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(57) ABSTRACT

Systems, methods, and computer program product embodi-
ments are disclosed for removing any fixed frequency inter-
fering signal from an input signal without introducing arti-
facts that are not part of the original signal of interest. An
embodiment operates by using a virtual buffer with a length
that matches a length of one cycle of an interfering signal.
The embodiment extracts the interfering signal into the
virtual buffer. For a sample in the next cycle of the inter-
fering signal that corresponds to a virtual memory location
for the virtual buffer, the embodiment can update one or
more physical memory locations of the virtual buffer that are
in the vicinity of the virtual memory location. This use of
virtual buffer can remove any interfering signal without
creating the artifacts associated with conventional notch
filters.
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UNIVERSAL NOTCH FILTER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application titled “Universal Notch Filter,” Ser. No.
62/933,020, filed Nov. 8, 2019, which is herein incorporated
by reference in its entirety.

BACKGROUND

[0002] There are many situations where an input signal is
contaminated with an interfering signal. For example, this
may occur in a medical lab in which numerous pieces of
equipment secondarily emit substantial line frequencies and
propagating harmonics noise. For example, in North
America this often involves 60 Hz line frequencies and
harmonics thereof. Moreover, there may be interfering sig-
nal emissions from other equipment related to their operat-
ing frequencies and duty cycles. To accurately display and or
record signal(s) of interest from various sources, such as a
patient underdoing a medical procedure, there is often a need
to remove any fixed frequency interfering signal while
preserving the signal(s) of interest. Specifically, there is
often a need to remove any fixed frequency interfering
signal without introducing artifacts (e.g., overshoot and
ringing) that are not part of the original signal(s) of interest.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The accompanying drawings, which are incorpo-
rated herein and form part of the specification, illustrate the
present embodiments and, together with the description,
further serve to explain the principles of the present embodi-
ments and to enable a person skilled in the relevant art(s) to
make and use the present embodiments.

[0004] FIG. 11is a block diagram of a universal notch filter
that removes any fixed frequency interfering signal from a
signal of interest without introducing artifacts that are not
part of the original signal, according to some embodiments.
[0005] FIG. 2 illustrates an example of an input signal
with superimposed interfering signal.

[0006] FIG. 3 illustrates an example of a conventional
approach to removing noise using a notch filter.

[0007] FIG. 4 illustrates an example of the result of
applying the conventional notch filter of FIG. 3.

[0008] FIG. 5 illustrates an example of a 180 Hz harmonic
still present at the output of the conventional notch filter of
FIG. 3.

[0009] FIG. 6 illustrates an example of a universal notch
filter that filters a signal with 60 Hz and 180 Hz interfering
signals, according to some embodiments.

[0010] FIG. 7 illustrates an example of a universal notch
filter that filters a signal with a 50 Hz interfering signal,
according to some embodiments.

[0011] FIG. 8 illustrates an example of a universal notch
filter that filters a signal with a 60 Hz interfering signal,
according to some embodiments.

[0012] FIG. 9 illustrates an example of a universal notch
filter that accumulates a copy of an interfering signal during
quiet times, according to some embodiments.

[0013] FIG. 10 illustrates an example of the filter response
of a universal notch filter that is used to accumulate a copy
of an interfering signal, according to some embodiments.
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[0014] FIG. 11 is a flowchart for a process for using a
universal notch filter to filter noise from an input signal,
according to some embodiments.

[0015] FIG. 12 illustrates an example computer system,
according to some embodiments.

[0016] The features and advantages of the present embodi-
ments will become more apparent from the detailed descrip-
tion set forth below when taken in conjunction with the
drawings, in which like reference characters identify corre-
sponding elements throughout. In the drawings, like refer-
ence numbers generally indicate identical, functionally simi-
lar, and/or structurally similar elements. The drawing in
which an element first appears is indicated by the lefimost
digit(s) in the corresponding reference number.

DETAILED DESCRIPTION OF THE
INVENTION

[0017] Provided herein are system, apparatus, device,
method and/or computer program product embodiments,
and/or combinations and sub-combinations thereof, for
removing any fixed frequency interfering signal from an
input signal without introducing artifacts (e.g., overshoot
and ringing) that are not part of the original signal of interest.
[0018] There are many situations where an input signal is
contaminated with an interfering signal. For example, this
may occur in a medical lab in which numerous pieces of
equipment tend to emit noise having substantial line fre-
quencies and propagating harmonics. For example, in North
America this primarily involves 60 Hz line frequencies plus
harmonics. Moreover, there may be interfering signal emis-
sions from other equipment related to their operating fre-
quencies and duty cycles. To accurately display and or
record signals of interest from various sources, there is often
a need to remove any interfering signal from an input signal
while preserving the original signal of interest.

