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(57) Abstract: The described embodiments relate to systems,
methods, and apparatuses for reducing interference of signals trans-
mitted by a physiological measurement device (108, 210, 312),
such as an electrocardiogram device. The physiological measure-
ment device can employ filters (308) that use coefficients to reduce
time-domain differences between response signals of the physio-
logical measurement device. The coefficients can be derived dur-
ing a calibration process where each channel of the physiological
measurement device is supplied a test signal (202) for identifying
the channel with the slowest or most delayed response. Thereafter,
when a monitor signal is compiled from response signals filtered
using the coefficients, differences in timing between the response
signals will not result in distortion of the monitor signal, thereby
rendering the monitor signal more accurate for measurement pur-
poses.
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Physiological measurement device with common mode interference suppression

FIELD OF THE INVENTION

The present disclosure is directed generally to physiological measurement
devices. More particularly, but not exclusively, the described embodiments relate to systems,
methods, and apparatuses for mitigating common mode interference using filters adapted for
individual channels of a physiological measurement device, such as an electrocardiogram

device.

BACKGROUND OF THE INVENTION

Conducting physiological measurements can prove difficult because of the
sensitivity of many bodily functions and the lack of intuitive means for conducting such
measurements. For example, during an electrocardiogram, multiple low voltage signals are
applied to the body in order to capture polarity changes in organs, such as the heart. Low
voltage signals are often used because cells in the body typically only generate intrinsically
small voltages. Low voltage signals can be susceptible to interference from sources internal
and external to the body, and the interference can result in artifacts appearing in signals
generated during the electrocardiogram.

US 2011/0319777 A1 describes a device and method for filtering impulsive
noise and channel switching noise at analog-to-digital converters (ADC) in an
electrocardiograph (ECG) device with multiplexed electronica signal channels (ESCs). The
filtering is based on an implementation of Burst Sampling technique. Real time digital FIR
filters are used for removing other types of noise in ECG signals. The ECG device includes
features of self-calibration, clip detection and drawing of power from a USB port of a PC,
batteries or an external power source. The ECG monitoring device measures real time ECG
signals with automated data recording, data storage and retrieval, data transmission/transfer
to an external system, along with parameter extraction for ECG analysis.

WO 2013/138372 A1l describes a mobile system for analyzing ECG data that
includes an analog front end module coupled to a mobile consumer device. The analog front
end module is configured to collect ECG data from one or more leads and is operable to

convert the analog ECG data to digital ECG data. The mobile consumer device, such as a
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smart phone, is coupled to receive the digital ECG data, and is configured to perform QRS
detection using a filter whose cutoff frequency is adapted to a noise level in real time. The
ECG signal is amplified non-linearly and three windowed threshold signals are derived. The
cutoff frequency for the QRS detection is dynamically selected as a function of the threshold
signals. A sample in the amplified signal is identified to be a heartbeat point only when the
sample value is equal to the first threshold signal and greater than the filtered threshold

signal.

SUMMARY OF THE INVENTION

The present disclosure is directed to systems, methods, and apparatuses for
removing common mode interference occurring at a physiological measurement device. In
some embodiments, a method is set forth for minimizing common mode interference at a
physiological measurement system having input channels and analog circuitry electrically
coupled to electrodes for measuring an electrophysiological signal. The method can include
steps of receiving analog test signals at the input channels, generating response signals at the
analog circuitry in response to receiving the analog test signals, converting each response
signal into digital data samples, and storing, in the memory, the digital data samples in
association with each of the input channels. The steps can further include analyzing the
digital data samples for each of the input channels to determine a reference input channel,
determining a set of digital filter coefficients for each input channel other than the reference
input channel, and applying a filter to each input channel during operation of said
physiological measurement system. Each filter can operate according to a digital filter
coefficient from the set of digital filter coefficients to minimize time-domain differences
between the reference input channel and each input channel other than the reference input
channel. The analog test signals can include a square wave that is superimposed with a sine
wave. Furthermore, converting each response signal into digital samples can include
sampling at least one response signal at a rate that is greater than a frequency of the sine
wave. In some embodiments, the square wave can have a frequency that is less than a
bandwidth of the physiological measurement system. Additionally, the set of digital filter
coefficients can be calculated according to a least squares error estimation. Analyzing the
digital data samples for each of the input channels to determine the reference input channel
can include identifying a response signal that has the last zero crossing. Moreover, analyzing
the digital data samples for each of the input channels to determine the reference input

channel can include identifying a response signal that has the slowest slew rate. In some
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embodiments, the filter at each input channel is a finite impulse response filter. The set of
digital filter coefficients can include at least 2 coefficients. Furthermore, converting each
response signal into digital data samples can be performed using sequential data sampling
with an analog to digital converter and a multiplexer that is connected between the analog to
digital converter and the analog circuitry. The sequential data sampling can be performed at
least at 32000 samples per second.

