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MEDICAL DEVICE LOCATION SYSTEMS, DEVICES AND METHODS

RELATED APPLICATIONS

[0001] This application claims benefit of priority of U.S. Application Serial Nos. 12/949,663, filed November 18,
2010; and 12/949,671, filed November 18, 2010; each entitled “Medical Device Location Systems, Devices and

Methods;” each application is incorporated herein by reference.

BACKGROUND

[0002] In medical care, the correct placement of a medical device such as a catheter or a guide wire in a
patient has become increasingly important for a number of reasons. In the case of an infusion catheter, for
example, medications can need to be targeted to, or for, specific organs, or areas of the body. A catheter can
need to be located sufficiently near the heart in a particular region where there is a particular blood flow rate;
as for example, a particular high blood flow rate to ensure adequate dilution/mixing of infused fluids.
Alternatively, a catheter or other internally-positioned medical device can simply need to be disposed in the
right place to function; as for cxample, an enteral feeding tube within the stomach. Usc of a medical device
position location and/or guidance system can thus provide for less skilled practitioners to accurately and
reliably position a medical device such as a catheter.

[0003] Accordingly, a variety of systems have been developed to attempt to indicate location or position of
catheters within the body of a patient. Relatively reliable location devices have made use of x-ray or
fluoroscopy; however, these devices expose the patient and/or caregiver to undesirable amounts of radiation.
As a consequence, a variety of different systems have been attempted to more continuously and accurately
indicate location of a catheter with a goal of replacing the usc of x-rays. However, such systems still sufter
from various problems.

[0004] Electromagnetic catheter position location devices have been in development. Some position location
systems have made use of alternating current, AC, driven external coils with a sensor (sensor coil) in the
catheter tip. Others have used an AC driven coil in the catheter tip with external scnsor coils. A disadvantage
of such a conventional catheter tip driven system has been the need for heavy or thick wires running into the
catheter to carry sufficient drive current to generate a sufficient electromagnetic signal for the external
sensors. This has precluded the use of such a system with smaller diameter catheters. Other position location
systems have used a fixed (or DC) magnet on the catheter tip with external sensor coils. A significant

disadvantage to such a fixed magnet location system has been that the magnet would necessarily be very
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small, and as such would generate a very small signal from the tip of the catheter. As a consequence, other
magnetic fields in the vicinity can create significant interference problems for such a system. Furthermore,
the field of such a magnet drops off extremely quickly over distance and thus cannot be sensed more than a
few inches deep into the patient’s tissue. Another AC drive system has been described including driving two
coils simultaneously; however, those respective coils were specified as having been driven at two different
frequencics so that the coil drives are not additive and the sensor demodulates the two different
frequencies as two independent values. Yet another AC drive system has been described driving two
coils simultaneously in quadrature which simulates a single spinning coil; however, this system can only
indicate the orientation of the sensor in the x-y plane and its relative position in that plane.

[0005] This statement of background is for information purposes only and is not intended to be a

complete or exhaustive explication of all potentially relevant background art.

SUMMARY

[0006] Devices, methods and systems of the present developments can include a sensor coil that may be
associated with a medical device such as a catheter, this sensor coil being communicatively cooperative with,
or responsive to an array of drive coil sets of drive coils placed relative to a subject’s body to allow detection
or positioning of the medical device in the subject’s body. Each of the drive coil sets and the sensor coil may
also be communicatively connected or cooperative with an external control and/or display box, for selective
driving of the drive coils of the sets of drive coils and for receiving response signals from the sensor coil.
[0007] Methods, devices and systems can be provided can be provided for one or both of two- or three-
dimensional location of the disposition of a scnsor coil in a subjcct including: an array of clectromagnctic
drive coil sets, each set having two or three dimensionally oriented drive coils; a sensor coil being
electromagnetically communicative with the array of electromagnetic drive coil sets; and, a system controller
communicative with and adapted to energize one or more of the electromagnetic coils in the array of
electromagnetic drive coil sets, the energizing of the one or more of the electromagnetic coils including one or
more of energizing the coils singly, or in pairs of x-y and y-z or x-z coils while measuring the response of

the sensor coil; whereby the system uses the measurements of the responses of the sensor coil to calculate the
location and orientation of the sensor coil relative to said drive coil sets.

[0008] Thesc and still further aspects and advantages of the present developments arc illustrative of thosc
which can be achieved by these developments and are not intended to be exhaustive or limiting of the possible
advantages which can be realized. Thus, these and other aspects and advantages of these present

developments will be apparent from the description herein or can be learned from practicing the disclosure
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hereof, both as embodied herein or as modified in view of any variations which can be apparent to those
skilled in the art. Thus, in addition to the exemplary aspects and embodiments described above, further
aspects and cmbodiments will become apparent by reference to and by study of the following descriptions,
including as will be readily discerned from the following detailed description of exemplary implementations
hereof especially when read in conjunction with the accompanying drawings in which like parts bear like

numerals throughout the several views.

BRIEF DESCRIPTTION OF THE DRAWINGS

[0009] In the drawings:

[0010] Fig. 1 is a schematic overview of present developments showing a user control box, and a patient
drive coil block with drive coil sets, and a guide wire or stylet with a sensor coil and cable.

[0011] Fig. 2 is a detailed view of one three-axis drive coil set.

|0012] Fig. 3 is a detailed vicw of a scnsor coil.

[0013] Fig. 4 is an illustration of magnetic vectors generated by a normal coil drive.

[0014] Fig. 5 is an illustration of orthogonal magnetic vectors generated by an x-y virtual drive.

[0015] Fig. 6 is an illustration of orthogonal magnetic vectors generated by a y-z virtual drive.

[0016] Fig. 7 is a detailed view of a drive coil and sensor coil block with an addition of an optional ECG
measurement,

[0017] Fig. 8 is a block diagram of a present development hereof.

[0018] Fig. 9 is a block diagram of a display/interfacc and uscr control box.

[0019] Fig. 10 is a block diagram of a function of a main interface board in a user control box.

[0020] Fig. 11 is a block diagram of an overall function of a patient drive coil block.

[0021] /fig. 12a-12f detail algorithms for controlling an acquisition of sensor coil position optionally
including display and/or ECG.

[0022] Fig. 13 is a detailed block diagram of a function of a coil drive with virtual x-y capability.

[0023] Fig. 14 is a detailed block diagram of sensor coil signal processing.

[0024] Fig. 15 is a detailed block diagram of a function of a coil drive with full virtual x-y-z capability.
[0025] Fig. 16a-16¢ detail some algorithm alternatives for controlling the acquisition and display of sensor

coil position in virtual x-y-z system.

DETAILED DESCRIPTION OF FIGURES

[0026] Figure 1 provides an overview of an implementation of a medical device location system hereof. A
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user control box 20 may be included, and according to this implementation, contains a touch screen display
22, a single-board computer (SBC) (not separately shown in Fig. 1) for control and data processing, and a
main interface board (also not separately shown in Fig. 1) which connects to a drive block cable 26 and a
medical device cable 32 (also sometimes referred to as a catheter, or guide wire or stylet cable 32). A
triangular paticnt drive coil block 36 may be connected via drive block cable 26 to the control box 20 (the
drive coil block also sometimes being referred to as an emitter block, a patient block or merely a drive block).
Coil drive electronics 28 and three drive coil sets 24a, 24b, 24¢ (also sometimes referred to as emitter coils, or
x-y-z drive coils) are mounted in the drive block 36. The coil drive electronics 28 allow the SBC to
selectively energize any drive coil axis 38, 40, 42 of a set 24 (see Fig. 2) or group of drive coil axes. A sensor
coil 30 is, in this implementation, built on or within the tip of a medical device such as a small diameter
biocompatible guide wire or stylet cable 32. The guide wire may then be placed in the patient and the catheter
then threaded over this wire; or, alternatively, the stylet cable may then be inserted up to the distal end of a
catheter before the catheter is placed in the patient. A two-conductor cable 34 can be used to connect the
sensor coil of guide wire or stylet back to the user control box.

[0027] Figure 2 shows a detailed drawing of a drive coil set 24 (representative of any of sets 24a, 24b, 24¢).
Here, the x-coil 42, the y-coil 38 and z-coil 40 cach havc a ferrite or ferrous core 44 to enhance the magnctic
field generation. This figure is only schematically representative of the construction of a drive coil; in
actuality, each drive coil may have many windings (e.g. 100 turns) on the ferrite core and can be constructed
as three (3) coil pairs to facilitate the intcrsection of the x, y, and z axcs. Each coil here has a sct of lcad wires
46 to connect back to the multiplexers of the coil drive electronics 28.

[0028] Figure 3 shows a detailed view of an exemplar medical device; e.g., a guide wire or stylet sensor coil.
The sensor coil 30 can be any suitable gauge (e.g., but not limited to, a very fine gauge (e.g. 0.001” diameter))
insulated wire wound around a ferrous core wire 48. This figure is schematically illustrative only of the sensor
coil; here, the sensor coil is approximately 400 turns in single layer, but can be any suitable turns per length,
e.g., 50-1000, or any range or value therein, e.g., 100, 200, 300, 350, 400, 450, 500, 550, 600, 650, 700, and
the like. An alternative construction can optionally be 400 or more turns in 2, 3, 4, 5, or morce laycrs; here, the
advantage of multiple even layers may be the lead wires come off the same end of the coil. The sensor coil
lead wires 50 connect back through a cable to the patient isolated portion of the main interface board. A thin
insulating tubing 49 can be used to provide a protective sleeve for the whole assembly.

