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7) ABSTRACT

Systems and methods are provided for operating a physi-
ological monitoring system for determining a physiological
parameter of a subject. The physiological system may com-
prise a pulse oximetry sensor for generating a photoplethys-
mography (PPG) signal and a gain controller for setting a
light detection level. The system may also comprise a filter
for filtering the PPG signal. The filter may comprise at least
one of filter history and filter coefficients. The system may
comprise a processor for determining the power level of
light sources of the pulse oximetry sensor and the light
detection gain level, and calculating a scaling factor based
on the determined power level and the light detection gain
level. The processor may also be used for scaling one or
more of the filter history and filter coefficients based on the
scaling factor, and determining at least one physiological
parameter based on the filtered PPG signal.
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PHYSIOLOGICAL MONITORING METHODS
AND SYSTEMS UTILIZING FILTER
SCALING

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/258,233, filed Nov. 20, 2015,
which is hereby incorporated by reference herein in its
entirety.

BACKGROUND

[0002] The present disclosure relates to generating and
processing signals in a physiological monitoring system, and
more particularly to techniques for scaling filter histories or
filter coefficients to attenuate filter artifacts in a received
signal to improve the determination of physiological param-
eters by the physiological monitoring system.

[0003] Photoplethysmography (PPG) is a non-invasive,
optical measurement that may be used to detect changes in
blood volume within tissue of an individual. PPG signals
may be used by pulse oximeters, vascular diagnostics sys-
tem, and digital blood pressure detection systems. Typically,
a PPG system includes a light source that is used to
illuminate tissue of a patient and a photodetector that is used
to detect light attenuated by the tissue of a patient. A PPG
system may analyze variations in the detected light intensity
that may be associated with blood volume changes proximal
to the illuminated tissue. The analysis may be used to
determine physiological parameters of the individual.
[0004] PPG systems often utilize a variety of filters to
condition or process the output of the photodetector. Some
filters comprise a filter history or filter coefficients. For
example, the output of digital Finite Impulse Response
(FIR) filters may be determined by filter coeflicients and a
history of previous input samples. The output of digital
Infinite Impulse Response (IIR) filters may also depend on
a history of previous outputs from the filter. During normal
operation, a PPG system may adjust the intensity of the light
source and change settings of gain circuitry or ambient light
cancellation circuitry that processes the photodetector signal
in order to amplify the signal. These adjustments may be
performed in order to increase the signal-to-noise ratio, to
avoid saturating an ADC (analog-to-digital converter) of the
PPG system, or to save power when driving light emitters or
for a number of other reasons. Changes to light intensity,
gain or ambient light rejection may occur very frequently
when emitters are dynamically adjusted within a cardiac
cycle to save power. Some exemplary techniques for chang-
ing light intensity are disclosed in U.S. Patent Application
Publications Nos.: 2013/0324809, 2013/0324855, 2013/
0324856, and 2015/0173687, which are hereby incorporated
by reference. In some embodiments, the filters may experi-
ence an effect similar to an effect produced by a change in
emitter drive current of a system that changes emitter
wavelengths. Such effects are described, for example, by
U.S. Pat. No. 8,649,838, which is hereby incorporated by
reference. When these adjustments in light detection gain or
in light intensity occur, the filter history may simultaneously
include photodetector signal samples acquired at the old
level of the photodetector signal and the new level of the
photodetector signal. In addition, filtering coeflicients may
be applied simultaneously to the old level of the photode-
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tector signal and the new level of the photodetector signal.
Such simultaneous processing can introduce filter artifacts
(e.g., a step response) into the photodetector signal. These
filter artifacts may negatively affect determination of physi-
ological parameters by the PPG system.

[0005] Accordingly, the present specification discloses
improved systems and methods for determining physiologi-
cal parameters based on a PPG signal, where the filter
history and/or the filter coefficients are scaled based on
adjustments to the intensity of one or more light sources and
adjustments to the settings of gain controller or ambient light
cancellation circuitry in a manner designed to eliminate or
attenuate filter artifacts. The disclosed systems and methods
improve the operation of a PPG system by eliminating or
attenuating filter artifacts that may introduce errors into
algorithms for determining physiological parameters (e.g.,
heart rate, oxygen saturation, respiration rate, and regional
oxygen saturation).

SUMMARY

[0006] The present disclosure is generally directed
towards systems and methods for determining physiological
parameters. In some embodiments, a physiological monitor-
ing system (e.g., a medical device such as a pulse oximeter)
may comprise a sensor configured to detect light attenuated
by a subject and generate a photoplethysmography (PPG)
signal. The physiological monitoring system may also com-
prise a gain controller configured to set a light detection gain
level. The system may also comprise a filter for filtering the
PPG signal. The filter may comprise at least one of filter
history and filter coefficients. The physiological monitoring
system may also comprise a processor for determining at
least one of the power level of one or more light sources of
the pulse oximetry sensor and the light detection gain level.
The processor may also be used for calculating a scaling
factor based on at least one of the determined power level
and determined gain level and scale one or more of the filter
history and the filter coeflicients using the scaling factor. The
processor may also be used for determining a physiological
parameter based on the PPG signal that was filtered by the
filter. The system may comprise a display configured to
display the physiological parameter of the subject or a wired
or wireless communication interface such as a UART, SPI,
WiFi or Bluetooth interface for communicating the physi-
ological parameter to another system.

[0007] In some embodiments, a method is provided for
determining physiological parameters of a subject using a
pulse oximeter. The method may comprise generating, using
a pulse oximetry sensor, a photoplethysmographic (PPG)
signal. The pulse oximetry sensor may be configured to
detect light attenuated by the subject. The method may also
comprise setting a light detection gain level using a gain
controller. The method may also comprise filtering the PPG
signal using a filter. The filter may comprise at least one of
filter history and filter coeflicients. The method may further
comprise determining, using a processor of the pulse oxi-
meter, at least one of the power level and the gain level. The
method may further comprise calculating a scaling factor
based on the at least one of the determined power level and
determined gain level, and scaling one or more of the filter
history, the filter coeflicients, and the filter input samples
using the scaling factor. The method may further comprise
determining a physiological parameter based on the PPG
signal that was filtered by the filter. The method may further
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comprise displaying, using a display of the pulse oximeter,
the physiological parameter of the subject.

BRIEF DESCRIPTION OF THE FIGURES

[0008] The above and other features of the present disclo-
sure, its nature and various advantages will be more apparent
upon consideration of the following detailed description,
taken in conjunction with the accompanying drawings in
which:

[0009] FIG. 1 shows a block diagram of an illustrative
system for determining a physiological parameter in accor-
dance with some embodiments of the present disclosure.
[0010] FIG. 2 shows a block diagram of an exemplary
analog processing circuitry and exemplary digital process-
ing circuitry with some embodiments of the present disclo-
sure.

[0011] FIGS. 3A, 4A, and 5A show diagrams of several
illustrative filtering operations that may be performed by
illustrative systems for determining a physiological param-
eter in accordance with some embodiments of the present
disclosure.

[0012] FIGS. 3B, 4B, and 5B show illustrative detector
signals that may be generated by illustrative systems for
determining a physiological parameter while performing
filtering operations shown in FIGS. 3A, 4A, and 5A, respec-
tively.

