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(54) Borehole resistivity imager using discrete energy pulsing

(57) A resistivity imager uses discrete energy pulsing
to determine resistivity of a borehole. The imager has
pulse generation circuitry (130) that generates discrete
energy pulses. An electrode array (110) exposed to the
borehole emits or discharges the discrete energy pulses
into the formation. The variations of the formation subject
the electrode to impedance levels (Z1, Z2) in response
to the discrete energy pulses, and measurement circuitry

(120) measures the discharge of the pulsed energy sub-
jected to the impedances. From the measurements, con-
trol circuitry (150) determines resistivity parameters of
the formation around the borehole. These resistivity pa-
rameters can be stored in memory downhole or can be
telemetered to the surface. When analyzed, the resistivity
measurements can produce an image of the borehole’s
features, indicate borehole structures, direct geosteering
of drilling, or the like.



EP 2 570 825 A2

2

5

10

15

20

25

30

35

40

45

50

55

Description

BACKGROUND

[0001] Measurements of electrical properties of an
earth formation penetrated by a borehole have been used
for decades in hydrocarbon exploration and production
operations. The resistivity of hydrocarbon is greater than
saline water. Therefore, a measure of formation resistiv-
ity can be used to delineate hydrocarbon-bearing forma-
tions from saline water-bearing formations.
[0002] Electrical borehole measurements are also
used to determine a wide range of geophysical parame-
ters of interest, including the location of bed boundaries,
the dip of formations intersecting by the borehole, and
anisotropy of material intersected by the borehole. Elec-
trical measurements can also be used to "steer" the drill-
ing of the borehole.
[0003] Borehole instruments or "tools" used to obtain
electrical measurements typically have one or more an-
tennas or transmitting coils and have one or more receiv-
ers or groups of electrodes. The one or more antennas
are energized by an alternating electrical current, and
resulting EM energy interacts with the surrounding for-
mation and borehole environs by propagation or by in-
duction of currents within the borehole environs. In turn,
the one or more receivers on the tool respond to this EM
energy or current. In general, a single coil or antenna can
serve as both a transmitter and a receiver on the tool.
Other types of tools used to evaluate electrical properties
of the formations contain an array of electrodes that inject
currents into the formation and read voltages and/or cur-
rents.
[0004] The electrical measurements may be teleme-
tered to the surface of the earth via a conveyance, such
as wireline or drill string equipped with a borehole telem-
etry system. Alternately, the electrical measurements
can be stored within the borehole tool for subsequent
retrieval at the surface. Based on the measurements,
various parameters of interest, such as those listed
above, can be determined using calculations and formu-
lation well known in the art.
[0005] One borehole tool used to obtain electrical
measurements is a resistivity imager, which can be con-
veyed downhole on a drill string or a wireline. When dis-
posed in a borehole, the imager can image a borehole’s
resistivity (conductivity) and characterize faults, frac-
tures, folds, unconformities, reefs, salt domes, sedimen-
tary bodies, dip direction, beds, and the like.
[0006] When used in a borehole having conductive
mud (i.e., water-based mud (WBM)), the resistivity im-
ager can use a measuring electrode that emits or dis-
charges current to a return electrode through the forma-
tion. When the current and voltage drop between the
electrodes is measured, calculations based on Ohm’s
Law can determine the resistivity of the formation adja-
cent the measuring electrode. The imager’s resolution is
inversely proportional to the size of measuring electrode

used. Accordingly, a larger measuring electrode produc-
es a lower resolution and vice versa.
[0007] A resistivity imager used in non-conductive mud
(i.e., oil-based mud (OBM)) typically has four-terminals
and includes an injection electrode, a return electrode,
and at least two sensor electrodes. The injection and
return electrodes are used for injecting current into a for-
mation, while the measuring electrodes measure a po-
tential gradient between the injection and return elec-
trodes. In these imagers, the image resolution is inversely
proportional to the space between the measuring elec-
trodes, and the measured signal strength is proportional
to the distance between the measuring electrodes. Ac-
cordingly, a large distance between the measuring elec-
trodes produces a lower resolution and vice versa.
[0008] Existing resistivity imagers use a sinusoidal sig-
nal to image the borehole, and conventional electronics
produce this sinusoidal signal continuously during oper-
ation. As a result, existing imagers can use a consider-
able amount of energy to image the borehole, and power
supplies downhole can be limited.
[0009] Nevertheless, the continuous sinusoidal signal
allows the imager to use standard correlation techniques
to improve the signal-to-noise ratio of the resulting resis-
tivity measurements. As is known, a standard correlation
filter takes running averages of successive waveforms
and correlates these at different points in the signal. This
essentially reduces any noise present in the signal to
improve the signal-to-noise ratio of the measurements
for better analysis. Understandably, averaging for the
correlation process requires time to obtain successive
waveforms. In a downhole MWD/LWD environment, the
rotation of the imager about the borehole when obtaining
measurements can limit how much improvement in the
signal-to-noise ratio can be achieved. In this situation,
time becomes space, and the azimuthal resolution of the
measurements becomes degraded when too much time
is needed to obtain successive waveforms for correlation
and noise reduction.
[0010] The subject matter of the present disclosure is
directed to overcoming, or at least reducing the effects
of, one or more of the problems set forth above.

SUMMARY

[0011] According to the first aspect of the invention, a
borehole resistivity sensor (often referred to as an "im-
ager") disposes on a downhole body in the borehole of
the formation. This downhole body can be part of a wire-
line tool conveyed in the borehole, or it can be a Meas-
urement-While-Drilling (MWD) or Logging-While-Drilling
(LWD) tool used on a drill collar or other component dur-
ing the drilling of the borehole. When deployed, the im-
ager injects discrete energy pulses into a surrounding
formation of a borehole. After measuring a survey current
and voltage at the imager’s electrodes at particular ori-
entations in the borehole, the imager processes the re-
sulting measurements using nuclear pulse processing
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techniques and determines the resistivity (conductivity)
of the formation around the borehole.
[0012] The imager has pulse generation circuitry that
generates the discrete energy pulses, and an array of
electrodes exposed to the formation and the mud in the
borehole emits or discharges these discrete energy puls-
es into the formation. Because the formation around the
borehole has different structures, compositions, fluids,
etc., the electrodes are subjected to differing impedances
as the discrete energy pulses discharge relative to the
characteristics of the formation encountered.
[0013] The imager’s components producing the ener-
gy pulse form a resonant circuit with the formation and
mud in the borehole. Therefore, characteristics of the
pulse’s discharge (such as the discharge’s resonant fre-
quency, decay, and peak amplitude) depend largely on
the characteristics of the formation and mud encountered
in the borehole. Since the discharge’s frequency de-
pends on the formation and mud characteristics, the op-
erating frequency of the imager can self-adjust to an op-
timum value needed to inject the energy pulse, which
can conserve power consumption. The resonant circuit
formed between the imager and the formation and mud
also enables the imager to measure in both conductive
and non-conductive mud. In this way, the imager can
obtain a measurement in both Oil-Based Mud (OBM) and
Water-Based Mud (WBM) without needing to change the
electrical or physical configuration of the imager.
[0014] In addition to the pulse generation circuitry, the
imager has measurement circuitry operatively coupled
to the array of electrodes. The measurement circuitry
measures voltage and current responses as the discrete
energy pulses discharge subjected to the impedances.
The terms "discharge," "pulse discharge," "discharged
pulse," and the like refer to the discharge of discrete en-
ergy that pulses at the array after a reactive component
releases its stored energy. Finally, control circuitry con-
trols the timing of the pulses, adjusts the energy level,
and performs other functions noted herein.
[0015] In particular, the control circuitry responds to
the discharge by measuring the voltage and survey cur-
rent responses obtained with the measurement circuitry.
The control circuitry then processes these measure-
ments to determine resistivity (conductivity) parameters
of the formation around the borehole. These resistivity
(conductivity) parameters can be stored in memory
downhole or can be telemetered to the surface. When
analyzed and combined with the output of a toolface or
angle-indicating device and with an indication of the tool’s
axial movement in the borehole, the variations in resis-
tivity (conductivity) in the borehole can produce an image
of the borehole’s features, indicate borehole structures,
direct geosteering of drilling, or be used for other purpos-
es consistent with borehole resistivity measurements.
[0016] To generate the discrete energy pulses, the
pulse generation circuitry has a reactive component that
can be selectively coupled to a power source, such as a
downhole battery. Various types of reactive components

