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(57) Abstract: A physiological monitoring system may use photonic signals to determine physiological parameters. The system may
vary parameters of a light drive signa used to generate the photonic signal from a light source such that power consumption isre-
duced or optimized. Parameters may include light intensity, firing rate, duty cycle, other suitable parameters, or any combination
thereof. In some embodiments, the system may use information from afirst light source to generate alight drive signal for a second
light source. In some embodiments, the system may vary parameters in a way substantially synchronous with physiological pulses,
for example, cardiac pulses. In some embodiments, the system may vary parameters in response to an external trigger.
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METHODSAND SYSTEMS FOR POWER OPTIMIZATIONIN A MEDICAL
DEVICE

5 The present disclosure relates to power optimization, and more particularly relatesto
conserving and optimizing power in aphotoplethysmography system or other medical
device.

Summary _
10 Systems and methods are provided for optimizing power consumption in an optical

physiological monitoring system. The system may vary light drive signal parametersto
reduce power consumption or vary power use. The system may vary parametersin a
technique correlated to cardiac pulse cycles. In some embodiments, reducing power
consumption may allow for increased'battery lifein portable systems or increased

15  portability. In some embodiments, varying light output during acardiac cycle may
reduce heating effects of the emitters. Parameters that may be varied include light
intensity, firing rate, duty cycle, other suitable parameters, or any combination thereof.
The generated signals may be used to determined physiological parameters such as
blood oxygen saturation, hemoglobin, blood pressure, pulse rate, other suitable

20  parameters, or any combination thereof.

In some embodiments, the system may use information from afirst light sourceto
control asecond light source. The system may generateafirst light drive signal for
activating afirst light sourceto emit afirst photonic signal. The first light source and
second light source may each include one or more emitters. The system may receive a

25 light signal attenuated by the subject, wherein the light signal comprises a component
corresponding to the first photonic signal. The system may analyze the component of
the light signal to determine when to activate a second light source. The system may
generate a second light drive signal, based on the analysis of the first component, for
activating the second light source to emit one or more second photonic signals. The

30 system may determine one or more physiological parameters based on the light signals.

In some embodiments, the system may vary alight drive signal in away substantially
synchronous with physiological pulses, for example, cardiac pulses. The system may
generate alight drive signal for activating alight sourceto emit aphotonic signal,
wherein a least one parameter of the light drive signal is configured to vary
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substantially synchronously with physiological pulses of the subject. The system may
receive alight signal attenuated by the subject, wherein the signal comprisesa
component corresponding to the emitted photonic signal. The system may determine
physiological parameters based on the signal. In some embodiments, the system may
vary light levelswith other periodic (or mostly periodic) physiological changes. For
example, venous return changes with intrathoracic pressure during arespiration cycle
can affect the baseline level of the photoplethysmography waveform. The system may
vary the emitter output such that similar signal quality isavailable at the detector over
time varying volumes of venous blood present in the path of light

In some embodiments, the systemmay vary alight drive signal based on areceived
external trigger. The system may receive an external trigger based on asignal other than
alight signal received by the physiological monitor. Thetrigger may include asignal
received from an ECG sensor, an ECG sensor configured to detect an R-wave, ablood
pressure sensor, arespiration rate sensor, any other suitable sensor, or any combination
thereof. The system may, in responseto the external trigger, vary the light intensity,
duty cycle, light source firing rate, any other suitable parameter, or any combination
thereof.

Brief Description of the Figures

The above and other features of the present disclosure, its nature and various
advantageswill be more apparent upon consideration of the following detailed
description, taken in conjunction with the accompanying drawings in which:

FIG. lisablock diagram of an illustrative physiological monitoring systemin
accordance with some embodiments of the present disclosure;

FIG. 2A showsan illustrativeplot of alight drive signal in accordance with some
embodiments of the present disclosure;

FIG. 2B showsan illustrative plot of a detector signal that may be generated by a
sensor in accordance with some embodiments of the present disclosure;

FIG. 2C showsillustrativetiming diagrams of adrive cycle modulation and cardiac
cycle modulation in accordance with some embodiments of the present disclosure;

FIG. 3isaperspective view of an embodiment of a physiological monitoring system
in accordance with some embodiments of the present disclosure;

FIG. 4isaflow diagram showing illustrative steps for determining aphysiological

parameter in accordance with some embodiments of the present disclosure;
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FIG. 5 showsan illustrativetiming diagram of a physiological monitoring systemin
accordance with some embodiments of the present disclosure;

FIG. 6 showsanother illustrativetiming diagram of aphysiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 7 shows another illustrativetiming diagram of a physiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 8A showsanother illustrativetiming diagram of aphysiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 8B showsanother illustrativetiming diagram of aphysiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 9isaflow diagram showing illustrative steps for detennining aphysiological
parameter in accordance with some embodiments of the present disclosure;

FIG. 10 showsanother illustrativetiming diagram of a physiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 11 showsanother illustrativetiming diagram of a physiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 12 showsanother illustrativetiming diagram of aphysiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 13 showsanother illustrativetiming diagram of aphysiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 14 showsanother illustrativetiming diagram of a physiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 15 showsanother illustrativeti ming diagram of a physiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 16 showsanother illustrativetiming diagram of a physiological monitoring
system in accordance with some embodiments of the present disclosure;

FIG. 17 isaflow diagram showingillustrative stepsfor decimating and interpolating
a signal in accordance with some embodiments of the present disclosure;

FIG. 18 showsan illustrativetiming diagram of aphysiological monitoring system
including sampling rate variation in accordance with some embodiments of the present
disclosure;

FIG. 19isaflow chart showing stepsto adjust a cardiac cycle modulation based on a
physiological condition in accordance with some embodiments of the present disclosure;
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FIG. 20isanillustrativetiming diagram of a system operating in afirst and second
mode following detection of aphysiological condition in accordance with some
embodiments of the present disclosure;

FIG. 21isanother illustrativetiming diagram of a system operating in afirst and
second mode folldwi ng detection of a physiological condition in accordance with some
embodiments of the present disclosure;

FIG. 22 isaflow diagram showingillustrative stepsfor identifying featuresin a
signal in accordance with some embodiments of the present disclosure;

FIG. 23 isanillustrativeplot of awaveform showing identification of fiduciasin
accordance with some embodiments of the present disclosure;

FIG. 24 isanother illustrative plot of awaveform showing identification of fiducials
in accordance with some embodiments of the present disclosure;

FIG. 25 isanother illustrative plot of awaveform showing identification of fiducialé
in accordance with some embodiments of the present disclosure;

FIG. 26 isanillustrative plot of waveforms showing pulse identification in
accordance with some embodiments of the present disclosure;

FIG. 27 isanillustrative plot of waveforms showing dicrotic notch identificationin
accordance with some embodiments of the present disclosure; and

FIG. 28 isan illustrativeplot of waveforms showing PPO signalsin accordance with
some embodiments of the present disclosure.

Detailed Description of the Figures

The present disclosure is directed towards power optimization in amedical device. A
physiological monitoring system may monitor one or more physiological parameters of a
patient, typically using one or more physiological sensors. The system may include, for
example, alight source and aphotosensitive detector. Providing alight drive signal to
the light source may account for a significant portion of the system's total power
consumption. Thus, it may be desirableto reduce the power consumption of the light
source, while still enabling high quality physiological parametersto be detennined. The
system may reduce the power consumption by modul ating parameters associated with
the light drive signal in techniques correlated to the cardiac cycle or other cyclical
physiological activity. For example, the system may decrease brightness during a
particular portion of the cardiac-cycle. It may aso be desirableto reduce the power
consumption by the light drive signal to reduce heating effects caused by an emitter.
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An oximeter isamedical device that may determine the oxygen saturation of an
analyzed tissue. One common type of oximeter isapulse oximeter, which may non-
invasively measure the oxygen saturation of a patient's blood (as opposed to measuring
oxygen saturation directly by analyzing ablood sample taken from the patient). Pulse
oximeters may beincluded in patient monitoring systems that measure and display
various blood flow characteristics including, but not limited to, the oxygen saturation of
hemoglobin in arterial blood. Such patient monitoring systems may also measure and
display additional physiological parameters, such as apatient's pulse rate and blood
pressure.

An oximeter may include alight sensor that isplaced & a site on apatient, typicaly a
fingertip, toe, forehead or earlobe, or in the case of aneonate, across afoot The
oximeter may use alight source to pass light through blood perfused tissue and
photoelectrically sense the absorption of the light in the tissue. In addition, locations
which are not typically understood to be optimal for pulse oximetry serve as suitable
sensor locations for the blood pressure monitoring processes described herein, including
any location on the body that has a strong pulsatile arterial flow. For example,
additional suitable sensor locations include, without limitation, the neck to monitor
carotid artery pulsatile flow, thélwris't to monitor radia artery pulsatile flow, the inside
of apatient's thigh to monitor femoral artery pulsatile flow, the ankle to monitor tibial
artery pulsatile flow, and around or in front of the ear. Suitable sensors for these
locations may include sensors for sensing absorbed light based on detecting reflected
light. In all suitable locations, for example, the oximeter may measure the intensity of
light that isreceived at the light sensor as afunction of time. The oximeter may also
include sensors at multiple locations. A signal representing light intensity versus time or
amathematical manipulation of this signal (e.g., ascaled version thereof, alogarithm
taken thereof, a scaled version of alogarithm taken thereof, a derivative taken thereof, a
difference taken thereof, etc.) may be referred to as the photoplethysmograph (PPG)
signal. In addition, the term "PPG signal," asused herein, may also refer to an
absorption signa (i.e., representing the amount of light absorbed by the tissue), a
transmission signal (i.e., representing the amount of light received from the tissue), any
suitable mathematical manipulation thereof, or any combination thereof. The light
intensity or-theamount of light absorbed may then be used to calculate any of a number

of physiological parameters, including an amount of ablood constituent (e.g.,
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oxyhemoglobin) being measured as well as a pulse rate and when each individual pulse
OCCUrs. 7

In some applications, the photonic signal interacting with the tissueis selected to be of
one or more wavelengthsthat are attenuated by the blood in an amount representative of
the blood constituent concentration. Red and infrared (IR) wavelengthsmay be used
because it has been observed that highly oxygenated blood will absorb relatively lessred
light and more I R light than blood with alower oxygen saturation. By comparing the
intensities of two wavelengthsat different pointsin the pulse cycle, it ispossibleto
estimate the blood oxygen saturation of hemoglobin in arterial blood.

The system may process datato determine physiological parameters using technigques
well known in the art. For example, the system may determine blood oxygen saturation
using two wavelengths of light and aratio-of-ratios calculation. The system aso may
identify pulses and determine pulse amplitude, respiration, blood pressure, other suitable
parameters, or any combination thereof, using any suitable calculationtechniques. In
some embodiments, the system may use information from external sources (e.g.,
tabulated data, secondary sensor devices) to determine physiological parameters.

In some embodiments, it may be desirableto implement techniquesto optimize power
consumption in an oximeter or other system. For example, in a battery powered system,
reducing the power requirementsmay allow for smaller devices, longer life, or both. In
some embodiments, powering the light source may include alarge amount of the power
load a device may experience. In some embodiments, variation of parametersin the
light drive signal may enable a particular amount of power to be used more efficiently.
For example, the brightness of alight source may be decreased during alessimportant
period and increased during a more important period. In some embodiments, parameter
variation may reduce the impact of heating effects caused by alight source on a subject
Techniquesd vary the amount of time alight source isturned on, to vary the brightness
of the light source, other techniques, or any combination thereof, may be employed to
modify power consumption.

In some embodiments, the brightness of one of more light sources may be modul ated
in atechniquethat isrelated b the cardiac cycle. The cardiac cycleisthe substantially
periodic repetition of eventsthat occur, for example, during heartbeats. The cardiac
cycle may include a systole period and diastole period. The cardiac cycle may include
pressure changesin the ventricles, pressure changesin the atria, volume changes in the
ventricles, volume changes in the atria, opening and closing of heart valves, heart
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sounds, and other cyclic events. In some embodiments, the heart may enter anon-
periodic state, for example, in certaintypes of arrhythmiaand fibrillation.

Asused herein, "cardiac cycle modulation™ will refer to the modul ation techniques
generally correlated to the cardiac cycle. It will be understood that cardiac cycle
modul ation may include modulation aligned with pulses of the heart, pulses of a
particular muscle group, other suitable pulses, any other suitable physiological cyclical
function, or any combination thereof. In some embodiments, the system may use a
cardiac cycle modulation with aperiod on the order of the cardiac cycle period. For
example, the cardiac cycle modulation may repeat every cardiac cycle. In some
embodiments, the system may use a cardiac cycle modulation with a period on the order
of some multiple of the cardiac cycle period. For example, the cardiac cycle modulation
may repesat every three cardiac cycles. In some embodiments, the cardiac cycle
modulation may relate to both acardiac cycle and arespiratory cycle. Thecardiac cycle
and the respiratory cycle may have atime varying phase relationship. It will be
understood that cardiac cycle modulation techniques, while generally related to the
cardiac cycle, may not necessarily be precisely correlated to the cardiac cycle and may
be related to predetermined parameters, other physiological parameters, other
physiological cycles, external triggers (e.g., respiration), user input, other suitable
techniques, or any combination thereof.

Asused herein, "drive cycle modulation™ (described below) will refer to arelatively
higher frequency modulation technique that the system may use to generate one or more
wavelengths of intensity signals. Cardiac cycle modulation may have aperiod of, for
example, around 1 second, while drive cycle modulation may have aperiod around, for
example, 1.6 milliseconds.

In some embodiments, conventional servo algorithms may be usedin addition to any
combination of cardiac cycle modulation and drive cycle modulation. Conventional
servo algorithmsmay adjust the light drive signals dueto, for example, ambient light
changes, emitter and detector spacing changes, sensor positioning, other suitable
parameters, or any combination thereof. Generally, conventional servo algorithmsvary
parameters at aslower rate than cardiac cycle modulation. For example, aconventional
servo agorithm may adjust drive signal brightness dueb ambient light every several
seconds. The system may use conventional servo algorithmsin part b keep received
signal levelswithin the range of an analogb digital converter's dynamicrange. For
example, asignal with amplitudesthat are large may saturate an analogt digital
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converter. In response to asignal with high amplitudes, the system may reduce emitter
brightness. In afurther example, the quality of alow amplitude signal may be degraded
by quantization noise by an analog to digital converter. Inresponse, the system may
increase the emitter brightness.

In some embodiments, atechnique b remove ambient and background signals may be
used in addition to or in place of a power saving light modulation scheme. In adrive
cycle modulation technique, the system may cycle light output a arate significantly
greater man the cardiac cycle. For example, adrive cycle modulation cycle may include
the system turning on afirst light source, followed by a"dark** period, followed by a
second light source, followed by a"dark" period. The system may measure the ambient
light detected by the detector during the "dark" period and then subtract this ambient
contribution from the signals received during the first and second "on" periods. In some
embodiments, drive cycle modulation may be implemented using time division
multiplexing as described above, code division multiplexing, carrier frequency
multiplexing, phase division multiplexing, feedback circuitry, DC restoration circuitry,
any other suitable technique, or any combination thereof. For example, the system may
use frequency division multiplexing in a drive cycle modulation technique. The cardiac
cycle modulation may represent anvvér frequency envelope function on the higher
frequency drive cycle. For example, cardiac cycle modulation may be an envelope on
the order of 1 Hz superimposed on a 1kHz sine wave drive cycle modulation.

In some embodiments, the system may use various cardiac cycle modulation schemes
to adjust the brightness of alight source controlled by the light drive signal used in
determining physiological parameters. The system may modulate the brightness of the
light source using aperiodic waveform, for example, asinusoidal or triangle wave. The
period of the waveform may be substanfially related to the cardiac pulse rate, for
example, in a one-to-one relationship, atwo-to-one relationship, any oilier suitable
relationship, or any suitable combination thereof. The system may align the peak of the
modulated light drive signal with aparticular point in the cardiac cycle to improve the
quality of the determined physiological parameter, for example, it may be aligned with
the diastolic period, the systolic period, the dicrotic notch, any other suitable point, or
any combination thereof. In some embodiments, the system may modulate the light
drive signal with a square wave function, such that it isat alow brightness level during a

first part of the cardiac cycle and a high brightness level during a second part of the
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cardiac cycle. In some embodiments, the low brightnesslevel may includetaming one
or more light sources off.

In some embodiments, the cardiac cycle modulation technique may be selected or
varied, for example, based on empirical data. The system may determine or vary the
phase relationship of a cardiac cycle modulation based on the determined physiol ogical
parameter. For example, the system may vary the timing of a cardiac cycle modulation
technique to determine pul se identification based on a metric related to the determined
pulse, such as a standard devi ativon. In another example, data points may be analyzedto
determineif a cardiac pulse peak is aligned with a cardiac cycle modulation maximum,
and the system may make phase relationship adjustments accordingly. In some
embodiments, more complex variation algorithms may be used depending on the
determined physiological parameter. Selections and variations of cardiac cycle
modul ation techniques may also be based on empirical data, user input, lookup tables,
historical information, other suitable information or any combination thereof.

In some embodiments, the system may combine cardiac cycle modulation techniques.
For example, the system may use afirst cardiac cycle modulation technique during a
first pulse cycle and a second cardiac cycle modulation technique during a second pulse
cycle. More complex selections, alterations, overlapping, and convolving of cardiac
cycle modul ation techniques may be used depending, in part, on the determined
physiological parameter or parameters.

