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Description
FIELD OF THE INVENTION

[0001] The presentinvention relates generally to noise
cancellation, and specifically to cancellation of narrow-
band noise such as line pickup.

BACKGROUND OF THE INVENTION

[0002] Line pickup is a type of noise that can be espe-
cially troubling when the signals which are affected by
the pickup are relatively small. For example, signals such
as ECG (electrocardiogram) signals may typically be rel-
atively small compared to the line noise picked up by
leads acquiring the signals. Methods for reducing the ef-
fects of this type of noise are known in the art.

[0003] U.S. Patent 6,041,250, to dePinto, whose dis-
closure is incorporated herein by reference, describes
an adaptive line noise detection and cancellation system.
The systemis stated to have, inter alia, a baseline wander
filter, high and low pass filters, and an adaptive line noise
canceler. The system is also stated to be able to identify
and remove contamination from an ECG signal.

[0004] U.S. Patent 8,597,196, to Kishi et al., whose
disclosure is incorporated herein by reference, describes
a cardiac signal processing apparatus which is stated to
include a unit for acquiring, from a heartbeat sensor, car-
diac signals relating to heartbeats of a subject. The ap-
paratus is also stated to have a low-pass filter for allowing
passage of those cardiac signals having a first predeter-
mined frequency or lower, among the cardiac signals,
and a higher harmonic noise acquisition unit for acquiring
harmonic signals of low-frequency noise by performing
high frequency extrapolation on the signals output from
the low-pass filter.

[0005] U.S. Patent 8,134,255, to Hatanaka et al.,
whose disclosure is incorporated herein by reference,
describes a noise cancellation circuit. The circuitis stated
to have a cancellation signal generation section that gen-
erates a cancellation signal which cancels an alternating-
current component of a power supply terminal voltage of
a digital signal processing circuit section. There is also
a synthesis section which synthesizes the generated
cancellation signal and a power supply voltage of an an-
alog signal processing circuit section to cancel noise su-
perimposed on the power supply voltage.

[0006] An article titled "FPGA-Based Implementation
of an Adaptive Canceller for 50/60-Hz Interference in
Electrocardiography,” published in IEEE Transactions on
Instrumentation and Measurement, Vol. 56, No. 6, De-
cember 2007, to Ramos et al., is incorporated herein by
reference. The article describes an adaptive canceller
which uses an adaptive filter.

[0007] An article titled "Noise removal from ECG Using
Modified CSLMS algorithm," published in International
Journal of Electronics, Communication & Instrumenta-
tion Engineering Research and Development Vol. 4, Is-

10

15

20

25

30

35

40

45

50

55

sue 3, Jun 2014, to Rehman, et al, is incorporated herein
by reference. The article refers to an adaptive filter that
"mainly” minimizes the mean squared error between a
primary input and a reference input.

[0008] Documents incorporated by reference in the
present patent application are to be considered an inte-
gral part of the application except that, to the extent that
any terms are defined in these incorporated documents
in a manner that conflicts with definitions made explicitly
or implicitly in the present specification, only the defini-
tions in the present specification should be considered.

SUMMARY OF THE INVENTION

[0009] An embodiment of the present invention pro-
vides a method, including:

receiving an input analog signal containing noise at
a specific noise frequency;

digitizing the input analog signal to form a digitized
signal;

recovering a first amplitude and a first phase of the
noise from the digitized signal;

generating an analog correction signal at the specific
noise frequency having a second amplitude equal to
the first amplitude and a second phase opposite to
the first phase; and

summing the input analog signal with the analog cor-
rection signal to generate an output analog signal.
Typically the noise consists of line noise, and the
specific noise frequency is selected from a 50 Hz
frequency and a 60 Hz frequency. The method may
include deriving the specific noise frequency from a
line signal.

In a disclosed embodiment the method includes re-
covering the specific noise frequency from the digi-
tized signal.

In a further disclosed embodiment the input analog
signal includes an intra-cardiac electrocardiogram
(ECG) signal.