In other embodiments, a physiological measurement device is set forth. The
physiological measurement device can include input channels comprising electrodes that are
configured to receive physiological measurement signals and analog circuitry connected to
the input channels and configured to receive the physiological measurement signals and, in
response, output response signals. The physiological measurement device can also include an
analog to digital converter connected to the analog circuitry and configured to convert one or
more response signals into digital samples, and one or more filters connected to the analog to
digital converter and configured to filter the digital samples. Each of the one or more filters
operates according to a coefficient for minimizing time-domain differences between the
response signals. In some embodiment, the physiological measurement device can include a
signal processor configured to provide a differential signal based on a difference between
filtered digital samples of at least two different response signals. Each of the one or more
filters can be assigned to an input channel of the input channels, and the coefficient for each
filter can be based on a calibration of the input channel. The one or more filters can operate
to conform the digital samples to be more similar to a response signal corresponding to a
predetermined input channel of the input channels.

A further aspect of the present invention is a system for performing a
calibration of a physiological measurement device, herein also referred to as calibrating
system, in order to generate coefficients for filters that can be applied during operation of the
physiological measurement device. The system comprises an analysis unit configured to
analyze digital data samples for each of the input channels of the physiological measurement
device, to determine a reference input channel. It also comprises a coefficient determining
unit, for instance in the form of a coefficient generator, that is configured to determine a set
of digital filter coefficients for each input channel other than the reference input channel. The
filter coefficients are output by the coefficient determining unit to the physiological
measurement device for use in its one or more filters used to filter the digital samples,
wherein each of the one or more filters operates according to one or more digital filter

coefficients of the set of digital filter coefficients for minimizing time-domain differences
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between the response signals, in particular between the reference input channel and each
input channel other than the reference input channel.

The calibrating system can be embodied as software or hardware or a
combination of hardware and software on one or more devices that are capable of interacting
with a physiological measurement device. The calibrating system can thus be provided as an
add-on module to a physiological measurement device or system.

The term “controller” is used herein generally to describe various apparatus
relating to the operation of one or more devices and/or components. A controller can be
implemented in numerous ways (e.g., such as with dedicated hardware) to perform various
functions discussed herein. A “processor” is one example of a controller, which employs one
or more microprocessors that may be programmed using software (e.g., machine code to
perform various functions discussed herein. A controller may be implemented with or
without employing a processor, and also may be implemented as a combination of dedicated
hardware to perform some functions and a processor (e.g., one or more programmed
microprocessors and associated circuitry) to perform other functions. Examples of controller
components that may be employed in various embodiments of the present disclosure include,
but are not limited to, conventional microprocessors, application specific integrated circuits
(ASICs), and field-programmable gate arrays (FPGAs).

In various implementations, a processor or controller may be associated with
one or more storage media (generically referred to herein as “memory,” e.g., volatile and
non-volatile computer memory such as RAM, PROM, EPROM, and EEPROM, floppy disks,
compact disks, optical disks, magnetic tape, etc.). In some implementations, the storage
media may be encoded with one or more programs that, when executed on one or more
processors and/or controllers, perform at least some of the functions discussed herein.
Various storage media may be fixed within a processor or controller or may be transportable,
such that the one or more programs stored thereon can be loaded into a processor or
controller so as to implement various aspects of the present invention discussed herein. The
terms “program” or “‘computer program” are used herein in a generic sense to refer to any
type of computer code (e.g., software or machine code) that can be employed to program one
or more processors or controllers.

In one network implementation, one or more devices coupled to a network
may serve as a controller for one or more other devices coupled to the network (e.g., in a
master/slave relationship). In another implementation, a networked environment may include

one or more dedicated controllers that are configured to control one or more of the devices
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coupled to the network. Generally, multiple devices coupled to the network each may have
access to data that is present on the communications medium or media; however, a given
device may be “addressable” in that it is configured to selectively exchange data with (i.e.,
receive data from and/or transmit data to) the network, based, for example, on one or more
particular identifiers (e.g., “addresses™) assigned to it.

The term “network” as used herein refers to any interconnection of two or
more devices (including controllers or processors) that facilitates the transport of information
(e.g., for device control, data storage, data exchange, etc.) between any two or more devices
and/or among multiple devices coupled to the network. As should be readily appreciated,
various implementations of networks suitable for interconnecting multiple devices may
include any of a variety of network topologies and employ any of a variety of communication
protocols. Additionally, in various networks according to the present disclosure, any one
connection between two devices may represent a dedicated connection between the two
systems, or alternatively a non-dedicated connection. In addition to carrying information
intended for the two devices, such a non-dedicated connection may carry information not
necessarily intended for either of the two devices (e.g., an open network connection).
Furthermore, it should be readily appreciated that various networks of devices as discussed
herein may employ one or more wireless, wire/cable, and/or fiber optic links to facilitate
information transport throughout the network.

