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57 ABSTRACT

Various aspects of the present invention are shown and
described, each of which has stand alone utility in a navigated
medical environment. A receiver position calibration system
and method facilitates calibration of a reference frame priorto
each navigated procedure. A concept and application of con-
fidence weights is introduced. Confidence weights can be
applied to distance calculations to mitigate the effects of
interference and increase the tolerance of the navigated medi-
cal system. Multi-path interference is minimized through the
transmission of a signal having a pattern of unique frequen-
cies and filtering of the distance calculations for each fre-
quency to identify the ‘best’ distance in the presence of multi-
path interference. A position determination method and
system that transmits a signal having multiple frequency
components permits positions to be identified with high reso-
Iution over a large area.

B
y
L Transmit
Receiver Ref - tireuitry
Cireuitry . C f}.\/\
20 21 ij 22
Computer RC Las
18 ar
14 Multi-Path AP
18 19

¢

Surgical Navigation
System




Patent Application Publication  Jun. 24, 2010 Sheet 1 of 20 US 2010/0158331 A1

. - ""“’“".-._‘_\
f"" ‘a\
EA N Fa ~
i - b
. ; \ .
el . LR .
Aftratons & N d oW ~
s R b
s - N A
.’ -
. -

¢ L2

LY

N
=)
(%]
Al
!
’
-
L~

S,

S~

fod % o
.-/ = e
o Doo ol 24
227
L Transmit
Receiver Ref - tireuitry
Circuitry ¢ 7 AY
N kf\’; )
20 21 -

r

Computer RC LOS
16 a7

14 Multi-Path AP
18 19

Surgical Navigation
System

Figure 1



Patent Application Publication  Jun. 24, 2010 Sheet 2 of 20 US 2010/0158331 A1

&jgd

130

132

129a

Controller Mux Figure 2B



Patent Application Publication  Jun. 24, 2010 Sheet 3 of 20 US 2010/0158331 A1

From Receive Antennas

r'.é ¢
¢
300 “
PD 4 21
[ Reference

302 From Transmit

- Circuitry 22
A/D
304

pmigny

PC INTERFACECE

6 A

v

To Computer

Figure 3



Patent Application Publication  Jun. 24, 2010 Sheet 4 of 20 US 2010/0158331 A1

450 —
\ Raw Signal _—
Distance Component ) Position
Data Store Data Store Data Store
| 454 '
452 456

Historical Data Store

A 4 4 ‘—*—'—i YY VY

Confidence Weight Determination Logic

Confidence Weight

Figure 4



Patent Application Publication  Jun. 24, 2010 Sheet 5 of 20 US 2010/0158331 A1

230 300
[

_____

""""""""""""" e T TN Phase Distance .
¢ v »
! [' 210% Y ': Discriminator Calculator [ Raw Distance
1] )
Vh N l 240 260 280

[N
\\l \\ "l 'l B
R ‘ %
205/\ ‘\-1“_/ | 245 A\Phasd Wave-
AtoD At | length

1
1
1
. )
Transmitter T t Origing count
: 4
1

E fg;?:ssmg Historical » Confidence
222 | 271 Data 270 \;90
]

N
(=]
e

Figure 5



Patent Application Publication

Jun. 24, 2010 Sheet 6 of 20

US 2010/0158331 Al

320

230
] ] Model functio
Receiver 1
Reference 221
——>»  300a
SRR "_","‘\\‘\ 296
: l’l :.I 21; \\ "
I [
' N
I 201 R RS
i \ 2057\ :\‘. L
E P Transmitte - i
1 ) Offset
H ]
! 1230 L
: 22 E 80 250 >
' oS ' Raw Distance -
) ' ] Model functio
Reference 221~ Receiver 2
! 300b Confidenc
i -
: 296
i
230 ’
80 . 250 320
Raw Distance
] . —_ Model functio
Receiver N
7 Reference 221—-\ 300N Confidenc
1= X
290 206 301 [Initial
Position
ThreShold Estimated
Compare and Position
Estimate
Adjustment
340 310
Figure 6 Position

To Navigated System



Patent Application Publication  Jun. 24, 2010 Sheet 7 of 20 US 2010/0158331 A1

X Start )

Previous Position, Velocity, acceleration

432
-

Estimated Position

Model Function

Raw Distance (RD) CW -Antenna 2

Raw Distance (RD), CW-Antenna 1
' *
T 1" Offset=2 CW,,*(RDy-DD,)

r- 438
Offset>= Adjust
Threshold? Estimated

Position

Save Estimated
Position of Antenna

v

Figure 7



Patent Application Publication

900

.

Jun. 24,2010 Sheet 8 of 20

( Stfrt )

Receive Transmit/

Receiver Raw Distance
' And Signal
Information

;

US 2010/0158331 Al

Compare Raw Distance
And Signal Information
To Historical Information

v

Generate Confidence
Weight

I

Forward Confidence
Weight to
Position Module

v

Figure 8

906

908



Patent Application Publication  Jun. 24,2010 Sheet 9 of 20

US 2010/0158331 A1
> Phase ]
» | Discriminator | > 560
550~/
540

222 ’\

201 205 ~\ 210
1
<@ Transmitter —3>

221

Figure 9



Patent Application Publication  Jun. 24, 2010 Sheet 10 of 20 US 2010/0158331 A1

Initial estimated position

539] Estimated Position [¢

h 4

U Model Function

564 6 4 Derived Distance Differences)

570~

Adjust
Estimated

| Position |

Save Estimated.
Position of Antenng

v

Figure 10



Patent Application Publication  Jun. 24, 2010 Sheet 11 of 20 US 2010/0158331 A1

1 1
H ]
1 ]
! :
; 210 : 23
po2y 205\ !
: L Ph
1 . Mux ! ase —1>560
! @*" Transmitter 206 R Discriminator >
] — 1
] ]
: ; > 550~/
s | 5 40
E 222 E Calibration tool
| L R L L T R )
221 —

Figure 11



Patent Application Publication  Jun. 24, 2010 Sheet 12 of 20 US 2010/0158331 A1

110

100
o

a0 /
,,//’

80

m 30 /
20 .

10 Va

54 107 160 213 266 319 372 425 478 531

Time

Figure 12



Patent Application Publication

Jun. 24,2010 Sheet 13 of 20

US 2010/0158331 Al

8

/

v,
£

%,

s

Fragquency
*Ilf.‘.'” "

S,

)
J
R

s,

| ?j
Na

3
5

Q"‘j

g

|

t

il OGN

.'*'Mwuv-v- L R R TN R R Rt NN

T e e,
s

e B e s s o

P I
Il e P,

"o,

b

CU oim v 1

PO P A S

Figure 13



Patent Application Publication  Jun. 24, 2010 Sheet 14 of 20 US 2010/0158331 A1

FIFO, g 50 FIFO, fa | 5o FIFOs e  [FIFO, 5 [

Phase Angle .
—H Distance, 2 g
Phase Angle2 " 'F
ase Angle ;
> |55 Distance, > L Distance
T To
40 '
y E Object
Phase Angle, »{ Distance; 4 » R
60
v
Phase Angle,, | Distanceyg, s

Figure 14



Patent Application Publication

Jun. 24,2010 Sheet 15 of 20

US 2010/0158331 Al

120
110
100
90
. Freq 10
R e Frag 11
: Freq12
: " ceerennees Fraq 13
: --Freq14
; 60 - Fraq13
Freq 18
i . “ Freq 17
; Frug 18
Fraq 10
’ 40 Freq20
" wessrier Freq 2
30 = Frag 22
----------- Freq23
20 e Frag 26
........... Freq 20
asaenan: Freq 27
10 sassenenees Fiaq 20
e~ Freq 28
. wveaene Freq 30
amnsens Freg 31
-1 O m— R ang &

Time

Figure 15




Patent Application Publication  Jun. 24, 2010 Sheet 16 of 20 US 2010/0158331 A1

Transmitter Process Receiver Process
«
1400
\' L1402 N=0 I 1420
1403 i v - ‘>
C Transmit signal at > Receive N* TAy,,
Freq = Base Freq + (N*step) Signals 1422
' For Step time interval L/
(1405 o - 1404 '
N+=1 N Determine
Step count? Phase diff for 1424
es N*TAwm |/
1408
(__l, Sequence Count +=1 | !
Derive N*TAy, - 1426
1427 Distances ] _/
== Interval :'épplf}_'d E———P y 1428 Esti
Sequence Cnt? i Woe,; lhgnce E Filter Derived _/ D.?t;mated
1 Veg ! Distances E— T": ance
Receiver
i To Position

< Finish Sequence > Logic

Figure 16



Patent Application Publication  Jun. 24, 2010 Sheet 17 of 20 US 2010/0158331 A1

Figure 17



Patent Application Publication  Jun. 24, 2010 Sheet 18 of 20 US 2010/0158331 A1

; s
Lttt
et
._ v H N
: g
.
159{) ;o
Y
%
-‘_-,:‘. §
‘ i ?
I
&
L

1 g\f\f\w\d

Figure 18

' 4
}
——
i N
i -
¥ s N
.
%E
s
.
.
id

.........r. .,...r..............

@D@ d#u &w«

i
¢
i

3 ‘m\ i;’ ]

$ ¢ ¢




Patent Application Publication  Jun. 24, 2010 Sheet 19 of 20 US 2010/0158331 A1

HF Phase LF Phase

Output Output
A
HF Reference HF Phase
»| Discriminator
162
LF Ref
eference LF Phase e
Discriminator |
1161 ]
Low High
Freq Freq
Filter Filter
Low Freq : 1151 1152
RF Input
1111 (:7
Receiver
High Freq 1140 1220
RF Input @

L

1112

Figure 19



Patent Application Publication  Jun. 24, 2010 Sheet 20 of 20 US 2010/0158331 A1

HF Phase LF Phase

Output Output
A
17 j"
HF Phase _
5.7 GHz Referonce | Discriminator ¢ Received 57 GHz Signal
1162
100 rICLBﬂELﬂLLEQ LF Phase <_ﬂmtau%m-tz§maﬂl
Discriminator
127 1161 1128 Mixer
1123
_. .
High Freq '\1'1)(28; 5.8 GHz 5.7 GHz
RF Input 575G . Filter Filter .
| ' RPNy 1153
. L ’ A Y
Mixe 5 7Gl1'; ; » \: 1152
1113 ;& 1125, }\ } ;2;
Filter | Pee--qias (' l Receiver
Low Fre _Ej_ﬁtiz
RF Inpu? 50MHz 1126 1140 1141 ”
1114 k
1121

Figure 20



US 2010/0158331 Al

SYSTEM AND METHOD FOR DETERMINING
ABSOLUTE POSITION USING A MULTIPLE
WAVELENGTH SIGNAL

RELATED APPLICATIONS

[0001] This application claims priority under 35 U.S.C.
§1.119(e) to provisional patent application Ser. Nos. 60/823,
116 and 60/823,113 filed Aug. 22, 2006.

