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"Apparatus for Locating a Wireless Implantable Marker"

TECHNICAL FIELD

Embodiments of the invention relate to systems for sensing miniature
markers, such as systems for sensing resonating miniature marker assemblies

In tissue for use in healthcare applications.
BACKGROUND

Systems have been developed to acti\)ate'and detect remote activatable
marker assemblies positioned, for example, in or on a selected object or body.
The markers generate a signal used to detect the presence of the marker.
Many of the activatable markers are hard-wired to a power source or other
equipment external from the object. Other systems have been developed that
utilize resonating leadless or "wireless" markers. These wireless markers are
typically activated or energized by a remote excitation source that wirelessly
fransmits a strong continuous or pulsed excitation signal. In response to the
excitation signal, the wireless markers wirelessly fransmit a detectable marker
signal that must be distinguished from the strong excitation signal and then
analyzed in an effort fo try to accurately determine the location of the target.
The process of distinguishing a weak marker signal from the strong excitation
signal to consistently and accurately determine the location of the marker has
proven to be very difficult.

One example is U.S. Patent No. 5,325,873 to Hirschi et al., which
feaches a system that detects the general position of an object within a body of
tfissue. The detection system includes a three-axis resonant-circuit target
attached to the object and a separate hand-held detection probe having a pair
of parallel and coaxially aligned transmitter/sensing coils. A current is induced

in the transmitter/sensing coils that determines whether a return signal
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strength of the target is sufficient to be counted as a valid signal. The hand-
held detection probe also has a pair of receiver coils positioned within the
transmitter coils and connected in a series-opposed fashion. The receiver
coils allow for the creation of a null circuit condition "when the target is
equidistant from each of the receiver coils. The detection probe also has a
visual display coupled to the receiver coils and configured to indicate the
direction (e.g., left/right/up/down) in which the probe should be moved to
center the detection probe over the object for achieving the null circuit
condition. :

Further details regarding prior systems may be found in U.S. Patent
Application No. 10/027,675 entitled "System For Excitation Of A Leadless
Miniature Marker" filed December 20, 2001 (Attorney Docket No. 34114-
8006.US00), U.S. Patent Application No. 10/044,056 entitled "System For
Excitation Of A Leadless Miniature Marker" filed January 11, 2002 (Attorney
Docket No. 34114-8006.US01), and U.S. Patent Application No. 10/213,980

~entitled "System For Spatiallyu Adjustable Excitation Of Leadless Miniature

Marker” filed August 7, 2002 (Attorney Docket No. 34114-8006.US02).
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a perspective view of an example of a system for estimating
the location of wireless implantable markers.

Figure 2 1s a block diagram illustrating components of the system of
Figure 1 including a sensing subsystem.

Figure 3A is an exploded isometric view showing individual components
of a sensing subsystem in accordance with an embodiment of the invention.

Figure 3B is a top plan view of an example of a sensing assembly of a
sensing subsystem.

Figure 4 is a schematic diagram of a suitable preampilifier for use with
the sensing subsystem of Figure 3.

Sizes of various depicted elements are not necessarily drawn to scale,

and these various elements may be arbitrarily enlarged to improve legibility.
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Also, the headings provided herein are for convenience only and do not

necessarily affect the scope or meaning of the claimed invention.
DETAILED DESCRIPTION

Embodiments of the invention are directed to an apparatus for use in a
system that senses an excitable wireless marker capable of being implanted in
a body or tissue. The apparatus includes multiple electromagnetic field
sensors arranged in a locally planar array (e.g., an array in a common plane),
and multiple sense signal output paths coupled to the sensors. The sensors
and the corresponding output paths are configured to provide an output signal
representing at least a portion of an electromagnetic field emitted by the :
marker, the output signal from a specific sensor is proportional to the
component of the field that is substantially perpendicular to the plane of the
sensor integrated over its aperture. Various other configurations regarding this
apparatus, as well as the overall system and methods of exciting and receiving
signals from wireless markers, are also disclosed. : ;

The invention will now be described with respect to various
embodiments. The following description provides specific details for a
thorough understanding of, and enabling description for, these embodiments of
the invention. However, one skilled in the art will understand that the invention
may be practiced without these details. In other instances, well-known
structures and functions have not been shown or described in detail to avoid
unnecessarily obscuring the description of the embodiments of the invention.
Description of Suitable Systems

Figure 1 is a perspective view showing an example of a system 100 for
energizing and locating one or more wireless markers in three-dimensional
space. The system includes an excitation source and sensor array 102
supported by a movable arm 104. The arm 104 is secured to a base unit 106
that¢includes various components, such as a power supply, computer (such as
an Industrial personal computer), and input and output devices, such as a

display 108. Many of these components are described in detail below.
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The system 100 may be used with guided radiation therapy to
accurately locate and track a target in a body to which guided radiation therapy
Is delivered. Further details on use of the system with such therapy may be
found in U.S. Patent Application No. 09/877,498, entitled "Guided Radiation
Therapy System," filed June 8, 2001 (Attorney Docket No. 34114-8004US00),
which is herein incorporated by reference.

