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PERFORMING ULTRASOUND RANGING IN
THE PRESENCE OF ULTRASOUND
INTERFERENCE

RELATED APPLICATION DATA

This application is a continuation of U.S. patent applica-
tion Ser. No. 10/214,441, filed Aug. 6, 2002, now U.S. Pat.
No. 6,805,132.

FIELD OF THE INVENTION

The invention relates generally to ultrasound ranging, and
more particularly to systems and methods for performing
ultrasound ranging in the presence of ultrasound interfer-
ence.

BACKGROUND OF THE INVENTION

Ultrasound ranging is a technique for computing the
distance between two ultrasound transducers. The principle
of ultrasound ranging is illustrated in FIG. 1, which shows
two ultrasound transducers 10,20 separated by a distance.
One of the ultrasound transducers is designated as a trans-
mitting transducer 10 and the other is designated as a
receiving transducer 20. To measure the distance between
the transducers 10,20, the transmitting transducer 10 trans-
mits an ultrasound pulse 25, which is detected by the
receiving transducer 20. The distance, d, between the trans-
ducers 10,20 is computed as

d=vt

where v is the velocity of the ultrasound pulse 25 in the
medium between the transducers 10,20 and T is the time of
flight of the ultrasound pulse 25 in traveling from the
transmitting transducer 10 to the receiving transducer 20.

One application of ultrasound ranging is in ultrasound
positional tracking to track the position of a device within a
three-dimensional (3-D) coordinate system. Referring to
FIG. 2, this is accomplished by mounting one or more
ranging transducers 110 on the device 115 being tracked and
providing four or more reference transducers 120-1 to 1204
that are spaced apart. In this particular example, the device
115 being tracked is a catheter tip. The ranging transducer
110 acts as a receiving transducer and each of the reference
transducers 120-1 to 120-4 can act both as a receiving and
transmitting transducer.

To establish the 3-D coordinate system, the reference
transducers 120-1 to 120-4 are sequentially excited to trans-
mit ultrasound pulses (not shown). When each reference
transducer 120-1 to 120-4 transmits an ultrasound pulse, the
other reference transducers 120-1 to 120-4 detect the ultra-
sound pulse. The relative distances between the reference
transducers 120-1 to 120-4 are then computed by performing
ultrasound ranging on each of the detected ultrasound
pulses. The computed distances are then triangulated to
determine the relative positions between the reference trans-
ducers 120-1 to 120-4 in 3-D space. The relative positions
between the reference transducers 120-1 to 120-4 are then
mapped onto the 3-D coordinate system to provide a refer-
ence for tracking the position of the ranging transducer 110
in the 3-D coordinate system.

To track the position of the ranging transducer 110, and
hence the device 115 carrying the ranging transducer 110, in
the 3-D coordinate system, the reference transducers 120-1
to 120-4 are sequentially excited to transmit ultrasound
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pulses. When each of the reference transducers 120-1 to
120-4 transmits an ultrasound pulse, the ranging transducer
110 detects the ultrasound pulse. The distance d1-d4
between the ranging transducer 110 and each of the refer-
ence transducers 120-1 to 120-4 is computed by performing
ultrasound ranging on each of the detected ultrasound
pulses. The computed distances are then triangulated to
determine the relative position of the ranging transducer 110
to the reference transducers 120-1 to 120-4 in 3-D space.
The position of the ranging transducer 110 in the 3-D
coordinate system is then determined based on the relative
position of the ranging transducer 110 to the reference
transducers 120-1 to 120-4 and the known positions of
reference transducers 120-1 to 1204 in the 3-D coordinate
system.

An example of a tracking system using ultrasound ranging
is the Realtime Position Management™ (RPM) tracking
system developed commercially by Cardiac Pathways Cor-
poration, now part of Boston Scientific Corp. The RPM
system uses ultrasound ranging to track the positions of
medical devices, including reference catheters, mapping
catheters and ablation catheters.

Because ultrasound ranging relies on the transmission and
detection of ultrasound pulses to measure distance, it is
vulnerable to ultrasound interference from ultrasound
sources, e.g., an ultrasound imager. For example, ultrasound
interference may be detected by the receiving transducer 20
and misinterpreted as an ultrasound pulse from the trans-
mitting transducer 10, producing an erroneous distance
measurement.

Therefore, there is need for systems and methods that
enable the use of ultrasound ranging in the presence of
ultrasound interference.

SUMMARY OF THE INVENTION

The present inventions are directed to systems and meth-
ods that enable the use of ultrasound measuring equipment
in the presence of ultrasound interference.

In accordance with a first aspect of the present inventions,
a distance measuring system comprises first and second
transducers, and an ultrasound ranging subsystem coupled to
the first and second transducers for performing a plurality of
distance measurements between the first and second trans-
ducers. By way of non-limiting example, the distance mea-
suring system, in performing the distance measurements,
comprises a pulse generator coupled to the first transducer
for generating and transmitting transmit pulses to the first
transducer, a threshold detector coupled to the second trans-
ducer for detecting receive pulses from the second detector,
and measurement means (e.g., a digital counter) coupled to
the pulse generator and the threshold detector. In this case,
for each distance measurement, the measurement means
triggers the pulse generator to generate and transmit a
transmit pulse to the first transducer, measures the elapsed
time between transmission of the transmit pulse and detec-
tion of a receive pulse by the threshold detector, and
generates the distance measurement based on the measured
elapsed time.

The distance measuring system further comprises a filter
coupled to the ultrasound ranging subsystem for filtering
ultrasound interference from the plurality of distance mea-
surements (such as, e.g., eight), and outputting a distance
based on the filtered distance measurements. The distance
measurement system can have various applications, includ-
ing medical applications, in which case, the first and second
transducers can be mounted on a catheter.
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In the preferred embodiment, the filter filters the ultra-
sound interference by selecting one of the plurality distance
measurements, in which case, the outputted distance is the
selected distance measurement. Because the ultrasound
interference will typically represent itself as the shortest
distance measurement, the selected distance measurement is
preferably greater than the minimum distance measurement
(such as, e.g., the maximum distance measurement), thereby
filtering the ultrasound interference out.