FIELD OF THE INVENTION

[0002] This invention relates to generally to the field of
navigated surgery and more particularly to wireless tracking
of objects with very fine precision.

BACKGROUND OF THE INVENTION

[0003] There are many applications in which radio fre-
quency (RF) or microwave signals are used for tracking
objects, such as Global Positioning Systems (GPS), Loran,
aircraft navigation, military radar, and video motion capture.
All of these use some sort of scheme for detecting the transit
times or phases of the RF or microwave signals, followed by
a processing or computational subsystem to determine the
position and other parameters of the object being tracked.
[0004] In some of these applications, such as GPS, Loran,
and aircraft navigation systems, the computational intelli-
gence is mounted on the moving object, and the goal is for the
operator of the object to determine its own position relative to
the surrounding environment. In other applications, the pro-
cessing capability is attached to the environment, and the goal
is for people or systems to track multiple objects as they
traverse through the environment.

[0005] For example, during navigated medical procedures
such as Navigated Surgery (NS) and Image Guided Surgery
(IGS) surgeons use electronic surgical instrument tracking to
accurately track in real time where the instruments are rela-
tive to the patient anatomy during the operation. By combin-
ing computers and wireless instruments, navigated surgery
systems give surgeons far more accuracy than ever before.
During navigated medical procedures, transmitters are
mounted on surgical instruments and on bone markers that are
attached to a patient’s anatomy. Receivers, distributed
throughout the operating room, receive signals from the
transmitters and use the signals to track instrument position
relative to patient anatomy. A graphical interface may be used
to display the relative positions of transmitting signals and
anatomical markers to enable the surgeon to perform precise
medical procedures. Alternatively, a computational model of
the patient anatomy and the positions and orientations of the
instruments may be used to guide robotic procedures.
[0006] Because distances in the medical environment are
small and precision requirements are high, methods based on
time differences of arrival of signals are not within the state of
the art of current electronic technology. For example in an
operating room, the positions of a patient’s anatomy and of
the surgical instruments must be known to a resolution of less
than one millimeter (1 mm) in order for computer-assisted or
navigated surgery to be viable. Since light travels 1 mm in
approximately 3x107'2 seconds, times would have to be mea-
sured accurately and repeatably in fractions of picoseconds,
something that is beyond the scope of current electronic tech-
nology.

[0007] An alternative method is to measure the angles
between the phases of a transmitted signal as it is received at
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different receiving antennas. It is possible to measure phase
differences with a precision of about 1 percent. Therefore, if
the wavelength of a transmitted signal is about 50 mm (i.e., a
frequency of about 5.7 GHz), a phase difference of 1 percent
translates to a positional precision of about 0.5 mm, which
corresponds to a desired precision of navigated medical pro-
cedures.

[0008] Methods based on time measurements have a rela-
tively simple calculation —d=c*t, where d is the distance
between the transmitting and receiving antenna, ¢ is the speed
oflight in air, and t is the travel time of the transmitted signal.
In systems and methods based on phase differences, the com-
putation is more complex. The phase of the received signal
must be compared with the phase of a reference signal. The
difference in these two phases can be converted into a linear
measure, but this is not sufficient to give an absolute distance
between the two antennas.

[0009] In particular, suppose that | is the phase angle of
the received signal (relative to the reference signal) when the
transmitting antenna and receiving antenna are distance d,
apart, and suppose that ¢, is the phase angle of the received
signal (relative to the reference signal) when those same two
antennas are distance d, apart. Then the difference in the two
distances is given by

1 (eq 1)
(d —da) = Zﬂ—f(cbl — ¢ + 2k 2)

where f'is the frequency of transmission, the angles ¢, and ¢,
are measured in radians, andk, , is aninteger representing the
whole number of wavelengths in the difference (d,-d,).
There are many ways of determining k;, ,, including some
innovative ways that are adapted to particular applications.
Likewise, ¢, and ¢, can be known relative to a reference
signal, but the absolute phases of ¢, and ¢, are dependent
upon the phase delays in the electronics of the transmitter,
receiver, and cables. In some applications, particularly medi-
cal applications where high precision is required, it is not
possible to know these phase delays. As a result, it is also not
possible to know a distance such as d, absolutely, but only
relative to some other previously known distance, such as d,.
[0010] Therefore, in medical applications (and some other
applications), an object must be calibrated by first placing it at
a known, fixed location in a frame of reference to determine
the phase difference at that location. The object can then be
tracked by noting the change in a received phase angle and
converting this by Equation 1 to a change in distance from the
known, fixed location.

[0011] The step of placing the object at the known location
is called the object calibration process (or instrument calibra-
tion process). For example, in some navigated procedures,
each instrument must be inserted into a calibration socket
prior to usage, and possibly at times during the procedure.
During the object calibration process, signals are transmitted
between each antenna on the object and each antenna in that
frame of reference. The differences between the phase angles
of'the received signals and the reference signals are measured
and recorded. Collectively, these recorded phase differences
are called the phase reference at the origin for that object. All
other phase differences (between transmitted signals and ref-
erence signals) are then compared with the phase reference at
the origin in order to determine how far each antenna has
moved since object calibration.
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[0012] For the purposes of this application, a frame of ref-
erence is a three-dimensional geometric coordinate system
with respect to which motion is observed and with respect to
which measurements are made. It will be appreciated that
different applications may have different frames of reference.
A typical frame of reference is the operating room in which a
navigated medical procedure is performed. However, other
applications may use a frame of reference attached to a par-
ticular part of the patient anatomy, and still others may asso-
ciate it with a robotic tool.

[0013] Following the calibration, the motion of the object
can be tracked by repeatedly measuring the changes in the
phase angles between the reference signal and the signals
detected by each receiver. In a typical installation, the phase
angles are measured periodically at intervals of a small frac-
tion of one second. Provided that the object does not move
more than one wavelength during any interval, the change in
the phase angle observed by a transmitting antenna and a
receiving antenna can be converted into a change in distance
between those two antennas. By knowing the changes in the
distances between all of the transmitting and receiving anten-
nas and by knowing the positions of the antennas on the
moving object, the position of that object relative to its point
of calibration can be determined with a desired degree of
precision.

[0014] In US Patent Application 2006/0066485, Min
teaches a system of transmitters and receivers that can detect
phase differences of the required precision.

[0015] In theory, the change in the position of the object in
three-dimensional space can be determined from the changes
in the phases of the signal received by three receivers. How-
ever, in practical systems, there are a multiplicity of problems
and challenges. Among them are: —

[0016] a). While three receivers are theoretically sufficient
to precisely locate the position of an object in three-dimen-
sional space, and more receivers would be redundant. In
practice, different combinations of three receivers determine
different positions for an object, due to many possible factors.
For example, a receiver may temporarily obstructed from line
of sight to the object, the electromagnetic field of the RF
waves may be distorted by metal objects or other interference,
or the electronics of one receiver may not be as sensitive as
another.

[0017] b). The relative positions of the antennas are not
typically known within a fraction of a wavelength. In practi-
cal environments, some antennas may be many wavelengths
apart. For example, in an operating room, an array of receiv-
ing antennas may be placed 2 meters above the patient (i.e.,
about 40 wavelengths) and the array itself may be 2 meters in
diameter. In some situations, the receiver array may be on a
portable cart that is wheeled into position prior to a surgical
operation. Therefore, some method of calibrating the anten-
nas in the frame of reference is needed before the positions of
any objects can be determined.

[0018] c¢). Radio and microwave signals are subject to
“multipath” distortion. That is, a transmitted signal may take
multiple paths to the receiver. It is difficult with these methods
to differentiate the straight line signal from the interference of
signals taking other paths. Methods are needed for filtering
out this distortion or for using redundant information to accu-
rately discriminate the positions of objects.

[0019] d) In practical applications, one or more receivers
may “lose sight” of an object. For example, a person or
another object may temporarily get between a transmitter and
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a receiver, or the object may be dropped, or a transmitted
signal may be corrupted or badly distorted. In all of these
cases, the continuous tracking of an object from one update
cycle to another is lost, and the absolute position of the object
becomes ambiguous. Methods are needed to recover the posi-
tions of objects lost in this way.

[0020] e) A typical application environment will have mul-
tiple objects, each with multiple transmitters. In many situa-
tions, not only must the position of each object be known but
also its orientation. If the geometry of an object is known
exactly, it requires at least three antennas on the object to
determine its orientation. However, if any signal from any one
of those antennas is distorted or blocked, the orientation is
lost. Methods are needed to maintain accurate position and
orientation information about all of the objects in the field of
interest.

[0021] f) Some application environments require very fre-
quent updating of position and orientation information. For
example, in robotic assisted surgery, all instruments and ana-
tomic markers must refresh position information with fre-
quencies up to 1 kilohertz (1. KHz) or more. Methods are
needed that allow such frequent updating.

[0022] It would be desirable to determine a system and
method that would provide the precise location and orienta-
tion of multiple objects with precisions of a small fraction of
the wavelengths of the transmitted signals at a frequency that
would support robotic assisted surgery.

SUMMARY OF THE INVENTION

[0023] According to one aspect of the invention, a method
for determining a position of an object with high resolution
over a large area includes the steps of transmitting a signal
between the object and an antenna, the signal having a long
wavelength component and a short wavelength component,
deriving coarse distance information from the long wave-
length component of the signal and deriving fine distance
information from the short wavelength component of the
signal; and determining the position of the object using the
coarse distance information and fine distance information.
[0024] According to another aspect of the invention, a
method for determining a position of an object with high
resolution over a large area includes the steps of transmitting
a signal between the object and an antenna, the signal com-
prising two components differing in frequency by a desired
amount, determining a coarse distance between the object and
the antenna in response to a difference between the two com-
ponents of the signal and a fine distance between the object
and the antenna using at least one of the two components of
the signal; and determining a position of the object in
response to the coarse distance and the fine distance.

[0025] According to a further aspect of the invention, a
system for determining a position of an object with high
resolution over a large area includes transmit circuitry for
generating a signal for transmission between the object and
an antenna, the signal having a long wavelength component
and a short wavelength component, a computer readable
medium having program code stored thereon, the program
code operable when executed by a processor of the system to
derive coarse distance information from the long wavelength
component of the signal and deriving fine distance informa-
tion from the short wavelength component of the signal and
determine the position of the object using the coarse distance
information and fine distance information.
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[0026] According to another aspect of the invention, a sys-
tem for determining a position of an object with high resolu-
tion over a large area includes a transmitter for transmitting a
signal between the object and an antenna, the signal compris-
ing two components differing in frequency by a desired
amount, program code stored on a computer readable
medium of the system and operable when executed by a
processor of the system to determine a coarse distance
between the object and the antenna in response to a difference
between the two components of the signal and a fine distance
between the object and the antenna using at least one of the
two components of the signal and determine a position of the
object in response to the coarse distance and the fine distance.