In some embodiments, the system may correct for non-linearity of light sources. For
example, the emitted intensity of light from an LED may not vary linearly with the drive
current. The system may account for non-linearity by adjusting drive signals, by
adjusting amplification of received signal gain, by adjusting received signal processing,
by any other suitable method, or any combination thereof. For example, the system may
adjust thedrive signal to an LED to improvethe linearity. Correctionsmay be
determined using a calibration step, lookup tables for known components, empirical
data, any other suitabletechniques, or any combination thereof. For example, the
emission intensity relative to a drive signal may be known for aparticular LED.
Information may be encoded in a calibration resistor or non-volatile calibration memory
included in the sensor or the system. In another example, the system may calibrate
emission output by comparing the intensity of received signals generated in response to
ahigh current drive signal with those generated in responseto alow current drive signal.
In some embodiments, the operating Prange of acomponent (e.g., an LED) may be
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limited. In some embodiments, a component may operate with a linear relationship
between drive signal and output intensity within aknown range of drivesignals, andin a
non-linear relationship outside that range of drive signals.

In some embodiments of cardiac cycle modulation, the system may modulate multiple
light sourcesusing a plurality of modulation techniques. For example, in a system with
two light sources, the system may operate afirst light source at full or regular brightness,
while operating one or more additional light sourcesin a switched or otherwise
modulated mode. In some embodiments, the system may operate afirst light source
according to afirst cardiac cycle modulation technique and a second light source
according to a second cardiac modulation technique. Thefirst and second cardiac cycle
modulation techniques may be the same, correlated, or unrelated. In some
embodiments, the system may use the first light source to determine periods of interest
in the cardiac cycle. The system may, according to the periods of interest, power
additional light sources, ater the modulation of the additional light sources, perform
other suitable power optimizationtechniques, or any combination thereof. In some
embodiments, the system may include afirst light source (e.g., alight source powered at
full or regular brightness) of atype that is amore efficient light source than the one or
more additional light sources. For example, the first light source may be ahigh
efficiency infrared (IR) LED while the one or more additional light sources may be
lower efficiency red LEDs or laser diodes. In some embodiments, the first light source
may be selected based on efficiency parameters and information from the first light
source may be used only to control a second light source. For example, ahighly
efficient first light sourcethat is not at a wavelength of interest for physiological
parameter determination may be used to control one or more second light sources at
wavelengths of interest Inthis case, the light from the first light source may be used
only for controlling the second light source and not for determining physiol ogical
parametérs.

I n some embodiments, the system may use the first light source to determine a pulse
rate or identify elements of the cardiac cycle, and the system may use the pulse rate or
identified elementsin part to control modulation of the light drive signal. Identified
elements may include peaks, valleys, troughs, notches, fiducial points, other suitable
elements, or any combination thereof. Fiducial points may berelated to the zero
crossings of first and higher order derivatives of the waveform. In some embodiments,

the system may modul ate the first light drive signal accordingto a first cardiac cycle
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modul ation technique and may modulate the one or more additional light drive signal
according to asecond cardiac cycle modulation technique. For example, the system may
operatethe first light source at f"uII or regular brightnessfor afirst “on" period, and then
"off' for asecond period. The system may usethe first "on" period to adjust or calibrate
a second modulation technique. The system may implement the second modulation
technique for the "off" period, using, for example, one or more light sourcesthat may or
may not includethe first light source. Asdescribed above, this cardiac cycle modulation
may be implemented in addition to adrive cycle modulation, conventional servo
algorithms, or any combination thereof.

As used herein, theterms "on" and "off" are merely exemplary and may not
necessarily refer to afully on or off state. For example, "on" and "off" may refer to
switching power or other components, high and low brightness output states, high and
low values within a continuous modulation, high and low values of electrical current
provided to an emitter, high and Idw values of aduty cycle, high and low values of a
decimationratio (i.e., how often an emitter is switched on), any other suitablerelatively
distinct states, or any combination thereof. In some embodiments, "on" and "off" states
may relateto high and low values of avariable that varies with multiple discrete steps.
For example, an emitter brightness may be provided by the system as off, low, medium,
and high. In thisexample, an "off" state may refer to off or low emissionand "on" may
refer b medium or high. In another example, "off" may refer to an off state and "on"
may refer to alow, medium, or high output depending on a second input or system
variable.

In some embodiments, historical information may be used to determine the timing of
cardiac cycle modulation. For example, information from previous pulse cyclesmay be
used to determine”on" and "off" states. In some embodiments, the system may use
statistical information from historical information, for example, mean period and/or
standard deviation of one or more previous pulse cycles. The system may use amean
period to detennine or estimate the time period between aprevious period of interest and
the next period of interest For exambl e, the system may wait aparticular percentage
(e.g., 80%) of the mean period following aperiod of interest beforereturningb an "on"
state. In some embodiments, the particular percentage or other criteriamay be based on
statistical information. For example, a smaller standard deviation in the period of
historical pulses may indicatethat there isrelatively less variation in the pulse period.

The system may increase the amount of timeit waits before turning a drive signal back
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toan "on" state, asthe confidence of the position in time of the next period of interest is
high. Similarly, the system may reduce the waiting period in responseto arelatively
high standard deviation in the period of historical pulses. For example, the system may
identify arelatively high standard deviation in the period of historical pulseswhen a
significant respiratory sinus arrhythmiais present In some embodiments, the system
may remain in a particular cardiac cycle modulation mode for an amount of time
following ahistorical event. For example, the system may operate in ahigh power mode
without cardiac cycle modulation for a certain time period following, for example, high
noise levels, aloss of signal, or an irregular cardiac rhythm. In some embodiments, the
system may use a cardiac cycle modulation during periodic abnormal ihythms suchasa
2nd degree AC block, bundle branch block, or sustained ventricular tachycardia.

The system may use one or more cardiac cycle modulation techniques depending on
the desired physiological parameter. In some embodiments, the system may emit light at
arelatively higher brightnesslevel during a diastole period when the desired
physiological parameter ispulse identification. 1n some embodiments, the system may
emit light a arelatively higher brightness level during a systole period when the desired
physiological parameter isa quantification of pulse amplitude variability. In some
embodiments, the system may emit light at arelatively higher brightnesslevel during a
systole period when the desired physiological parameter is blood oxygen saturation |
calculated using aratio-of-ratios calculation. In some embodiments, the system may
require sampling an accurate time and amplitude for the peak and foot of apulse and
less accurate sampling of the rising or falling waveform, and may modulate the emitted
light accordingly. In some embodiments, the system may emit light at arelatively
higher level a atime in the cardiac cycle correlated with dicrotic notches, fiducial
points, or other points of interest Fiducial points may include, for example, local
maxima, local minima, pointsrelated to the zero crossings of first and higher order
derivatives, other points of interest, or any combination thereof.

In some embodiments, the system may vary the algorithm used to determine a
physiological parameter based, in part, on the cardiac cycle modulationtechnique. For
example, if a cardiac cycle modulation technique only detectsthe peaksand valleysof a
pulse cycle, afirst type of blood oxygen saturation algorithm may be used (e.g., discrete
oximetry based only on the peak and valley information). If the cardiac cycle
modul ation technique detects the entire pul se, a different blood oxygen saturation
detection algorithm may be used (e.g., aregression based algorithm).
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In some embodiments, the system may alter the cardiac cycle modulation technique
based on the level of noise, ambient light, other suitable reasons, or any combination
thereof. The system may receive, for example, anincreased level of background noise
in the signal dueto patient motion. The system may increase the brightness of the light
sources in response to the noise to improve the signal-to-noiseratio. In some |
embodiments, the system may increase brightness throughout the cardiac cyclebecause
the system may require increased signal amplitudesto differentiate between fiducial and
other points of interest related to physiological parameters and those related © noise or
motion. In some embodiments, the system may change from a modulated light output to
a constant light output in response to noise, patient motion, or ambient light

In some embodiments, the system may alter the cardiac cycle modulation technique
based on a determined physiological condition. For example, the system may detect
non-periodic cardiac behavior (e.g., arrhythmia, fibrillation, or asystole) and change the
modul ation technique from a modulated light output to a constant light output It will be
understood that pulseless electrical activity, asystole, and/or other electrical arrhythmias
may result in ECG activity but not result in detectable pulsatile activity.

In some embodiments, the system may use external triggering to control or modify a
cardiac cycle modulation technique. For example, the system may use information from
a second sensor such as an ECG sensor, invasive blood pressure sensor, a second pulse
oximeter, a second photoplethysmography sensor, a pulse meter, arespiration sensor,
any other suitable sensor, or any combinati onthereof. For example, the external signal
may bereceived from an external ECG sensor configured to provide atrigger signal
synchronous with an element of the cardiac cycle such asan R wave. In some
embodiments, the system may receive an external trigger from user input or an externa
processing device. In some embodiments, the system may correlate a cardiac cycle
modul ation with one or more particular pointsin an ECG signal. In some embodiments,
the system may use an algorithm to determine the delay between the external signal and
points of interest For example, the system may use an agorithm to determine a delay
between an ECG R-wave and the fiducial points of interest in a photoplethysmography
signal such asthe peak of the PPG waveform.

In some embodiments, the system may optimize power consumption by varying a
sampling rate. The system may digitize areceived signal using an analog to digital
converter operating at a particular rate. In some embodiments, the digitizer rate may be
constant I1n some embodiments, the digitizer rate may be modulated using atechnique
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correlated to a cardiac cycle modulation. For example, the system may sample a a high
rate during aperiod of interest and a alow rate during other periods. In some
embodiments, the system may modulate both a light drive signal and a sampling rate.
The modulations of the light drive signal and the sampling rate may be correlated. For
example, the system may sample the received signal at alow rate during aperiod of low
light output and at a high rate during aperiod of high light output The system may
decimate or interpolate the digitized signal such that the rate of the processed signal is
constant. )

The following description and accompanying FIGS. 1-28 provide additional details
and features of some embodiments of power optimization in amedical device.

FIG. lisablock diagram of an illustrative physiological monitoring system 100in
accordance with some embodiments of the present disclosure. System 100 may include
a sensor 102 and amonitor 104 for generating and processing physiological signalsof a
subject. In some embodiments, sensor 102 and monitor 104 may be part of an oximeter.

Sensor 102 of physiological monitoring system 100 may include light source 130 and
detector 140. Light source 130 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 130 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 physiological signals. In one embodiment, the Red
wavelength may be between about 600 nm and about 700 nm, and the IR wavelength
may be between about 800 nm and about 1000 nm. It will be understood that light
source 130 may include any number of light sourceswith any suitable characteristics. In
embodiments where an array of sensorsis used in place of single sensor 102, each
sensor may be configured to emit a single wavelength. For example, afirst sensor may
emit only aRed light while a second may emit only an IR light

It will be understood that, as used herein, the term "light" may refer to energy
produced by radiative sources and may include one or more of ultrasound, radio,
microwave, millimeter wave, infrared, visible, ultraviolet gammaray or X-ray
electromagnetic radiation. As used herein, light may also include any wavelength within
the radio, microwave, infrared, visible, ultraviolet, or X-ray spectra, and mat any
suitable wavelength of el ectromagnetic radiation may be appropriate for use withthe
present techniques. Detector 140 may be chosen to be specifically sensitivetothe

chosen targeted energy spectrum of light source 130.
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In some embodiments, detector 140 may be configured 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 asingle
wavelength. In operation, light may enter detector 140 after passing through the
subject'stissue. Detector 140 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 lightin thetissue. That is, when more light at a certain wavelengthis
absorbed or reflected, less light of that wavelength isreceived from the tissue by
detector 140. After converting the received light to an electrical signal, detector 140
may send the detection signal to monitor 104, where the detection signal may be
processed and physiological parameters may be determined (e.g., based on the
absorption of the Red and IR wavelengths in the subject'stissue). In some
embodiments, the detection signal may be preprocessed by sensor 102 before being
transmitted to monitor 104.

In the embodiment shown, monitor 104 includes control circuitry 110, light drive
circuitry 120, front end processing circuitry 150, back end processing circuitry 170, user
interface 180, and communication interface 190. Monitor 104 may be communicatively
coupled b sensor 102. ) |

Control ci fcuitry 110 may be coupledto light drive circuitry 120, front end
processing circuitry 150, and back end processing circuitry 170, and may be configured
to control the operation of these components. 1n some embodiments, control circuitry
110 may be configured to provide timing control signalsto coordinate their operation.
For example, light drive circuitry 120 may generate alight drive signal, which may be
used to turn on and off the light source 130, based on the timing control signals. The
front end processing circuitry 150 may use the timing control signalsb operate
synchronously with light drive circuitry 120. For example, front end processing
circuitry 150 may synchronize the operation of an analog-to-digital converter and a
demultiplexer with the light drive signal based on the timing control signals. In
addition, the back end processing circuitry 170 may use the timing control signalsto
coordinate its operation with front end processing circuitry 150.

Light drive circuitry 110, as discussed above, may be configured b generate alight
drive signal that isprovided to light source 130 of sensor 102. The light drive signa
may, for example, control the intensity of light source 130 and the timing of when light
source 130 isturned on and off. When light source 130 is configured to emit two or
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more wavelengths of light, the light drive signal may be configured  control the
operation of each wavelength of light. The light drive signal may comprise asingle
signal or may comprise multiple signals (e.g., one signal for each wavelength of light).
Anillustrative light drive signal is shown in FIG. 2A.

FIG. 2A showsan illustrativeplot of alight drive signal including red light “on"
period 202 and IR light "on period" 204 in accordance with some embodiments of the
present disclosure. Light "on" periods 202, and 204 may be generated by light drive
circuitry 120 under the control of control circuitry 110. Asused herein, "on" and "off'
may refer to switching power or other components, high and low output states, high and
low values within a continuous modulation, high and low duty cycles, other suitable
relatively distinct states, or any combination thereof. The light drive signal may be
provided to light source 130, including red "on" period 202 and IR "on" peri od 204 to
drivered and IR light emitters, respectively, within light source 130. Red "on" period
202 may have a higher amplitudethan IR "on" period 204 sincered LEDs may be less
efficient than IR LEDs a converting electrical energy into light energy. Additionally,
red light may be absorbed and scattered more than IR light when passing through
perfused tissue a certain oxygen saturations. Whenthered and IR light sources are
driven in this manner they emit pulses of light & their respective wavelengthsinto the
tissue of a subject in order generate physiological signalsthat physiological monitoring
system 100 may process to calculate physiological parameters. It will be understood
that the light drive amplitudes of FIG. 2A are merely exemplary, and that any suitable
amplitudes or combination of amplitudes may be used, and may be based on the light
sources, the subject tissue, the determined physiological parameter, modulation
techniques, power sources, any other suitable criteria, or any combination thereof.

Thelight drivesignal of FIG. 2A may also include "off" periods 220 between the
Red and IR light "on" periods. "Off" periods 220 are periods during which no drive
current may be applied to light source 130. "Off" periods 220 may be provided, for
example, to prevent overlap of the emitted light, since light source 130 may requiretime

to turn completely on and completely off. The period from time 216 to time 218 may be

referred to as adrive cycle, which includes four segments: a Red light "on" periods 202,
followed by an"off' period 220, followed by an IR light "on" period 204, and followed
by an "off' period 220. After time 218 the drive cycle may be repeated (e.g., aslong as
alight drivesignal is provided to light source 130). It will be understood that the

starting point of the drive cycleis merely illustrative and that the drive cycle can start at
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any location within FIG. 2A, provided the cycle spanstwo light "on" periods and two
"off" periods. Thus, each Red light "on" period 202 and each IR "on" period 204 may
be understood to be surrounded by two dark periods 220.

Referring back to FIG. 1, front end processing circuitry 150 may receive a detection
signal from detector 140 and provide one or more processed signalsto back end
processing circuitry 170. Theterm "detection signal," asused herein, may refer to any
of the signals generated within front end processing circuitry 150 asit processeé the
output signal of detector 140. Front end processing circuitry 150 may perform various
analog and digital processing of the detector signal. One suitable detector signal that
may be received by front end processing circuitry 150 is shown in FIG. 2B.

FIG. 2B showsan illustrative plot of detector signal 214 that may be generated by a
sensor in accordance with some embodiments of the present disclosure. The peaks of
detector current waveform 214 may represent current signals provided by a detector,
such as detector 140 of FIG. 1, when light is being emitted from alight source. The
amplitude of detector current waveform 214 may be proportional b the light incident
upon the detector. The peaks of detector current waveform 214 may be synchronous
with light "on" periods driving one or more emitters of a light source, such aslight
source 130 of FIG. 1. For example, detector current waveform 214 may be generated in
response b alight source being driven by the light drive signal of FIG. 2A. Thevalleys
of detector current waveform 214 may be synchronous with periods of time during
which no light is being emitted by the light source. While no light isbeing emitted by a
light source during the valleys, detector current waveform 214 may not fall al of the
way b zero. Rather, dark current 222 may be present in the detector waveform. Since
dark current 222 may interfere with accurate determinations of physiological
characteristics, dark current 222 may be removed as discussed in more detail below.

Referring back b FIG. 1, front end processing circuitry 150, which may receive a
detection signal, such as detector current waveform 214, may include analog conditioner
152, analog-to-digital converter 154, demultiplexer 156, digital conditioner 158,
decimator / interpolator 160, and dark subtractor 162.