Although the present inventions should not be so limited
in its broadest aspects, the filter sequentially receives the
distance measurements, and filters the ultrasound interfer-
ence from the last N distance measurements. In this case, the
filter may filter the last N distance measurements by select-
ing one of them. So that the system is more responsive to
movements of the transducers, the filter can compute a
distance variation of the N distance measurements, and
compare the distance variation to a threshold value. The
filter can then output the distance when the distance varia-
tion exceeds the threshold value, while outputting the most
recent distance measurement received from the ultrasound
ranging subsystem otherwise. In effect, the filtering is only
accomplished when there is ultrasound interference, thereby
providing more responsiveness to the distance measuring
process. The distance variation computation can be accom-
plished in a variety of ways, including taking the difference
between the maximum and minimum of the last N distance
measurements, calculating the variance of the last N distance
measurements, or calculating the second derivative of the
last N distance measurements.

In accordance with a second aspect of the present inven-
tions, a method for measuring the distance between two
transducers comprises performing a plurality of distance
measurements (e.g., eight) between the transducers. For
example, the distance measurement can comprise exciting
one of the transducers to transmit an ultrasound pulse, and
measuring the time for the ultrasound pulse to reach the
other transducer.

The method further comprises filtering ultrasound inter-
ference from the plurality of distance measurements, and
outputting a distance based on the filtered distance measure-
ments. The distance measurements can be filtered by, e.g,,
selecting one of the plurality distance measurements, in
which case, the outputted distance will be the selected
distance measurement. The selected distance measurement
is preferably more than the minimum distance measurement,
such as, e.g., the maximum distance measurement.

Although the present inventions should not be some
limited in its broadest aspects, the distance measurements
are sequentially received, and the ultrasound interference is
filtered from the last N distance measurements. In this case,
the last N distance measurements can be filtered by selecting
one of them. So that the method is more responsive to
movements of the transducers, a distance variation of the N
distance measurements can be conputed and compared to a
threshold value. The distance can then be outputted when the
distance variation exceeds the threshold value, while the
most recent distance measurement received from the ultra-
sound ranging subsystem can be outputted otherwise,
thereby providing for a more responsive method. The dis-
tance variation computation can be accomplished in a vari-
ety of ways, including taking the difference between the
maximum and minimum of the last N distance measure-
ments, calculating the variance of the last N distance mea-
surements, or calculating the second derivative of the last N
distance measurements.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate the design and utility of preferred
embodiments of the present invention, in which similar
elements are referred to by common reference numerals. In
order to better appreciate how the above-recited and other
advantages and objects of the present inventions are
obtained, a more particular description of the present inven-
tions briefly described above will be rendered by reference
to specific embodiments thereof. which are illustrated in the
accompanying drawings. Understanding that these drawings
depict only typical embodiments of the invention and are not
therefore to be considered limiting of its scope, the invention
will be described and explained with additional specificity
and detail through the use of the accompanying drawings in
which:

FIG. 1 is a diagram illustrating the principle of ultrasound
ranging between two transducers.

FIG. 2 is a diagram illustrating ultrasound positional
tracking using ultrasound ranging.

FIG. 3 is a functional diagram of an ultrasound ranging
system.

FIG. 4 is a timeline of a transmit pulse and a received
pulse used to measure the time of flight of an ultrasound
pulse.

FIG. 5 is a diagram of the ultrasound ranging system of
FIG. 3 in an environment containing a source of ultrasound
interference.

FIG. 6 is a timeline depicting the arrival of ultrasound
interference between the transmit pulse and the receive
pulse.

FIG. 7 is a functional diagram of the ultrasound ranging
system further comprising a distance filter according to one
embodiment of the invention.

FIG. 8 is a flowchart illustrating the operation of a
distance filter according to another embodiment of the
invention.

FIG. 9 is a functional block diagram of an ultrasound
ranging system comprising multiple transmitting transduc-
ers according to another embodiment of the invention.

FIG. 10 is a functional block diagram of an ultrasound
positional tracking system according to still another embodi-
ment of the invention.

FIG. 11 illustrates examples of a medical catheter and a
reference catheter that can be used with the system of FIG.
10.

FIG. 12 illustrates an exemplary display image of the
system of FIG. 10.

FIG. 13 is a graph illustrating the probability of a distance
error with and without the filter of the invention as a function
of distance between two transducers.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 3 is a block diagram of an ultrasound ranging system
310 for measuring the distance between transducers 10,20.
The ranging system 310 generally includes a pulse generator
320 coupled to the transmitting transducer 10, a threshold
detector coupled 330 to the receiving transducer 20, and
distance circuitry 340 coupled to the threshold detector 330.
The pulse generator 320 may generate voltage pulses having
a frequency of, e.g.. 600 KHz. The threshold detector 330
detects signals from the receiving transducer 20 that are
above a threshold level, e.g., a voltage level. The ranging
system 310 further includes control and timing circuitry 350
coupled to the pulse generator 320, and a distance counter



US 7,374,537 B2

5

360 coupled to the control and timing circuitry 350 and the
distance circuitry 340. The distance counter 360 may be a
digital counter driven by a clock. For ease of discussion,
only one transmitting transducer 10 is shown. The more
typical case of multiple transmitting transducers will be
discussed later.

To measure the distance between the transducers 10,20,
the control and timing circuitry 350 triggers the pulse
generator 320 to generate and transmit a transmit pulse to the
transmitting transducer 10. The transmitting transducer 10
converts the transmit pulse into an ultrasound pulse and
transmits the ultrasound pulse 25. The control and timing
circuitry 350 also triggers the distance counter 360 to begin
counting from zero at the transmit time of the transmit pulse.
The running count value of the distance counter 360 pro-
vides a measure of time from the transmission of the
transmit pulse.

After the ultrasound pulse 25 has been transmitted, the
receiving transducer 20 receives the ultrasound pulse and
converts the ultrasound pulse into a receive pulse, which is
detected by the threshold detector 330. Upon detection of the
receive pulse, the distance circuitry 340 reads the current
count value from the distance counter 360. The read count
value indicates the elapsed time between the transmission of
the transmit pulse and the detection of the receive pulse,
which corresponds to the time of flight, T, of the ultrasound
pulse 25 between the transducers 10,20. This is illustrated in
FIG. 4, which shows a timeline of the transmit pulse and the
receive pulse. The read count value also provides a distance
measurement between the transducers 10,20. This is because
the distance, d, between the transducers 10,20 is propor-
tional to the time of flight, T, of the ultrasound pulse 25, by

d=vt

where v is the velocity of the ultrasound pulse 25. The
distance circuitry 340 outputs the read count value as a
distance measurement between the transducers 10,20.