BRIEF DESCRIPTION OF THE FIGURES

[0027] FIG. 1 is a block diagram illustrating exemplary
components that may be included in a navigated medical
environment incorporating the invention;

[0028] FIGS. 2A and 2B illustrate an example of a transmit
antenna assembly and its associated geometry that may
advantageously be used with the present invention;

[0029] FIG. 3 is a block diagram illustrating exemplary
components of a receiver of the present invention;

[0030] FIG. 4 illustrates exemplary components of a his-
torical data store that may be used to generate a confidence
weight for a respective transmit antenna/receive antenna pair;
[0031] FIG. 5 illustrates components that may be included
as part of receiver logic for generating a confidence weight;

[0032] FIG. 6 is a block diagram of a navigated medical
system that incorporates a confidence weight into a position
calculation process such as that of FIG. 7;

[0033] FIG.7is aflow diagram illustrating exemplary steps
that are performed in a minimization process used to deter-
mine a position in the system of FIG. 1;

[0034] FIG. 8is a flow diagram including exemplary steps
that may be taken to generate a confidence weight;

[0035] FIG. 9 is a block diagram illustrating a calibration
device of the present invention including a a single antenna
and a precision movable platform;

[0036] FIG. 10 is a flow diagram illustrating exemplary
steps that may be performed during a minimization process to
calibrate antennas in FIG. 9 or FIG. 11;

[0037] FIG. 11 is a diagram illustrating components of a
calibration tool of the present invention including multiple
antennas with precisely known locations;

[0038] FIG. 12 is a graph illustrating the effects of multi-
path interference on a distance calculation;

[0039] FIG. 13 is a graph illustrating one embodiment of
varying frequencies of a transmitting signal by incrementally
increasing the frequency of the transmitted signal;

[0040] FIG. 14 is a block diagram illustrating components
that may be used to estimate a distance using a plurality of
phase differences associated with each of the frequency steps
of the transmitted signal;

[0041] FIG. 15 is a graph illustrating a resulting estimated
distance derived using the plurality of phase differences asso-
ciated with each of the frequency steps of the transmitted
signal;

[0042] FIG. 16 illustrates flow diagrams including exem-
plary steps that may be performed by a transmit and receive
process implementing the present invention;

[0043] FIG. 17 illustrates phase ambiguity that may occur
when transmitting high frequency signals;
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[0044] FIG. 18 includes diagrams of graphs that illustrate
how long and short wavelengths can be used to resolve a
position;

[0045] FIG. 19 illustrates one embodiment that may be
used to provide a high and low frequency signals to receivers
to determine a position with high resolution over a large area;
and

[0046] FIG. 20 illustrates a second embodiment of transmit
circuitry that may be used to transmit two signals having
different wavelengths, where the signals of FIG. 20 are phase
locked to determine a position with high resolution in a large
area.

DETAILED DESCRIPTION

[0047] FIG. 1 illustrates several components that may be
included in an exemplary embodiment of a navigated medical
environment 10 in which various aspects of the present inven-
tion may advantageously be used to increase precision of
instrument position calculations. As will be described inmore
detail below, instrument precision can be increased by per-
forming any one of receiver calibration, alleviation of multi-
path effects, the provision of tolerance for line of sight
obstruction and the resolution of absolute position.

[0048] InFIG.1 asurgical navigation system 12 is coupled
to a computer 14 which includes processing logic and a com-
puter readable medium storing program code for use by the
navigation system. As will be described in more detail below,
the program code may include any one of the program codes
illustrated in FIG. 1, including absolute positioning code
module 16, multipath code module 17, line of sight tolerance
code module 18 and receiver calibration code module 19. It
should be noted that although four program codes are shown
in FIG. 1, it is not a requirement that all four modules be
provided in a navigated medical system; rather it can be
appreciated that there are benefits to any system that incor-
porates any one of the modules. Accordingly, the present
invention is not limited to inclusion of any particular program
code module.

[0049] The computer 14 is coupled to transmit circuitry 22.
The transmit circuitry 22 provides a signal 27 via distribution
block 24 and lead 27a to transmit antenna assembly 26 (com-
prising antennas 26a-26d) that is mounted on a surgical
instrument 23. The signal 27 may also be provided (via lead
27b) to transmit antennas on one or more anatomical markers
(such as bone marker 29) that are rigidly fastened to the
patient anatomy, wherein the anatomical marker also includes
multiple transmit antennas, although they are not shown in
FIG. 1 in detail. Finally, reference signal 21 is coupled to
receiver circuitry 20.

[0050] InFIG. 2A an example of a transmit antenna assem-
bly 129 (FIG. 2A) that may be provided on the marker 29 or
instrument is shown. FIG. 2B is a diagram illustrating an
exemplary geometry of the transmit assembly 129. In one
embodiment, each transmit assembly comprises four anten-
nas arranged in a pyramid, with 3 antennas disposed on plane
A and the fourth raised oft the plane. Each transmit assembly
129 is coupled to a controller 132, (located either in the
transmit circuitry 22 or in distribution box 24) via a shielded
wire lead. The leads, shown as a group 31 in FIG. 2B, are
advantageously bundled but individually shielded to prevent
crosstalk. As shown in FIG. 2B, the antennas are generally
arranged as a triangular based pyramid, although other
arrangements are possible. Each of the four antennas (129a,
1295, 129¢, and 129d) is located at one apex of the pyramid.
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In an exemplary embodiment, each edge of the pyramid may
measure 2.5 to 5 ¢cm, which translates into 0.5 to 1.0 wave-
length of a 5.9 GHz signal. Antenna assemblies may advan-
tageously be packaged in groups of multiple assemblies (four,
six or the like) to support navigated medical environments
that utilize large numbers of anatomical markers and instru-
ments. Marker assemblies may be formed from plastic or
other disposable material with the antenna embedded therein,
while antenna assemblies for instruments may be mounted so
as to be removable for sterilization.

[0051] Referring back to FIG. 1, in some embodiments a
distribution block 24 may be disposed between the transmit-
ter circuitry and the transmit antenna assemblies 29, 26,
although it is not a requirement of the invention. The distri-
bution block includes an internal switch for switching the
delivery of signal 27 to the antenna assemblies 26 and 29 via
leads 274 and 274 to sequence the transmission of the signal
27 among transmitter antennas in the navigated medical envi-
ronment 10.

[0052] The signals transmitted by the transmit assemblies
are received by a plurality of receiver antennas 25a-25f. The
receivers may be distributed in a spaced semi-circular, circu-
lar or other arrangement above or around the patient. Together
the receivers provide a frame of reference for determining a
relative position of each instrument and marker. One method
of calibrating receiver position to provide the frame of refer-
ence will be described in more detail below.

[0053] The receive antennas 25a-25f forward the received
signals to receiver circuitry 20. In one embodiment a distance
between a receiver antenna and a transmit antenna is deter-
mined in response to a measured phase difference between a
reference signal 21 received from the transmit circuitry 22
and the signals received by receive antennae 25a-25f

[0054] Referring briefly to FIG. 3, several components that
may be included in an exemplary embodiment of receive
circuitry 20 are shown. A receiver 300 is associated with each
receive antenna. Each receiver 300 includes at least one Phase
Discriminator (PD) 302 and at least one analog to digital
converter (A/D 304). Each receiver is coupled to receive at
least one reference signal 21 from the transmit circuitry 22.
As will be described in more detail below, in one embodiment
each receive antenna may receive a signal transmitted at
multiple wavelengths to assist in resolution of absolute three
dimensional position; in such an embodiment the receiver
would include filters, PDs and A/Ds for each wavelength.
(Such an embodiment is described in more detail in FIGS. 17
and 18.) The A/D 304 of each receiver 300 provides a digi-
tized representation of the phase difference between the ref-
erence signal and the associated received signal to the com-
puter 14 via an interface 306. The digitized phase difference
from a particular receiver is used to derive a distance between
a transmitting antenna and the receiving antenna coupled to
that receiver. The derived distances are processed by the
computer to determine a three-dimensional position of a
transmitting antenna with regard to a frame of reference. It
will be appreciated that although the below embodiment
describes the measurement of distance between a receiver and
a transmit antenna using phase difference the present inven-
tion is not limited to any particular type of measurement.
Rather, measured distances can be determined using any vari-
ety of techniques, including but not limited to phase discrimi-
nation, time difference of arrival and other means.

[0055] Referring back to FIG. 1, according to several
aspects of the invention, the computer system comprises a
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plurality of program modules that are advantageously used to
increase the precision of a three dimensional position deter-
mination in a navigated medical environment. A Receiver
Calibration (RC) module 16 comprises program code for
controlling the transmission of signals via antennas and the
analysis of distances derived from signals received by anten-
nas to calibrate positions of receive antennas for initialization
of'the system 12. A Line of Sight (LOS) program module 17
gathers and analyzes historical signal components and
derived distance data for each receiver to determine a confi-
dence weight to associate with the receiver’s derived distance,
thereby alleviating the impact of receiver anomalies. A Mul-
tipath program code module 18 varies the frequency of the
signal 27 to provide a signal having a repeating pattern of
unique frequencies to minimize the effects of multipath inter-
ference. An Absolute Position (AP) module 19 controls the
transmission of multiple high frequency signals with strict
phase coherence to increase precision of three dimensional
position calculations. As will be apparent from the below
description, each of the modules may be used independently
in any navigated medical environment to improve the preci-
sion of position determinations. Each will now be described
in more detail below.

[0056]

[0057] In many applications, it is important to accurately
maintain the position of an object, even when the line of sight
between an antenna coupled to the object and one or more of
antennas in the frame of reference is obstructed. Such
obstructions occur routinely during the normal movement of
medical personnel during navigated procedures. When a
receiver is obstructed, the signal that travels the straight path
may be attenuated and the phase angle measurements for that
transmit antenna-receiver pair can be compromised.

[0058] Mathematically, the tracking of an object in three
dimensions using RF or microwave signals requires at least
one antenna on or embedded in the object and at least three
other antennas at precisely known locations in the frame of
reference. The signals between the antenna on the object and
each of the three other antennas are converted to raw distances
between the respective antennas. These raw distances are
measures of the linear physical distance in three-dimensional
space (that is, in the frame of reference) between the phase
centers of the respective transmitting and receiving antennas.
For example, signals may be transmitted from the object to
the other antennas, where they are forwarded to receivers for
analysis and conversion into raw distances. Measurements
obtained from one transmitting antenna to additional receiv-
ing antennas should theoretically resolve to the same point.
However, if the signal between a receiver-transmit antenna
pair is temporarily compromised, a measurement for that pair
may resolve to a different point.