The term “user interface” as used herein refers to an interface between a
human user or operator and one or more devices that enables communication between the
user and the device(s). Examples of user interfaces that may be employed in various
implementations of the present disclosure include, but are not limited to, switches,
potentiometers, buttons, dials, sliders, a mouse, keyboard, keypad, various types of game
controllers (e.g., joysticks), track balls, display screens, various types of graphical user
interfaces (GUISs), touch screens, microphones and other types of sensors that may receive
some form of human-generated stimulus and generate a signal in response thereto.

It should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below (provided such concepts are not
mutually inconsistent) are contemplated as being part of the inventive subject matter
disclosed herein. In particular, all combinations of claimed subject matter appearing at the
end of this disclosure are contemplated as being part of the inventive subject matter disclosed

herein. It should also be appreciated that terminology explicitly employed herein that also
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may appear in any disclosure incorporated by reference should be accorded a meaning most

consistent with the particular concepts disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention.

FIG. 1 illustrates a system diagram of an electrocardiogram (ECG) device that
uses filters to improve signal quality when performing electrophysiological measurements on
a person.

FIG. 2 illustrates a system for performing a calibration of a physiological
measurement device, such as an ECG device, in order to generate coefficients for filters that
can be applied during operation of the physiological measurement device.

FIG. 3 illustrates a system for applying individual filters to separate channels
of a physiological measurement device.

FIG. 4 illustrates a method for creating filters for channels of a physiological
measurement device.

FIG. 5 illustrates a method for generating a filtered monitor signal at a

physiological measurement device.

DETAILED DESCRIPTION OF EMBODIMENTS

An electrocardiogram (ECG) is a technology used to monitor medical
conditions of a person to identify and evaluate abnormalities. Such medical conditions can
include cardiac rhythm, which is a function of electrical signals that cause a person’s heart to
periodically relax and contract. The ECG can monitor cardiac rhythm by measuring changes
of the heart that are exhibited when the heart is beating. The polarity changes can be
measured using electrodes that can be attached to various locations on a person’s body. The
locations can be selected in order to obtain measurements of voltage at different directions
relative to the direction of the electrical signals that are causing the cardiac rhythm. Voltage
differences measured between electrodes can be indicative of physiological signals that
operate to control the body. This voltage difference can be referred to as an ECG vector,
which can contain information about the magnitude of the voltage as well as its direction.
The ECG vector can be a weighted sum of electrode voltages where the sum of all weighted

values is zero and at least two weighed values are not zero. For example, electrode X-
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electrode Y and electrode X-0.5*clectrode Y-0.5*¢clectrode Z are examples of ECG
vectors, while electrode X-0.5*¢lectrode Y is not due to the sum of the weighting values
being different from zero.

The accuracy of such measurements can depend on the selected locations of
the electrodes, as well as the quality of the signals being transmitted through the electrodes
and their respective wires. In an ideal case, calculation of voltage differences would eliminate
any signal components that affect all electrodes equally (i.e., common mode interference).
However, if the amount of interference is too large compared to the signal, an overall pattern
of electrical activity measured at the body can be rendered inaccurate for purposes of medical
diagnoses. Common mode interference can be a type of interference that affects ECGs,
among other electrophysiological measurements. In order to reduce and/or eliminate such
interference, channels of the ECG, or other electrophysiological measurement systems, can
be calibrated to identify filter parameters for individually mitigating common mode
interference occurring at an ECG vector or voltage difference between groups of electrodes.
Filters can be applied to electrode signals before voltage differences are calculated between
electrodes. In some implementations, a degree of common mode interference removal can be
measured as a ratio referred to as common mode rejection ratio (CMRR). The CMRR can be
reduced to less than 1/10000 for an ECG, where a common mode signal of 1 Volt appears as
an interference of 100 microvolts or less on an ECG wave.

According to some embodiments discussed herein, during calibration of the
electrode channels, test signals can be supplied to the electrode channels. It should be noted
that an electrode channel can refer to a single electrode of ECG device and an ECG channel
can refer to an ECG vector or voltage difference between electrode channels. Each electrode
channel can be connected to analog circuitry that can perform input related and/or output
related functions for the electrode channel. For example, because the signals measured by an
ECG can be relatively small, the input to an electrode channel can be connected to an
amplifier that can amplify signals provided at the input of the electrode channel. Test signals
provided to the electrode channels can cause response signals to be generated at the analog
circuitry, and the response signals can be digitally sampled. The digitally sampled response
signals can be synchronously recorded and used to calculate parameters for individual filters
that can be applied to each electrode channel. For example, coefficient parameters can be
derived from the recorded responses and used to create digital filters for the inputs of the
electrode channels. The filters can be programmed to minimize time-domain differences

between signals of each input channel and a desired response. Furthermore, as a result of
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applying the filters to each electrode channel, common mode interference signals can be
more readily mitigated and/or canceled.