[0019] Conventional solutions for removing interference
of a fixed frequency signal while preserving the signal of
interest suffer from several technological problems. First,
these conventional solutions often introduce artifacts (e.g.,
overshoot and ringing) that are not part of the original signal
of interest. Second, these conventional solutions are often
unable to remove multiple harmonics of any interfering
signal. Finally, these conventional solutions often cannot
calculate the frequency of an interfering signal in real time,
or dynamically remove the interfering signal in real time.
Systems, methods, and computer program products for
accurately displaying and or recording signals of interest
(e.g., biomedical signals such as electrocardiography sig-
nals) from various sources is detailed in U.S. Pat. No.
10,356,001, titled “Systems And Methods To Visually Align
Signals Using Delay,” which is incorporated herein by
reference in its entirety.

[0020] Embodiments described in this disclosure solve
these technological problems. For example, FIG. 1 is a block
diagram of a universal notch filter 102 that removes any
fixed frequency interfering signal from an input signal
without introducing artifacts (e.g., overshoot and ringing)
that are not part of the original signal of interest, according
to some embodiments. An input signal can be a combination
of a signal of interest and an interfering signal. A fixed
frequency interfering signal can be an interfering signal
having a fixed frequency. A fixed frequency interfering
signal can also be an interfering signal having a frequency
that varies by approximately 1% over a fixed time period,
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including, but not limited to, a period of one minute.
Universal notch filter 102 can receive samples of the input
signal (e.g., input signal samples 104). Universal notch filter
102 can then output samples of the input signal with the
interfering signal removed (e.g., output signal samples 106).
[0021] Universal notch filter 102 can be hardware or
firmware circuitry, software or sub-combinations thereof.
For example, universal notch filter 102 can be a software
module capable of being executed by a processor (or pro-
cessors) such as processor 1204 in FIG. 12. Universal notch
filter 102 can apply a digital processing function to one or
more signal samples. As would be appreciated by a person
of ordinary skill in the art, a digital processing function may
be a mathematical algorithm that takes one or more signal
samples as input, processes them, and produces one or more
potentially modified signal samples as output. A digital
processing function may be implemented using one or more
mathematical operations such as a fast Fourier transform,
wavelets, or the like. As would be appreciated by a person
of ordinary skill in the art, universal notch filter 102 can
apply various types of digital processing functions.

[0022] Universal notch filter 102 can remove any fixed
frequency interfering signal from an input signal without
introducing artifacts (e.g., overshoot and ringing) that are
not part of the original signal of interest. For example, an
electrocardiography signal may be contaminated with noise
in a electrophysiology lab with numerous pieces of equip-
ment that emit substantial line frequencies and harmonics
(e.g., noise at one or more frequencies). For example, in
North America, this can be primarily a 60 Hz noise signal
plus harmonics noise. FIG. 2 illustrates an example of a
signal (e.g., spikes 202) with superimposed 60 Hz interfer-
ing signal 204, according to some embodiments.

[0023] Itis desirable to remove an interfering signal while
preserving the signal of interest. For example, this is often
the case when attempting to accurately record cardiac sig-
nals of interest during heart mapping, ablation or other
similar medical procedures. Conventional solutions to
removing a 60 Hz interfering signal involve using a notch
filter with a transmission zero at 60 Hz. FIG. 3 illustrates an
example of a conventional approach to removing a 60 Hz
interfering signal using a notch filter with a transmission
zero (a single notch) 302 at 60 Hz.

[0024] FIG. 4 illustrates an example of the result of
applying the notch filter of FIG. 3. As shown in FIG. 4, the
60 Hz interfering signal is removed from the input signal
402 to produce the filtered signal 404. However, the notch
filter of FIG. 3 can suffer from several technological prob-
lems. For example, after a large spike 406, the notch filter of
FIG. 3 can introduce transient responses like overshoot and
ringing 408 into the filtered signal 404. This overshoot and
ringing can be an artifact of the filter and not part of the
original input signal of interest. This is undesirable in many
applications, for example, in electrophysiology applications,
which can result in less accurate cardiac recordings because
of such overshoot and ringing.

[0025] In addition, a conventional 60 Hz notch filter may
not reduce any of the harmonics of the 60 Hz interfering
signal. For example, as illustrated in FIG. 5, if the input
signal 502 includes both 60 Hz and 180 Hz interfering
signals, the 180 Hz harmonic can still be present at the
output of the conventional notch filter. FIG. 5 illustrates an
example of the 180 Hz harmonic still present in the filtered
signal 504 at the output of the conventional filter of FIG. 3.
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[0026] Thus, conventional notch filters can suffer from
several technological problems. First, conventional notch
filters can introduce overshoot and ringing into a signal of
interest. Second, conventional notch filters are often unable
to remove multiple harmonics of any interfering signal.
Finally, conventional notch filters often cannot calculate the
frequency of an interfering signal in real time, or dynami-
cally remove the interfering signal in real time.