[0029] In an optional ECG version of a catheter location system (e.g., Figure 7), the tip of the ferrous,
conductive core wire 48 can be polished smooth and can provide an electrical signal as an ECG lead from
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within the catheter. In such a version, the guide wire or stylet sensor connection is accomplished with three
wires, two (2) for the coil sensor and one (1) for the ECG, through a cable 54 to the patient isolated portion of
the main interface board in the user control box 20. Furthermore, the patient drive coil block 60 can have two
ECG pads added which connect through a cable 62 to the patient isolated portion of the main interface board.
Thesc two ECG inputs together with the onc ECG from the catheter provide a threc-lead ECG measurement
system (e.g., see Figure 10).

[0030] Figures 4, 5 and 6 illustrate an optional version of the operation of a normal-drive and virtual-
drive drive coil set. Figure 4 shows magnetic vectors x, y, and z generated by normal coil driving of the
x-axis coil 42, the y-axis coil 38 and z-axis coil 40 (as shown in Figure 2). Figure 5 shows the virtual
magnetic vector X-y generated by simultaneously driving the x-axis coil 42 and the y-axis coil 38 (as
shown in Figure 2) and when both are driven at the same power, the vector is forty-five degrees between
the x and y axes. The virtual magnetic vector x-(-y) generated by simultaneously driving the x-axis coil
42 and thc phasc-inverted, y-axis coil 38 (as shown in Figurc 2) and when both arc driven at the same
power, the vector is minus forty-five degrees between the x and -y axes. If a digital to analog converter
(DAC) is added to control power to the x-axis drive and another DAC added to control power of y-axis
drive, then it is possible to point the virtual axis to any angle from 0 to 360 degrees between x and y. For
example, if x-axis power DAC is maximum and y-axis power DAC is 1/4™ (one quarter) of maximum
then the vector sum of x-y drive yields a virtual axis of approximately fourteen degrees between the x
and y axes. Figure 6 shows a virtual magnetic vector y-z generated by simultaneously driving the z-axis
coil 42 and the¢ y-axis coil 38 (as shown in Figurc 2); and a virtual magnetic vector z-(-y) generated by
simultaneously driving the z-axis coil 42 and a phase-inverted, y-axis coil 38 (as shown in Figure 2).
These figures illustrate the simplest and one optional form of virtual drive (e.g., see Figure 13), it is
possible to point a virtual magnet vector to any polar coordinate by simultaneously driving x, y, and z
coils at independent power levels (e.g., see Figure 15).

[0031] Figure 7 provides a schematic diagram of an optional medical device location system with
optional clectrocardiograph (ECG) measurement. This is similar to the Figure 1 implementation with the
addition of three ECG leads. The user control box 20 connects through a main interface board to the
drive block cable 56 and guide wire or stylet cable 54. The patient drive block 60 may be connected via
drive block cable 56 which includes two isolated ECG lead signals to the control box 20. The coil drive
electronics 28 and three x-y-z drive coils 24a, 24b, 24¢ may be mounted in the drive block 60. The coil
drive clectronics 28 allow the singlc board controller (SBC) to sclectively encrgize any drive coil axis 38,
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40, 42 (Fig. 2) or group of drive coil axes. Two ECG pads 64 are placed on the patient and connected by
ECG lead wires 62 to the drive block 60. The guide wire or stylet sensor 30 here is built onto a small
diameter biocompatible conductive-tip guide wire or stylet cable 52 which is inserted into a catheter
before (stylet) or after (guide wire) the catheter is placed in the patient. A three-conductor cable 54
connects the guide wire or stylet sensor coil and one ECG lead back to the user control box 20.

[0032] Figure 8 is an overall schematic diagram of a medical device location system. This figure illustrates
connections between a user control box 20 and a sensing guide wire or stylet 30 and a patient drive block 36,
60. The control box 20 can include an intcgrated, scparated, or remote uscr display and/or interface. Each of
these components can include cables or connectors for one or more of a coil interface, a power supply, a serial
interface, a control interface, a status interface, an ECG interface or lead, an oscillator interface, a processor
interface, a computer interface, a data interface, a network interface (cable or wireless), an internet interface, a
video interface, a touch-screen interface, an SBC control or power interface, a board interface, a sensor
interface, an isolator interface, and/or the like as described herein or as known in the art. One or more of
these cables or connectors can attach to the patient drive block 36/60 or any component thereof.

[0033] Figure 9 is a block diagram of a user control box 20 which in this implementation includes a computer
68, an LCD display 22 with touch-screen, and a main interface board 70. Each of these components can
include cables or connectors for one or more of a coil interface, a power supply, a serial interface, a control
interface, a status interface, an ECG interface or lead, an oscillator interface, a processor interface, a computer
interface, a data interface, a network interface (cable or wireless), an internet interface, a video interface, a
touch-screen interface, an computer control or power interface, a board interface, a sensor interface, an
isolator interface, and/or the like as described herein or as known in the art.

[0034] Figure 10 provides a detailed block diagram of a main interface board 70 (Fig. 9) and shows a patient
isolated section which connects to a guide wire or stylet cable 34, 54 and an ECG leads from a patient drive
block 60. The remainder of the circuitry controls power/interface to a patient drive block 36, 60 and power to
a single board computer 68, including one or more of a voltage regulator, a watchdog switch, a drive switch, a
power isolator, a voltage monitor, a cable buffer, a filter, an analog to digital converter, a phase adjuster, a
demodulator, a signal filter, a programmable gain amplifier, a coil isolator, a coil sensor coil amplifier, a
detector, memory, flash memory, a multiplexor, a polarity inversion switch, and/or the like. Each of these
components can include cables or connectors for onc or more of a coil interface, a power supply, a scrial
interface, a control interface, a status interface, an ECG interface or lead, an oscillator interface, a processor
interface, a computer interface, a data interface, a network interface (cable or wireless), an internet interface, a

video interface, a touch-screen interface, an SBC control or power interface, a board interface, a sensor
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interface, and/or the like as described herein or as known in the art. One or more of these cables or connectors
can attach to a patient drive block 36/60 or any component thereof.

[0035] Figurc 11 is a detailed block diagram of a paticnt drive block 36, 60 (Figs. 1, 7). A simpler
version/option of a patient drive block 36 does not have ECG therefore no ECG leads; whereas, patient drive
block 60 may include two ECG leads with patient isolation. The drive coil drive system in this diagram
illustratcs a two-coil virtual drive capability allowing thc computer softwarc to simultancously drive two
coils at select power levels. Such a system can include one or more of a voltage regulator, a watchdog
switch, a drive switch, a power isolator, a voltage monitor, a cable buffer, a filter, an analog to digital
converter, a phase adjuster, a demodulator, a signal filter, a programmable gain amplifier, a coil isolator,
a coil sensor coil amplifier, a detector, memory, flash memory, a multiplexor, a polarity inversion switch,
and/or the like. Each of thcse components can include cables or connectors for onc or more of a coil
interface, a power supply, a serial interface, a control interface, a status interface, an ECG interface or
lead, an oscillator interface, a processor interface, a computer interface, a data interface, a network
interface (cable or wireless), an internet interface, a video interface, a touchscreen interface, an SBC
control or power interface, a board interface, a sensor interface, and/or the like as described herein or as
known in the art.

[0036] Figures 12a-f provide an overview of a software functionality for a medical device location
system hereof.

[0037] Figure 13 is a simplified virtual coil drive system located on a patient drive block 36, 60. A coil
driver hereof may have only two coil drives and only high/low power selection instead of a power control
DAC. In this drive system it is possible to generate x-y and x-(-y) virtual coil drive (see Figure 5) and also z-
v and z-(-y) drive (sce Figure 6). Onc additional feature of this drive is a low power sctting which allows
drive power reduction if the sensing coil is too close to the drive coil (see software flow chart Figure 12d). It
also is possible to have two additional virtual vectors in this drive system by driving x-high-power together
with y-low-power or driving x-low-power with y-high-power. Here, driving x-low-power together with ylow-
power yields the same virtual axis — forty-five degrees from x and y axes — as driving both at high power.
[0038] Figure 14 is a detailed view of the sensor coil processing system of the main interface board 68. The
sensor coil 30 on the guide wire or stylet can be connected through a cable 34, 54 to the main interface board
68. This sensor coil input is pre-amplified and filtered then passed through a patient isolation transformer to a
softwarc-controlled programmable gain ampliticr. This amplificd signal is then demodulated using the low
frequency (e.g. 16kHz) drive oscillator. The software then reads the sensor coil value with a high resolution

(e.g. 16 bit or higher resolution) analog to digital converter (ADC). This read value for each drive coil
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activated and this value is proportional to the magnetic field measured by the sensor coil during that drive coil
activation.

[0039] Figurc 15 is a detailed view of a more complex virtual drive system. This drive system allows the x-
axis coil 42, the y-axis coil 38 and z-axis coil 40 to all be driven simultaneously at independent power levels
set by computer control through individual digital to analog converters (DAC). In this drive system, the
virtual magnetic vector is the vector sum of x-axis drive plus y-axis drive plus z-axis drive. This virtual drive
permits the virtual vector to point to any polar coordinate in space, and thus use polar coordinates as an
option; however, it may often still be preferable to usc a sct of three orthogonal “virtual” axcs to calculate the
sensor coil 30 position.

[0040] Figures 16a-c are a software flow chart showing changes drive and sensor coil processing for a fully
independent x-y-z virtnal drive system (see Figure 15). This software adds a positive offset test and a
negative offset test to the virtual axes for the A-corner coils. If the sensor coil response is stronger for an

offset axis (Figure 16¢) than the current virtual axes, the system shifts to use the offset axes.