Coefficients for the filters can be derived based on one or more ECG
calibrations where the electrodes and/or other frontend circuitry of the ECG system are in
communication with a testing system that can provide test signals to the ECG system. In this
arrangement, the electrodes can be configured as inputs for the test signals. The test signals
can be sine waves, square waves, triangle waves, and/or any waves or superimposed
combination of waves, such as a square wave superimposed with a sine wave, suitable for
testing a circuit. For example, using a square wave that is superimposed with a sine wave can
limit the number of solutions when deriving coefficients for the filters. Furthermore, because
the response signals can be sampled at an output of an analog-to-digital converter (ADC), a
frequency of the test signals can be selected according to a bandwidth of the ECG being
tested. In this way, it can be ensured that any sample data provided through the test signals
can be sampled at the ADC output.

In some embodiments, the analog circuitry can have a bandwidth of at least
1.5 kHz. Each electrode channel can be sampled with an ADC sampling rate of 32 kHz. The
filters described herein can be applied at the same sampling rate as the ADC. Furthermore,
the electrode channels can be down-sampled at an 8kHz sampling rate for further processing
(e.g., ECG vector calculation, pacemaker pulse detection, electrode on/off detection,
electrode impedance measurement). Additionally, low-pass and high-pass filters can be
applied to limit the bandwidth to 0.05-150 Hz, and the sampling rate can be reduced to 500
Hz for output, display, heart rate calculation, and arrhythmia detection.

An ECG can include multiple channels, and samples of ADC output data can
be collected for each channel. In other words, the response of each analog circuitry associated
with each channel can be sampled and stored for purposes of deriving filter parameters from
the sampled data. Response signals can be analyzed to identify which response signal is the
slowest and/or has the largest delay out of all the response signals. For example, zero-line
crossings and/or slew rate of the response signals can be analyzed to identify delays caused
by the analog circuitry. Another source of delays can be sequential sampling of ADC
channels. Such delays can occur if there are fewer ADCs than electrode channels and the
electrodes are not all sampled at the same point in time (for example, in some embodiments,
two ADCs can be employed to sample the analog circuitry, and each ADC can include a
built-in multiplexer for sampling all electrode channels (e.g., 10 channels) in a sequence,

which takes approximately 30 microseconds and is repeated continuously). The response
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signal that is the slowest or has the greatest delay can be selected as the signal to be
reproduced by each filter. In other words, each filter can cause similar delays at other
channels to reduce time-domain differences between the other channels and avoid side effects
that can be associated time domain-differences, such as introducing higher frequency noise.
In some embodiments, the response signal that is the fastest or has the smallest delay can be
selected as the signal to be reproduced by each filter, in order to expedite the signals from the
slower channels. Using samples of the selected response signal, coefficients can be calculated
for filtering the other response signals associated with other channels to be more similar, and
ideally identical, to the selected response signal. For example, the filter for each channel can
be a digital finite impulse response (FIR) filter that operates according to one or more
coefficients that are generated using the samples of the other response signals and the
selected response signal. The samples can be arranged as part of an equation where each
value from the selected response signal is set equal to a product of a coefficient and a number
of samples from a response signal of a channel for which the coefficient is to be solved. This
equation can be duplicated for a number of coefficients and response signal samples. The
resulting equations can be solved using a least squares approach that minimizes the sum of
the squared errors for each equation. As a result, a set of coefficients can be adapted for each
channel for use as filter parameters for modifying signals from each of the channels. The
coefficients can be stored by the ECG and used during normal operations for filtering
electrophysiological signals and/or analog circuitry response signals. In some embodiments,
an infinite impulse response filter can be used in combination with, or in place of, the finite
impulse response filter.

FIG. 1 illustrates a system diagram 100 of an ECG device 108 that uses one or
more filters 114 to improve signal quality when performing electrophysiological
measurements on a person 102. The ECG device 108 can include one or more cables 106 that
provide a conductive pathway between electrodes 104 that are attached to the person 102 and
the ECG device 108. The electrodes 104 can provide electrical potentials across the body of
the person 102, and the electrical potentials can be affected by the changes in polarity of the
heart 112. The placement of the electrodes 104 are selected in order to capture the changes in
polarity at different angles that correspond to vectors between the electrodes 104. As the
electrical potentials of the electrodes 104 are modified by the changes in polarity of the heart
112, the ECG device 108 can process the changes to the electrical potentials and generate a
resulting signal 110 that represents the electrical activity associated with the heart 112.