Analog conditioner 152 may perform any suitable analog conditioning of the detector
signal. The conditioning performed may include any type of filtering (e.g., low pass,
high pass, band pass, notch, or any other suitable filtering), amplifying, performing an
operation on the received signal (e.g., taking a derivative, averaging), perforating any
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other suitable signal conditioning (e.g., converting a current signal to avoltage signal),
or any combination thereof.

The conditioned analog signal may be processed by analog-to-digital converter 154,
which may convert the conditioned analog signal into adigital signal. Analog-to-digital
converter 154 may operate under the control of control circuitry 110. Anaog-to-digital
converter 154 may use timing control signals from control circuitry 1106 determine
when to sample the analog signal. Analog-to-digital converter 154 may be any suitable
type of analog-to-digital converter of sufficient resolution to enable a physiological
monitor to accurétely determine physiologica parameters.

Demultiplexer 156 may operate on the analog or digital form of the detector signal b
separate out different components of the signal. For example, detector current
waveform 214 of FIG. 2B includes a Red component, an IR component, and & least one
dark component Demultiplexer 156 may operate on detector current waveform 214 of
FIG. 2B b generate aRed signal, an IR signal, afirst dark signal (e.g., corresponding b
the dark component that occurs immediately after the Red component), and a second
dark signal (e.g., corresponding b the dark component that occurs immediately after the
IR component). Demultiplexer 156 may operate under the control of control ci rcuitfy
110. For example, demultiplexer 156 may use timing control signals from control
circuitry 110 b identify and separate out the different components of the detector signal.

Digital conditioner 158 may perform any suitable digital conditioning of the detector
signal. Thedigital conditioner may include any type of digital filtering of the signal
(e.g., low pass, high pass, band pass, notch, or any other suitable filtering), amplifying,
performing an operation on the signal, performing any other suitable digital
conditioning, or any combination thereof.

Decimator / interpolator 160 may decrease the number of samplesin the digital
detector signal. For example, decimator / interpolator 160 may decrease the number of
samples by removing samples from the detector signal or replacing sampleswith a
smaller number of samples. The decimation or interpolation operation may include or
be followed by filtering © smooth the output signal.

Dark subtracter 162 may operate on the digital signal. In some embodiments, dark
subtractor 162 may subtract dark values from the Red and IR componentsto generate
adjusted Red and IR signals. For example, dark subtractor 162 may determine a
subtraction amount from the dark signal portion of the detection signal and subtract it
from the peak portion of the detection signal in order b reduce the effect of the dark
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signal on the peak. For example, inreferenceto FIG. 2A, adetection signal peak
corresponding to red "on" period 202 may be adjusted by determining the amount of
dark signal during the "off" period 220 preceding red "on" period 202. The dark signa
amount determined in this manner may be subtracted from the detector peak
corresponding® red "on" period 202. Alternatively, the "off" period 220 after red "on"
period 202 may be used to correct red "on" period 202 rather than the "off" period 220
preceding it. Additionally, an average of the "off" periods 220 before and after red "on"
period 202 may beused. '

The components of front end processing circuitry 150 are merely illustrativeand any
suitable components and combinations of components may be used b perform the front
end processing operations.

The front end processing circuitry 150 may be configured t take advantage of the
full dynamic range of analog-to-digital converter 154. Thismay be achieved by
applying gainb the detection signal by analog conditioner 1526 map the expected
range of the detection signal to thefull or closet full output range of anal og-to-digital
converter 154. The output value of analog-to-digital converter 154, as afunction of the

total analog gain applied b the detection signal, may be given as:
ADC Vaue oc Total Analog Gain x [Ambient Light + LED Light].

|deally, when ambient light is zero and when the light source is off, the anal og-to-
digital converter 154 will readjust abovethe minimum input value. Whenthe light
source is on, the total analog gain may be set such that the output of analog-to-digital
converter 154 may read closet the full scale of analog-to-digital converter 154 without
saturating. This may allow the full dynamic range of analog-to-digital converter 154 to
be used for representing the detection s gnal, thereby increasing the resolution of the
converted signal. In some embodiments, the total analog gain may be reduced by a
small amount so that small changesin the light level incident on the detector do not
cause saturation of analog-to-digital converter 154.

However, if the contribution of ambient light is largerelativeb the contribution of
light from a light source, the total analog gain applied © the detection current may need
© bereducedb avoid saturating analog-to-digital converter 154. When the analog gain
is reduced, the portion of the signal corresponding © the light sourcemay mapbo a
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smaller number of analog-to-digital conversion bits. Thus, more ambient light noisein
the input of analog-to-digital converter 154 may results in fewer bits of resolution for the
.portion of the signal from the light source. This may have a detrimental effect on the
signal-to-noise ratio of the detection signal. Accordingly, passive or active filtering or
signal modification techniques may be employed to reduce the effect of ambient light on
the detection signal that is applied to analog-to-digital converter 154, and thereby reduce
the contribution of the noise component to the converted digital signal.

Back end processing circuitry 170 may include processor 172 and memory 174.
Processor 172 may be adapted to execute software, which may include an operating
system and one or more applications, as part of performing the functions described
herein. Processor 172 may receive and process physiological signalsreceived from front
end processing circuitry 150. For example, processor 172 may determine one or more
physiological parameters based on the received physiological signals. Memory 174 may
include any suitable computer-readable media capable of storing information that can be
interpreted by processor 172. This information may be data or may take the form of
computer-executable instructions, such as software applications, that cause the
microprocessor to perform certain functions and/or computer-implemented methods.
Depending on the embodiment, such computer-readable media may include computer
storage media and communication media. Computer storage media may include volatile
and non-volatile, removable and non-removable media implemented in any method or
technology for storage of information such as computer-readable instructions, data
structures, program modules or other data. Computer storage media may include, but is
not limited to, RAM, ROM, EPROM, EEPROM, flash memory or other solid state
memory technology, CD-ROM, DVD, or other optical storage, magnetic cassettes,
magnetic tape, magnetic disk storage or other magnetic storage devices, or any other
medium which can be used b storethe desired information and which can be accessed
by components of the system. Back end processing circuitry 170 may be
communicatively coupled with use interface 180 and communication interface 190.

User interface 180 may include user input 182, display 184, and speaker 186. User
input 182 may include any type of user input device such as a keyboard, amouse, a
touch screen, buttons, switches, amicrophone, ajoy stick, atouch pad, or any other
suitable input device. The inputs received by user input 182 can include information
about the subject, such as age, weight, height, diagnosis, medications, treatments, and so
forth. Inan embodiment, the subject may be amedical patient and display 184 may



10

15

20

25

30

WO 2013/181377 21 PCT/US2013/043338

exhibit alist of valueswhich may generaly apply to the patient, such as, for example,
age ranges or medication families, which the user may select using user input 182.
Additionally, display 184 may display, for example, an estimate of a subject's blood
oxygen saturation generated by monitor 104 (referred to as an "SpO,, " measurement),
pulse rate information, respiration rate information, blood pressure, any other
parameters, and any combination thereof. Display 184 may include any type of display
such as a cathode ray tube display, aflat panel display such aliquid crystal display or
plasma display, or any other suitable display device. Speaker 186 within user interface
180 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 patient's physiological
parameters are not within a predefined normal range.

Communication interface 190 may enable monitor 104 to exchange information with
external devices. Communications interface 190 may include any suitable hardware,
software, or both, which may alow monitor 104 to communicate with electronic
circuitry, adevice, anetwork, a server or other workstations, adisplay, or any
combination thereof. Communications interface 190 may include one or more receivers,
transmitters, transceivers, antennas, plug-in connectors, ports, communications buses,
communications protocols, device identification protocols, any other suitable hardware
or software, or any combi natioh thereof. Communications interface 190 may be
configured to allow wired communication (e.g., using USB, RS-232 or other standards),
wireless communication (e.g., using WiFi, IR, WiMax, BLUETOOTH, UWB, or other
standards), or both. For example, communications interface 190 may be configured
using auniversal seria bus (USB) protocol (e.g., USB 2.0, USB 3.0), and may be
configured to couple to other devices (e.g., remote memory devices storing templates)
using afour-pin USB standard Type-A connector (e.g., plug and/or socket) and cable.
In some embodiments, communications interface 190 may include an internal bus such
as, for example, one or more slotsfor insertion of expansion cards.

It will be understood that the components of physiological monitoring system 100
that are shown and described as-separate components are shown and described as such
for illustrative purposes only. In some embodiments the functionality of some of the
components may be combined in a single component For example, the functionality of
front end processing circuitry 150 and back end processing circuitry 170 may be
combined in asingle processor system. Additionally, in some embodimentsthe
functionality of some of the components of monitor 104 shown and described herein
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may be divided over multiple components. For example, some or all of the functionality
of control circuitry 110 may be performed in front end processing circuitry 150, in back
end processing circuitry 170, or both. In other embodiments, the functionality of one or
more of the components may be performed in a different order or may not be required.
In an embodiment, all of the components of physiological monitoring system 100 can be
realized in processor circulitry.

FIG. 2C showsillustrative timing diagrams of drive cycle modulation and cardiac
cycle modulation in accordance with some embodiments of the present disclosure. Plot
250 may ihcl ude atiming diagram of an exemplary cardiac cycle modulation, including
red light modulation 252 and IR light modulation 254. In the embodiment illustrated in
plot 250, the IR light remains at a constant level and the red light is"on" only during the
diastole period. The period of the modulation cycle may correspond to time interval
260. In afurther embodiment, the system may replace some or al of the "off' periods
with "on" periods of lower light intensity, shorter duty cycles, any other suitable
parameter variations, or acombination thereof. It will be understood that the
aforementioned cardiac cycle modulation technique is merely exemplary and that the
system may use any suitable cardiac cycle modulation technique.

Region 256 of plot 250 indicates an interval of the timing diagram where both red
light modulation 252 and IR light modulation 254 are in an "on" portion of the cardiac
cycle modulation. Plot 270 showsan illustrative portion of region 256, where the
system is employing a cardiac cycle modulation in addition to the drivecycle
modulation. Plot 250 may include a drive cycle modulation technique with a period of
time interval 272. Thetime scale of plot 270 may be significantly shorter than the time
scale of plot 250, such that timeinterval 272 is significantly shorter than time interval
260. For example, time interval 260 (i.e, the period of the cardiac cycle modulation)
may be on the order of 1 second, whiletime interval 272 (i.e., the period of the drive
cycle modulation) may be on the order of 1 ms. Timeinterval 272 may include a
sequence of red "on" portion 274, afirst "off" portion 276, IR "on" portion 278, and a
second "off' portion 280. Thefirst "off' portion 276 and second "off" portion 280 may
be used to determine the level of ambient light, noise, dark current, other suitable
signals, or any combinationthereof. The system may subtract the background or dark
level from the levelsreceived during red "on" portion 274 and IR "on" period 278.

Region 258 of plot 250 indicates an interval of the timing diagram where the red light
modulation 252 isin an "off' portion of the cardiac cycle modulation and IR light
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modulation 254 isin an "on" portion of the cardiac cycle modulation. Plot 282 showsan
illustrative portion of region 258, wherethe systemis employing adrive cycle
modulation technique in addition to the cardiac cycle modulation. Plot 282 may include
adrive cycle modulationtechniquewith aperiod of timeinterval 284. Thetime scale of
plot 282 may be significantly shorter than the time scale of plot 250, suchthat time
interval 284 is significantly shorter than time interval 260. In some embodiments, the
time scale of plot 282 may bethe same asthe time scale of plot 270. Timeinterval 284
may include a sequence of red "on" portion 286, afirst "off" portion 288, Br "on"
portion 290, and a second "off" portion 292. Thered "on" portion 286 may include less
red light emitted than during red "on" portion 274, or no red light emitted, asred light
modulation 252 isin an "off' phase during region 258. Thefirst "off" portion 288 and
second "off' portion 292 may be used to determinethe level of ambient light, noise,
dark current, other suitable signals, or any combination thereof. The system may
subtract the background or dark level from the levelsreceived duringred "on" portion
286 and or. "on" portion 290.

Red light modulation 252 may bein an "on" portion during region 256 (illustrated in
detail in plot 270) and an "off" portion during region 258 (illustrated in detail in plot
282). Thus, thelevel of red light indicated by red “on" portion 274 isa ahigh level and
the level of red light indicated by red "on" portion 286 isat alow level. Thisis
illustrative of an embodiment where drive cycle modul ation occurs together with cardiac
cycle modulation. It will be understood that the techniquesillustrated by FIG. 2C are
merely exemplary and that other suitable techniques may be used for drive cycle
modulation, as described above. It will also be understood that other suitable methods
may be used to combine the drive cycle modulation and the cardiac cycle modulation. It
will also be understood that the combining technique may depend in part on the
particular drive cycle modulation and cardiac cycle modulation technique. It will also
be understood that conventional servo algorithms may be used in additionto
combinations of drive cycle modulation and cardiac cycle modulation.

FIG. 3isaperspectiveview of an embodiment of a physiological monitoring system
310 in accordance with some embodiments of the present disclosure. 1n some
embodiments, one or more components of physiological monitoring system 310 may
include one or more components of physiological monitoring system 100 of FIG. 1.
System 310 may include sensor unit 312 and monitor 314. In some embodiments,
sensor unit 312 may be part of an oximeter. Sensor unit 312 may include one or more
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light source 316 for emitting light at one or more wavelengths into a subject'stissue.
One or more detector 318 may also be provided in sensor unit 312 for detecting the light
that isreflected by or has traveled through the subject'stissue. Any suitable
configuration of light source 316 and detector 318 may be used. In an embodiment,
sensor unit 312 may include multiple light sources and detectors, which may be spaced
apart System 310 may also include one or more additional sensor units (not shown) that
may, for example, take the form of any of the embodi ments described herein with
reference to sensor unit 312. An additional sensor unit may be the same type of sensor
unit as sensor unit 312, or adifferent sensor unit type than sensor unit 312 (e.g., a
photoacoustic sensor). Multiple sensor units may be capable of being positioned at two
different locations on a subject's body.

In some embodiments, sensor unit 312 may be connected to monitor 314 as shown.
Sensor unit 312 may be powered by an internal power source, e.g., abattery (not
shown). Sensor unit 312 may draw power from monitor 314. In anbther embodiment,
the sensor may be wirelessly connected to monitor 314 (not shown). Monitor 314 may
be configured to calculate physiological parameters based at |east in part on datarelating
to light emission and acoustic detection received from one or more sensor units such as
sensor unit 312. For example, monitor 314 may be configured to determine pulse rate,
blood pressure, blood oxygen saturation (e.g., arterial, venous, or both), hemoglobin
concentration (e.g., oxygenated, deoxygenated, and/or total), any other suitable
physiological parameters, or any combination thereof. In some embodiments,
calculations may be performed on the sensor units or an intermediate device and the
result of the cal culations may be passed to monitor 314. Further, monitor 314 may
include display 320 configured to display the physiological parametersor other
information about the system. In the embodiment shown, monitor 314 may aso include
aspeaker 322 to provide an audible sound that may be used in various other
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. In some
embodiments, the system 310 includes a stand-alone monitor in communication with the
monitor 314 viaacable or awireless network link. In some embodiments, monitor 314
may be implemented as monitor 104 of FIG. 1.

In some embodiments, sensor unit 312 may be communicatively coupled to monitor
314 viaacable324. Cable 324 may include electronic conductors (e.g., wires for
transmitting electronic signals from detector 318), optical fibers (e.g., multi-mode or
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single-mode fibersfor transmitting emitted light from light source 316), any other
suitable components, any suitable insulation or sheathing, or any combination thereof.
In some embodiments, a wirelesstransmission device (not shown) or the like may be
used instead of or in additionto cable 324. Monitor 314 may include a sensor interface
configured to receive physiological signals from sensor unit 312, provide signalsand
power to sensor unit 312, or otherwise communicate with sensor unit 312. The sensor
interface may include any suitable hardware, software, or both, which may beallow
communication between monitor 314 and sensor unit 312. _

Calibration device 380, which may be powered by monitor 314, abattery, or by a
conventional power source such as awall outlet, may include any suitable calibration
device. Calibration device 380 may be communicatively coupled tomonitor 314 via
communicative coupling 382, and/or may communicate wirelessly (not shown). In some
embodiments, calibration device 380 is completely integrated within monitor 314. In
some embodiments, calibration device 380 may include a manual input device (not
shown) used by an operator to manually input reference signal measurements obtained
from some other source (e.g., an external invasive or non-invasive physiological
measurement system).

Inthe illustrated embodiment, system 310 includes a multi-parameter physiological
monitor 326. The monitor 326 may include a cathode ray tube display, aflat panel
display (as shown) such as aliquid crystal display (LCD) or aplasmadisplay, or may
include any other type of monitor now known or later developed. Multi-parameter
physiological monitor 326 may be configured to cal cul ate physiol ogical parameters and
b provide adisplay 328 for information from monitor 314 and from other medical
monitoring devices or systems (not shown). For example, multi-parameter physiological
monitor 326 may be configured to display an estimate of a subject's blood oxygen
saturation and hemoglobin concentration generated by monitor 314. Multi-parameter
physiological monitor 326 may include a speaker 330.