[0013] FIG. 6 shows an illustrative flow diagram including
steps for determining a physiological parameter in accor-
dance with some embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE FIGURES

[0014] The systems and methods described below may be
implemented using a physiological monitoring system, such
as an oximeter or any other type of PPG system. In some
embodiments, the PPG device may comprise a monitor and
a sensor that may be commutatively coupled to the monitor.
The sensor may be configured to generate a PPG signal and
transmit the signal to the physiological monitor. The physi-
ological monitor may comprise an oximetry front end and
oximetry back end for processing the PPG. In some embodi-
ments, the physiological monitor may comprise light drive
circuitry for providing power to a light source of the sensor.
In some embodiments, the physiological monitor may com-
prise a gain controller for setting a gain level of the physi-
ological monitor and for removing the effects of ambient
light. In some embodiments, the physiological monitor may
comprise analog processing circuitry and digital processing
circuitry. Analog processing circuitry may comprise con-
figurable filters (e.g., filter circuitry). Digital processing
circuitry may also comprise a filters for filtering the PPG
signal. In some embodiments, each of filters may comprise
one or more of filter history and filtering coeflicients. The
physiological monitor may comprise a processor configured
to determine an emitter power level and a gain level. The
processor may also calculate a scaling factor based on the
power level and the gain level. The processor may be
configured to scale filter history and/or filtering coefficients
of the digital processing circuitry, thus attenuating or elimi-
nating filtering artifact associated with the changes in power
and gain levels. The processor may be configured to adjust
filtering performed by the analog processing circuitry to
attenuate or eliminate filtering artifact associated with the
changes in power and gain levels. The digital processing
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circuitry may then filter the PPG signal using scaled filter
histories or filtering coeflicients. The PPG system may then
determine a physiological parameter based on the filtered
PPG signal.

[0015] For purposes of this disclosure, “filter” may refer to
any hardware component (e.g., processor, controller, filter
circuitry, non-transitory memory) or a combination of hard-
ware (including any associated filter circuitry) and software
configured to perform signal filtering operations. For
example, a filter may be configured to apply filtering to an
input signal and produce a filtered output. A filter may be
configured to perform analog filtering, digital filtering, any
other filtering, or any combination thereof.

[0016] For purposes of this disclosure, “filter history” may
refer to any circuit (including, e.g., non-transitory memotry),
data structure, hardware component (e.g., processor, con-
troller), software component, firmware component, or any
combination thereof, for storing values that were calculated
or used by a filter at any time in the past. In some embodi-
ments, filter history may include a data segment that is
currently being processed by the filter. In some embodi-
ments, filter history may include the prior output of the filter.
[0017] For purposes of this disclosure, “filter coeflicients”
may refer to values stored by any circuit (including, e.g.,
non-transitory memory), data structure, or any combination
thereof, for use by a filter. In some embodiments, filter
coeflicients may be applied to the signal by a filter to
produce a filtered signal.

[0018] For purposes of this disclosure, “gain controller”
may refer to any gain circuitry, gain circuits (including, e.g.,
a programmable gain array, a current-to-voltage converter,
and an analog-to-digital converter), hardware component,
combination of hardware and software components, or any
combination thereof that is configured to adjust or change
the gain of signal received from a sensor. For example, a
gain controller may be configured to adjustably amplify a
signal received from a sensor.

[0019] For purposes of this disclosure, “gain change” may
refer to a change in the gain of the system or to a change in
power level, duty cycle, or drive pattern of one or more light
sources. In some embodiments, drive pattern may comprise
PWM modulation. For example, gain change may also refer
to a change to at least one variable hardware gain stage, a
change in hardware integration time, a change to any ambi-
ent light cancellation including DAC subtraction, a change
in emitter wavelength (e.g., a change to driving a 735 nm
LED instead of a previously driven 660 nm LED), a change
in photo-detector location or area such as by combining
different photo-detector elements or switching between mul-
tiple detectors, combining different elements of a detector
array or charge-coupled device (CCD) or other similar
adjustments.

[0020] As mentioned above, the foregoing techniques may
be implemented in an oximeter. An oximeter is a medical
device that may determine the oxygen saturation of an
analyzed tissue. One common type of oximeter is a pulse
oximeter, which may non-invasively measure the oxygen
saturation of a subject’s blood (as opposed to measuring
oxygen saturation invasively by analyzing a blood sample
taken from the subject). Pulse oximeters may be included in
physiological monitoring systems that measure and display
various blood characteristics including, for example, blood
oxygen saturation (e.g., arterial, venous, or both). Such
physiological monitoring systems, in accordance with the
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present disclosure, may also measure and display additional
or alternative physiological parameters such as pulse rate,
respiration rate, respiration effort, blood pressure, hemoglo-
bin concentration (e.g., oxygenated, deoxygenated, and/or
total), cardiac output, fluid responsiveness parameters,
regional oxygen saturation, any other suitable physiological
parameters, or any combination thereof.

[0021] An oximeter may include a light sensor that is
placed at a site on a subject. For example, the light sensor
may be placed on a fingertip, toe, forehead or earlobe, or in
the case of a neonate, across a foot or hand. The light sensor
may also be placed at any other suitable location on a
subject. The oximeter may use a light source to pass light
through blood perfused tissue and photoelectrically sense
the absorption of the light in the tissue. The oximeter may
measure the intensity of light that is received at the light
sensor as a function of time. The oximeter may also include
sensors at multiple locations. A signal representing light
intensity versus time or a mathematical manipulation of this
signal (e.g., a scaled version thereof, a log taken thereof, a
scaled version of a log taken thereof, an inverted signal, etc.)
may be referred to as the photoplethysmography (PPG)
signal. In addition, the term “PPG signal,” as used herein,
may also refer to an absorption signal (i.e., representing the
amount of light absorbed by the tissue) or any suitable
mathematical manipulation thereof. The light intensity or
the amount of light absorbed may then be used to calculate
any of a number of physiological parameters.

[0022] In some embodiments, the photonic signal inter-
acting with the tissue is of one or more wavelengths that are
attenuated by the blood in an amount representative of the
blood constituent concentration. Red and infrared (IR)
wavelengths may be used because it has been observed that
highly oxygenated blood will absorb relatively less red light
and more IR light than blood with a lower oxygen saturation.
By comparing the intensities of two wavelengths at different
points in the pulse cycle, it is possible to estimate the blood
oxygen saturation of hemoglobin in arterial blood.

[0023] The physiological monitoring system may process
data to determine physiological parameters using techniques
well known in the art. For example, the physiological
monitoring system may determine arterial blood oxygen
saturation using two wavelengths of light and a ratio-of-
ratios calculation. As another example, the physiological
monitoring system may determine regional blood oxygen
saturation using two wavelengths of light and two detectors
located at different distances from the emitters. The system
also may identify pulses and determine pulse amplitude,
respiration, blood pressure, other suitable parameters, or any
combination thereof, using any suitable calculation tech-
niques. In some embodiments, the physiological monitoring
system may use information from external sources (e.g.,
tabulated data, secondary sensor devices) to determine
physiological parameters.

[0024] It will be understood that the techniques described
herein are not limited to pulse oximeters and may be applied
to any suitable physiological monitoring device or any other
PPG device.

[0025] FIG. 1 shows a block diagram of illustrative physi-
ological monitoring system 100 in accordance with some
embodiments of the present disclosure. System 100 may
include a sensor 150 and PPG monitor 101 for generating
and processing sensor signals (e.g., a PPG signal) that may
include physiological information relating to a subject. In
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some embodiments, sensor 150 and PPG monitor 101 may
be part of an oximeter. In some embodiments, system 100
may include more than one sensor. Sensor 150 of physi-
ological monitoring system 100 may include light source
160 and detector 170. PPG monitor 101 may be configured
to interface with sensor 150 and perform signal processing
of the detector signal received from sensor 150. PPG moni-
tor 101 may comprise light drive circuitry 140, gain con-
troller 142, processor 115, calibration circuitry 144, analog
processing circuitry, and digital processing circuitry 130. In
some embodiments, light drive circuitry 140 may be a part
of processor 115. In some embodiments, gain controller 142
may be a part of processor 115. In some embodiments,
calibration circuitry 144 may be a part of processor 115. In
some embodiments, digital processing circuitry 130 may be
a part of processor 115.