Figure 2 is a block diagram of certain components of the system 100. In
particular, the excitation source and sensor array 102 includes an excitation
subsystem 202 and a sensing subsystem 204. The excitation system 202
outputs electromagnetic energy to excite at least one wireless marker 206, and
the sensihg system 204 receives electromagnetic energy from the marker.
Further details regarding the excitation subsystem 202 may be found in U.S.
patent applications noted above. Details regarding the sensing subsystem 204
are provided below.

A signal processing subsystem 208 provides signals to the excitation
subsystem 202 to generate the excitation signals. In the erhbodiment depicted
herein, excitation signals in the range of 300 to 500 kilohertz may be used.
The signal processing subsystem 208 also receives signals from the sensihg :
subsystem 204. The sighal processing subsystem 208 filters, amplifies and
correlates the signals received from the sensing subsystem 204 for use in a
computer 210.

The computer 210 may be any suitable computer, such as an industrial
personal computer suitable for medical applications or environments. One or
more input devices 212 are coupled to the computer and receive user input.
Examples of such input devices 212 include keyboards, microphones,
mice/track balls, joy sticks, etc. The computer generates output signals
provided to output devices 214. Examples of such output devices include the
display device 108, as well as speakers, printers, and network interfaces or
subsystems to connect the computer with other systems or devices.

Unless described otherwise herein, several aspects of the invention
may be practiced with conventional systems. Thus, the construction and

operation of certain blocks shown in Figure 2 may be of conventional design,

4
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and such blocks need not be described in further detail to make and use the
invention because they will be understood by those skilled in the relevant art.
Description of Suitable Sensing Subsystems

Figure 3A is an exploded isometric view showing several components of
the sensing subsystem 204. The subsystem 204 includes a sensing assembly
301 having a plurality of coils 302 formed on or carried by a panel 304. The
coils 302 can be field sensors or magnetic flux sensors arranged In a sensor
array 305. The panel 304 may be a substantially non-conductive sheet, such
as KAPTON® produced by DuPont. KAPTON® is particularly useful when an
extremely stable, tough, and thin film is required (such as to avoid radiation
beam contamination), but the panel 304 may be made from other materials.
For example, FR4 (epoxy-glass substrates), GETEK and other Teflon-based
substrates, and other commercially available materials can be used for the
panel 304. Additionally, although the pane! 304 may be a flat, highly planar
structure, in other embodiments, the panel may be curved along at least one
axis. In either embodiment, the field sensors (e.g., coils) are arranged in a
locally planar array in which the plane of one field sensor Is at least
substantially coplanar with the planes of adjacent field sensors. For example,
the angle between the plane defined by one coil relative to the planes defined
by adjacent coils can be from approximately 0° to 10°, and more generally Is
less than 5°. In some circumstances, however, one or more of the coils may
be at an angle greater than 10° relative to other coils in the array.

The sensing subsystem 204 shown in Figure 3A can further include a
low-density foam spacer or core 320 laminated to the panel 304. The foam
core 320 can be a closed-cell Rohacell foam. The foam core 320 is preferably
a stable layer that has a low coefficient of thermal expansion so that the shape
of the sensing subsystem 204 and the relative orientation between the colls
302 remains within a defined range over an operating temperature range.

The sensing subsystem 204 can further include a first exterior cover
330a on one side of the sensing subsystem and a second exterior cover 330b
on an opposing side. The first and second exterior covers 330a-b can be thin,

thermally stable layers, such as Kevlar or Thermount films. Each of the first

.5-
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and second exterior covers 330a-b can include electric shielding 332 to block
undesirable external electric fields from reaching the coils 302. The electric
shielding, for example, prevents or minimizes the presence of eddy currents
caused by the coils 302 or external magnetic fields. The electric shielding can
be a plurality of parallel legs of gold-plated, copper strips to define a comb-
shaped shield in a configuration commonly called a Faraday shield. It will be
appreciated that the shielding can be formed from other materials that are
suitable for shielding. The electric shielding can be formed on the first and
second exterior covers using printed circuit board manufacturing technology or
other techniques. '

The panel 304 with the coils 302 is laminated to the foam core 320
using a pressure sensitive adhesive or another type of adhesive. The first ana
second exterior covers 330a-b are similarly laminated to the assembly of the
panel 304 and the foam core 320. The laminated assembly forms a rigid,
lightweight structure that fixedly retains the arrangement of the coils 302 in a
defined configuration over a large opérating temperature range. As such, the
sensing subsystem 204 does not substantially deflect across its surface during
operation. The sensing subsystem 204, for example, can retain the array of
coils 302 in the fixed position with a deflection of no greater than £0.5 mm, and
in some cases no more than +0.3 mm. The stiffness of the sensing subsystem
204 provides very accurate and repeatable monitoring of the precise location :
of leadless markers in real time.