[0059] According to one aspect of the invention, accurate
three dimensional tracking of an object is provided even when
line of sight is obstructed by calculating raw distances
between the object and some number of receiving antennas
greater than three and associating confidence measurements
to the respective raw distance measurements. During a suc-
cessive approximation process, the confidence measurement
is applied to a difference calculation between the raw distance
and a derived distance associated with an estimated position
of'the object. The confidence weight thus controls the impact
that a particular raw distance calculation has on the overall
estimated position calculation.

Tolerance of Obstructions in the Line of Sight
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[0060] The confidence weight can be used to reduce the
impact of a measurement with intermittent anomalies (either
in the raw distance itself or in components that are used to
derive the raw distance measurement) or a measurement that
is historically trending in an unexpected, divergent manner. In
existing technology, when signals between the object and the
sensors in the frame of reference become compromised, the
navigated surgery system is disabled, alarms are sounded, and
the delivery of care to the patient is suspended until those
signals and the tracking of the object can be restored. Such
discontinuity is both frustrating and dangerous.

[0061] In the present invention, multiple redundant anten-
nas at precisely known locations in the frame of reference are
used, and confidence weights are applied to raw distances in
order to mitigate the impact of factors that might compromise
the signal from the object, including factors such as obstruc-
tions in the line of sight between a transmitting and receiving
antenna. Moreover, since confidence weights are updated for
every signal transmitted between the antenna on the object
and every receiving antenna, it is a self-correcting influence
on position calculations without resulting discontinuity in
service. Various embodiments of this invention will include
four or more receivers to improve reliability and accuracy;
even if one or more receivers becomes partially or totally
obstructed for a period of time, the remaining receivers can be
used for position determination without the need to discon-
tinue use of the system.

[0062] FIG. 4illustrates a historical data store 450 that may
be used by LOS module 17 to determine a confidence weight
to associate with each transmit antenna/receiver pair. As will
be described in more detail below, each transmit antenna may
also transmit multiple frequencies, and there may be a set of
the data stores 450 for each frequency of the transmit antenna/
receiver pair.

[0063] The data store 450 includes a plurality of data stores
including a raw distance data store 452, a signal component
data store 454 and a position data store 456. The data stores
store may be arranged as first-in first-out (FIFO) buffers that
store information used in M previous position determina-
tions. In one embodiment, M may be, for example, five or six,
but it will be recognized that the selection of a FIFO depth is
amatter design choice. The raw distance data store 452 stores
the raw distance results for the transmit antenna/receiver pair.
The signal component data store 454 stores various signal
measurements performed by the receiver for the transmitted
signal, including but not limited to signal strength and phase
angle. The position store 456 stores the previously generated
position of the object. It should be noted that although various
data stores are shown by way of example, the present inven-
tion is not limited to the use of any particular combination of
historical values when generating the confidence weight but
rather it is envisioned that any data associated with a received
signal may be used to derive a confidence weight for a trans-
mit antenna/receiver pair.

[0064] The confidence weight is determined by the confi-
dence weight determination logic using any combination of
data in the historical data store. The confidence weight can be
determined using both information related to one transmit
antenna/receiver pair, and also through the comparison of the
information with other transmit antenna/receiver pairs. In one
embodiment, a confidence weight may be generated through
an analysis of a subset of historical data to determine the
standard deviation of the subset. In some embodiments the
standard deviations may be averaged, while in other embodi-
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ments the highest standard deviation may be used. A confi-
dence weight may be assigned to the raw distance measure-
ment that is the inverse of the standard deviation of the subset.
Thus if a particular result or component is noisy, the resulting
confidence weight will reduce the impact that such a result
has in the determination of position. Other methods of evalu-
ating the data and determining a confidence weight using
statistical methods or other techniques are considered equiva-
lent hereto and the present invention is not limited to any
particular method of parsing the historical data to determine a
confidence weight.

[0065] Evaluatingthehistorical data in this manner helps to
identify a trend in receiver operation, or a divergence of a
receiver from its trending behavior both at a signal compo-
nent, distance measurement and position determination
granularity. Among the trends that can be discovered are the
rate of change of distance between successive measurements,
deviation in distance as measured by signals of different
frequencies, and relative noisiness of successive measure-
ments. For example, if a particular receiver detects rapid
variations in the phase angle, suggesting that the object is
moving, while other receivers detect no change, then the
confidence measure of the particular receiver should be low-
ered. Also, if an intensity of a signal between a transmit
antenna/receiver pair is substantially weaker than other pairs
and/or substantially weaker than historical values of the pair,
the confidence weight is lowered.

[0066] Inone embodiment, the position estimate may store
both a historical position of the object as well as a position
determination made without incorporating the information
from the particular transmit antenna/receiver pair. If the two
positions diverge, then the confidence weight associated with
the transmit antenna/receiver pair is lowered.

[0067] When calculating the three dimensional positions of
objects, these measures of confidence are applied as weight-
ing factors for each receiver-transmit antenna pair. If a pair
has full confidence, then its distance will be used with full
weight to calculate location. Pairs with lower confidence will
have proportionally less impact on the location calculation.
The more receivers, the more data will be provided, thereby
improving the accuracy and reliability of the system.

[0068] FIG. 5illustrates additional components that may be
included in a receive circuit 300. A transmit circuit 222 pro-
vides an input RF or microwave signal 201 of the desired
frequency to transmitter 205, which in turn transmits that
signal via transmit antenna 210. (Transmit antenna 210 cor-
responds to any of transmit antennas 26a-264 in FIG. 1.) The
signal 201 is also forwarded as a reference signal 221 to
receiver 300. Receiver 300 is coupled to a receive antenna 230
(which corresponds to any of antennas 254-25f0f FIG. 1) and
includes a phase discriminator 240, a recorded phase refer-
ence at the origin 250, a distance calculator 260, an historical
data store 270, and processing logic 271. The outputs of
receiver 300 are a raw distance 280 and a confidence weight
290. Input signal 201 is transmitted at periodic intervals by
transmitter 205 and antenna 210 to receiving antenna 230.
The output of receiving antenna 230 is amplified and sent to
phase discriminator 240.

[0069] Phase discriminator 240 determines the phase angle
between the received signal and reference signal 221. The
result is digitized and subtracted from the stored phase refer-
ence at origin 250 to provide a phase change. This phase
change represents the difference between the phase of the
signal received by this particular receive antenna 230 from
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this particular transmit antenna 210 with the object at its
present location and the phase reference determined for this
particular transmit/receive pair at the origin. The digitized
result is applied to geometric distance calculator 260, which
converts phase change into distance and uses historical data
270 to add the appropriate number of whole wavelengths.
This sum is the raw distance 280 between the transmit and
receive antenna, in particular, between their phase centers. It
will be appreciated that a distance, if calculated from the
current phase angle alone could only determined modulo the
wavelength ofthe transmitted frequency. Therefore, in a prac-
tical implementation, distance calculator 260 retains the raw
distance from the previous interval and calculates the raw
distance 280 of the present interval to be within one wave-
length of the previous distance.

[0070] It will be appreciated that there are many ways to
calculate the raw distance between the origin and the moving
antenna. For example, instead of subtracting the phase angle
from the phase reference at the origin, a calculation may
differentiate and then integrate the phase angle. All such ways
are within the scope of this invention.

[0071] The output of the digitized data from phase dis-
criminator 240 is also applied to historical data store 270,
which retains the phase information and other information
from the previous position determinations, including the data
records illustrated in FIG. 4. The historical data is used to
calculate confidence weight 290 using the techniques
described above.

[0072] FIG. 6 is a diagram of a multi-receiver navigated
medical environment which will be used to describe how the
confidence weights may be applied to determine absolute
position of the object by a method of successive approxima-
tion. FIG. 7 is a flowchart illustrating the successive approxi-
mation method. With regard to FIG. 6, at periodic intervals,
each receiver (300a-3007) receives a signal from each trans-
mit antenna 210 (i.e., 26a-26d of FIG. 1). The receiver than
determines a raw distance and confidence weight correspond-
ing to each transmit/receive antenna pair (and potentially, as
will be described below, for different frequencies of the trans-
mit antenna/receiver pair). The raw distances are compared
by comparators 250 against estimated distances 321 derived
from estimated position 310 via model functions 320. The
results of the comparison are multiplied by the confidence
weight of the receivers at multipliers 296, and the results are
combined into an offset that is forwarded to a Threshold
Compare and Estimate Adjustment module 340, which
adjusts the estimated position and forwards it to module 310.
As described in FIG. 7, the estimated position is repeatedly
adjusted until the offset is within a desired threshold, at which
point the estimated position is deemed to be the actual posi-
tion of the object and can be forwarded to the Navigated
Surgery workstation 12 (FIG. 1).

[0073] FIG. 7 depicts a functional flow diagram of the
method of successive approximation in a preferred embodi-
ment. An initial estimated position 432 (corresponding to 310
in FIG. 6) is determined. A Raw Distance (RD,,) and advan-
tageously a confidence weight (CW,) are determined for
each transmit/receive antenna pair and are forwarded to the
comparison block 435 of FIG. 7 (corresponding to 340 of
FIG. 6). The loop of FIG. 7 is an iterative process that deter-
mines the quality of the estimated position of the object with
respect to distances derived from that estimated position and
updates the estimated position to improve that quality.
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[0074] Inone embodiment, information regarding a previ-
ous position may be used to provide an initial value of the
estimated position variable 432, although it is not a require-
ment. The estimated position is forwarded to a model func-
tion 434 (corresponding to 320 in FIG. 6) that derives dis-
tances DD, between each transmit/receive antenna pair using
amathematical formula. The derived distances are forwarded
to a minimization process 435.

[0075] Raw distance and confidence weights associated
with each transmit/receive antenna pair are also forwarded to
the minimization process 435. In a preferred embodiment,
process 435 uses a standard Levenberg-Marquardt technique
to speed the convergence of a series of successive estimated
positions of the object within a reasonable number of itera-
tions to the actual position of the object.