Monitor 314 may be communicatively coupled to multi-parameter physiol ogical
monitor 326 viaa cable 332 or 334 that is coupled to a sensor input port or adigital
communications port, respectively and/or may communicate wirelessly (not shown). In
addition, monitor 314 and/or multi-parameter physiological monitor 326 may be coupled
to anetwork to enable the sharing of information with servers or other workstations (not
shown). Monitor 314 may be powered by a battery (not shown) or by a conventional
power source such asawall outlet
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In some embodiments, all or some of monitor 314 and multi-parameter physiol ogiéal
monitor 326 may be referred to collectively as processing equipment In some
embodiments, any of the processing components and/or circuits, or portions thereof, of
FIGS. 1and 3 may bereferred to collectively as processing equipment For example,
processing equipment may be configured to generate light drive signas, amplify, filter,
sample and digitize detector signals, and calculate physiological information from the
digitized signal. 1n some embodiments, all or some of the components of the processing
equipment may be referred to as aprocessing module.

FIG. 4isflow diagram 400 showing illustrative steps for determining a physiological
parameter in accordance with some embodiments of the present disclosure. In some
embodiments, the system may emit aphotonic signal from afirst light source and use
information from the related attenuated signal to generate alight drive signal for a
second light source.

In step 402, the system may generate afirst light drive signal. The light drive signal
may be used by alight sourceto emit aphotonic signal. The light source may be one or
more LEDs, laser diodes, other suitable device, or any combination thereof. For
example, the light source may include light source 130 of FIG. 1 or light source 316 of
FIG. 3. In some embodiments, the light source may include LEDs of multiple
wavelengths, for example, ared LED and an IR led. In some embodiments, the light
source may include multiple LEDs of the same wavelength, multiple LEDs of different
wavelengths, any other suitable arrangement, or any combination thereof. In some
embodiments, the light source may include a fiber optic or other light pipe to
communicate light from one location to another. In some embodiments, the light drive
signal may include or be a component of a cardiac cycle modulation. For example, the
first light drive signal may be configured to activate one LED to emit aphotonic signal
and not activate other LEDs, such that some physiological parameters may be
determined, but with lower power consumption than when the other LEDs are
illuminated.

In step 404, the system may receive alight signal. The light may be received using a
sensor, for example, detector 140 of FIG. 1 or detector 318 of FIG. 3. The light signal
may be attenuated by the subject The received light signal may in part include light
fromthe first photonic signal. For example, the system may emit light that is reflected
by the subject or transmitted through the subject The interaction of the emitted light

with the subject may causethe lightd become attenuated. In some embodiments, the
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attenuation of the light may depend on the wavelength of the light and the tissue with
which the light interacts. For example, particular wavelengths of light may be
attenuated more strongly by oxyhemoglobin than other wavelengths. In some
embodiments, the system may amplify the received signal using front end processor
circuitry. In some embodiments, the gain may be modulated using a technique
correlated to the cardiac cycle modulation. The gain of the amplifier may be adjusted
based on the emitted light brightness, historical information related to the brightness of
prior received attenuated signals, other suitableinformation, or any combination thereof,
so that the amplified signal matches the range of the analog-to-digital converter and thus
increasesresolution. In some embodiments, the system may account for the gain using
hardware, software, or any combination thereof, such that the original intensity
information is retained.

In step 406, the system may analyze the received light signal to determine when to
activate a second light source and/or .parameters of a second photonic signal In some
embodiments, the second light source may include one or more emitters. In some
embodiments, the system may identify peaks, valleys, inflection points, slope changes,
fiducial points, other suitable elements, or any combination thereof in the received light
source. In some embodiments, the system may use information determined from
analyzing the first light source in addition to other information. Other information may
include, for example, historical analysis of prior cardiac cycles and information from
external sensors. For example, the system may determine an average pulse period from
anumber of prior pulse cycles. Statistical information such asthe standard deviation
may also be calculated to in part determine a confidence parameter for the historical
information. In some embodiments, the system may use arespiration rate. For example,
the system may determine arespiration rate from an external sensor and use information
from the respiration rate to determine a modulation technique. In some embodiments,
the cardiac cycle modulation applied to the second light drive signal may be varied
based on the historical and statistical information. 1n some embodiments, the system
may determine to turn on a second light source with atime offset to the element of
interest in the cardiac cycle. For example, me system may turn on the second light
source a certain number of milliseconds prior to the peak (or expected peak) of a pulse
signal. Inafurther example, the system may wait a certain number of milliseconds
following apeak in an ECG signal. In some embodiments, the time offsets may be
adjusted based on prior signal analysis, adjusted by user input, adjusted by
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predetermined values, adjusted by any other suitable technique, or any combination
thereof. In some embodiments, parameters of the second photonic signal, for example
duty cycle, decimation ratio, and brightness, may be determined based on analysis of the
received light signal.

In step 408, the system may generate a second light drive signal. The second light
drive signal may be configured to activate a second light source or adifferent emitter
from thefirst light source emit a second photonic signal. For example, in acardiac
cycle modulation where afirst light source remains on a a constant level (e.g., in adrive
cycle modulation) and asecond light source isturned on and off b optimize power
consumption, the second light drive signal may cause a second light source to emit light
a aparticular time or timesin the cardiac cycle. Light from the second photonic signal
may be attenuated by the subject and received by a sensor. In some embodiments, the
system may adjust the second light drive signal based on historical data. For example,
the system may use information from prior pulse cyclesb determine an optimal emitter
brightness.

In step 410, the system may determine a physiological parameter using information
from the attenuated photonic signals. The physiological parameter may be determined
using any suitable hardware technique, software technique, or combination thereof. In
some embodi ments, processing equipment remote to the system may be used to
determine physiological parameters. The system may display the determined
physiological parameter using alocal display (e.g., display 320 of FIG. 3 or display 328
of FIG. 3), display them on aremote display, publish the datab aserver or website,
make the parameters availableb auser by any other suitable technique, or any
combination thereof.

FIG. 5 showsillustrativeti mi‘ng diagram 500 of a physiological monitoring systemin
accordance with some embodiments of the present disclosure. In some embodiments,
the system may use afirst light drive signal b identify the systole periods of the cardiac
cycle and modulate a second light drive signal b increase light intensity concurrent with
the systole periods. Timing diagram 500 may include time on the abscissa axis and
either arbitrary amplitude or unitless dimensions on the ordinate axis depending on the
row of the diagram. Timing diagram 500 may include time periods related to the cardiac
cycle, including systole period 502, diastole period 504, systole period 506, and diastole
period 508. Timing diagram 500 may also include diastole period 510, though only a
portion of this diastole period is drawn. Timing diagram 500 may include PPG signal
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552, ECG signal 554, red light drive signal 556, and IR light drive signal 558. PPG
signal 552 and ECG signd 554 are shown with arbitrary units on the ordinate axis. Red
light drive signal 556 and IR light drive signal 558 are shown as"on" or "off' states
without units associated with the ordinate axis.

Timing diagram 500 may include ECG signal 554, which isindicative of electrical
signals associated with the cardiac cycle. ECG signal 554 may include P wave 522, Q
wave 524, R wave 526, Swave 528, and T wave 530. In some embodiments, ECG
signals may be used in additionto or in place of information from PPG signal 552.

It will be understood that the-particular alignment of ECG signal 554 with elementsin
PPG signal 552 is dependent upon the location on the subject where the PPG signal is
measured. For example, aPPG signal istypically monitored at alocation remote from
the heaft, creating atime delay between the ECG signal and corresponding pulses in the
PPG. Additionally, there may be atime delay between the electrical depolarization of
the heart (QRS complex of an ECG) and the gection of blood from the heart. Thistime
delay may include an electro-mechanical delay before the heart muscle contracts and a
period of isovolumetric contraction where the muscle tension in the heart increases but
the pressure does not exceed the aortic pressure. During the period of isovolumetric
contraction, the aortic valve may remain closed.

In some embodiments, the system may send adrive signal without a cardiac
modulation to afirst Iight source. For example, the system may not apply a cardiac
cyclemodulation to IR light drive signal 558. IR light drive signal 558 may, for
example, correspond to the first light drive signal generated a step 402 of FIG. 4. In
some embodiments, the system may detect an attenuated photonic signal associated with
IR light drive signal 558 throughout the cardiac pulse cycle. In some embodiments,
elements of the cardiac cycle may be identified using other signals, for example, ECG
signal 554. The system may determine periods of the cardiac cycle and apply a cardiac
cycle modulation to a second light source. For example, red light drive signal 556 may
be switched on at period 532 during systole period 502, off during diastole period 504,
on at period 534 during systole period 506, and off during diastole period 508. Red light
drive signal 556 may, for example, correspond to the second light drive signal generated
at step 408 of FIG. 4. Thus, the cardiac cycle modulation applied tored light drive
signal 556 may be substantially synchronous with the systole periods of the cardiac
cycle. In some embodiments, the system may determine the timing of the systole
periods using information from the attenuated first photonic signal associ ated with IR
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light drive signal 558. In some embodiments, the system may use historical information
from multiple cardiac cyclesto determine the red light drive signal 556.

It will be understood, and illustrated in the following figures, mat the cardiac cycle
modulation shown in timing diagram 500 is merely illustrative and that the system may
use other suitable modulation techniques. It will also be understood, for this figure and
the following figures, that the system may use a drive cycle modulation technique as
illustrated in FIG. 2C and conventional servo algorithmsin addition to the cardiac cycle
modulation. It will also be understood, for this figure and the following figures, that the
alignment of PPG signal 552, ECG signal 554, red light drive signal 556 and IR light
drive signal 558 ismerely exemplary and may include various time offsets and
adjustments (not shown) dependent upon placement of sensors on the subject,
physiological conditions, emitter equipment, sensor equipment, other suitable reasons, or
any combination thereof. In some embodiments, the system may not include IR light
drive signal 558 and may apply a cardiac cycle modulation techniqueto al light drive
signals, aswill beillustrated in FIGS. 10-16.

FIG. 6 showsanother illustrativetiming diagram 600 of aphysiological monitoring
system in accordance with some embodiments of the present disclosure. In some
embodiments, the system may use afirst light drive signal to identify diastole period
periods in the cardiac cycle and modulate a second light drive signal to increase light
intensity concurrent with the diastole period periods. Timing diagram 600 may include
time periodsrelated to the cardiac cycle, including systole period 602, diastole period
604, systole period 606, and diastole period 608. Timing diagram 600 may include PPG
signal 610, ECG signal 612, red light drive signal 614, and IR light drivesignal 616.
PPG signal 610 and ECG signal 612 are shown with arbitrary units on the ordinate axis.
Red light drive signal 614 and IR light drive signal 616 are shown as"on" or "off'
portions without units associated with the ordinate axis.

In some embodiments, the system may send adrive signal without a cardiac cycle
modulation to afirst light source. For example, the system may generate IR light drive
signal 616 without cardiac cycle modulation. IR light drive signal 616 may, for
example, bethe first light drive signal of step 402 of FIG. 4. In some embodiments, the
system may detect an attenuated photonic signal associated with IR light drive signal
616 throughout the cardiac cycle. In some embodiments, elements of the cardiac cycle
may be identified using other signals, for example, ECG signal 612. The system may

determine periods of the cardiac cycle and apply a cardiac cycle modulationto a second
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light source. For example, red light drive signal 614 may be switched off during systole
period 602, on a period 618 during diastole period 604, off during systole period 606,
and on at period 620 during diastole period 608. Red light drive signal 614 may, for
example, correspond to the second light drive signal generated a step 408 of FIG. 4.
Thus, the cardiac cycle modulation applied to red light drive signal 614 may be
substantially synchronous with the diastole periods of the cardiac cycle.

FIG. 7 showsanother illustrativetiming diagram 700 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. In some
embodiments, the system may use afirst light drive signal to identify a dicrotic notch or
other point of interest in the cardiac cycle and modulate a second light drive signal ©
increase light intensity concurrent with the dicrotic notch. Timing diagram 700 may
include ECG signal 710, PPG signal 714, red light drive signal 716, and IR light drive
signal 718. ECG signal 710 and PPG signal 714 are shownwith arbitrary units on the
ordinate axis. PPG signal 714 is shown as alight intensity signal where ahigher
amplitude is indicative of morereceived light, or less blood in the sampled tissue. In
some embodiments, PPG signal 714 in timing diagram 700 may beillustrated in a
manner inverted from the common technique of illustrating PPG signals. Accordingly,
elements of PPG signal 714 labeled herein as, for example, peaks and troughs, may be
inverted from certain medical conventions. Red light drive signal 716 and IR light drive
signal 718 are shown as "on" or "off" stateswithout units associated with the ordinate
axis.

In some embodiments, the system may send adrive signal to afirst light source
without cardiac modulation. For example, the system may not apply acardiac cycle
modulation to IR light drive signal 718. IR light drive signal 718 may bethe first light
drive signal of step 402 of FIG. 4. In some embodiments, the systemmay detect an
attenuated photonic signal associated with IR light drive signal 718 throughout the
cardiac pulse cycle. In some embodiments, elements of the cardiac cycle may be
identified using other signals, for example, ECG signal 710. The system may determine
periods of the cardiac cycle and apply acardiac cycle modulationt a second light
source. For example, the system may identify notch 720 in PPG signal 714. Insome
embodiments, the system may identify notch 720 indirectly using an element of PPG
signal 714 (e.g., trough 724), using elements of ECG signal 710, by any other suitable
technique, or any combinationthereof. For example, notch 720 may beidentified using
atime offset from an element of ECG signal 710. Asillustrated, there may be atime
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delay-betweenitrough, 724, and notch. 720.. For-example, red light.drive signall 716 may-
be switched.on.during; period, 726, substantially-concurrent,with,notch, 720, and on.
during;period 728, substantially-concurrent:with,notch, 722., Redllight drive signall 716
may-bethe second light:drive signall of 'step, 408 of 'FIG. 4. Thus,the cardiaccycle
modulation.appliedto redlight. drive signal| 716 is substantially- synchronouswith the
dicrotic.notch of the cardiac.cycle. 1n.some embodiments, the system may-turn.on a
light: source before period 726 or-a desired point:of interest. anditurn. off ‘a light source
stabilize, 0.

that the detector-can stabilize, so that.the processi ng: equipment can.obtain extra samples

for-averaging, interpolating, or-decimating, for-amplifier-gain adjustmentsto stabilize,
for-any other suitabl e reason, or-any-combination thereof.. The system may determine
the time offsets between the "on" portions and the region of interest: based on user input,
predetennined parameters, previous measurements, other: suitable parameters, or any:
combination thereof.. It.will be understood that the use of ‘a dicrotic notch for-notch 720
ismerely exemplary: and that the system may-identify any- suitable point. of interest, For:
example, the system may-identify-fiducial points such aslocal maximaand minima.,
Light sources may-be illuminated, for example, as described below: in reference to
elements of FIG. 25.

FIG.. 8A shows another illustrativetiming diagram 800 of aphysiol ogical monitoring
system in accordance with some embodiments of the present disclosure, In some
embodiments, the system may use afirst light drive signal to identify the peak and
troughs of the PPG signal and modulate a second light drive signal to increase light
intensity concurrent with the PPG peaks. Timing diagram 800 may include PPG signal
802, red light drive signal 804, Jr. light drive signal 806, and ECG signal 818. PPG
signal 802 and ECG signal 818 are shown with arbitrary units on the ordinate axis. Red
light drive signal 804 and IR light drive signal 806 are shown as"on" or "off" states:
without units associated with the ordinate axis.

In some embodiments, the system may send alight drive signal to afirst light source
without acardiac cyclemodulation. For example, IR light drive signal 806 may not
include acardiac cyclemodulation, IR light drive signal 806 may bethefirst light drive
signal of step 402 of FIG. 4. In some embodiments, the system may detect an
attenuated photonic signal associated with IR light drive signal 806 throughout the
cardiac pulsecycle. In some embodiments, peaks, troughs, and other el ements of the

PPG signal or cardiac may be identified using other signals, for example, an ECG signal.
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The system may determine periods of the cardiac cycle and apply a cardiac cycle
modulation to a second light source. For example, the system may identify point 808
and point 810 in PPG signal 802. In some embodiments, point 808 and 810 may
represent peaks or troughs, depending on the orientation of the PPG signal. The system
may turn on red light drive signal 804 during period 812, substantially concurrent with
peak 808, and during period 816, substantially concurrent with peak 810. Red light
drive signal 804 may be the second light drive signal of step 408 of FIG. 4. Thus, the
cardiac cycle modulation appliedto red light drive signal 804 is substantially
synchronous with the peak of the PPG signal. In some embodiments, the system may
turn on alight source before peaks 808 and 810 and turn off alight source following
peaks 808 and 810 so that the photonic signal can stabilize, so that the detector can
stabilize, so that the processing equipment can obtain extra samples for averaging,
interpolating, or decimating, for amplifier gain adjustmentsto stabilize, for any other
suitable reason, or any combination thereof. The system may determine the time offsets
between the "on" periods and the region of interest based on user input, predetermined
parameters, previous measurements, other suitable pérameters, or any combination
thereof.

FIG. 8B shows another illustrativetiming diagram 820 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. Asshownin
FIG. 8A, the system may use afirst light drive signal to identify the peak and troughs of
the PPG signal and modulate a second light drive signal © increase light intensity
concurrent with the PPG peaks. 1n some embodiments, the use of thefifst and second
light drive signals may be selected based on the blood oxygen saturation, other
physiological parameters, other system parameters, or any combination thereof.

