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SINE SATURATION TRANSFORM

INCORPORATION BY REFERENCE TO ANY
PRIORITY APPLICATIONS

Any and all applications for which a foreign or domestic
priority claim is identified in the Application Data Sheet as
filed with the present application are incorporated by refer-
ence under 37 CFR 1.57 and made a part of this specifica-
tion.

BACKGROUND OF THE INVENTION

Early detection of low blood oxygen is critical in the
medical field, for example in critical care and surgical
applications, because an insufficient supply of oxygen can
result in brain damage and death in a matter of minutes.
Pulse oximetry is a widely accepted noninvasive procedure
for measuring the oxygen saturation level of arterial blood,
an indicator of oxygen supply. A pulse oximeter typically
provides a numerical readout of the patient’s oxygen satu-
ration and pulse rate. A pulse oximetry system consists of a
sensor attached to a patient, a monitor, and a cable connect-
ing the sensor and monitor. Conventionally, a pulse oximetry
sensor has both red (RD) and infrared (IR) light-emitting
diode (LED) emitters and a photodiode detector. The pulse
oximeter measurements are based upon the absorption by
arterial blood of the two wavelengths emitted by the sensor.
The pulse oximeter alternately activates the RD and IR
sensor emitters and reads the resulting RD and IR sensor
signals, i.e. the current generated by the photodiode in
proportion to the detected RD and IR light intensity, in order
to derive an arterial oxygen saturation value, as is well-
known in the art. A pulse oximeter contains circuitry for
controlling the sensor, processing the sensor signals and
displaying the patient’s oxygen saturation and pulse rate.

SUMMARY OF THE INVENTION

FIG. 1A illustrates a plethysmograph waveform 110,
which is a display of blood volume, shown along the
ordinate 101, over time, shown along the abscissa 102. The
shape of the plethysmograph waveform 110 is a function of
heart stroke volume, pressure gradient, arterial elasticity and
peripheral resistance. Ideally, the waveform 110 displays a
short, steep inflow phase 111 during ventricular systole
followed by a typically three to four times longer outflow
phase 112 during diastole. A dicrotic notch 116 is generally
attributed to closure of the aortic valve at the end of
ventricular systole.

FIG. 1B illustrates a corresponding RD or IR sensor
signal s(t) 130, such as described above. The typical plethys-
mograph waveform 110 (FIG. 1A), being a function of blood
volume, also provides a light absorption profile. A pulse
oximeter, however, does not directly detect light absorption
and, herce, does not directly measure the plethysmograph
waveform 110. However, IR or RD sensor signals are 180°
out-of-phase versions of the waveform 110. That is, peak
detected intensity 134 occurs at minimum absorption 114
and minimum detected intensity 138 occurs at maximum
absorption 118.

FIG. 1C illustrates the corresponding spectrum of s(t),
which is a display of signal spectral magnitude IS(w)l,
shown along the ordinate 105, versus frequency, shown
along the abscissa 106. The plethysmograph spectrum is
depicted under both high signal quality 150 and low signal
quality 160 conditions. Low signal quality can result when
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a pulse oximeter sensor signal is distorted by motion-artifact
and noise. Signal processing technologies such as described
in U.S. Pat. No. 5,632,272, assigned to the assignee of the
present invention and incorporated by reference herein,
allow pulse oximetry to function through patient motion and
other low signal quality conditions.

Ideally, plethysmograph energy is concentrated at the
pulse rate frequency 172 and associated harmonics 174, 176.
Accordingly, motion-artifact and noise may be reduced and
pulse oximetry measurements improved by filtering out
sensor signal frequencies that are not related to the pulse
rate. Under low signal quality conditions, however, the
frequency spectrum is corrupted and the pulse rate funda-
mental 152 and harmonics 154, 156 can be obscured or
masked, resulting in errors in the computed pulse rate. In
addition, a pulse rate, physiologically, is dynamic, poten-
tially varying significantly between different measurement
periods. Hence, maximum plethysmograph energy may not
correspond to the computed pulse rate except under high
signal quality conditions and stable pulse rates. Further, an
oxygen saturation value calculated from an optical density
ratio, such as a normalized red over infrared ratio, at the
pulse rate frequency can be sensitive to computed pulse rate
errors. In order to increase the robustness of oxygen satu-
ration measurements, therefore, it is desirable to improve
pulse rate based measurements by identifying sensor signal
components that correspond to an optimization, such as
maximum signal energy.