In one embodiment, the distance circuitry 340 listens for
the receive pulse within a time window, e.g., 100 psec, after
the transmit pulse has been transmitted. The time window
may begin immediately or shortly after the transmit pulse
has been transmitted. In determining the time of detection of
the receive pulse, the distance circuitry 340 interprets the
first signal that the threshold detector 330 detects within the
time window as the receive pulse.

The operation of the ultrasound ranging system 310 in an
environment containing ultrasound interference will now be
described with reference to FIG. 5, in which a source 510 of
ultrasound interference 525 is introduced. The source of
ultrasound interference may be, e.g., an ultrasound imaging
transducer. In the following discussion, it will be assumed
that the ultrasound interference 525 is large enough in
amplitude to be detected by the threshold detector 330.

When the ultrasound interference reaches the receiving
transducer 20 before transmission of the transmit pulse, the
distance circuitry 340 ignores the ultrasound interference.
This is because the distance circuitry 340 does not listen for
the receive pulse until after the transmit pulse has been
transmitted.

FIG. 6 is a timeline illustrating the case in which the
ultrasound interference reaches the receiving transducer 20
between the transmit pulse and the receive pulse. When this
occurs, the threshold detector 330 detects the ultrasound
interference first. As a result, the distance circuitry 340
misinterprets the detected ultrasound interference as the
receive pulse. This causes the distance measurement 350
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unit to prematurely read the count value from the distance
counter 360. In this case, the read count value indicates the
time between the transmit pulse and the detection of the
ultrasound interference. As a result, the read count value
corresponds to an erroneous time of flight, T,,,. that is
shorter than the actually time of flight, <, of the ultrasound
pulse, as illustrated in FIG. 6. This in turn causes the
distance circuitry 340 to output a distance measurement that
is shorter than the actual distance between the transducers
10,20.

When the ultrasound interference reaches the receiving
transducer 20 after the receive pulse, the distance measure-
ment circuitry 340 ignores the ultrasound interference. This
is because the threshold detector 330 detects the receive
pulse first. As a result, the distance circuitry 340 correctly
reads the count value at the detection of the receive pulse.

Of the three cases discussed above, the only case in which
the ranging system 310 is affected by the ultrasound inter-
ference is when the ultrasound interference reaches the
receiving transducer 20 between the transmit pulse and the
receive pulse. In this case, the distance circuitry 340 outputs
a distance measurement that is shorter than the actual
distance between the transducers 10,20. Thus, ultrasound
interference causes the ranging system 310 to measure
distances that are too short. The invention exploits this
property to filter out erroneous distance measurements
caused by ultrasound interference, as explained further
below.

FIG. 7 illustrates an embodiment of a system 710 for
measuring the distance between transducers 10,20 further
including a distance filter 715 coupled to the distance
circuitry 340. In the preferred embodiment, the distance
filter 715 is implemented in software, but can be imple-
mented in firmware or hardware as well. In this embodi-
ment, the control and timing circuitry 350 may continuously
initiate distance measurements between the transducers
10,20 at regular intervals (e.g., once every 13 ms for a RPM
system). Each time the control and timing circuitry 340
initiates a distance measurement, the distance circuitry 340
outputs a distance measurement to the distance filter 715.
The filter 715 takes the last N distance measurements
outputted by the distance circuitry 340, and outputs the
maximum of the N distance measurements, where N is a
positive integer (e.g., N=8).

The operation of the distance filter 715 can be represented
as

y(m=max[x(n), x(n-1), . . . , x(n-N)]

where y(n) is the most recent output of the distance filter,
x(n) is the most recent distance measurement from the
distance circuitry 340, and max] | is a function that takes the
maximum of the last N distance measurements from the
distance circuitry 340 starting with the most recent distance
measurement x(n).

The distance filter 715 filters out erroneous distance
measurements caused by ultrasound interference. This is
because ultrasound interference causes the distance circuitry
340 to output distance measurements that are shorter than
the actual distance between the transducers 10,20. As a
result, correct distance measurements outputted by the dis-
tance circuitry 340 will be larger than erroneous distance
measurements caused by ultrasound interference. Therefore,
when at least one of the last N distance measurements is
correct, the maximum distance measurement outputted by
the distance filter 715 will be one of the correct distance
measurements. The distance filter 715 only outputs a dis-
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tance error when every one of the last N distance measure-
ments from the distance circuitry 340 is in error.

The distance filter 715 of the invention can significantly
reduce distance errors due to ultrasound interference. This
can be demonstrated by assuming that the probability of a
distance error from the distance circuitry 340 due to ultra-
sound interference is P. In this case, the probability that
every one of the last N distance measurements is in error is
P to the Nth power. Since the distance filter 715 outputs a
distance error only when every one of the last N distance
measurements is in error, the probability of a distance error
from the distance filter 715 is P to the Nth power, which can
be significantly smaller than P. For example, if P equals 77%
and N=8, the probability of a distance error from the
distance circuitry 340 due to ultrasound interference is 77%,
while the probability of a distance error from the distance
filter due to ultrasound interference is 12.3%. Obviously
increasing N can further reduce the probability of a distance
error from the distance filter 715 due to ultrasound interfer-
ence. However, increasing N may increase another type of
distance error, as explained further below.

For the case in which the control and timing circuitry 350
initiates distance measurements at regular intervals (e.g.,
once every 13 milliseconds), the distance filter 715 outputs
the maximum distance measurement over a finite measure-
ment time window, M, of

M=NAt

where At is the time between adjacent distance measure-
ments and N is the number of distance measurements
considered. For example, when At=13 ms and N=8, the
measurement time window 1s 104 ms. In order for the
distance filter 715 to provide a good approximation of the
current distance between the transducers 10,20, the distance
between the transducers 10,20 should remain relatively
stable within the measurement window. This ensures that the
maximum distance measurement within the measurement
window provides a good approximation of the current
distance between the transducers 10,20. When the distance
between the transducers 10,20 varies within measurement
window, the maximum distance may no longer closely
approximate the current distance between the transducers
10,20. For example, when the distance between the trans-
ducers 10,20 decreases within the measurement window, the
maximum distance will tend to be larger than the current
distance between the transducers 10,20.