Timing diagram 820 may include SpQ, signal 822, PPG signal 836, red light drive
signal 838, and IR light drive signal 840. SpQ, signal 822 may be shownwith units of
percentage on the ordinate axis. PPG signal 836 may be shown with arbitrary units on
the ordinate axis. Red light drive signal 838 and IR light drive signal 840 may be shown
as"on" or "off' stateswithout units associated with the ordinate axis.

In some embodiments, the blood oxygen saturation may be compared to athreshold or
target value, such asthreshold 830. For example, threshold 830 may be approximately
70-80% of maximum blood oxygen saturation. During time interval 824, when the SpQ,
signal is greater than threshold 830, the system may operate in afirst mode. For
example, asillustrated, the system may use IR light drive signal 840 b monitor cardiac
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activity throughout a cardiac pulse cycle, and may modulatered light drive signal 838
accordingly. At time point 826, SpG, signal may crossthreshold 830 a point 834. In
some embodiments, this may be indi cativeof decreasi ng blood oxygen saturation.
During time interval 828 following time point 826, the system may operatein a second
mode. For example, asillustrated, the system may use red light drive signal 838to .
monitor cardiac activity throughout a cardiac pulse cycle, and may modulate IR light
drive signal 840 accordingly.

In some embodiments, blood with arelatively high blood oxygen saturation may
absorb IR light more strongly than red light. Thus, the IR light may be more sensitiveto
pulsatile signalsthan red light. For example, blood with a high blood oxygen saturation
may have arelatively higher concentration of oxyhemoglobin and arelatively lower
concentration of deoxyhemoglobin, resulting in higher IR sensitivity. Conversely, in
some embodiments, blood with arelatively low blood oxygen saturation may absorb red
light more strongly than infrared light For example, blood with a low blood oxygen
saturation may have arelatively lower concentration of oxyhemoglobin and arelatively
higher concentration of deoxyhemoglobin, resulting in higher red sensitivity. Thus, it
may be desired to monitor activity with the more sensitive available wavelength.

It will be understood that selection and/or switching of the first and second light
sources may depend on the blood oxygen saturation as well as additional physiological
parameters and system parameters. For example, ared wavelength LED may consume
more powér than an IR LED, and thus it may be desired to use the lowest power
consuming technique possible. In some embodiments, the system may select the light
source capable of detecting the greatest pul satile amplitude per unit of power consumed.
In some other embodiments, the system may select the light source capable of detecting
the greatest pulsatile amplitude. It will also be understood that in some embodiments, a
decreasing blood oxygen saturation or other physiological parameter may result in the
system not using a cardiac cycle modulation technique in order to attainthe highest
possible quality physiological information. Thiswill be discussed below, for example
withrelationb FIG. 21.

FIG. 9isflow diagram 900 showing illustrative steps for determining a physiological
parameter in accordance with some embodiments of the present disclosure. In some
embodiments, the system may emit a photonic signal correlated to physiological pulses
from a light source, and use information from the related attenuated signal to determine

physiological parameters. In some embodiments, varying parameters of the light drive
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signal may reduce, optimize, or otherwise suitably alter the power consumption of the
system.

In step 902, the system may generatealight drive signal, in part correlatedto
physiological pulses. The systemmay generate alight drive signal used by alight
sourced emit aphotonic signal. The light source may be one or more emitters of one or
more wavelengths, and they may emit one or more photonic signals. For example, the
light source may include light source 130 of FIG. 1or light source 316 of FIG. 3. In
some embodiments, the light source may include LEDs of multiple wavelengths, fin*
example, ared LED and an IR LED. In some embodiments, the light source may
include multiple LEDs of the same wavelength, multiple LEDs of different wavelengths,
any other suitable arrangement, or any combination thereof. 1n some embodiments, the
light source may include a fiber optic or other light pipe to communicate light from one
location to another.

The system may generatethe light drive signal suchthat aparameter of the emitted
one or more photonic signal s varies substantially synchronously with physiological
pulses of the subject. For example, the system may generate alight drive signal that
varies with aperiod the same as or closely related to the period of the cardiac cycle, thus
generating a cardiac cycle modulation. The system may vary parametersrelated to the
light drive signal including drive current or light brightness, duty cycle, firing rate,
modul ation parameters, other suitable parameters, or any combination thereof. In some
embodiments, the system may use a cardiac cycle modulation that spans several cardiac
cycles (e.g., emitting light from a light source during the first one of every five cycles).
In some embodiments, the system may generate alight drive signal that modulates
parameters of more than one light source using more than one modulation technique. It
will be understood that the system may apply this cardiac cycle modulation to the light
drive signal in additionb adrive cycle modulation, asillustrated in FIG. 2C, and
conventional servo algorithms.

In some embodiments, physiological pulses may be cardiac pulses, respiratory pulses,
muscular pulses, any other suitable pulses, or any combination thereof. Where
physiological pulses are respiratory pulses, they may relate to respiration rate,
inspiration, expiration, ventilator parameters, changesin arespiratory pressure signals,
any other suitable parameter, or any combination thereof. In some embodiments,
particular segments of arespiratory cycle may provide an increased signal © noiseratio,
increased signal strength, increased physiological parameter accuracy, increased
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physiological parameter precision, any other suitable parameters, or any combination
thereof. In some embodiments, respiration may cause variationsin
photoplethysmography data, and thus it may be desired to correlate amodulation
technique with respiration variations or both respiration variations and cardiac pul ses.

In some embodiments, the system may use information to determinethe cardiac cycle
modulation. Information may include, for example, historical analysis of prior cardiac
cyclesand information from external sensors. For example, the system may determine
an average pulse period from a number of prior pulse cycles. Statistical information
such as the standard deviation may also be calculated to in part determine a confidence
parameter for the historical information. In some embodiments, the cardiac cycle
modulation applied to the light drive signal may be varied based on the historical and
statistical information.

In step 904, the system may receive alight signal. Thelight may bereceived using a
sensor, for example, detector 140 of FIG. 1 or detector 318 of FIG. 3. Thelight signal
may be attenuated by the subject Thereceived light signal may in part include light
from the photonic signal. For example, the system may emit light that isreflected by the
subject or transmitted through the subject Interactions of the emitted light with the
subject may cause the light to become attenuated. 1n some embodiments, the attenuation
of the light may depend on the wavelength of the light and the tissue with which the
light interacts. For example, particular wavel engths of light may be attenuated more
strongly by oxyhemoglobin than other wavelengths. In some embodiments, the system
may amplify the received signal using front end processor circuitry. The gain of the
amplifier may be adjusted based on the emitted light brightness, historical information
related to the brightness of prior received attenuated signals, other suitable information,
or any combination thereof, so that the amplified signal matchesthe range of the analog-
to-digital converter and thus increases resolution. In some embodiments, the system
may account for the gain using hardware, software, or any combination thereof, such
that the original intensity information is retained.

In step 906, the system may determine a physiological parameter using information
from the attenuated photonic signals. The physiological parameter may be determined
using any suitable hardware technique, software technique, or combination thereof. In
some embodiments, processing equipment remote to the system may' beusedto
determine physiological parameters. The system may display the determined
physiological parameter using alocal display (e.g., display 320 of FIG. 3 or display 328
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of FIG. 3), display them on aremote display, publish the datato a server or website,
make the parameters available to a user by any other suitabletechnique, or any
combination thereof.

FIG. 10 shows another illustrativetiming diagram 1000 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. In some
embodiments, the system may vary alight drive signal such that a parameter is varied
concurrent with diastole periods of the cardiac cycle. Timing diagram 1000 may include
time periods related to the cardiac cycle, including systole period 1002, diastole period
1004, systole period 1006, and diastole period 1008. Timing diagram 1000 may include
light drive signal 1010, shown in"on" and "off" stateswithout units on the ordinate axis.
It will be understood that light drive signal 1010 may provide alight drive signal to one
or more emitters. It will also be understood any suitable number of cardiac cycle
modulation techniques may be used with any suitable number of emitters.

In some embodiments, the system may modulate light drive signal 1010 in away
related to the cardiac cycle. For example, light drive signal 1010 may correspond o the
light drive signal generated a step 902 of FIG. 9. In some embodiments, the system
may turn off alight drive signal for systole period 1002, turn on the light drive signal for
diastole period 1004, turn off the light drive signal for systole period 1006, and turn on
the light drive signal for diastole period 1008. Thus, the cardiac cycle modulation
applied to light drive signal 1010 may be substantially synchronous with the diastole
periods of the cardiac cycle. In some embodiments, the system may turn on alight
source before diastole periods 1004 and 1008 and turn off alight source following
diastole periods 1004 and 1008 so that the photonic signal can stabilize, so that the
detector can stabilize, so that the processing equipment can obtain extrasamplesfor
averaging, interpolating, or decimating, for amplifier gain adjustmentstb stabilize, for
any other suitable reason, or any combination thereof.

The system may determine the time offsets between the "on" periods and the region
of interest based on user input, predetermined parameters, previous measurements, other
suitable parameters, or any combination thereof. The system may determine the timing
of the diastole periods using historical information from previous cardiac cycles, from an
external sensor, from user input, from measurements made with a different cardiac cycle
modulation, by any other suitable technique, or any combination thereof. For example,
the system may desireb align aparticular portion of the received signal with the center

of amodulation cycle (or other suitable criteria) and advance or delay subsequent



10

15

20

25

30

WO 2013/181377 38 PCT/US2013/043338

modulation cyclesto improvethe alignment It will be understood that the system may
align modulation with pulses of the heart, pulses of a particular muscle group, other
suitable pulses, any other suitable physiological function, or any combination thereof.

It will also be understood that modulation of the light drive signal (i.e., the "on" and
"off" statesillustrated by light drive signal 1010) is merely exemplary and may include
modulation of parameters including drive current or light brightness, duty cycle, firing
rate, modulation parameters, other suitable parameters, or any combination thereof. It
will al'so be understood that the "on" and "off" states are merely exemplary and that the
system may use any suitable variations of discrete and/or continuous modulations. For
example, discrete modulations may include drive signalswith one or more step
functions. Continuous modulations may include sinusoidal waveforms.

FIG. 11 snowsanother illustrative timing diagram 1100 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. In some
embodiments, the system may vary alight drive signal such that a parameter isincreased
concurrent with systole periods of the cardiac cycle. Timing diagram 1100 may include
time periods related to the cardiac cycle, including systole period 1102, diastole period
1104, systole period 1106, and diastole period 1108. Timing diagram 1100 may include
light drive signal 1110, shownin "on" and "off" stateswithout units on the ordinate axis.
It will be understood that light drive signal 1110 may provide alight drive signal © one
or more emitters. It will a'so be understood any suitable number of cardiac cycle
modulation techniques may be used with any suitable number of emitters.

In some embodiments, the system may modulate light drive signal 1110 in away
related to the cardiac cycle. Light drive signal 1110 may correspondd the light drive
signal generated at step 902 of FIG. 9. In some embodiments, the system may turn on a
light drive signal for systole period 1102, turn off the light drive signal for diastole
period 1104, turn on the light drive signal for systole period 1106, and turn off the light
drive signal for diastole period 1108. Thus, the cardiac cycle modulation applied b light
drive signal 1110 may be substantially synchronous with the systole periods of the
cardiac cycle. In some embodiments, the system may turn on alight source before
systole periods 1102 and 1106 and turn off alight source following systole periods 1102
and 1106 so that the photonic signal can stabilize, so that the detector can stabilize, so
that the processing equipment can obtain extra samples for averaging, interpolating, or
decimating, for amplifier gain adjustmentst stabilize, for any other suitable reason, or
any combination thereof. The system may determine the time offsets between the "on"
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periods and the region of interest based on user input, predetermined parameters,
previous measurements, other suitable parameters, or any combination thereof. The
system may determine thetiming of the systole periods using historical information
from previous cardiac cycles, from an external sensor, from user input, from
measurements made with a different cardiac cycle modulation, by any other suitable
technique, or any combination thereof. It will be understood that the system may align
modulation with pulses of the heart, pulses of a particular muscle group, other suitable
pulses, any other suitable physiological function, or any combination thereof. It will
also be understood that modulation of the light drive signal (i.e, the "on" and " of
statesillustrated by light drive signal 1110) ismerely exemplary and may include
modulation of parametersincluding drive current or light brightness, duty cycle, firing
rate, modulation parameters, other suitable parameters, or any combination thereof. It
will also be understood that the "on™" and "off" states are merely exemplary and that the
system may use any suitable number of discrete or continuous modulation variations.

FIG. 12 shows another illustrative timing diagram 1200 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. In some |
embodiments, the system may vary alight drive signal such that a parameter is varied
concurrent with peaks or troughs in the PPG signal. Timing diagram 1200 may include
PPG signal 1202 and light drive signal 1204. PPG signal 1202 is shownwith arbitrary
units on the ordinate axis. Light drivesignal 1204 isshown in "on" or "off" states
without units associated with the ordinate axis. It will be understood that light drive
signal 1204 may provide alight drive signal to one or more emitters. It will also be
understood any suitable number of cardiac cycle modulation techniques may be used
with any suitable number of emitters.

In some embodiments, the system may modulate light drive signal 1202 in away
related b the cardiac cycle. Light drive signal 1204 may correspond to the light drive
signal generated at step 902 of FIG. 9. In some embodiments, the system may turn on a
light drive signal for point 1206 and point 1208. In some embodiments, point 1206 and
1208 may represent peaks or troughs, depending on the orientation of the PPG signal.
Thus, the cardiac cycle modulation appliedto light drive signal 1204 may be
substantially synchronouswith the troughs of the PPG signal. In some embodiments,
the PPG signal may be inverted such that the periods of interest asillustrated in plot
1200 are peaks. It will be understood that the system may identify periods of interest at
any point in the cardiac cycle and that those illustrated in plot 1200 are merely
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exemplary. For example, periods of interest may include peaks, valleys, troughs,
dicrotic notches, fiducial points, other suitable points, or any combinationthereof. In
some embodiments, the light drive signal may be in an "on" mode for both the peak and
trough of a PPG signal, and in an "off" mode for the rising and tailing portion of the
PPG signal. In some embodiments, the system may turn on a light source before peaks
1206 and 1208 and turn off alight source following peaks 1206 and 1208 so that the
photonic signal can stabilize, so that the detector can stabilize, so that the processing
equipment can obtain extra samplesfor averaging, interpolating, or decimating, for
amplifier gain adjustmentsto stabilize, for any other suitable reason, or any combination
thereof. The system may determine the time offsets between the "on" periods and the
region of interest based on user input, predetermined parameters, previous
measurements, other suitable parameters, or any combination thereof. The system may
determinethe timing of the PPG peaks using information from previous cardiac cycles,
from an external sensor, from user input, from measurements made with a different
cardiac cycle modulation, by any other suitabletechnique, or any combination thereof.
It will be understood that the system may align modulation with pulses of the heart,
pulses of aparticular muscle group, other suitable pulses, any other suitable
physiological function, or any combination thereof. It will also be understood that
modulation of the light drive signal (i.e, the "on" and "off" statesillustrated by light
drive signal 1204) ismerely exemplary and may include modulation of parameters
including drive current or light brightness, duty cycle, firing rate, modulation
parameters, other suitable parameters, or any combination thereof. It will also be
understood that the "on" and "off' states are merely exemplary and that the system may
use any suitable number of discrete or continuous modulation variations.

FIG. 13 showsanother illustrative timing diagram 1300 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. In some
embodiments, the system may vary alight drive signal such that aparameter isvaried
concurrent with receiving an external trigger, for example, an ECG. Timing diagram
1300 may include time periods related to the cardiac cycle, including systole period
1302, diastole period 1304, systole period 1306, and diastole period 1308. Timing
diagram 1300 may include ECG signal 1310, ECG-triggered pulse signal 1312, and light
drive signal 1314. ECG signal 1310 and ECG-triggered pulse signal 1312 are shown
with arbitrary units on the ordinate axis. Light drive signal 1314 isshownin"on" or
"off" stateswithout units associated with the ordinate axis. It will be understood that
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light drive signal 1314 may provide alight drive signal to one or more emitters. It will
also be understood any suitable number of cardiac cycle modulation techniques may be
used with any suitable number of emitters.

In some embodiments, the system may modulate light drive signal 1314 in away
related to the cardiac cycle. Light drive signal 1314 may correspond to the light drive
signal generated at step 902 of FIG. 9. In some embodiments, the system may receive
ECG signa 1310 from an ECG sensor, from an external system, from any other suitable
source, or any combination thereof. The system may process the ECG signal to
determine a point of interest in the ECG signal. For example, the system may identify R
wave peaks 1316 and 1318 in ECG signal 1310. In some embodiments, the systole
period may begin at atime substantially correlated to the R wave peak. It will be
understood that any suitable feature of any suitable external signal may be used to
trigger changesin light drive signal modulation. For example, other features of the ECG
may be identified. In afurther example, atime offset from aparticular ECG signa
feature may correlate the cardiac cycle modulation with a desired cardiac cycle feature
(e.g., aparticular number of milliseconds in advance or delay of aparticular ECG
feature). Inafurther example, the system may identify features of other external signals
such as an EEG, respiration rate, any other suitable signal, or any combination thereof.