One aspect of a signal component processor comprises a
physiological signal, a basis function index determined from
the signal, a basis function waveform generated according to
the index, a component derived from the sensor signal and
the waveform, and a physiological measurement responsive
to the component. In one embodiment, the component is
responsive to the inner product of the sensor signal and the
waveform. In another embodiment, the index is a frequency
and the waveform is a sinusoid at the frequency. In that
embodiment, the signal processor may further comprise a
pulse rate estimate derived from the signal wherein the
frequency is selected from a window including the pulse rate
estimate. The physiological measurement may be an oxygen
saturation value responsive to a magnitude of the compo-
nent.

Another aspect of a signal component processor com-
prises a signal input, a basis function indicator derived from
the signal input, a plurality of basis functions generated
according to the indicator, a plurality of characteristics of the
signal input corresponding to the basis functions and an
optimization of the characteristics so as to identify at least
one of said basis functions. In one embodiment, the indicator
is a pulse rate estimate and the processor further comprises
a window configured to include the pulse rate estimate, and
a plurality of frequencies selected from within the window.
In another embodiment, the characteristic comprises a plu-
rality of signal remainders corresponding to the basis func-
tions and a plurality of magnitudes of the signal remainders.
In that embodiment, the optimization comprises a minima of
the magnitudes. In a further embodiment, the characteristic
comprises a plurality of components corresponding to the
basis functions and a plurality of magnitudes of the com-
ponents. In this embodiment, the optimization comprises a
maxima of the magnitudes.

An aspect of a signal component processing method
comprises the steps of receiving a sensor signal, calculating
an estimated pulse rate, determining an optimization of the
sensor signal proximate the estimated pulse rate, defining a
frequency corresponding to the optimization, and outputting
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a physiological measurement responsive to a component of
the sensor signal at the frequency. In one embodiment the
determining step comprises the substeps of transforming the
sensor signal to a frequency spectrum encompassing the
estimated pulse rate and detecting an extrema of the spec-
trum indicative of the frequency. The transforming step may
comprise the substeps of defining a window including the
estimated pulse rate, defining a plurality of selected frequen-
cies within the window, canceling the selected frequencies,
individually, from the sensor signal to generate a plurality of
remainder signals and calculating a plurality of magnitudes
of the remainder signals. The detecting step may comprise
the substep of locating a minima of the magnitudes.

In another embodiment, the outputting step comprises the
substeps of inputting a red (RD) portion and an infrared (IR)
portion of the sensor signal, deriving a RD component of the
RD portion and an IR component of the IR portion corre-
sponding to the frequency and computing an oxygen satu-
ration based upon a magnitude ratio of the RD component
and the IR component. The deriving step may comprise the
substeps of generating a sinusoidal waveform at the fre-
quency and selecting the RD component and the IR com-
ponent utilizing the waveform. The selecting step may
comprise the substep of calculating the inner product
between the waveform and the RD portion and the inner
product between the waveform and the IR portion. The
selecting step may comprise the substeps of canceling the
waveform from the RD portion and the IR portion, leaving
a RD remainder and an IR remainder, and subtracting the
RD remainder from the RD portion and the IR remainder
from the IR portion.

A further aspect of a signal component processor com-
prises a first calculator means for deriving an optimization
frequency from a pulse rate estimate input and a sensor
signal, and a second calculator means for deriving a physi-
ological measurement responsive to a sensor signal compo-
nent at the frequency. In one embodiment, the first calculator
means comprises a signal component transform means for
determining a plurality of signal values corresponding to a
plurality of selected frequencies within a window including
the pulse rate estimate, and a detection means for determin-
ing a particular one of the selected frequencies correspond-
ing to an optimization of the sensor signal. The second
calculator means may comprise a waveform means for
generating a sinusoidal signal at the frequency, a frequency
selection means for determining a component of the sensor
signal from the sinusoidal signal and a calculator means for
deriving a ratio responsive to the component.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-C are graphical representations of a pulse
oximetry sensor signal;

FIG. 1A is a typical plethysmograph illustrating blood
volume versus time;

FIG. 1B is a pulse oximetry sensor signal illustrating
detected light intensity versus time;

FIG. 1C is a pulse oximetry sensor signal spectrum
illustrating both high signal quality and low signal quality
conditions;