Therefore, there is tradeoff in increasing N. Increasing N
decreases distance error due to ultrasound interference, but
also increases distance error due to distance variation within
the measurement window by increasing the size of the
measurement window.

One way to reduce error caused by distance variation
within the measurement window is to shorten the measure-
ment window. This may be accomplished without decreas-
ing N,. e.g., by increasing the transmit rate of the system 710
in order to provide more distance measurements within a
shorter period of time. This way, distance error due to
distance variation can be reduced without increasing dis-
tance error due to ultrasound interference.

In another embodiment, the distance filter 715 computes
a distance variation within the measurement window, and
compares the computed distance variation to a threshold
value. The distance filter 715 outputs the maximum distance
measurement only when the distance variation within the
measurement window exceeds the threshold value. Other-
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wise, the filter 715 outputs the most recent distance mea-
surement from the distance circuitry 340.

The threshold value may be determined by the maximum
that the distance between the transducers 10,20 can change
within the measurement window due to movement between
the transducers 10,20. For example, when the receiving
transducer 20 is mounted on a catheter (not shown), the
maximum change in distance may be determined by the
maximum distance that a physician navigates the catheter
within the measurement window. The threshold value may
be represented as

threshold=Nd

where § represents the maximum change in distance
between adjacent distance measurements and N is the num-
ber of distance measurements considered.

The operation of the distance filter 715 according to this
embodiment will now be described with reference to FIG. 8.
In step 810, the distance filter 715 computes a distance
variation for the last N distance measurements from the
distance circuitry 340. The distance variation may be com-
puted as the difference between the maximum and minimum
of the last N distance measurements. This is represented as

range(rn)=max[x(n)x(n-1), . . . X(n-N)]-min[x(n)x

(n-1), ... x(n-N)]

where range(n) is the distance variation for the last N
distance measurements, and x(n) is the most recent distance
measurement from the distance circuitry 340. Other mea-
sures of distance variation may be used, such as computing
the variance of the last N distance measurements. As another
example, the second derivative of the last N distance mea-
surements, which can be used to differentiate between rapid
catheter movement and random interference can be taken.
This is because rapid catheter movement, in the absence of
interference, produces a distance measurement with a small
second derivative, whereas random interference produces a
distance measurement with a relatively large second deriva-
tive.

In step 820, the distance filter 715 compares the distance
variation to the threshold value. If the distance variation is
above the threshold value, the distance filter 715, at step 830,
outputs the maximum of the last N distance measurements
from the distance circuitry 340. Otherwise, at step 840, the
distance filter 715 outputs the most recent distance mea-
surement from the distance circuitry 340. The distance filter
715 repeats the steps in FIG. 8 for each subsequent distance
measurement it receives from the distance circuitry 340.

Therefore, the distance filter 715 according to this
embodiment reduces the unwanted side effects of increasing
N by only outputting the maximum distance measurement
when the computed distance variation exceeds the threshold
value. In other words, the distance filter 715 only applies its
maximum filtering function when the distance variation is
most likely due to ultrasound interference, and not due to
movement between the transducers 10,20.

In the discussion above, the systems had one transmitting
transducer. Many applications, such as ultrasound positional
tracking, require multiple transmitting transducers. FIG. 9
illustrates an embodiment of the system 905, further includ-
ing multiple transmitting transducers 10-1 to 10-n, where
each of the transmitting transducers is coupled to a pulse
generator 920-1 to 920-n. In this embodiment, the control
and timing circuitry 950 sequentially initiates distance mea-
surements between the receiving transducer 20 and each of
the transmitting transducers 10-1 to 10-n.
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In operation, the control and timing circuitry 950 sequen-
tially triggers each one of the pulse generators 920-1 to
920-n to generate and transmit a transmit pulse to its
respective transmitting transducer 10-1 to 10-n causing the
transmitting transducer 10-1 to 10-n to transmit an ultra-
sound pulse (not shown). The transmit pulses may be spaced
apart in time, e.g.. 1 ms, so they do not interfere within one
another.

For each transmit pulse, the control and timing circuitry
950 triggers the distance counter 360 to begin counting from
zero at the transmit time of the transmit pulse. The control
and timing circuitry 950 may also send data to the distance
circuitry 340 identifying the corresponding transmitting
transducer 10-1 to 10-n. After the transmit pulse has been
transmitted, the distance circuitry 340 listens for a receive
pulse within a time window, e.g., 100 ps. Upon detection of
the receive pulse by the threshold detector 330, the distance
circuitry 340 reads the current count value from the distance
counter 360, which provides a distance measurement
between the receiving transducer 20 and the corresponding
transmitting transducer 10-1 to 10-n. The distance circuitry
outputs the distance measurement to the distance filter 915.
The distance circuitry 340 may also output data identifying
the transmitting transducer 10-1 to 10-n corresponding to the
distance measurement.

The distance filter 915 sequentially receives distance
measurements corresponding to the distance between the
ranging transducer 20 and each of the transmitting trans-
ducers 10-1 to 10-n from the distance circuitry 340. For each
received distance measurement, the filter 915 identities the
corresponding transmitting transducer 10-1 to 10-n. This
may be accomplished several ways. For example, for each
distance measurement, the control and timing circuitry 950
and/or the distance circuitry 340 may send data to the filter
915 identifying the corresponding transmitting transducer
10-1 to 10-n. Alternatively, the filter 915 may determine the
identity of the corresponding transmitting transducer 10-1 to
10-2 according to the order in which it receives a sequence
of distance measurements from the distance circuitry 340.
For example, the filter 915 may assume that the first distance
measurement in the sequence corresponds to transmitting
transducer 10-1, the second distance measurement corre-
sponds to transmitting transducer 10-2, and so forth.

In one embodiment, the distance filter 915 outputs a
maximum distance for each of the transmitting transducers
10-1 to 10-n. In determining the maximum distance for each
transmitting transducer 10-1 to 10-n, the filter 915 takes the
maximum of the last N distance measurements for that
particular transmitting transducer 10-1 to 10-n from the
distance circuitry 340.