The system may generate ECG-triggered pulse signal 1312 including asignal pulse
1320 substantially concurrent with R wave peak 1316 and signal pulse 1322
substantially concurrent with R wave peak 1318. In some embodiments, the system may
determine the timing of the ECG-triggered pulse cycles using historical information
from previous cardiac cyclesin addition to the instant pulse cycle. In some
embodiments, the system may receive only ECG-triggered pulse signal 1312 (i.e., the
ECG-triggered pulse signal may be generated by an external system). In some
embodiments, the system may generate ECG-triggered pulse signal 1312. In some
embodiments, the system may receive ECG-triggered pulse signal 1312 from user input
or from an external processing device not related to the ECG. In some embodiments, the
system may modulate light drive signal 1314 in away correlated to ECG-triggered pulse
signal 1312, ECG signal 1310, any other suitable signal, or any combination thereof.

For example, the system may change light drive signal 1314 during period 1324 to an
"on" state in response to signal pulse 1320 and during period 1326 to an "on" statein
response to signal pulse 1322. In some embodiments, the system may delay or advance
periods 1324 and 1326 in relation to signal pulses 1320 and 1322, respectively. For
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example, the system may delay or advancethe "on" state of the light drive signal to
account for adelay between the ECG signal measured near the heart and the features of
a PPG signal measured by a sensor remote from the heart (e.g., on adigit). In some
embodiments, multiple signal pulses or multiple pulse signals (not shown) may be used
o changethe state of the light drive signal. For example, the system may receive a

- second signal pulse associated with aphysiological parameter to turn the light drive
signal to an "off" state. In some embodiments, the duration of the "on" state following a
signal pulse (e.g., signal pulse 1320) may be a predetermined length of time, alength of
time determined by previous measurements, alength of time determined by data
collected during previous periods, alength of time set by user input, alength of time
determined by any other suitable technique, or any combination thereof.

It will be understood that the system may align light drive signal modulation with
pulses of the heart, pulses of aparticular muscle group, other suitable pulses, any other
suitable physiological function, or any combination thereof. It will also be understood
that modulation of the light drive signal (i.e., the"on" and "off" statesillustrated by light
drive signal 1314) ismerely exemplary and may include modulation of parameters
including drive current or light brightness, duty cycle, firing rate, modulation
parameters, other suitable parameters, or any combination thereof. It will also be
understood that the "on" and "off" states are merely exemplary and that the system may
use any suitable number of discrete or continuous modulation variations.

FIG. 14 shows another illustrative timing diagram 1400 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. In some
embodiments, the system may vary the light drive signal using atechnique that skips
cardiac cycles. Timing diagram 1400 may include time periods related to the cardiac
cycle, including pulse cycles 1406, 1408, 1410, 1412, 1414, 1416, and 1418. Timing
diagram 1400 may include PPG signal 1402, and light drive signal 1404. PPG sighal
1402 is shown with arbitrary units on the ordinate axis. Light drive signal 1404 is
shown in "on" or "off" stateswithout units associated with the ordinate axis. It will be
understood that light drive signal 1404 may provide a light drive signal to one or more
emitters. It will also be understood any suitable number of cardiac cycle modulation
techniques may be used with any suitable number of emitters. .

The system may vary the light drive signal in away correlated to the cardiac pulse
signal of the subject The system may generate an "on" light drive signal during one or
more cardiac cyclesand an "off' light drive signal during one or more cardiac cycles.
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For example, the system may generatean "on" light drive signal during period 1420
concurrent with pulse cycle 1406, an "off* light drive signal during pulse cycles 1408
and 1410, an "on" light drive signal during period 1422 concurrent with pulse cycle
1412, an "off" light drive signal during pulse cycles 1414 and 1416, and an "on" light
drive signal during period 1424 concurrent with pulse cycle 1418. It will be understood
that this particular modulation is merely exemplary and that any suitable inter-cycle
modulation may be used.

In some embodiments, the system may use an intra-cardiac cycle modulation as
described above during "on" periods 1420, 1422, and 1424 of the inter-cardiac cycle
modulation illustrated in timing diagram 1400. For example, the systemmay emit light
during any suitable intra-cycle period {e.g., systole period, diastole period, peak, etc.) of
pulse cycle 1406, 1412, and 1418, as described in flow diagram 900 of FIG. 9. In some
embodiments, the system may emit light from afirst light source during the " off"
cardiac cycles and emit light from a second light source during the "on" periods (or a
portion of the "on" periods), such that information related to the first light sourceis used
to determine when to generatethe second light drive signal as described in flow diagram
400 of FIG. 4.

The system may determine the timing of the cardiac cycles using historical
information from previous cardiac cycles, from an external sensor, from user input, from
measurements made with adifferent cardiac cycle modulation, by any other suitable
technique, or any combination thereof. It will be understood that the system may align
modulation with pulses of the heart, pulses of a particular muscle group, other suitable
pulses, any other suitable physiological function, or any combination thereof. It will
also be understood that modulation of the light drive signal (ie., the"on" and "off"
states illustrated by light drive signal 1110) is merely exemplary and may include
modulation of parameters including drive current or light brightness, duty cycle, firing
rate, modulation parameters, other suitable parameters, or any combinationthereof. It
will also be understood that the "on" and "off" states are merely exemplary and that the
system may use any suitable number of discrete or continuous modulation variations.

FIG. 15 showsanother illustrative timing diagram 1500 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. In some
embodiments, the system may vary alight drive signal such that a parameter isvaried
continuously according to a periodic waveform. Timing diagram 1500 may include time
periods related to the cardiac cycle, including systole period 1502, diastole period 1504,
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systole period 1506, and diastole period 1508. liming diagram 1500 may include PPG
signal 1510 and light drive signal 1512, shown with arbitrary units on the ordinate axis.
It will be understood that light drive signal 1512 may provide a light drive signal to one
or more emitters. It will also be understood any suitable number of cardiac cycle
modulation techniques may be used with any suitable number of emitters.

I n some embodiments, the system may modulate light drive signal 1512 in away
related to the cardiac cycle. Light drive signal 1512 may correspond to the light drive
signal generated at step 902 of FIG. 9. In some embodiments, the system may apply a
waveform modulation to light drive signal 1512 such that the waveform maxima are
substantially aligned with a cardiac cycle feature. For example, the system may align
peak 1520 of light drive signal 1512 with systole period 1502. The amplitude of light
drive signal 1512 may relate to drive current or light brightness, duty cycle, firing rate,
modulation parameters, other suitable parameters, or any combination thereof. In some
embodiments, the system may superimposethe amplitude of light drivesignal 1512 asa
cardiac cycle modulation envel ope function on the amplitudes of adrive cycle
modulation.

In some embodiments, the system may determine the position of systole period 1502
using PPG signal 1510. For example, the system may apply atime offset to PPG peak
1516 or PPG trough 1518 to determinethe center of the systole period, and the system
may adjust the light drive signal such that peak 1520 is aligned with the center of the
systole period. It will be understood that the system may align any suitable feature of
the waveform of light drive signal 1512 with any one or more suitable features of the
cardiac cycle. For example, the waveform may be aligned such that peak 1520is
correlated with diastole period 1504. 1n some embodiments, the waveform may be
aligned with features of the PPG signal. For example, peak 1520 may be aligned with
peak 1516, trough 1518, or adicrotic notch (not shown). It will be understood that these
alignments are merely exemplary and that any suitable feature of one signal may be
aligned with any suitable feature of the other.

I n some embodi ments, the system may modulate light drive signal 1512 with any
suitable periodic waveform, for example, a square wave, triangle wave, sawtooth wave,
sinusoidal wave, any other suitable wave, or any combination thereof. In some
embodiments, continuous periodic waveforms may be preferable to discontinuous
waveform (e.g., square waves) with regards b further processing steps. In some
embodiments, the system may determine the alignment of the waveform using
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information from previous cardiac cycles, from an external sensor, from user input, from
measurements made with adifferent cardiac cycle modulation, by any other suitable
technique, or any combination thereof. It will be understood that the system may align
modulation with pulses of the heart, pulses of a particular muscle group, other suitable
pulses, any other suitable physiological function, or any combination thereof. It will be
understood that the system may implement cardiac cycle modulationsin additionto
drive cycle modulations and conventional servo algorithms. It will be understood that
the amplitudes of light drive signal 1512 may represent amplitudes of any suitable
cardiac cycle modulation parameter, as described above. For example, amplitudes of
light drive signal 1512 may relate to parameters including drive current or light
brightness, duty cycle, firing rate, modulation parameters, other suitable parameters, or
any combination thereof.

FIG. 16 shows another illustrative timing diagram 1600 of a physiological monitoring
system in accordance with some embodiments of the present disclosure. In some
embodiments, the system may vary alight drive signal such that a parameter isvaried
continuously according b aperiodic waveform. Timing diagram 1600 may include PPG
signa 1610 and light drive signal 1612, shown with arbitrary units on the ordinate axis.
It will be understood that light drive signal 1612 may provide alight drive signal to one
or more emitters. It will also be understood any suitable number of cardiac cycle
modulation techniques may be used with any suitable number of emitters.

In some embodiments, the system may modulate light drive signal 1612 in away
related to the cardiac cycle. Light drive signal 1612 may correspond to the light drive
signal generated at step 902 of FIG. 9. In some embodiments, the system may apply a
waveform modulation b light drive signal 1612 such that the waveform maxima are
substantially aligned with a cardiac cycle feature. For example, the system may align
peak 1620 of light drive signal i612 with peak 1616 in PPG signal 1610. In another
embodiment, the system may align peak 1620 of light drive signal 1612 with PPG
trough 1618, adicrotic notch, afiducial point, any other suitable feature, or any
combination thereof. It will be understood that these alignments are merely exemplary
and that any suitable feature of one signal may be aligned with any suitable feature of
the other. For example, the system may apply atime offset © PPG peak 1616 or PPG
trough 1618 determine the desired location of peak 1620.

The system may determine the timing of the cardiac cycles using historical

information from previous cardiac cycles, from an externa sensor, from user input, from
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measurements made with a different cardiac cycle modulation, by any other suitable
technique, or any combination thereof. It will be understood that the system may align
modulation with pulses of the heart, pulses of a particular muscle group, other suitable
pulses, any other suitable physiological function, or any combination thereof. It will
also be understood that modulation of the light drive signa (i.e., the "on™ and " off'
statesillustrated by light drive signal 1612) is merely exemplary and may include
modulation of parameters including drive current or light brightness, duty cycle, firing
rate, modul ation parameters, other suitable parameters, or any combination thereof. It
will also be understood that the "on™ and "off" states are merely exemplary and that the
system may use any suitable number.of discrete or continuous modul ation variations.

FIG. 17 isflow diagram 1700 showing illustrative stepsfor decimating and
interpolating a signal in accordance with some embodiments of the present disclosure.
In some embodiments, the system may sampleasignal at different rates throughout a
cardiac cycle. The system may processthe sampled signal to produce an output signal
with aconstant rate. In some embodiments, the system may vary the sampling rate to
reduce or optimize power consumption. In some embodiments, sampling rate
modul ation may be correlated with light drive signal modulation. Varying the sampling
rate may reduce power consumption by reducing emitter drivetime and lowering
utilization of an analog-to-digital converter. In some embodiments, varying the
sampling rate may increase the time resol ution of identified features. For example, in a
continuous non-invasive blood pressure measurement wherethe pulse transit time is
used in calculations, increasing the sampling rate for a portion of the cardiac cycle may
result in more accurate and reliable physiological information. In another example,
varying the sampling rate around a cardiac pulse cycle feature, such asapeak or notch,
may increase the accuracy of determining the location of that featureintime. In some
embodiments, lower frequency or less critical parts of the cardiac pulse cycle may be
sampled at alower rate while maintaining highly accuracy and reliable physiological
parameter determination.

In step 1702, the system may receive asignal. The signal may be sampled a afirst
rate. The signal may be sampled using an analog-to-digital converter in the front end
processing circuitry. For example, an attenuated light signal may be convertedto an
analog electronic signal by a detector. The analog electronic signal may be convertedto
adigital signal a aparticular rate by an analog to digital converter, suchthat at each

sampling point the converter determines the amplitude of the analog signal (e.g., current
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or voltage) and outputs adigital word related to that amplitude. Therate a which
sampling occurs may be controlled by, for example, atiming control signal (e.g.,
provided by control circuitry 110 of FIG. 1). In some embodiments, the sampling rate
may represent the number of samplestaken during an "on" period of the drive cycle
modulation. In some embodiments, the sampling rate may represent the amount of time
between "on" periods.

In step 1704, the system may receive asignal and sample it a a second sampling rate.
For example, the period between samples may be increased or reduced. In some
embodiments, this may relate to ahigher resolution digitization of an analog signal. In
some embodiments, changesin the sampling period may vary continuously accordingto
some predetermined periodic waveform, may change as a step functions, may be varied
by any other suitable technique, or any combination thereof. 1n some embodiments, the
systemmay store, communicate, or otherwise utilize the sampling rate along with the
digitized sample. The'sampl ing rate may be used in subsequent processing steps.

In step 1706, the system may decimate or interpolate the received signalsto output
signals & a constant rate. 1n some embodiments, it may be desirable for further
processing to make the sampling rate constant throughout asignal. In some
embodiments, the system may select the first and second sampling ratesto ease or
improve the interpolation and decimation of step 1706. For example, the second rate
may be an integer multiple of the first rate.

The system may increase theémbl ing rate a a particular region in asigna by
interpolation. Interpolationmay add additional samples using information from the
existing samples. For example, a data point may be added between two existing data
points by calculating a mathematical average of the existing data. The system may use
more complex interpolation schemes such as linear interpolation, polynomial
interpolation, spline interpolation, any other suitable interpolation scheme, or any
combination thereof. Interpolation may include upsampling, where zero valued
segments are inserted into the digital signal. Upsampling may be followed by filtering
to smooth the output In some embodiments, filtering may be carried out by processing
equipment discrete from sampling processing equipment, by integrated processing
equipment, or any combination thereof. Interpolation may be carried out using hardware
equipment, software equipment, or any combination thereof.

The system may decreasethe sampling rate at a particular region in asignal by

decimation. Decimation may decrease the sampling rate by removing samples from a
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signal. Decimation techniques may include downsampling, where segments of a sample
areremoved. Downsampling may include or be followed by filteringto smooth the
output signal. It will be understood that a decimated signal originally sampled at a
higher sampling rate may provide improved data as compared to asignal initially
sampled a alower rate. In some embodiments, interpolation may be used to decrease
the sampling rate. For example, interpolation may decrease the sampling rate by
replacing samplesin asignal with a smaller number of samples.

The desired sampling rate may be determined based on the highest sampling rate
available in the samples, the lowest sampling rate available in the samples, the
downstream processing equipment, any other suitable determining factors, or any
combination thereof. In some embodiments, a signal may be decimated, interpolated, or
both, depending on the sampling rates used throughout and the desired output sampling
rate. It will be understood that the output rate may not be a constant rate. It will alsobe
understood that sampling rate is one of the componentsthat may be modulated in
cardiac cycle modulation as described above. It will also be understood that the earlier
described embodimentsrelating to varying light output may aso apply to sampling rate.

In some embodiments, the sampling rate may represent the number of samplestaken
during an "on" period of the drive cycle modulation. For example, an"on" period may

-be"on" period 202 of FIG. 2A. The system may samplethat drive cycle modulation

"on" period alower number of times & alow sampling rate, and a greater number of
times & ahigh samplingrate. In this embodiment, the firing rate of the emitters may not
be modulated along with the anal og-to-digital sampling rate. For example, a alow
sampling rate, the system may sample once per “on" period, while a ahigh sampling
rate the system may take several samplesper "on" period and averagethem. In some
embodiments, averaging multiple samplesfor the same "on" period may include
oversampling techniques.

In some embodiments, the sampling rate may represent the amount of time between
"on" periods. -For example, thetime between "on" periods may bethe length of time of
"off" period 220 of FIG. 2A. Increasing the duration of the "off" periods (i £,
decreasingthe emitter firing rate) relates to a decreased sampling rate. Similarly,
decreasing the duration of the "off' periods (i.e., increasing the emitter firing rate)
relates to an increased sampling rate.

FIG. 18 shows an illustrativetiming diagram of aphysiological monitoring system
including sampling rate variation in accordance with some embodiments of the present
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disclosure. Plot 1800 may include systole periods 1802 and 1806, and diastole periods
1804 and 1808. Plot 1800 may include PPG signal 1810, light drive signal 1812, raw
sampling rate signal 1814, and decimated sampling rate signal 1816.

The vertical linesillustrated in raw sampling rate signal 1814 and decimated sampling
rate signal 1816 may be indicativé of individual samples, or arepresentative sampling
rate, as described above. Thus, an increased number of vertical linesin aregion may be
indicative of arelatively higher sampling rate, while a decreased number of vertical lines
in aregion may be indicative of arelatively ‘I ower sampling rate. The system may vary
other cardiac cycle modulation parameters along with sampling rate. For example, as
illustrated by light drive signal 1812, the system may sample at ahigh rate during high
light drive signal period 1820, as indicated by high raw sampling rate period 1822 and
sample a alow rate during lower during a low light output drive signal 1830, as
indicated by low réw sampling rate period 1826. The amplitude of light drive signal
1812 may relate to modulation of parameters including drive current or light brightness,
duty cycle, firing rate, modul ati on parameters, other suitable parameters, or any
combination thereof. It will be Qnddﬂood that the square wave modulation of light
drive signal 1812 ismerely exemplary and that any suitable modulation technique may
be used.