[0026] In some embodiments, PPG monitor 101 may be
configured to determine physiological parameter of the
patient. In some embodiments, PPG monitor 101 may be
configured to use processor 115 to determine physiological
parameters of the patient. PPG monitor 101 may include
user interface 110 configured to display the physiological
parameter of the patient and to receive user input.

[0027] The components of system 100 are merely illus-
trative and any suitable components and combinations of
components may be used for performing the operations of an
oximeter.

[0028] Light source 160 of sensor 150 may be configured
to emit photonic signals having one or more wavelengths of
light (e.g., red and IR) into a subject’s tissue. For example,
light source 160 may include a red light emitting light source
and an IR light emitting light source, e.g., red and IR light
emitting diodes (LEDs), for emitting light into the tissue of
a subject to generate sensor signals that include physiologi-
cal information. In one embodiment, the red wavelength
may be between about 600 nm and about 750 nm, and the
IR wavelength may be between about 800 nm and about
1000 nm. It will be understood that light source 160 may
include any number of light sources with any suitable
characteristics. In embodiments where an array of sensors is
used in place of single sensor 150, each sensor may be
configured to emit a single wavelength. For example, a first
sensor may emit only a red light while a second may emit
only an IR light.

[0029] In some embodiments, PPG monitor 101 may
comprise light drive circuitry 140 coupled to light source
160. Light drive circuitry 140 may be configured to control
the operation of light source 160. In some embodiments,
light drive circuitry 140 may generate a light drive signal,
which may be used to turn on and off light source 160. Light
drive circuitry 140 may also control the intensity of light
source 160, for example, by varying the power of the light
drive signal. In some embodiments, light drive circuitry 140
may comprise several discrete power level settings for
setting the intensity of light source 160. For example, the
power level settings may correspond to specific voltages
provided to light source 160 or to specific amounts of current
provided to light source 160. In some embodiments, the
power levels may comprise 4096 discrete levels of electrical
current in the range between 0 and 50 mA. In some
embodiments, light drive circuitry 140 may control intensity
of the light emitted by light source 160 in any other manner.
In some embodiments, the overall intensity of the light
emitted by light source 160 may be controlled by controlling
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the duration of time during which the light is emitted, for
example by using Pulse Wave Modulation (PWM) tech-
niques.

[0030] It will be understood that, as used herein, the term
“light” may refer to energy produced by radiative sources
such as electromagnetic radiative sources and may include,
for example, any wavelength within the radio, microwave,
millimeter wave, infrared, visible, ultraviolet, gamma ray or
X-ray spectra. Detector 170 may be chosen to be specifically
sensitive to the chosen targeted energy spectrum of light
source 160.

[0031] In some embodiments, detector 170 may be con-
figured to detect the intensity of light at the red and IR
wavelengths. In some embodiments, an array of sensors may
be used and each sensor in the array may be configured to
detect an intensity of a single wavelength. In operation, light
may enter detector 170 after passing through the subject’s
tissue. Detector 170 may convert the intensity of the
received light into an electrical signal. The light intensity
may be directly related to the absorbance and/or reflectance
of light in the tissue. That is, when more light at a certain
wavelength is absorbed or reflected, less light of that wave-
length is received from the tissue by detector 170.

[0032] After converting the received light to an electrical
signal, detector 170 may send the detector signal (e.g., a
PPG signal) to PPG monitor 101, where the detector signal
may be processed and physiological parameters may be
determined. In some embodiments, the detector signal may
be preprocessed by sensor 150 before being transmitted to
PPG monitor 101. In some embodiments, PPG monitor 101
may perform any suitable analog processing of the detector
signal using analog processing circuitry 125. The condition-
ing performed by analog processing circuitry 125 may
include any type of filtering (e.g., low pass filtering, high
pass filtering, band pass filtering, notch filtering, 1IR filter-
ing, FIR filtering, adaptive filtering, or any other suitable
filtering), amplifying, performing an operation on the
received signal (e.g., taking a derivative, integrating, aver-
aging), performing any other suitable signal conditioning
(e.g., converting a current signal to a voltage signal), or any
combination thereof. In some embodiments, analog process-
ing circuitry 125 may comprise circuitry for performing
filtering operations. Analog processing circuitry 125 may
comprise circuitry for adjusting filtering operations. For
example, analog processing circuitry may comprise circuitry
capable of scaling the signal. In some embodiments analog
processing circuitry 125 may comprise circuitry capable of
scaling the detector signal between a detected rising and a
detected falling edge of the detector signal. Such selective
scaling may be used to adjust the analog filtering function-
ality. In some embodiments, analog processing circuitry 125
may also be configured to perform analog to digital conver-
sion to convert the detector signal from an analog form into
a digital form.

[0033] In some embodiments, PPG monitor 101 may also
be configured to perform any suitable digital processing of
the detector signal using digital processing circuitry 130. For
example, digital processing circuitry 130 may be configured
to process the detector signal after it was converted into
digital form by an analog-to-digital conversion (ADC) cir-
cuitry. The conditioning performed by digital processing
circuitry 130 may include any type of filtering (e.g., Bessel
filtering, anti-aliasing filtering, low pass filtering, FIR fil-
tering, IR filtering, adaptive filtering, or any other suitable
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filtering), dark subtraction, decimation, performing an
operation on the received signal (e.g., taking a derivative,
averaging), performing any other suitable signal condition-
ing, or any combination thereof. In some embodiments,
digital processing circuitry 130 may comprise filter 132 for
performing filtering operations. Filter 132 may comprise a
filter history 134 for storing filter history that may be used
by the filter 132 to perform filtering operations. Filtering
operations may comprise, among other things, applying
filtering coeflicients to the detector signal.

[0034] Insome embodiments, one or more gain levels may
be used to adjust the amplification of the detector signal
received from detector 170. The gain level may be set by
gain controller 142 of PPG monitor 101. In some embodi-
ments, gain controller 142 may be a gain controller. For
example, gain controller 142 may control the gain level of
analog processing circuitry 125, digital processing circuitry
130, any other element of the PPG monitor 101, or any
combination thereof. In some embodiments, gain settings
may comprise several discrete gain settings for amplifying
the detector signal. For example, 2x gain setting may
amplify the detector signal level by a factor of 2, 4x gain
setting may amplify the detector signal level by a factor 4,
10x gain setting may amplify the detector signal level by a
factor 10, etc.

[0035] Although only one detector 170 is depicted in FIG.
1, in some embodiments, sensor 150 may include additional
detectors located at different distances from the light source
160. In some embodiments, sensor 150 may send the detec-
tor signal to PPG monitor 101 using any kind of wired or
wireless connectors suitable for transmitting the detector
signal, or any kind of communication of connectors. For
example, connectors may comprise a COM port, Ethernet
port, wireless port, a proprietary port, any other communi-
cation port, or any combination thereof.