In another embodiment, the 915 filter also computes a
distance variation for each transmitting transducer 10-1 to
10-n by computing a variation in the last N distance mea-
surements for that particular transmitting transducer 10-1 to
10-n. The filter 915 may then compare the distance variation
for each transmitting transducer 10-1 to 10-n to a threshold
value. If the distance variation for a particular transmitting
transducer 10-1 to 10-n is below the threshold value, then
the filter 915 outputs the most recent distance measurement
for that transmitting transducer 10-1 to 10-n. If the distance
variation for a particular transmitting transducer 10-1 to
10-n is above the threshold value, then the filter 915 outputs
the maximum of the last N distance measurements for that
transmitting transducer 10-1 to 10-n.

Preferably, each time the filter 915 outputs a filtered
distance measurement it includes data identifying the cor-
responding transmitting transducer 10-1 to 10-n. If imple-
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mented in software, the filter 915 is preferably embodied in
several software modules—one for each transmitting trans-
ducer.

The invention is particularly well suited for use in ultra-
sound positional tracking systems to track the position of
one or more devices (e.g., catheter). FIG. 10 illustrates an
ultrasound positional tracking system 1005 according to an
embodiment of the invention. The system 1005 includes two
or more ranging transducers 1020-1 to 1020-m mounted on
the medical device being tracked (not shown), and four or
more reference transducers 1010-1 to 1010-n. Each of the
ranging transducers 1020-1 to 1020-m acts as a receiving
transducer and each of the reference transducers 1010-1 and
1010-n can act both as a receiving and transmitting trans-
ducer.

FIG. 11 illustrates exemplary devices on which the rang-
ing transducers 1020-1 to 1020-m and the reference trans-
ducers 1010-1 to 1010-n can be mounted. Three ranging
transducers 1020-1 to 1020-3 are mounted on a distal
portion of a catheter 1110 for performing medical and/or
mapping procedures within the body. The catheter 1110 may
be a mapping catheter, an ablation catheter, or the like. In
this example, the ranging transducers 1020-1 to 1020-m take
the form of annular ultrasound transducers. Also illustrated
in FIG. 11 are four reference transducers 1010-1 to 1010-4
mounted on a distal portion of a reference catheter 1120.

Referring back to FIG. 10, the system 1005 also includes
a distance measurement subsystem 1015-1 to 1015-(n+m)
coupled to each of the ranging transducers 1020-1 to 1020-m
and reference transducers 1010-1 to 1010-n, and a pulse
generator 1025-1 to 1025-n coupled to each of the reference
transducers 1010-1 to 1010-n. Each distance subsystem
1015-1 to 1015-(n+m) includes a threshold detector 1030-1
to 1030-(n+m), distance circuitry 1035-1 to 1035-(n+m) and
a distance filter 1040-1 to 1040-(n+m) according to the
invention for filtering out distance errors from the respective
distance circuitry 1035-1 to 1035-(n+m). Notably, if imple-
mented in software, the number of software modules for the
distance filter 1040 will equal the product of the number of
ranging transducers 1020 and the number of reference
transducers 1010, i.e., mxn filter modules. The system 1005
further includes control and timing circuitry 1050 coupled to
each of the pulse generators 1025-1 to 1025-n and a distance
counter 1060 coupled to control and timing circuitry 1050
and each of the distance measurement subsystems 1015-1 to
1015-(n+m). The system 1005 also includes a triangulation
circuitry 1070 for triangulating the positions of the ranging
transducers 1020-1 to 1020-m and the reference transducers
1010-1 to 1010-n, a display image processor 1075 coupled
to the triangulation circuitry, and a display 1080 coupled to
the display image processor 1075. In the preferred embodi-
ment, the triangulation circuitry 1070 is implemented in
software, but can be implemented in firmware or hardware
as well.

In operation, the control and timing circuitry 1050
sequentially triggers each one of the pulse generators 1025-1
to 1025-n to generate and transmit a transmit pulse to its
respective reference transducer 1010-1 and 1010-n causing
the reference transducer 1010-1 and 1010-n to transmit an
ultrasound pulse. The transmit pulses may be spaced apart in
time, e.g., 1 ms, so they do not interfere within one another.

For each transmit pulse, the control and timing circuitry
1050 triggers the distance counter 1060 to begin counting
from zero at the transmit time of the transmit pulse. After the
transmit pulse has been transmitted, each distance measure-
ment subsystem 1015-1 to 1015-n listens for a receive pulse
at its respective transducer 1020-1 to 1020-m and 1010-1 to
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1010-n. Upon detection of a receive pulse by its respective
threshold detector 1030-1 to 1030-(n+m), each distance
circuitry 1035-1 to 1035-(n+m) reads the current count value
from the distance counter, and outputs the read count value
as a distance measurement to the respective distance filter
1040-1 to 1040-(n+m). Each distance filter 1040-1 to 1040-
(n+m) filters out erroneous distance measurements from its
respective distance circuitry 1035-1 to 1035-(n+m) due to
ultrasound interference, and outputs the filtered distance
measurements to the triangulation circuitry 1070. Each
distance filter 1040-1 to 1040-(n+m), preferably, includes
data identifying the corresponding receiving and transmit-
ting transducer for each filtered distance measurement.

For each transmit pulse, the triangulation circuitry 1070
receives distance measurements between the reference
transducer 1010-1 to 1010-n corresponding to the transmit
pulse and each of the other reference transducers 1010-1 to
1010-n. The triangulation circuitry 1070 also receives dis-
tance measurements between the reference transducer
1010-1 to 1010-n corresponding to the transmit pulse and
each of the ranging transducers 1020-1 to 1020-m.

The triangulation circuitry 1070 computes the relative
positions between the reference transducers 1010-1 to
1010-n in 3-D space by triangulating the distance measure-
ments between the references transducers 1010-1 to 1010-n.
The triangulation circuitry 1070 then maps the relative
positions between the reference transducers 1010-1 to
1010-n onto the 3-D coordinate system to provide a refer-
ence for tracking the positions of the ranging transducers
1020-1 to 1020-m in the 3-D coordinate system. The trian-
gulation circuitry 1070 may employ any one of a number of
mapping procedures as long as the mapping procedure
preserves the relative positions between the reference trans-
ducers 1010-1 to 1010-n.