[0027] In some embodiments, universal notch filter 102
can apply a notch filter that does not introduce overshoot and
ringing into a signal of interest, reduces higher-level har-
monics, removes any fixed frequency interfering signal, and
has an adjustable convergence time. Universal notch filter
102 can solve the above technological problems of conven-
tional notch filters by using a virtual buffer with a length that
matches the length of one cycle of the interfering signal.
Universal notch filter 102 can extract the interfering signal
into the virtual buffer and subtract it from the input signal.
This can remove the interfering signal without creating the
artifacts associated with conventional notch filters (e.g.,
overshoot and ringing).

[0028] A virtual buffer can be a data buffer managed by
software. The virtual buffer can be a circular data buffer.
Universal notch filter 102 can set the length of the virtual
buffer to a length that matches the length of one cycle of an
interfering signal. In other words, the frequency of the
interfering signal can determine the time interval of the
virtual buffer.

[0029] The virtual buffer can be implemented using one or
more physical memory locations that store data (e.g.,
samples of a signal). The number of physical memory
locations of the virtual buffer can determine the accuracy of
the representation of the interfering signal cycle in the
virtual buffer.

[0030] The virtual buffer can present a finite number of
virtual memory locations. A virtual memory location in the
virtual buffer can correspond to a physical memory location.
A virtual memory location may also not correspond to a
single physical memory location. For example, universal
notch filter 102 can store data (e.g., samples of a signal)
corresponding to a virtual memory location in the virtual
buffer that does not have a corresponding single physical
memory location by updating one or more physical memory
locations that are in the vicinity of the virtual memory
location. Thus, the virtual buffer can provide one or more
virtual memory locations to store data (e.g., samples of a
signal), where a virtual memory location can correspond to
either a physical memory location or a non-physically
addressable memory location that is implemented using one
or more physical memory locations.

[0031] To determine the length to set the virtual buffer,
universal notch filter 102 can calculate the frequency of the
interfering signal in real time (e.g., using Fast Fourier
Transform or other techniques). Universal notch filter 102
can then set the length of the virtual buffer to match the
length of one cycle of the interfering signal.

[0032] Universal notch filter 102 can also adjust the cycle
length of the virtual buffer to match a change in cycle length
of the interfering signal. This can involve universal notch
filter 102 checking for a movement of the stored interfering
signal in the virtual buffer. For example, when the number
of discrete locations for the virtual buffer perfectly matches
the interfering signal cycle length, the stored interfering
signal pattern can be stationary in the virtual buffer. But if
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the virtual buffer length is too long, the pattern can move to
the left. If it is too short, the pattern can move to the right.
Universal notch filter 102 can adjust the length for the virtual
buffer to match the cycle length of the interfering signal in
the input signal by determining the speed and direction of
the pattern shift.

[0033] In some embodiments, where the frequency of the
interfering signal is known ahead of time, universal notch
filter 102 can reproduce one cycle of the interfering signal in
the virtual buffer and subtract it from the input signal to
extract the original signal of interest. Since the line fre-
quency noise can be constant or nearly constant, universal
notch filter 102 can use some variation of averaging to refine
the estimate over time. Because the frequency of the inter-
fering signal is known ahead of time, the virtual buffer
length can be predetermined. In addition, if the virtual buffer
is configured to store exactly one cycle, the virtual buffer can
also store an integral number of higher frequency harmonics
which can be subtracted from the input signal. FIG. 6
illustrates an example of using universal notch filter 102 to
filter an interfering signal with 60 Hz and 180 Hz noise,
according to some embodiments. Because the line frequency
noise is constant, one cycle of interference 602 can be
reproduced and subtracted from each cycle 604 of consecu-
tive cycles in the input signal.

[0034] In the case of a known 50 Hz interfering signal and
a 2000 samples-per-second sample rate, the duration of one
cycle of a 50 Hz signal is 40 sample intervals. This can
directly fit into the virtual buffer where the cycle duration is
an integer number of samples. FIG. 7 illustrates an example
of using universal notch filter 102 to filter a signal with a 50
Hz interfering signal sampled at 2000 samples per second,
according to some embodiments.

[0035] As illustrated in FIG. 7, if sample 1 is at the start
of a single cycle, sample data can be added to the virtual
buffer sequentially. Sample 41 can be at the end of the 50 Hz
cycle (also the beginning of the next cycle). As data samples
are added to the virtual buffer, sample 41 can be used to
update the data in sample location 1 of the virtual buffer on
the next cycle.