The sensing subsystem 204 can also have a low mass per unit area in
the plane of the sensor coils 302. The "mass-density" is defined by the mass
in a square centimeter column through the thickness of the sensing subsystem
204 orthogonal to the panel 304. In several embodiments, the sensing
subsystem 204 has a low-density in the region of the coils 302 to allow at least
a portion of the sensing subsystem 204 to dwell in a radiation beam of a linear
accelerator used for radiation oncology. For example, the portion of the
sensing subsystem 204 including the coils 302 can have a mass density in the
range of approximately 1.0 gram/cm® or less. In general, the portion of the

sensing subsystem that is to reside in the beam of a linear accelerator has a
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mass-density between approximately 0.1 grams/cm2 and 0.5 grams/cm?, and
often with an average mass-density of approximately 0.3 grams/cm®. The
sensing subsystem 204 can accordingly reside in a radiation beam of a linear
accelerator without unduly attenuating or contaminating the beam. In one
embodiment, the sensing subsystem 204 is configured to attenuate a radiation
beam by approximately only 0.5% or less, and/or increase the skin dose In a
patient by approximately 80%. In other embodiments, the panel assembly can
increase the skin dose by approximately 50%. Several embodiments of the
sensing subsystem 204 can accordingly dwell in a radiation beam of a linear
accelerator without unduly affecting the patient or producing large artifacts in
x-ray films.

In still another embodiment, the sensing subsystem 204 can further
include a plurality of source coils that are a component of the excitation
subsystem 202. One suitable array combining the sensing subsystem 204 with
source coils is disclosed in U.S. Patent Application No. 10/334,700, entitied
PANEL-TYPE SENSOR/SOURCE ARRAY ASSEMBLY, filed on December 30,
2002, which is herein incorporated by reference.

Figure 3B further illustrates an embodiment of the sensing assembly
301. In this embodiment, the sensing assembly 301 includes 32 sense coils
302: each coil 302 is associated with a separate channel 306 (shown
individually as channels "Ch 0 through Ch 31"). The overall dimension of the
panel 304 can be approximately 40 cm by 54 cm, but the array 305 has a first
dimension Dy of approximately 40 cm and a second dimension D, of
approximately 40cm. The coil array 305 can have other sizes or other
configurations (e.g., circular) in alternative embodiments. Additionally, the coil
array 305 can have more or fewer coils, such as 8-64 colls; theﬁ number of coils
may moreover be a power of 2.

The coils 302 may be conductive traces or depositions of copper or
another suitably conductive metal formed on the KAPTON® sheet. Each coll
302 has a trace with a width of approximately 0.15 mm and a spacing between
adjacent turns within each coil of approximately 0.13 mm. The coils 302 can

have approximately 15 to 90 turns, and in specific applications each coil has
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approximately 40 turns. Coils with less than 15 turns may not be sensitive
enough for some applications, and coils with more than 90 turns may lead to
excessive voltage from the source signal during excitation and excessive
settling times resulting from the coil's lower self-resonant frequency. In other
applications, however, the coils 302 can have less than 15 turns or more than
90 turns.

As shown in Figure 3B, the coils 302 are arranged as square spirals,
although other configurations may be employed, such as arrays of circles,
interlocking hexagons, triangles, etc. Such square spirals utlize a large
percentage of the surface area to improve the signal to noise ratio. Square
coils also simplify design layout and modeling of the array compared to circular
coils; for example, circular coils could waste surface area for linking magnetic
flux from the wireless markers 206. The coils 302 have an inner dimension of
approximately 40 mm, and an outer dimension of approximately 62 mm,
although other dimensions are possible depending upon applications.
Sensitivity may be improved with an inner dimension as close to an outer
dimension as possible given manufacturing tolerances. In several
embodiments, the coils 32 are identical to each other or at least configured
substantially similarly.

The pitch of the coils 302 in the coil array 305 is a function of, at least in
part, the minimum distance between the marker and the coil array. In one
embodiment, the coils are arranged at a pitch of approximately 67 mm. This
specific arrangement is particularly suitable when the wireless markers 206 are
positioned approximately 7-27 cm from the sensing subsystem 204. |i the
wireless markers are closer than 7 cm, then the sensing subsystem may
include sense coils arranged at a smaller pitch. In general, a smaller pitch is
desirable when wireless markers are to be sensed at a relatively short distance
from the array of coils. The pitch of the coils 302, for example, Iis
approximately 50%-200% of the minimum distance between the marker and
the array.