can be used, including an inductor, a transformer, and a
capacitor. For its part, the electrode array can have a
measuring electrode, a guard electrode surrounding the
measuring electrode, and a return electrode. In a pre-
ferred implementation, the return electrode is part the
body of the downhole tool, such as part of a drill collar.
Insulators separate the electrodes from one another, and
the guard electrode preferably has a greater surface area
than the measuring electrode.
[0017] When subjected to the discrete energy pulse,
the measuring electrode emits current into the formation,
while the guard electrode under a voltage helps direct
the current in a straighter path into the formation. The
return electrode receives the current returning from its
path into and through the formation. The measurement
circuitry then measures the survey current and the volt-
age as discussed below in response to the discharged
pulse.
[0018] In particular, the measurement circuitry has a
voltage measuring circuit that measures the voltage dif-
ferential between the array’s return electrode and the
guard electrode during the discharge of the pulse. The
measurement circuitry also has a current measuring cir-
cuit that measures a survey current at the measuring
electrode during the discharge. Looking at the ratio of
voltage to current can then give an indication of the re-
sistivity (conductivity) of the formation encountered by
the array during the emitted pulse.
[0019] Because pulses of discrete energy are used,
the imager’s control circuitry uses a pulse processing
chain to process the measured pulse responses of volt-
age and current. A number of pulse processing chains
can be used. For example, an analog pulse processing
chain can have a shaping network that determines the
peak amplitude of the measured response, which is then
used in the resistivity analysis. Other pulse processing
techniques can use digital signal processing to determine
amplitude levels and other features of the measured re-
sponse.
[0020] Time constants used for the pulse processing
can be selected to improve the signal-to-noise ratio. For
example, the time constants can include a differentiation
time constant and an integration time constant that are
the same. Moreover, the time constants can be selected
to give an improved signal-to-noise ratio even under the
worst of measurement conditions. In the end, the imager
can evaluate the signal-to-noise ratio from previous
measurements and can establish the proper energy level
to deliver in the next measuring sequence. This reduces
the imager’s power consumption so the imager uses only
the minimum amount of power needed to have a good
measurement.
[0021] According to the second aspect of the invention,
there is provided a downhole apparatus for a borehole
traversing a formation, the apparatus comprising:

a body disposed in the borehole of the formation; and
an imaging sensor disposed on the body, the imag-
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ing sensor comprising: pulse generation circuitry
generating a plurality of discrete energy pulses,
an array having electrodes exposed to the formation
in the borehole, the array discharging the discrete
energy pulses into the formation and being subjected
to impedances in response thereto,
measurement circuitry operatively coupled to the ar-
ray and measuring discharges of the discrete energy
pulses subjected to the impedances, and
control circuitry processing the measured discharg-
es and determining parameters indicative of resis-
tivity of the formation based on the processed dis-
charges.

[0022] The downhole apparatus according to the sec-
ond aspect can incorporate a body which comprises a
rotatable component in the borehole and has the array
disposed thereon. The rotatable component may com-
prise a drill collar.
[0023] According to the third aspect of the invention,
there is provided a resistivity imager for a formation tra-
versed by a borehole, the imager comprising:

means for generating discrete energy pulses;
means for discharging the discrete energy pulses
into the formation;
means for measuring discharges of the discrete en-
ergy pulses subjected to impedances in response to
the discharging into the formation; and
means for determining parameters indicative of re-
sistivity of the formation based on the measured dis-
charges.

[0024] In the resistivity imager according to the third
aspect the means for determining parameters indicative
of resistivity of the formation may comprise means for
processing the measured discharges subjected to im-
pedances in the presence of water-based mud and oil-
based mud.
[0025] The foregoing summary is not intended to sum-
marize each potential embodiment or every aspect of the
present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] Fig. 1 illustrates a downhole assembly having
a borehole resistivity imager according to the present dis-
closure.
[0027] Fig. 2 illustrates components of the borehole
resistivity imager and downhole assembly.
[0028] Fig. 3 illustrates a schematic of the borehole
resistivity imager, showing an electrode array and asso-
ciated circuitry.
[0029] Fig. 4A shows a side view of a downhole com-
ponent (e.g., a drill collar) having an electrode array ac-
cording to the present disclosure.
[0030] Fig. 4B shows an end view of the downhole
component with the electrode array emitting a number

of discrete energy pulses during rotation.
[0031] Fig. 5A shows an isolated view of the pad of the
electrode array having several measuring electrodes.
[0032] Fig. 5B illustrates another pad for the electrode
array on a downhole component of the assembly.
[0033] Fig. 6 diagrams how the circuitry of the dis-
closed imager forms a resonant circuit with the downhole
environment, which can help improve power consump-
tion.
[0034] Fig. 7A diagrams the response of a pulse dis-
charge in a lower resistivity environment.
[0035] Fig. 7B diagrams the response of a pulse dis-
charge in a high resistivity environment.
[0036] Fig. 7C diagrams potential phase differences in
the capacitance and resistance responses of a pulse dis-
charge.
[0037] Figs. 8A-8B diagrams two of the various possi-
ble pulse-processing chains for the disclosed imager.
[0038] Figs. 9A through 9H graph voltage responses
measured by the disclosed imager subjected to different
conductivity (resistivity) levels.
[0039] Figs. 10A-10C graph voltage responses meas-
ured by the disclosed imager in semi-conductive mud or
OBM and subjected to different conductivity (resistivity)
levels.

DETAILED DESCRIPTION

A. Resistivity Measurement System

[0040] A resistivity measurement system 10 for a
Measurement-While-Drilling (MWD) and Log-
ging-While-Drilling (LWD) environment illustrated in Fig-
ure 1 includes a downhole tool 50, which disposes in a
borehole 12 and is operatively connected to a drill string
14 by a suitable connector 15. At its lower end, the system
10 has a drill bit 16. Uphole, a rotary drilling rig 60 rotates
the drill string 14, the downhole tool 50, and the drill bit
16 to drill the borehole 12. Although not shown, compo-
nents from other forms of drilling can also be used, in-
cluding a downhole drilling motor, coiled tubing, and the
like.
[0041] The downhole tool 50 has a sensor subsection
52, an electronics subsection 54, and a telemetry sub-
section 56. The sensor subsection 52 has a resistivity
sensor (often referred to as a "borehole resistivity imag-
er") 100, which is used to determine the formation’s re-
sistivity (conductivity) at various locations. (As will be ap-
preciated, resistivity and conductivity are reciprocals of
one another so they may be used interchangeably here-
in.) The variation in the resistivity (conductivity) can then
be used to produce an image of the periphery of the bore-
hole 12.
[0042] Each of these tool’s subsections 52-56 and
components of the imager 100 are preferably disposed
on or within the wall of a drill collar 20, which can serve
as a pressure housing for the downhole tool 50. As such,
the present arrangement depicts the disclosed tool 50
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on a bottom hole assembly (BHA) conveyed on the drill
collar 20. One or more stabilizers (not shown) can be
used on the drill collar 20 and can stabilize drilling and
maintain a consistent standoff for the imager 100 from
the borehole wall.
[0043] As will be appreciated, however, concepts of
the system 10 are applicable to other types of borehole
conveyance. For example, the disclosed tool 50 could
also be implemented on a wireline conveyed logging
string. Thus, the disclosed imager 100 can be used on a
wireline tool even though the present disclosure de-
scribes it used in the context of MWD/LWD. The body of
such a wireline tool would generally not rotate, but would
have similar components to those disclosed herein.
Moreover, the imager 100 can be disposed on a non-ro-
tating sleeve as the downhole component 20 in a drilling
application.
[0044] The sensor subsection 52 contains compo-
nents of the resistivity imager 100, which measures and
processes data indicative of the resistivity of the forma-
tion being drilled. The electronic subsection 54 contains
components of the resistivity imager 100 for storing and
communicating the data, and the telemetry subsection
56 telemeters data to the surface and can receive data
from the surface. As always, the various electronic com-
ponents of the imager 100 and downhole tool 50 can be
configured to better use available power and to reduce
the physical size of the electronic packaging for use in
the downhole environment.
[0045] At the surface, a surface telemetry unit 62 re-
ceives data when telemetered from the telemetry sub-
section 56. A surface processor 64 cooperating with the
surface telemetry unit 62 handles the data. In addition,
the surface processor 64 can obtain data uploaded from
the downhole tool’s memory when brought to the surface.
Either way, the surface processor 64 can perform addi-
tional mathematical operations associated with standard
geological applications. Processed data can then be out-
put to a recorder 66 for storage and optionally for output
as a function of measured depth to form an "image" or
"log" 68 of one or more parameters of interest, such as
the borehole’s resistivity or conductivity. All throughout
operations, signals can also be sent downhole to vary
the direction of drilling or to vary the operation of the
downhole tool 50.
[0046] The borehole 12 in Figure 1 is deviated and pen-
etrates an upper formation 18b, which is bounded at the
bottom by an intermediate formation 18c. Using hydro-
carbon drilling as an example, this intermediate formation
18c may be a hydrocarbon bearing formation, such as
oil-saturated sand. The boundary formations 18a and
18b would typically be non-hydrocarbon producing for-
mations, such as shale. Deviated drilling operations at-
tempt to advance the borehole 12 within the producing
formation 18c to maximize production. To aid in this ob-
jective, the downhole tool 50 can produce resistivity
measurements of the borehole 12, which can then be
used to geosteer within the producing formation 18c. The