[0036] Universal notch filter 102 can update sample data
in the virtual buffer according to an averaging algorithm that
works to accumulate data in the virtual buffer that is at the
interference frequency, or some multiple of that frequency.
For example, a percentage of sample 41 can be added to a
percentage of location 1 in the buffer in the ratio of 0.9 to
0.1. Similarly, the same fraction of sample 42 can be added
to location 2 of the buffer, and so on. This approach can be
referred to as exponential averaging. Changing the fraction
of the incoming signal that is added to the buffer locations
can change the convergence rate and sharpness of universal
notch filter 102.

[0037] The above example of FIG. 7 illustrates a case
where the cycle duration is an integer number of samples.
But this is often not the case. For example, in the case of a
60 Hz interfering signal and a sample rate of 2000 samples
per second, the duration of one cycle of a 60 Hz interfering
signal is thirty three and one third (33%4) sample intervals.
This is technologically problematic because 335 sample
intervals cannot directly fit into a conventional integral sized
buffer.

[0038] In some embodiments, this technological problem
can be solved through universal notch filter 102’s use of a
virtual buffer with a length that matches the length of one
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cycle of the interfering signal. In the case of a 60 Hz
interfering signal and a sample rate of 2000 samples, the
virtual buffer can be 33%5 sample intervals in length. Unlike
the example case illustrated in FIG. 7, sample 35 may not be
able to be directly added to sample 1 after the first cycle.
However, sample 35 can theoretically be added to a sample
position %4 of the distance between virtual memory locations
1 and 2 in the virtual buffer. This can be referred to as virtual
memory location 1.67. This situation is illustrated in FIG. 8.

[0039] As shown in FIG. 8, because there is no physical
memory location possible at virtual memory location 1.67,
the data from sample 35 can be used to update physical
memory locations in the vicinity of virtual memory location
1.67 in the virtual buffer. For example, the values at virtual
memory location 1.67 (e.g., sample 35) and virtual memory
location 3 can be interpolated to calculate a value at virtual
memory location 2 in the virtual buffer, which can then be
used to update virtual memory location 2 according to an
averaging algorithm (e.g., exponential averaging). Because
virtual memory location 2 is one quarter (%) of the way
between location 1.67 and 3, the value at location 2 can be
estimated (e.g., using linear interpolation) to be 0.75%value
(location 1.67)+0.25%value(location 3). After calculating the
estimate, 10% of the estimated value can be added to 90%
of the current value at virtual memory location 2 to produce
an updated value. Universal notch filter 102 can then repeat
this process for the next sample. As part of this process,
universal notch filter 102 can continuously update a sample
location variable that tracks exactly where the next incoming
sample will go in the virtual buffer.

[0040] As would be appreciated by a person of ordinary
skill in the art, the above is merely an example. As would be
appreciated by a person of ordinary skill in the art, there are
numerous other interpolation methods involving two or
more values to estimate the value at one or more physical
memory locations of the virtual buffer. These methods can
include, but are not limited to, linear interpolation, quadratic
interpolation, polynomial interpolation, splines, and least
squares. Moreover, as would be appreciated by a person of
ordinary skill in the art, there are numerous averaging
methods to update physical memory locations in the virtual
buffer to converge to an accurate representation of the
interfering signal. These methods can include, but are not
limited to, exponential averaging, N-sample averaging,
splines, and filtering.

[0041] The next part of the process can be to subtract a
stored replica of the interfering signal stored in the virtual
buffer from the input signal. In the case of an integral
number of samples in the interfering signal cycle, the
interference can be subtracted from the input signal on a
sample by sample basis using the virtual buffer as a circular
buffer and wrapping around the end point to go back to the
beginning at the end of each cycle.

[0042] However, with a non-integral number of samples
and the virtual buffer, data is retrieved from virtual memory
locations that may not coincide with physical memory
locations. In this case, virtual memory locations that are not
physical memory locations can be calculated by interpolat-
ing values from the known positions. For example, universal
notch filter 102 can calculate virtual memory location 4.6
using the average of virtual memory locations 4 and 5, or use
higher order interpolations involving more locations as
would be appreciated by a person of ordinary skill in the art.
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[0043] In some embodiments, universal notch filter 102
can increase the number of virtual memory locations in the
virtual buffer. Instead of separating the virtual memory
locations by one sample interval, universal notch filter 102
can separate by 2 a sample interval (e.g., 2x number of
virtual memory locations), %5 (e.g., 3x number of virtual
memory locations), or any number large enough to accu-
rately represent a single cycle of the interfering signal as
long as universal notch filter 102 can track the positions
accurately relative to the cycle time. This can allow univer-
sal notch filter 102 to increase the accuracy of the represen-
tation of the interfering signal cycle and provide better filter
performance.

