered. The excitation signal can be the naturally
occurring fluctuations of the earth’s magnetic field or sferic events (a sferic event is a
broadband electromagnetic impulse that occurs as a result of natural atmospheric lightning
discharges) transmitted by the earth’s ionosphere or can also include active transmitters
located away from the survey site, such as stationary wire loops on the ground or VLF
transmitters operating at a single excitation frequency. The excitation signal from these
sources is generally sinusoidal. From these passive or natural sources, there may be a
number of discrete frequencies which act as the excitation signal for the EM system.
Rotation and/or motion of the receiver coil results in modulation of the excitation sources
and results in sidebands occurring at each of the excitation frequencies and their odd
harmonics.

[0057] Note that the direction of the receiver coils relative to the excitation sources
may be different for the various excitation frequencies. If the direction to the various
sources is not the same, the amount of modulation of the excitation signal caused by
receiver rotation is different for each excitation source.

[0058] There are many possible implementations of the method discussed above.
One EM system that provides sufficient information for practicing the method discussed
above may include components for determining the position and/or orientation of the
receiver, a three-component receiver and a three-component transmitter. The EM
system may include other peripheral sensors to determine the position or orientation or
state of the electromagnetic measurement, such as Global Positioning System (GPS),
radar or laser altimeter, gyroscopes or inclinometers measuring transmitter or sensor
positions, thermometers for measuring the ambient temperature and/or the receiver
coil’s temperature, or other sensors measuring other geophysical data (such as radar or
laser for topography, gravity or gradiometers sensors, spectrometer sensors,

magnetometers to measure the ambient earth magnetic field, etc.). Consequently,
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there are also many different methods to record, process, combine and control all of
these signals and sensors.

[0059] The steps discussed above with regard to Figure 11 may be implemented
in a processing device. An example of a processing device capable of carrying out
operations in accordance with the embodiments discussed above is illustrated in Figure
12. Such processing device may be located on the aircraft, tow assembly, transmitter
section, receiver section, in a research facility, distributed at multiple sites, etc.
Hardware, firmware, software or a combination thereof may be used to perform the
various steps and operations described herein.

[0060] The exemplary processing device 1200 suitable for performing the
activities described in the exemplary embodiments may include server 1201. Such a
server 1201 may include a central processor unit (CPU) 1202 coupled to a random
access memory (RAM) 1204 and/or to a read-only memory (ROM) 1206. The ROM
1206 may also be other types of storage media to store programs, such as
programmable ROM (PROM), erasable PROM (EPROM), etc. Processor 1202 may
communicate with other internal and external components through input/output (1/0)
circuitry 1208 and bussing 1210, to provide control signals and the like. For example,
processor 1202 may communicate with the various EM receivers, transmitters, etc.
Processor 1202 carries out a variety of functions as are known in the art, as dictated by
software and/or firmware instructions.

[0061] Server 1201 may also include one or more data storage devices, including
disk drives 1212, CD-ROM drives 1214, 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 distributed on a CD-ROM 1216,
removable media 1218 or other form of media capable of storing information. The
storage media may be inserted into, and read by, devices such as the CD-ROM drive
1214, disk drive 1212, etc. Server 1201 may be coupled to a display 1220, which may
be any type of known display or presentation screen, such as LCD, plasma display,
cathode ray tube (CRT), etc. A user input interface 1222 is provided, including one or
more user interface mechanisms such as a mouse, keyboard, microphone, touch pad,
touch screen, voice-recognition system, etc.
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[0062] Server 1201 may be coupled to other computing devices, such as the
equipment of the carrier, via a link or network. The server may be part of a larger
network configuration as in a global area network (GAN) such as the Internet 1228,
which allows ultimate connection to the various landline and/or mobile devices involved
in the survey.

[0063] As also will be appreciated by one skilled in the art, the exemplary
embodiments may be embodied in a wireless communication device, a 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 embodied in the medium. Any suitable
computer-readable medium may be utilized, including hard disks, CD-ROMs, digital
versatile discs (DVD), optical storage devices or magnetic storage devices such as a
floppy disk or magnetic tape. Other non-limiting examples of computer-readable media
include flash-type memories or other known types of memories.

[0064] 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. For greater clarity,
the figures used to help describe the invention are simplified to illustrate key features.
For example, figures are not to scale and certain elements may be disproportionate in
size and/or location. Furthermore, it is anticipated that the shape of various
components may be different when reduced to practice, for example. The patentable
scope of the subject matter is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the
scope of the claims. Those skilled in the art would appreciate that features from any
embodiments may be combined to generate a new embodiment.