resistivity measurements and resulting image could also
be used for a number of other purposes known in the art.
[0047] With an understanding of the overall resistivity
measurement system 10, discussion now turns to Figure
2, which shows a functional diagram of the downhole tool
50. Here as well as in other Figures, the diagram pre-
sented is conceptual in nature for purposes of illustration
and is not intended to limit the disclosed tool 50 to specific
mechanical configurations or electronic circuit designs.
[0048] The tool’s sensor subsection 52 has acquisition
circuitry 102 of the imager 100, including an electrode
array 110, associated measurement circuitry 120, pulse
generator 130, power supply 140, and control circuitry or
controller 150. More than one array 110 and associated
components may be used in a given implementation as
detailed later. The power supply 140 can be located here
or in any advantageous location on the tool 50, and more
than one power supply can be used.
[0049] The components in the sensor subsection 52
operatively connect to the electronics subsection 54,
which has communication circuitry 160, memory 170,
and toolface circuitry 180, among other typical compo-
nents not necessarily shown. The communication circuit-
ry 160 connects to the controller 150, the memory 170,
and the toolface circuitry 180. The memory 170 stores
measured data, and toolface circuitry 180 can provide
orientation information (e.g., toolface, azimuth, inclina-
tion, etc.) of the tool 50 when in the borehole and can
have an inclinometer, accelerometers, magnetometers,
gyroscope, and the like. Additionally, the communication
circuitry 160 can obtain external signals 55 from other
sources, which can provide other details during opera-
tion.
[0050] Output from the communication circuitry 160
proceeds via a communication bus 190 to the telemetry
subsection 56, which can use any one of a variety of
telemetry units known in the art. In this way, information
from the electronics subsection 54 can be telemetered
to the surface via the telemetry subsection 56 and/or can
be stored in the tool’s memory 170 for later retrieval. Con-
versely, information, such as commands, operating pa-
rameters, and the like, can be telemetered from the sur-
face to the telemetry subsection 56 on the downhole tool
50.
[0051] In a typical tradeoff in the downhole environ-
ment, more or less processing may be performed down-
hole, uphole, or shared between uphole and downhole
processors depending on the available memory 170 in
the tool 50, the bandwidth for telemetry, the processing
capabilities of the downhole controller 150, and the like.
Increasing the downhole memory 170 in the tool 50 or
increasing bandwidth using wired pipe or the like can
change the circumstances of this tradeoff between the
downhole and uphole processing and the amount of data
collected. Thus, the downhole tool 50 can be configured
accordingly for a particular implementation.
[0052] Briefly, during operation of the tool 50, the tool-
face circuitry 180 provides an orientation (i.e., toolface)
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reading to the communication circuitry 160, which then
signals to the controller 150 to acquire a measurement.
The acquisition circuitry 102 of the imager 100 obtains a
measurement, as described in more detail below, and
the controller 150 process the measurement to determine
a parameter indicative of the resistivity (conductivity).
The controller 150 returns the measured parameter to
the communication circuitry 160, and this measured pa-
rameter along with the particular orientation is then stored
in memory 170 for later retrieval when the tool 50 is
brought to the surface. Intermittently, measured param-
eters and orientations can be telemetered to the surface
using the telemetry subsection 56. Although sparse, this
information can then be used by surface operators to
monitor operation of the tool 50, determine when a for-
mation boundary has been passed, perform geosteering,
etc.

B. Resistivity Imager

[0053] Having an overall understanding of the resistiv-
ity measurement system 10 and the downhole tool 50,
discussion now turns to particular details of the borehole
resistivity imager 100, its associated circuitry, and its op-
eration. Turning then to Figure 3, a schematic of the re-
sistivity sensor ("imager") 100 is shown along with some
of its associated circuitry. As noted previously, the resis-
tivity imager 100 includes the electrode array 110, meas-
urement circuitry 120, pulse generation circuitry 130,
power supply 140, and controller 150.
[0054] The electrode array 110 has one or more meas-
uring electrodes 112 and has one or more guard elec-
trodes 114 that surround the measuring electrode(s) 112.
Together, the measuring electrode(s) 112 and the guard
electrode 114 form a pad 111 that disposes on the face
of the drill collar (20; Fig. 1) and faces the borehole wall
passing through a formation. Finally, the array 110 is
completed by a return electrode 116 disposed further out-
ward from the guard electrode 114 and the current meas-
uring electrode(s) 112. In a preferred implementation,
the return electrode 116 is actually part the body of the
tool, such as part of the drill collar (20; Fig. 1).
[0055] The measurement circuitry 120 and the pulse
generation circuitry 130 couple to the electrode array
110. The pulse generation circuitry 130 generates dis-
crete energy pulses for injection into the formation with
the array 110, while the measurement circuitry 120 meas-
ures responses of the pulse discharges at the array 110
for determining the formation’s resistivity for the purposes
discussed herein. As shown, the measurement circuitry
120 includes a current measurement circuit 122 and a
voltage measurement circuit 124. These circuits 122 and
124 can use any conventional electronic components to
perform their measurements in the downhole environ-
ment and operating conditions. Accordingly, known com-
ponents could be used and are not detailed herein.
[0056] The pulse generation circuitry 130 includes a
switch 132 for selectively connecting the power supply