In general, the size and configuration of the coll array 305 and the colls

302 in the array 305 depend on the frequency range in which they are to
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operate, the distance from the wireless markers 208 to the array, the signal
strength of the markers, and several other factbrs. Those skilled in the
relevant art will readily recognize that other dimensions and configurations
may be employed depending, at least in part, on a desired frequency range
and distance from the markers to the coils.

The coil array 305 is sized to provide a large aperture to measure the
magnetic field emitted by the markers. It can be particularly challenging to
accurately measure the signal emitted by an implantable marker that wirelessly
transmits a marker signal in response to a wirelessly transmitted energy
source because the marker signal is much smaller than the source signal and
other magnetic fields in a room (e.g., magnetic fields from CRTs, etc.). The
size of the coil array 305 can be selected to preferentially measure the near
field of the marker while mitigating interference from far field sources. In one
embodiment, the coil array 305 is sized to have a maximum dimension D, or D5
across the surface of the area occupied by the coils that is approximately
100% to 300% of a predetermined maximum sensing distance that the markers
are to be spaced from the plane of the coils. Thus, the size of the coil array
305 is determined by identifying the distance that the marker is to be spaced
apart from the array to accurately measure the marker signal, and then arrange
the colls so that the maximum dimension of the array is approximately 100%-
300% of that distance. The maximum dimension of the coil array 3095, for
example, can be approximately 200% of the sensing distance at which a
marker is to be placed from the array 305. In one specific embodiment. the
marker 206 has a sensing distance of 20 cm and the maximum dimension of
the array of coils 302 is between 20 cm and 60 cm, and more specifically 40
cm.

A coll array with a maximum dimension as set forth above is particularly
useful because it inherently provides a filter that mitigates interference from far
field sources. As such, one aspect of several embodiments of the invention is
to size the array based upon the signal from the marker so that the array
preferentially measures near field sources (i.e., the field generated by the

marker) and filters interference from far field sources.
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[0032] For example, consider a circular array of radius r in the plane z =0 with
the center of the array at.the origin and a marker located over the array at
£0,0,z, . Assume the array is comprised of sensors that are (a) responsive to
the normal component of an incident field and (b) placed with sufficient density
that the sensed signals from a dipolar source can be modeled as spatially
continuous across the array. In the limit of » — 0, the available energy of a

dipolar field (i.e., the integral over the plane of the array of the squared normal
field) Is

(1)

where , is the permeability of free space (or the permeability of the media of

interest if a free space model is inappropriate), m is the magnitude of the
magnetic moment of the source, and ¢ is the angle of the dipole axis from the

z axis. The available energy thus drops at 12dB/octave, i.e., for every doubling
of distance, the energy drops by a factor of sixteen. For finite r, let £=z, /r, in

which case the integrated energy Is
2 4 2 4 6 2
E”:Ews_(1+4§ +6& )+(3+12§ +14 &% +32£ )05’ ¢
3(l+ é’z) (Hcos2 ¢)

[0033] Fof small &, the available energy over a finite array is essentially the

(2)

same as that over an infinite array, and, as the distance to the source
increases, this holds true until £ ~1. For sources at greater distances, equation

(2) asymptotically approaches —6dB/octave when ¢ =0, or —12dB/octave when

¢=r/2. Hence an array can be configured to preferentially receive signals

from markers which are in its near field (i.e., within approximately 50% of the
maximum dimension of the array) compared to sources beyond its near field,
which may consist of interfering sources of energy. Specifically, energy from a
near field source decreases proportionally to the fourth power of distance from
the array, while energy from a far field source decreases asymptotically as the
sixth or eighth power of distance from fhe array.

[0034] Thus, when the wireless marker 206 is positioned approximately 20 cm
from the sensing subsystem 204, and a diameter or maximum dimension of the
sensing subsystem is approximately 40 cm, energy from the wireless marker

drops off as the fourth power of the distance from the sensing subsystem while
-10-
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environmental noise drops off as the sixth or eighth power of the distance. The
environmental noise is thus filtered by the sensing subassembly 204, by virtue
of its geometry, to provide better signals to the signal processing subsystem
208.

The size or extent of the array may be limited by several factors. For
example, the size of the sensing assembly 301 should not be so large as to
mechanically interfere with the movable arm 104 (Figure 1), the base unit 106
(Figure 1), or other components, such as a patient couch, rotating gantry of a
radiation therapy machine, etc. (not shown in Figure 1). Also, the size of the