[0044] To accumulate the steady state interfering signal in
the virtual buffer, data can be gathered during the “quiet
times” of the waveforms. As would be appreciated by a
person of ordinary skill in the art, a quiet time can be a
period of time in the input signal where there are no large
spikes or edges. Quiet times can be determined by calcu-
lating the slope, magnitude or other measure of signal
power, of the input signal, for example. FIG. 9 illustrates an
example of universal notch filter 102 that accumulates a
copy of an interfering signal during quiet times for an input
signal 902, according to some embodiments. Multiple cycles
of interfering signal 904 can be gathered in a buffer during
a quiet times 906, 908 and 910. These cycles are averaged
during the quiet times to build up an accurate copy of the
interference 904. Because the interfering signal is constant
for segments 906, 908, 910, only cycles of the fundamental
frequency and harmonic frequencies can accumulate. Cycles
of other frequencies can average out to zero.

[0045] For each new point that is sampled from the
incoming data, a determination can be made to decide if it
is in the “quiet time” of the input signal. A quiet time can be
determined by calculating a non-quiet characteristic such as
slope, magnitude, power, or various other characteristics of
the input signal as would be appreciated by a person of
ordinary skill in the art. For example, if the non-quiet
characteristic is below a threshold value, a quiet time can be
determined to have begun. If the new point is in a quiet time,
it can be averaged with the previously stored data at that
virtual memory location in the virtual buffer. As time pro-
gresses, this averaging process can accumulate a replica of
the interfering signal which can be subtracted from the input
signal. For those locations that are not in a quiet time, the
virtual buffer is not be updated, but the accumulated signal
can still be subtracted.

[0046] As illustrated in FIG. 10, as each sample is added
to the virtual buffer, the averaging can result in a filter that
peaks at the interfering frequency 1002 and all harmonics.
This can selectively accumulate the interfering frequency
and all harmonics and reject all other frequencies so that
universal notch filter 102 only subtracts the interfering
signal.

[0047] FIG. 10 illustrates an example of the filter response
of universal notch filter 102 that is used to accumulate a
copy of an interfering signal, according to some embodi-
ments. To produce the virtual buffer filter shown in FIG. 10,
5% of the new sample can be added to 95% of the accu-
mulated value to update the virtual buffer, for example. In
implementation specific situations, other combined percent-
ages of each new sample and the accumulated value can be
combined.
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[0048] Universal notch filter 102 offers several advantages
over conventional notch filters. First, universal notch filter
102 can be flexible. Because the filter frequency is not
limited to a discrete number of sample intervals due to the
use of a virtual buffer, the choice of filter frequency is
virtually unlimited (e.g., within the Nyquist limit of the
sampled data). For example, if the nominal 50 power line
frequency is slightly off, e.g., 50.001 Hz, universal notch
filter 102 can be set to 50.001 Hz to optimize rejection.
[0049] Second, universal notch filter 102 can perform
tracking of the frequency of the interfering signal. If the
frequency of the interfering signal is slowly varying, uni-
versal notch filter 102 can track it in real time. Universal
notch filter 102 can calculate the frequency of the interfering
signal in real time (e.g., using Fast Fourier Transform or
other techniques) and adjust the virtual buffer length to
match the changing cycle length of the noise signal. Uni-
versal notch filter 102 can also check the movement of the
stored noise signal. When the virtual buffer cycle length is
adjusted to perfectly match the noise cycle length, the stored
pattern can be stationary in the virtual buffer. But if the
virtual buffer cycle length is too long, the pattern can move
to the left. If it is too short, the pattern can move to the right.
Therefore, by determining the speed and direction of the
pattern shift, universal notch filter 102 can adjust the virtual
buffer length to match the cycle length of the interfering
signal in the incoming sampled input signal.

[0050] Third, universal notch filter 102 can have a fast
convergence time. Universal notch filter 102 can modify the
averaging mechanism to adjust the convergence time. When
it is first turned on, more feedback from the input samples
to the storage locations can allow universal notch filter 102
to converge more rapidly. After it has converged, universal
notch filter 102 can reduce the feedback percentage to
increase the stability of the filter and reject transients from
producing artifacts in the output signal.

[0051] Finally, universal notch filter 102 can increase the
number of virtual memory locations in the virtual buffer.
Instead of separating the virtual memory locations by one
sample interval, universal notch filter 102 can separate by V2
a sample interval (e.g., 2x number of locations), ¥4 (e.g., 3x
number of locations), or any larger number as long as
universal notch filter 102 can track the positions accurately
relative to the cycle time. This can universal notch filter 102
to increase the accuracy of the representation of the inter-
fering signal cycle and provide better filter performance.
[0052] FIG. 11 is a flowchart for a method 1100 for using
universal notch filter 102 to filter a fixed frequency inter-
fering signal from an input signal, according to some
embodiments. Method 1100 shall be described with refer-
ence to FIG. 1. However, method 1100 is not limited to that
example embodiment.