To track the positions of the ranging transducers 1020-1
to 1020-m within the 3-D coordinate system, the triangula-
tion circuitry 1070 triangulates the relative positions of the
ranging transducers 1020-1 to 1020-m to the reference
transducers 1010-1 to 1010-n by triangulating the distance
measurements between the ranging traducers 1020-1 to
1020-m and the reference traducers 1010-1 to 1010-n. The
triangulation circuitry 1070 then determines the positions of
the ranging transducers 1020-1 to 1020-m in the 3-D coor-
dinate system based on the relative positions of the ranging
transducers 1020-1 to 1020-m to the reference transducers
1010-1 to 1010-n and the known positions of reference
transducers 1010-1 to 1010-n in the 3-D coordinate system.

Those skilled in the art will appreciate that the filters
1040-1 to 1040-(n+m) may be integrated in the triangulation
circuitry 1070. This may be done, e.g., by modifying soft-
ware in the triangulation circuitry 1070 to perform the
filtering functions according to the invention. In this case,
the distance measurements from each distance circuitry
1040-1 to 1040-(n+m) may be outputted directly to the
triangulation circuitry 1070, which performs the filtering
functions according to the invention before triangulating the
positions of the transducers.

The triangulation circuitry 1070 outputs the positions of
the ranging transducers 1020-1 to 1020-m and the reference
transducers 1010-1 to 1010-n in the 3-D coordinate system
to the display image processor 1075. The display image
processor 1075 generates an image showing the position and
orientation of the device being tracked in graphical form.
The display image processor 1075 may do this by plotting
the positions of the ranging transducers 1020-1 to 1020-m in
the 3-D coordinate system and reconstructing a graphical
representation of the device onto the plotted positions based
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on a pre-programmed graphical model of the device. The
graphical model may include information on the relative
positions of the ranging transducers on the device. The
image may also show the position and orientation of the
reference catheter 1120 (shown in FIG. 11) in graphical
form. The display image processor 1075 may do this by
plotting the positions of the reference transducers 1010-1 to
1010-n in the 3-D coordinate system and reconstructing a
graphical representation of the reference catheter 1120 onto
the plotted positions. The display image processor 1075
outputs the image to the display 1080, which displays the
image to a physician.

FIG. 12 shows an exemplary image 1210 in which the
device being tracked is a medical catheter 1110 (shown in
FIG. 11). The image 1210 includes graphical reconstructions
of the medical catheter 1110 and the reference catheter 1120.
The graphical reconstruction of the medical catheter 1110 is
positioned and orientated in the image 1210 based on the
tracked positions of the ranging transducers 1020-1 to
1020-3 in the 3-D coordinate system. Similarly, the graphi-
cal reconstruction of the reference catheter 1120 is posi-
tioned and orientated in the image 1210 based on the tracked
positions of the reference transducers 1010-1 to 1010-4 in
the 3-D coordinate system. The 3-D coordinate 1215 system
may or may not be shown in the image 1210.

Even though one device was tracked in the above
example, the ultrasound positional system 1005 may be used
to track multiple devices equipped with ranging transducers.
In addition, the display 1080 may display the position of
anatomical landmarks in the 3-D coordinate system. This
may be done, e.g., by positioning a mapping catheter
equipped with ranging transducers at an anatomical land-
mark and recording the position of the anatomical landmark
in the 3-D coordinate system based on the position of the
mapping catheter. The position of the anatomical landmark
in the. 3-D coordinate system may then be displayed and
labeled on the display 1080. This enables a physician to
more precisely guide devices within the body by referencing
their tracked position on the display 1080 to the position of
the anatomical landmark on the display 1080.

The display 1080 may also display a computer represen-
tation of body tissue in the 3-D coordinate system. This may
be done, e.g., by moving a mapping catheter equipped with
ranging transducers to different positions on the surface of
the body tissue and recording these positions in the 3-D
coordinate system. The image display processor 1075 may
then reconstruct the computer representation of the body
tissue in the 3-D coordinate system, e.g., by fitting an
anatomical shell onto the recorded positions. The computer
representation of the body tissue may then be displayed on
the display 1080. This enables a physician to more precisely
guide devices within the body by referencing their tracked
position on the display 1080 to the computer representation
of the body tissue on the display 1080. Additional details on
this graphical reconstruction technique can be found in
patent application Ser. No. 09/128,304 to Willis et al.
entitled “A dynamically alterable three-dimensional graphi-
cal model of a body region”, which is incorporated by
reference.

An advantage of the ultrasound tracking system 1005
according to the invention is that the distance filters 1040-1
to 1040-(n+m) enable the tracking system 1005 to more
reliably operate in an environment containing ultrasound
interference. This is accomplished by filtering out distance
errors due to ultrasound interference, thereby improving the
accuracy of the distance measurements used to triangulate
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the positions of the ranging transducers 1020-1 to 1020-n
and the reference transducers 1010-1 to 1010-n.

The invention is especially useful for using ultrasound
tracking systems concurrently with ultrasound imaging. One
advantage of using an ultrasound tracking system concur-
rently with ultrasound imaging is that it allows a physician
to track the position of a device within a portion of the body
while at the same time imaging the portion of the body using
a ultrasound imager to provide additional information.
Another advantage is that it allows the use of an ultrasound
tracking system to track the position of a device having an
ultrasound imaget, e.g., an ultrasound imaging catheter.

The usefulness of the invention in using an ultrasound
ranging system concurrently with ultrasound imaging will
now be examined.

An ultrasound imager typically images the body by trans-
mitting ultrasound pulses in the body and detecting the
resulting echo pulses. The rate of transmission of the ultra-
sound pulses is constrained by two factors.

1. The distance that is to be imaged. This is because there
must be enough time for the ultrasound energy to travel out
to and back from the object being imaged.

2. Scattering interference. This is because the scattered
energy from one ultrasound pulse must die out before the
next ultrasound pulse can be transmitted.

The more rapidly the imaging transducer is pulsing, the
higher the probability it will cause interference at an ultra-
sound tracking system. The probability of ultrasound inter-
ference occurring between two transducers of an ultrasound
ranging system is

P=dM)IT

where d is distance between the transducers, v is the velocity
of ultrasound between the transducers, and T is the time
between ultrasound pulses from the interfering ultrasound
imager.