[0036] In the embodiment shown, PPG monitor 101 may
include processor 115. Processor 115 may be configured to
determine the power level of light source 160 and the gain
level for PPG monitor 101. In some embodiments, the power
level and the gain level may be pre-defined. In some
embodiments, the power level and the gain level may be
determined based on the detector signal. In some embodi-
ments, the power level may be selected to achieve the
highest possible signal-to-noise ratio without saturating any
element of PPG monitor 101 and while meeting other
constraints necessary for operation of PPG monitor 101. In
another example, the power level may be increased during
certain critical portions of the patient’s cardiac cycle. For
example, the power level may be increased during the peak
and valley of the cardiac cycle, and decreased during rise
and fall of the cardiac cycle (e.g., to save energy). In some
embodiments, the gain level may be selected to achieve the
highest possible signal-to-noise ratio while keeping the
detector signal in the operating range of the PPG monitor
101. In some embodiments, the gain level may be selected
to prevent saturation of the analog processing circuitry 125.
In some embodiments, the power level and the gain level
may be determined in any other manner. Once the power
level is determined by processor 115, light drive circuitry
140 may generate an appropriate light drive signal based on
the determined power level. Once the gain level is deter-
mined by processor 115, gain controller 142 may modify the
gain level of the elements of PPG monitor 101 to achieve the
desired amplification of the detector signal.
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[0037] In some embodiments, processor 115, may be
configured to calculate a scaling factor based on the deter-
mined power level and the determined gain level. In some
embodiments, the scaling factor may be calculated accord-
ing to the following equation: SF=(PL ,*GL ), where SF is
the scaling factor, PL, is the determined power level, and
GL, is the determined gain level. In some embodiments, the
scaling factor may also be determined based on the previ-
ously set power level and the previously set gain level. For
example, the scaling factor may be determined according to
the following equation: SF=(PL ,*GL,)/(PL*GL,), where
SF is the scaling factor, PL, is the determined power level,
GL, is the determined gain level, PL is the previously set
power level, and GL, is the previously set gain level. In
some embodiments, the scaling factor may be calculated
based on the determined power and the determined gain
level in any other manner.

[0038] In some embodiments, the scaling factor may be
used by processor 115 to adjust the filter history or filter
coeflicients of filter 132. For example, values of the filter
history of filter 132 may be scaled by (e.g., multiplied by)
the scaling factor. In some embodiments, the filter coefli-
cients of filter coeflicients of filter 132 may be scaled by a
ratio of a previously determined scaling factor and the newly
calculated scaling factor. In some embodiments, both the
filter history and the filter coeflicients of filter 132 may be
adjusted by processor 115. In some embodiments, processor
115 may be configured to use the detector signal that was
filtered by filter 132 to determine at least one physiological
parameter of the subject. In some embodiments, the detector
signal that was filtered by filter 132 may be used to deter-
mine at least one physiological parameter of the subject.

[0039] In some embodiments, PPG monitor 101 may
comprise calibration circuitry 144. Calibration circuitry 144
may be used to calibrate PPG monitor 101 according to the
effects of gain controller 142 setting the gain level of PPG
monitor 101, and the effect of light drive circuitry 140
setting a power level of light sources 160. For example,
calibration circuitry 144 may empirically determine the
actual observed gain change of PPG monitor 101 in response
to a change in the gain level applied by gain controller 142.
For example, calibration circuitry 144 may determine that a
change from 2x gain level to 4x gain level results in an
actual 2.2 fold increase in the amplitude of the detector
signal, instead of a theoretical 2 fold increase. In some
embodiments, calibration circuitry 144 may determine
actual observed gain change for every possible change in
gain levels. For example, calibration circuitry 144 may
determine actual gain change for a change from 2x gain
level to 4x gain level, from 2x gain level to 8x gain level,
from 4x gain level to 8x gain level, etc.

[0040] In some embodiments, calibration circuitry 144
may also empirically determine the actual observed change
in the intensity of the light produced by light sources 160 in
response to a change in the power level applied by light
drive circuitry 140. For example, calibration circuitry 144
may determine that a change from 10 mA power level to 40
mA power level results in an actual 3.9 fold increase in the
intensity of the light, instead of a theoretical 4 fold increase.
In some embodiments, calibration circuitry 144 may deter-
mine actual light intensity change for every possible change
in power level of light source 160. For example, calibration
circuitry 144 may determine the actual light intensity change
for a change from 10 mA power level to 20 mA power level,
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from 10 mA power level to 40 mA power level, from 20 mA
power level to 40 mA power level, etc.

[0041] In some embodiments, calibration circuitry 144
may perform calibration upon start-up of PPG monitor 101.
In some embodiments, calibration circuitry 144 may pet-
form calibration when it is safe to do so. For example,
calibration may be performed when psychological param-
eters of the subject remain stable for a predetermined period
of time or when the calibration time is much shorter than the
time in which a measurement of interest is likely to change.
In some embodiments, calibration may include additional
processing, for example calibration may include averaging
or outlier rejection (e.g., due to patient movement or blood
flow). In some embodiments, calibration circuitry 144 may
perform calibration when a user requests the calibration via
user interface 110. In some embodiments, calibration cir-
cuitry 144 may perform calibration at any other time. In
some embodiments, calibration may be performed at a
factory. In some embodiments, calibration may be per-
formed using a purpose-made calibration device. In some
embodiments, calibration circuitry 144 may generate cali-
bration data to store the results of the calibration and make
the calibration data available to processor 115. In some
embodiments, calibration data may be stored using non-
transitory memory of PPG monitor 101.

[0042] In some embodiments, processor 115 may be con-
figured to calculate a scaling factor based on the calibration
data in addition to the determined power level and the
determined gain level. For example, the scaling factor may
be calculated as a predicted change in the light intensity
level multiplied by predicted change in the gain level. The
predicted changes may be determined by processor 115
based on the previous gain level, previous power level,
determined gain level, determined power level, and calibra-
tion data. For example, the scaling factor may be determined
according to the following equation: SF=(PL,*GL,,)/
(PLp*GLy), where SF is the scaling factor, PL,, is the
predicted power level, GL,, is the predicted gain level, PL,
is the previously set power level, and GL is the previously
set gain level. Predicted power level value PL,, may be
based on a determined power level and calibration data.
Predicted gain level value GL,, may be based on a deter-
mined gain level and calibration data. In one example, the
current gain level is 2x and the new determined gain level
is 4x, the current power level is 10 mA, and new determined
gain level is also 10 mA. The calibration data may be used
to predict that that change from gain level 2x to gain level
4x will result in 1.8 fold increase in the actual gain level. In
this example, processor 115 may calculate the scaling factor
by multiplying the predicted increase in gain level (1.8) by
an expected change in light intensity level (1). In some
embodiments, other techniques for calculating the scaling
factor based on the determined power level, the determined
gain level, and the calibration data may be used. In some
embodiments, the scaling of the filter input, filter history, or
filter coefficients can be used to minimize the step response
produced by the filter after a gain change. In some embodi-
ments, even if an imperfectly calculated scaling factor is
used, the step response may be attenuated because an error
in the calculated scaling factor may be insignificant com-
pared to the magnitude of the gain change.

[0043] Sensor 150 may also include additional compo-
nents not depicted in FIG. 1. For example, sensor 150 may
include an internal power source (e.g., a battery) and a
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wireless transmitter for communicating with PPG monitor
101. As another example, sensor 150 may include additional
sensor components such as, for example, a temperature
sensot.