[0053] In 1102, universal notch filter 102 accesses an input
signal comprising a fixed frequency interfering signal. The
fixed frequency interfering signal can be an interfering
signal having a fixed frequency. The fixed frequency inter-
fering signal can also be an interfering signal having a
frequency that varies by approximately 1% over a fixed time
period, including, but not limited to, a period of one minute.
In other words, the frequency of the interfering signal can be
substantially constant.

[0054] In 1104, universal notch filter 102 determines a
quiet period in the input signal. Universal notch filter 102
can determine the quiet period by calculating a slope of the
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input signal. Universal notch filter 102 can then determine a
presence of the quiet period based on the calculated slope
being below a threshold value. Universal notch filter 102 can
also determine the quiet period based on magnitude, power,
or various other characteristic of the input signal as would be
appreciated by a person of ordinary skill in the art.

[0055] In 1106, during the quiet period, universal notch
filter 102 stores samples of interfering signal in a virtual
buffer. Universal notch filter 102 can set the virtual buffer to
a length that matches the length of one cycle of the inter-
fering signal. The time at which each new input sample is
received is mapped into a virtual memory location in the
virtual buffer, and this virtual memory location and the value
of the input sample is used to estimate the input value at
physical memory locations of the virtual buffer that are in
the vicinity of the virtual memory location.

[0056] As part of storing, universal notch filter 102 can
average a sample of the input signal (e.g., adjusted to be an
estimated value at a physical memory location) with a
corresponding sample of the interfering signal in the virtual
buffer to create an average sample. Universal notch filter 102
can then replace the corresponding sample of interfering
signal in the virtual buffer with the average sample.

[0057] If there is no physical memory location in the
virtual buffer for a sample (e.g., only a virtual memory
location exists), the data from the sample can be used to
update physical memory locations in the vicinity of virtual
memory location of the sample in the virtual buffer. For
example, the values at a virtual memory location 1.67 (e.g.,
sample 35) and virtual memory location 3 can be interpo-
lated to calculate a value at virtual memory location 2 in the
virtual buffer, which can then be used to update virtual
memory location 2 according to an averaging algorithm
(e.g., exponential averaging). Because location 2 is %4 of the
way between virtual memory locations 1.67 and 3, the value
at virtual memory location 2 can be estimated (e.g., using
linear interpolation) to be 0.75%*value(location 1.67)+0.
25%*value(location 3). After calculating the estimate, 10% of
the estimated value can be added to 90% of the current value
at virtual memory location 2 to produce an updated value.
Universal notch filter 102 can then repeat this process for the
next sample. As part of this process, universal notch filter
102 can continuously update a sample location variable that
tracks exactly where the next incoming sample will go in the
virtual buffer.

[0058] In 1108, universal notch filter 102 subtracts the
samples from a single cycle of the interfering signal in the
virtual buffer from the input signal to create a filtered signal.
The subtracting can remove a first harmonic frequency and
various other harmonic frequencies from the input signal
while avoiding introducing transient responses (e.g., ring-
ing) in the filtered signal. For example, the first harmonic
frequency can be 60 Hz and the second harmonic frequency
can be 120 Hz or 180 Hz.

[0059] In 1110, universal notch filter 102 repeats 1104 to
1108 to refine the filtered signal. As would be appreciated by
aperson of ordinary skill in the art, samples can be anywhere
in the cycle.

[0060] Various embodiments can be implemented, for
example, using one or more well-known computer systems,
such as computer system 1200 shown in FIG. 12. One or
more computer systems 1200 can be used, for example, to
implement any of the embodiments discussed herein, as well
as combinations and sub-combinations thereof.
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[0061] Computer system 1200 can include one or more
processors (also called central processing units, CPUs, or
microprocessors), such as a processor 1204. Processor 1204
can be connected to a communication infrastructure or bus
1206.

[0062] Computer system 1200 can also include user input/
output device(s) 1203, such as monitors, keyboards, point-
ing devices, etc., which can communicate with communi-
cation infrastructure 1206 through user input/output
interface(s) 1202.

[0063] One or more of processors 1204 can be a graphics
processing unit (GPU). In an embodiment, a GPU can be a
processor that is a specialized electronic circuit designed to
process mathematically intensive applications. The GPU can
have a parallel structure that is efficient for parallel process-
ing of large blocks of data, such as mathematically intensive
data common to computer graphics applications, images,
videos, etc.

[0064] Computer system 1200 can also include a main or
primary memory 1208, such as random access memory
(RAM). Main memory 1208 can include one or more levels
of cache. Main memory 1208 can have stored therein control
logic (e.g., computer software) and/or data.