[0076] Thus at step 436 an offset between derived and raw
distances is calculated using Equation 2 as follows:

N=TApym (eq 2)
offset = Z CWy +(RDy — DDy
N=1

where CW,,, RD,; and DD, are respectively the confidence
weight, raw distance and derived distances associated with
the relationship between the Nth transmit-receive antenna
pair, and TA ;. 1s the total number of such receive-transmit
antenna pairs. The offset is thus the sum of the squares of the
weighted differences between the derived and raw distances.
[0077] The offset serves as a numerical indication of the
quality of the estimated position. If the offset is near zero,
then either all of the raw distances are very close to the derived
(measured) distances, or the few raw distances that are far
from their corresponding derived distances are weighted so
low as to have little impact on the position. Thus, a small
offset value implies that estimated position of the object is
very near the actual position. If the offset is much larger than
zero, the estimated position of the object is correspondingly
farther from the actual position. At step 437 the offset is
compared against a predetermined threshold based on the
required precision of the position of the moving object. If the
offset is within the threshold, the position determination is
complete, and the calibrated receiver position is stored at step
439. If the offset is not within the threshold, then at step 438
the estimated position is adjusted and the process returns to
step 432, where the minimization process 435 is repeated
with the new estimated positions until the offset is within the
desired threshold.

[0078] It is appreciated that one method of adjusting the
estimated position is to use Jacobian adjustment techniques to
expedite determination of an estimated position, although
other methods, such as random and incremental adjustment
may be used and the present invention is not limited to the use
of any particular manner of adjustment. In one embodiment,
to improve the accuracy of calibrating each of the receiving
antennas, a plurality of input RF or microwave frequencies
may advantageously be used. This minimizes the effect of
multipath distortion and other interference.

[0079] It will be appreciated that although a particular pro-
cess for calibrating an object position has been described in
FIGS. 7 and 6, the present invention is not limited to the use
of'any particular position determination process or algorithm.
The process of FIG. 7 may be repeated for each instrument in
the navigated medical environment.
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[0080] Itwill be appreciated that other embodiments within
the scope of this invention may use other minimization crite-
ria to determine the best estimate of the position of the object
from imperfectly received signals.

[0081] FIG.8is aflow diagram illustrating exemplary steps
in a process 900 that may be performed by the LOS module to
determine a confidence weight. At step 902 the LOS module
receives the raw distance and other signal information for
each transmit/receive antenna pair. At step 902 the LOS mod-
ule analyzes the received information in view of data in the
historical data store and generates a confidence weight at step
906. At step 908 the LOS module forwards the confidence
weight and raw distance information to a positioning module
19.

[0082] It should be understood that the confidence weight
of this invention may be used to validate the reading of any
device, and that the direction of transmission between a fixed
and moving antenna is irrelevant. That is, the method works
equally well if a) the transmitting antennas are attached to the
object and the receiving antennas are part of the frame of
reference, b) the receiving antennas are attached to the object
and the transmitting antennas are part of the frame of refer-
ence, and ¢) some combination of the transmitting and receiv-
ing antennas are attached to one or more moving objects and
the remaining are the part of the frame of reference.

[0083] Accordingly, a system and method for ensuring the
accuracy of positional information in an environment where
line of sight obstruction and other interference is present has
been shown and described. Maintaining a history of receiver
behavior and weighting the confidence given to the receiver
measurements based on past behavior minimizes the impact
of receiver anomalies, blockages in the line of sight between
a transmitting antenna and a receiving one, poor signal
strength, or other factors. Providing a multiplicity of receivers
and using confidence weights to control the use of the
received data in position determinations increases the reli-
ability and accuracy in a navigated medical environment by
allowing self-correction to reduce disruptions to service.
[0084] Antenna Calibration

[0085] In order to accurately track the positions of objects
using phase differences or time differences of arrival of RF or
microwave signals, it is crucial that the precise locations of
the antennas in the frame of reference be known to the desired
degree of precision. It is also crucial that the precise locations
of'the antennas on each movable object be known with respect
to an internal coordinate system of that object, also to the
desired degree of precision. For example, in navigated medi-
cal procedures this precision is in the range of 0.5 mm, and
therefore, it is necessary to know the location of each antenna
with a precision of at least 0.25 mm, so that the distance
between them can be known to the nearest 0.5 mm.

[0086] However it is often difficult to determine any
antenna position to this degree of precision. For example, in
an application of tracking surgical instruments, the receiving
antenna array may be up to 2 meters in diameter and may be
mounted on a movable cart. It is highly impractical for a
surgical technician to measure or control the physical place-
ment of the cart to a precision of 0.5 mm or better. Moreover,
it is necessary to know the location of not just any point on an
antenna but rather its phase center. In one embodiment, the
antennas on a moving object are implemented as printed
circuit elements approximately 12 mm long and 6 mm wide.
Locating the phase center of such an antenna to within 0.5
mm is also highly impractical. In some antennas, the phase
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center may vary with the frequency being transmitted, and the
variance may be greater than the required precision for track-
ing an object. In these cases, the position of the phase center
must be known as a function of signal frequency.

[0087] In the present invention, a priori knowledge of the
locations of the phase centers of the antennas in the frame of
reference is not required. Instead, these locations are deter-
mined by a system calibration process prior to the start of each
navigated procedure. In one embodiment, the method may
use a precisely manufactured calibration tool containing a
plurality of transmit antennas with known geometry and
known phase centers. One exemplary embodiment of such a
calibration tool is the assembly of FIGS. 2A and 2B.

[0088] In another embodiment, a calibration device com-
prises a single antenna mounted on a precision motion control
machine so that the antenna can be moved to different loca-
tions during the system calibration process. Commercially
available motion control machines suitable for this purpose
have precisions in the range of tenths or hundredths of a
millimeter or better.

[0089] The method of determining the locations of the
antennas of a frame of reference is similar to that of tracking
moving objects, but with a fundamental difference—there is
no “phase reference at the origin.” That is, there is no a priori
known phase angle with respect to which the phase of a
particular signal can be compared. Therefore, it is not pos-
sible to determine precisely the raw distance between an
antenna on the calibration device and an antenna in the frame
of reference. Since the calculations of Equation 2 and FIG. 7
depend upon raw distances, they break down during system
calibration.

[0090] Consider first a calibration device with a single
antenna and a motion control machine. A diagram of an
example is depicted in FIG. 9. Transmit circuitry 222 is
coupled to calibration assembly 500, which contains a mov-
able platform 520 on which is mounted transmit antenna 510.
Signal generator 201 is coupled to transmitter 205, which
transmits signal 210 through transmit antenna 510. The mov-
able platform is capable of being moved to a plurality of
points, all of whose locations in three-dimensional space are
known to a high degree of precision. Let a signal be transmit-
ted from each of points P,, P,, P, and P, in succession to
receive antenna 530, which is coupled to receiver assembly
540. Also coupled to receiver circuitry 540 is reference signal
221 from transmit circuitry 222. Receiver circuitry 540
includes phase discriminator 550, which measures the phase
angle between a signal received by antenna 530 and reference
signal 221.

[0091] It will be appreciated that when receiver antenna
530 and calibration assembly 500 are both fixed in the frame
of reference, the only change of phase detected by phase
discriminator will be due to the motion of platform 520. It will
also be appreciated that distances D,, D,, D;, and D, between
antenna 530 and points P,, P,, P, and P,, respectively, will
not be known within the required degree of precision.

[0092] However, their pairwise differences can be deter-
mined from the measured phase differences. Let ¢, ¢, ¢,
and ¢, be the phase differences between reference signal 221
and the transmitted signal 210 from points P, P,, P, and P,
respectively, to receive antenna 530. Since these phase differ-
ences are known by measurement, the pairwise differences
A, AL AL AL AL AL and Ay, between the distances D,
D,, D;, and D, can be determined from the equations
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Ap =Dy =Dy = % X ($1 = ¢2) (ea 3)
813 = (D1 =D3) = 5= X (g1~ ) ca®
Ay =D =Dy = % X ($1 — ¢1) (ea 3)
Ay =(Dy-Dy) = %X(@—%) (cq 6)
Ay = (Dy - Dy) = % X (2 - ¢) (eq )
Ay =(Dy—Dy) = % X ($s — ¢1) (ca 8)

where ¢ is the speed of light in air, f is the frequency of
transmission, and the constants k,; represents the whole num-
ber of wavelengths to add to the difference in phases between
points i and j. Bach constant k;; can be determined by inspec-
tion, by simple measurement (e.g., a tape measure), by con-
tinuous tracking in the same way raw distances are deter-
mined when tracking an object, or by the method of short and
long wavelengths described below.

[0093] FIG. 10 is a flowchart describing a method of suc-
cessive approximation to determine the position of antenna
530 relative to calibration device 500. An initial, imprecise
estimate of the position is made by simple measurement, for
example, by a tape measure. This is applied to estimated
position 560. A model function 562 then performs a geomet-
ric calculation to determine derived distances DD,, DD,,
DD, and DD, between the phase center of receive antenna
530 at its estimated position and the phase center of transmit
antenna 510 actual position when motion platform 520 is at
points P, P,, P;, and P, respectively. In order for the model
function to determine the derived distance, it must know the
exact geometry of the calibration device and the precise posi-
tions of antenna 510 at which phase angle measurements are
taken.

[0094] Next, minimization unit 564 computes an offset 566
according to the following equation.

4 4 (eq 9)
offset = Z Z (A; — (DD; — DDj))z

=1 =i

where N is the number of discrete points at which phase angle
measurements are made during the calibration. In step 568,
offset 566 is compared to a predetermined threshold based on
the required degree of precision. If the offset is within the
threshold, then the estimated position of the antenna 560
becomes the actual position of the antenna 572. Otherwise,
the estimated position is adjusted in step 570, and the com-
putation is repeated.

[0095] By this means, the phase center of the antenna 530 is
determined with respect to the coordinate system of the cali-
bration system. The method of successive approximation of
FIG. 10 is repeated for each antenna requiring calibration.
[0096] Once a set of antennas has been calibrated with
respect to some coordinate system, that set can be used to
calibrate other antennas. For example, a precision manufac-
tured calibration device that includes a plurality of antennas
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in a predetermined array could be calibrated at the factory by
the methods of FIGS. 9 and 10. The positions the phase
centers of its antennas would thus be known within the
required precision. Moreover, any phase differences that may
exist among the antennas of the set can be discovered and
recorded at the same time. The knowledge of the geometry of
the calibration device and the precise positions of the phase
centers of its antennas is applied to the model function 562 in
order to calculate derived distances DD, from the estimated
position of an antenna being calibrated. The knowledge of
phase differences of the antennas, if any, is applied Equations
3-8 to correct the measured phase differences.

[0097] FIG. 11 depicts a precision calibration tool 400 that,
can be used to carry out the system calibration of the antennas
in the frame of reference prior to a navigated medical proce-
dure. During calibration process, a signal 210 is transmitted
through multiplexer 206 through each of transmit antennas
4104a-410d in turn to antenna 230. Phase angles ¢, ¢,, ¢, and
¢, representing the difference of the received signal and ref-
erence signal 221 are recorded. Equations 3-8 are then
applied to obtain the differences in distances from the respec-
tive calibration antennas 410a-4104 to antenna 230. The
method of successive approximation of FIG. 10 is applied to
determine the position of antenna 230 with respect to the
calibration device to the required precision. The same steps
are repeated for each antenna in the frame of reference.
Finally, the coordinate system of calibration device 400
becomes the coordinate system of the frame of reference.
That is, the origin of the coordinate system of calibration
system 400 becomes the origin of the frame of reference, and
the x-, y-, and z-axes of the calibration system become the x-,
y-, and z-axes of the frame of reference. The calibration
device can then be removed or set aside.