array may be limited by manufacturing considerations, such as a size of

‘available panels 304. Further, making a dimension or width of the coil array

305 larger than twice the distance to the wireless marker 206 may yield little
performance improvement, but increase mahufacturing costs and increase
sensitivity to interference. |
“ The coils 302 are electromagnetic field sensors that receive magnetic
flux produced by the wireless marker 206 and in turn produce a current signal
representing or proportional to an amount or magnitude of a component of the
magnetic field through an inner portion or area of each coil. The field
component is also perpendicular to the plane of each coil 302. Importantly,
each coil represents a separate channel, and thus each coil outputs signals to
one of 32 output ports 306. A preamplifier, described below, may be provided
at each output port 306. Placing preamplifiers (or impedance buffers) close to
the coils minimizes capacitive loading on the coils, as described herein.
Although not shown, the sensing assembly 301 also includes conductive
traces or conductive paths routing signals from each coil 302 to its
corresponding output port 306 to thereby define a separate channel. The ports
in turn are coupled to a connector 308 formed on the panel 304 to which an
appropriately configured plug and associated cable may be attached.
The sensing assembly 301 may also include an onboard memory or
other circuitry, such as shown by electrically erasable programmable read-only
memory (EEPROM) 310. The EEPROM 310 may store manufacturing

information such as a serial number, revision number, date of manufacture,

-11-
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and the like. The EEPROM 310 may also store per-channel calibration data,
as well as a record of run-time. The run-time will give an indication of the total
radiation dose to which the array has been exposed, which can alert the
system when a replacement sensing subsystem is required.

While shown in only one plane, additional coils or electromagnetic field
sensors may be arranged perpendicular to the panel 304 to help determine a
three-dimensional location of the wireless markers 206. Adding coils or
sensors in other dimensions could increase the total energy received from the
wireless markers 206, but the complexity of such an array would Increase
disproportionately.  The inventors have found that three-dimensional
coordinates of the wireless markers 206 may be found using the planar array
shown in Figure 3B.

Description of a Suitable Preamplifier

Implementing the sensing subsystem 204 may involve several
considerations. First, the coils 302 may not be 'presented with an ideal open
circuit. Instead, they may well be loaded by parasitic capacitance due largely
to traces or conductive paths connecting the coils to the preamplifiers, as well
as a damping network (described below) and an input impedance of the
preamplifiers (although a low input impedance is preferred). These combined
loads result in current flow when the coils 302 link with a changing magnetic
flux. Any one sense coil 302, then, links magnetic flux not only from the
wireless marker 206. but also from all the other sense coils as well. These
current flows should be accounted for in downstream signal processing.

A second consideration is the capacitive loading on the coils 302. In
general, it is desirable to minimize the capacitive loading on the coils 302.
Capacitive loading forms a resonant circuit with the coils themselves, which
leads to excessive voltage overshoot when the excitation subsystem 202 is
energized. Such a voltage overshoot should be limited or attenuated with a
damping or “snubbing” network across the coils 302. A greater capacitive
loading requires a lower impedance damping network, which can result in

substantial power dissipation and heating in the damping network.

-1 2-
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[0041]

[0042]

[0043]

Another consideration is to employ preamplifiers that are low noise.
The preamplification can also be radiation tolerant because one application for
the sensing subsystem 204 is with radiation therapy systems that use linear
accelerators (LINAC). As a result, PNP bipolar transistors and discrete
elements may be preferred. Further, a DC coupled circuit may be preferred if
good settling times cannot be achieved with an AC circuit or output, particularly
if analog to digital converters are unable to handle wide swings in an AC
output signal. _

Figure 4, for example, illustrates an embodiment of a snubbing network
402 having a differential amplifier 404. The snubbing network 402 includes
two pairs of series coupled resistors and a capacitor bridging therebetween. A
biasing circuit 406 allows for adjustment of the differential amplifier, while a
calibration input 408 allows both input legs of the diﬁ’erentiél amplifier to be
balanced. The sensor coil 302 is coupled to an input of the differential
amplifier 404, followed by a pair of high voltage protection diodes 410. DC
offset may be adjusted by a pair of resistors coupled to bases of the input
transistors for the differential amplifier 404 (shown as having a zero value).

Additional protection circuitry is provided, such as ESD protection diodes 412

at the output, as well as filtering capacitors (shown as having a 10nF value).

Conclusion

Unless the context :clearly requires otherwise, throughout the
description and the claims, the words “comprise,” “comprising,” and the like are
to be construed in an inclusive sense -as opposed to an exclusive or
exhaustive sense, that is to say, in the sense of “including, but not limited to.”
Words using the singular or plural number also include the plural or singular
number, respectively. Additionally, the words “herein,” “above,” "below" and
words of similar import, when used In this application, shall refer to this
application as a whole and not to any particular portions of this application.
When the claims use the word "or" in reference to a list of two or more items,
that word covers all of the following interpretations of the word: any of the
items in the list, all of the items in the list, and any combination of the items In
the list.
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[0044]

10045]

10046]

[0047]

The above detailed descriptions of embodiments of the invention are not
intended to be exhaustive or to limit the invention to the precise form disclosed
above. While specific embodiments of, and examples for, the invention are
described above for illustrative purposes, various equivalent modifications are
nossible within the scope of the invention, as those skilled in the relevant art
will recognize. For example, an array of hexagonally shaped sense coils may
be formed on a planar array curved along at least one line to form a concave
structure. Alternatively, the arrangement of coils on the panel may form
patterns besides the "cross" pattern shown in Figures 3A and 3B. The coils
may be arranged on two or more panels or substrates, rather than the single
panel described herein. The teachings of the invention provided herein can be
applied to other systems, not necessarily the system employing wireless,
implantable resonating targets described in detalil herein. These and other
changes can be made to the invention in light of the detailed description.