[0044] In the embodiment shown, PPG monitor 101
includes user interface 110. User interface 110 may include
a user input device, a display, a speaker, a haptic device, a
printer, or any other suitable output device. User interface
110 may include, for example, any suitable device or devices
such as one or more medical devices (e.g., a medical monitor
that displays various physiological parameters, a medical
alarm, or any other suitable medical device that either
displays physiological parameters or uses the output of
processor 115 as an input), one or more display devices (e.g.,
monitor, personal digital assistant (PDA), mobile phone,
tablet computer, any other suitable display device, or any
combination thereof), one or more audio devices, one or
more memory devices (e.g., hard disk drive, flash memory,
RAM., optical disk, any other suitable memory device, or
any combination thereof), one or more printing devices, any
other suitable output device, or any combination thereof.
[0045] User interface 110 may include any type of user
input device such as a keyboard, a mouse, a touch screen,
buttons, switches, a microphone, a joy stick, a touch pad, or
any other suitable input device. The inputs received by user
interface 110 can include information about the subject, such
as age, weight, height, diagnosis, medications, treatments,
and so forth.

[0046] In an embodiment, the subject may be a medical
subject and user interface 110 may exhibit (e.g., via a
display) a list of values which may generally apply to the
subject, such as, for example, age ranges or medication
families, which the user may select using a user input device.
Additionally, user interface 110 may display, for example, an
estimate of a subject’s blood oxygen saturation, pulse rate
information, respiration rate and/or effort information, blood
pressure information, hemoglobin concentration informa-
tion, cardiac output, fluid responsiveness parameters, any
other parameters, and any combination thereof. User inter-
face 110 may include any type of display such as a cathode
ray tube display, a flat panel display such as a liquid crystal
display or plasma display, or any other suitable display
device. A speaker of user interface 110 may provide an
audible sound that may be used in various embodiments,
such as for example, sounding an audible alarm in the event
that a subject’s physiological parameters are not within a
predefined normal range.

[0047] FIG. 2 shows a block diagram of a processing
circuitry 200 comprising exemplary analog processing cit-
cuitry (e.g., analog processing circuitry 125 of FIG. 1) and
exemplary digital processing circuitry (e.g., digital process-
ing circuitry 130 of FIG. 1) in accordance with some
embodiments of the present disclosure. Processing circuitry
200 may include analog processing circuitry 260 and digital
processing circuitry 270.

[0048] In some embodiments, analog processing circuitry
260 may be configured to receive detector signal 210.
Detector signal 210 may be received from a photodetector
(e.g., detector 170 of FIG. 1). In some embodiments, analog
processing circuitry 260 may comprise several modules for
processing detector signal 210. As used herein, the term
“module” may include hardware components (e.g., proces-
sor, controller) or a combination of hardware and software
components. Analog processing circuitry 260 may comprise
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1-V converter module 220 configured to perform current to
voltage conversion of the detector signal. In some embodi-
ments, I-V converter module 220 may amplify the detector
signal in accordance with a determined gain level. Analog
processing circuitry 260 may also comprise a bandpass filter
module 222 configured to perform bandpass filtering of the
detector signal received from I-V converter module 220.
Analog processing circuitry 260 may also comprise a Pro-
grammable Gain Array (PGA) module 224 configured to
amplify the detector signal received from bandpass filter
module 222 in accordance with a determined gain level.
Analog processing circuitry 260 may also comprise an
Analog-to-Digital (ADC) module 226 configured to convert
the analog detector signal received from PGA module 224.
In some embodiments, ADC module 226 may convert the
analog detector signal received from PGA module 224 into
a predetermined number of discrete levels (e.g., 65,536
discrete levels). ADC module 226 may be configured to
transmit the detector signal to digital processing circuitry
270. It will be understood that analog processing circuitry
260 may also comprise other modules for additional pro-
cessing of the detector signal. For example, analog process-
ing circuitry 260 may also comprise modules configured to
perform low pass filtering, high pass filtering, band pass
filtering, notch filtering, IIR filtering, FIR filtering, adaptive
filtering, or any other suitable filtering.

[0049] In some embodiments, digital processing circuitry
270 may comprise several modules for processing the detec-
tor signal. For example, digital processing circuitry 270 may
comprise averaging and dark subtraction module 228 con-
figured to subtract detector samples received during periods
when LED:s (e.g., light source 160 of FIG. 1) were turned off
from detector samples received during periods when LEDs
were turned on. In some embodiments, averaging and dark
subtraction module 228 may also be configured to average
several samples and transmit the result to decimation and
anti-aliasing module 230. Decimation and anti-aliasing
module 230 may be configured to decimate samples of the
detector signal received from averaging and dark subtraction
module 228. In some embodiments, decimation and anti-
aliasing module 230 may perform anti-aliasing operations
on the decimated samples of the detector signal. In some
embodiments, decimation and anti-aliasing module 230 may
output the detector signal to Bessel filter module 232. Bessel
filter module 232 may be configured to perform Bessel
filtering of the detector signal. It will be understood that
digital processing circuitry 270 may also comprise other
modules for additional processing of the detector signal. For
example, digital processing circuitry 270 may also comprise
modules configured to perform anti-aliasing filtering, low
pass filtering, FIR filtering, IIR filtering, adaptive filtering,
or any other suitable filtering.

[0050] Digital processing circuitry 270 may be configured
to output processed detector signal 240. Processed detector
signal 240 may then be used to determine at least one
physiological parameter. The at least one physiological
parameter may comprise at least one of heart rate and
oxygen saturation. For example, processed detector signal
240 may be outputted to a processor such as processor 115
of FIG. 1 for determining physiological parameters.

[0051] In some embodiments, detector signal 210 may be
affected by a determined power level of the LEDs. In some
embodiments, one or more modules of the analog processing
module may be configured to amplify the detector signal
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according to a determined gain level. For example, 1-V
converter module 220 and PGA module 224 may be con-
figured to amplify the detector signal according to the
determined gain levels. In some embodiments, one or more
modules of digital processing circuitry 270 may comprise at
least one of filter history and filter coefficients. For example,
bandpass filter module 222 may comprise filter coeflicients;
decimation and anti-aliasing module 230 may comprise both
filter history and filter coefficients used for anti-aliasing
operations: and Bessel filter module 232 may comprise a
filter history necessary for Bessel filtering.

[0052] In some embodiments, a processor may be used to
determine a scaling factor based on the determined power
level and the determined gain level for processing circuitry
200. The scaling factor may be determined using any of the
techniques describe above. In some embodiments, the opera-
tion of processing circuitry 200 may be improved by apply-
ing the scaling factor to filter history of at least one module
of processing circuitry 200. For example, values of the filter
history of decimation and anti-aliasing module 230 or Bessel
filter module 232 may be multiplied by the scaling factor. In
some embodiments, the operation of processing circuitry
200 may be improved by applying the scaling factors to filter
coeflicients of at least one module of processing circuitry
200. For example, filter coeflicient values of the bandpass
filter module 222 may be multiplied by the scaling factor. In
some embodiments, filter history and coeflicients may be
adjusted based on the scaling factor in any other manner.

[0053] In some embodiments, adjusting the filter history
or the filter coeflicients may improve the determination of
physiological parameters from processed detector signal
240. For example, the change in the LED power level or a
change in the gain level may create filter artifacts. For
example, it is possible that due to a change in LED power
level or a change in the gain level, the filters will, for some
time, operate on a buffer (e.g., filter history) that contains
detector samples that were acquired at different gain levels,
thus creating undesirable filter artifacts by simultaneously
processing detector samples acquired at different hardware
settings. By applying the scaling coeflicient to a filter history
or to the filter coeflicients of at least one module of system
200, filter artifact in the detector signal may be attenuated or
removed leading to more accurate determination of physi-
ological parameter. In some embodiments, applying the
scaling coeflicient to a filter history or to the filter coeffi-
cients of at least one module of system 200, may reduce the
amount of ringing created by the change in LED power level
or a change in the gain level. In some embodiments, apply-
ing the scaling coefficient to a filter history or to the filter
coeflicients of at least one module of system 200 may reduce
length of a step response created by the change in LED
power level or a change in the gain level.

