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SYSTEM AND METHOD OF MAKING ENVIRONMENTAL
MEASUREMENTS

Technical Field

The present invention relates generally to systemsaking

measurements related to oil and gas exploration.

Background
In drilling wells for oil and gas exploration, unrdeanding the structure

and properties of the associated geological fownatrovides information to aid
such exploration. However, the environment in \uttiee drilling tools operate
is at significant distances below the surface. t@dled source electromagnetics
(CSEM) is a technique that can be applied to evaltesistivity variations deep
underground, where the CSEM technique uses setisdrare separated by very
large distances. For example, CSEM may be usptettict reservoir fluid
properties and to detect resistivity of hydrocardeposits in marine
environments. This technology may be applied &lwate regions from near the
surface to large depths below the sea floor.

In marine applications, such a sensing system ajlpics deployed as
independent vessels or tow units, where each vaasalnit has a sensor
capable of transmitting or receiving a signal. Borer, for complete evaluation
of the reservoirs that span a large area, mulsiptesors and evaluation points are
used. Due to the sensors being separated bydas@aces and disposed on
different bodies, effects due to winds, tides, avas may affect the relative
orientation, signal strength, and signal timingoassted with each sensor on the
different vessels or tow units. Furthermore, syanlzation of such sensors
may be based on a time-consuming calibration scleerae€GPS (global
positioning system) clock, which may not be operai under bad weather
conditions. Further, the usefulness of such measents may be related to the

precision or quality of the information derivedrmsuch measurements.

Brief Description of the Drawings

Figure 1 shows a block diagram of an example systgenable to make
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environmental measurements, according to variousdiments.

Figure 2 shows features of an example method tgeosate for effects
of environmental and other perturbations on a nmaaggystem, according to
various embodiments.

Figure 3 shows an example arrangement of sensarsnagasuring
system, according to various embodiments.

Figure 4 shows example variations of sensor planéofea measuring
system, according to various embodiments.

Figure 5 shows an example of an array processnaggement,
according to various embodiments.

Figure 6 shows features of an example method &raéate
environmental parameters based on compensatirgfféats of environment and
other perturbations on measured signals, accotdimgrious embodiments.

Figures 7A-7D show results of a model comparingraventional
approach to determine reservoir properties witkxample of compensated
signal technique in accordance with various embedis

Figures 8A-8B show results of a model comparingrazentional
approach to determine effect of deviations in sepssition with an example of
a compensated signal technique in accordance aribus embodiments.

Figures 9A-9B show results of a model comparingraventional
approach to determine effect of misalignment irsseposition with an example
of a compensated signal technique in accordandewaiious embodiments.

Figure 10 shows results of a model comparing a eotienal approach
to determine effect of misalignment in sensor dagan with an example of a
compensated signal technique in accordance witbvaembodiments.

Figures 11A-D show results of a model comparingraventional
approach with sensors having random strength aasigplvith an example of a
compensated signal technique in accordance wiibwsaembodiments.

Figures 12A-D show results of a model comparingraventional
approach to determine reservoir contribution totthal signal with an example
of a compensated signal technique in accordandevwarious embodiments.

Figure 13 depicts a block diagram of features oéxample system to
process received signals at sensors to compemsatédcts of environment and
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other perturbations on the measuring tools, acogrtti various embodiments.

Detailed Description

The following detailed description refers to the@mpanying drawings
that show, by way of illustration and not limitatiovzarious embodiments in
which the invention may be practiced. These emedis are described in
sufficient detail to enable those skilled in thetarpractice these and other
embodiments. Other embodiments may be utilized samctural, logical, and
electrical changes may be made to these embodim&htsvarious
embodiments are not necessarily mutually exclugisesome embodiments can
be combined with one or more other embodimentsiim hew embodiments.
The following detailed description is, thereforef to be taken in a limiting
sense.

Figure 1 shows a block diagram of an example emntent of a system
100 operable to make environmental measuremerysters 100 includes a
plurality of transmitters 105-T-1, 105-T-2 . . 50-K ... 105-T-L ... 105-T-
N and a plurality of receivers 105-R-1, 105-R-2 105-R-I ... 105-R-J ...
105-T-M. Depending on the application, the numidfdransmitters may differ
from the number of receivers. System 100 incladpsocessing unit 100 to
process signals collected from the receivers. Riwmmeceived signals,
information on the environment in which the transens and receivers operate
can be extracted.

Processing the received signals can include gengratatio of the
measured signals to compensate for effects of @mviental conditions and
other perturbations on components of the toolgstesn 100. The generated
ratio or ratios provide compensated signals on iwprocessing unit 110 can
perform an inversion operation to determine paramseadf the environment in
which system 100 operates. These parameters gagrdmeters of an
underground environment including properties ofuhderground environment
below the bottom of a body of water. For examgystem 100 can use be used
to take measurements, perform a compensation ape@t the measured
signals, and apply an inversion operation on thepsnsated signals to
determine properties of a reservoir 102 locatedwelea bottom. Such
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properties of reservoir 102 may include reserveptt, reservoir thickness,
reservoir resistivity, reservoir shape, or comborat thereof.

Processing unit 110 can also be configured torobattivation of the
transmitters 105-T-1, 105-T-2 . . . 105-T-K .105-T-L . . . 105-T-N and
selection from receivers 105-R-1, 105-R-2 . . .-R356. .. 105-R-J ... 105-T-
M of signals that are presented to the compensapenation. Selection of
receivers 105-R-1, 105-R-2 ... 105-R-I ... -B®®9 ... 105-T-M can be
realized by collecting signals from all the recesvand choosing, from the set of
collected signals, those signals appropriate tfitre desired ratio or ratios of
signals. Alternatively, specific selection of re@gs from receivers 105-R-1,
105-R-2 ... 105-R-I... 105-R-J ... 105-Telh be realized by controlling
circuits that operate the communication paths feach of the receivers.