[0065] The disclosed embodiments provide a method and processing device
capable of derotating a raw signal for removing noise associated with a modulation of
various excitation signals and associated harmonics. It should be understood that this
description is not intended to limit the invention. On the contrary, the exemplary
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embodiments are intended to cover alternatives, modifications and equivalents, which
are included in the spirit and scope of the invention as defined by the appended claims.
Further, in the detailed description of the exemplary embodiments, numerous specific
details are set forth in order to provide a comprehensive understanding of the claimed
invention. However, one skilled in the art would understand that various embodiments
may be practiced without such specific details.

[0066] 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 disclosed herein.

[0067] 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 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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WHAT IS CLAIMED IS:

1. A computing system (1200) for processing electromagnetic (EM) signals, the
computing system comprising:

an interface (1208) that receives (1100) raw data indicative of a time rate of
change of a magnetic field as recorded with a receiver coil while airborne, wherein the
magnetic field includes a primary source excitation; and

a processor (1202) connected to the interface and configured to,

calculate (1102) a rotation of the receiver coil relative to a desired orientation;

derotate (1104) the raw EM data based on the rotation of the receiver coil relative
to the desired orientation and on the primary source excitation, to obtain derotated EM
data; and

generate (1106) an image of a surveyed subsurface based on the derotated EM

data.

2. The computing system of Claim 1, wherein the primary source excitation is a

primary magnetic field generated by an airborne transmitter coil.

3. The computing system of Claim 1, wherein the primary source excitation

includes naturally occurring random fluctuations of the earth’s electromagnetic field.

4. The computing system of Claim 1, wherein the primary source excitation is a
magnetic field generated by a stationary transmitter located at some distance from the

receiver coil.

5. The computing system of Claim 1, wherein the receiver coil is a magnetometer

for measuring the magnetic field.

6. The computing system of Claim 1, wherein the derotation reduces noise
associated with a modulation of a secondary signal generated by the primary source

excitation, at the primary source excitation frequency and its odd harmonics.
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7. The computing system of Claim 1, wherein the derotation reduces noise
generated by a modulation of a secondary signal generated by the primary source
excitation, at a frequency of the receiver coil’s rotation.

8. The computing system of Claim 1, wherein a frequency of the primary source

excitation is about 30 Hz.

9. The computing system of Claim 1, wherein the processor is configured to
calculate the rotation based on,
measurements indicative of an orientation or position of the receiver coil, and

measurements indicative of an orientation of the primary source excitation.

10. The computing system of Claim 1, further comprising:

a transmitter coil;

the receiver coil; and

a position or rotation device that measures a position or rotation of the receiver

coil relative to the primary source excitation.

11. A method for processing electromagnetic (EM) signals, the method
comprising:

receiving (1100) raw data indicative of a time rate of change of a magnetic field
as recorded with a receiver coil while airborne, wherein the magnetic field includes a
primary source excitation;

calculating (1102) a rotation of the receiver coil relative to a desired orientation;

derotating (1104) the raw EM data based on the rotation of the receiver coill
relative to the desired orientation and on the primary source excitation, to obtain
derotated EM data; and

generating (1106) an image of a surveyed subsurface based on the derotated
EM data.
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12. The method of Claim 11, wherein the primary source excitation is a primary

magnetic field generated by an airborne transmitter coil.

13. The method of Claim 11, wherein the primary source excitation includes

naturally occurring random fluctuations of the earth’s electromagnetic field.

14. The method of Claim 11, wherein the primary source excitation is a magnetic

field generated by a stationary transmitter located at some distance from the receiver

coil.

15. The method of Claim 11, wherein the receiver coil is a magnetometer for

measuring the magnetic field.

16. The method of Claim 11, wherein the step of derotation reduces noise
associated with a modulation of a secondary signal generated by the primary source

excitation, at the primary source excitation frequency and its odd harmonics.

17. The method of Claim 11, wherein the step of derotation reduces noise
generated by a modulation of a secondary signal generated by the primary source

excitation, at a frequency of the receiver coil’s rotation.

18. The method of Claim 11, wherein a frequency of the primary source

excitation is about 30 Hz.

19. The method of Claim 11, further comprising:
measuring an orientation or position of the receiver coil, and

measuring an orientation of the primary source excitation.

20. A non-transitory computer readable medium including computer executable
instructions, wherein the instructions, when executed by a computer, implement a
method for processing electromagnetic (EM) signals, the method comprising:
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receiving (1100) raw data indicative of a time rate of change of a magnetic field
as recorded with a receiver coil while airborne, wherein the magnetic field includes a
primary source excitation;

calculating (1102) a rotation of the receiver coil relative to a desired orientation;

derotating (1104) the raw EM data based on the rotation of the receiver caoill
relative to the desired orientation and on the primary source excitation, to obtain
derotated EM data; and

generating (1106) an image of a surveyed subsurface based on the derotated
EM data.
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