In one example, an Intracardiac Echocardiography
(“ICE”) catheter contains an ultrasound imager that trans-
mits at a rate of 7680 Hz, which corresponds to a time, T, of
130 pis between ultrasound pulses from the imager. FIG. 13
is a graph showing the probability of this particular ultra-
sound imager causing interference between two transducers
of an ultrasound ranging system as a function of distance
between the transducers. Without the distance filter of the
invention, the probability of a distance measurement error is
P=(d/v)/T, as given by the above equation. This is shown for
v=1.5 mm/usec and T=130 As by the curve labeled “unfil-
tered” in FIG. 13. The value v=1.5 mm/psec is an approxi-
mation of the velocity of ultrasound in the body. With the
distance filter of the invention, the probability of a distance
measurement error is significantly reduced to P to the Nth
power. This is shown for N=8 by the curve labeled “filtered”
in FIG. 13.

Those skilled in the art will appreciate that various
modifications may be made to the just described preferred
embodiments without departing from the spirit and scope of
the invention. For example, the distance filters of the inven-
tion are not limited for use with the particular ultrasound
ranging systems described in the specification, and may be
used with other ultrasound ranging systems susceptible to
ultrasound interference. Therefore, the invention is not to be
restricted or limited except in accordance with the following
claims and their legal equivalents.

What is claimed is:
1. A distance measuring system, comprising:
first and second transducers;
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an ultrasound ranging subsystem coupled to the first and
second transducers for performing straight path dis-
tance measurements between the first and second trans-
ducers; and

a filter coupled to the ultrasound ranging subsystem for
receiving the distance measurements, comparing the
distance measurements to each other, determining a
relative ordering of the distance measurements based
on the comparison, selecting one of the distance mea-
surements based on the determined distance measure-
ment ordering, and outputting the selected distance
measurement as the distance between the first and
second transducers.

2. The system of claim 1, wherein the distance measure-
ment is only selected if it is greater than the minimum
distance measurement.

3. The system of claim 1, wherein the distance measure-
ment is only selected if it is the maximum distance mea-
surement.

4. The system of claim 1, wherein the number of distance
measurements compared is greater than 2.

5. The system of claim 1, wherein the ultrasound ranging
subsystem further comprises:

a pulse generator coupled to the first transducer for
generating and transmitting transmit pulses to the first
transducer;

a threshold detector coupled to the second transducer for
detecting receive pulses from the second detector; and

measurement means coupled to the pulse generator and
the threshold detector;

wherein, for each distance measurement, the measure-
ment means triggers the pulse generator to generate and
transmit a transmit pulse to the first transducer, mea-
sures the elapsed time between transmission of the
transmit pulse and detection of a receive pulse by the
threshold detector, and generates the distance measure-
ment based on the measured elapsed time.

6. The system of claim 5, wherein the measurement means

comprises a digital counter for measuring the elapsed time.

7. The system of claim 1, further comprising a catheter on
which at least one of the first and second transducers is
mounted.

8. The system of claim 1, further comprising a processor
coupled to the filter for determining the position of one of
the first and second transducers in a three-dimensional
coordinate system at least partially based on the outputted
distance measurement.

9. A distance measuring system, comprising:

first and second transducers;

an ultrasound ranging subsystem coupled to the first and
second transducers for performing straight path dis-
tance measurements between the first and second trans-
ducers; and

a filter coupled to the ultrasound ranging subsystem for
sequentially receiving the distance measurements, fil-
tering ultrasound interference from the last N distance
measurements, and outputting one of the N distance
measurements as the distance between the first and
second transducers based on the filtering of the distance
measurements, wherein N is greater than 2.

10. The system of claim 9, wherein the ultrasound inter-
ference filtering comprises comparing the N distance mea-
surements, and wherein the distance measurement is output
based on the distance measurement comparison.

11. The system of claim 10, wherein the ultrasound
interference filtering comprises determining a distance mea-
surement that is greater than a minimum of the N distance
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measurements, and wherein the determined distance mea-
surement is output as the distance between the first and
second transducers.

12. The system of claim 9, wherein the ultrasound inter-
ference filtering comprises determining a maximum of the N
distance measurements, and wherein the determined dis-
tance measurement is output as the distance between the first
and second transducers.

13. The system of claim 9, wherein N is at least 8.

14. The system of claim 9, wherein the ultrasound ranging
subsystem further comprises:

a pulse generator coupled to the first transducer for
generating and transmitting transmit pulses to the first
transducer;

a threshold detector coupled to the second transducer for
detecting receive pulses from the second detector; and

measurement means coupled to the pulse generator and
the threshold detector;

wherein, for each distance measurement, the measure-
ment means triggers the pulse generator to generate and
transmit a transmit pulse to the first transducer, mea-
sures the elapsed time between transmission of the
transmit pulse and detection of a receive pulse by the
threshold detector, and generates the distance measure-
ment based on the measured elapsed time.

15. The system of claim 14, wherein the measurement
means comprises a digital counter for measuring the elapsed
time.

16. The system of claim 9, further comprising a catheter
on which at least one of the first and second transducers is
mounted.

17. The system of claim 9, further comprising a processor
coupled to the filter for determining the position of one of
the first and second transducers in a three-dimensional
coordinate system at least partially based on the outputted
distance measurement.

18. A distance measuring system, comprising:

first and second transducers;

an ultrasound ranging subsystem coupled to the first and
second transducers for performing distance measure-
ments between the first and second transducers; and

a filter coupled to the ultrasound ranging subsystem for
sequentially receiving the distance measurements,
comparing the last N distance measurements to each
other, determining a relative ordering of the last N
distance measurements based on the comparison,
detecting and comparing ultrasound interference
against a threshold, selecting one of the last N distance
measurements based on the determined distance mea-
surement ordering if the detected ultrasound interfer-
ence is above the threshold, selecting the Nth distance
measurement if the detected ultrasound is below the
threshold, and outputting the selected distance mea-
surement as the distance between the first and second
transducers.

19. The system of claim 18, wherein the selected one of
the last N distance measurements must be greater than a
minimum of the last N distance measurements.