Transmitters 105-T-1, 105-T-2 . .. 105-T-K .105-T-L . .. 105-T-N
and receivers 105-R-1, 105-R-2 . .. 105-R-l 105-R-J . . . 105-T-M can be
used in various arrangements. In marine appliogtiall of transmitters 105-T-
1, 105-T-2...105-T-K ... 105-T-L ... 105Nrand receivers 105-R-1, 105-

R-2...105-R-1... 105-R-J ... 105-T-M dandisposed at or above the
surface of a body of water. All of transmitters1D-1, 105-T-2 ... 105-T-K . .
. 105-T-L ... 105-T-N and receivers 105-R-1,-B®02 . .. 105-R-1 ... 105-R-J

... 105-T-M can be disposed in the body of watsli.of transmitters 105-T-1,
105-T-2...105-T-K ... 105-T-L ... 105-Tad receivers 105-R-1, 105-R-2
... 105-R-1... 105-R-J ... 105-T-M can hspdsed on or below a land
surface and/or a floor of the body of water. Altively, transmitters 105-T-1,
105-T-2...105-T-K ... 105-T-L ... 105-Tawd receivers 105-R-1, 105-R-2
... 105-R-1... 105-R-J ... 105-T-M can h&tibuted among the body of
water, land near the body of water, under land trembody of water, and/or
under the bottom of the body of water. Various borations of sensors can be
realized to generate compensated signals to acémupérturbations on system
100.

In addition, transmitters 105-T-1, 105-T-2 .. 54D-K ... 105-T-L ...
105-T-N and receivers 105-R-1, 105-R-2 . . . 10b:R- 105-R-J ... 105-T-M
can be realized in various forms of magnetic dig&lesors and/or electric dipole
sensors. The magnetic dipole sensors or elegfradedsensors can be selected
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from a group including tilted coil antennas, ndiet coil antennas, solenoid
antennas, toroidal antennas, electrode-type argetraasceivers, or
combinations thereof. The selection of the typ&afsmitter sensor or receiver
sensor may depend on the application.

Selected transmitters, each realized as a dip¢émaa source, can be
activated to transmit a low-frequency electromaigrfetld. The generated
dipole field can interact with an underground regamd a resulting field can be
acquired at the receivers. The characteristitkefcquired resulting field
signals can be used to determine information reggrthe underground region
such as the region’s presence, thickness, andla&eient. The acquired
resulting field signals can be provided to proaggsinit 110 for analysis. These
signals may be provided in various manners. Téresmitters and receivers can
be tracked and located acoustically such that, velcguisition of data is
complete, the receivers may be recovered, depermdirigeir measurement
location, and the data can be downloaded to prowessit 110 followed by
analysis at processing unit 110. Alternatively #tquired data may be
communicated to processing unit 110 over commuioicatehicles as is
appropriate for the environment in which each respe sensor is located. The
data acquired in this manner may be analyzed vel#&di characteristics of the
region of interest, such as its electrical resittifor in terms of its electrical
conductivity). The resistivity (conductivity) datan be used to determine
resistivity contrast between oil- or gas-saturatexks and those with a
significant water content and/or to determine testg contrast between a
reservoir and surrounding formation.

The sensitivity of the measurement and analysid@red in system 100
may depend on the arrangement of the transmittetsexceivers during the
collection of measurement signals. Selected tratemmand receivers may be
operated with the transmitters and receivers desph@sth respect to each other
as a substantially rectangular arrangement. Tdtamgular arrangement of
transmitters and receivers may be a substantigilgre arrangement. In
addition, transmitters can be selected and a Gl sets of receivers can be
selected to pair with the selected transmitters shiat activation of the selected
transmitters and collection of measured signalsifreceivers in each respective
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set provides measured signals for array procesdirgtios for performing
inversion operations.

Figure 2 shows features of an example embodinfeantiethod 200 to
compensate for effects of environment and otheugsations on a measuring
system. Method 200 can be used with respect tersgssimilar to or identical
to system 100 of Figure 1. At 210, a ratio is gatexl from signals measured
relative to an underground environment. Theseassgmay be acquired by
activating a plurality of transmitters and collegtisignals received at a plurality
of receivers in response to activating the plwaittransmitters. Operating the
transmitters and receivers can be conducted wéhrémsmitters and receivers
disposed with respect to each other as a subdtpméatangular arrangement.
The transmitters and receivers can be disposedresibect to each other as a
substantially square arrangement. In additiontridmesmitters and receivers may
be disposed at or above the surface of a body te#rwia the body of water, on
or below a land surface and/or a floor of the bofiwater, or may be distributed
among the body of water, land near the body of wateder land near the body
of water, and/or under the bottom of the body ofernaSensors in different
types of locations may be used to provide signal&/ich compensation
operations can be performed to account for pertinbsin the measuring
system

For receiver$ andk of the plurality of receivers and for transmitters
andk of the plurality of transmitters, the generateiibraan includeM,

it Vij
whereV; is the signal obtained at receiyevhen transmitter is transmitting Vi
is the signal obtained at receiyevhen transmittek is transmittingV; is the
signal obtained at receivewhen transmitter is transmitting Vy is the signal
obtained at receivérwhen transmittek is transmitting. Method 200 may
include selecting transmitters and selecting agtilyrof sets of receivers to pair
with the selected transmitters such that activatibiine selected transmitters and
collection of measured signals from receivers ichaaspective set provides
measured signals for array processing of ratiopéoforming inversion
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At 220, an inversion operation is performed ongbeerated ratio to
determine parameters of the underground environnmatforming an inversion
operation or inversion operations can include usifigrward model or a library.
A forward model provides a set of mathematicaltreteships for sensor
response that can be applied to determining wkatexted sensor would
measure in a particular environment, which mayudela particular formation.
A library can include information regarding varidiasmation properties that
can be correlated to measured responses to sefgalee signals. Performing
an inversion operation or inversion operationsioatude performing an
iterative process or performing a pattern matclprogess. The inversion
operation or operations can be applied with resizeatreservoir such that a
reservoir depth, a reservoir thickness, a reseregistivity, a reservoir shape, or
a combination thereof can be determined.