FIGS. 2-3 are magnitude versus frequency graphs for a
pulse oximetry sensor signal illustrating an example of
signal component processing;

FIG. 2 illustrates a frequency window around an esti-
mated pulse rate; and

FIG. 3 illustrates an associated signal component trans-
form;
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FIGS. 4-7 are functional block diagrams of one embodi-
ment of a signal component processor;

FIG. 4 is a top-level functional block diagram of a signal
component processor;

FIG. § is a functional block diagram of a frequency
calculator;

FIG. 6 is a functional block diagram of a saturation
calculator; and

FIG. 7 is a functional block diagram of one embodiment
of a frequency selection;

FIGS. 8A-B are flowcharts of an iterative embodiment of
a frequency calculator; and

FIGS. 9-11 are functional block diagrams of another
embodiment of a signal component processor;

FIG. 9 is a top-level functional block diagram of a signal
component processor;

FIG. 10 is a functional block diagram of an index calcu-
lator; and

FIG. 11 is a functional block diagram of a measurement
calculator.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIGS. 2 and 3 provide graphical illustration examples of
signal component processing. Advantageously, signal com-
ponent processing provides a direct method for the calcu-
lation of saturation based on pulse rate. For example, it is not
necessary to compute a frequency transform, such as an FFT,
which derives an entire frequency spectrum. Rather, signal
component processing singles out specific signal compo-
nents, as described in more detail below. Further, signal
component processing advantageously provides a method of
refinement for the calculation of saturation based on pulse
rate.

FIG. 2 illustrates high and low signal quality sensor signal
spectrums 150, 160 as described with respect to FIG. 1C,
above. A frequency window 220 is created, including a pulse
rate estimate PR 210. A pulse rate estimate can be calculated
as disclosed in U.S. Pat. No. 6,002,952, entitled “Signal
Processing Apparatus and Method,” assigned to the assignee
of the present invention and incorporated by reference
herein. A search is conducted within this window 220 for a
component frequency f, at an optimization. In particular,
selected frequencies 230, which include PR, are defined
within the window 220. The components of a signal s(t) at
each of these frequencies 230 are then examined for an
optimization indicative of an extrema of energy, power or
other signal characteristic. In an alternative embodiment, the
components of the signal s(t) are examined for an optimi-
zation over a continuous range of frequencies within the
window 220.

FIG. 3 illustrates an expanded portion of the graph
described with respect to FIG. 2, above. Superimposed on
the high signal quality 150 and low signal quality 160
spectrums is a signal component transform 310. In one
embodiment, a signal component transform 310 is indicative
of sensor signal energy and is calculated at selected signal
frequencies 230 within the window 220. A signal component
transform 310 has an extrema 320 that indicates, in this
embodiment, energy optimization at a particular one 330 of
the selected frequencies 230. The extrema 320 can be, for
example, a maxima, minima or inflection point. In the
embodiment illustrated, each point of the transform 310 is
the magnitude of the signal remaining after canceling a
sensor signal component at one of the selected frequencies.
The extrema 320 is a minima, which indicates that canceling
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the corresponding frequency 330 removes the most signal
energy. In an alternative embodiment, not illustrated, the
transform 310 is calculated as the magnitude of signal
components at each of the selected frequencies 230. In that
embodiment, the extrema is a maxima, which indicates the
largest energy signal at the corresponding frequency. The
result of a signal component transform 310 is identification
of a frequency f, 330 determined from the frequency of a
signal component transform extrema 320. Frequency f, 330
is then used to calculate an oxygen saturation. A signal
component transform and corresponding oxygen saturation
calculations are described in additional detail with respect to
FIGS. 4-8, below. Although signal component processing is
described above with respect to identifying a particular
frequency within a window including a pulse rate estimate
PR, a similar procedure could be performed on 2PR, 3PR
etc. resulting in the identification of multiple frequencies f,,
fy,, etc., which could be used for the calculation of oxygen
saturation as well.

Advantageously, a signal component transform 310 is
calculated over any set of selected frequencies, unrestricted
by the number or spacing of these frequencies. In this
manner, a signal component transform 310 differs from a
FFT or other standard frequency transforms. For example, a
FFT is limited to N evenly-distributed frequencies spaced at
aresolution of £/N, where N is the number of signal samples
and f, is the sampling frequency. That is, for a FFT, a
relatively high sampling rate or a relatively large record
length or both are needed to achieve a relatively high
resolution in frequency. Signal component processing, as
described herein, is not so limited. Further, a signal com-
ponent transform 310 is advantageously calculated only over
a range of frequencies of interest. A FFT or similar fre-
quency transformation may be computationally more but-
densome than signal component processing, in part because
such a transform 1s computed over all frequencies within a
range determined by the sampling frequency, f..