DETAILED DESCRIPTION

[0041] An aspect of the present developments is to provide an accurate system to generate a three-
dimensional indication of location, position, orientation and/or travel of a medical device such as a guide wire
or a catheter or stylet placed within a patient. This can in some implementations include a display of the
location and/or travel of the device. A system hereof can include a sensor coil which is disposcd in or on the
tip of a guide wire or stylet cable, this sensor coil being communicatively cooperative with an external control
and/or display box which may also be communicatively connected with an array of three-axis drive coils
placed in some implementations in a triangular block on the patient’s chest. This is also sometimes referred
to as a drive block or an emitter block. The block contains the coil-drive controller that facilitates driving
single coils, or pairs of coils, or triplets of coils together. The pair driving allows x-y, x-z, or y-z coils in a
comer to be energized at the same frequency and same power creating a virtual drive axis at a 45 degree angle
between the axis pairs. The coil-drive may also have an additional control to invert the drive waveform (shift
the phase 180 degrees). This inversion of one coil in the pair can create a virtual drive axis at -45 degrees,
thus creating an orthogonal pair of virtual axes within a plane. For example, the virtual x-y and x-(-y) are in
the same plane as the x and y axes but rotated 45 degrees within the plane. This paired drive scheme improves
the measurement accuracy of the system, especially when the sensor inside the catheter tip is substantially or
exactly perpendicular to a normal coil drive axis. The system controller sequentially drives/energizes each

coil, then each pair of coils while measuring the sensor coil response. When the sensor coil is nearly
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perpendicular to a drive axis there is significantly diminished response; thus, the virtual axis measurement
will provide morc accuratc data for the position algorithm. Algorithms within the controller can be uscd to
select the best data sets — regular x-y-z axis or virtual x-y-z axis — to calculate the sensor/medical device (e.g.,
catheter tip) location, position and/or orientation. A display can be used to show the catheter tip location as a
position track of x-y location plotted over time plus an indicator for the z-axis, depth of the catheter. Depth
could also be indicatcd by a varicty of mcthods, as for cxamplc by thickening the position linc scgment in
the plot as z decreases and thinning the position line segment as z increases. Alternatively, depth can be
displayed as a lateral or “depth’ view as a position track of y-z location plotted over time.
[0042] 1t is possible to extend this system further using programmable current control to the coil-driver
circuit. Here, a virtual axis could be created at any angle between a magnet pair in a corner by energizing
two magnets at the same frequency but with different current drive (power) levels to yield a vector-sum
virtual axis at any angle between 0 and 90 degrees and inverting one coil in this drive scheme to yield a
vector-sum virtual axis at any anglc between 0 and -90 degrees. Howcever, an orthogonal sct of axcs
would typically still be selected to accurately locate the sensor coil. A further extension to this system
could include energizing all three electromagnetic coils, x-y-z, together in a corner using the
programmable current controls and inversion controls. The result here would be a vector sum from x-
drive, y-drive, and z-drive coils that creates a virtual drive at any vector within three-dimensional space.
[0043] 1t is also possible to enhance this system with the integration of electrocardiogram (ECQG) display
with the location system. Here two reference clectrodes may be plugged into or otherwise connccted to
the triangular patient block with the third electrode connected to the stylet or guide wire. An ECG may
then be displayed for the user, so that P-wave changes, or other waveform changes can be shown to
indicate proximity of the stylet or guide wire to the heart.
[0044] An aspect of the present developments is an electromagnetic medical device locating system for
locating a medical device or the end or the tip thereof in a subject, including onc or morc of:

three or more triplet drive coil scts, cach drive coil sct including at Icast three orthogonally

arranged discrete drive coils, each of the discrete drive coils being electromagnetic (EM) coils;

at least one sensor ¢oil;
one or more system components that one or both provide drive signals energizing said discrete
drive coils and measure resulting sensor coil response signals; wherein the provision of drive signals includes

one or both:
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@ sequentially driving one or pairs of said discrete drive coils within a triplet
drive coil set; and
(i) selectively providing phase inversion of the drive signal to any one or pairs of

said discrete drive coils within a triplet drive coil set;

a computing component for calculating sensor coil disposition in the subject relative to said

triplet drive coil sets from one or more measured resulting sensor coil response signals.

[0045] Another aspect may include: (a) three or more virtual or actual x-y-z axis electromagnetic (EM) triplet
drive coils, each including at least three virtual or actual EM drive coils arranged in perpendicular axis to each
other along an x-y-z axis, the virtual or actual EM triplet drive coils placed in a two- or three-dimensional
geometric array; (b) at least one medical device sensor coil in physical association with at least one medical
device tip and connected to at least one demodulator circuit; (c) at least one AC drive controller that (i) drives
sequentially one or more of the virtual or actual EM drive coils; and (ii) provides a phase shifted signal to the
demodulator; (d) at least onc demodulator circuit including at lcast onc demodulator for measuring the sensor
coil output signal using frequency correlation with at least one AC coil driver signal from the AC drive
controller to provide a synchronously demodulated sensor coil signal; (e) at least one automatic gain control
circuit that maximizes the demodulated sensor coil signal; (f) a computing component for normalizing the
resultant demodulated sensor coil signal data by dividing or multiplying the determined programmable gain
value from the measurement of the demodulated sensor coil signals; (g) a computing component for selecting
and calculating the optimized demodulated sensor coil signal data set generated from demodulated sensor coil
signals, which optimizcd coil signal data sct is calculatcd based on the sum of mcasurcd squarcd terms that
have relatively higher or highest values; (h) a calculator for calculating the distance of the sensor coil and
medical device tip from three or more virtual or actual EM triplet drive coil locations using the optimized
demodulated sensor coil data set calculated using intersection of the spheres to provide the location of the
sensor coil and corresponding medical device tip in space relative to the location of two or more of the virtual
or actual EM triple drive coils provided in the two- or three-dimensional geometric array corresponding to the
location of the medical device tip in the subject; and in some implementations, (i) a display. The result is the
actual location of thc medical device tip in the subjcct indicating height, width, and depth of the medical
device tip in the subject calculated relative to the position of the drive coil geometric array.

[0046] It is possible to extend this system to include wherein one or more of (i) the virtual or actual EM drive

coils or the virtual or actual EM triplet drive coils are arranged outside at least one of a two dimensional plane
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defined by at least three of the virtual or actual EM triplet drive coils; and/or (ii) at least four of the virtual or
actual EM triplet drive coils form a tetrahedron as part of the three-dimensional geometric array.

[0047] Tt is possible to enhance such a system to include one or more of wherein (i) the display displays
the relative location of the sensor coil or the medical device tip as a tracking of the sensor coil or medical
device tip location over time; (ii) the display displays the sensor tip angle graphically for the user of the
system, wherein the medical device tip angle is the angle of maximum response of the sensor coil as
measured from sweeping the virtual drive axis through x-y plane (e.g. 0 to 360 degrees) then using this x-
y maximum response angle as a vector added to the sweep through the virtual z axis; and/or (iii) the
display displays the sensor tip angle graphically for the user of the system, wherein the medical device tip
angle is the angle perpendicular to the angle of minimum response of the sensor coil as measured from
sweeping the virtual drive axis through x-y plane (e.g. 0 to 360 degrees) then using this x-y minimum
response angle as a vector added to sweep through the virtual z axis.

[0048] Tt is possible to extend such a system to further include wherein the intensity or power of current
running through onc or morc adjacent EM drive coils in at Icast onc of the EM triplct drive coils is
programmable or adjustable using a control box including a programmable computer.

[0049] An aspect of the present developments is to provide a system wherein one or more of the EM
drive coils are provided as the virtual EM drive coils, and wherein: (a) one or more controllers that select
pairs or triplets of drive current values of the EM drive coils at regular time intervals to provide one or
morc paired magnctic drive coil vector valucs at angles from 0 to 90 degrecs and phasc inversion of at
least one of the corresponding EM drive coils in at least one pair of the paired or tripled magnetic drive
coil vectors to further provide one or more magnetic drive coil vector values at angles from -90 to 0
degrees; (b) one or more controllers that: (i) determine the angle values of maximum and minimum
sensor coil responses within a plane using paired coil programmable current drive sweeping a range from
0 to 90 degrees; and (ii) that then determing the angle values of maximum and minimum scnsor coil
responses within a plane using paired coil programmable current drive sweeping using inverted phases of
at least one coil and sweeping a range from -90 to 0 degrees; and/or (¢) a calculator that: (i) computes at
least one set of optimal virtual drive x and y axes for at least two of the EM triplet drive coils as values
corresponding to plus and minus 45 degrees from the maximum and minimum sensor coil responses; and
(i1) computcs an optimal virtual drive z axis orthogonal to the planc of the optimal virtual drive x and y
axes to provide at least one optimal virtual EM triplet drive axes and at least one of the virtual EM triplet

drive coils.
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[0050] Such a system can be extended wherein the system includes a programmable coil drive current for
each of x, y, and z drive coils driven; and wherein (a) the triplets of drive current values selected at
regular time intervals are provided as (i) paired magnetic drive coil vector values at angles from 0 to 90
degrees in an x-y plane together with 0 to 90 degrees from the x-y plane to the corresponding z-axis; and
(i1) as phase inversion of one or two paired magnetic drive coil vector values at angles from -90 to 0
degrees in an x-y planc together with from -90 to 0 degrecs from the x-y planc to the corrcsponding z-
axis; (b) the angle values of maximum sensor coil responses within a plane for both 0 to 90 and -90 to 0
degrees are fixed and used for at least two x and y virtual axes in a virtual plane and the values of
maximum sensor coil response are determined for the corresponding virtual z axis to provide at least one
maximum virtual x-y-z vector for at least one of the corresponding virtual EM triplet drive coils;

(c) the angle values of minimum sensor coil responses within a plane for both 0 to 90 and -90 to 0 degrees are
fixed and used for at least two x and y virtual axes in a virtual plane and the values of maximum sensor coil
responsc arc determined for the corresponding virtual z axis to provide at least onc minimum virtual x-y-z
vector for at least one of the corresponding virtual EM triplet drive coils; (d) the at least one optimal virtual
EM triplet drive vector and at least one of the virtual EM triplet drive coils are generated using intermediate
virtual drive x and y axes as plus and minus 45 degrees from the minimum virtual x-y-z vector and
intermediate virtual drive z axis as orthogonal to the intermediate virtual drive x and y axis; the optimal
virtual x, y, and z axis are then generated by pivoting the intermediate x, y, and z axes by moving the
intermediate z axis 45 degrees about the maximum virtual x-y-z vector.