In various embodiments, a system and a method &binmg
measurements are configured to operate on acgsigedls such that the
operation completely or partially compensates fteats such as wind, tide,
wave, or other perturbations with respect to thatiree orientation, signal
strength, and signal timing associated with sensbtise system. A system, or
device, using this process reduces or eliminatesays effects on amplitude,
phase (or timing) of the received signal. A systendevice, using this process
also reduces associated environmental effects:syirdes, or waves that may
affect the relative orientation associated withhesensor on the different vessels
or tow units. The system uses a number of tratsraiand receivers, where
transmitters and receivers are typically electipobés for deeper sensing. Other
types of sensors can be used. In an embodimegstam comprises two
transmitters and two receivers. By using a cenaiilo of at least four
measurements, compensation of a variety of measunteanrors can be
achieved. Such a measurement system of generatithggting, and processing
data allows for more accurate, deeper, and moigbtelmeasurements than
conventional methods. As compared to conventiorethods, various
embodiments of a measurement system and its opeicn provide reliable
measurements that are largely independent of weatinelitions, can provide
reliable measurements largely independent of sestszmgth and timing, can
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operate without the use of expensive device compsrie compensate for
weather, sensor or synchronization effects, canab@evithout collinear or
coplanar sensor placement, can be extended intapeta large sensor arrays,
and can provide deep and accurate sensing of woded) reservoirs.

Figure 3 shows an example embodiment of an arraegeaf sensors of
a measuring system 300. System 300 includes émguss, where two of the
sensors are transmitters (T1 and T2) 305-T-1 aBdT3R, and the other two are
receivers (R1 and R2) 305-R-1 and 305-R-2. Thessa@s can be either
magnetic or electric dipoles, which can typicalg/realized by coil, solenoid,
toroidal, or electrode type antennas. Alternayiyiese sensors can be realized
as transceivers, where each such sensor can opethtas a transmitter and a
receiver. Sensor orientations and positions cachbsen arbitrarily in three
dimensions. The sensors do not need to be callore@oplanar as shown in
Figure 3.

However, compensation of specific effects can beroed or optimal
for specific sensor configurations. As a restig operating configuration can
be chosen by considering the major effects spettiftbe application and the
sensor electronics. In situations that includeradactive formation and a
relatively resistive reservoir, an electric dipsensor may provide enhanced
sensing depth, while a magnetic dipole sensor mawige for enhanced
operation in situations that include a resistivarfation and a relatively
conductive reservoir. In addition, an electricagsensor can be formed by
using a plurality of electrodes separated by soistamce. Typical operating
frequency of system 300 can be chosen based darthation and reservoir
resistivity. The operating frequency may inclubet is not limited to, a
frequency in the range from about 0.01 Hertz taudl60 Hertz. Any of
sensors 305-T-1, 305-T-2, 305-R-1, and 305-R-2 beag standalone sensor
located in a vessel, where more than one sensobmépcated in a single
vessel. The vessels may be powered and mobiteywad by another vessel.
Each of the four sensors 305-T-1, 305-T-2, 305-Bnatl, 305-R-2 may be placed
in a different geography to optimize sensing accyieand depth. A method
similar to or identical to the method discussedhwéspect to Figure 2 may be

used with system 300.
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Figure 4 shows an example embodiment of variatodrsensor
placement of a measuring system 400, illustratiffgrént sensor placement
options. Each of the sensors can be located facivessels, towed by surface
vessels, located on permanently or temporarilydfiglatforms on the sea
surface, located on casing of wells, permanentiched or temporarily
positioned at the sea floor, located in or towedblymarines, located on
downhole tools, on land, or other location in whikl sensor can be positioned
relative to an underground region to be investidasech as reservoir 402. The
sensors selected for operation in system 400 camypef sensors;S . . Spon
similar holding structures or distributed amondetiént locations as shown in
Figure 4. A method similar to or identical to tnethod discussed with respect
to Figure 2 may be used with system 400.

In various embodiments, in systems applying comgtems operations,
sensors may operate at multiple frequencies. étt edthe multiple operating
frequencies, transmitters can be activated eithery one or simultaneously.
In response to these activations, received sigitdlse receivers can be
recorded. The signal obtained at the recgivdren transmitter is transmitting
is denoted herein a4. Each of the signalg; are sensitive to effects of wind,
tide, wave, or sensor strength or timing. As altethe measured signe can
be written as

v, =(cc +c )y (1)

WhereV;' is the ideal response in the absence of any eféext€;, C; andC;
are effect parameterE; is an effect on thgh antenna, an@j is an effect on
the channel formed by th#éh andjth antennas. All types of multiplicative
effects in a measurement can be decomposed intoceumeponents, where the
effects are characterized as being either assdondth an individual sensor or
with the channels formed in between sensor pdirgatio can be generated to
form a compensated signal as

ViV
Compensated Signal =

(2)

ViV
In equation (2)i andk refer to transmitters anydandl refer to receivers. The

compensated signal can be written in terms ofdbalimeasurements, in the
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(_CiCj +Cij )(,qu +Cy )vlj IVkII
(GG +Ci)lCiCy +Cig M Vig*

In situations where effects associated with chanaed much smaller than those

Compensated Signal

®3)

associated with individual sensors{€< C, and Gy << C, for all x and y), the
compensated signal can be approximated as
GCiGQVi V'

Compensated Signak o
Gi GGGy Vi Vi

(4)

Vi V'
It can be seen from equation (4) that the compedssgnal is effectively
independent of effects on individual sensors. Assalt, a compensated signal
can be used for eliminating effects that can beesged as@r G in equation
(2). The kind of effects that can be eliminatedudes, but is not limited to,
unknown or varying transmitter signal magnitudeknown or varying receiver
amplification, unknown transmitter and receiver ggacertain variations in
sensor orientations, certain variations in sensasitjons, differences in sensor
electronics, and differences in sensor type.