140 to a reactive component 134. As shown, the reactive
component 134 can be a transformer, although other
components can be used. For example, the pulse gen-
eration circuitry 130 can be configured to use a capacitor
as the reactive component 134 to produce the desired
energy exchange process from the power source 140 to
the formation. To get the benefit of the measurement
technique discussed herein, an inductor or transformer
may be added to the capacitor configuration to form a
resonant circuit with the formation, as discussed much
later.
[0057] Naturally, the controller 150 has one or more
suitable processors (not shown) and associated elec-
tronics for operating in a downhole environment. During
operation, the controller 150 controls the switch 132 and
operates in conjunction with the measurement circuits
122 and 124 to control operation and obtain measure-
ment data. The switch 132 can use any suitable electron-
ics, and the power source 140 is typically a battery power
supply maintained in the downhole tool (50; Fig. 1).
[0058] Activated by the controller 150, the pulse gen-
eration circuitry 130 connects the energy from the power
supply 140 to the electrodes 112, 114 during measure-
ment cycles and provides desired current and voltage to
drive discharges of pulsed energy into the formation with
the array 110. As a result of the pulses, the various elec-
trodes 112 and 114 shown in Figure 3 are cyclically ex-
posed to impedances Z1 and Z2 from the adjacent for-
mation (not shown) and any intervening mud. In turn,
measurements of the voltage and current responses re-
sulting from the discharge of the pulsed energy relative
to these impedances Z1 and Z2 provide details indicative
of the formation’s resistivity.
[0059] More particularly, the controller 150 as shown
in Figure 3 starts a first part of a measurement cycle by
activating the switch 132 and storing energy in the reac-
tive component (i.e., transformer) 134. When this hap-
pens, energy from the power supply 140 stores in the
magnetic circuit of the transformer 134. After a period of
time and buildup of energy, the controller 150 deactivates
the switch 132 to initiate a second part of the measure-
ment cycle. At this point, the energy stored in the mag-
netic field of the transformer 134 is dissipated in a dis-
charge of the discrete pulse energy into the formation
through the array 110.
[0060] During this second part of the cycle, the imped-
ances Z1 and Z2 connected to the array 110 influence
the discharge, and the controller 150 obtains measure-
ments of the voltage and survey current responses re-
sulting from the discharge as measured by the measure-
ment circuitry 120. In particular, the voltage measure-
ment circuit 124 during the discharge measures the volt-
age differential between the guard electrode 114 and the
return electrode 116. The controller 150 also obtains
measurements of the survey current flowing through the
measuring electrode 112 using the current measurement
circuit 122. (If additional measuring electrodes 112 are
used in the pad 111, additional measuring circuits 122
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can be coupled to them as well.) The ratio between these
voltage and current responses is representative of the
encountered impedance Z1 and is indicative of the for-
mation’s resistivity (conductivity).
[0061] In general, the shape of the discharge in the
second part of the cycle is influenced by the character-
istics of both impedances Z1 and Z2. As the conductivity
of the drilling fluid decreases, for example, the imped-
ances Z1 and Z2 become more capacitive in nature. Thus,
the otherwise decaying exponential waveform of the dis-
charge starts to look like a decaying sinusoid. Also note-
worthy, the peak amplitude of the pulse discharge be-
comes higher as the magnitude of both impedances Z1
and Z2 increase. Knowing the influence of the formation
on the discharge, pulse processing techniques dis-
cussed below determine characteristics (shape, decay,
peak amplitude, etc.) of the pulse discharges to deter-
mine the voltage and survey current responses of inter-
est.
[0062] When characteristics of the discharge are de-
termined, the imager 100 evaluates the ratio between
the resulting voltage and survey current and determines
parameters indicative of the formation’s resistivity (or
conductivity). The imager 100 combines the resistivity
(conductivity) parameters with the orientations (i.e., tool-
face) of the downhole tool (50) as noted previously, and
an image representing the spatial distribution of resistiv-
ities (conductivities) can then be plotted using standard
techniques known in the art. The plotted image can then
help identify important characteristics of the formation,
such as faults, fractures, folds, etc.
[0063] The size of the measuring electrode 112 deter-
mines the resolution of the imager 100 so different sized
measuring electrodes 112 (and more than one electrode
112) may be used depending on the implementation. The
separation or standoff between the surface that holds the
measuring electrode(s) 112 and the formation also de-
termines the imager’s resolution. Therefore, the standoff
of the imager’s measuring electrode(s) 112 can be con-
figured to obtain different resolutions as desired for a
given implementation.
[0064] When injecting the discrete energy pulse into
the formation, the resistivity imager 100 attempts to pro-
duce a current beam having a desired shape into the
adjacent formation. Ideally, the current beam does not
flow through any intervening mud between the array 110
and the formation, but this is not usually possible in a
typical MWD/LWD implementation. To better inject cur-
rent into the formation, the guard electrode 114 therefore
focuses the survey current into the formation in a per-
pendicular direction. For this reason, the guard electrode
114 is preferably made with a surface area much larger
than the current measuring electrode 112 to enhance this
focusing. In the end, this focusing can force the current
distribution near the measuring electrode(s) 112 to follow
a straighter path through the intervening mud and into
the formation.
[0065] The same configuration of electrodes 112, 114,

116 on the array 110 can be used with both conductive
drilling fluids (i.e., WBM) and non-conductive drilling flu-
ids (i.e., OBM). In particular, in non-conducting mud, the
imager 100 can operate with a capacitive coupling be-
tween the imager electrodes 112, 114, 116 and the for-
mation. In this case, the current is a displacement current
instead of an actual flow of charged particles or ions.
[0066] Measurements can be further made at the
guard electrode 114 to determine the mud’s resistivity.
For example, rather than using the guard electrode 114
to focus current into the formation, the survey current
may be allowed to pass from the measuring electrode
112 and through the mud using the guard electrode 114
for return. The resulting mud resistivity value determined
from this can then be used to correct subsequent resis-
tivity measurements of the formation.

C. Arrangements of Electrode Arrays

[0067] As discussed previously, the electrode array
110 disposes on a drilling component, which can be a
drill collar, non-rotating sleeve, drilling tubular, etc., to
face the borehole wall. Looking at the side view of a por-
tion of a drill collar 20 depicted in Figure 4A, the array
110 has a pad 111 disposed on a raised surface 24 of a
stabilizer sleeve 22. The pad 111, as noted previously,
has the measuring electrode(s) 112 and the guard elec-
trode 114. For its part, the return electrode (116) can be
part of the drill collar 20 or can be a separate electrode
(not shown) disposed elsewhere on the collar 20.
[0068] In this depiction, the vertical direction indicates
an axial direction along the collar 20, and the horizontal
direction indicates an azimuthal direction of the collar 20.
As the drill collar 20 rotates, the pad 111 follows the col-
lar’s rotation and pulses about the inside of the borehole
12 to image the surrounding formation. In this way, the
array 110 can image the resistivity of the borehole wall,
and the array’s azimuthal rotation provides 360-degree
coverage as the collar 20 rotates. Stabilizers (not shown)
on the sleeve 22 and/or elsewhere on the collar 20 can
help center the collar 20 in the borehole 12 during drilling
and keep the pad 111 at a standoff from the borehole wall.
[0069] During sensing, the measurements of the array
110 are correlated to the orientation of the drill collar 20
in the borehole 12 (and hence map to the borehole’s re-
sistivity) using the collar’s "toolface" Tf. As is known, "tool-
face" refers to the orientation of a tool (i.e., array 110,
drill collar 20, downhole tool 50) relative to a particular
reference direction and can generally refer to the sensor
face of the tool. The toolface Tf can be obtained in a
number of ways and can be derived using readings from
sensors (i.e., magnetometer, accelerometer, etc.) and
calculations well known in the art. The "toolface" can
therefore come from external processing on the tool and
can be incorporated into the measurements obtained
with the array 110.
[0070] As noted above, the resistivity imager 100 uses
discrete energy pulses to determine the formation’s re-
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sistivity rather than using a conventional sine wave signal
used in the art. The energy pulses use less power and
eliminate the effects of tool rotation. As shown in Figure
4B, for example, the discrete energy pulses and resulting
measurements can preferably be done for a discrete
number of particular orientations (toolfaces Tf) as the drill
collar 20 rotates so that energy is used only when need-
ed. In one implementation, the array’s pulses and meas-
urements can be done at 128 discrete points in the drill
collar’s rotation. In doing this discrete pulsing and meas-
uring, the imager 100 can drive a considerable amount
of power into the formation at small time intervals, while
using little energy from the tool’s power source.
[0071] Various arrangements of electrodes 112, 114,
116 for the array 110 can be used on the drill collar 20.
In Figure 4A, for example, the pad 111 has two measuring
electrodes 112a-b surrounded by the guard electrode
114 and separated from one another by a longitudinal
distance d. As shown, the pad 111 can be disposed on
or can be part of the raised surface 24 of the stabilizer
sleeve 22 disposed on the drill collar 20. This raised sur-
face 24 can be part of a stabilizer, a separate rib, or other
feature. Overall, the entire sleeve 22, just the raised sur-
face 24, or a portion thereof can comprise the guard elec-
trode 114. Insulation 118 separates the measuring elec-
trodes 112a-b from the guard electrode 114, and an in-
sulating sleeve 28 disposed between the stabilizer sleeve
22 and the drill collar 20 can insulate the guard electrode
114 from the drill collar 20, which has the return electrode
(116) as noted previously.
[0072] Disposed to face the borehole wall, the elec-
trodes 112a-b, 114 can position in closer proximity to the
borehole wall. Actual contact between the measuring
electrodes 112a-b and the borehole wall may take place,
or the electrodes 112a-b may standoff from the borehole
wall and may have intervening drilling mud between them
and the formation. However, good electrical contact may
be all that is necessary for proper measurements to be
obtained. In fact, physical contact between the measur-
ing electrodes 112a-b and the formation may not be nec-
essary because the array 110 can operate conductively
as noted herein.
[0073] In another arrangement of Figure 5A, a number
(n) of measuring electrodes 112an are disposed along
the guard electrode 114, and the guard electrode 114
can be any suitable length to accommodate the number
of measuring electrodes 112a-n. Each of the various
electrodes 112a-n can be operated simultaneously or
separately during operation depending on the desired
implementation. During sensing, the multiple electrodes
112a-n can help compensate for the speed and rotation
of the drill collar 20 because redundant measurements
from the electrodes 112a-n measuring comparable areas
of the borehole wall can be stacked together to improve
the results and reduce issues with noise.
[0074] The various electrodes 112a-n may have differ-
ent vertical dimensions (e.g., diameters) to offer desired
resolutions. Likewise, one electrode 112a-n may be po-