[0065] Computer system 1200 can also include one or
more secondary storage devices or memory 1210. Second-
ary memory 1210 can include, for example, a hard disk drive
1212 or a removable storage device or drive 1214. Remov-
able storage drive 1214 can be a floppy disk drive, a
magnetic tape drive, a compact disk drive, an optical storage
device, tape backup device, cloud storage, distributed or
RAID storage, or any other storage device/drive/methodol-
ogy.

[0066] Removable storage drive 1214 can interact with a
removable storage unit 1218. Removable storage unit 1218
can include a computer usable or readable storage device
having stored thereon computer software (control logic) or
data. Removable storage unit 1218 can be a floppy disk,
magnetic tape, compact disk, DVD, optical storage disk, or
any other computer data storage device. Removable storage
drive 1214 can read from or write to removable storage unit
1218.

[0067] Secondary memory 1210 can include other means,
devices, components, instrumentalities, or other approaches
for allowing computer programs or other instructions or data
to be accessed by computer system 1200. Such means,
devices, components, instrumentalities, or other approaches
can include, for example, a removable storage unit 1222 and
an interface 1220. Examples of the removable storage unit
1222 and the interface 1220 can include a program cartridge
and cartridge interface (such as that found in video game
devices), a removable memory chip (such as an EPROM or
PROM) and associated socket, a memory stick and USB
port, a memory card and associated memory card slot, or any
other removable storage unit and associated interface.
[0068] Computer system 1200 can further include a com-
munication or network interface 1224. Communication
interface 1224 can enable computer system 1200 to com-
municate and interact with any combination of external
devices, external networks, external entities, etc. (individu-
ally and collectively referenced by reference number 1228).
For example, communication interface 1224 can allow com-
puter system 1200 to communicate with external or remote
devices 1228 over communications path 1226, which can be
wired or wireless (or a combination thereof), and which can
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include any combination of LANs, WANS, the Internet, etc.
Control logic or data can be transmitted to and from com-
puter system 1200 via communications path 1226.
[0069] Computer system 1200 can also be any of a per-
sonal digital assistant (PDA), desktop workstation, laptop or
notebook computer, netbook, tablet, smart phone, smart
watch or other wearable, appliance, part of the Internet-of-
Things, or embedded system, to name a few non-limiting
examples, or any combination thereof.
[0070] Computer system 1200 can be a client or server,
accessing or hosting any applications or data through any
delivery paradigm, including but not limited to remote or
distributed cloud computing solutions; local or on-premises
software (“on-premise” cloud-based solutions); “as a ser-
vice” models (e.g., content as a service (CaaS), digital
content as a service (DCaaS), software as a service (SaaS),
managed software as a service (MSaaS), platform as a
service (PaaS), desktop as a service (DaaS), framework as a
service (FaaS), backend as a service (BaaS), mobile backend
as a service (MBaaS), infrastructure as a service (laaS),
etc.); or a hybrid model including any combination of the
foregoing examples or other services or delivery paradigms.
[0071] Any applicable data structures, file formats, and
schemas in computer system 1200 can be derived from
standards including but not limited to JavaScript Object
Notation (JSON), Extensible Markup Language (XML), Yet
Another Markup Language (YAML), Extensible Hypertext
Markup Language (XHTML), Wireless Markup Language
(WML), MessagePack, XML User Interface Language
(XUL), or any other functionally similar representations
alone or in combination. Alternatively, proprietary data
structures, formats or schemas can be used, either exclu-
sively or in combination with known or open standards.
[0072] In some embodiments, a tangible, non-transitory
apparatus or article of manufacture including a tangible,
non-transitory computer useable or readable medium having
control logic (software) stored thereon can also be referred
to herein as a computer program product or program storage
device. This includes, but is not limited to, computer system
1200, main memory 1208, secondary memory 1210, and
removable storage units 1218 and 1222, as well as tangible
articles of manufacture embodying any combination of the
foregoing. Such control logic, when executed by one or
more data processing devices (such as computer system
1200), can cause such data processing devices to operate as
described herein.
[0073] Based on the teachings contained in this disclosure,
it will be apparent to persons skilled in the relevant art how
to make and use embodiments of this disclosure using data
processing devices, computer systems, or computer archi-
tectures other than that shown in FIG. 12. In particular,
embodiments can operate with software, hardware, and/or
operating system implementations other than those
described herein.
What is claimed is:
1. A computer implemented method for filtering noise
from an input signal, comprising:
accessing, by at least one processor, the input signal
having an interfering signal;
determining, by the at least one processor, a quiet period
in the input signal;
storing, by the at least one processor, during the quiet
period, samples of the interfering signal in virtual
memory locations of a virtual buffer;
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subtracting, by the at least one processor, the samples
from a single cycle of the interfering signal in the
virtual buffer from the input signal to create a filtered
signal, wherein the subtracting removes the interfering
signal from the input signal, thereby not introducing
transient responses in the filtered signal; and
repeating, by the at least one processor, the determining,
storing, and subtracting to refine the filtered signal.
2. The method of claim 1, wherein the determining further
comprises:
calculating, by the at least one processor, a non-quiet
characteristic of the input signal; and
determining, by the at least one processor, the non-quiet
characteristic is below a threshold value, thereby deter-
mining a presence of the quiet period.
3. The method of claim 1, wherein the storing further
comprises:
averaging, by the at least one processor, a sample of the
input signal with a corresponding sample of the inter-
fering signal in the virtual buffer to create an average
sample; and
replacing, by the at least one processor, the corresponding
sample of the interfering signal in the virtual buffer
with the average sample.
4. The method of claim 1, wherein the storing further
comprises:
updating a physical memory location in the virtual buffer
based on a sample of the interfering signal, wherein the
sample of the interfering signal corresponds to a non-
physically addressable memory location for the virtual
buffer.
5. The method of claim 1, wherein a frequency of the
noise of the input signal is substantially constant.
6. The method of claim 1, further comprising:
setting a length of the virtual buffer to match a length of
one cycle of a frequency of the interfering signal.
7. A universal notch filter comprising:
a memory configured to store a virtual buffer having
virtual memory locations; and
a processor coupled to the memory and configured to:
access an input signal having an interfering signal;
determine a quiet period in the input signal;
store, during the quiet period, samples of the interfering
signal in the virtual memory locations of the virtual
buffer;
subtract the samples from a single cycle of the inter-
fering signal in the virtual buffer from the input
signal to create a filtered signal, wherein the sub-
tracting removes the interfering signal from the input
signal, thereby not introducing transient responses in
the filtered signal; and
repeat the determining, storing, and subtracting to
refine the filtered signal.
8. The universal notch filter of claim 7, wherein to
determine the processor is further configured to:
calculate a non-quiet characteristic of the input signal; and
determine the non-quiet characteristic is below a thresh-
old value, thereby determining a presence of the quiet
period.
9. The universal notch filter of claim 7, wherein to store
the processor is further configured to:
average a sample of the input signal with a corresponding
sample of the interfering signal in the virtual buffer to
create an average sample; and
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replace corresponding sample of the interfering signal in