The compensation operation can also be extenditéedomain
systems. In such processing, the time domain ka@mabe converted into a
frequency domain signal by a transformation functiGeneration of the
compensation ratios can be performed on the maasutesignals at each
frequency for all the frequencies used.

Figure 5 shows an example embodiment of an ar@gessing
arrangement 500. Equations (1)-(4), which are rilgesat with respect to four
sensors, can be generalized to arrays of multgrle@'s. Array processing
arrangement 500 can be operated as a pluralitgtefa$ transmitters and
receivers, for example, sets 515-1 and 515-2. ®désl and 515-2 can be
operated as selected combinations of four antelenaeats. A compensated
signal can be calculated for each set 515-1 anel51&rray processing
arrangement 500 is not limited to two sets or frnsors per set. The order of

measurement of individual signalg;,, can be independent of the order of
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compensated signal calculation. The signals obthirom all selected
combinations can be used as an input to an inveesgorithm that compares the
compensated signal to signals in a library or dggohtained from a forward
model. The selection of measurements that araded in a compensated signal
can be chosen to optimize the inversion proce$® sElection of measurements
that are included in a compensated signal can bgechto estimate desired
parameters associated with a specified region.ekample, selection of
measurements that are included in a compensateal sign be chosen to
estimate or optimally estimate parameters assatwii® a reservoir such as
reservoir depth, thickness, shape, and/or redigtivh most cases, the
combination of sensor elements with the largestiapdiversity in sensor
placement can provide the optimum process. A ntesitoilar to or identical to
the method discussed with respect to Figure 2 neaysled with array processing
arrangement 500.

Figure 6 shows features of an embodiment of a nde®@® to determine
environmental parameters based on compensatirgffémts of environmental
and other perturbations on measured signals. Me3bo can be applied to or
used in systems as described herein with respédgtoes 1-5 and 7-13.
Inversion 614 can be performed by comparing thepmmeated signals from
compensated calculation 612 with values in a Iyfr8 or with values obtained
by a forward model 616 iteratively. In an examipdeative use of a forward
model, an initial value or guess of a property hsas a conductivity, of a
formation and a forward model is applied to théahivalue. The forward
model provides a response. The forward model respis compared with a
measured value and a next guess in generated bagkd comparison. The
comparison process continues to adjust the guggshenforward model values
and the measured results agree.

Library 618 can be used with a pattern matchingiision process.
Library 618 includes correspondences between aigdiyseasurement and a
property or an identification of the nature of a/gical entity that generated a
particular electromagnetic or acoustic field inp@sse to a probe signal. For
example, measurement of a specific voltage candypad to a specific type of
reservoir. By comparing the measured value withrary including such
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values, a parameter of the reservoir can be olatdroen the library by the
matching process. A pattern of measured voltagese matched to voltages in
the library to identify the desired parameter.

Although the compensated measurement providesatie for the main
inversion operation, non-compensated measuremantbecused to obtain
additional information regarding an undergrounceregir or environmental
parameters. Such processing of non-compensatesline@@ents can be
conducted at preprocessing 611 of measured sigefdse compensated signal
calculation 612. Preprocessing 611 may be optionearious applications.

Outputs from inversion 614 can include parametsss@ated with a
reservoir, such as depth, thickness, resistivitg/@ shape. The contrast
between properties of the identified reservoir amdurrounding formations can
be used to provide images of the region that iretutie underground reservoir.
Outputs from inversion 614 can also include otteameters associated with
the environment, in which the measurements arentakeluding the sensing
system itself. These other parameters can betasathance or optimize
sensing performance. Different types of sensansbeacombined for optimum
spatial diversity. For example, as shown in Figlyreensors that are deployed
at the sea floor can be used in combination witisses in a submarine, sensors
in land can be used in combination with a downhot¢ from a rig, or other
combinations can be used.

Use of compensated signals in inversion 616 camcedr eliminate
effects associated with weather or unknown serns@mpeters. Since forward
models and libraries typically do not include theffects, any reduction of these
perturbing effects provided by the compensatiorratpn translates to
improved inversion performance. Without such reéidug an inversion system
may need to parameterize and solve for these sféesctvell, which can reduce
the inversion performance and stability.

In various embodiments, a compensation schemeeaitilized to
eliminate weather effects and reduce burden irtrelieics that exist in large
distance controlled source measurements. The amapen scheme uses a
certain ratio of measured signals that are obtafireed sensors, where the
sensors are not necessarily collinear or coplamhrs type of measurement can
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eliminate amplitude and phase effects that areifspec partially associated to
individual antenna elements. These effects inctidmges in the orientation or
relative position of marine or submarine vessels tuwinds, tides, or waves.
Furthermore, difficulty of GPS synchronization, aokvn transmitter strength,
or receiver gain may be overcome by the compensatibeme. Overcoming
perturbing effects may be important in controlledree measurements, which
uses a large number of sensors, since each seagdrave a different strength
or gain due to differences in placement. As altesompensation methods and
systems, as disclosed herein, may reduce the bartdkassociated expenses on
electronics. In addition, such compensation systand processes can improve
depth and accuracy in detecting underground regssrvo

Figures 7A-7D show results of a model comparingraventional
approach to determine reservoir properties witiexample embodiment of
compensated signal technique. The inversion dpearased includes an
iterative inversion algorithm based on a forwarddelo The results are for a
controlled source measurement using two electpolditransmitting sensors, T1
and T2, and two electric dipole receiving sensBfisand R2. These sensors are
placed in a rectangular arrangement, where eaeho$ithe rectangle has a
lengthL = 3.6576 km. The controlled source measuremenypiésated at two
frequencie$ = 0.05 Hz and = 0.2 Hz in this example. Parameters for this
example include water resistivity,Rer= 0.25Q, soil resistivity Roi = 1Q,
width of sea column w,= 250 feet, reservoir depthznoir= 6000 feet,
reservoir width wsenvoir= 100 feet, reservoir resistivity = @0and reservoir size
Lreservoir= 12 km. Receivers are located in small vessdig;h reflect changes
in elevation angles due to wave effects on the #eaormal distribution in
elevation angle with a 30° standard deviation issttlered. Transmitters are
located in larger vessels, which are not affectethb waves.