sitioned more radially (azimuthally) outward or inward on
the guard electrode 114 than the other electrodes 112a-
n, and thus may have a different standoff from the bore-
hole wall. The resulting differences in vertical and azi-
muthal dimensions of the electrodes 112a-b can give dif-
ferent resolutions, and the imager 100 can exploit these
different resolutions in processing the measurements to
image the borehole.
[0075] It has been found that a smaller button size (e.g.,
diameter) for the measuring electrodes 112a-n provides
better resolution when situated at a closer standoff to the
borehole wall. Conversely, a larger button size has been
found to provide better resolution at a farther standoff. In
general, button sizes for the electrodes 112a-n can range
between 0.2 to 0.5-in. and can have a standoff range of
about 0.125 to 0.5-in., although these values depend on
the resolution of formation features desired in the imag-
ing.
[0076] In yet another arrangement of Figure 5B, a pad
111 has a guard electrode 114 of a different (i.e., circular)
shape mounted on the drill collar 20 in a raised portion
or stabilizer blade 24. (As noted previously, the return
electrode (not shown) can be disposed elsewhere on the
drill collar 20 and may be part of the collar 20 itself.) The
guard electrode 114 surrounds a number (6) of measur-
ing electrodes 112c-d of various sizes arranged therein,
and insulating rings 118 isolate the guard electrode 114
from the drill collar 20 and the measuring electrodes
112c-d.
[0077] The measuring electrodes 112c-d on this pad
111 also have a different arrangement than discussed
previously. In particular, several smaller measuring elec-
trodes 112c each have the same relative button size, but
are arranged together in a cluster at different lateral dis-
tances wand longitudinal distances d from one another.
In one embodiment, electrodes are arranged as for 112c
such that the measurements from the four electrodes
112c have closely adjacent measurements in the axial
direction as the tool is rotated. By using this arrangement,
full high resolution measurements can be made even
though the tool may move axially by more than the res-
olution of a single button in one revolution of the tool.
Separated longitudinally from this cluster of electrodes
112c, two additional electrodes 112d have different but-
ton sizes and are arranged at different lateral distances
w from one another. Again, each of the various electrodes
112c-d can be operated simultaneously or separately
during operation depending on the desired implementa-
tion.
[0078] As will be evident by the above arrangements,
the electrode array 110 can have a number of different
arrangements of electrodes 112, 114, and 116. In any of
the arrangements, any measuring electrodes 112 that
laterally overlap one another can obtain redundant meas-
urements of the same formation area as the drill collar
20 rotates during sensing, and the electrodes 112 can
give different resolutions based on the different sizes or
the different standoff distances of the electrodes 112.
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Additionally, as the drill collar 20 rotates and moves lon-
gitudinally in the borehole during sensing, any longitudi-
nally separated measuring electrodes 112 in the arrange-
ments can also obtain multiple measurements of the
same formation area, which can provide redundant read-
ings, different resolutions, etc.
[0079] Although one pad 111 has been shown in the
arrangements so far, multiple pads 111 can be installed
on the drill collar 20. Each pad 111 may be the same or
different from one another depending on the implemen-
tation, and the pads 111 can be disposed at different
lateral and longitudinal locations on the drill collar 20. As
the collar 20 rotates and moves longitudinally in the bore-
hole, the multiple pads 111 can obtain measurements at
multiple resolutions and can obtain redundant measure-
ments of one another. In this way, the multiple pads 111
can also help compensate for the speed and rotation of
the drill collar 20 during imaging because the redundant
measurements can be stacked together to improve the
results and reduce issues with noise.

D. Operation and Processing of Resistivity Imager

[0080] With an understanding of the imager 100 and
the electrode array 110, discussion now turns to more
details of the imager’s operation, pulsing, and process-
ing. Although some previous details have already been
discussed in this regard, the discussion below focuses
on additional information.

1. Resonant circuit

[0081] As noted previously, the disclosed imager 100
electrically couples with the borehole environment to ob-
tain measurements. Figure 6 schematically illustrates
how the imager’s acquisition circuitry 102 and array 110
electrically couple with the borehole environment. As de-
picted, the borehole environment can be characterized
by a resistivity Rm of intervening mud and a resistivity Rf
of the formation. A portion of the coupling may also be
capacitive C.
[0082] In the electric coupling, the acquisition circuitry
102 and array 110 form a resonant circuit with the for-
mation and mud in the borehole, and details of this res-
onant circuit are advantageous to the operation of the
disclosed imager 100. In particular, due to the resonant
circuit formed, characteristics of the imager’s pulse dis-
charges (such as the resonant frequency, decay, and
peak amplitude of the survey current’s waveform) largely
depend on the characteristics of the formation and mud
in the borehole. For example, the frequency of the survey
current increases and the electric coupling gradually
turns more and more capacitive in nature as the conduc-
tivity of the mud/formation combination decreases.
[0083] This dependency allows the acquisition circuitry
102 to "tune" its pulsing to the characteristics of the elec-
tric coupling, which can improve processing and reduce
power consumption. With the frequency of the survey

current dependent on the formation and mud character-
istics, for example, the operating frequency of the acqui-
sition circuitry 102 can self-adjust to an optimum value
needed for the particular formation and mud conditions
encountered. To do this, the acquisition circuitry 102 can
have pulse-shaping circuitry (discussed below) that fa-
vors longer or shorter resolving times of a discharged
pulse so a better response can be obtained. Various time
constants and other variables can be selected for this
pulse shaping circuitry so the frequency response of the
acquisition circuitry 102 better matches the expected
pulse discharges. In the end, this can improve the signal-
to-noise ratio of the imager’s measurements.
[0084] In addition, the relationship of the acquisition
circuitry 102 with the borehole environment can be used
to better control the energy stored in the circuitry’s reac-
tive component (134; Fig. 3). If the peak amplitude of the
circuitry’s discharged pulse is "low," then the acquisition
circuitry 102 can increase the time of the drive pulse (i.e.,
can store more energy in the reactive component) to ap-
ply more energy to the formation. Conversely, as the re-
sistivity of the formation increases, the acquisition circuit-
ry 102 can reduce the time of the drive pulse to apply
less energy to the formation. Details of controlling the
drive pulse time in relation to formation resistivity will be
discussed below with reference to Figures 9A-9H, for ex-
ample.
[0085] Finally, the ability of the imager’s operating fre-
quency to self-adjust to an optimum value needed for the
particular formation and mud conditions encountered en-
ables the imager 100 to measure not only in conductive
mud (i.e., Water-Based Mud (WBM)), but also in non-
conductive mud (i.e., Oil-Based Mud (OBM)) without
needing to change the electrical or physical configuration
of the imager 100. Details of this ability will be discussed
below with reference to Figures 10A-10C, for example.

2. Dynamic Range

[0086] As noted previously, the imager 100 obtains a
ratio between the voltage and the current responses at
the electrode array 110 to determine the resistivity (or
conductivity) of the formation. There are distinctive diffi-
culties in obtaining a reading of voltage and current re-
sponses in a borehole. In one difficulty, resistivities en-
countered in boreholes can vary from low to high so ob-
taining a ratio of voltage and current response in such
variances can be problematic, especially when there is
interference in the measurements caused by the flow of
survey current through the mud. At low mud resistivity,
for example, the survey current tends to flow through the
mud and away from the formation. On the other hand,
oil-based mud, being an insulator, or other low conduc-
tive mud can limit the ability to inject the survey current
into the formation.
[0087] To address the problem of dynamic range, the
disclosed imager 100 can use one or more measurement
techniques. In one measurement technique, the imager
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100 maintains a given (constant) voltage distribution and
reads the resulting survey current. This technique may
work more effectively in low resistivity environments. In
a contrary technique, the disclosed imager 100 can inject
a constant current into the formation and can subse-
quently measure the resulting voltage drop. This tech-
nique is believed to be more advantageous in high resis-
tivity environments. In still another technique, the power
can instead be kept constant, which extends the range
provided by the two previous measurement techniques.
[0088] Alternatively, the disclosed imager 100 can
change the power level setting as a function of the sig-
nal-to-noise ratio in the measured data. Thus, the volt-
age, current, and power are not kept fixed from meas-
urement to measurement in this alternative technique.
Instead, the imager 100 can evaluate the signal-to-noise
ratio from previous measurements and can establish a
new power level setting to be delivered on the next meas-
urement cycle. This reduces the power drawn by the im-
ager 100 to only the amount required for each measure-
ment cycle as multiple measurements are obtained and
the tool 50 rotates and advances in the borehole. Basing
the power level setting on the signal-to-noise also keeps
the improved dynamic range provided by the constant
power technique.