FIGS. 4-7 illustrate one embodiment of a signal compo-
nent processor. FIG. 4 is a top-level functional block dia-
gram of a signal component processor 400. The signal
component processor 400 has a frequency calculator 410
and a saturation calculator 460. The frequency calculator
410 has an IR signal input 402, a pulse rate estimate signal
PR input 408 and a component frequency £, output 412. The
frequency calculator 410 performs a signal component trans-
form based upon the PR input 408 and determines the f;
output 412, as described with respect to FIGS. 2-3, above.
The frequency calculator 410 is described in further detail
with respect to FIG. 5, below.

In an alternative embodiment, the frequency calculator
410 determines f, 412 based upon a RD signal input sub-
stituted for, or in addition to, the IR signal input 402.
Similarly, one of ordinary skill in the art will recognize that
1, can be determined by the frequency calculator 410 based
upon one or more inputs responsive to a variety of sensor
wavelengths.

The saturation calculator 460 has an IR signal input 402,
a RD signal input 404, a component frequency f;, input 412
and an oxygen saturation output, SAT , 462. The saturation
calculator 460 determines values of the IR signal input 402
and the RD signal input 404 at the component frequency f,
412 and computes a ratio of those values to determine
SAT /. 462, as described with respect to FIG. 6, below. The
IR signal input 402 and RD signal input 404 can be
expressed as:
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IR =

IRy
IRy_y }
RD,
RDy_y }

where N is the number of samples of each signal input.

FIG. 5 shows one embodiment of the frequency calculator
410. In this particular embodiment, the frequency calculator
functions are window generation 520, frequency cancella-
tion 540, magnitude calculation 560 and minima determi-
nation 580. Window generation 520, frequency cancellation
540 and magnitude calculation 560 combine to create a
signal component transform 310 (FIG. 3), as described with
respect to FIG. 3, above. Minima determination 580 locates
the signal component transform extrema 320 (FIG. 3), which
identifies f, 412, also described with respect to FIG. 3,
above.

As shown in FIG. 5, window generation 520 has a PR

input 408 and defines a window 220 (FIG. 3) about PR 210
(FIG. 3) including a set of selected frequencies 230 (FIG. 3)

RD =

{fsm=0,... M—1} 3]
fo
f= :

fM*l

where M is the number of selected frequencies 230 (FIG.
3) within the window 220 (FIG. 3). Window generation 520
has a sinusoidal output X, Y, 522, which is a set of
sinusoidal waveforms x,, 5 v,, ~€ach corresponding to one of
the set of selected frequencies 230 (FIG. 3). Specifically

Xo.1 (3a)
Xf = H
XN-Lf
Yo,f
Yp= :
IN-Lf
X f = sin (27 fi); (3b)

Yy = cos 2xfin)

Also shown in FIG. 5, the frequency cancellation 540 has
IR 402 and X, Y 522 inputs and a remainder output R 542,
which is a set of remainder signals r,, -each corresponding to
one of the sinusoidal waveforms x, 5 y,, » For each selected
frequency £230 (FIG. 3), frequency cancellation 540 cancels
that frequency component from the input signal IR 402 to
generate a remainder signal r, . In particular, frequency
cancellation 540 generates a remainder R, 542

ro.f (4a)

Fn-1f
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-continued
(4b)

Additionally, as shown in FIG. 5, the magnitude calcula-
tion 560 has a remainder input R, 542 and generates a
magnitude output W, 562, where

= ©
Weslki= |3 7

Further shown in FIG. 5, the minima determination 580
has the magnitude values W,562 as inputs and generates a
component frequency f, output. Frequency f; is the particu-
lar frequency associated with the minimum magnitude value

(6)

FIG. 6 shows that the saturation calculator 460 functions
are sinusoid generation 610, frequency selection 620, 640
and ratio calculation 670. Sinusoid generation has a com-
ponent frequency f, input 208 and a sinusoidal waveform
X, Yy 612, which has a frequency of f,,. Frequency selec-
tlon 620 640 has a sensor signal input, which is either an IR
signal 202 or a RD signal 204 and a sinusoid waveform X,
Y, input 612. Frequency selection 620, 640 provides mag-
nitude outputs 7z » 622 and zzp, , 642 which are the fre-
quency components of the IR 202 and RD 204 sensor signals
at the f, frequency. Specifically, from equation 3(a)