[0051] Such a system can be enhanced wherein the display further displays P-wave or other cardiac
waveform changes over time in combination with the location of the medical deviee such as a guide wire or
stylet tip in relationship to the subject’s heart.

[0052] Such a system can be extended by further including (i) an x-axis tilt meter and y-axis tilt meter which
uscs gravity to mecasurc the x-axis and y-axis tilt from truc vertical; and (2) a computer to calculate and
display the location of the medical device tip as height, width, and depth of the sensor coil corrected for the
tilt the geometric array. Such a system can be enhanced wherein the geometric array and sensor coil
connected to the display via a wireless interface.

[0053] Such system can be extended by further including an electrocardiogram (ECG) operably associated
with the geometric array with a display to show the subject’s ECG signal over time; or by further including an
electroencephalogram (EEG) operably associated with the geometric array with a display to show the
subject’s EEG signal over time.

[0054] An aspect of the present developments can include a method for locating a medical device in a
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subject, including: (a) providing a system as presented herein; (b) inserting and positioning the medical device
tip associated with a functional and sterile medical device into the subject; and (¢) recording or monitoring the
output of the display to locate the medical device tip in the subject.
[0055] Such a method can be extended wherein the method further includes the use of at least one selected an
clectrocardiogram (ECG), an clectroencephalogram (EEG), an x-ray machinc, an computcr assisted
tomography (CAT) machine, a positron emission tomography (PET) machine, an endoscope, or an ultrasound
imaging device or composition.
METHODS, COMPUTER SYSTEMS AND SOFTWARE
[0056] An aspect of the present developments can include methods, computer systems and software,
provided as programming code or instructions on computer readable media or hardware or networks or
computer systems, for generating virtual electromagnetic (EM) triplet drive coils for generating data
corresponding to the location coordinates for a sensor coil, including:

(a) clectronically providing triplets of drive current valucs gencrated from at lcast three EM drive
coils of the EM triplet drive coils in detectable proximity to the EM sensor at regular time intervals to provide
one or more paired magnetic drive coil vector values generated at angles from 0 to 90 degrees without and

from -90 to 0 degrees with phase inversion;

(b) electronically providing angle values of maximum or minimum EM sensor coil responses
gencrated from the EM triplet drive coils within the x-y plane using paired x-y coils’ programmable current

drive sweeping a range from 0 to 90 degrees without and from -90 to 0 degrees with phase inversion;

(c) electronically computing at least one set of optimal virtual drive x and y axes as values

corresponding to plus and minus 45 degrees from the maximum or the minimum sensor coil response;

(d) electronically computing an optimal virtual drive z axis orthogonal to the plane of the optimal
virtual drive x and y axes to provide at least one optimal set of virtual EM triplet drive axes for at least one of
the EM triplet drive coils.

[0057] Such a method can be extended wherein (a) the triplets of drive current values selected at regular time
intcrvals arc provided as (i) paircd magnctic drive coil vector valucs at angles from 0 to 90 degrees in an x-y
plane added together with coil vectors of the z-axis from 0 to 90 degrees from the x-y plane; and (ii) as phase
inversion of one or more paired magnetic drive coil vector values at angles from -90 to 0 degrees in an x-y
plane added together with coil vectors of the z-axis from -90 to 0 degrees from the x-y plane; (b) the angle
value of maximum sensor coil response within the x-y plane for both 0 to 90 and -90 to 0 degrees is
determined as the intermediate virtual maximum x-y axis and this intermediate virtual maximum x-y axis

added to the z-axis swept from 0 to 90 and -90 to 0 degrees to determine at least one maximum virtual x-y-z
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vector for at least one of the corresponding EM triplet drive coils; (¢) the angle value of minimum sensor coil
response within the x-y plane for both 0 to 90 and -90 to 0 degrees is determined as the intermediate virtual
minimum x-y axis, and this intcrmediate virtual minimum x-y axis is added to the z-axis swept from 0 to 90
and -90 to 0 degrees to determine at least one minimum virtual x-y-z vector for at least one of the
corresponding EM triplet drive coils; and (d) the at least one optimal virtual EM triplet drive axes for at least
one of the EM triplet drive coils are calculated using plane defined by the maximum virtual x-y-z vector and
minimum x-y-z vector wherein the optimal virtual drive x and y axes are plus and minus 45 degrees from the
minimum virtual x-y-z vector and the optimal virtual drive z axis as orthogonal to the optimal virtual drive x
and y axes.

[0058] Fig. 1 is an overview schematic diagram of an implementation of the present developments. A control
box 20 contains a touch screen display 22 with a computer control and data processing. The triangular patient
drive block 36 is connected via power and communications cable 26 to the control box 20. The drive and
sensor electronics 28 may be located in the block 36 and provide drive coil control and sensor coil
demodulation/amplification. In the three corners of the block 36 are mounted each triplet drive coil set 24
(24a, 24b, 24c). Alternatively, each coil set 24 could be mounted as feet protruding from the bottom of the
block 36. The scnsor coil 30 is built onto a small diameter biocompatible cable 32 which may be inserted into
a medical device such as a catheter to be placed in the patient. The sensor signal is connected back to the
control box 20 with a two-wire cable 34. Figure 3 provides a detailed view of a sensor coil 30. Sensor coil
performance can be improved by winding the coil about a ferromagnetic wire in the tip of the cable 48. The
ferromagnetic material should be used for the length of the sensor coil 30 and may be followed by non-ferrous
material. Two fine wires 50 from the sensor coil 30 are attached or associated (e.g., glued or wrapped) and
sealed 49 down the length of the cable 48.

[0059] As presented, e.g., in Fig. 8, an aspect of this device may include continuous display at the position of
the sensor coil 30 placed in the tip of a medical device as the medical device moves through the paticnt’s
tissue. The patient drive block 36, 60, is placed over the patient’s body where the medical device will be
targeted (e.g., over the chest preferably aligned with the sternal notch if the medical device will be placed in
the area of the heart).

[0060] As presented, e.g., in Fig. 1 and Fig. 7, respectively, the sensor coil cable 34, 54 and patient drive
block cable 26, 56 arc connccted to a uscr control box 20. The user control box 20 contains a computer 68
(Fig. 9) which sequentially drives each driver coil 38, 40, 42 (Fig. 2) on each axis in every corner 24a, 24b,
24c¢ of the patient drive block 36, 60. The coil driver creates magnetic drive vectors as shown in Figures 4, 5,
or 6 — where Figure 4 represents normal drive and Figures 5 and 6 represent virtual drive. The single board

computer 68 (Fig. 9) measures the demodulated output signal from the sensor coil 30 for each sequentially
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driven coil 24 (Fig. 1). The single board computer 68 (Fig. 9) continuously adjusts the gain of each output
signal using a programmable gain stage in the demodulator electronics and scales all the sensor data to be
gain normalized (sce Figure 12b). Here, gain normalized means that if a measured response is value “a”
collected at a programmable gain of “4.00” times, then the normalized resultant value is “a” divided by 4.00.
A non-limiting example of an alternative gain normalizing method is to multiply each value “a” by 4096 /
gain, e.g. “a” x 4096/4.00. The programmable gains that can be used as a non-limiting example are 1.00,
2.00, 4.00, 8.00, 16.00 and 32.00 plus there can be a final gain stage that is selectable for 1.00 or 1.41
(equivalent to 1/7'2). Examples of a resultant sct of programmable gains arc 1.00, 1.41,2.00, 2.82, 4.00, 5.64,
8.00, 11.28, 16.00, 22.56 and 32.00.
[0061] From the normalized response data, the single board computer 68 (Fig. 9) compares the sum of the
squares of the sensor’s normal response to the sum of the squares of the sensor’s virtual response. Whichever
sum is greater or has the stronger response can be used by the computer 68 to calculate the sensor coil 30
location using trilateration which is the calculation of the intersection of three spheres where each sphere is
defined as the radial distance of the sensor coil 30 from each x-y-z driver coil set 24a, 24b, 24¢ (Fig. 1).
[0062] From cach corner, the radial distance can be defined as a constant divided by the 6" root of the sum of
the squarcs of the x, y, and z mcasurcd normalized response. Here the constant, k, is a calibration constant
reflecting the strength of each drive coil 38, 40, 42 (Fig. 2) and the sensitivity of the sensor coil 30 (Fig. 1). In
one possible aspect, a calibration constant could be generated during manufacturing for each of the drive coils
and then stored as calibration constants for each coil in non-volatile memory of the patient drive block. By
trilateration, the radial distance equation for each corner is:

r=k /6\/((X2+y2+zz))

[0063] The sensor coil location is then calculated from three equations for the three corners of plate 36:
2 2 3, 2 2 2
r =k /~N((xi ty1 +z1))
2203 2 2 2
rp =k / N((x-d) +y2 +z2)
23N ( %+ (y+ d)2 . )

Here d is the distance of each coil from the other and k is the calibration constant which scales the result
into meaningful units of distance, e.g. centimeters or inches. In this non-limiting example, the coils on the
paticnt drive plate or block 36, 60 (Figs. 1 and 7) arc arranged in a right triangle, with two sides of cqual
length, d, as reflected in the 2" and 3™ equations above, just on different axis, x or y. The solution to these

equations yielding the sensor coil location is:
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2 2 2
xs=(r -1, +d )/2d

2 2 2
ys=(r —r; +d )/2d
zg = +/-2V' ( rl2 - st - YSZ )

Here the solution for z (vertical axis) is assumed to be negative as the sensor coil 30 cannot be above the
plane of the patient drive block 36, 60 (Figs. 1 and 7) unless it is outside the patient.