3. Power Consumption and Noise Reduction

[0089] In another difficulty for determining the resistiv-
ity (or conductivity) of a formation, the imager 100 oper-
ated in the downhole environment has a real limit on what
power is available for obtaining measurements. There-
fore, the disclosed imager 100 preferably consumes pow-
er efficiently. To address this problem of power consump-
tion, the imager 100 uses the two-step cyclic process
discussed previously. Because the imager 100 performs
one measurement on each cyclic pulse, the imager 100
saves both power and time in making measurements.
[0090] While conserving power, operation of the imag-
er 100 must still address issues with the signal-to-noise
ratio in the measurements obtained. As will be appreci-
ated, the dynamic range of the measurements is ultimate-
ly determined by the ratio between the signal obtained
and the noise level of the imager 100. In the MWD/LWD
application, the continuous rotation of the downhole tool
50 limits the usefulness of conventional correlation tech-
niques to improve the signal-to-noise ratio as already
stated. Advantageously, noise reduction techniques
known in the art for nuclear instrumentation measure-
ments can be employed to improve the imager’s opera-
tion. This noise reduction offsets the inability to use stand-
ard correlation techniques during the processing of the
pulse discharges with the disclosed imager 100.

4. Overview of Pulse Processing

[0091] In the cyclic pulse processing described previ-
ously, the imager 100 produces a discrete energy pulse.

Subjected to impedance from the formation, the ampli-
tude of the pulse discharge becomes higher (and the
pulse discharge becomes narrower) as the resistivity of
the formation increases. This is because the shape (am-
plitude and width) of the pulse discharge is determined
by the formation and mud impedance.
[0092] Understanding this correlation between the
pulse discharge and resistivity can be used to determine
the resistivity of an unknown formation during sensing.
The correlation between the pulse width and resistivity
is also exactly what is needed to better couple the imag-
er’s array 110 to the formation in an oil-based mud envi-
ronment where the coupling is by capacitive means.
Since capacitive reactance goes down for short pulses,
the coupling between the array 110 and the formation
improves when the resistivity increases, as is needed in
such a borehole environment. No additional measure-
ments are believed needed, because the measurement
technique inherently finds a best possible pulse width.
[0093] Some particulars of the pulse processing are
shown in Figures 7A-7C. As diagrammatically plotted in
graph 200a of Figure 7A, the pulsed discharge has a
lower peak amplitude in the presence of lower formation’s
resistivity. As shown, the imager (100) produces a drive
pulse 202 when energy is stored in the reactive compo-
nent (134). After the release of the stored energy, the
resulting pulse discharge of energy in the presence of
low resistivity has a less marked peak amplitude 204 and
extends for a long resolving time 206 before regaining
levels.
[0094] Converse to this, the pulsed discharge of ener-
gy has a greater peak amplitude in the presence of higher
formation resistivity. As diagrammatically plotted in graph
200b of Figure 7B, the resulting pulsed discharge in the
presence of high resistivity has a more marked peak am-
plitude 204 and extends for a shorter resolving time 206
before regaining levels. Pulse processing of the pulse
discharges as in Figures 7A-7B allows the imager (100)
to improve the signal-to-noise level and to determine
characteristics of a formation’s resistivity (conductivity)
that produces such responses.
[0095] Moreover, the pulse processing discussed be-
low can determine capacitive and resistive components
of the pulse discharges caused by the resonant circuit
formed between the imager 100 and the borehole envi-
ronment. These capacitive and resistive components
from the resonant circuit can have different timing
(phase), as depicted in Figure 7C. A measure of this time
(phase) difference can be detected through pulse
processing, and the measured difference can be corre-
lated to know characteristics of a borehole environment,
such as particular capacitance, mud resistivity, and for-
mation resistivity.

5. Pulse Processing Chains

[0096] Several forms of pulse processing can be used
to process the pulses for the disclosed imager 100 to
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determine the formation’s resistivity. Figures 8A-8B show
two pulse processing chains 210 and 220 that can be
used. Figure 8A shows an analog pulse processing chain
210 that uses a preamplifier 212, a shaping network 214,
a peak sensor 216, and a discriminator 218. Figure 8B
shows a digital pulse processing chain 220.
[0097] In general, both of these chains 210 and 220
can be integrated into or part of the imager’s acquisition
circuitry (102; Figs. 2-3) discussed previously. After
processing the pulses, output of the chains 210 and 220
can be stored or telemetered for later processing by sur-
face equipment as also detailed previously.
[0098] In general, each of these pulse processing
chains 210 and 220 can be similar to those used in pulse
processing in nuclear measurements applications. The
pulse processing techniques use the pulse processing
chains 210 and 220 to detect the peak amplitude of the
pulse discharge as the discharged energy is subject to
the formation and mud’s impedance. The shape of the
pulse and its amplitude are of particular interest in im-
proving the signal-to-noise and in determining the resis-
tivity of the formation. To make the detection, the chains
210 and 220 set time constants and other variables to
detect the peak amplitude and shape of the pulse dis-
charge when processing signal responses being meas-
ured by the measurement circuitry 120.
[0099] In Figure 8A, for example, the analog pulse
processing chain 210 receives a signal from the meas-
urement circuitry 120 of the imager 100 and may use a
preamplifier 212 to increase the input if weak. (The signal
can be either a measured voltage or survey current re-
sponse as discussed herein.) The shaping network 214
applies various time constants 215 to the signal to im-
prove the signal-to-noise ratio. These time constants 215
relate to the rise time, resolving time, differentiation time
constant, and integration time constant of the signal, and
the particular time constants 163 used are intended to
improve the signal-to-noise ratio.
[0100] Particularly useful relationships between time
constants 215 and the resulting signal-to-noise ratio are
known in nuclear pulse processing techniques. See e.g.,
A.B. Gillespie, Electronics and Waves Series: Signal,
Noise and Resolution in Nuclear Counter Amplifiers,
(1954), pgs. 14-18, 59-69, and 129-133, the details of
which are incorporated herein by reference. Relation-
ships from these known pulse processing techniques can
improve performance of the resistivity imager 100. There-
fore, as recognized in nuclear pulse processing, the in-
tegration and differentiation time constants 213 are pref-
erably the same, which is known to improve the signal-
to-noise ratio. The processing chain 210 can, therefore,
take advantage of these and other techniques known in
nuclear pulse processing.
[0101] As will also be appreciated, longer time con-
stants 213 would tend to give a better signal-to-noise
ratio. However, the disclosed imager 100 has a set time
constraint between pulses in which the time constants
213 can be manipulated. In general, each of the discrete