[0098] In a similar manner, the antennas of any object or
instrument can be calibrated at the time of manufacture by the
same method, but with respect to the internal coordinate
system of the object or instrument. It will also be appreciated
that although Equation 9 specifies a minimization of the sum
of squares, a minimization of some other function of the D
and the derived distances is also within the scope of this
invention.

[0099] It will be appreciated that one precision calibration
device with a movable platform can be used to calibrate a
family of other calibration devices and instruments, and that
these can be used to calibrate other devices and sets of anten-
nas, and so on. It will also be appreciated that the same
calibrations can be carried out, using the same equations,
when the receive antenna is mounted on the calibration device
and the transmit antennas are the ones to be calibrated.

[0100] It will be appreciated that although a particular pro-
cess for calibrating receive antenna position has been
described in FIGS. 9-11, the present invention is not limited to
the use of any particular position determination process.
Rather it should be appreciated that the concept of using a
calibrated tool having fixed geometry and phase center to
determine distances to an antenna can be used in a variety of
navigated medical environments.

[0101] The process of FIG. 10 may be repeated for each
receive antenna in the navigated medical environment. The
calibrated positions of the receivers together form a frame of
reference from which subsequent position determinations
may be made for tracked objects in the navigated medical
environment.
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[0102] Accordingly, a system and method for determining
a precise location of a receiver assembly for calibrating a
navigated surgery system has been shown and described.
Periodic transmissions from multiple antennae on a cali-
brated tool are received by a receiver assembly, and raw
distances to the transmitting tool are calculated. A minimiza-
tion algorithm is applied to determine precise location of the
receivers.

[0103] Multipath

[0104] As discussed briefly above, a multipath component
18 in the computer facilitates precise distance measurement
in the presence of multipath interference by sequential adjust-
ment of the frequency of the transmitted signal 27 and appro-
priate filtering of received signals.

[0105] In wireless telecommunications, a multipath effect
is interference in a received signal caused by the propagation
of a transmitted signal along multiple paths to its destination.
Reflections and refractions of the transmitted signal as it
encounters obstacles before it reaches the receiver causes the
transmitted signal to reach the destination via multiple paths.
Each path taken by a transmitted signal will have a different
length and therefore a different arrival time or, phase at the
receiver. Hach specific frequency of a radio or microwave
signal broadcast in a confined space will have a unique three
dimensional pattern of positive and negative interference
between the different paths. This interference pattern is
referred to as a multipath effect.

[0106] In a navigated surgery environment, distances may
be discerned by comparing the phase of a received signal
against a phase of a reference signal as described above.
However, multipath interference can degrade the received
signal and result in inaccurate phase detection and concomi-
tantly reduce the precision with which the position of a navi-
gated instrument can be discerned. For example, FIG. 12 is a
graph 1000 illustrating the movement of a transmit antenna
over time at constant velocity. The Y axis represents a range,
in mm, of the transmit antenna from a receiver while the X
axis is atime interval. Line 1002 represents the actual position
of the transmit antenna over time, while line 1004 illustrates
an apparent measured position using a received signal having
multipath effects. It can be seen that the error between the
apparent measured position and the actual position varies
over time with the position of the transmit antenna.

[0107] According to one aspect of the invention it is real-
ized that a distance measurement of increased accuracy can
be obtained by reducing the effect of multipath interference
through sequential adjustment of the transmit frequency of
the transmitted signal. In one embodiment, a signal is trans-
mitted as a repeating sequence of unique frequencies from
each transmitter, with each frequency of the sequence differ-
ing by a small amount so that the wavelengths of the trans-
mitted signals differ by small fractions. This is well known in
the electronic art as frequency hopping spread spectrum. A
distance calculation is then done at a receiver for each fre-
quency, and the calculated distances are then filtered to derive
a “best” distance from the object to that receiver. The
sequence of frequencies is retransmitted at rapid intervals so
that the object can be tracked as it moves through three-
dimensional space. Switching frequencies at frequent inter-
vals in this manner increases the accuracy of distance calcu-
lations by limiting the impact of multipath interference for
each frequency.

[0108] FIG. 13 illustrates a plurality of sequences of fre-
quencies transmitted by one transmitter over a period of time.
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The horizontal axis 101 denotes time, and the vertical axis
102 denotes frequency. A sequence of unique frequencies is
transmitted during a sequential time interval 130. Frequency
intervals 120 denote the length of time that each frequency is
transmitted. It will be appreciated that in any practical
embodiment, the length of each frequency interval 120
should be long enough for the transmitter to stabilize on that
frequency so that a stable wave can be set up in the region of
the apparatus. In particular, when a transmitter switches from
one frequency to the next, there will be a short period of
frequency instability 140 before a stable frequency is
attained.

[0109] It should be noted that although an increasing step
frequency sequence is shown in FIG. 13 the present invention
is not limited to such a frequency pattern; rather any pattern of
unique frequencies may be transmitted over the sequence and
the present invention is not limited to any particular pattern of
unique frequencies.

[0110] As described with regard to FIG. 1, in one embodi-
ment transmit circuitry 22 includes a switch that sequentially
transmits the signal out of each of the four antennas of the
transmit antenna assembly during the frequency interval 120.
Thus during an example sequential time interval 130, the
signal 27 will be transmitted at 32 unique frequencies sequen-
tially across each of the four antenna of a transmit assembly.
The reference signal 21 also sequences through the same
frequencies. The phase angle between a reference signal and
the signal detected by one receiver is converted into a distance
to that receiver using the knowledge of the distances deter-
mined from the previous few transmissions of the same fre-
quency. When the distances are thusly determined for all of
the frequencies of a sequence, they will vary because of the
different effects of multipath distortion on the different fre-
quencies. A filter is used to select the “best” estimate of the
distance.

[0111] FIG. 14 shows an embodiment of circuitry which
may be associated with each receiver (and located either at the
receiver or as part of the Multipath component of the com-
puter 14) to calculate a raw distance between the respective
receiver and a transmit antenna using the multiple frequency
phase offset information obtained as described above. For
each of the N frequencies of one sequence, a phase angle
difference 40 between the received signal and the reference
signal for the frequency is obtained for the receiver 20 (FIG.
1). FIFO storage units 50 store a set of previously calculated
distances for the frequency for the receiver from a small set of
previous sequences, where one FIFO is assigned to each
frequency of the sequence. Distance calculators 55 estimate
the distance to the receiver based on the particular frequency,
the phase angle 40, and the previously known distances in
FIFO 50.

[0112] The outputs of the distance calculators 55 are
coupled both to the respective FIFOs 50 and to a filter 60. The
filter 60 evaluates each of the received distances and derives a
distance by applying a statistical filter to the collection of
derived distances. The statistical filter may be, for example, a
mean or median filter. Experimentation has shown that both
mean and median filters provide highly accurate estimates of
the actual distance, provided that a previous reference point is
established to start the process. However, it should be noted
that there are a variety of other filtering methods that can be
used to select a “best’ distance result. These methods include
but are not limited to both statistical filtering methods (includ-
ing but not limited to mean, median, standard deviation mea-
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surements and combinations thereof) as well as predictive or
heuristic filtering (for example, anticipating a distance delta
based on prior data) and the like.

[0113] In one embodiment of the invention a confidence
weight such as that described above with regard to FIGS. 4-8
may advantageously be assigned to either each the calculated
distances from distance calculator 55 or alternatively to the
filtered result 65 to compensate for interference at the various
frequencies.

[0114] FIG. 15 illustrates a graph of distances determined
by a transmit antenna moving away from a receiving antenna
at a fixed speed. Each line (other than line 70) represents the
apparent distances between an object and an antenna as deter-
mined by an individual frequency. As can be seen in the plot,
these frequency-determined distances fluctuate around an
actual distance. Line 70 represents the distance calculated by
applying the statistical filter to the derived distances obtained
using the step frequencies of FIG. 13.

[0115] For example, with frequencies in the range 5.7-5.85
GHz, multipath distortion can cause the apparent distances
determined for one receiver from each frequency to vary as
much as several millimeters from the actual distance as mea-
sured with a precise measuring tape. However, when the
distances are filtered among all of the frequencies of the
sequence, the result (70) is accurate within a tolerance of less
than one millimeter.

[0116] FIG.16 illustrates flow diagrams of exemplary steps
that may be performed during a transmit process 1400 and
receive process 1420 to minimize the impact of multi path
interference according to the present invention. At step 1402
a step counting variable N is set to 0. At step 1403, a signal
generator generates a signal having a frequency equal to the
base frequency+the step frequency increment™N. The signal
is transmitted for the step interval time. As mentioned above,
the step interval time may be sufficient to allow each of a
number of transmit antennas 26a-26d to transmit a stable
signal to the receiver.

[0117] At step 1404 it is determined whether the number of
step frequencies of a sequence has been transmitted. If not, at
step 1405 the variable N is incremented by 1, and the process
returns to step 1403. If at step 1404 it is determined that all
frequencies in the sequence have been transmitted, then the
process continues to step 1406, where a sequence count is
incremented. At step 1407 it is determined whether the num-
ber of sequences per interval has been processed. If not the
process returns to step 1402. If the all sequences in the inter-
val have been transmitted, then the transmit process is com-
plete and a position of the instrument can be determined.

[0118] While logic associated with the transmitter is
executing process 1400 the receiver is executing process
1420. At step 1422 the receiver continuously receives signals
from the transmitter, a total of N*TA,,.,, - (where TA ., is
equal to the number of antennas per transmit antenna assem-
bly). At step 1424 the receiver determines the phase differ-
ence between the received signals and associated reference
signals for each of the frequencies in the sequence. At step
1426 a distance is derived for each of the frequencies in the
sequence. At step 1427 a confidence weight may optionally
be applied to the derived distance to reduce the impact of
derived distances that display anomalies. At step 1428 the
derived distances are filtered using a statistical filter to iden-
tify a ‘best’ distance between the receiver and transmit
antenna. This distance is passed to positioning logic to iden-
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tify a three dimensional position of the instrument, for
example using an iterative process such as that described
above with regard to FIG. 7.

[0119] TItwill be appreciated that other embodiments of this
method can determine the distance between a transmit
antenna and a receiver in the presence of multipath distortion.
In particular, many embodiments implement the method in
software, and some embodiments integrate the distance deri-
vation with other calculations and the feedback of other infor-
mation to the FIFOs 50.