[0064] While the above reflects one non-limiting approach to locating the sensor coil 30 (Fig. 1), it is not
the only or optimal for coil location. Specifically when the sensor coil 30 is nearly perpendicular to a
driver coil axis the sensor coil response approaches zero; therefore a “virtual axis” drive system provides
for the optimal scnsor coil responsc. In this approach the coil driver circuit is designed to sclectively
drive, within a triplet set, pairs of coils, e.g. 38 and 42 (Fig. 2), together at the same frequency and
amplitude with an additional driver control to selectively invert the phase of one coil in the pair. This
paired coil drive of x-y coils creates the 1st virtual axis at forty-five degrees from the original x and y
axes. The paired coil drive is then operated with x-(-y) which drives the x-coil together with inverted-
phasc y-coil and this creatcs the 2™ virtual axis at minus forty-five degrees from the original x and y
axes. The result is two orthogonal virtual magnetic vectors as shown by the dashed lines in Figure 5 for
x-y paired coil drive or in Figure 6 for y-z paired coil drive. For paired drive, the single board computer
68 (Fig. 9) sequentially drives the x-y pair, x-(-y) pair, and z axis for each x-y-z coil set 24a, 24b, 24¢
(Figs. 1 and 7). Here, “(-y)” means inverted phase on y axis drive. The measured sensor coil response for
paired-coil drive must be scaled down by 1.4142 because of vector summing of the two coils driven
together. Alternatively, the coil-driver power could be scaled down by 0.7071 in hardware when driving
pairs so that the vector sum of two coils equals the magnetic vector of a single coil drive. The single

board computer 68 measures the sensor coil response for each corner in normal drive and paired drive,

2 2 2
and then selects the strongest signal from each corner comparing the sum of x , y , and z normal coil

drive response to the sum of (x—y)z, (X—(—y))z, and z2 paired coil drive response. The strongest signal from
each corner is used to calculate the location of the sensor coil 30 using the trilateration method described
in the above equations. This example illustrates paired x-y coil drive; and by logical extension this may
also apply to x-z, or y-z paired drive. An objective in some implementations of these developments may
include improving the accuracy of horizontal (x-y) location; therefore the paired x-y drive can be
preferred over x-z or y-z.

[0065] An improvement of the paircd-coil drive can be to add programmable (DAC) power control to the
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coil drivers on the drive coil drive electronics board 28 (Fig. 11). Here, the single board computer 68
(Fig. 9) has the capability to select pairs of drive current power settings which steer the virtual axis of the
paired coils from 0 to 90 degrees. Inversion of one of the coil drivers in the pair provides the capability
for virtual axis from -90 to 0 degrees. In this design, the single board computer 68 selects pairs of power
settings output to the x-y paired coil driver to sweep the virtual drive axis from 0 to 90 degrees while
rccording the scnsor coil responsc and this process is repeated with the y coil driver phasc inverted to
sweep from -90 to 0 degrees. The angle of the virtual axis when the sensor coil response data is
maximum indicates the sensor coil 30 (Fig. 1) is parallel to the virtual axis and the angle of the virtual
axis when the sensor coil response data is minimum indicates the sensor coil 30 is perpendicular to the
virtual axis. Here the maximum angle and minimum angle are orthogonal (perpendicular). The single
board computcr 68 (Fig. 9) calculates the optimum virtual x axis at forty-five degrees from the measured
angle for maximum (or minimum) response and calculates the optimum virtual y axis as an angle
orthogonal to the virtual x axis. As all x-y-z coil sets 24a, 24b, 24¢ are mechanically aligned the solution
for best virtual axes in one corner applies to all corners in the patient drive block 36, 60 (Figs.1 and 7).
The single board computer 68 (Fig. 9) measures the sensor coil response for all corners using these

2 2
optimum virtual x axis, optimum virtual y axis plus normal z axis. The sum of (virtual x) , (virtual y) ,

2
and z sensor coil responses for each corner is used to calculate the position of the sensor coil 30 (Fig. 1)

using the trilateration method described in the above equations. This example illustrates paired x-y coil
drive; and by logical extension this also applies to x-z, or y-z paired drive; however, the preference in this
development is to improve accuracy of horizontal location and thus use paired x-y drive.

[0066] An alternative, non-limiting, method for finding the optimum virtual x and virtual y axis in the
programmable pair-coil drive above is to use successive approximation instead of sweeping 0 to 90
degrees. In this approach, the singlc board computer 68 (Fig. 9) has the capability to sclect pairs of drive
current power settings which steer the virtual axis from -90 to +90 degrees. The single board computer
first tests the sensor coil response to the paired coils at virtual axes +45 and -45 degrees and selects the
virtual axis with the stronger response. Using the stronger axis, the computer then tests the sensor coil
rcsponsc to paired coils at +22.5 and -22.5 degrees from the current virtual axis and selects the virtual axis
with the stronger response. This process continues for +/-11.25 degrees, +/-5.625 degrees, until the limits of
drive power resolution are reached. The resulting virtual axis is the axis of maximum response. The single
board computer 68 calculates the optimum virtual x axis at forty-five degrees from the measured angle for
maximum response and calculates the optimum virtual y axis as an angle orthogonal to the virtual x axis.
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[0067] A selection of the best set of virtual axes can be accomplished with a triplet-coil drive scheme, with
programmable power control to the coil drivers for each axis, and with the driver control to selectively invert
the phase of any coil in the triplet x-y-z coil sets 24a, 24b, 24¢ (see Figure 15). Here, the single board
computer 68 (Fig. 9) has the capability to select pairs of drive current power settings which steer the x-y
virtual axis of the paired coils from 0 to 90 degrees. Inversion of onc of the coil drivers in the pair provides
the capability for x-(-y) virtual axis from -90 to 0 degrees. With the addition of the third coil drive and
inversion the single board computer 68 can sweep the virtual axis 0 to 90 and -90 to 0 degrees in z range. The
microcomputer selects pairs of current settings output to the x-y paired coil driver to sweep the virtual drive
axis from 0 to 90 degrees while recording the sensor coil response and this process is repeated with the y coil
driver phase inverted to sweep from -90 to 0 degrees. The angle of the x-y virtual axis when the sensor coil
response data is maximum indicates the sensor coil 30 (Fig. 1) is parallel for the x-y plane. The single board
computer 68 then scts this x-y axis and sweeps the z axis drive from -90 to 0 and 0 to 90 degrees while
recording the scnsor coil responsc. The polar angle of the x-y-z virtual axis when the sensor coil responsc
data is at maximum indicates the sensor coil 30 is parallel to this virtual x-y-z axis. The single board
computer 68 then repeats this process to find the minimum sensor coil response sweeping x, y, and z axes.
The polar angle of the x-y-z virtual axis when the sensor coil response data is minimum indicates the sensor
coil 30 is perpendicular to this virtual x-y-z axis. These two vectors, virtual minimum and virtual maximum,
define a plane intersecting the sensor coil 30. For optimum response, the single board computer 68 calculates
a virtual x axis 45 degrees between the maximum and minimum vectors, then calculates the virtual y axis as
90 degrees from the virtual x in the plane defined previously. Here virtual z axis is defined as orthogonal to
the planc of virtual minimum and virtual maximum vectors. The single board computer 68 then tilts the
virtual z axis and the plane of virtual x axis and virtual y axis 45 degrees toward the virtual minimum vector,
and the result is the optimal virtual axis set which maximizes the sensor coil response. As all x-y-z coil sets
24a, 24b, 24c¢ are mechanically aligned the solution for best virtual axes in one corner applies to all corners in

the driver array. The single board computer 68 measures the sensor coil response for all corners using these

2 2 2

optimum virtual x, y, and z axes. The sum of (virtual x) , (virtual y) , and (virtual z) sensor coil responses for
cach corner may be uscd to calculate the sensor coil 30 using the trilatcration method described in the above
equations. One method to maintain the optimum x-y-z axis over time is to continuously test the sensor coil

response to small deviations (offset angle) from the optimum axis (see Fig 16¢). Here, the single board

2 2 2
computer 68 compares the sum of (virtual x) , (virtual y) , and (virtual z) sensor coil responses for the
current virtual axis to the sum for virtual axis plus offset angle and the sum for virtual axis minus offset angle.

The computer 68 then selects the axis with the largest summed response — this becomes the new optimum x-
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y-z axis and the process continues to iterate testing small deviations over time.

[0068] The single board computer 68 may then graphically display the sensor coil position on the display 22
of the control box 20. The position is continuously updated adding onto the previous graphical data to create a
track or path of the sensor coil 30 over time. The user interface of the single board computer 68 allows the
uscr to clcar the recorded track or to save the recorded track to non-volatile memory. Touchscrcens have been
described; however keyboard or other data input, or user interface options may be used.