20. The system of claim 18, wherein the selected one of
the last N distance measurements must be the maximum of
the last N distance measurements.

21. The system of claim 18, wherein N is greater than 2.

22. The system of claim 18, wherein N is at least 8.

23. The system of claim 18, wherein the ultrasound
ranging subsystem further comprises:
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a pulse generator coupled to the first transducer for
generating and transmitting transmit pulses to the first
transducer;
a threshold detector coupled to the second transducer for
detecting receive pulses from the second detector; and
measurement means coupled to the pulse generator and
the threshold detector;
wherein, for each distance measurement, the measure-
ment means triggers the pulse generator to generate and
transmit a transmit pulse to the first transducer, mea-
sures the elapsed time between transmission of the
transmit pulse and detection of a receive pulse by the
threshold detector, and generates the distance measure-
ment based on the measured elapsed time.
24. The system of claim 23, wherein the measurement
means comprises a digital counter for measuring the elapsed
time.
25. The system of claim 18, further comprising a catheter
on which at least one of the first and second transducers is
mounted.
26. The system of claim 18, further comprising a proces-
sor coupled to the filter for determining the position of one
of the first and second transducers in a three-dimensional
coordinate system at least partially based on the outputted
distance measurement.
27. The system of claim 18, wherein the ultrasound
interference detection and comparison comprises computing
a distance variation of the last N distance measurements and
comparing the distance variation to a threshold value.
28. The system of claim 27, wherein the distance variation
is the difference between the maximum and minimum of the
last N distance measurements.
29. The system of claim 27, wherein the distance variation
is the variance of the last N distance measurements.
30. The system of claim 27, wherein the distance variation
is the second derivative of the last N distance measurements.
31. An ultrasound system, comprising:
a first ultrasound-based subsystem for performing a dis-
tance measuring function; and
a second ultrasound-based subsystem for generating ultra-
sound energy used to perform a function different from
the distance measuring function;
wherein the first ultrasound-based subsystem includes:
first and second transducers;
an ultrasound ranging subsystem coupled to the first
and second transducers for performing distance mea-
surements between the first and second transducers;
and

a filter coupled to the ultrasound ranging subsystem for
receiving the distance measurements, and filtering
the ultrasound energy from the distance measuring
function by comparing the distance measurements to
each other, and selecting one of the distance mea-
surements based on the comparison.

32. The system of claim 31, wherein the filter outputs the
selected distance measurement as the distance between the
first and second transducers.

33. The system of claim 32, wherein the distance mea-
surement is only selected if it is greater than the minimum
distance measurement.

34. The system of claim 32, wherein the distance mea-
surement is only selected if it is the maximum distance
measurement.

35. The system of claim 31, wherein the number of
distance measurements is greater than 2.
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36. The system of claim 35, wherein the measurement
means comprises a digital counter for measuring the elapsed
time.

37. The system of claim 31, wherein the ultrasound
ranging subsystem further comprises:

a pulse generator coupled to the first transducer for
generating and transmitting transmit pulses to the first
transducer;

a threshold detector coupled to the second transducer for
detecting receive pulses from the second detector; and

measurement means coupled to the pulse generator and
the threshold detector;

wherein, for each distance measurement, the measure-
ment means triggers the pulse generator to generate and
transmit a transmit pulse to the first transducer, mea-
sures the elapsed time between transmission of the
transmit pulse and detection of a receive pulse by the
threshold detector, and generates the distance measure-
ment based on the measured elapsed time.

38. The system of claim 31, further comprising a catheter
on which at least one of the first and second transducers is
mounted.

39. The system of claim 31, further comprising a proces-
sor coupled to the filter for determining the position of one
of the first and second transducers in a three-dimensional
coordinate system at least partially based on the outputted
distance measurement.

40. The system of claim 31, wherein second ultrasound-
based subsystem is an ultrasound imaging subsystem.

41. The system of claim 40, wherein the ultrasound
energy filtering comprises comparing the N distance mea-
surements to each other, and wherein the distance measure-
ment is output based on the distance measurement compari-
son.

42. The system of claim 40, wherein N is at least 2.

43. The system of claim 42, wherein the measurement
means comprises a digital counter for measuring the elapsed
time.

44. The system of claim 40, further comprising a catheter
on which at least one of the first and second transducers is
mounted.

45. The system of claim 40, further comprising a proces-
sor coupled to the filter for determining the position of one
of the first and second transducers in a three-dimensional
coordinate system at least partially based on the outputted
distance measurement.

46. The system of claim 40, wherein second ultrasound-
based subsystem is an ultrasound imaging subsystem.
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47. The system of claim 40, wherein the ultrasound
ranging subsystem further comprises:
a pulse generator coupled to the first transducer for
generating and transmitting transmit pulses to the first
transducer;
a threshold detector coupled to the second transducer for
detecting receive pulses from the second detector; and
measurement means coupled to the pulse generator and
the threshold detector;
wherein, for each distance measurement, the measure-
ment means triggers the pulse generator to generate and
transmit a transmit pulse to the first transducer, mea-
sures the elapsed time between transmission of the
transmit pulse and detection of a receive pulse by the
threshold detector, and generates the distance measure-
ment based on the measured elapsed time.
48. An ultrasound system, comprising:
a first ultrasound-based subsystem for performing a dis-
tance measuring function; and
a second ultrasound-based subsystem for generating ultra-
sound energy used to perform a function different from
the distance measuring function;
wherein the first ultrasound-based subsystem includes:
first and second transducers;
an ultrasound ranging subsystem coupled to the first
and second transducers for performing a plurality of
distance measurements between the first and second
transducers; and

a filter coupled to the ultrasound ranging subsystem for
sequentially receiving the distance measurements,
filtering the ultrasound energy from the last N dis-
tance measurements and outputting one of the N
distance measurements as the distance between the
first and second transducers based on the filtering of
the distance measurements.

49. The system of claim 48, wherein the ultrasound
energy filtering comprises determining a distance measure-
ment that is greater than a minimum of the N distance
measurements, and wherein the determined distance mea-
surement is output as the distance between the first and
second transducers.

50. The system of claim 48, wherein the ultrasound
energy filtering comprises determining a maximum of the N
distance measurements, and wherein the determined dis-
tance measurement is output as the distance between the first
and second transducers.
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