Wp=min {W}

Xo.f, M
Xfo = :
AN-1f,
Yo.f,
Yfg =
YN-Lf,
Then, referring to equation 1
IR-X,, IR-Y;, URXp?  (R-Y ) (82)
2, = =
hlo ‘ o TP X2 P
RD-X RD-Y; (RD-X, ? (RD-Y, ¢ (b
fo o fo T
WL T |y Al T Ty 1| >t >
[Xg, P 1Y, 1Xg,l 1Yl

For simplicity of illustration, EQS. 8a-b assume that the
cross-product of X and Y, is zero, although generally this
is not the case. The ratio calculation and mapping 670 has
7 5, 622 and 7y, - 642 as inputs and provides SAT, 262 as
an output. That is

SATf():g {ZRDJO/ ZIRJO} ()

where g is a mapping of the red-over-1R ratio to oxygen
saturation, which may be an empirically derived lookup
table, for example.

FIG. 7 illustrates an alternative embodiment of frequency
selection 620 (FIG. 6), as described above. In this embodi-
ment, frequency cancellation 540 and magnitude calculation
560, as described with respect to FIG. 5, can also be used,
advantageously, to perform frequency selection. Specifi-
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cally, frequency cancellation 540 has IR 202 and X -, Y. 612
as inputs and genetates a remainder signal R, 712 as an
output, where

IR- Xy, _
|Xf0|2 fo

IR-Yy,
|Yf0 2 fo

) (10)

Ry =IR-

The remainder Rf0 712 is subtracted 720 from IR 202 to
yield

IR-X R-Y 11
7y =IR-|IR-— oy, —Joy (n
X5, ¥y,
IR X RY
TR T R e

where Z, 722 is the component of IR 202 at the I,
frequency The magnitude calculation 560 has 7, 722
as an input and calculates

P LA L2 (12)
=|—2° y_—°
To |Xf0|2 Jo |Yf0|2 Jo
([R-Xfo)2 (IR- on)2
| X, I* Yy, 12

which is equivalent to equation 8a, above.

FIGS. 8A-B illustrate an iterative embodiment of the
frequency calculator 410 (FIG. 4) described above. An
iterative frequency calculator 410 has an initialization 8§10,
a signal component transform 820, an extrema detection
850, a resolution decision 860 and a resolution refinement
880 and provides a component frequency f, 870. Initializa-
tion 810 defines a window around the pulse rate estimate PR
and a frequency resolution within that window.

As shown in FIG. 84, a signal component transform 820
has an initial frequency selection 822, a frequency cancel-
lation 824 and an magnitude calculation 8§28. A decision
block 830 determines if the magnitude calculation 828 has
been performed at each frequency within the window. If not,
the loop of frequency cancellation 824 and magnitude
calculation 828 is repeated for another selected frequency in
the window. The frequency cancellation 824 removes a
frequency component from the IR sensor signal, as
described with respect to FIG. 5, above. The magnitude
calculation 828 determines the magnitude of the remainder
signal, also described with respect to FIG. 5, above. If the
decision block 830 determines that the remainder signal
magnitudes have been calculated at each of the selected
frequencies, then the signal component transform loop 820
is exited to the steps described with respect to FIG. 8B.

As shown in FIG. 8B, the extrema detector 850 finds a
minima of a signal component transform 820 and a resolu-
tion decision block 860 determines if the final frequency
resolution of a signal component transform is achieved. If
not, resolution refinement 880 is performed. If the final
resolution is achieved, the component frequency output f, is
equated to the frequency of the minima 870, i.e. a signal
component transform minima determined by the extrema
detector 850.

Further shown in FIG. 8B, the resolution refinement 880
has a set frequency estimate 882, a window decrease 884
and a frequency resolution increase 888. Specifically, the
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frequency estimate 882 is set to a signal component trans-
form minima, as determined by the extrema detector §50.
The window decrease 884 defines a new and narrower
window around the frequency estimate, and the frequency
resolution increase 888 reduces the spacing of the selected
frequencies within that window prior to the next iteration of
a signal component transform 820. In this manner, a signal
component transform 820 and the resulting frequency esti-
mate are refined to a higher resolution with each iteration of
signal component transform 820, extrema detection 850, and
resolution refinement 880.