Figures 7A and 7C utilize the conventional (non-pemsated)
measurement signals applied to the inversion dlyari Figures 7B and 7D
utilize the compensated measurement as describeglation (2). Curves 732
and 736 and points 734 and 738 show the actuaM@sparameters, while
curves 742 and 746 and points 744 and 748 shovesiudts of inversion
algorithm for non-compensated measurements anésu®2 and 756 and
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points 754 and 758 show the results of inversigorithm for compensated
measurements. Figures 7A and 7C show that theeoional measurement
results are highly affected by the deviations &vation angle of the receivers
such that inversion is instable and inaccurat@ersion results associated with
the compensated measurements, shown in Figurea@Bain which actual

and inversion results are shown as essentiallgdahee, provide good agreement
with the actual parameters. As a result, it magdrecluded that the
compensated measurements can significantly inctbasstability and accuracy
of the inversion results in case of deviationsans®r elevation angles.

Figures 8A-8B shows results of a model comparisgravzentional
approach to determine effect of deviations in seasgparation with an example
embodiment of a compensated signal technique. dllews in sensor separation
can occur, for example, due to tension or thermpépsions in the towing lines.
In this example, a linear sensor arrangement vathnear sensor orientation is
considered. With no deviation, the distance betwEzand R2 is 5500 feet; the
distance between R2 and R1 is 1000 feet; and #tertie between R1 and T1 is
5500 feet. These sensors are placed in a lineaaton, which has a length=
3.6576 km. The controlled source measurementasabgd at two frequencies
f=0.05 Hz and = 0.2 Hz in this example. Parameters for this eplarmclude
soil resistivity Ry = 1 Q. Deviation, in this example, is defined as a
multiplicative constank with respect to each of these set distances.

In Figure 8A, curves 842 and 844 show deviatiosigmal amplitude for
non-compensation analysis with use of T1 and Réegtiency 0.2 Hz and at
0.05 Hz, respectively. Curves 852 and 854 showviatien in signal amplitude
for compensation analysis using T1, R1, R2, andfffRequency 0.2 Hz and at
0.05 Hz, respectively. In Figure 8B, curves 848 848 show deviation in
signal phase for non-compensation analysis withofigd. and R1 at frequency
0.2 Hz and at 0.05 Hz, respectively, and curvesa88&b858 show deviation in
signal phase for compensation analysis using T1RR21and T2 at frequency
0.2 Hz and at 0.05 Hz, respectively. It can b& $emm these results that both
amplitude and phase of the compensated signasssknsitive to deviations in
sensor separation, when compared to the non-comai@ehsignal. For the
compensation operation, a 10% change in sensoragigwaproduces only 2%
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change in the amplitude and 0.3 degree changeipthse in the worst case for
the parameters used in this example.

Figures 9A-9B shows results of a model compariograventional
approach to determine effect of misalignment irsseposition with an example
embodiment of a compensated signal technique. ligiisaent in sensor
separation can occur, for example, due to longudcss between the sensors and
different drifts acting on them. In this exam@dinear sensor arrangement with
co-linear sensor orientation is used again, sinddhat in Figures 8A-B. With
no deviation, the distance between T2 and R2 i $&€X; the distance between
R2 and R1 is 1000 feet; and the distance betweesnBT'1 is 5500 feet. These
sensors are placed in a linear formation, whichahlesgthL = 3.6576 km. The
controlled source measurement is operated at wguéncies = 0.05 Hz and =
0.2 Hz in this example. Parameters for this exanmmpilude solil resistivity R;
=1Q. Deviation, in this example, is defined as aatise d from a line through
the centers of the transmitters and receiversanitiear arrangement.

In Figure 9A, curves 942 and 944 show deviatiosigmal amplitude
with respect to amount of drift for non-compensatamalysis with use of T1 and
R1 at frequency 0.2 Hz and at 0.05 Hz, respectiv€lyrves 952 and 954 show
deviation in signal amplitude with respect to amtoafrdrift for compensation
analysis using T1, R1, R2, and T2 at frequencyHz 2nd at 0.05 Hz,
respectively. In Figure 9B, curves 946 and 948asteviation in signal phase
with respect to amount of drift for non-compensatamalysis with use of T1 and
R1 at frequency 0.2 Hz and at 0.05 Hz, respectivelyrves 956 and 958 show
deviation with respect to amount of drift in sigpalase for compensation
analysis using T1, R1, R2, and T2 at frequencyHz. 2nd at 0.05 Hz,
respectively. It can be seen from the resultshib#t amplitude and phase of the
compensated signal is less sensitive to deviatioeensor separation, when
compared to the non-compensated signal. For timpeonsation operation, a
10% change in sensor separation produces only Ghé&#tge in the amplitude
and 0.07 degree change in the phase in the wastfoathe parameters used in
this example.

Figure 10 shows results of a model comparing a eotienal approach
to determine effect of misalignment in sensor dagan with an example
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embodiment of a compensated signal technique.s&hsor orientation can be
evaluated with respect to the horizontal planethis example, a linear sensor
arrangement with co-linear sensor orientation eiesgain, similar to that in
Figures 8A-B. With no deviation, the distance legw T2 and R2 is 5500 feet;
the distance between R2 and R1 is 1000 feet; andighance between R1 and
T1is 5500 feet. These sensors are placed irearlimrmation, which has a
lengthL = 3.6576 km. The controlled source measuremenypiésated at two
frequencie$ = 0.05 Hz and = 0.2 Hz in this example. Parameters for this
example include soil resistivity;R= 1 Q. Deviation, in this example, is
examined with respect to prescribed azimuth angthe horizontal plane.