The elements and acts of the various embodiments described above
can be combined to provide further embodiments. All of the above U.S.
patents and applications and other references are incorporated herein by
reference. Aspects of the invention can be modified, It necessary, to employ
the systems, functions and concepts of the various .references described
above to provide yet further embodiments of the invention.

These and other changes can be made to the invention in light of the
above detailed description. In general, the terms used in the following claims
should not be construed to limit the inventidn to the specific embodiments
disclosed in the specification, unless the above detailed description explicitly
defines such termé. Accordingly, the actual scope of the invention
encompasses the disclosed embodiments and all equivalent ways of practicing
or implementing the invention under the claims.

While certain aspects of the invention are presented below in certain
claim forms, the inventors contemplate the various aspects of the invention in
any number of claim forms. For example, while only one aspect of the
invention is recited as embodied in a means plus function claim, other aspects

may likewise be embodied in a means plus function claim. Accordingly, the
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CLAIMS
I/We claim:
[c1] 1. In a medical system for sensing an excitable leadless marker

[c2]

[c3]

[c5]

capable of being implanted in and/or affixed to a body, an apparatus
comprising:
a rigid support member;
multiple electromagnetic field sensors arranged in a locally planar array
on the support member: and
multiple sense signal output paths carried by the support member
wherein each sense signal output path is coupled to a single one
of the electromagnetic field Sensors such that each sense signal
output path provides an output signal that represents at least a
substantially perpendicular field component from a single one of

the field sensors.

2. The apparatus of claim 1, wherein the support member comprises
a flat support panel of a substantially rigid material, and wherein the field

sensors are carried by the support panel in a common plane.

3.  The apparatus of claim 1, wherein the support member comprises
a support pane!l curved along at least one axis, and wherein the field sensors

are carried by the support panel.

4. The apparatus of claim 1, further comprising a flexible sheet,
wherein the electromagnetic field sensors and the sense signal paths are

conductive depositions on the flexible sheet.

5. The apparatus of claim 1 wherein at least some of the
electromagnetic field sensors are arranged as coils having more than 15

windings.
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6]

7]

[c9]

1c10]

[c11]

1¢12]

[c13]

0. The apparatus of claim 1 wherein at least some of the
electromagnetic field sensors are arranged as coils having less than 90

windings.

/. The apparatus of claim 1 wherein at least some of the

electromagnetic field sensors are arranged as coils.

8. The apparatus of claim 1 wherein at least some of the

electromagnetic field sensors are arranged as square spiral coils.

0. The apparatus of claim 1 wherein at least some of the
electromagnetic field sensors are arranged as coils having a pitch of

approximately 67 millimeters between center points of coils.

10. The apparatus of claim 1 wherein the electromagnetic field
sensors include an arrangement of approximately 30 coils of electrically

conductive windings.

- 11.  The apparatus of claim 1 wherein the electromagnetic field
sensors include an arrangement of coils of electrically conductive traces

having a width of approximately 0.15 millimeters.

12. The apparatus of claim 1 wherein the electromagnetic field
sensors include an arrangement of coils of electrically conductive traces
having a gap width of approximately 0.13 millimeters between adjacent traces

In a coil.

13.  The apparatus of claim 1, further comprising multiple
preamplifiers, wherein each preamplifier is coupled to one of the sense signal
output paths, and wherein each preamplifier is a differential amplifier having a

high voltage projection snubbing network.
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[c14]

[c15]

[c16]

[c17]

[c18]

[c19]

14.  The apparatus of claim 1 wherein multiple electromagnetic field

sensors are configured to receive electromagnetic field signals within a range
of 300 to 500 kilohertz.

15. The apparatus of claim 1 wherein the electromagnetic field
sensors Include an array of coils, wherein each coil receives magnetic flux
from the excitable wireless target and produces a current signal representing

an amount of magnetic flux through an inner portion of the coil.

16.  The apparatus of claim 1 wherein the four electromagnetic field

sensors are arranged in an adjacent 2 by 2 array on the support panel.

17. The apparatus of claim 1 wherein the electromagnetic field
sensors are arranged in an array having a maximum dimension not greater
than approximately 300% of a distance between the array and the leadless

marker.