Inthe example illustrated in plot 1800, the high light drive signal period 1820is
substantially aligned with systole period 1802, though it will be understood that the
system may use any suitable cardiac cycle modulation technique and may correlate
modulation features with any suitable signal elements. The system may use arelatively
high raw sampling rate period 1822 for aperiod substantially aligned with high light |
drive signal period 1820. The system may use arelatively low raw sampling rate period
1826 for a period substantially aligned with low light drive signal period 1830.

In some embodiments, the system may use a high sampling rate during the high light
output periods and a low sampling rate during low light output periods to reduce power
consumption while still obtaining high quality determinations of physiological
parameters. It will be understood that the particular sampling rates shown in plot 1800
are merely exemplary and that the system may employ any suitable sampling rate and
any suitable sampling rate modulation.

In some embodiments, the system may process raw sampling rate signal 1814to
produce decimated sampling rate signal 1816 by decimation, interpolation, any other
suitable sampling rate modification, or any combination thereof. Asused herein, "raw"
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refers to the sampling rate a the analog-to-digital converter prior to interpolation or
decimation. It will be understood that the system may decimate and interpolate samples
using any suitable hardware technique, software technique, or any combination thereof.
Inthe exampleillustrated in plot 1800, the raw sampling rate signa 1814 during high
raw sampling rate period 1822 is decimated to alower sampling rate in one or more
processing stepst produce decimated sampling rate signal 1816 in sampling rate period
1824. Low sampling rate period 1826 of raw sampling rate signal 1814 iskept the same
in sampling rate period 1828 of decimated sampling rate signal 1816. Thus, whilethe
sampling rate in raw sampling rate signal 1814 varies throughout the cardiac cycle, the
sampling rate in the decimated sampling rate signal 1816 is constant throughout the
cardiac cycle. In another embodiment (not shown), the sampling during low sampling
rate period 1826 may be interpolated d increase the sampling rate to match that of high
sampling rate period 1822 to produce a decimated sampling rate signal 1816 with a
constant sampling rate. In another embodiment, sampling rates may be decimated,

interpolated, or acombination thereof to achieve a constant sampling rate in decimated

sampling rate signal 1816.

In some embodiments, the system may alter sampling rate modulation,- s%ampl ingrate
decimation, and mpling rate interpolation to optimize power consumption. For
example, the system may use a modulated method when powered by battery power and a
constant sampling rate when powered by an external power source. In some
embodiments, the sampling rate may be modulated using a step function (asillustrated
in FIG. 18), by multiple step functions, by a periodic continuous function, by any other
suitable modulation, or any combination thereof.

FIG. 19isflow chart 1900 showing stepsto adjust a cardiac cycle modulation based
on aphysiological condition in accordance with some embodiments of the present
disclosure.

In step 1902, the system may perform a physiological measurement in a first mode.
The first mode may be, for example, afirst cardiac cycle modulation technique.

In step 1904, the system may detect a physiological condition. For example, the
system may detect dysrhythmia, anhythmia, fibrillation, non-periodic heartbeat,
tachycardia, other cardiac irregularity, or any combination thereof. The system may also
detect no heartbeat. In some embodiments, the system may false-positive detect a
physiological condition in the presence of noise, ambient light, a loss of detector signal,
any other suitable reason, or any combi natioh thereof. In some embodiments, the
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system may detect a physiological parameter, for example, alow blood oxygen
saturation, low pulse rate, high pulse rate, high blood pressure, low blood pressure, any
other suitable condition, or any combination thereof. 1n some embodiments, the system
may detect a signal indicative of asystem error such asaphysiologically impossible
value, aprobe-off signal, any other suitable signal, or any combinationthereof. The
system may detect the physiological condition using information obtained through
measurementsin step 1902, from an external sensor or controller, by any other suitable
technique, or any combination thereof.

In some embodiments, the system may detect a condition where a second modeis
required that isnot related to aphysiological condition. For example, the system may
detect a change in background noi se,- achangein ambient light, a change in the available
power, other suitable changes, or any combination thereof. In some embodiments, an
increase in the number of identified fiducia points (e.g., zero crossings of the
derivatives) may causethe systemto vary drive signals.

In step 1906, the system may perform a physiological measurement in a second mode.
For example, the system may stop cardiac cycle modulation and emit light & aconstant
brightness. 1n afurther example, the system may increase the emitter intensity used in a
cardiac cyclemodulation. In afurther example, the system may lengthenthe "on”
periods of acardiac cycle modulation. In afurther example, the system may alter the
cardiac cycle modulation technique as described above with relationto FIG. 8B. In
some embodiments, a non-periodic heartbeat may make cardiac cycle modulation not
desirable or not possible. In some embodiments, the system may returnto the first mode
after the detected physiological condition ceases, after a predetermined time period, after
receiving user input, after any other suitable command, or any combination thereof. In
some embodiments, when performing the measurement in a second mode, the system
may also notify thé user by an alarm, by adisplay, by any other suitable notification
technique, or any combination thereof.

FIG. 20isillustrativetiming diagram 2000 of a system operating in a first and second
mode following detection of aphysiological condition in accordance with some
embodiments of the present disclosure. Plot 2000 may include PPG signal 2004 and
cardiac cycle modulation 2006. PPG signal 2004 may include normal cardiac waveform
period 2008 and abnormal cardiac waveform period 2010. For example, abnormal
cardiac waveform period 2010 may include the heart ceasing to beat (i.e., "flatline") or
entering a cardiac dysrhythmia (eg., ventricular fibrillation, atrial fibrillation, AV
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blockage). At point 2018, the system may detect in PPG signal 2004 the beginning of
abnormal cardiac waveform period 2010. Asdescribed above, the system may detect
abnormal cardiac waveform period 2010 by processing PPG signal 2004 during normal
cardiac internal 2008, by an external trigger, from any other suitableinput, or any
combination thereof. 1n some embodiments, the system may output light using cardiac
cycle modulation 2006. For example, the system may output light or vary any suitable
light drive signal component with sinusoidal modulation during period 2012
substantially aligned with normal cardiac operation period 2008. The system may
change the cardiac cycle modulation technique a point 2016 based on the abnormal
cardiac waveformidentified & point 2018. For example, the system may output light at
constant brightness during period 2014 substantially aligned with abnormal cardiac
waveform period 2010. It will be understood mat sinusoidal modulation 2012 ismerely
exemplary and that the system may use any suitable modulation technique. It will also
be understood that there may be atime offset between identifying the abnormal cardiac
waveform at point 2018 and modifying the modul ation technique & point 2016, and that
the delay illustrated in plot 2000 is merely exemplary.

FIG. 21 isanother illustrativetiming diagram 2100 of a system operatingin afirst
and second mode following detection of aphysiological condition in accordance with
some embodiments of the present disclosure. Plot 2100 may include PPG signal 2102,
red light drive signal 2104 and IR light drive signal 2016. PPG signal 2102 may include
normal cardiac waveform period 2108 and abnormal cardiac waveform period 2110.
For example, abnormal cardiac waveform period 2110 may includethe heart ceasingto
beat or entering acardiac dysrhythmia. At point 2112, the system may detect in PPG
signal 2102 the start of abnormal cardiac waveform period 2110. Asdescribed above,
the system may detect abnormal cardiac waveform period 2110 by processing PPG
signal 2102 during normal cardiac waveform interval 2108, by an external trigger, from
any other suitable input, or any combination thereof. In some embodiments, the system
may output light using a cardiac cycle modulation shown by red light drive signal 2104
and IR light drive signal 2016. For example, the system may output IR light with a
constant output, as indicated by the solid block of IR light drive signal 2016. The
system may modulate red light output with a square wave, as indicated by the broken
blocks of red light drive signal 2104 in modulated light period 2114. The system may
change the cardiac cycle modulation technique at point 2118 based on the abnormal
cardiac waveformidentified & point 2112 in PPG 2102. For example, the system may
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output light at constant brightness during period 2116 substantially aligned with
abnormal cardiac waveform period 2110. In afurther example, where in the first mode
the system emits light from afirst light source a a constant rate and a modul ated
intensity from a second light source, the system may switch to a constant brightnessfor
both the first and second light sources. It will be understood that the square wave
modulation of modulated light period 2114 ismerely exemplary and that the system may
use any suitable modulation technique. 1t will also be understood that there may be a
time delay between identifying the abnormal cardiac operation at point 2112 and
modifying the modulation technique a point 2118, and that the delay illustrated in plot
2100 is merely exemplary.

FIG. 22 isflow diagram 2200 showing illustrative steps for identifying featuresin a
signal in accordance with some embodiments of the present disclosure. In some
embodiments, the system may perform processing stepsto identify points of interest in a
signal. The signal may be, for example, areceived attenuated photonic signal. In some
embodiments, the system may use the identified points of interest in adjusting cardiac
cycle modulation. Identified points of interest may include local maximaand minima of
a PPG signdl, fiducial points, any other suitable points, or any combination thereof. In
some embodiments, identification of fiducials may be intra-channel, where information
from asignal isused to identify fiducialsin that signal. In some embodiments,
identification of fiducial may be inter-channel, where information from afirst signal is
used to identify fiducialsin a second signal. The system may use any suitable
combination of inter-channel and intra-channel identification techniques. The selection
of an inter-channel or intra-channel identification technique may depend, in part, on the
light sources and the cardiac cycle modulation technique.

In step 2202, the system may receive asignal. The signal may be, for example, an
attenuated photonic signal. The signal may have been detected by adetector. The
detected signal may be processed by processing equipment including, for example,
digitizers, filters, decimators, interpolators, other suitable processing equipment, or any
combination thereof. In some embodiments, the system may amplify the received signal
using front end processor circuitry. The gain of the amplifier may be adjusted based on
the emitted light brightness, historical information related to the brightness of prior
received attenuated signals, other suirtable information, or any combination thereof, so
that the amplified signal matches the range of the anal og-to-digital converter and thus

increasesresolution. In some embodiments, the system may account for the gain using
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hardware, software, or any combination thereof, such that the original intensity
information is retained.

In step 2204, the system may calculate a second signal related b the first signal. For
example, the system may calculate the derivative of the signal. In some embodiments,
the system may calculate the second, third, fourth, or any other suitable derivative of the
signal. The "derivative" isunderstood to bethe rate of change of a signal, and n-th
(where n isunderstood to represent apositive integer) derivatives are understood b be
iterative applications of the derivative calculation. In some embodiments, the system
may calculate an integral, moving average, any other suitable function, or any
combination thereof. "Fiducials’ are understood to represent points of interest that may
correspond to features in asignal. Fiducials may be associated with zero crossings of
the derivative of asignal.

In step 2206, the system may identify features of the second signal such as fiducials.
In some embodiments, the system may identify zero crossings of the second signal. In
some embodiments, the system may identify crossings of anon-zero threshold.

In step 2208, the system may correlate identified features of the second signal with the
first signal. 1n some embodiments, when the second signal isthe first derivative of the
first signal, the system may correlate zero crossings of the second signal as local maxima
and minima of the first signal. In some embodiments, where the second signal isthe
second derivative of the first signal, the system may correlate zero crossings of the
second signal as inflection points of the first signal. The system may use higher order
derivatives to identify other points inthe first signal. 1n some embodiments, zero
crossings of the second derivative may be associated with cardiovascular aging.

In some embodiments, anon-zero threshold crossing of the second signal may be used
in deterauning cardiac cycle modulation (illustrated in FIG. 25 discussed below). For
example, where the system desires to measure a feature located at the zero crossing of
the second signal, it may turn on the light source when the signal isat some small, non-
zero level such that the light source will be stabilized once the zero crossing isreached.
Similarly, the system may use a subsequent non-zero crossing as aturn-off point.

In some embodiments, .the system may use aphotonic signal from afirst light source
to determine fiducials and other points of interest, and modulate a second light source
based on the information determined using the first light source (e.g., using the method
described by flow diagram 400 of FIG. 4). In some embodiments, the system may use
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fiducials and other pointsto modul ate light drive signals, sampling rates, other suitable
parameters, or any combination thereof.

It will be understood that the above identified algorithms for identifying fiducials and
other points of interest are merely exemplary and that the system may use any suitable
algorithm or technique, implemented in hardware, software, or any combination thereof.

FIG. 23 isillustrative plot 2300 of awaveform showing identification of fiducialsin
accordance with some embodiments of the present disclosure. Plot 2300 may include
waveform 2304 and first derivative 2302, where first derivative 2302 is determined by
calculating the derivative of waveform 2304. Waveform 2304 may bethe first signal of
step 2202 of FIG. 22 and first derivative 2302 may be the second signal of step 2204. In
some embodiments, zero crossings of the first derivative may be identified as fiducial
points. Zero crossing 2306 of first derivative 2302 may be identified, for example, in
step 2206 of FIG. 22. The system may identify local minimum 2308 of waveform 2302
inrelationd zero crossing 2306. In some embodiments, the system may identify the
negative-to-positive nature of zero crossing 2306 and thus identify local minimum 2308
asaminimum. Similarly, the system may identify the positive-to-negative nature of
zero crossing 2310 and thus identify local maximum 2312 as a maximum.

FIG. 24 isanother illustrative plot 2400 of a waveform showing identification of
fiducials in accordance with some embodiments of the present disclosure. In some
embodiments, the system may identify the zero crossings of a second derivative and
relate them to fiducial points on thereceived signal.

Plot 2400 may include waveform 2402, first derivative 2404 and second derivative
2406, where the first and second derivatives are derivatives of waveform 2402, as
described above. In some embodiments, the system may identify the zero crossings of
second derivative 2406. For example, second derivative 2406 may have a zero crossing
at point 2410. The systemmay rel ate the position of point 2410 with point 2412 on
waveform 2402. In some embodiments, the system may determine the amplitude of
waveform 2402 at point 2412 and include that information in further processing of a
physiological parameter. For example, information related to the zero crossings of
second derivativesmay be used in part in determining cardiovascular aging. In some
embodiments, information from multiple derivativesmay be combined. For example,
when the first derivative is approaching zero, the second derivative may be used to
estimate how quickly it will approach zero. In another example, when fiducial points
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are based on the second derivative, the third derivativemay be used in part b determine
the optical light drive signal.

Waveform 2402 may be thefirst signal of step 2202 of FIG. 22 and second derivative
2404 may be the second signal of step 2204. The zero crossings of the second derivative
may be the features identified in step 2206. '

FIG. 25isanother illustrative plot 2500 of awaveform showing identification of
fiducials in accordance with some embodiments of the present disclosure. In some
embodiments, the system may use non-zero threshold crossingsto identify aregion of
interest surrounding afiducial or other point of interest In some embodiments, the
system may turn on alight source before adesired point of interest and turn off alight
source following a point of interest so that the photonic signal can stabilize, so that the
detector can stabilize, so that the processing equipment can obtain extra samplesfor
averaging, interpolating, or decimating, for any other suitable reason, for amplifier gain
adjustmentsto stabilize, or any combination thereof. In some embodiments, the system
may use historical information from previous pulse cyclesin determining thresholds. In
some embodiments, the systemmay collect datawithout using cardiac cycle modulation
until enough information is collected to determine thresholds and other alignment
information for cardiac cycle modulation. In some embodiments, the system may adjust
thresholds using historical information from previous cardiac cycle modulated pulse
cycles. In some embodiments, the system may determine ensemble averages of previous
pulse cycles. In some embodiments, the system may use multiple thresholds depending
on the period of interest, the light source, the cardiac cycle modulation, the drive cycle
modulation, convention servo agorithms, other suitable criteria, or any combination
thereof. In some embodiments, the system may use the shape, slope, trend, derivatives,
other suitable information, and any combination thereof, to detennine parametersfor
cardiac cycle modulation (e.g., emitter brightness).

Plot 2500 may include waveform 2502 and derivative2504. Thresholds may include
zero threshold 2506, positive threshold 2508, and negative threshold 2510. In some
embodiments, the positive and negative threshold offsets from zero may or may not be
equal. In some embodiments, the offsets may be determined by user input, by
predetermined values, by processing of previous data, by system settingsrelated to the
sensor and detector, by system settingsrelated b the physiological parameter
determined, by any other suitable parameters, or any combination thereof.
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The system may identify threshold crossings of derivative 2504. For example, the
system may identify positive threshold crossing 2512, zero threshold crossing 2516, and
negative threshold crossing 2518. The system may use these points to determine light
drive signals, to vary cardiac cycle modulation, to vary any other suitable parameters, or
any combination thereof. The system may correlate threshold crossings with points on
waveform 2502, for example, correlating positive threshold crossing 2512 with point
2520, zero threshold crossing 2516 with point 2422, and negative threshold crossing
2518 with point 2524. For example, in an embodiment described by flow diagram 400
of FIG. 4, where a second photonic signal is controlled using in part information
determined by a first photonic signal, positive threshold crossing 2512 may be used as a
turn on point for the second photonic signa and negative threshold crossing 2518 may
be used asaturn off point for the second photonic signal. The systemwould thus
sample waveform 2502 from point 2520 to 2524 (i.e., segment 2526) with, for example,
the second photonic signal. In some embodiments, information related to threshold
crossings may be used to determine other information related to waveform 2502. For
example, the order of positive and negative threshold crossings of afirst derivative may
be used to identify arelated zero crossing as alocal maximum or minimum.