However, because the changes in polarity of the heart 112 modify the electrical potentials of



10

15

20

25

30

WO 2018/162365 PCT/EP2018/055239
10

the electrodes 104 only slightly at times, differentiating the changes in electrical potential
from electrical interference can prove difficult. Electrical interference can take the form of
common mode interference, which can result from external sources, such as electrical line
interference, or internal sources such as capacitive coupling between portions of the ECG
device 108. In order to mitigate and/or eliminate the interference, the ECG device 108 can
include one or more hardware and/or software filters 114 for filtering the signals received at
the electrodes 104. The filters 114 can operate according to parameters that can include
coefficients, which can be derived during a calibration of the ECG device 108. Each
electrode 104 can be assigned to a filter 114, and each coefficient for each electrode 104 can
be provided to minimize time-domain differences and interference of signals from each
electrode 104.

FIG. 2 illustrates a system 200 for performing a calibration of a physiological
measurement device 210, such as an ECG device, in order to generate coefficients for filters
that can be applied during operation of the physiological measurement device. The system
200 can be embodied as software and/or hardware on one or more devices that are capable of
interacting with a physiological measurement device. During calibration of a physiological
measurement device 210, a test signal 202 can be provided to analog circuitry N 204. The
test signal 202 can be transmitted to electrodes that are connected to each of the analog
circuitry N 204. It should be noted that there can be any number of analog circuits, as
indicated by “N”, which can refer to any positive whole number greater than 1. The test
signal 202 can be a sine wave, triangle wave, square wave, multiple superimposed waves,
and/or any other wave suitable for calibrating a device. In some embodiments, the test signal
202 is a square wave that is superimposed with a sine wave that has a higher frequency than
the square wave. In this way, by adding a higher frequency component, such as a sine wave,
the number of solutions for coefficients can be limited. A frequency of the square wave can
be less than a bandwidth of the physiological measurement device and the frequency of the
sine wave can be less than half the frequency of the sample rate at which digital samples are
taken from the analog circuitry N 204. For example, the bandwidth for the physiological
measurement device can be 150 Hertz (Hz), and the frequency for the square wave can be
less than 150 Hz (e.g., 140 Hz). Furthermore, the sample rate can be 32kHz, and the
frequency for the sine wave that is superimposed with the square wave can be less than
16kHz (e.g., 6kHz). However, in some embodiments, analog circuitry with a higher edge
frequency could be used with test signals that are outside of the ECG bandwidth but can still
achieve sufficient gain matching inside the ECG bandwidth.
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As the test signal 202 is provided to each analog circuitry N 204, a response
signal from each analog circuitry N 204 can be sampled. The response signals can be
sampled by analog to digital converters (ADCs) 206, respectively. In some embodiments, a
single ADC is used, and the response signals from each channel can be transmitted to the
ADC using a multiplexer attached between the ADC and the analog circuitry. In other
embodiments, digital samples are captured by multiple ADCs 206 and stored in one or more
memory devices for subsequent analysis.

Initially, the samples for each channel can be recorded as sample data N 208.
The recorded sample sets can then be analyzed by the system 200 to determine which analog
circuitry N 204 and/or input channel is associated with the slowest or most delayed response
out of the all the analog circuitry N 204 and/or input channels. The slowest or most delayed
response signal can be selected by identifying the response signal that was the latest in time,
had the slowest slew rate, and/or had the latest zero crossing compared to other response
signals. Slew rate can correspond to a response rate for an electrical component, such as an
amplifier. Therefore, the response signal with the slowest slew rate can have the smallest
slope or gradient compared to other response signals that were provided by analog circuitry
receiving some input. The samples corresponding to the selected response signal can then be
designated as a source for reference signal parameters 212. By using the slowest or most
delayed response signal as a source for the reference signal parameters 212, it can be ensured
that the resulting filters will have low pass behavior, avoid causing unintended side effects
from speeding up or shifting other response signals, and mitigate time-domain differences
between input channels.

Once the reference signal parameters 212 have been derived from the samples
of the selected response signal corresponding to the slowest or most delayed channel, the
reference signal parameters 212 are supplied to a waveform generator 214 of the system 200.
The waveform generator 214 can use the reference signal parameters 212 to construct the
selected response signal that was transmitted by the slowest or most delayed analog circuitry
and/or input channel. The reconstructed response signal can then be supplied to a coefficient
generator 216. The coefficient generator 216 can calculate coefficients that can be used by
filters that, when applied to the sample data N 208, result in a signal that is more similar, and
ideally identical, to the selected response signal.

The coefficients can be generated by the coefficient generator 216 using a set
of equations that equate samples of the response signals from each channel to values of the

reconstructed selected response signal. For example, the set of equations can be linear
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equations with multiple coefficients that can be solved or estimated in order to generate a set
of coefficients that will accurately convert the samples into values of the selected response
signal. Differences between the reconstructed signal and the selected response signal can be
minimized through this method by repeatedly estimating solutions to the equations to
minimize error. For example, minimizing error can be performed by a least means square
algorithm, a recursive least squares algorithm, and/or any other algorithm for producing a
solution with minimal error.