18. The apparatus of claim 1, further comprising at least another
electromagnetic field sensor arranged perpendicular to fhe four
electromagnetic field sensors and configured to receive the electromagnetic
field emanating from excitation of the wireless target in a dimension

perpendiCUlar to the four electromagnetic field sensors.

19. In a medical system for sensing a leadiess marker capable of
being implanted in and/or affixed to a body, an apparatus comprising:

means for receiving magnetic flux provided by the leadless marker,
wherein the means for receiving includes:

at least four means for sensing magnetic flux, wherein the means

for sensing are positioned exterior to the body and

generate a set of electrical signals, wherein the means for

sensing are arranged in a [ocally planar array and

responsive to magnetic flux normal to the locally planar
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array, and wherein each electrical signal is substantially
proportional to the magnetic flux integrated over an
effective area of a single one of the means for sensing
magnetic flux; and

at least four means for outputting separate sense signals, wherein each

sense signal Is substantially proportional to one of the electrical

signals.

[c20] 20. The apparatus of claim 19 wherein the means for sensing

magnetic flux include square-shaped coil means for receiving a magnetic field.

[c21] 21. The apparatus of claim 19 wherein the means for sensing
magnetic flux Is arranged in an array of magnetic field sensors having a
maximum dimension not greater than 300% of a distance between the array

and the leadless marker.

[c22) 22. The apparatus of claim 19, further comprising:
at least four means for preamplifying, wherein each one of the means
for preamplifying is coupled to preamplify a corresponding one of
the separate sense sighals; and
support means for carrying the means for sensing magnetic flux, means
for oufputting separate sense signals, and means for

preamplifying.

[c23] 23. In a system for sensing a wireless marker capable of being
implanted in and/or attached to a body, a method comprising:
exciting the marker to cause it to emit a magnetié fleld signal;
receiving the emitted magnetic field signal at a locally planar array of
magnetic field sensors; and
outputting sense signals to corresponding output channels, wherein
each sense signal represents the magnetic field signal received

by a single one of the field sensors.

19.



CA 02512092 2005-06-29

WO 2004/060177 | PCT/US2003/041082

[c24]

[c25]

[c26]

[c27]

24.  The method of claim 23, further comprising accumulating at least

some of the separate sense signals over a time period.

25. In a system for energizing a wireless marker to cause the
wireless marker to emit a magnetic field signal, and for determining a position
of the wireless marker based on the emitted magnetic field signal, wherein the
wireless marker is capable of being implanted in and/or affixed to a body, an
apparatus for use in the system to receive the emitted magnetic field signal,
comprising:

a support panel;

an array of at least three locally planar magnetic field sensors at least

partially carried by the support panel and configured to sense at
least substantially normal components of the magnetic field
signal at different locations on the support panel; and

three or more active output ports, wherein the active output ports are

individually coupled to corresponding magnetic field sensors
such that each active output port receives a signal from a single
magnetic field sensor and provides an output signal
corresponding to one component of the magnetic field signal at

the single field sensor.

26. The apparatus of claim 25 wherein the body is organic tissue,
and wherein the magnetic field sensors are arranged as approximately planar

coils of conductive traces arranged in a substantially rectilinear configuration.

27. In a system for sensing and localizing an excitable wireless'
mérker IN or on a human, a sensing system for wirelessly sensing a field
emitted by the marker comprising:

a locally planar support panel; and

a sensor array including at least four field sensors carried by the

support panel, the field sensors being at least substantially

similar and locally planar relative to each other, and wherein
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[c28]

[c29]

[c30]

[c31]

c32}

[c33]

[c34]

each field sensor is responsive only to at least substantially

normal field components relative to the sensors.

28. The sensing system of claim 27 wherein the sensor array

comprises 32 field sensors that are coplanar with each other.

29. The sensing system of claim 27 wherein the field sensors

comprise rectilinear coils that are coplanar with each other.

30. The sensing system of claim 27 wherein the support panel
comprises a support sheet, a core, a first outer cover and a second outer cover
laminated together, and wherein the field sensors comprise spiral traces of a

conductive material on the support sheet.

31. The sensing system of claim 27 wherein the field sensors are

coils arranged in a generally rectilinear pattern.
32. The sensing system of claim 27 wherein the field sensors
comprise rectilinear coils having rectilinear spiral traces of an electrically

conductive material.

33. The sensing system of claim 27 wherein the marker has a

- predetermined sensing distance at which it is to be positioned apart from the

sensing system, and the field sensors occupy an area having a maximum
dimension that is approximately 100% to 300% of the predetermined sensing

distance.

34. The sensing system of claim 27 wherein the marker has a
predetermined sensing distance at which it is {o be positioned apart from the
sensing system, and the field sensors occupy an area having a maximum

dimension that is approximately 200% of the predetermined sensing distance.
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[c395]

[c36]

[c37]

[c38]

[c39]

[c40]

35. The sensing system of claim 27 wherein the field sensors are

arranged in a symmetrical pattern.