[0010] There is further provided, according to an em-
bodiment of the present invention, apparatus, including:

an analog-to-digital (A/D) converter which is coupled
to receive an input analog signal containing noise at
a specific noise frequency, and to digitize the input
analog signal so as to form a digitized signal;

a signal analyzer which is configured to recover a
first amplitude and a first phase of the noise from the
digitized signal;

an analog signal generator which is configured to
generate an analog correction signal at the specific
noise frequency having a second amplitude equal to
the first amplitude and a second phase opposite to
the first phase; and

a summation block which sums the input analog sig-
nal with the analog correction signal to generate an
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output analog signal.

[0011] The present disclosure will be more fully under-
stood from the following detailed description of the em-
bodiments thereof, taken together with the drawings, in
which:

BRIEF DESCRIPTION OF THE DRAWINGS
[0012]

Fig. 1 is a schematic illustration of a narrowband
noise cancellation system, according to an embod-
iment of the present invention;

Fig. 2 is a schematic block diagram of a noise-can-
cellation module, according to an embodiment of the
present invention; and

Fig. 3 is a flowchart of actions taken by the module,
according to an embodiment of the present inven-
tion.

DETAILED DESCRIPTION OF EMBODIMENTS
OVERVIEW

[0013] Cardiac procedures typically include acquisi-
tion of ECG (electrocardiogram) signals. The ECG sig-
nals are low amplitude, high impedance analog signals,
and so are prone to picking up external signals, such as
noise from the line, which act as narrowband noise on
the ECG signals. The narrowband noise signals may be
significantly larger in amplitude than the ECG signals.
While the noise may be reduced by digitizing an incoming
noisy ECG signal, identifying a noise signal in the digi-
tized signal, and subtracting the noise signal from the
digitized signal, such a process requires a large dynamic
range, most of which is taken up by the noise.

[0014] Embodiments of the presentinvention use a dif-
ferent approach. An input analog signal, containing noise
at a specific noise frequency, e.g., noise such as 50 Hz
or 60 Hz line noise that is narrowband, is digitized. An
amplitude and a phase of the noise are recovered from
the digitized signal. In some embodiments the value of
the specific noise frequency is also recovered from the
digitized signal. The recovered amplitude is used to gen-
erate an analog correction signal having the same am-
plitude as the recovered amplitude, and the same fre-
quency as the noise. However, the phase of the correc-
tion signal is set to be opposite to, i.e., 180° out of phase
with, the recovered phase.

[0015] The input analog signal and the analog correc-
tion signal are summed, so generating an output analog
signal from which the narrowband noise has been re-
moved.

[0016] This approachis particularly effective where the
level of the narrowband noise is significantly greater than
the level of the analog signal, since the large noise signal
may enable the amplitude, frequency, and phase of the
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noise to be accurately evaluated. For example, in some
situations where the noise comprises line noise, the nar-
rowband noise level may be 50 dB or even more com-
pared to the analog signal.

SYSTEM DESCRIPTION

[0017] Reference is now made to Fig. 1, which is a
schematic illustration of a narrowband noise cancellation
system 20, according to an embodiment of the present
invention. System 20 is typically used during a medical
procedure on a body organ, and in the description herein
the body organ, by way of example, is assumed to com-
prise the heart, wherein the system is applied to cancel
noise on intra-cardiac electrocardiogram (ECG) signals.
However, it will be understood that system 20 may be
applied to cancel noise on other signals, such as elec-
troencephalograph (EEG) signals.

[0018] For clarity, except where otherwise stated, in
the following description the signals affected by noise are
assumed to be ECG signals, and the narrowband noise
on the signals is assumed to be line noise having a fre-
quency of 50 Hz or 60 Hz. In many cases, the narrowband
line noise has the same or a greater magnitude than the
levels of the ECG signals.