[0054] In some embodiments, digital processing circuitry
270 may operate using floating point arithmetic. When
floating point arithmetic is used, it may be possible to
normalize all detector level samples to the same level in
order to prevent filter artifacts. In some embodiments, digital
processing circuitry 270 may operate using fixed point
arithmetic where it may be difficult to normalize all detector
level samples to the same level without causing saturation or
underflow errors in filters. In these embodiments, it may be
preferable to scale the filter coeflicients instead of normal-
izing detector level samples. In some embodiments, scaling
the filter coeflicients instead of normalizing detector level
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samples may not completely prevent an appearance of step
response, however the length of ringing generated by the by
the change in LED power level or a change in the gain level
may be reduced. For example, it may be typical for a current
oximetry system to experience 0.5-0.75 seconds of ringing
following a change in change in LED power level or a
change in the gain level. However, with coefficient scaling
in a fixed point system, the ringing may be reduced to a
length smaller than a typical cardiac cycle of a subject.
[0055] Additionally, in some embodiments, if the filter
history or the filter coefficients of a module are scaled, the
subsequent modules of the digital processing circuitry may
operate without further scaling because the filter artifact may
have already been attenuated, which may reduce or elimi-
nate the need of further compensation or scaling. For
example, if the filter history or the filter coeflicients of
module 228 are scaled, the subsequent modules of the digital
processing circuitry 270 (modules 230 and 232) may operate
normally without a need for further scaling.

[0056] In some embodiments, the scaling factor may be
used to adjust functionality of at least one module of analog
processing circuitry 260. For example, the functionality of
ADC module 226 may be adjusted to scale the detector
signal based on the scaling factor. For example, ADC
module 226 may be configured to amplify the detector signal
by scaling factor between the rising edge and falling edge of
the detector signal. By applying such amplification to the
detector signal, filter artifact in the detector signal may be
attenuated or removed leading to more accurate determina-
tion of physiological parameters.

[0057] FIG. 3A shows a diagram of an illustrative filtering
operation that may be performed by a physiological moni-
toring system (e.g., physiological monitoring system 100 of
FIG. 1). For example, the filtering operation illustrated by
FIG. 3A may be performed by digital processing circuitry
130 of FIG. 1. It will be understood that FIG. 3A shows a
simplified filtering operation for illustrative purposes only,
and that any other type of filtering may also be used by the
exemplary physiological monitoring systems.

[0058] FIG. 3A shows detector samples 303 that are fed
through a digital filter. The digital filtering is performed by
applying filter coeflicients 302 to corresponding detector
samples 303. For example, as shown, six values of detector
samples 303 may be multiplied by respective values of filter
coeflicients 302 at a time. The output of the filter may be a
combination (e.g., a weighted combination) of the multi-
plied values. As values of detector samples 303 propagate
through the filter, filter coefficients 302 are applied to new
values of detector samples 303. In the shown embodiment,
gain 1 detector samples 306 labeled as “A” were acquired
while the monitoring system was operating at a first gain
level (e.g., 1x gain), while gain 2 detector samples 304
labeled as “B” were acquired while the monitoring system
was operating at a second, different, gain level (e.g., 2x
gain).

[0059] FIG. 3B shows illustrative changes in the detector
signal while the filtering illustrated by FIG. 3A is performed.
FIG. 3B illustrates an exemplary detector signal in a moni-
toring system that does not implement filter history scaling
or filter coeflicient scaling techniques. FIG. 3B illustrates an
exemplary level of detector signal 318 (e.g., a PPG signal)
plotted against time during filtering operation illustrated by
FIG. 3A. It will be understood that the appearance of the
detector signal is simplified for illustrative purposes.
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[0060] During period 322, the monitoring system filters
gain 1 detector samples 306 that were acquired at a first gain
level (1x gain). During period 324, the monitoring system is
filtering both gain 1 detector samples 306 that were acquired
at the first gain level (1x gain) and gain 2 detector samples
304 that were acquired at the second gain level (2x gain). In
this illustrative example, detector signal 318 experiences a
significant increase in the baseline due to the change in the
power level of the light sources. The AC amplitude of
detector signal 318 also increases. In addition, because the
monitoring system is simultaneously filtering detector
samples that were acquired at different gain levels (i.e., gain
1 detector samples 306 and gain 2 detector samples 304), a
filtering artifact is generated in detector signal 318. The
filtering artifact may, for example, comprise rapid changes
in the amplitude of detector signal 318 before detector signal
318 settles at the end of period 324. The filter artifact may
negatively affect the monitoring system’s determination of
physiological parameters based on detector signal 318.
During period 326, the filtering artifact is no longer present
and the monitoring system 1is filtering gain 2 detector
samples 304 that were acquired only at the second gain level
(2x gain). During period 326, the detector signal 318 has
settled at a new higher baseline level with increased AC
amplitude.

[0061] FIG. 4A shows a diagram of an illustrative filtering
operation that may be performed by a physiological moni-
toring system (e.g., physiological monitoring system 100 of
FIG. 1). For example, the filtering operation illustrated by
FIG. 4A may be performed by digital processing circuitry
130 of FIG. 1. It will be understood that FIG. 4A shows a
simplified filtering operation for illustrative purposes only,
and that any other type of filtering may also be used by the
exemplary monitoring system.

[0062] FIG. 4A shows detector samples 403 that are fed
through a digital filter that implements filter history scaling
according to various embodiments of the present disclosure.
The digital filtering is performed by applying filter coefli-
cients 402 to corresponding detector samples 403. For
example, as shown, six values of detector samples 403 may
be multiplied by respective values of filter coeflicients 402
at a time. The output of the filter may be a combination (e.g.,
a weighted combination) of the multiplied values. As values
of the detector samples 403 propagate through the filter,
filter coeflicients 402 are applied to new values of detector
samples 403. In the shown embodiment, gain 1 detector
samples 406 labeled as “Ag” were acquired while the
monitoring system was operating at a first gain level (e.g,,
1x gain), while gain 2 detector samples 404 labeled as “B”
were acquired while the monitoring system was operating at
a second, different, gain level (e.g., 2x gain). In the shown
exemplary embodiment, when new gain 2 detector samples
404 that were acquired at gain level 2x reach the filter, old
gain 1 detectors samples 406 that were acquired at gain level
1x and that are still being operated on by the filter are scaled.
For example, the values of gain 1 detector samples 406 may
be multiplied by two to scale the old values to the gain level
of the new samples.

[0063] FIG. 4B shows illustrative changes in the detector
signal while the filtering illustrated by FIG. 4A is performed.
FIG. 4B illustrates an exemplary detector signal 418 in a
monitoring system that implements filter history scaling
disclosed in the various embodiments of this disclosure.
FIG. 4B illustrates an exemplary level of detector signal 418
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(e.g., a PPG signal) plotted against time during filtering
operation illustrated by FIG. 4A. It will be understood that
the appearance of the detector signal is simplified for
illustrative purposes.

[0064] During period 422, the monitoring system filters
gain 1 detector samples 406 that were acquired at a first gain
level (1x gain). During period 424, the monitoring system
starts to also filter gain 2 detector samples 404 that were
acquired at the second gain level (2x gain). However, old
gain 1 detector samples 406 that are still being operated on
by the filter are scaled prior to application of the filter
coeflicients 402. In this illustrative example, detector signal
418 experiences an abrupt jump in the baseline level due to
the increase in gain level. However, due to the filter history
scaling no filter artifact is generated between time period
422 and time period 424. Consequently, detector signal 418
may be used by the monitoring system to determine physi-
ological parameters with increased accuracy.