[0120] It will also be appreciated that in a system with
multiple transmit antenna assemblies, the intervals 120 from
each transmit antenna assembly can be interleaved, so that
multiple objects can be tracked at the same time.

[0121] In addition, although the description has described
the process from the perspective of a transmit assembly asso-
ciated with an object forwarding a signal to a receive antenna
in a frame of reference, it is recognized that a similar method
may be used to locate the position of a receive antenna for
example by transmitting from a calibration tool. In addition,
it is appreciated that a navigated surgery system that uses
mounted transceivers to track an object that includes only a
receiving antenna may advantageously benefit from applica-
tion of the multipath interference reduction methods of the
present invention. Such an embodiment will be described
later herein.

[0122] Accordingly a method and system for precisely
determining a distance between a wireless transmit antenna
and receiver in the presence of multipath interference has
been shown and described. Varying the frequency of the trans-
mission among a sequence of available frequencies over a
time interval minimizes the impact of multipath effects in the
received signals.

[0123] Absolute Positioning

[0124] Although the above disclosure has described the
transmission of a single signal, albeit at varying frequencies,
according to one aspect of the invention it is realized that
when using a method for determining the position of an object
with embedded transmit antennas, phase discrimination has
practical limitations in precision of about one degree of dif-
ference in phase angles. This means that the achievable reso-
Iution of the position of an object will be limited to a precision
of about V360 of a wavelength.

[0125] Therefore, to achieve high resolution, shorter wave-
lengths—i.e., higher frequency signals—must be used. How-
ever since the value of phase difference repeats with every
wavelength of separation between transmit antenna and
receiver, shorter wavelengths also lead to more positions of
ambiguity within a given region of space.

[0126] FIG. 17 is a graph provided to illustrate the ambi-
guity that can arise when using shorter wavelengths. A first
receiver 1500 detects a phase angle ¢, with respect to the
reference signal. This can place the transmit antenna at any of
the distances d,, d,,, d,5, d,,, etc., from receiver 1500. A
second receiver 2000 detects a phase angle ¢, with respect to
the reference signal. This can place the transmit antenna at
any ofthe distances d, |, d, 5, d,3, d,4, etc., from receiver 2000.
It can be seen that there are many possible positions for the
transmit antenna for these two phase angles. It will be appre-
ciated that even with a third receiver there will be many
possible positions of the transmit antenna in three-dimen-
sional space for a given set of phase angles. Additional receiv-
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ers will narrow down the number of possibilities but not
unambiguously identify the actual position of the transmit
antenna.

[0127] The above problem is compounded in practical
environments in which a transmit assembly may “drop out of
sight” of a receiver for a short time, perhaps due to a person or
object moving in the way or to interference generated by
equipment in the vicinity.

[0128] However, according to one aspect of the invention it
is realized that if it is possible to simultaneously transmit two
RF signals of significantly different wavelengths from the
same transmitting antenna, then the ambiguity can be reduced
to the certainty inherent in the longer wave length, while the
resolution of the position can be maintained by the precision
of the shorter wavelength.

[0129] The simultaneous transmission of two frequencies
is illustrated in FIG. 18, which shows the case of only one
receiver 1500. In the example of FIG. 18, with appropriate
filtering receiver 1500 may detect two signals transmitted by
the transmit antenna and therefore two phase angles with
respect to the previously established reference. Phase angle ¢
represents the angle detected for the high frequency (shorter
wavelength) signal, and phase and 0 represents the phase
angle detected for the lower frequency (longer wavelength)
signal. Phase angle ¢ makes it possible to position the trans-
mit antenna at a multiplicity of distances d,;, dgs, dga; dga
etc., from receiver 1500. By contrast, phase angle 6 makes it
possible to position the transmit antenna at only two dis-
tances, dg, or dg, from the receiver 1500. However, the coarse
precision of bis sufficient to identify which of the possible
precise distances indicated by 0 represents the actual position
of the object.

[0130] In the present invention, the transmit antenna trans-
mits two frequencies at the same time, one with a sufficiently
long wavelength to unambiguously determine the position of
the object within the region of interest but to only a coarse
degree of precision, and the other with a sufficiently short
wavelength to determine the position of the object to the
desired degree of position.

[0131] Inoneembodiment—forexample, one suitable fora
navigated medical environment—the two frequencies are
approximately 100 MHz and 5.8 GHz, respectively. The table
below shows two frequencies, 100 MHz and 5.868 GHz,
along with their corresponding wavelengths. At 100 MHz, it
is possible to resolve the position of an object to only a
precision of about 8 mm, even using a highly accurate phase
discriminator resolvable to one degree. By contrast, inthe 5.8
GHz range, it is possible to resolve the position of an object to
better than 1 mm, even with a phase discriminator capable of
resolving to only within 5 degrees.

TABLE 1
FRE-
QUEN- PHASE SINGLE
cY WAVE-  DISCRIM- FREQUENCY
(MHz) LENGTH  INATOR RESOLUTION AMBIGUITY
100 2997.92 1 8.33 1
5868 51.09 5 0.71 39
[0132] However, the 100 MHz signal can correctly deter-

mine the position of the object to a unique position within a
cube that is 2 meters on a side. By contrast, there are about 39
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different distances within a 2-meter cube that correspond to
exactly the same phase difference for a signal of 5.868 GHz.
[0133] FIG. 19 illustrates such an embodiment. Input RF or
microwave signals 1111 and 1112 are of lower and higher
frequencies, respectively. These are applied to mixer 1120
and also to phase discriminators 1161 and 1162, where they
act as reference signals. The two input RF signals are com-
bined in mixer 1130 and applied to transmitting antenna
1135, for transmission to receiving antenna 1140. Receiving
antenna 1140 is coupled to receiver 1141, which receives and
amplifies the combined signal. This signal is then passed to
filters 1151 and 1152 to extract the low and high frequency
components, respectively. These component signals are then
passed to phase discriminators 1161 and 1162, respectively,
to derive phase differences 1171 and 1171 between the two
received frequencies and their reference frequencies. Raw
distances are calculated for each of these phase differences,
and they are each included in a position determination process
such as that illustrated in FIG. 7.

[0134] Inpractical situations, it is often difficult to transmit
signals of radically different frequencies from the same
antenna efficiently. Therefore, according to another aspect of
the present invention, a refinement of the above method is
provided to transmit two simultaneous signals of nearly the
same wavelength and to derive the lower frequency signal
from them. For example, if the two frequencies are 5.7 and 5.8
GHz and the phase relationship between them is fixed, then a
100 MHz signal can be derived from them, also with a fixed
phase relationship.

[0135] FIG. 20 illustrates a preferred embodiment. An
input 5.75 GHz signal 113 and a low frequency 50 MHz
signal 1114 are coupled to mixer and filter 1121. The mixing
of'these two frequencies produce two sidebands frequencies,
5.7 GHz signal 1125 and 5.8 GHz signal 1126. Mixer and
filter 1121 also filters out the original 5.75 GHz and 50 MHz
signals leaving only the two sideband frequencies. The phase
relationship between these sidebands is defined by the origi-
nal 50 MHz signal. As a result, because the same source
oscillator is used to create both of the signals that are input to
the mixer, the resulting signals are phase locked and do not
drift. As a result, the phase relationship between the signals is
constant and permits reliable synthesizing of a 100 MHz
signal whose phase angle can be used to determine a position
within the necessary precision. In one embodiment the signal
is referred to as a “beat’ signal, and is obtained by taking the
difference between the 5.7 GHz and 5.8 GHz signals. It will
be appreciated that if the 5.7 GHz and 5.8 GHz signals are not
kept in fixed phase relationship, the 100 MHz difference
between them which provides the basis for the beat signal is
unusable for distance determination based on phase angles
because the phase reference at the origin of the 100 MHz
signal would not be constant.

[0136] Signals 1125 and 1126 are combined and sent to
transmit antenna 1135. In addition they are sent mixer 1122,
to synthesize a 100 MHz reference beat signal 1127 repre-
senting the difference between 5.7 GHz and 5.8 GHz 127 for
reference to the low frequency phase discriminator 1161.
Signal 1125 is also sent as reference to the high frequency
phase discriminator 1162.

[0137] The transmit antenna transmits the combined 5.7
and 5.8 GHz signal to receiving antenna 1140 and receiver
1141. The combined received signal is then coupled to filters
1152 and 1153 to extract the component 5.7 GHzand 5.8 GHz
signals. The 5.7 GHz signal is sent to the high frequency
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phase discriminator 162, to obtain the phase differences 1172
from the reference signals 1125.

[0138] Inaddition, the outputs of 5.7 GHz filter 153 and 5.8
GHz filter 152 are sent to mixer 1123 to synthesize a so-called
‘virtual’ 100 MHz beat signal 1128 representing the differ-
ence between 5.7 GHz and 5.8 GHz. The respective reference
and virtual beat signals 1127 and 1128 are applied to phase
discriminator 1161 to obtain the phase angle 1171 of'the 100
MHz synthesized signals.

[0139] With such an arrangement, a low frequency signal is
virtually transmitted between a transmit antenna and a
receiver by transmitting two high frequency signal and deter-
mining the difference between the high frequency signals at
the transmitter and at the receiver. Such an arrangement
removes the need to provide high and low frequency antennas
in the transmit antenna assembly. In addition, because the 100
MHZ signals are directly synthesized from the transmitted
and received signal pairs, they retain the phase coherence
relationship that enables them to be used to calculate position.
This phase difference can be used to position an object within
one wavelength of a 5.7 GHz signal. It therefore makes it
possible to reconstruct the position of an object that is tem-
porarily obscured from some or all of the receiving antennas
1140 without having to recalibrate it. Since the actual trans-
mitted signals of 5.7 GHz and 5.8 GHz are so close in wave-
length, a single set of transmit and receive antennas can used
to efficiently convey both course and fine position informa-
tion.

[0140] It will be appreciated that there will be many other
embodiments within the scope of this invention, some using
analog methods and others using digital methods. In some
embodiments, no low-frequency signal may be actually syn-
thesized. Instead, the relative phases of the two high-fre-
quency signals are used to determine a “virtual” phase angle
for the low-frequency signal, both at calibration time and
during each measurement of the changes in phase differences.
All variations of these embodiments are within the scope of
this invention.

Exemplary Embodiment

[0141] Thus various aspects of the present invention have
been shown and described, each of which has stand alone
utility in a navigated medical environment. As described
above, receiver calibration is crucial to enabling precise
object tracking and the method and system described with
regards to FIGS. 9-11 facilitates calibration of a reference
frame prior to each navigated procedure. The concept and
application of confidence weights can be applied to distance
calculations to mitigate the effects of interference and
increase the tolerance of the navigated medical system
through real time, intelligent analysis of signal and distance
information within and across the receiver framework. Multi-
path interference is minimized through the transmission of a
signal having a pattern of unique frequencies, storage of prior
distances to resolve to appropriate wavelengths and filtering
of the results to ensure that the ‘best’ result is identified. In
addition, it is realized that transmitting a signal using multiple
frequencies can provide increased resolution and accuracy.