[0019] The following description assumes that system
20 senses intra-cardiac ECG signals from a heart 22,
using a probe 24. A distal end 26 of the probe is assumed
to have an electrode 28 for sensing the signals. Typically,
probe 24 comprises a catheter which is inserted into the
body of a subject 30 during a cardiac procedure per-
formed by a user 32 of system 20. In the description here-
in user 32 is assumed to be a medical professional.
[0020] System 20 may be controlled by a system proc-
essor 40, comprising a processing unit 42 communicat-
ing with an ECG module 44. Module 44 in turn comprises
a noise-cancellation module 46. Processor 40 may be
mounted in a console 50, which comprises operating con-
trols which typically include a pointing device such as a
mouse or trackball. Professional 32 uses the pointing de-
vice to interact with the processor, which, as described
below, may be used to present results produced by sys-
tem 20 to the professional on a screen 54.

[0021] The screen displays results of analysis and
processing of ECG signals by ECG module 44. Typically,
the resultant ECG signals are presented on screen 54 in
the form of a potential vs. time graph, and a schematic
example 60 of such a graph is illustrated in Fig. 1. How-
ever, the resultant ECG signals may also be used by
processor 40 to derive other results associated with the
ECG signals, such as alocal activation time (LAT). These
results are typically presented on screen 54 in the form
of athree-dimensional (3D) map 64 of the internal surface
of heart 22.

[0022] Processor40 uses software stored in a memory
of the processor to operate system 20. The software may
be downloaded to processor 40 in electronic form, over
a network, for example, or it may, alternatively or addi-
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tionally, be provided and/or stored on non-transitory tan-
gible media, such as magnetic, optical, or electronic
memory.

[0023] Processor 40 typically comprises other mod-
ules, such as a probe tracking module, a force module
that measures a force on distal end 26, and an ablation
module that provides regulated to power to electrode 28,
or another electrode in the distal end. For simplicity, such
modules are not shown in Fig. 1. The Carto® system
produced by Biosense Webster, of Diamond Bar, CA,
uses such modules.

[0024] Fig. 2 is a schematic block diagram of noise-
cancellation module 46, and Fig. 3 is a flowchart of ac-
tions taken by the module, according to an embodiment
of the presentinvention. Module 46 may be implemented
in hardware, for example as an application-specific inte-
grated circuit (ASIC) and/or as afield-programmable gate
array (FPGA). Alternatively module 46 may be at least
partially implemented in software. Module 46 typically
comprises a low-noise pre-amplifier 80, which is connect-
ed to receive signals from electrode 28. While, for sim-
plicity, pre-amplifier 80 is illustrated as being within mod-
ule 46, there is no necessity that it is so located. Thus,
in a disclosed embodiment, pre-amplifier 80 is incorpo-
rated into probe 24, and in some embodiments may be
incorporated into distal end 26 of the probe.

[0025] The signal received by pre-amplifier 80 is as-
sumed to be a baseband analog signal having a narrow-
band noise component at a specific frequency. The base-
band signal is the ECG signal acquired by electrode 28,
upon which has been superimposed line noise of approx-
imately 50 Hz or approximately 60 Hz, corresponding to
the narrowband noise component.

[0026] The actions performed by the pre-amplifier cor-
respond to an acquisition step 100 of the flowchart,
wherein pre-amplifier acquires a "raw" analog ECG sig-
nal.

[0027] The output from pre-amplifier 80 is digitized by
an analog-to-digital (A/D) converter 84, corresponding to
a digitization step 102 of the flowchart. The digital output
from the A/D converter is transferred to a signal analysis
block 86.

[0028] The signal analysis block analyzes the digitized
signal in order to isolate the narrowband noise compo-
nent. Typically the analysis comprises performing a Fou-
rier Transform and/or a wavelet transform. The analysis
also assumes that an approximate frequency of the nar-
rowband noise is known. The analysis uses the approx-
imate frequency value, assumed to be a nominal value
of 50 Hz or 60 Hz, to recover more exactly the specific
frequency of the narrowband noise, as well as the am-
plitude and the phase of the noise.