Equation (1) illustrates a set of matrices that can be solved in order to derive
coefficients for the filters. In Equation (1), values for can correspond to sampled values from
a response signal of the analog circuitry N 204, values for can correspond to the selected
response signal (e.g., the slowest or most delayed response signal) from which the
coefficients are based, and values for can correspond to the coefficient values. There can be
any number of coefficients (e.g., there can be coefficients where is any real number greater
than 1), and the coefficients can be solved using the set of linear equations established by
Equation (1). Although there may not be an exact solution for a finite number of coefficients,
the Equation (1) can be solved using one or more error minimizing algorithms. Furthermore,

any number of samples can be used, wherein and are any real numbers greater than 0.

Xn Xn-1 Xn-2 Xn-3 Xn—4 aq y(n)
Xn+1 Xn Xpn-1 Xp-2 Xn-3 | |42 — _'V(n + 1) Eq (1)
Xm-3 Xm-4]10z

Ym mr oo yom)

Once the coefficients have been derived for each input channel of analog
circuitry N 204, the coefficients can be stored in a non-volatile memory that is accessible by
the physiological measurement device 210. The coefficients can then be used by the
physiological measurement device 210 to control filters for filtering response signals at the
physiological measurement device 210. The filters can be finite impulse response filters
and/or infinite impulse response filters. Furthermore, in some embodiments, the
reconstructed selected response signal can be modified in amplitude and/or frequency
compared to the selected response signal, in order to further filter any noise or interference
that can occur at the channels.

FIG. 3 illustrates a system 300 for applying individual filters to separate

channels of a physiological measurement device 312. The system 300 can be embodied as
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hardware and/or software one or more devices capable of interacting with the physiological
measurement device 312. The system 300 can generate a common mode signal 302 that is
transmitted to electrodes that are connected to analog circuitry N 304, where N is any
positive whole number, equal or greater than 2, that represents the number of analog circuits
and/or electrode channels. The common mode signal 302 can be affected by interference that
can occur external to a body of a person to which the electrodes are attached, and the
interference can be detected by analog circuitry N 304. Each of the analog circuitry N 304
can exhibit a response signal to the changes to the common mode signal 302. Response
signals from analog circuitry N 304, which can correspond to individual electrode channels,
can be converted into digital signals at one or more digital filters N 308.

Each digital filter N 308 can operate based at least on a coefficient parameter
that can effectively mitigate time-domain differences between response signals traveling
across each channel. By mitigating time domain differences between response signals,
common mode interference can be canceled out when a difference analyzer 310 of the
physiological measurement device 312 calculates differential signals between channels. The
resulting differential signals can correspond to vector waves that can be provided to a
monitor for visualizing physiological measurements.

FIG. 4 illustrates a method 400 for creating filters for channels of a
physiological measurement device. The method 400 can be performed by any computing
device, physiological measurement device, medical device, calibration device, and/or any
apparatus suitable for calculating parameters for one or more filters. The method 400 can
include a block 402 of receiving test signals at electrodes of a physiological measurement
device. Each electrode of the physiological measurement device can correspond to a channel
that can include analog circuitry for receiving the test signal. For example, the physiological
measurement device can be an electrocardiogram (ECG) device that includes multiple wires
with electrodes at distal ends of the wires for attaching to a person for monitoring a rhythm of
the person’s heart. The method 400 can further a block 404 of sampling response signals
from analog circuitry of the physiological measurement device to the test signals. In some
embodiments, the response signals are converted to digital signals before being sampled. The
conversion to digital signals can be performed by one or more analog to digital converters.
For example, a single analog to digital can be connected in series with a multiplexer that
switches between connections to the analog circuitry in order to create a time series of digital
samples from the analog circuitry. The sampled response signals can be stored in memory in

association with each channel from which they were originally transmitted. In this way,
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coefficients derived from the processing of the samples can later be stored in association with
the same channels.

The method 400 can further include a block 406 of identifying a response
signal of the response signals that corresponds to the slowest or most delayed response.
Identifying the response signal corresponding to the slowest or most delayed response can
include identifying the response signal that has the slowest slew rate, crosses zero sooner
than other response signals, and/or includes any other feature that indicates the response
signal is the result of a slower response than other response signals. The method 400 can also
include a block 408 of calculating coefficients for filters that can cause the other response
signals to be more similar to the identified response signal. The coefficients can be calculated
using samples of the other response signals and the identified response signal. Samples of the
identified response signal can be set equal to a product of at least one set of samples of one of
the other response signals and a set of coefficients. The coefficients can be solved for using a
least squares method for calculating the coefficients, and/or any other method for solving for
coefficients from sets of values. At block 410, the filters for the physiological measurement
device can be generated using at least the calculated coefficients. The filters can be finite
impulse response filters that act to mitigate time domain differences of response signals at
cach channel of the physiological measurement device. In this way, when the physiological
measurement device generates differential signals from the response signals from each
channel, any common mode interference can be canceled out to reveal a more refined signal
representative of the physiological measurement being undertaken.