Curve 1042 shows deviation in signal amplitude wetbpect to sensor
orientation for non-compensation analysis and c8&?2 shows deviation in
signal amplitude with respect to sensor orientatiwrcompensation analysis.
Each of curves 1042 and 1052 show results argltbatame for 0.05 Hz and 0.2
Hz. It can be seen from the results that amplitnfdée compensated signal is
almost insensitive to deviations in sensor angkbénx-y plane, when compared
to the non-compensated signal. Figures 7A-D thndtigure 10 indicate that
analysis based on compensated signals providélehacasurements that are
largely independent of weather conditions.

Figures 11A-D shows results of a model compariegraventional
approach with sensors having random strength aasephith an example
embodiment of a compensated signal techniquehisreikample, at each
measurement step, all sensors have random strandtphase. The results are
for a controlled source measurement using two retedipole transmitting
sensors, T1 and T2, and two electric dipole rengigensors, R1 and R2, similar
to that in Figures 7A-D. These sensors are platedectangular formation,
where each side of the rectangle has a lehgtl3.6576 km. The controlled
source measurement is operated at two frequehsi®05 Hz and = 0.2 Hz in
this example. Parameters for this example includer resistivity Rater= 0.25
Q, soil resistivity Ry = 1Q, width of sea column w,= 250 feet, reservoir
depth Zservoir= 6000 feet, reservoir width;Wenoir= 100 feet, reservoir
resistivity = 5@ and reservoir sizerdseroir= 12 km. A normal distribution in
elevation angle with 30° standard deviation is aered. Figures 11A and 11C
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utilize the conventional (non-compensated) measen¢isignals applied to the
inversion algorithm. Figures 11B and 11D utilihe tompensated measurement
as described in equation (2).

Curves and points 1132 and 1136 show the actuaivas parameters,
while curves and points 1142 and 1146 show thdteestiinversion algorithm
for non-compensated measurements and curves ami$ 4di52 and 1156 show
the results of inversion algorithm for compensatexhsurements. Note that at
these levels of measurement sensitivities, theahodservoir parameters are
essentially indistinguishable from inversion reswising compensated
measurement signals, where it can be seen fromdsdiiB and 11D that the
compensated measurement is independent of sensiogtst and timing,
verifying equation (4). The compensated signaimegue provides reliable
measurements largely independent of sensor stramgttiming such that
substantially accurate results can be obtainedowitt®PS synchronization or
sensor calibration for amplitude or phase.

Figures 7A-7D through 11A-11D demonstrate thatdbmpensated
results, which can be provided by various embodiseran be made largely
independent of sensor orientation, sensor posisiensor strength, sensor phase,
which may eliminate a need for expensive devicepmments to compensate for
weather, sensor or synchronization effects. Tompensation technique can be
especially useful in suppressing effects of vargngironmental conditions on
the sea surface or underwater, which would otherweed to be suppressed
mechanically or electronically. For example, idarto suppress effects of
waves on a small vessel on the sea surface, a veaganeed to be large and
heavy enough to provide stability in orientatior grosition. Furthermore,
vessels in tow may need to be supported by mulsipies. Alternatively, in
another process to take into consideration envieartal perturbations when
using a conventional measurement system, orientatid position of the
sensors are tracked via a separate system, whdasiom in the data acquisition
is provided as an input parameter in the inversipgration. Such tracking
would use GPS or alternative devices, which maybeabperational under harsh
weather conditions. Without any compensation mtediin the various
embodiments, sensor strengths need to be calibi@tatbwn values and
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sensors need to be placed in similar conditiors. ekample, sensors installed
on different materials on the seafloor may prodeargations in the effective
sensor strength. However, in various embodime@nt®mpensated signal
operation allows elimination of time-consuming bedition, expensive
electronics to keep track of sensor parametersyeiability problems due to
environmental conditions.

In various embodiments, compensated measurenswedgsaribed herein,
can be extended to arrays of large number of sendoversion operations can
be applied to data from large sensor arrays torgemeversion outputs that
provide information regarding the shape and depfilp of reservoirs that span
very large distances. Use of sensor arrays canralsrove accuracy and
reliability of the inversion operation. Typicalljpeasurements at multiple
locations are performed by placing the sensorsessels and moving the vessels
on a certain path. With arrays of sensors, measemts at different points can
be taken while the vessels are moving. The congtedsneasurement
technique can also reduce effects of movementrissgyarameters for array
using a straightforward extension to the exampéssdbed with respect to
Figures 7A-D — 11A-D. For example, the array caroperated in sets of
receivers with selected transmitters as discussdraspect to Figure 5.

Figures 12A-D shows results of a model compariegraventional
approach to determine reservoir contribution tottial signal with an example
embodiment of a compensated signal technique.r@servoir contribution in
the total signal is shown with respect to reserdejth for various arrangements
shown in each figure inset. Figure 12A shows altagar arrangements 1215-1
and 1215-2, where each arrangement has a length.8746 km operating at a
frequency of 1 Hz with respect to a soil resisyiR; = 1Q. Curves 1242-1,
1242-2, and 1242-3 result from inversion of unconga¢ed signals, where curve
1242-1 corresponds to arrangement 1215-1 usinqid R4, curve 1242-2
corresponds to arrangement 1215-1 using T1 an@dm2¢curve 1242-3
corresponds to arrangement 1215-2 using T1 anddR2ves 1252-1 and 1252-
2 result from inversion of compensated signals,revlcerve 1252-1 corresponds
to arrangement 1215-1 and curve 1252-2 corresponaisangement 1215-2,
both arrangements 1215-1 and 1215-2 using T1, RlaRd T2.
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Figure 12B shows a two linear arrangements 1218d31215-4, where
each arrangement has a length L = 2.7432 km opgratia frequency of 0.05
Hz with respect to a soil resistivity,fg = 1 Q. Curves 1244-1, 1244-2, and
1244-3 result from inversion of uncompensated sgynehere curve 1244-1
corresponds to arrangement 1215-3 using T1 anduRle 1244-2 corresponds
to arrangement 1215-3 using T1 and R2, and cur¢d-BXorresponds to
arrangement 1215-4 using T1 and R2. Curves 12&4d11254-2 result from
inversion of compensated signals, where curve 128dresponds to
arrangement 1215-3 and curve 1254-2 corresporaisangement 1215-4, both
arrangements 1215-3 and 1215-4 using T1, R1, RRTan

Figure 12C shows a rectangular arrangement, wizete gde of the
rectangle has a length= 0.9144 km operating at a frequency of 0.5 Hz with
respect to a solil resistivitysR= 1 Q. Curves 1246-1 and 1246-2 result from
inversion of uncompensated signals, where curvé-ll2dorresponds to use of
T1 and R1 and curve 1246-2 corresponds to use @h@ilR2. Curve 1256
results from inversion of compensated signals u$ihgR1, R2, and T2.