[0142] In an exemplary embodiment, a 5.7 and 5.8 GHz
signal are generated using the same oscillator, as shown in
FIG. 6, and mixed to provide a 100 MHz signal. The fre-
quency of the 5.7 GHz signal is varied in a range over a
sequence interval by transmitting a pattern of unique frequen-
cies within the range to the receiving device. Each receiver
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receives the signal pattern for each frequency step and calcu-
lates an estimated distance for the frequency step using the
methods described with regard to FIG. 14. The distance cal-
culation and signal information may be used to determine a
confidence weight to assign to the distance, either before or
after filtering. The resulting distances are forwarded to a
positioning algorithm, which uses information from the 100
Mhz wavelength to resolve to a wavelength and a minimiza-
tion process such as that in FIG. 7 to resolve to a smaller
granularity. Preferred embodiments of the invention advan-
tageously incorporate the confidence weight concepts when
determining distances in the presence of multipath interfer-
ence, as described with regards to FIGS. 12-16. Multi-path
interference and confidence weight calculations can further
be used to improve results when using the absolute position-
ing methods and systems of FIGS. 16-20. With such an
arrangement a navigated medical system with increased
accuracy and reliability is provided.

[0143] It should be noted that although the above descrip-
tion of confidence weights, multi-path and absolute position-
ing have been has directed towards an embodiment where the
object to be tracked is an instrument or anatomical marker, it
is not required that the tracked object be the transmitting
device and that the tracking object be a receiving device. It is
envisioned that aspects of the invention may be readily
adapted to an environment where a reference frame com-
prises transceivers which transmit to the object to be tracked,
and distance and position calculations are made from that
perspective. Thus the present invention is not limited to any
particular transmission direction.

[0144] Having described various embodiments of the
invention, it will be appreciated that many of the functions
described above may be implemented as computer programs
that can be delivered to a computer in many forms; including,
but not limited to: (a) information permanently stored on
non-writable storage media (e.g. read only memory devices
within a computer such as ROM or CD-ROM disks readable
by a computer 1/O attachment); (b) information alterably
stored on writable storage media (e.g. floppy disks and hard
drives); or (c) information conveyed to a computer through
communication media for example using baseband signaling
or broadband signaling techniques, including carrier wave
signaling techniques, such as over computer or telephone
networks via a modem

[0145] The above description and figures have included
various process steps and components that are illustrative of
operations that are performed by the present invention. How-
ever, although certain components and steps have been
described, it is understood that the descriptions are represen-
tative only, other functional delineations or additional steps
and components can be added by one of skill in the art, and
thus the present invention should not be limited to the specific
embodiments disclosed. In addition it is understood that the
various representational elements may be implemented in
hardware, software running on a computer, or a combination
thereof.

[0146] While the invention is described through the above
exemplary embodiments, it will be understood by those of
ordinary skill in the art that modification to and variation of
the illustrated embodiments may be made without departing
from the inventive concepts herein disclosed. Accordingly,
the invention should not be viewed as limited except by the
scope and spirit of the appended claims.
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1. A method for determining a position of an object with
high resolution over a large area includes the steps of:

transmitting a signal between the object and an antenna, the

signal having a long wavelength component and a short
wavelength component;

deriving coarse distance information from the long wave-

length component of the signal and deriving fine dis-
tance information from the short wavelength component
of' the signal; and

determining the position of the object using the coarse

distance information and fine distance information.

2. The method of claim 1 further including the steps of:

receiving the signal, the received signal comprising a

received long wavelength component and a received
short wavelength component;

deriving the fine distance information using a first phase

difference between a short wavelength component of a
reference signal and the received short wavelength com-
ponent; and

deriving the coarse distance information using a second

phase difference between a long wavelength component
of'the reference signal and the received long wavelength
component.

3. The method of claim 1 wherein the signal is transmitted
by a transmitter coupled to the object and received by the
antenna.

4. The method of claim 1 wherein the signal is transmitted
by the antenna and received by the object.

5. A method for determining a position of an object with
high resolution over a large area includes the steps of:

transmitting a signal between the object and an antenna, the

signal comprising two components differing in fre-
quency by a desired amount;

determining a coarse distance between the object and the

antenna in response to a difference between the two
components of the signal and a fine distance between the
object and the antenna using at least one of the two
components of the signal; and

determining a position of the object in response to the

coarse distance and the fine distance.

6. The method of claim 5 further including the steps of:

determining the coarse distance between the object and the

antenna by comparing a phase difference between the
two components with a phase of a first reference signal;
and

determining the fine distance between the object and the

antenna by comparing a phase of at least one of the two
components of the signal to a phase of a second refer-
ence signal.

7. The method of claim 5 wherein the two components have
a fixed phase relationship with each other.

8. The method of claim 5 in which a beat signal is derived
by subtracting the two components of the signal and in which
the coarse difference is determined from the phase angle of
the beat signal.

9. The method of claim 8 further including the steps of:

receiving the signal, the received signal comprising two

received signal components;

deriving the fine distance in response to a first phase dif-

ference between at least one of the received signal com-
ponents and a corresponding component of a reference
signal associated with the signal;

mixing the two received components to provide a virtual

beat signal;
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deriving the coarse distance in response to a second phase
difference between the beat signal and the virtual beat
signal.

10. A system for determining a position of an object with

high resolution over a large area comprising:

transmit circuitry for generating a signal for transmission
between the object and an antenna, the signal having a
long wavelength component and a short wavelength
component;

a computer readable medium having program code stored
thereon, the program code operable when executed by a
processor of the system to:

derive coarse distance information from the long wave-
length component of the signal and deriving fine dis-
tance information from the short wavelength component
of the signal; and

determine the position of the object using the coarse dis-
tance information and fine distance information.

11. The system of claim 10 further comprising:

receiver circuitry for receiving the signal, the received
signal comprising a received long wavelength compo-
nent and a received short wavelength component;

a first phase discriminator for determining a first phase
difference between a short wavelength component of a
reference signal and the received short wavelength com-
ponent;

a second phase discriminator for determining a second
phase difference between a long wavelength component
of the reference signal and the received long wavelength
component; and

wherein the program code includes logic for deriving the
fine distance information using the first phase difference
and deriving the coarse distance information using the
second phase difference.

12. A system for determining a position of an object with

high resolution over a large area comprising:
a transmitter for transmitting a signal between the object
and an antenna, the signal comprising two components
differing in frequency by a desired amount;
program code stored on a computer readable medium of
the system and operable when executed by a processor
of the system to:
determine a coarse distance between the object and the
antenna in response to a difference between the two
components of the signal and a fine distance between
the object and the antenna using at least one of the two
components of the signal; and

determine a position of the object in response to the
coarse distance and the fine distance.

13. The system of claim 12 wherein the two components

have a fixed phase relationship with each other.

14. The system of claim 12 including:

a first phase discriminator for determining a first phase
angle of a first of the two signal components;

a second phase discriminator for determining a second
phase angle of a second of the two signal components;
and

wherein the program code is further operable to determine
the coarse distance as the difference between the first
phase angle and the second phase angle.

15. The system of claim 12 including:

a mixer for generating a beat signal is derived by subtract-
ing the two components of the signal;
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aphase discriminator for determining a phase angle of the
beat signal; and

wherein the program code is further operable to determine
the coarse distance from the phase angle of the beat
signal.

16. The system of claim 15 further comprising:

a receiver comprising at least two filters for receiving the
signal and extracting two received signal components;

afirst phase discriminator for detecting a first phase difter-
ence between at least one of the received signal compo-
nents and a corresponding component of a reference
signal associated with the signal;

amixer for mixing the two received components to provide
a virtual beat signal;

a second phase discriminator for detecting a second phase
difference between the beat signal and the virtual beat
signal; and

wherein the program code is further operable when
executed to determine the fine distance information in
response to the first phase difference and the coarse
distance information in response to the second phase
difference.

17. A system for determining a position of an object with

high resolution over a large area comprising:

a first signal generator for generating a first signal;

a second signal generator for generating a second signal,
the second signal having a frequency relatively higher
than the first frequency;

means for determining a position of the object relative to an
antenna including means for deriving coarse distance
information associated with the antenna and the object
and fine distance information associated with the
antenna and the object using the first and second signals.

18. The system of claim 17, further comprising:

means, coupled to the first signal generator and the second
signal generator, for generating a signal having two sig-
nal components that differ in frequency by a desired
amount; and wherein the coarse distance information is
determined by subtracting phases of the two signal com-
ponents.

19. The system of claim 17 wherein the first signal has a
long wavelength component and the second signal has a short
wavelength component wherein the means for determining a
position further includes:

a mixer for mixing the first signal and the second signal to

provide a mixed signal;

a transmitter for transmitting the mixed signal between the
object and the antenna;
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a filter for filtering the mixed signal to extract a received
long wavelength component and a received short length
component;

a first phase discriminator for determining a first phase
offset between a long wavelength component of a first
reference signal associated with the first signal and the
received long wavelength;

a second phase discriminator for determining a second
phase offset between a short wavelength component of a
second reference signal associated with the second sig-
nal and the received short wavelength component; and

wherein the first phase offset provides coarse distance
information and the second phase offset provides fine
distance information.

20. The system of claim 17 wherein the means for deter-

mining the position further includes:

a first mixer for mixing the first and second signals to
provide a mixed signal;

a filter for filtering the mixed signal to extract a transmis-
sion signal comprising two transmission signal compo-
nents, wherein the two transmission signal components
are in fixed phase relationship with each other;

a transmitter for transmitting the transmission signal
between the object and the antenna;

a filter for filtering the transmission signal to extract a
received signal comprising two received signal compo-
nents; and

a first phase discriminator for determining a first phase
difference between a reference signal associated with at
least one transmission signal component and a corre-
sponding received signal component to provide a first
phase difference, wherein the fine distance information
is related to the first phase difference.

21. The system of claim 20 further comprising:

a second mixer for mixing the two transmission signal
components to provide a reference beat signal;

a third mixer for mixing the two received signal compo-
nents to derive a virtual beat signal; and

a second phase discriminator for determining a second
phase difference between the reference beat signal and
the virtual beat signal, wherein the coarse distance infor-
mation is related to the second phase difference.

22. The system of claim 20 further comprising:

a second phase discriminator for subtracting the phases of
the received signal components to determine the coarse
distance information.

23. The system of claim 10, 12 or 17 wherein the system is

a navigated medical system.
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