[0029] Ananalysis step 104 corresponds to the actions
performed by the signal analysis block 86. In some em-
bodiments where the narrowband noise comprises line
noise, signal analysis block 86 is configured to derive the
specific frequency of the narrowband noise from a cou-
pling to the line.
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[0030] The results of the analysis of the digitized signal
are passed to an analog signal generator 90. Generator
90 is configured to generate an analog correction signal
having the same values of amplitude and frequency as
the values of the narrowband noise amplitude and fre-
quency recovered by the signal analysis block. However,
the phase of the analog correction signal produced by
generator 90 is configured to be opposite to, i.e., 180°
out of phase with, the phase of the narrowband noise.
The operation of generator 90, generating the analog cor-
rection signal, corresponds to the actions performed in
a generation step 106 of the flowchart.

[0031] The analog correction signal is transferred to a
summation block 94, which is also connected to receive
the analog signal output by pre-amplifier 80. Block 94
acts as a mixer, and is configured to sum its two inputs.
Because the noise on the output of the pre-amplifier has
the same amplitude and frequency, but is opposite in
phase to the analog correction signal, summing the two
inputs effectively cancels the noise on the incoming an-
alog signal, so that the output signal from block 94 com-
prises the analog signal with noise removed.

[0032] A final summation step 108 of the flowchart,
wherein the output from the summation block is the sum-
mation of the two input analog signals, corresponds to
the operation of summation block 94.

[0033] While the description above assumes that the
input analog signal is an ECG signal that contains nar-
rowband line noise, it will be appreciated that this type
of analog signal, and this type of narrowband noise, are
purely exemplary. Thus, embodiments of the present in-
vention comprise other types of analog signal, such as
EEG (electroencephalograph) signals, as well as other
types of narrowband noise, such as narrowband noise
generated by alternating magnetic fields.

[0034] Itwillthus be appreciated that the embodiments
described above are cited by way of example, and that
the present invention is not limited to what has been par-
ticularly shown and described hereinabove. Rather, the
scope of the present invention includes both combina-
tions and subcombinations of the various features de-
scribed hereinabove, as well as variations and modifica-
tions thereof which would occur to persons skilled in the
art upon reading the foregoing description and which are
not disclosed in the prior art.

Claims
1. A method, comprising:

receiving an input analog signal containing
noise at a specific noise frequency;

digitizing the input analog signal to form a digi-
tized signal;

recovering a first amplitude and a first phase of
the noise from the digitized signal;

generating an analog correction signal at the
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specific noise frequency having a second am-
plitude equal to the first amplitude and a second
phase opposite to the first phase; and
summing the input analog signal with the analog
correction signal to generate an output analog
signal.

The method according to claim 1, wherein the noise
comprises line noise, and wherein the specific noise
frequency is selected from a 50 Hz frequency and a
60 Hz frequency.

The method according to claim 2, and comprising
deriving the specific noise frequency from a line sig-
nal.

The method according to claim 1, and comprising
recovering the specific noise frequency from the dig-
itized signal.

The method according to claim 1, wherein the input
analog signal comprises an intra-cardiac electrocar-
diogram (ECG) signal.

Apparatus, comprising:

an analog-to-digital (A/D) converter which is
coupled to receive an input analog signal con-
taining noise at a specific noise frequency, and
to digitize the input analog signal so as to form
a digitized signal;

a signal analyzer which is configured to recover
a first amplitude and a first phase of the noise
from the digitized signal;

an analog signal generator which is configured
to generate an analog correction signal at the
specific noise frequency having a second am-
plitude equal to the first amplitude and a second
phase opposite to the first phase; and

a summation block which sums the input analog
signal with the analog correction signal to gen-
erate an output analog signal.

The apparatus according to claim 6, wherein the
noise comprises line noise, and wherein the specific
noise frequency is selected from a 50 Hz frequency
and a 60 Hz frequency.

The apparatus according to claim 7, wherein the sig-
nal analyzer is configured to derive the specific noise
frequency from a line signal.

The apparatus according to claim 6, wherein the sig-
nal analyzer is configured to recover the specific
noise frequency from the digitized signal.

The apparatus according to claim 6, wherein the in-
put analog signal comprises an intra-cardiac elec-
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trocardiogram (ECG) signal.
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