energy pulses may have about 2.7 milliseconds between
them for the time constants 213 to be adjusted because
the imager 100 makes a pulse and measurement at about
every 2.8 milliseconds. Thus, the particular time con-
stants 213 must be optimized in such a time constraint
so that precise time constants 213 can be determined to
improve the signal-to-noise ratio.
[0102] In any event, the time constants 213 are pref-
erably selected to improve the signal-to-noise ratio rela-
tive to the pulse shape that would be encountered in less
than ideal circumstances. For example, the time con-
stants 213 could be chosen to improve the signal-to-
noise ratio of a pulse shape resulting from a low conduc-
tive formation, increased intervening mud levels, and oth-
er unfavorable variables. Likewise, the selection of the
time constants 213 can be based on simulation analysis,
empirical testing, and other methods. As will be under-
stood with the benefit of the present disclosure, such op-
timization can be subjective and can depend on the de-
sired results, the implementation at hand, and other fac-
tors.
[0103] In its processing, the shaping network 214 can
have a shaping amplifier that gives an amplitude signal
215a indicative of the pulse’s peak amplitude. In turn, a
peak sensor 216 can determine the peak amplitude of
the discrete energy pulse from this amplitude signal
215a. The shaping network 214 can also have a timing
amplifier to preserve the timing information of the pulse
discharge. The timing signal 215b of the timing amplifier
feeds to the discriminator 218, which applies various
thresholds and the like to the timing information. Logic
modules (not shown) can then provide useful information
about the pulse discharge being analyzed, such as its
timing information, the pulse shape character (rise time,
resolve time, etc.), and other information of interest.
[0104] In Figure 8B, the digital pulse processing chain
220 receives the signal from the measurement circuit 120
and uses an analog-to-digital converter 222 to digitize
the signal. (Again, the signal can be either a measured
voltage or survey current response as discussed herein.)
Samples obtained at a very high sample rate are then
fed to a digital pulse processor 224. Analyzing the digital
samples, the digital pulse processor 224 determines the
parameters of interest, such as energy, timing, counting,
and shape through digital analysis. Again, firmware time
constants (not shown) can be used to improve the signal-
to-noise ratio in this pulse processing chain 220 in a man-
ner similar to that discussed previously.

6. Examples Responses for Pulse Processing

[0105] With an understanding of the generated pulses
and the pulse processing performed, discussion now
turns to example operation of the disclosed sensor 100
modeling pulses in different conditions. Figures 9A
through 9H show various graphs, illustrating responses
250a-h of the guard voltage of the imager (100) during
pulsing in a borehole environment having Water-Based
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Mud (WBM). In this instance, the resistivities of the mud
and the formation are considered as the same, but as
will be appreciated, they may differ in various implemen-
tations so characteristics of the mud may be independ-
ently determined. Although the voltage responses meas-
ured for the guard electrode (114) are depicted, the sur-
vey current responses measured for the measuring elec-
trode (112) would be similar and could undergo similar
analysis.
[0106] The responses 250a-h show the shape of the
guard voltage (and by implication the shape of the survey
current) under different formation conditions. Resistivity
of the formation increases from 0.1 Ohm-m to 20 Ohm-
m in these examples. In the responses 250a-h, the hor-
izontal (time) scale and the drive pulse width have been
adjusted to better detail how the timing changes as a
function of the formation/mud parameters.
[0107] Two pulses are shown in each of the responses
250a-h. The first pulse 252 depicts the drive in the first
part of the measurement cycle as the reactive component
(i.e., transformer 134; Fig. 3) is connected to the power
source (140) and stores energy. After a time period, the
second part of the measurement cycle is initiated when
the reactive component (134) is disconnected from the
power source (140). A resulting pulse discharge follows,
rising to a peak amplitude 254 and following with a re-
solving decay 256.
[0108] These responses 250a-h in Figures 9A-9H
show how the shape of the guard voltage changes as
the subject resistivity changes. In the first few measure-
ments graphed, the decay 256 may extend to about 1.0
milliseconds. As the resistivity increases, however, the
decay 256 gets shorter as can be seen in the response
250a-h. In addition, the peak amplitude 254 of the dis-
charges increase in Figures 9A-9H as the imager 100
encounters increasing resistivity, as can be seen in the
response 250a-h. Finally, the width of the drive pulses
252 decreases in Figures 9A-9H as the imager 100
adapts to the amount of energy needed with the increas-
ing resistivity encountered.
[0109] By analyzing the pulsed discharge’s peak am-
plitude 254, the resolving time of the decay 256, and other
variables of interest from the response, pulse processing
can determine characteristics of the impedances en-
countered by the array (110) from the surrounding envi-
ronment (i.e., formation, formation fluids, water, mud,
etc.), which in turn equate to a resistivity (conductivity)
measure of the formation. For example, the amplitude of
the discharge’s peak amplitude 254 is of interest in de-
termining the resistivity (conductivity) of the formation,
which can be derived using calculations known in the art
based on Ohm’s Law. Additionally, the discharge pulse’s
shape is of interest in the pulse processing techniques
to improve the signal-to-noise ratio because the shape
can determine the various time constants (i.e., 213; Fig.
8A) involved in the pulse processing.
[0110] Additional responses 250i-k of Figures
10A-10C simulate waveforms expected in the presence

of low conductivity or Oil-Based Mud (OBM) in low and
high conductivity formations. As in known, OBM has an
increased resistance, making measurement of a forma-
tion’s resistivity (conductivity) difficult when OBM is
present. Nevertheless, the disclosed imager 100 can ob-
tain useful information from measurements when OBM
is present as shown below.
[0111] In Figure 10A, the guard voltage response 250i
indicates the shape of the survey current when a low
conductivity formation is encountered and when a
semi-conductive mud is present in the borehole. Here,
the pulse width of the drive pulse 252 is considerably
short (about 10ms) as the imager 100 adapts to the en-
ergy needed. The following peak amplitude 254 in the
discharge is considerably high (reaching over -250V),
and a slight oscillation 258 follows the peak amplitude
254 as the response 250i resolves.
[0112] In Figure 10B, the guard voltage response 250j
indicates the shape of the survey current when a low
conductivity formation is encountered and when OBM is
present in the borehole. Here, the pulse width of the drive
pulse 252 is again considerably short (about 10ms). The
following peak amplitude 254 at discharge is considera-
bly higher (reaching almost -400V), and a more pro-
nounced oscillation 258 follows the peak amplitude 254
as the response 250j resolves.
[0113] In Figure 10C, the guard voltage response 250k
indicates the shape of the survey current when a high
conductivity formation is encountered and when an OBM
is present in the borehole. Again, the pulse width of the
drive pulse 252 is considerably short (about 10ms), and
the following peak amplitude 254 at discharge is also
considerably high (reaching almost -400V). Here, a pro-
nounced oscillation 258 follows the peak amplitude 254
in this situation and has a longer resolve time than that
encountered in a low conductivity formation of Figure
10B.
[0114] Although the pulsed discharges are different in
the presence of semi-conductive or OBM than those en-
countered in WBM as in Figures 9A-9H, characteristics
of the discharges, such as the time for the oscillation 258
to resolve, the frequency of the oscillation 258, the peak
amplitude 254, and the like can still be used to determine
properties of the formation, such as its resistivity (con-
ductivity). For example, pulse processing can detect the
successive peaks of the oscillations 258, and the timing
difference td between the successive peaks can indicate
the oscillation’s frequency. The resulting frequency of the
resolving response can then equate to properties of the
formation’s resistivity (conductivity).
[0115] In particular, the disclosed imager 100 can be
used in the presence of OBM relative various known for-
mation conductivities, and the pulse processed frequen-
cy of the discharge’s oscillations 258 can be correlated
to the known formation conductivities. Then, when mak-
ing in situ measurements of an unknown formation con-
ductivity in the presence of OBM, the pulse processing
can determine the frequency of the discharge’s oscilla-
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tions 258 and can correlate the determined frequency to
a corresponding known formation conductivity.
[0116] As will be appreciated, teachings of the present
disclosure can be implemented in digital electronic cir-
cuitry, computer hardware, computer firmware, computer
software, or any combination thereof. Teachings of the
present disclosure can be implemented in a computer
program product tangibly embodied in a machine-read-
able storage device for execution by a programmable
processor so that the programmable processor execut-
ing program instructions can perform functions of the
present disclosure. The teachings of the present disclo-
sure can be implemented advantageously in one or more
computer programs that are executable on a program-
mable system including at least one programmable proc-
essor coupled to receive data and instructions from, and
to transmit data and instructions to, a data storage sys-
tem, at least one input device, and at least one output
device. Storage devices suitable for tangibly embodying
computer program instructions and data include all forms
of non-volatile memory, including by way of example
semiconductor memory devices, such as EPROM, EEP-
ROM, and flash memory devices; magnetic disks such
as internal hard disks and removable disks; magneto-
optical disks; and CD-ROM disks. Any of the foregoing
can be supplemented by, or incorporated in, ASICs (ap-
plication-specific integrated circuits).
[0117] The foregoing description of preferred and other
embodiments is not intended to limit or restrict the scope
or applicability of the inventive concepts conceived of by
the Applicants. It will be appreciated with the benefit of
the present disclosure that features described above in
accordance with any embodiment of aspect of the dis-
closed subject matter can be utilized, either alone or in
combination, with any other described feature, in any oth-
er embodiment or aspect of the disclosed subject matter.
[0118] In exchange for disclosing the inventive con-
cepts contained herein, the Applicants desire all patent
rights afforded by the appended claims. Therefore, it is
intended that the appended claims include all modifica-
tions and alterations to the full extent that they come with-
in the scope of the following claims or the equivalents
thereof.