[0065] FIG. 5A shows a diagram of an illustrative filtering
operation that may be performed by a physiological moni-
toring system (e.g., physiological monitoring system 100 of
FIG. 1). For example, the filtering operation illustrated by
FIG. 5A may be performed by digital processing circuitry
130 of FIG. 1. It will be understood that FIG. 5A shows a
simplified filtering operation for illustrative purposes only,
and that any other type of filtering may also be used by the
exemplary physiological monitoring system.

[0066] FIG. SA shows detector samples 503 that are fed
through a digital filter that implements filter coefficient
scaling according to various embodiments of the present
disclosure. The digital filtering is performed by applying
filter coeflicients 502 to corresponding detector samples
503. For example, as shown, six values of detector samples
503 may be multiplied by respective values of filter coefli-
cients 502 at a time. The output of the filter may be a
combination (e.g., a weighted combination) of the multi-
plied values. As values of detector samples 503 propagate
through the filter, filter coefficients 502 are applied to new
values of detector samples 503. In the shown embodiment,
gain 1 detector samples 506 labeled as “A” were acquired
while the monitoring system was operating at a first gain
level (e.g., 1x gain), while gain 2 detector samples 504
labeled as “B” were acquired while the monitoring system
was operating at a second, different, gain level (e.g., 2x
gain). In the shown embodiment, when new gain 2 detector
samples 504 (that were acquired at a second gain level)
reach the filter, filter coeflicients 502 may be scaled. For
example, some of the filter coeflicients 502 may be divided
by two to ensure that the output of the filter remains on same
level while detector samples acquired at different gain levels
are being propagated though the filter. In some embodi-
ments, filter coefficients 502 may be scaled sequentially, as
gain 2 detector samples 504 propagate through the filter. For
example, FIG. 5A illustrates filter coeflicients 502 being
applied to a mix of gain 1 detector samples 506 and gain 2
detector samples 504. Consequently, filter coefficients C4,
C5, and C6 that are applied to gain 1 detector samples 506
remain unscaled, while filter coefficients C1, C2g, and C3¢
that are applied to gain 2 detector samples 504 are scaled to
counteract the change in gain level from 1x to 2x. When
gain 2 detector samples 504 are propagated further, coefi-
cient C4 may be scaled next, followed by coefficient C5, and
SO on.
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[0067] FIG. 5B shows illustrative changes in the detector
signal while the filtering illustrated by FIG. 5A is performed.
FIG. 5B illustrates an exemplary detector signal 518 in a
monitoring system that implements filter history scaling.
FIG. 5B illustrates an exemplary level of detector signal 518
(e.g., a PPG signal) plotted against time during filtering
operation illustrated by FIG. 5A. Tt will be understood the
appearance of the detector signal is simplified for illustrative
purposes.

[0068] During period 522, the monitoring system filters
gain 1 detector samples 506 that were acquired at a first gain
level (1x gain). During period 524, the monitoring system
starts to also filter gain 2 detector samples 504 that were
acquired at the second gain level (2x gain). However, filter
coeflicients 502 are being gradually scaled in a manner
described above. In this illustrative example, detector signal
518 does not experience a jump in the baseline level because
the increase in the gain level is counteracted by the scaling
of filter coeflicients 502. The AC amplitude of detector
signal 518 also remains the same during time period 524.
Additionally, due to the filter coefficient scaling no filter
artifact is generated between time period 522 and time
period 524. Consequently, detector signal 518 may be used
by the monitoring system to determine physiological param-
eters with increased accuracy.

[0069] It will be understood that foregoing techniques
illustrated by FIGS. 3A, 3B, 4A, 4B, 5A, and 5B are
exemplary and that any suitable filter coefficient scaling,
filter history scaling, or any combination thereof that is
based on changes in the light detection gain levels, changes
in the power level of the light sources, or any combination
thereof may also be used to eliminate or attenuate a filtering
artifact. It will also be understood that filter scaling
described above may be implemented in any kind of a digital
filter, analog filter, or a combination thereof. In some
embodiments, filter scaling described above may be imple-
mented on several filters of a system. In some embodiments,
filter scaling described above may be applied to the first
digital filter of a system that may create a filtering artifact
when a change occurs in the gain setting or in the lights
sources power level. In some embodiments, applying filter
scaling to the first digital filter of a system may reduce or
eliminate the need to apply filter scaling to subsequent filters
of the system.

[0070] FIG. 6 shows an illustrative flow diagram including
steps 600 for determining and applying a scaling factor.
Steps 600 of FIG. 6 may be carried out by one or more
components of a physiological monitoring system (e.g.,
system 100 of FIG. 1). In some embodiments, steps 600 of
FIG. 5 may be carried out by a pulse oximeter.

[0071] Step 610 may include the physiological monitoring
system receiving a detector signal (e.g., a PPG signal) from
a sensor that is communicatively attached to the physiologi-
cal monitoring system. In some embodiments, the sensor
may be configured to generate a detector signal based on a
detected intensity of light at red and IR wavelengths emitted
by a light source of the sensor, after the light is attenuated
by a tissue of a subject. In some embodiments, the sensor
may be sensor 150 of FIG. 1.

[0072] Step 620 may include the physiological monitoring
system determining a new power level and/or a new detector
gain level. In some embodiments, power level and gain level
may be determined using aforementioned techniques. In
some embodiments, when the monitoring system determines
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a new power level and/or a new detector gain level the
system may blank one or more potentially invalid samples of
the detector signal. For example, sample blanking may be
performed due to the output of the system being potentially
invalid or saturated following a change in the gain level or
in the power level. In some embodiments, previous detector
samples may be duplicated and substituted in place of the
blanked samples. [n other embodiment, the blanked samples
may be interpolated based on old samples and future
samples, as future samples become available.

[0073] Step 630 may include the physiological monitoring
system setting a power of a light source of the sensor. In
some embodiments, the power level settings may corre-
spond to specific voltages provided to the light source of the
sensor or to specific current amounts provided to the light
source of the sensor. In some embodiments, the power levels
may comprise 4,096 discrete levels of current in the range
between 0 to 50 mA.

[0074] Step 640 may include the physiological monitoring
system setting a gain level of the monitoring system (e.g,,
using a gain controller). In some embodiments, gain settings
may comprise several discrete gain settings for amplifying
the detector signal. For example, 2x gain setting may
amplify the signal level by a factor of 2, 4x gain setting may
amplify the signal level by a factor 4, 10x gain setting may
amplify the signal level by a factor 10, etc.

[0075] Step 650 may include the physiological monitoring
system determining a scaling factor. In some embodiments,
the scaling factor may be determined based on the deter-
mined power level and the determined gain level. In some
embodiments, the scaling factor may be calculated accord-
ing to the following equation: SF=(PL,*GL,), where SF is
the scaling factor, PL,, is the determined power level, and
GL j, is the determined gain level. In some embodiments, the
scaling factor may also be determined based on the previ-
ously set power level and the previously set gain level. For
example, the scaling factor may be determined according to
the following equation: SF=(PL,*GL,)/(PL,*GLy), where
SF is the scaling factor, PL, is the determined power level,
GL,, is the determined gain level, PL, is the previously set
power level, and GL is the previously set gain level. In
some embodiments, the scaling factor may be calculated by
the monitoring system based on the determined power level
and the determined gain level in any other manner. For
example, the scaling factor may be calculated based on
calibration data in accordance with the embodiments
described above.