In a particular embodiment, the component calculation
requires three iterations. A frequency resolution of 4 beats
per minute or 4 BPM is used initially and a window of five
or seven selected frequencies, including that of the initial
pulse rate estimate PR, is defined. That is, a window of either
16 BPM or 24 BPM centered on PR is defined, and a signal
component transform is computed for a set of 5 or 7 selected
frequencies evenly spaced at 4 BPM. The result is a fre-
quency estimate f;. Next, the frequency resolution is
reduced from 4 BPM to 2 BPM and a 4 BPM window
centered on f| is defined with three selected frequencies, 1.e.
f,-2 BPM, f}, and f;+2 BPM. The result is a higher
resolution frequency estimate f,. On the final iteration, the
frequency resolution is reduced to 1 BPM and a 2 BPM
window centered on f, is defined with three selected fre-
quencies, i.e. f,—1 BPM, f;, and f,+1 BPM. The final result
is the component frequency f, determined by a signal
component transform to within a 1 BPM resolution. This
component frequency f, is then used to calculate the oxygen
saturation, SAT., as descrlbed above.

The signal component processor has been described
above with respect to pulse oximetry and oxygen saturation
measurements based upon a frequency comporent that opti-
mizes signal energy. The signal component processor, how-
ever, is applicable to other physiological measurements,
such as blood glucose, carboxy-hemoglobin, respiration rate
and blood pressure to name a few. Further, the signal
component processor is generally applicable to identifying,
selecting and processing any basis function signal compo-
nents, of which single frequency components are one
embodiment, as described in further detail with respect to
FIG. 9, below.

FIGS. 9-11 illustrate another embodiment of a signal
component processor 900. As shown in FIG. 9, the processor
900 has an index calculator 910 and a measurement calcu-
lator 960. The index calculator has a sensor signal input S
902 and outputs a basis function index K, 912, as described
with respect to FIG. 10, below. The measurement calculator
960 inputs the basis function index K, 912 and outputs a
physiological measurement U, 962, as described with
respect to FIG. 11, below. The processor 900 also has a basis
function indicator 980, which is responsive to the sensor
signal input S 902 and provides a parameter € 982 that
indicates a set of basis functions to be utilized by the index
calculator 910, as described with respect to FIG. 10, below.

As shown in FIG. 10, the functions of the index calculator
910 are basis subset generation 1020, component cancella-
tion 1040 and optimization calculation 1060. The basis
subset generation 1020 outputs a subset ¢, 1022 of basis
function waveforms corresponding to a set of selected basis
function indices k. The basis functions can be any complete
set of functions such that

S= Z a, D,
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For simplicity of illustration purposes, these basis func-
tions are assumed to be orthogonal
<$Y EJ) >=O' y=1|
where { ) denotes an inner product. As such

o)A, )

(14)

(15)

s,

S Py (16)

In general, the basis functions may be non-orthogonal.
The subset of basis functions generated is determined by an
input parameter € 982. In the embodiment described with
respect to FIG. 5, above, the basis functions are sinusoids,
the indices are the sinusoid frequencies and the input param-
eter € 982 is a pulse rate estimate that determines a fre-
quency window.

As shown in FIG. 10, the component cancellation 1040
generates a remainder output R,_ 1042, which is a set of
remainder signals corresponding to the subset of basis
fanction waveforms @, 1022. For each basis function wave-
form generated, component cancellation removes the corre-
sponding basis function component from the sensor signal S
902 to generate a remainder signal. In an alternative embodi-
ment, component cancellation 1040 is replaced with a com-
ponent selection that generates a corresponding basis func-
tion component of the sensor signal S 902 for each basis
function generated. The optimization calculation 1060 gen-
erates a particular index K, 912 associated with an optimi-
zation of the remainders R, 1042 or, alternatively, an opti-
mization of the selected basis function signal components.