36. The sensing system of claim 27 wherein the field emitted by the
marker has a minimum allowable sensing distance, and the field elements are
arranged in a pattern having a pitch between 50% to 200% of the minimum

allowable sensing distance.

37. In an application for localizing an implantable marker configured
to emit a wirelessly transmitted field for measurement from a predetermined
sensing distance, a sensing system comprising:

~ a support member; and
a plurality of field sensors carried by the support member, the field.
sensors being at least substantially locally planar relative to one
another and responsive to field components normal to individual
field sensors, and the field sensors occupy an area having:
maximum dimension of approximately 100% to 300% of the

predetermined sensing distance.

38. The sensing system of claim 37 wherein the field sensors are

coplanar with each other.

39. The sensing system of claim 37 wherein the support member
comprises a support sheet, a core, a first outer cover and a second outer cover
laminated together to form a rigid panel, and wherein the field sensors

comprise coils having a spiral trace of a conductive material on the support

sheeit.

40. The sensing system of claim 39 wherein the coils are arranged In

a generally rectilinear pattern without coils in each corner.
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[c41]

[c42]

[c43]

[c44]

[c45]

[c46]

[c47]

[c48]

41. The sensing system of claim 39 wherein the coils comprise

rectilinear spiral traces.

42,  The sensing system of claim 37 wherein the maximum dimension

is approximately 200% of the predetermined sensing distance.

43. The sensing system of claim 37 wherein the field sensors are

arranged in a symmetrical pattern.

44. A system for determining a target location in a patient,

comprising:

a marker having a resonating magnetic circuit configured to wirelessly
fransmit a field in response to a wirelessly transmitted excitation
signal; and

a sensing system comprising (a) a substantially rigid support member
and (b) a sensor array Including at least four field sensors carried
by the support member, and the field sensors being at least a

substantially similar and locally planar relative to each other.

45. The system of claim 44 wherein sensor array comprises 32 field

sensors that are coplanar with each other.

46. The system of claim 44 wherein the field sensors are rectilinear

and coplanar coills.

47.  The system of claim 44 wherein the support member comprises a
support sheet, a core, a first outer cover and a second outer cover laminated
together, and wherein the field sensors comprise spiral traces on the support

sheet.

48. The system of claim 44 wherein the field sensors are coils

arranged in a generally rectilinear pattern without a coil in each corner.
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[c49]

[c50]

[c51]

[cH2]

[c53]

c54]

49. The system of claim 44 wherein the field sensors comprise
rectilinear coils having rectilinear spiral traces of an electrically conductive

material.

50. The system of claim 44 wherein the signal emitted by the marker
is to be measured at a predetermined sensing distance and the field sensors
occupy an area having a maximum dimension that is approximately 100% to

300% of the predetermined sensing distance.

51.  The system of claim 44 wherein the signal emitted by the marker
is to be measured at a predetermined sensing distance and the field sensors
occupy an area having a maximum dimension that is approximately 200% of

the predetermined sensing distance.

52. The system of claim 44 wherein the sensors are arranged in a

symmetrical pattern.

53. The system of claim 44 wherein the signal emitted by the marker
has a minimum allowable sensing distance, and the field sensors are arranged
in a pattern having a pitch between 50% to 200% of the minimum allowable

sensing distance.

54. A method of manufacturing a system for sensing and localizing a
wireless marker configured to wirelessly transmit a marker signal in response
to a wirelessly transmitted excitation signal, comprising:

selecting a sensing distance at which a sensor array is to be positioned

from the marker in operation based upon the marker signal; and
providing a sensing system having a support member and a plurality of
field sensors carried by the support member, the field sensors
being arranged in a locally planar array relative to one another
and responsive to magnetic field components at least

substantially normal to the field sensors, and the field sensors
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being arranged in an array having maximum dimension of

approximately 100% to 300% of the sensing distance.

[c55] 55. The method of claim 54 wherein providing a sensing system
further comprises arranging the field sensors in an array occupying an area

having a maximum dimension of approximately 200% of the sensing distance.

[c56)] 56. A method of manufacturing a system for sensing and localizing a
wireless marker configured to wirelessly transmit a marker signal in response
: to a wirelessly transmitted excitation signal, comprisin]g:

selecting a sensing distance at which a sensor array is to be positioned

from the marker in operation based upon the marker signal;
providing a sensing system having a support member and a plurality of
field sensors carried by the support member, the field sensors '
being arranged in a locally planar array relative to one another '
and responsive to field components at least substantially normal
to the field sensors, and the field sensors being arranged in an
array having maximum dimension of approximately 100% to

300% of the sensing distance; and

providing instructions to position the sensing system apart from the
marker in operation by a distance at least approximately equal to

the sensing distance.
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