FIG. 5 illustrates a method 500 for generating a filtered monitor signal at a
physiological measurement device. The method 500 can be performed by any computing
device, physiological measurement device, medical device, calibration device, and/or any
apparatus suitable for employing a filter to generate a signal. The method 500 can include a
block 502 of receiving common mode signals at analog circuitry of a physiological
measurement device. The common mode signals can be one or more voltages received at
electrodes attached to a person for monitoring a physiological condition of the person, and
the electrodes can be in communication with the analog circuitry. The method 500 can
further include a block 504 of converting response signals from the analog circuitry of the
physiological measurement device into digital samples. The response signals can be
converted into digital samples using one or more digital converters that sample response
signals from analog circuitry associated with different channels of the physiological

measurement device. The method 500 can also include a block 506 of filtering the digital
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samples at least partially based on coefficients that minimize time-domain differences
between channels. By minimizing time-domain differences between channels and response
signals from the channels, subsequent differential signals made from the response signals can
more accurately model the physiological features they are intended to represent. At block
508, a monitor signal is generated by combining the filtered digital samples. Combining the
filtered digital samples can include taking a difference between the filtered digital samples
derived from the response signals of each channel.

While several inventive embodiments have been described and illustrated
herein, those of ordinary skill in the art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications is deemed to
be within the scope of the inventive embodiments described herein. More generally, those
skilled in the art will readily appreciate that all parameters, dimensions, materials, and
configurations described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or
applications for which the inventive teachings is/are used. Those skilled in the art will
recognize, or be able to ascertain using no more than routine experimentation, many
equivalents to the specific inventive embodiments described herein. It is, therefore, to be
understood that the foregoing embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents thereto, inventive embodiments may
be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combination of two or more such features,
systems, articles, materials, kits, and/or methods, if such features, systems, articles, materials,
kits, and/or methods are not mutually inconsistent, is included within the inventive scope of
the present disclosure.

All definitions, as defined and used herein, should be understood to control
over dictionary definitions, definitions in documents incorporated by reference, and/or
ordinary meanings of the defined terms.

The indefinite articles “a” and “an,” as used herein in the specification and in
the claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

The phrase “and/or,” as used herein in the specification and in the claims,

should be understood to mean “either or both” of the elements so conjoined, i.¢., elements
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that are conjunctively present in some cases and disjunctively present in other cases. Multiple
elements listed with “and/or” should be construed in the same fashion, i.e., “one or more” of
the elements so conjoined. Other elements may optionally be present other than the elements
specifically identified by the “and/or” clause, whether related or unrelated to those elements
specifically identified. Thus, as a non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as “comprising” can refer, in one
embodiment, to A only (optionally including elements other than B); in another embodiment,
to B only (optionally including elements other than A); in yet another embodiment, to both A
and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be
understood to have the same meaning as “and/or” as defined above. For example, when
separating items in a list, “or” or “and/or” shall be interpreted as being inclusive, i.c., the
inclusion of at least one, but also including more than one, of a number or list of elements,
and, optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will refer
to the inclusion of exactly one element of a number or list of elements. In general, the term
“or” as used herein shall only be interpreted as indicating exclusive alternatives (i.e. “one or

E AN TS

the other but not both”) when preceded by terms of exclusivity, such as “cither,” “one of,”
“only one of,” or “exactly one of.” “Consisting essentially of,” when used in the claims, shall
have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,”
in reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the list
of elements and not excluding any combinations of elements in the list of elements. This
definition also allows that elements may optionally be present other than the elements
specifically identified within the list of elements to which the phrase “at least one” refers,
whether related or unrelated to those elements specifically identified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least one of A or B,” or, equivalently
“at least one of A and/or B”) can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and optionally including elements other than
B); in another embodiment, to at least one, optionally including more than one, B, with no A

present (and optionally including elements other than A); in yet another embodiment, to at
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least one, optionally including more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.

It should also be understood that, unless clearly indicated to the contrary, in
any methods claimed herein that include more than one step or act, the order of the steps or
acts of the method is not necessarily limited to the order in which the steps or acts of the
method are recited.