Figure 12D shows an arrangement in which multiplessr vehicles are
combined. The combination includes a ship, a towd, two submarines, where
the combination has an effective linear length 4.573 km operating at a
frequency of 0.1 Hz with respect to a soil resigtiRssi= 1 Q. Curves 1248-1
and 1248-2 result from inversion of uncompensaigubés, where curve 1248-1
corresponds to use of T1 and R1 and curve 1248f2smonds to use of T1 and
R2. Curve 1256 results from inversion of compesdaignals using T1, R1,
R2, and T2.

From Figures 12A-D, it can be seen that the comgiedsneasurement
leads to approximately equal or stronger resemsigimal. The maximum depth
of detection is the largest depth at which seneirthe reservoir is possible. For
a system with 1% noise level, this maximum deptiesponds to 3600, 6500,
3750 and 9400 feet range of detection for Figuf&s, 10B, 10C, and 10D,
respectively. Larger depth of detection can baioled by increasing the
separation between the sensors and reducing tipgeiney. In various
embodiments, systems and compensation processiss@sbed herein, can
provide deep and accurate sensing of undergrossivars.
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As shown in Figures 7A-D, 11A-D, and 12D, compdiosetechniques,
in accordance with the teachings herein, can bfleqmeed in situations where
sensors are not restricted to be collinear or c@plarrangement. In fact, any
combination of sensor types and localizationspdated in Figures 1 and 4,
can be effectively used in various embodimentstwide compensated
measurement. In a typical scenario, the locatiahtgpe of sensors can be
chosen to maximize sensitivity and spatial divgrt optimum inversion
accuracy and stability.

Various components of a measurement system incupiurality of
sensors and a processing unit, which providesdompensation of measurement
signals on which inversions operations can be agb determine parameters of
an underground region, as described herein osimaar manner, can be
realized in combinations of hardware and softwamglémentations. These
implementations may include a machine-readable mnediaving machine-
executable instructions, such as a computer-reagaétlium having computer-
executable instructions, for operating the systemennerate a ratio from signals
measured relative to an underground environment@pérform an inversion
operation on the generated ratio to determine patensof the underground
environment. The instructions can include actin@g plurality of transmitters
and collecting signals received at a pluralityexfaivers in response to
activating the plurality of transmitters, whereleoted signals are used to
generate the ratio. The instructions can inclyskrating the transmitters and
receivers with the transmitters and receivers disgdavith respect to each other
as a substantially rectangular arrangement. Tdtamgular arrangement of
transmitters and receivers can be a substantiglisire arrangement.

The instructions can comprise generating the fatioeceiverg andk of
the plurality of receivers and for transmitteendk of the plurality of
transmitters such that the generated ratio inC|l:\t/éi-\e/§-, whereV; is the signal

il Vij
obtained at receivgrwhen transmitter is transmittingV, is the signal obtained
at receivej when transmittek is transmittingV; is the signal obtained at
receiverl when transmitter is transmitting Vi is the signal obtained at receiver

| when transmittek is transmitting. The instructions can includetcolting
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operation of transmitters and receivers, wherdrdresmitters and receivers are
all disposed at or above the surface of a bodyatéwythe transmitters and
receivers are all disposed in the body of water tthnsmitters and receivers are
all disposed on or below a land surface and/ooer fbf the body of water, or the
transmitters and receivers are distributed amoadptuy of water and land near
the body of water. In addition, the instructioas énclude selecting transmitters
and selecting a plurality of sets of receiversdo with the selected transmitters
such that activation of the selected transmittacs@llection of measured
signals from receivers in each respective set demvmeasured signals for array
processing of ratios for performing inversion opierss.

The instructions can be executed by a controlieprocessor, to manage
the compensation measurement technique. The dtising can be realized as a
processing unit or a portion of a processing urat &t least includes the
functionality and capability of processing unitsdebed herein, for example,
such as with respect to, but not limited to, Figute2, 5, 6. The instructions
can include performing an inversion operation @ension operations using a
forward model or a library. The forward model ardibrary can be stored in
the same machine-readable medium, a different maaladable medium, or
distributed over machine-readable media at diffel@ations. The instructions
can include performing an inversion operation @emsion operations by
performing an iterative process or performing dgratmatching process. The
instructions can include applying inversion openasi such that a reservoir
depth, a reservoir thickness, a reservoir restgtiai reservoir shape, or a
combination thereof can be determined. The inStms can be used to direct a
drilling operation in response to applying resiitsn inversion on compensated
signals.

Figure 13 depicts a block diagram of features ofxample embodiment
of a system 1300 to process received signals abseto compensate for effects
of environmental and other perturbations on thesuiag tools of system 1300.
System 1300 includes sensors 1305-1 . . . 1305vivigparrangements of
transmitters and receivers that can be realizedsimilar or identical manner to
arrangements discussed herein.