[0069] The construction details above for the control box 20 (Figs. 1, 7) may provide for a tethered device
with the display/control separate from the patient block 36, 60 (Figs. 1 and 7). However, an alternative
construction would be to build a device or system in which the patient block 36, 60 is battery-powered and
connected wirelessly to the control box 20. In another variation, the control box 20 could be integrated into or
as part of the patient block and placed on the patient chest or other locations to track medical device position.
Wireless and/or wired connections are thus optionally available for the connections of the drive coil sets to the
control or systcm components for the driving thercof; as well as for the connections of the sensor coil to the
control or system components for measuring or receiving the response signals of the sensor coil.

[0070] An alternative construction would be to use four or more drive coils 24 oriented as a square, rectangle,
pentagon, circle, oval, geometric, or any other suitable shape, in or as the patient drive block 36, 60 (Figs. 1,
7).

[0071] An alternative construction (Fig. 7) is to optionally incorporate electrocardiograph (ECG) monitoring
into the medical device location system to facilitate placement of the medical device with sensor coil 30 in
close proximity to the heart. Here the patient drive block 60 may be modified with one or more ECG pads 64
and ECG Icad wircs 62 which attach to the paticnt’s chest and the third ECG Iead is provided by a conductive
wire 52 added in or otherwise made part of the core of the guide wire or stylet sensor coil 30.

[0072] An ECG amplifier can be added to the main interface board 70 (Fig. 9), and the single board computer
68 may then present the ECG on the display 22 as the medical device such as a catheter is advanced within
the patient’s or subject’s body. The user can observe changes in the P-wave or other wave elements of the
ECG as the medical device/catheter reaches the heart. [deally, the single board computer 68 could usc a
waveform analysis to assist the user in recognizing changes occurring to the P-wave or other waveforms.
[0073] A component to this design may include connecting the signals from the sensor coil 30 and ECG 52 to
the user control box 20. This is complicated in practice by covering the entire patient and patient block 60
with sterile drapes for insertion of the patient’s medical device/catheter. In this design, a miniature stereo
phone plug or similar could be uscd to picree a plastic bag and connect to cable 34, 54 a pigtail from the user

control box 20.
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|0074] Methods, devices and systems can thus be provided for one or both of two- or three-dimensional
location of the disposition of a sensor coil in a subject including: an array of clectromagnetic drive coil sets,
each set having two or three dimensionally oriented drive coils; a sensor coil being electromagnetically
communicative with the array of electromagnetic drive coil sets; and, a system controller communicative with
and adapted to cnergize one or more of the clectromagnctic coils in the array of clectromagnetic drive coil
sets, the energizing of the one or more of the electromagnetic coils including one or more of energizing the
coils singly, or in pairs of x-y and y-z or x-z coils while measuring the response of the sensor coil; whereby
the system uses the measurements of the responses of the sensor coil to calculate the location and orientation
of the sensor coil relative to said drive coil sets.

[0075] This may include two- and/or three-dimensional location of a catheter in tissue using an array of x-y
or x-y-z oriented electromagnetic coils, where a sensor coil can be associated with one or more catheter tips,
and where the system controller can energize onc or morc external coils, such as but not limited to, pairs of x-
vy and y-z or X-z coils while measuring the response of the sensor coil; the system can use these sensor coil
measurements to calculate the position and orientation of the catheter tip, and in some implementations, the
system controller can graphically display the catheter tip position, depth and/or orientation, e.g., but not
limitcd to, over time.

[0076] From the foregoing, it is readily apparent that new and useful implementations of the present systems,
apparatuses and/or methods have been herein described and illustrated which fulfill numerous desiderata in
remarkably unexpected fashions. It is, of coursc, understood that such modifications, altcrations and
adaptations as can readily occur to the artisan confronted with this disclosure are intended within the spirit of

this disclosure which is limited only by the scope of the claims appended hereto.
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CLAIMS:

We claim:

1. A medical device locating system for determining disposition of a sensor coil in a subject, said system
comprising:
a. an array of three or more triplet drive coil sets, each drive coil set including at least three

discrete drive coils, cach of the discrete drive coils being clectromagnctic coils;

b. at lcast onc scnsor coil adapted to provide one or more scnsor coil responsc signals;
c. a first system component that provides AC drive signals energizing said discrete drive coils;
wherein the provision of drive signals includes one or both:
(i) sequentially driving one or a pair or a triplet of said discrete drive coils within a triplet

drive coil set; and

(ii) selectively providing phase inversion of the drive signal to any one, two or three of said
discrete drive coils within a triplet drive coil sct;
d. a second system component for measuring resulting one or more sensor coil response signals,
including one or more of sequential single, paired or triplet sensor coil response signals; and
e. a computing component for calculating sensor coil disposition in the subject relative to said

triplet drive coil scts from onc or morc measurcd rcsulting scnsor coil response signals.

2. A system according to claim 1, further comprising a display that shows the disposition of said sensor

coil in said subject relative to the array of said triplet drive coil sets.

3. A system according to claim 2, wherein said display displays said disposition of said scnsor coil in
said subject indicating height, width, and/or depth in said subject relative to the array of said triplet drive

coil sets.

4, A system according to claim 2, wherein said display displays said disposition of said sensor coil in
said subjcct indicating oricntation angularly as a graphical angle relative to the array of said triplet drive

coil sets.
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5. A system according to claim 1, wherein said disposition of said sensor coil is provided as the
location of said scnsor coil in said subject indicating height, width, and/or depth in said subjcct relative

to said triplet drive coil sets.

6. A system according to claim 1, wherein said disposition of said sensor coil is provided as the

angular orientation of said sensor coil in said subject relative to said triplet drive coil sets.

7. A system according to claim 1, wherein said computing component calculates the disposition of the
scnsor coil relative to the respective locations of said triplet drive coil sets using an interscetion of

spheres.

8. A system according to claim 1, wherein said computing component:

calculates scnsor coil signal data scts generated from the measurcd resulting scnsor coil responsc
signals;

selects optimum sensor coil signal data sets from the calculated sensor coil signal data sets based on
the sum of measured squared sensor coil data terms that have relatively higher values;

uses said optimum sensor coil data sets in calculating the intersection of spheres to provide the
disposition of the sensor coil relative to the respective locations of the three or more triplet drive coil

sets.

9. A system according to claim 1, wherein said discrete drive coils within one or more of the triplet drive

coil sets are disposed in an orthogonal array.

10. A systcm according to claim 1, whercin said discrete drive coils arc arranged in perpendicular axcs
relative to each other in an x-y-z array within each of said triplet drive coil sets; each x, y and z axis of
each of said triplet drive coil sets being arranged in parallel with the respective X, y and z axes of all other

of said triplet drive coil sets in said array.

11. A system according to claim 1, wherein said array of three or more triplet drive coil sets are disposed

in a two- or three-dimensional geometric array.

12. A system according to claim 11, including four or more triplet drive coil sets, wherein one or more of
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said triplet drive coil sets are disposed outside of a plane defined by at least three of said triplet drive coil

sets.

13. A system according to claim 1, further comprising a catheter disposed in physical association with

said scnsor coil.

14. A system according to claim 13 wherein the sensor coil is disposed in physical association with one of

the distal portion, the end or the tip of said catheter.

15. A systcm according to claim 1, further comprising one or more of a guide wirc and a stylct disposcd

in physical association with said sensor coil.

16. A system according to claim 15, wherein the sensor coil is disposed in physical association with one

of the distal portion, the end or the tip of said guide wire or stylet.

17. A system according to claim 16, wherein a sterile locking fitting is used to lock said guide wire or
stylet with the said sensor coil into a position common with one of the distal portion, the end or the tip of

a catheter.

18. A systcm according to claim 1, further comprising an clectrocardiogram (ECG) opcrably associated
with said triplet drive coil array wherein the one or more ECG reference leads are placed on said subject

and the ECG signal lead is provided by a conductive core wire supporting said sensor coil.

19. A system according to claim 18, further comprising a display to show the ECG signal of the subject

over time.

20. A system according to claim 19, wherein said display further displays the P-wave of the subject as this
changes over time in combination with said disposition of said sensor coil in relationship to the subject’s

heart.

21. A system according to claim 18, further comprising one or more of a catheter, a guide wire and a
23



WO 2012/068365 PCT/US2011/061172

stylet with said sensor coil being disposed in physical association therewith, and further comprising an
integrated conductive ECG lead associated with the sensor coil, the conductive ECG lead providing an

electrical ECG signal.

22. A system according to claim 1, wherein cach of said triplet drive coil scts and said scnsor coil arc
independently connected to one or more of said first and second system components by one, or the other

or both of wired or wireless interfaces.

23, A system according to claim 1, wherein one or more the first and second system components and said

computing component arc connccted by once, or the other or both of wired or wircless interfaces.

24, A system according to claim 1, further comprising a display, and wherein one or more of the first and
second system components, said computing component and said display are connected by one, or the

other or both of wired or wireless interfaces.

25.A system according to claim 1, wherein said at least one sensor coil is connected to at least one
demodulator circuit within one or more of said the first and second system components, and said
demodulator circuit comprises at least one demodulator for measuring the amplitude of said sensor coil

output signals to provide demodulated sensor coil signals.

26. A system according to claim 25, further comprising an automatic gain control (AGC) circuit
connected to said demodulator circuit, and said automatic gain control circuit associated with and
receiving one or more response signals from the sensor coil, the automatic gain control circuit maximizing

the response signal before communicating said response signal to said demodulator circuit.