In the claims, as well as in the specification above, all transitional phrases such

99 ¢c;

as “comprising,” “including,

2% ¢ EE Y 99 C¢;

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including
but not limited to. Only the transitional phrases “consisting of” and “consisting essentially
of” shall be closed or semi-closed transitional phrases. It should be understood that certain

expressions and reference signs used in the claims do not limit the scope.
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CLAIMS

1. A method for minimizing common mode interference in a physiological
measurement system (108, 210, 312) having input channels (106) and analog circuitry
electrically coupled to electrodes (104) for measuring an electrophysiological signal, the
method comprising:

receiving analog test signals (202) at the input channels;

generating response signals at the analog circuitry (204, 304) in response to
receiving the analog test signals;

converting each response signal into digital data samples (208);

storing, in a memory of the physiological measurement system, the digital data
samples in association with each of the input channels;

analyzing the digital data samples for each of the input channels to determine a
reference input channel;

determining a set of digital filter coefficients for each input channel other than
the reference input channel; and

applying a filter (114, 308) to each input channel during operation of said
physiological measurement system, wherein each filter operates according to a digital filter
coefficient from the set of digital filter coefficients to minimize time-domain differences
between the reference input channel and each input channel other than the reference input

channel.

2. The method of claim 1, wherein the analog test signals include a square wave

that is superimposed with a sine wave.

3. The method of claim 2, wherein converting each response signal into digital
samples includes sampling at least one response signal at a rate that is greater than a

frequency of the sine wave.

4. The method of claim 2, wherein the square wave has a frequency that is less

than a bandwidth of the physiological measurement system.
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5. The method of claim 1, wherein the set of digital filter coefficients are

calculated according to a least squares error estimation.

6. The method of claim 1, wherein analyzing the digital data samples for each of
the input channels to determine the reference input channel comprises:

identifying a response signal corresponding to a last zero crossing.

7. The method of claim 1, wherein analyzing the digital data samples for each of
the input channels to determine the reference input channel comprises:

identifying a response signal corresponding to a slowest slew rate.

8. The method of claim 1, wherein the filter at cach input channel is a finite

impulse response filter.

9. The method of claim 8, wherein the set of digital filter coefficients comprises

at least 2 coefficients.

10. The method of claim 1, wherein converting each response signal into digital
data samples is performed using sequential data sampling with an analog to digital converter
(206, 306) and a multiplexer that is connected between the analog to digital converter and the

analog circuitry.

11. The method of claim 10, wherein the sequential data sampling is performed at

least at 32000 samples per second.

12. A physiological measurement device, comprising:

input channels comprising electrodes that are configured to receive
physiological measurement signals;

analog circuitry (204, 304) connected to the input channels and configured to
receive the physiological measurement signals and, in response, output response signals;

an analog to digital converter (206, 306) connected to the analog circuitry and
configured to convert one or more response signals into digital samples; and

one or more filters (308) connected to the analog to digital converter and
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configured to filter the digital samples, wherein each of the one or more filters operates
according to a coefficient for minimizing time-domain differences between the response

signals.

13. The physiological measurement device of claim 12, further comprising:
a signal processor (310) configured to provide a differential signal based on a

difference between filtered digital samples of at least two different response signals.

14. The physiological measurement device of claim 12, wherein each of the one or
more filters is assigned to an input channel of the input channels, and the coefficient for each

filter is based on a calibration of the input channel.

15. The physiological measurement device of claim 12, wherein the one or more
filters further operate to conform the digital samples to be more similar to a response signal

corresponding to a predetermined input channel of the input channels.
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400\‘

RECEIVE TEST SIGNALS AT ELECTRODES OF A PHYSIOLOGICAL
MEASUREMENT DEVICE
402

l

SAMPLE RESPONSE SIGNALS FROM ANALOG CIRCUITRY OF THE
PHYSIOLOGICAL MEASUREMENT DEVICE TO THE TEST SIGNALS
404

l

IDENTIFY A RESPONSE SIGNAL OF THE RESPONSE SIGNALS CORRESPONDING
TO THE SLOWEST OR MOST DELAYED RESPONSE
406

l

CALCULATE COEFFICIENTS FOR FILTERS THAT CAUSE THE OTHER RESPONSE
SIGNALS TO BE MORE SIMILAR TO THE IDENTIFIED RESPONSE SIGNAL
408

l

GENERATE THE FILTERS FOR THE PHYSIOLOGICAL MEASUREMENT DEVICE
USING THE CALCULATED COEFFICIENTS
410

FIG. 4
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500 \‘

RECEIVE COMMON MODE SIGNALS AT ANALOG CIRCUITRY OF A
PHYSIOLOGICAL MEASUREMENT DEVICE
502

CONVERT RESPONSE SIGNALS FROM THE ANALOG CIRCUITRY OF THE
PHYSIOLOGICAL MEASUREMENT DEVICE INTO DIGITAL SAMPLES
504

FILTER THE DIGITAL SAMPLES AT LEAST PARTIALLY BASED ON COEFFICIENTS
THAT MINIMIZE TIME-DOMAIN DIFFERENCES BETWEEN CHANNELS
506

Y

GENERATE A MONITOR SIGNAL BY COMBINING THE FILTERED DIGITAL
SAMPLES
508

FIG. 5
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