Claims

1. A resistivity imager for a formation traversed by a
borehole, the imager comprising:

pulse generation circuitry generating a plurality
of discrete energy pulses;
an array having electrodes exposed to the for-
mation in the borehole, one or more of
the electrodes discharging the discrete energy
pulses into the formation and being subjected
to impedances in response thereto;
measurement circuitry operatively coupled to

the array and measuring discharges
of the discrete energy pulses subjected to the
impedances; and
control circuitry processing the measured dis-
charges and determining parameters
indicative of resistivity of the formation based on
the processed discharges.

2. The imager of claim 1, wherein the pulse generation
circuitry comprises a reactive component coupled to
the array and selectively coupling to a power source
to generate the discrete energy pulses; and option-
ally wherein the reactive component is selected from
the group consisting of an inductor, a transformer,
and a capacitor.

3. The imager of claim 1,
wherein the electrodes of the array comprise a meas-
uring electrode, a guard
electrode disposed adjacent the measuring elec-
trode and electrically isolated therefrom, and a return
electrode disposed adjacent the guard electrode and
electrically isolated therefrom; and
optionally wherein the measurement circuitry com-
prises:

voltage measuring circuitry operatively coupled
between the pulse
generation circuitry and the array and measur-
ing a voltage response at the guard electrode;
and/or
current measuring circuitry operatively coupled
between the pulse generation
circuitry and the array and measuring a current
response at the measuring electrode; and

further optionally wherein the electrodes of the array
comprise a plurality of the
measuring electrode, and wherein the measuring
electrodes have at least one aspect of size, azimuth-
al location, lateral location, and longitudinal location
different from one another.

4. The imager of claim 1, further comprising one or
more of:

memory storing the determined parameters in-
dicative of the resistivity of the
formation;
processing circuitry obtaining the determined
parameters and outputting an image
indicative of the resistivity of the formation tra-
versed by the borehole; and
a telemetry unit telemetering information related
to the determined parameters.

5. The imager of claim 1, further comprising a rotatable
body disposed in the borehole and having the array
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disposed thereon; and
optionally wherein the rotatable body comprises a
drill collar and wherein the
electrodes of the array comprise a guard electrode
disposed on the drill collar and electrically isolated
therefrom and comprise at least one measuring elec-
trode disposed on the guard electrode and electri-
cally isolated therefrom; and
further optionally wherein the guard electrode com-
prises at least a portion of a
sleeve disposed on the drill collar; and/or the elec-
trodes of the array comprise a return electrode being
at least a portion of the drill collar.

6. The imager of claim 1,
wherein the pulse generation circuitry generates the
discrete energy pulses as the
array rotates in the borehole and wherein the control
circuitry associates an orientation in the borehole
with each of the determined parameters; and/or
wherein the determined parameters each comprise
a ratio of a voltage response
and a current response in the measured discharge.

7. The imager of claim 1,
wherein to process the measured discharges, the
control circuitry comprises a
pulse processing chain determining one or more
characteristics of the measured discharges; and
optionally:
wherein the control circuitry correlates the one or
more determined
characteristics to the parameters indicative of resis-
tivity; and/or
wherein the pulse processing chain uses time con-
stants in processing the
measured discharges, the time constants selected
to improve a signal-to-noise ratio of the measured
discharges, the time constants optionally including
a differentiation time constant and an integration time
constant that are the same; and/or
wherein the pulse processing chain comprises a
shaping network processing
the measured discharges into first information char-
acteristic of an amplitude of the measured discharg-
es and second information characteristic of a timing
of the measured discharges; and/or
wherein the pulse processing chain comprises a dig-
ital-to-analog converter
obtaining a plurality of samples of the measured dis-
charges and
comprises a digital pulse processor processing the
samples and determining first information character-
istic of an amplitude of the measured discharges and
second information characteristic of a timing of the
measured discharges.

8. The imager of claim 1,

wherein the pulse generation circuitry has an oper-
ating frequency and forms a
resonant circuit with the formation and any interven-
ing mud disposed therebetween, the pulse genera-
tion circuitry automatically adjusting the operating
frequency in response to the resonant circuit formed;
and/or wherein the pulse generation circuitry dynam-
ically uses power for the discrete energy pulses
based on a ratio of signal to noise in the measured
discharges.

9. A method of imaging a formation traversed by a bore-
hole, the method comprising:

generating discrete energy pulses;
subjecting an array of electrodes to impedances
by discharging the discrete energy
pulses into the formation with the array;
measuring current responses from discharges
of the discrete energy pulses at the
array in response to the subjected impedances;
measuring voltage responses from the dis-
charges of the discrete energy pulses at
the array in response to the subjected imped-
ances; and
determining parameters indicative of resistivity
of the formation by processing at
least one the measured current or voltage re-
sponses.

10. The method of claim 9, further comprising rotating
the array of electrodes on a rotatable body in the
borehole.

11. The method of claim 9, wherein generating the dis-
crete energy pulses comprises:

forming a resonant circuit with the formation and
any intervening mud disposed
therebetween in the borehole; and
automatically adjusting an operating frequency
of the discrete energy pulse
generation based on the resonant circuit
formed.

12. The method claim 9, wherein generating the discrete
energy pulses comprises dynamically using power
for the discrete energy pulses based on a ratio of
signal to noise in at least one of the measured current
or voltage responses.

13. The method of claim 9, wherein generating the dis-
crete energy pulses comprises selectively coupling
a reactive component, coupled to the array, to a pow-
er source; and optionally wherein the reactive com-
ponent is selected from the group consisting of an
inductor, a transformer, and a capacitor.
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14. The method of claim 9,
wherein the array comprise a measuring electrode,
a guard electrode disposed
adjacent the measuring electrode and electrically
isolated therefrom, and a return electrode disposed
adjacent the guard electrode and electrically isolated
therefrom; and
optionally wherein measuring the voltage responses
comprises measuring the
voltage responses at the guard electrode and meas-
uring the current responses comprises measuring
the current response at the measuring electrode; and
further optionally wherein the electrodes of the array
comprise a plurality of the
measuring electrode, the measuring electrodes hav-
ing at least one aspect of size, azimuthal location,
lateral location, and longitudinal location different
from one another.

15. The method of claim 9, further comprising one or
more of:

storing the determined parameters indicative of
the resistivity of the formation;
obtaining the determined parameters and out-
putting an image indicative of the
resistivity of the formation traversed by the bore-
hole; and
telemetering information related to the deter-
mined parameters.

16. The method of claim 9,
wherein generating the discrete energy pulses com-
prises generating the discrete
energy pulses as the array rotates in the borehole
and associating an orientation in the borehole with
each of the determined parameters; and/or wherein
the determined parameters each comprise a ratio of
a voltage response
and a current response in the measured responses.

17. The method of claim 9,
wherein determining the parameters indicative of re-
sistivity of the formation by
processing the at least one the measured current or
voltage responses comprises determining one or
more characteristics of the measured responses;
and
optionally further comprising:

correlating the one or more determined charac-
teristics to the parameters
indicative of resistivity; and/or
using time constants in processing the meas-
ured responses, the time
constants selected to improve a signal-to-noise
ratio of the measured responses, the time con-
stants optionally including a differentiation time

constant and an integration time constant that
are the same; and/or
processing the measured responses into first in-
formation characteristic of an
amplitude of the measured responses and sec-
ond information characteristic of a timing of the
measured responses; and/or obtaining a plural-
ity of samples of the measured responses,
processing the
samples, and determining first information char-
acteristic of an amplitude of the measured re-
sponses and second information characteristic
of a timing of the measured responses.

18. The method of claim 9, wherein generating the dis-
crete energy pulses comprises forming a resonant
circuit with the formation and any intervening mud
disposed therebetween, and automatically adjusting
an operating frequency in response to the resonant
circuit formed.
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