System 1300 also includes a controller 1362, a nngii®64, an
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electronic apparatus 1368, and a communicatiortsl@66. Controller 1362,
memory 1364, and communications unit 1366 can t@ged to operate as a
processing unit to compensate measurement sigralglpd by sensors 1305-1
... 1305-N and to perform one or more inversiparations on the compensated
measurement signals to determine properties ohderground environment,
which may include analysis of an underground reseriProcessing unit may
be distributed among the components of system k8M@ding electronic
apparatus 1368, which may include circuitry that ganerate a ratio or ratios of
measured signals to compensate for perturbing merasut effects. Controller
1362, memory 1364, and electronic apparatus 136®&eaealized to include
control activation of transmitter antennas andcela of receiver antennas in
the group of sensors 1305-1 . . . 1305-N and toagamprocessing schemes in
accordance with measurement procedures and sigmagsing as described
herein. Communications unit 1366 can include das@lcommunications for
appropriately located sensors. Such downhole camuations can include a
telemetry system. Communications unit 1366 caludecommunications
operable among land locations, sea surface lochoth fixed and mobile, and
undersea locations both fixed and mobile. Comnaiti@ns unit 1366 may use
combinations of wired communication technologies atreless technologies at
frequencies that do not interfere with on-going sugaments.

System 1300 can also include a bus 1363, wher&3&® provides
electrical conductivity among the components ofesys1300. Bus 1363 can
include an address bus, a data bus, and a congpkbch independently
configured. Bus 1363 can be realized using a numibdifferent
communication mediums that allows for the distridmitof components of
system 1300 as shown with respect to Figures 1tis® of bus 1363 can be
regulated by controller 1362.

In various embodiments, peripheral devices 1367imende displays,
additional storage memory, and/or other controicks/that may operate in
conjunction with controller 1362 and/or memory 1364 an embodiment,
controller 1362 is realized as a processor or agad processors that may
operate independently depending on an assignetidnnderipheral devices
1367 can be arranged with a display can be usdtdimgtructions stored in
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memory 1364 to implement a user interface to mattageperation of sensors
1305-1 ... 1305-N and/or components distributétivsystem 1300. Such a
user interface can be operated in conjunction wetnmunications unit 1366
and bus 1363.

In various embodiments, systems and processesgiemsated
measurements provide reliable controlled sourcesareaents that are largely
independent of weather conditions, sensor streagith sensor timing. Use of
expensive electrical or mechanical components topeamsate for weather,
sensor, or synchronization effects may be reduiggdfisantly in such
compensation based systems. The compensationdaelrcan be applied to
large arrays of mixed types of sensors or vesstlgh systems and processes
allow deep and accurate sensing of undergroundvasg which may be used
to direct drilling operations.

Although specific embodiments have been illusttated described
herein, it will be appreciated by those of ordingkill in the art that any
arrangement that is calculated to achieve the gampose may be substituted
for the specific embodiments shown. Various emimadits use permutations
and/or combinations of embodiments described heri¢iis to be understood
that the above description is intended to be ilaiste, and not restrictive, and
that the phraseology or terminology employed heisefor the purpose of
description. Combinations of the above embodimantsother embodiments

will be apparent to those of skill in the art umindying the above description.
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CLAIMS

1. A method of determining parameters of an underground region, the method comprising:
generating aratio from signals measured at different structures distributed among
different locations, said structures subject to perturbative environmental effects and said ratio
selected to compensate for said perturbative environmental effects, the signalsrelated to an
underground region; and
performing an inversion operation on the generated ratio to determine parameters of the

underground region.

2. The method of claim 1, wherein the method includes:
activating a plurality of transmitters; and
collecting signals received at a plurality of receivers in response to activating the plurality

of transmitters, the collected signas then being used to generate the ratio.

3. The method of claim 2, wherein the method includes operating the transmitters and
receivers with the transmitters and receivers disposed with respect to each other as a substantially

rectangular arrangement.

4, The method of claim 3, wherein the transmitters and receivers are disposed with respect

to each other as a substantially square arrangement.

5. The method of claim 2, wherein for receiversj and k of the plurality of receivers and for

Vi j Vi

transmittersi and k of the plurality of transmitters, the generated ratio includes , Where V;;

il Vi
is the signal obtained at receiver j when transmitter i is transmitting, V4 isthe signal obtained at
receiver j when transmitter k is transmitting, V; isthe signal obtained at receiver | when
transmitter i istransmitting, Vi isthe signal obtained at receiver | when transmitter kis

transmitting.
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6. The method of claim 2, wherein the transmitters and receivers are disposed at or above
the surface of abody of water, the transmitters and receivers are disposed in the body of water,
the transmitters and receivers are disposed on or below aland surface and afloor of the body of
water, or the transmitters and receivers are distributed among the body of water and land near the
body of water.

7. The method of claim 2, wherein the method includes selecting transmitters and selecting
aplurality of sets of receiversto pair with the selected transmitters such that activation of the
selected transmitters and collection of measured signals from receivers in each respective set

provides measured signals for array processing of ratios for performing inversion operations.

8. The method of any of the preceding claims, wherein performing an inversion operation or

inversion operations includes using aforward model or alibrary.

9. The method of any of the preceding claims, wherein performing an inversion operation or
inversion operations includes performing an iterative process or performing a pattern matching

Process.

10.  Themethod of any of the preceding claims, wherein the method includes applying the
inversion operations such that a reservoir depth, areservoir thickness, areservoir resistivity, a
reservoir shape, or acombination thereof is determined.

11. A machine-readable storage medium having instructions stored thereon, which, when
performed by a machine, cause the machine to perform operations, the operations comprising the
method of any of claims 1 to 10.

12. A system for determining parameters of an underground region the system comprising:
aplurdlity of transmitters, the transmitters distributed among different locations,
aplurality of receivers, the receivers distributed among different locations; and
aprocessing unit to control activation of the transmitters and to process signals received

from the receiversin accordance with the method of any of claims 1 to 10.
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13.  Thesystem of claim 12, wherein the transmitters and receivers are magnetic dipole

sensors or electric dipole sensors.
14.  Thesystem of claim 13, wherein the magnetic dipole sensors or e ectric dipole sensors

are selected from a group including non-tilted coil antennas, tilted coil antennas, solenoid

antennas, toroidal antennas, electrode-type antennas, transceivers, or combinations thereof.
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