the virtual buffer with the average sample.

10. The universal notch filter of claim 7, wherein to store
the processor is further configured to:

update a physical memory location in the virtual buffer

based on a sample of the interfering signal, wherein the
sample of the interfering signal corresponds to a non-
physically addressable memory location for the virtual
buffer.

11. The universal notch filter of claim 7, wherein a
frequency of the noise of the input signal is substantially
constant.

12. The universal notch filter of claim 7, wherein the
processor is further configured to:

set a length of the virtual buffer to match a length of one

cycle of a frequency of the interfering signal.

13. A non-transitory computer-readable device having
instructions stored thereon that, when executed by at least
one computing device, cause the at least one computing
device to perform operations comprising:

accessing an input signal having an interfering signal;

determining a quiet period in the input signal;
storing, during the quiet period, samples of the interfering
signal in virtual memory locations of a virtual buffer;

subtracting the samples from a single cycle of the inter-
fering signal in the virtual buffer from the input signal
to create a filtered signal, wherein the subtracting
removes the interfering signal from the input signal,
thereby not introducing transient responses in the fil-
tered signal; and

repeating the determining, storing, and subtracting to

refine the filtered signal.

14. The non-transitory computer-readable device of claim
13, wherein the determining further comprises:

May 13, 2021

calculating a non-quiet characteristic of the input signal;

and

determining the non-quiet characteristic is below a thresh-

old value, thereby determining a presence of the quiet
period.

15. The non-transitory computer-readable device of claim
13, wherein the storing further comprises:

averaging a sample of the input signal with a correspond-

ing sample of the interfering signal of the input signal

in the virtual buffer to create an average sample; and
replacing the corresponding sample of the interfering

signal in the virtual buffer with the average sample.

16. The non-transitory computer-readable device of claim
13, wherein the storing further comprises:

updating a physical memory location in the virtual buffer

based on a sample of the interfering signal, wherein the
sample of the interfering signal corresponds to a non-
physically addressable memory location for the virtual
buffer.

17. The non-transitory computer-readable device of claim
13, wherein a frequency of the noise of the input signal is
substantially constant.

18. The non-transitory computer-readable device of claim
13, the operations further comprising:

setting a length of the virtual buffer to match a length of

one cycle of a frequency of the interfering signal.

19. The method of claim 1, further comprising:

calculating a frequency of the interfering signal in real

time; and

setting a length of the virtual buffer to match a length of

one cycle of the calculated frequency of the interfering

signal.