FIG. 26isillustrative plot 2600 of waveforms showing pulse identification in
accordance with some embodiments of the present disclosure. Plot 2600 may include
PPG signal 2602, systole period modulated PPG signal 2604, and diastole period
modulated PPG signal 2606. Plot 2600 may be shown with arbitrary units on the
ordinate axis and time on the abscissa. The signals shownin plot 2600 are simulated
sawtooth-shaped 60 BPM IR waveformswith a moderate amount of noise (e.g.,
Gaussian noise from approximately 0-5 Hz with amplitude independent of emitter
output). The signals provide examplesthat illustrate when cardiac cycle modulationis
properly selected, the accuracy of monitoring functions can be enhanced. Thecircles
shown in plot 2600 indicate the occurrence of local minimaand maximausing, for
example, aroughly 150 mswindow centered on each sample.

PPG signa 2602 may be representative of a PPG signal determi ned usi ng afixed
power output throughout the cardiac cycle. Identified local maximum 2608 and local
minimum 2610 are representative of a correctly identified peak and valley of
physiological pulsein PPG signal 2602. Theidentified local maximum and minimum in
region 2611 arerepresentative of noise and do not correctly identify the peak and valley
of aphysiological pulse.
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Systole period modulated PPG signal 2604 may be representative of a PPG signal
determined using a cardiac cycle modulation, where the light source is modulated with a
sinusoidal waveform that varies the brightness of the emitter from 50-150% of the mean.
The peak emitter output is centered during the systole period of the cardiac cycle. For
example, the light drive signal may drive an IR modulated LED using sinusoidal cardiac
cycle modulation where peak LED output occurs during systole. In afurther example,
the cardiac cycle modulations may relate to cardiac cycle modulations illustrated in plot
500 of FIG. 5 and plot 1100 of FIG. 11. Identified local maximum 2614 and local
minimum 2612 are representative of acorrectly identified peak and valley of a
physiological pulse. The identified maxima and minima in, for example, regions 2616
and 2618 are representative of noise and do not correctly identify the peak and valley of
aphysiological pulse. Because systole period modulated PPG signal 2604 uses lower
power during the diastole portion of the cardiac cycle, noise may have a greater
influence and cause spurious local maxima and minima to appear in the diastole portion
of signal 2604. In some embodiments, the increased effect of noise during the diastole
portions may reduce the accuracy or reliability of apulse determination.

Diastole period modulated PPG signal 2606 may be representative of a PPG signal
detennined using a cardiac cycle modulation, where the light source is modulated with a
sinusoidal waveform that varies the brightness of the emitter from 50-150% of the mean.
The peak emitter output is centered during the diastole period of the cardiac cycle. For
example, the light drive signal may drive an IR modulated LED using sinusoidal cardiac
cycle modulation where peak LED output occurs during diastole. In afurther example,
the cardiac cycle modulations may relate to cardiac cycle modulations illustrated in plot
600 of FIG. 6 and plot 1000 of FIG. 10. Identified local maximum 2620 and local
minimum 2622 are representative of a correctly identified peak and valley of a
physiological pulse. Diastole period modulated PPG signal 2606, however, does not
include any spurious local maxima and minima due to noise. For example, region 2624
of diastole period modulated PPG signal 2606 does not include a spurious local
maximum and minimum whereas corresponding region 2616 of systole period
modulated PPG signal 2604 includes a spurious local maximum and minimum.

In view of the foregoing, for pulse identification techniques in the presence of
moderate noise, the diastole period cardiac cycle modulation technique may provide
improved performance. For example, diastole period cardiac modulation may result in
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reduced identification of spuriouspairs of incorrectly identified local maxima and
minima,

Pulse amplitude and variations thereof are common calculationsin physiological
monitors. The simulated waveformsof plot 2600 of FIG. 26 may be used to calculate
pulse amplitudes (i.e., the differences between maxima and minima). The calculations

may be computed on the maxima and minima of correctly identified pulses. Based on

this analysis, it may be determined that noise contributes coefficients of variation of

2.6%, 1.9%, and 3.8% to the computed pulse amplitudes of PPG signal 2602, systole
period modulated PPG signal 2604, and diastole period modulated PPG signal 2606,
respectively. Acrordingly, for pulse amplitude cal culation techniquesin the presence of
moderate noise, the systole period cardiac cycle modulation technique may provide
improved performance.

FIG. 27 isillustrativeplot 2700 of waveforms showing dicrotic notch identification in
accordance with some embodiments of the present disclosure. Plot 2700 may include
PPG signal 2702, notch high modulated PPG signal 2704, and notch low modul ated
PPG signal 2706. "Notch high" will be understood b represent a cardiac cycle
modul ation technique where the light source brightness is relatively high during the
dicrotic notch. "Notch low" will be understood b represent a cardiac cycle modulation
technique where the light source brightnessisrelatively low during the dicrotic notch.
For example, notch high modulated PPG signal 2704 may include asignal wherethe
phase rel ationship between pulse and LED output has been shifted so that the maximum
LED output is aligned with the occurrence of the dicrotic notch. In afurther example,
the notch low modulated PPG signal 2706 may include a signal wherethe phase
relationship between pulse and LED output has been shifted so that the minimum LED
output is aligned with the occurrence of the dicrotic notch. Phase Vrel ationships may be
determined, for example, using information from prior pulse cycles. Plot 2700 may be
shown with arbitrary units on the ordinate axis and time on the abscissa. The signals
shown in plot 2700 are simulated sawtooth-shaped 60 BPM IR waveformswith a
moderate amount of noise (e.g., Gaussian noise from approximately 0-5 Hz with
amplitude independent of emitter output). The signals provide examplesthat illustrate
when cardiac cycle modulation is properly selected, the accuracy of monitoring
functions can be enhanced. The circles shown in plot 2700 indicate the occurrence of

pulse minima and notch minima. Minimamay be identified using any suitable
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processing technique. In some pulse cycles, pulse and or notch minimamay be
obscured by noise and not indicated.

PPG signal 2702 may be representative of a PPG signal determined using a fixed
power output throughout the cardiac cycle. Identified pulse minimum 2708 and dicrotic
notch minimum 2710 are representative of acorrectly identified dicrotic notchin a
physiological pulse in PPG signal 2702.

Notch high modulated PPG signal 2704 may be representative of a PPG signal
determined using a cardiac cycle modulation, where the light source is modulated with a
sinusoidal waveformthat variesthe brightness of the emitter from, for example, 50-
150% of the mean. The peak emitter output is centered during the dicrotic notch period
of the cardiac cycle. For example, the light drive signal may drive an IR modulated
LED using sinusoidal cardiac cycle modulation where peak LED output occurs during
the dicrotic notch. In afurther example, the cardiac cycle modulations may relate to
cardiac cycle modulationsillustrated in plot 700 of FIG. 7 and plot 1200 of FIG. 12.
| dentified pulse minimum 2712 and dicrotic notch minimum 2714 are representative of a
correctly identified dicrotic notch in aphysiologica pulse in notch high modul ated PPG
signal 2704.

Notch low modulated PPG signal 2706 may be representative of a PPG signal
determined using a cardiac cycle modulation, where the light source is modulated with a
sinusoidal waveform that varies the brightness of the emitter from, for example, 50-
150% of the mean. The minimum emitter output is centered during the dicrotic notch of
the cardiac cycle. For example, the light drive signal may drive an IR modulated LED
using notch low cardiac cycle modulation where minimum LED output occurs during
the dicrotic notch. In afurther example, the cardiac cycle modulationsmay relate b
cardiac cycle modulationsillustrated in plot 700 of FIG. 7 where the "on" period of the
red light drive signal isindicative of the cardiac cycle minimum, and plot 1200 of FIG.
12 where the "on" period of theklight' drive signal isindicative of the cardiac cycle
minimum. Identified pulse minimum 2716 and dicrotic notch minimum 2718 are
representative of a correctly identified dicrotic notch in aphysiological pulsein notch
high modulated PPG signal 2704. Because notch low period modul ated PPG signal
2706 uses lower power during the dicrotic notch portion of the cardiac cycle, noise may
have a greater influence on the detection of the pulse minimum and dicrotic notch

minimum of notch low modulated PPG signal 2706. In some embodiments, the
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increased effect of noise during the dicrotic notch portions may reduce the accuracy or
reliability of apulse determination.

Dicrotic notch and variationsthereof are common calculations in physiological
monitors. Continuous non-invasiveblood pressure measurements may be based on a
differential pulse transit time. The differential pulse transit time may be based in part on
the interval, magnitude, or interval and magnitude of the dicrotic notch, relativeto the
pulse minimum. The simulated waveformsof plot 2700 of FIG. 27 may be used to
calculate the notch interval and magnitude (i.e,, the differences between the pulse
minimum and the dicrotic notch minimum). The calculations may be computed on the
pulse minimum and notch minimum of correctly identified cycles. Based on this
analysis, it may be determined that the notch interval standard deviation was 24ms,
14ms, and 32msfor the computed dicrotic notches of PPG signal 2702, notch high
modulated PPG signal 2704, and notch low modulated PPG signal 2706, respectively. It
may be determined that the notch magnitude standard deviation was4.0% of the pulse
amplitude, 1.9% of the pulse amplitude, and 6.2% of the pulse amplitude for the
computed dicrotic notches of PPG signal 2702, notch high modulated PPG signal 2704,
and notch low modulated PPG signal 2706, respectively. Accordingly, for dicrotic notch
related cal culation techniques in the presence of moderate noise, the notch high cardiac
cycle modul ation technique may provide improved performance. In some embodiments,
optimal cardiac cycle modulation for identification or analysis of the dicrotic notch may
include a maximum output centered on the dicrotic notch, which may be slightly after
the systole period. More generally, a modulation technique with amaximum emission
centered on any pulse feature may increasethe accur'acy or reliability of that particular
pulse feature.

FIG. 28 isillustrative plot 2800 of waveforms showing PPG signalsin accordance
with some embodiments of the present disclosure. Plot 2800 may include PPG signal
2802, systole period modulated PPG signal 2804, and diastole period modulated PPG
signal 2806. Plot 2800 may be shown with arbitrary units on the ordinate axis and time
on the abscissa. The signals shown in plot 2800 are simulated sawtooth-shaped 60 BPM
red waveformswith a moderate amount of noise (e.g., Gaussian noise from
approximately 0-5 Hz with amplitude independent of emitter output). Thered
waveforms may be 25% of the intensity of the IR waveforms, as may occur in patients
with dark skin pigmentation. As aresult, the signalsillustrated in FIG. 28 may have
reduced signal quality as comparedto, for example, plot 2600 of FIG. 26. The signals
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provide examples that illustrate that when cardiac cycle modulation is properly selected,
the accuracy of monitoring functions can be enhanced.

Systole period modulated PPO signal 2804 may be representative of a PPG signal
determined using a cardiac cycle modulation, where the light source is modulated with a
sinusoidal waveform that varies the brightness of the emitter from 50-150% of the mean.
The peak emitter output is centered during the systole period of the cardiac cycle. For
example, the light drive signal may drive ared modulated LED using sinusoidal cardiac
cycle modulation where peak LED output occurs during systole. In afurther example,
the cardiac cycle modulations may relate to cardiac cycle modulations illustrated in plot
1100 of FIG. 11.

Diastole period modulated PPG signal 2806 may be representative of a PPG signal
determined using a cardiac cycle modulation, where the light source is modulated with a
sinusoidal waveform that varies the brightness of the emitter from 50-150% of the mean.
The peak emitter output is centered during the diastole period of the cardiac cycle. For
example, the light drive signal may drive red modulated LEDS usi ng sinusoidal cardiac
cycle modulation where peak LED output occurs during diastole. In afurther example,
the cardiac cycle modulations may relate to cardiac cycle modulations illustrated in plot
1000 of FIG. 10. _

Ratio-of-ratio calculations are common calculations in pulse oximeters. Ratio-of-ratio
calculations may use IR and red (or some other combination of wavelengths) b
determine oxygen saturation. The calculation may include wavel ength-dependent and
empiricaly determined calibration factors. The ratio-of-ratio calculation term may be

approximated as:

(Redmax — Redmin)
Redmean
(IRmax — IRmin)

IRmean

where terms relate to the maximum, minimum, and mean amplitudes of the associated
signals. In some embodi ments, the term may be calculated for each pulse cycle.

The simulated waveforms of plot 2800 of FIG. 28 may beused b calculate the ratio-
of-ratios. The ratio-of-ratios term for the signals of plot 2800, in the absence of noise
may be 1.0 for each pulse cycle. Based on the analysis of illustrated signals with
included noise, it may be determined that the mean ratio-of-ratios term is 1.013 with a
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standard deviation of 0.243, 0.995 with a standard deviation of 0.164, and 1.103 with a
standard deviation of 0.51 1for the computed pulse cycles of PPG signal 2802, systole
period modulated PPG signal 2804, and diastole period modulated PPG signal 2806,
respectively. Accordingly, for ratio-of-ratios calculation techniques in the presence of
moderate noise, the systole period cardiac cycle modulation technique may provide
improved performance. .

The foregoing ismerely 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 explicitly described herein. Accordingly, it isemphasized that this disclosure
isnot limited to the explicitly disclosed methods, systems, and apparatuses, but is
intended to include variations to and modifications thereof, which are within the spirit of

the following claims.
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What is claimed:

1 A method of operating a physiological monitor, the method comprising:

generating alight drive signal for activating a light sourceto emit a
photonic signal, wherein at least one parameter of the light drive signal is configured to
vary substantially synchronously with physiological pulses of a subject and wherein the
at least one parameter is at least one of light intensity, light source firing rate, and duty
cycle.

2. The method of claim 1, wherein the at |east one parameter of the light drive
signal comprisesthe light intensity.

3. The method of claim 1, wherein the at |east one parameter of the light drive
signal comprisesthe light sourcefiring rate.

4. The method of claim 1, further comprising:

receiving alight Sl gnél attenuated by the subject; and

samplingthe light signal a a sampling rate, wherein the sampling rate
varies substantially synchronously with the physiological pulses of the subject

5. The method of claim 1, wherein the at |east one parameter of the light drive
signal comprisesthe duty cycle.

6. The method of claim 1, wherein generating the light drive signal comprises
correlating a cardiac cycle modulation with periods of interest in the cardiac cycle.

7. The method of claim 1, wherein the physiological pulses of the subject are

cardiac pulses.

8. The method of claim 1, wherein the physiological pulses of the subject are
respiratory pulses.
9. The method of claim 1, wherein the light source comprises at |east two emitters

and whereinthe light drive signal isconfiguredb activatethe a least two emitters.
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10.  Themethod of claim 1, further comprising:

receiving a Iight'signal attenuated by the subject, whereinthe light signal
comprises a component corresponding to the photonic signal; and

analyzing the component of the light signal, wherein the light drive signal
is generated baséd on the analysis of the component.

11.  Themethod of claim 9, wherein analyzing the component of the light signal
comprises determining information related to the physiological pulses of the subject.

12.  Themethod of claim 1, further comprising receiving an external trigger, wherein
the light drive signal is generated based on the external trigger.

13.  Themethod of claim 1, further comprising:

receiving alight signal attenuated by the subject, wherein the light signal
comprises a component corresponding to the photonic signal; and

determining a physiological parameter of the subject based on the
component of the light signal.

14. A physiological monitoring system, comprising processing equipment
configured to:

generate alight drive signal for activating alight sourceto emit a
photonic signal, wherein at least one parameter of the light drive signal is configured to
vary substantialy synchronously with physiological pulses of a subject and wherein the
at least one parameter isat least one of light intensity, light source firing rate, and duty
cycle.

15.  Thesystem of claim 14, wherein the at |east one parameter of the light drive
signal comprisesthe light intensity.

16.  The system of claim 14, wherein the a least one parameter of the light drive
signal comprises the light source firing rate.
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17.  The system of claim 14, wherein the processing equipment is further configured
to:

receive alight signal attenuated by the subject; and

samplethe light signal at a sampling rate, wherein the sampling rate
varies substantialy synchronously with the physiological pulses of the subject

18.  Thesystem of claim 14, wherein the at |east one parameter of the light drive
signal comprisesthe duty cycle.

19.  Thesystem of claim 14, whereinthe light drive signal comprisesa cardiac cycle
modulation correlated with periods of interest in the cardiac cycle.

20.  Thesystem of claim 14, whereinthe physiological pulses of the subject are
cardiac pulses.

21.  Thesystem of claim 14, whereinthe physiological pulses of the subject are
respiratory pulses.

22.  Thesystem of claim 14, further comprising the light source coupled to the
processing equipment, wherein the light source comprises a least two emitters and
wherein the light drive signal is configuredto activate the at |east two emitters.

23.  The systemof claim 14, wherein the processing equipment is further configufed
to: |

receive alight signal attenuated by the subject, wherein the light signal
comprises a component corresponding to the photonic signal; and

analyze the component of the light signal, wherein the light drive signal is
generated based on the analysis of the component. |

24.  The system of claim 23, wherein the processing equipment is further configured
to analyze the component of the light signal to determine information related to the
physiological pulses of the subject
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25.  Thesystem of claim 14, wherein the processing equipment is further configured
b receive an external trigger, wherein the light drive signal is generated based on the

external trigger.

26.  The systemof claim 14, whereinthe processing equipment is further configured
to:

receive alight signal attenuated by the subject, wherein the light signal
comprises a component corresponding to the photonic signal; and

determine aphysiological parameter of the subject based on the
component of thelight signal.
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