As shown in FIG. 11, the functions of the measurement
calculator 960 are basis function generation 1120, compo-
nent selection 1140, and physiological measurement calcu-
lation 1170. The component selection 1140 inputs the sensor
signal S 902 and a particular basis function waveform
®,1122 and outputs a sensor signal component S, 1142.
The physiological measurement 1170 inputs the sensor
signal component S, 1142 and outputs the physiological
measurement U . 962, which is responsive to the sensor
signal component S, 1142. In the embodiment described
with respect to FIG 6 above, the basis functions @, are
sinusoids and the index x, is a particular sinusoid frequency
The basis function generation 1120 creates sine and cosine
waveforms at this frequency. The component selection 1140
selects corresponding frequency components of the sensor
signal portions, RD and IR. Also, the physioclogical mea-
surement 1170 computes an oxygen saturation based upon a
magnitude ratio of these RD and IR frequency components.

The signal component processor has been disclosed in
detail in connection with various embodiments. These
embodiments are disclosed by way of examples only and are
not to limit the scope of the claims that follow. One of
ordinary skill in the art will appreciate many variations and
modifications.

What is claimed is:
1. A pulse oximeter system comprising:
an input configured to accept from a noninvasive optical
sensor signals indicative of light attenuated by body
tissue of a monitored patient; and
a hardware processor, responsive to said signals, opera-
tively communicating with said input and configured to
electronically:
determine a basis function index based, at least in part,
on said one or more signals;
generate at least one basis function waveform based, at
least in part, on said basis function index;



US 9,814,418 B2

11

determine at least one optimized basis function wave-
form based, at least in part, on said at least one basis
function waveform;

determine signal components based, at least in part, on
said one or more signals and said at least one
optimized basis function waveform; and

generate a physiological measurement responsive to
said signal components;

a display configured to provide visual indicia of said

physiological measurement.
2. The system of claim 1, wherein said generate at least
one basis function waveform includes generate one or more
sinusoidal waves.
3. The system of claim 1, wherein said determine at least
one basis function index includes determine a frequency
corresponding to said at least one basis function index.
4. The system of claim 1, wherein said signal components
comprise frequency components based, at least in part, on
said one or more signals and said at least one basis function
waveform.
5. The system of claim 1, wherein said at least one basis
function index corresponds to a pulse rate.
6. The system of claim 1, wherein said one or more
signals comprises an IR signal and a RD signal.
7. The system of claim 6, wherein said hardware proces-
sor is configured to determine signal components responsive
to said IR signal and said RD signal.
8. The system of claim 1, wherein said at least one basis
function index corresponds to a pulse rate.
9. A method of determining a physiological parameter of
amonitored patient attached to a noninvasive optical sensor,
the method comprising:
receiving one or more signals indicative of light attenu-
ated by body tissue of said monitored patient, said one
or more signals usable to determine measurements for
a physiological parameter of said monitored patient;

electronically determining at least one basis function
index based, at least in part, on said one or more
signals;

electronically generating at least one basis function wave-

form based, at least in part, on said at least one basis
function index;

electronically determining at least one optimized basis

function waveform based, at least in part, on said at
least one basis function waveform;
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electronically determining signal components of said one
or more signals based, at least in part, on said at least
one optimized basis function waveform and said one or
more signals; and

electronically processing said signal components of said

one or more signals to determine an output measure-
ment of said physiological parameter.
10. The method of claim 9, wherein said generating at
least one basis function waveform comprises generating one
or more sinusoidal waves.
11. The method of claim 9, wherein said determining at
least one basis function index includes determining a fre-
quency corresponding to said at least one basis function
index.
12. The method of ¢laim 9, wherein said at least one basis
fanction index corresponds to a pulse rate.
13. The method of claim 9, wherein said one or more
physiological parameters comprises oxygen saturation.
14. The method of claim 9, further comprising outputting
said physiological measurement to a display device.
15. The method of claim 9, wherein said electronically
determining signal components of said one or more signals
comprises determining frequency components of said one or
more signals based, at least in part, on said at least one basis
function waveform and said one or more signals.
16. A pulse oximeter system capable of determining a
physiological parameter of a monitored patient attached to a
noninvasive optical sensor, the pulse oximeter comprising:
means for receiving one or more signals indicative of light
attenuated by body tissue of a monitored patient;

means for communicating with said input and determin-
ing a basis function index based, at least in part, on said
one or more signals;
means for generating at least one basis function waveform
based, at least in part, on said basis function index;

means for determining at least one optimized basis func-
tion waveform based, at least in part, on said at least
one basis function waveform;

means for determining signal components based, at least

in part, on said one or more signals and said at least one
optimized basis function waveform; and

means for generating a physiological measurement

responsive to said signal components.
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