27. A system according to claim 1, further comprising an automatic gain control (AGC) circuit within
one or more of said first and second system components, and said automatic gain control circuit
associated with and receiving one or more response signals from the sensor coil, the automatic gain
control circuit maximizing the response signal before communicating said response signal to said one or

morc of said systcm componcnts.
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28. A system according to claim 1, further comprising a user control box to which connected are said

triplet drive coil sets and said sensor coil.

29. A system according to claim 28 wherein the user control box comprises a programmable computer

such that the uscr control box is programmablc or adjustable.

30. A system according to claim 1, wherein said first system component further comprises the provision
to continually adjust or program the intensity or power of current running through one or more said

discrete drive coils in at least one or more of said triplet drive coil sets.

31. A system according to claim 28 wherein the user control box comprises a display.

32. A system according to claim 28 further comprising a subject block in which are disposed one or more

of said triplet drive coil sets.

33. A system according to claim 1, further comprising (i) an x-axis tilt meter and y-axis tilt meter which
use gravity to measure the x-axis and y-axis tilt from true vertical; and (2) a computer to calculate and
display said location of said tip as height, width, and depth of the sensor coil corrected for the tilt said

array of triplet drive coil sets.

34. A medical device system for locating the disposition of a sensor coil in a subject, the system
comprising:
a. three or more triplet drive coil sets, each comprising at least three drive coils, said triplet drive coil

sets placed in a two- or three-dimensional geometric array relative to each other;

b. at least one sensor coil;
¢. onc or morc systcm componcents for:
(i) sequentially driving one or a pair or a triplet of said drive coils within a triplet drive coil set;
and
(ii) selectively providing phase inversion of the drive signal to any one or a pair or a triplet of
drive coils energizing drive coils singly and then as virtual pairs or virtual triplets, and
(iii) for measuring resulting single, paired or triplet sensor coil signals; and

d. a computing component for calculating the disposition of the sensor coil relative to the three or
25



WO 2012/068365 PCT/US2011/061172

more triplet drive coil sets.

35. The system of claim 34 whercin the computing component;

calculates sensor coil signal data sets generated from said single and paired and triplet sensor coil
signals;

selects optimum sensor coil signal data sets from said calculated sensor coil signal data sets based on

the sum of measured squared sensor coil data terms that have relatively higher values; and,

calculates the distance of the sensor coil from three or more triplet drive coil set locations using said
optimum sensor coil data sets calculated using intersection of the spheres to provide a disposition of

said sensor coil in space relative to the disposition of said three or more of triplet drive coil sets.

36. A medical device locating system for determining disposition of a sensor coil in a subject, said
system comprising:
a. an array of three or more triplet drive coil scts, cach drive coil set including at least three
orthogonally arranged discrete drive coils, each of the discrete drive coils being electromagnetic coils;
b. at least one sensor coil;
c. a first system component that provides AC drive signals cnergizing said discrete drive coils;
wherein the provision of drive signals includes one or both:
(1) simultaneously driving two or three said discrete drive coils at two or three separate current
intensity or power levels within said triplet drive coil set to generate an electromagnetic field defining
a virtual axis; and,
(ii) simultaneously driving two or three said discrete drive coils within said triplet drive coil
sct with one, two or three drive signals with reversed phasc;
d. a second system component for sequentially energizing said discrete drive coils singly then as
virtual pairs or virtual triplets and measuring the resulting single and virtual sensor coil response signals;
e. a computing component for calculating sensor coil disposition in the subject relative to said triplet

drive coil sets from one or more measured resulting sensor coil response signals.

37. A system according to claim 36, further comprising a computing component for:
calculating sensor coil signal data sets generated from the measured resulting single and virtual sensor
coil responsc signals;

selecting optimum sensor coil signal data sets from the calculated sensor coil signal data sets based on
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the sum of measured squared sensor coil data terms that have relatively higher values;
using said optimum scnsor coil data scts in calculating the interscction of spheres to provide the
disposition of the sensor coil relative to the respective locations of the three or more said triplet drive

coil sets.

38. A system according to claim 36, wherein said at least one sensor coil is connected to at least one
demodulator circuit within one or more of said onc or more systcm componcents, and said demodulator
circuit comprises at least one demodulator for measuring the amplitude of said sensor coil output signals

to provide demodulated sensor coil signals.

39. A system according to claim 36, further comprising an automatic gain control (AGC) circuit within
onc or morc of said one or more system componcents, and said automatic gain control circuit associated
with and receiving one or more response signals from the sensor coil, the automatic gain control circuit
maximizing the response signal before communicating said response signal to said one or more system

components.

40. A system of claim 36, further comprising a display that shows the disposition of said scnsor coil in

said subject relative to the array of said triplet drive coils.

41. A system of claim 40, wherein the display displays said disposition of said sensor coil in said subject

indicating height, width, and/or depth in said subject relative to said triplet drive coil sets.

42, A system according to claim 40, wherein said display displays the angular orientation of said sensor

coil relative to said triplet drive coil sets.

43, A system of claim 40, wherein one or more of said sensor coils is in physical association with the tip
of a catheter, guide wire or stylet; and said display displays said rclative disposition of said sensor coil or

said tip as a tracking of said sensor coil or tip location over time.

44. A system of claim 36, wherein the intensity or power of current running through one or more adjacent

discrete drive coils in at least one or more of said triplet drive coils is programmable or adjustable using a

27



WO 2012/068365 PCT/US2011/061172

control box comprising a programmable computer.

45. A system of claim 36, wherein one or more of said triplet drive coils arc provided as said virtual pairs
or virtual triplets, and wherein:

a. said first system component that provides AC drive signals further (iii) uses tables or calculated
current settings to sequentially sweep virtual electromagnetic drive vectors from 0 to 90 degrees and -90
to 0 degrees for said x, y, and z axes;

b. said computing component further

(1) determines angle values of maximum and minimum sensor coil response within a plane
using paired coil programmable current drive sweeping a range from 0 to 90 degrees;

(i) then determines the angle values of maximum and minimum sensor coil responses within
a plane using paired coil programmable current drive sweeping using inverted phases of at least one coil
and sweeping a range from -90 to 0 degrees;

(iii) computes at least one set of optimal virtual drive x and y axes for at least two of said
triplet drive coils as values corresponding to plus and minus 45 degrees from said maximum or minimum
sensor coil responscs; and

(iv) computes an optimal virtual drive z axis orthogonal to the plane of said optimal virtual
drive x and y axes to provide at least one optimal virtual triplet drive axes and at least one of said triplet

drive coils.

46. A system of claim 45, further comprising a display that shows the location of said sensor coil in said

subject relative to the array of triplet drive coils.

47. A system of claim 46, wherein the display displays said disposition of said sensor coil in said subject

indicating height, width, and/or depth in said subject relative to said triplet drive coil sets.

43. A system according to claim 46, wherein said display displays the angular orientation of said sensor

coil relative to said triplet drive coil sets.

49. A system of claim 36, wherein one or more of said triplet drive coils are provided as said virtual
triplets, and wherein:

a. said first system component that provides AC drive signals further (iii) uses tables or calculated
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current settings to sequentially sweep the virtual electromagnetic drive vectors from 0 to 90 degrees and -
90 to 0 degrees for all axes ;
b. said computing component further
(1) determines the x-y vector angle (XYMAX) of maximum sensor coil response within the x-
y plane using paired coil programmable current drive sweeping a range from 0 to 90 degrees, and

using inverted phase of at least one coil sweeping a range from -90 to 0 degrees;

(i) determines the x-y-z vector angle of maximum sensor coil response adding a sweep of z
axis 0 to 90 and inverted -90 to 0 to the XYMAX vector;

(iii) determines the x-y vector angle (XYMIN) of minimum scnsor coil responsc within the x-
y plane using paired coil programmable current drive sweeping a range from 0 to 90 degrees, and
using inverted phase of at least one coil sweeping a range from -90 to 0 degrees;

(iv) determines the x-y-z vector angle of minimum senor coil response adding a sweep of z

axis 0 to 90 and inverted -90 to 0 to the XYMIN vector; and

(v) computes at least one set of optimal virtual drive x-y-z axes for at least one of said triplet
drive coils as virtual x axis and virtual y axis corrcsponding to a 45 degree rotation in the virtual x-y
plane defined from said maximum x-y-z vector and minimum x-y-z vector together with virtual z axis

defined from 45 degree rotation about said maximum virtual x-y-z vector.

50. A system of claim 49, further comprising a display that shows the location of said sensor coil in said

subjcct relative to the array of triplet drive coils.

51. A system of claim 50, wherein the display displays said disposition of said sensor coil in said subject

indicating height, width, and/or depth in said subject relative to said triplet drive coil sets.

52. A system of claim 50, wherein said display displays the sensor coil angle graphically for the user of
said system, wherein said sensor coil angle is measured as the angle of maximum demodulated sensor coil

response from a sweep through x, y, and z virtual axes.

53. A system of claim 50, wherein said display displays the sensor coil angle graphically for the user of
said system, wherein said scnsor coil angle is the angle perpendicular to the angle of minimum

demodulated sensor coil response from a sweep through x, y, and z virtual axes.

29



WO 2012/068365 PCT/US2011/061172

54. A system of claim 36, further comprising (i) an x-axis tilt meter and y-axis tilt meter which uses
gravity to measure the x-axis and y-axis tilt from true vertical; and (ii) a computer to calculate and display
said disposition of said tip as height, width, and depth of the sensor coil corrected for the tilt of said array

of triplet drive coil sets.

55. A system of claim 40, wherein said triplet drive coil array and said sensor coil are independently

connected to said display via wireless interfaces.