[0076] Step 660 may include the physiological monitoring
system scaling a filter history or filter coeflicients of at least
one filter of the monitoring system. For example, values of
the filter history may be scaled by the value of the scaling
factor (e.g., by multiplying the values of the filter history by
the value of the scaling factor). In another example, values
of the filter coefficients may be scaled by the value of the
scaling factor (e.g., by dividing the values of the filter
history by the value of the scaling factor). In some embodi-
ments, values of the filter coefficients may be scaled sequen-
tially or gradually as new detector samples propagate
through the filter. In some embodiments, the filter history or
the filter coefficients may be adjusted based on the calculated
scaling factor in any other manner. The physiological moni-
toring system may then begin filtering the detector signal
using a filter with scaled filter history or filter coeflicients.
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[0077] Step 670 may include the physiological monitoring
system performing filtering of the detector signal. In some
embodiments, filtering may be performed by analog pro-
cessing circuitry, by digital processing circuitry, or by any
combination thereof. Filtering may include low pass filter-
ing, high pass filtering, band pass filtering, notch filtering,
TIR filtering, FIR filtering, adaptive filtering, Bessel filtering,
any other suitable filtering, or any combination thereof. In
some embodiments, one or more filters may comprise a filter
history. In some embodiments, the filter history may be used
by the filters to filter the detector signal. In some embodi-
ments, one or more filters may comprise filter coeflicients.
Filtering may be performed by applying the filter coefi-
cients to the detector signal to produce a filtered detector
signal.
[0078] Step 680 may include the physiological monitoring
system determining at least one physiological parameter
based on the detector signal that is filtered using a filter with
a scaled filter history or filter coeflicients. For example, the
physiological monitoring system may use the detector signal
that was filtered using a filter with a scaled filter history or
with scaled coefficients to determine: pulse rate, oxygen
situation, blood pressure information, hemoglobin concen-
tration information, cardiac output, fluid responsiveness
parameters, any other parameter, or any combination
thereof. For example, the physiological monitoring system
may determine arterial blood oxygen saturation using two
wavelengths of light and a ratio-of-ratios calculation. As
another example, the physiological monitoring system may
determine regional blood oxygen saturation using two wave-
lengths of light and two detectors located at different dis-
tances from the emitters.
[0079] Step 690 may include the physiological monitoring
system displaying the at least one determined physiological
parameter using, for example, the user interface of the
monitoring system. The user interface may include any type
of display such as a cathode ray tube display, a flat panel
display such as a liquid crystal display or plasma display, or
any other suitable display device. In some embodiments, a
speaker of user interface may provide an audible sound that
may be used in various embodiments, such as for example,
sounding an audible alarm in the event that a subject’s
physiological parameters are not within a predefined normal
range.
[0080] It will be understood that the aforementioned tech-
niques are not limited to PPG systems, and may be applied
to any suitable signal processing in any suitable system. The
foregoing is merely illustrative of the principles of this
disclosure and various modifications may be made by those
skilled in the art without departing from the scope of this
disclosure. The above described embodiments are presented
for purposes of illustration and not of limitation. The present
disclosure also can take many forms other than those explic-
itly described herein. Accordingly, it is emphasized that this
disclosure is not limited to the explicitly disclosed methods,
systems, and apparatuses, but is intended to include varia-
tions to and modifications thereof, which are within the spirit
of the following claims.

What is claimed:

1. A system for determining a physiological parameter of
a subject, the system comprising:

a pulse oximetry sensor that generates a photoplethys-

mography (PPG) signal responsive to detecting light
attenuated by the subject;
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a gain controller for setting a light detection gain level,

a filter for filtering the PPG signal, wherein the filter
comprises at least one of a filter history and filter
coeflicients;

a processor for:

determining at least one of the power level of one or
more light sources of the pulse oximetry sensor and
the light detection gain level;

calculating a scaling factor based on at least one of the
determined power level and the determined light
detection gain level,

scaling one or more of the filter history and the filter
coeflicients using the scaling factor; and

determining the physiological parameter based on the
PPG signal that was filtered by the filter; and

a display configured to display the physiological param-

eter of the subject.
2. The system of claim 1, wherein calculating the scaling
factor comprises calculating the scaling factor by multiply-
ing the determined power level and the determined light
detection gain level.
3. The system of claim 2, wherein scaling the filter history
comprises scaling the filter history by a ratio of the calcu-
lated scaling factor and a previous scaling factor.
4. The system of claim 1, wherein determining the power
level comprises determining the power level to repetitively
increase the power level during a portion of cardiac cycle of
the subject.
5. The system of claim 1, further comprising the processor
for:
determining a calibration relationship between the light
detection gain level determined by the processor and
actual observed light detection gain of the system; and

calculating the scaling factor based on the calibration
relationship.

6. The system of claim 5, wherein determining the cali-
bration relationship comprises determining the calibration
relationship during start-up of the system.

7. The system of claim 5, wherein determining the cali-
bration relationship comprises determining the calibration
relationship when the physiological parameter is determined
to be stable.

8. The system of claim 1, wherein scaling the filter
coeflicients comprises sequentially scaling the filter coefli-
cients based on propagation of the PPG signal through the
filter.

9. The system of claim 1, wherein the filter is configured
to perform at least one of sample decimation filtering, Bessel
filtering, and anti-aliasing filtering.

10. The system of claim 1, wherein the physiological
parameter comprises at least one of pulse rate and oxygen
saturation.

11. The system of claim 1, wherein the scaling one or
more of the filter history and the filter coeflicients attenuates
a filtering artifact.

12. The system of claim 1, wherein the filter history is
stored in a non-transitory memory of the filter.

13. The system of claim 1, wherein the system comprises
at least one of a programmable gain array, a current-to-
voltage converter, and an analog-to-digital converter con-
figured to amplify the PPG signal.

14. The system of claim 13, wherein the gain controller
controls amplification of the at least one of the program-
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mable gain array, the current-to-voltage converter, and the
analog-to-digital converter according to the determined light
detection gain level.

15. The system of claim 1, wherein the system comprises
at least one analog filter for filtering the PPG signal.

16. The system of claim 15, further comprising the
processor for adjusting the functionality of the analog filter
based on at least one of the determined power level and the
determined light detection gain level.

17. The system of claim 16, wherein one or more light
sources of the pulse oximetry sensor receive power accord-
ing to the determined power level.

18. The system of claim 1, wherein the system comprises
an output port for communicating the physiological param-
eter to a non-transitory storage device.

19. A method for determining a physiological parameter
of a subject using a pulse oximeter, the method comprising:

generating, using a pulse oximetry sensor, a photoplethys-

mography (PPG) signal, wherein the pulse oximetry
sensor is configured to detect light attenuated by the
subject;

setting a light detection gain level, using a gain controller;

filtering the PPG signal, using a filter, wherein the filter

comprises at least one of filter history and filter coef-
ficients;
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determining, using a processor of the pulse oximeter, at
least one of the power level and the light detection gain
level;

calculating, using the processor of the pulse oximeter, a
scaling factor based on at least one of the determined
power level and the determined light detection gain
level,

scaling, using the processor of the pulse oximeter, one or
more of the filter history and the filter coeficients using
the scaling factor;

determining, using the processor of the pulse oximeter,
the physiological parameter based on the PPG signal
that was filtered by the filter; and

displaying, using a display of the pulse oximeter, the
physiological parameter of the subject.

20. The method of claim 19, further comprising:

determining, using the processor of the pulse oximeter, a
calibration relationship between the light detection gain
level determined by the processor of the pulse oximeter
and actual observed light detection gain of the pulse
oximeter; and

calculating, using the processor of the pulse oximeter, a
scaling factor based on the calibration relationship.
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