56. A system according to claim 36, further comprising a catheter disposed in physical association with

said scnsor coil.

57. A system according to claim 56 wherein the sensor coil is disposed in physical association with one

of the distal portion, the end or the tip of said catheter.

58. A systcm according to claim 36, furthcr comprising onc or more of a guidc wirc and a stylet disposcd

in physical association with said sensor coil.

59. A system according to claim 58, wherein the sensor coil is disposed in physical association with one

of the distal portion, the end or the tip of said guide wire or stylet.

60. A system according to claim 58, wherein a sterile locking fitting is used to lock said guide wire or
stylet with the said sensor coil into a position common with one of the distal portion, the end or the tip of

a catheter.

61. A systcm of claim 36, furthcr comprising an clectrocardiogram (ECG) opcrably associatcd with said
triplet drive coil array wherein the one or more ECG reference leads are placed on said subject and the
ECG signal lead is provided by a conductive core wire supporting said sensor coil herewith a display to

show said subject’s ECG signal over time.

62. A system of claim 61, wherein said display further displays the subject’s P-wave changes over time in

combination with said location of said sensor coil in relationship to said subject’s heart.
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63. A system according to claim 61, further comprising one or more of a catheter, a guide wire and a
stylet with said sensor coil being disposed in physical association therewith, and further comprising an
integrated conductive ECG lead associated with the sensor coil, the conductive ECG lead providing an

electrical ECG signal.

64. A system for one or both of two- or three-dimensional location of the disposition of a sensor coil in a
subject comprising:

an array of electromagnetic drive coil sets, each set having an arrangement of three-dimensionally
oriented drive coils;

a sensor coil being electromagnetically communicative with the array of electromagnetic drive coil
sets; and,

a system controller communicative with and adapted to energize one or more of the electromagnetic
coils in the array of clectromagnctic drive coil scts, the encrgizing of the onc or morc of the
electromagnetic coils including one or more of energizing the coils singly, or in pairs or in triplets of coils
while measuring the response of the sensor coil;

whereby the system uses the measurements of the responses of the sensor coil to calculate the

location and orientation of the sensor coil relative to said drive coil sets.

65. A method for locating a medical device in a subject, comprising:

a. providing a systcm of claim 36;
b. inserting and positioning said medical device tip associated with a functional and sterile medical
device into said subject;

c. recording or monitoring the output of said display to locate said medical device tip in said subject.

66. A method of claim 36, wherein said method further comprises the use of at least one selected from an
x-ray machine, an computer assisted tomography (CAT) machine, a positron emission tomography (PET)

machine, an endoscope, or an imaging device or composition.

67. A method for generating virtual electromagnetic triplet drive axes for generating data corresponding
to the location coordinates for said sensor coil, comprising:

a. clectronically providing triplets of drive current valucs gencrated from at least three said discrete
drive coils of said triplet drive coils in detectable proximity to said sensor coil at regular time intervals to

31



WO 2012/068365 PCT/US2011/061172

provide one or more paired magnetic drive coil vector values generated at angles from 0 to 90 degrees

without and from -90 to 0 degrees with phase inversion,

b. electronically providing angle values of maximum and minimum sensor coil responses generated
from said triplet drive coils within a plane using paired coil programmable current drive sweeping a range

from 0 to 90 degrees without and from -90 to 0 degrees with phase inversion;

c. electronically computing at least one set of optimal virtual drive x and y axes as values
corrcsponding to plus and minus 45 degrees from said maximum or minimum scnsor coil responscs;

d. cleetronically computing an optimal virtual drive z axis orthogonal to the planc of said optimal
virtual drive x and y axes to provide at least one optimal virtual triplet drive vector and at least one of said

triplet drive coils.

68. A method according to 67, wherein

a. said triplets of drive current valucs sclected at regular time intervals arc provided as (i) paircd
magnetic drive coil vector values at angles from 0 to 90 degrees in an x-y plane together with 0 to 90
degrees from said x-y plane to the corresponding z-axis; and (ii) as phase inversions of one or two paired
magnetic drive coil vector values at angles from -90 to 0 degrees in an x-y plane together with from -90 to
0 degrees from said x-y plane to the corresponding z-axis;

b. said angle valucs of maximum scnsor coil responses within a planc for both 0 to 90 and -90 to 0
degrees are fixed and used for at least two x and y virtual axes in a virtual plane and said values of
maximum sensor coil response are determined for the corresponding virtual z axis to provide at least one

maximum virtual x-y-z vector for at least one of said corresponding triplet drive coils;

c. said angle values of minimum sensor coil responses within a plane for both 0 to 90 and -90 to 0
degrees are fixed and used for at least two x and y virtual axes in a virtual plane and said values of
minimum scnsor coil response are determined for the corresponding virtual z axis to provide at lcast onc
minimum virtual x-y-z vector for at least one of said corresponding triplet drive coils;

d. said at least one optimal virtual EM triplet drive axes for at least one of said triplet drive coils are
generated using virtual drive x axis and y axis 45 degree rotation from said maximum virtual x-y-z vector
and minimum virtual x-y-z vector with the virtual drive z axis as orthogonal to said virtual drive x and y

axis and rotated 45 degrees about said maximum virtual x-y-z vector.
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Y

Find max and min
readings in 8 slices of
1.5 seconds of buffered

ECG data [12 sec total]. AN -
ata [12 se ) ‘ Below Y& [ncrement
+ N LOWECGLimit? > £cG Gain
Divide ECG display range ~
by the average of 8 |- No |«
(max-min) values
I N 5
~~ Above TN Decrement
N~ IghECGLImIt? > ECG Gain

Fig. 12c
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Calculate sensor AGC for
each coil, average 5
readings for each sensor

" Below Lo

responses

Is Coil Drive

Increment Gain
Array for the coil

Scan for control
button presses

2t High Power‘ ‘

at Low Power? _~

PCT/US2011/061172

™~ VYes

Set coil drive Array
to High Power

Decrement Gain
Array for the coll

Gain Array =

Fig. 12d

Yes
. Gain and Coil Drive >

Set coil drive Array
to Low Power
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#>5 Readings
for each
_corner? ’

No

Yes |

Boxcar Average last
5 readings for each
sensor response

Is A-corner sum [x2+y2]

¢ | A—virtuaI-corner>[(x-y)2+(x-('y))2] [ >

Use virtual axis for
positon calculation

Yy
Use Normal axis for 5| Calculate sensor coil
position calculation position

l

Display sensor position as
green circle

Fig. 12e
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Display sensor coil _
position as "rabbit trail" Snapshot 1 full ECG

complex and append
to display of Saved
No ECG images

Lead Off ? *
/ Snapshot 1 full ECG

comples and display as
1st saved ECG image

v

Replace "Start" button
on display with
"Snapshot ECG" icon

Yes

Yes ¢

Close —Dta Files &
Stop Data Collection

Fig. 12f
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At 15msec interrupt, execute S-case =
A, B, or C path for data collection

18/20

Read ECG value
and append to
ECG data array

y

Setup corner A Coil
Driver Power Array
& Coil Gain Array

y

Energize coil set
A-virtual1[x-y-z],
A-virtual2[x-y-z],
A-virtual3[x-y-z],

and
virtuall(+offsetl),
virtual‘zgioffsetz ,
virtual3(+offset3).

Read ECG value
and append to
ECG data array

v

Setup corner A Coil
Driver Power Array
& Coil Gain Array

!

Energize coil set
B-virtuall[x-y-z],
B-virtual2 [x-y-z],
B-virtual3[x-y-z]

§
1
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]
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Read ECG value
and append to
ECG data array

Y

Setup corner A Coil
Driver Power Array
& Coil Gain Array

Y

Energize coil set
C-virtuall[x-y-z],
C—virtualZ[x-y-z]},
C-virtual3[x-y-z

With each active
coil, read the
stylet sensor coil
reponse using Coil
Gain Array

v

Gain normalize
each sensor
reading: multiply

With each active
coil, read the
stylet sensor coil
reponse using Coil
Gain Array

Y

Gain normalize
each sensor
reading: multiply

With each active
coil, read the
stylet sensor coil
reponse using Coil

Gain Array

y

Gain normalize
each sensor

reading: muiltiply b - by (4096/gain
. y {4096/gain Y g
by (igﬁjﬁe/jgam value) value)
¥ Y Y
Set S-case =B Set S-case =C Set S-case = A
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Calculate sensor AGC for
each coil, average 5
readings for each sensor

responses

Yes

Below Low

Sensor Limit?

No

Increment Gain
Array for the coil

Above High ~~\Jes

~_ Sensor Limit? )

No )

Decrement Gain
Array for the coil

Scan for control
button presses

Fig. 16b
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Reading™\_No
for each

. cornher?

Yes

Boxcar Average last
5 readings for each
sensor response

¥

Using trilateration
calculate sensor coil
position

Y

Display sensor position as
green circle

Boxcar Average last 5
"offset" readings for
"A" sensor response

PCT/US2011/061172

Adjust virtuall,
2, and 3 axes by

+offset and zero
boxcar buffers

Test for strongest signal, find-max of:

sum a: A-virtuall[+offset1]® + A-virtual2 [+<:\fﬂ‘;e‘c2]2
+ A-virtual3[+offset3]2

sum b: A-virtuaI:l[-f::affse’tl]2 + A-virtual2[-offset2]2
+ A-virtual3[-offset3]*

y

Adjust virtuall, 2,
and 3 axes by
-offset and zero
boxcar buffers

sum c: A-virtual1? + A-virtual2? + A-virtual3®

Fig. 16¢c
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