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SINE SATURATION TRANSFORM 

PRIORITY CLAIM 

The present application claims priority bene?t under 35 
USC § 120 to, and is a continuation ofU.S. patent applica 
tion Ser. No. 11/417,914, ?led May 3, 2006, entitled Sine 
Saturation Transform,” Which is a continuation of, US. patent 
application Ser. No. 11/048,232, ?led Feb. 1, 2005, entitled 
Signal Component Processor,” Which is a continuation of 
US. patent application Ser. No. 10/184,032, ?led Jun. 26, 
2002, entitled “Signal Component Processor,” now US. Pat. 
No. 6,850,787, Which claims priority bene?t under 35 U.S.C. 
§ 119(e) from US. Provisional Application No. 60/302,438, 
?led Jun. 29, 2001, entitled “Signal Component Processor.” 
The present application also incorporates the foregoing dis 
closures herein by reference. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The folloWing applications are currently pending: US. 
patent application Ser. No. 11/417,914, ?led May 3, 2006, 
entitled Sine Saturation Transform,” and US. patent applica 
tion Ser. No. 11/048,232, ?led Feb. 1, 2005, entitled Signal 
Component Processor. 

BACKGROUND OF THE INVENTION 

Early detection of loW blood oxygen is critical in the medi 
cal ?eld, for example in critical care and surgical applications, 
because an insuf?cient 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 oxy 
gen supply. A pulse oximeter typically provides a numerical 
readout of the patient’s oxygen saturation and pulse rate. A 
pulse oximetry system consists of a sensor attached to a 
patient, a monitor, and a cable connecting 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 alter 
nately 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 in?oW phase 111 during ventricular systole fol 
loWed by a typically three to four times longer out?oW phase 
112 during diastole. A dicrotic notch 116 is generally attrib 
uted to closure of the aortic valve at the end of ventricular 
systole. 
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FIG. 1B illustrates a corresponding RD or IR sensor signal 

s(t) 130, such as described above. The typical plethysmo 
graph Waveform 110 (FIG. 1A), being a function of blood 
volume, also provides a light absorption pro?le. A pulse 
oximeter, hoWever, does not directly detect light absorption 
and, hence, does not directly measure the plethysmograph 
Waveform 110. HoWever, IR or RD sensor signals are 1800 
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 absorp 
tion 118. 

FIG. 1C illustrates the corresponding spectrum of s(t), 
Which is a display of signal spectral magnitude |S(u)) |, 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 a pulse oxime 
ter sensor signal is distorted by motion-artifact and noise. 
Signal processing technologies such as described in US. Pat. 
No. 5,632,272, assigned to the assignee of the present inven 
tion and incorporated by reference herein, alloW pulse oxim 
etry to function through patient motion and other loW signal 
quality conditions. 

Ideally, plethysmo graph 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 ?ltering out sen 
sor 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 fundamental 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, potentially varying signi?cantly 
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 calcu 
lated 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 robust 
ness of oxygen saturation measurements, therefore, it is desir 
able 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 respon 
sive to the inner product of the sensor signal and the Wave 
form. 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 esti 
mate 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 component. 

Another aspect of a signal component processor comprises 
a signal input, a basis function indicator derived from the 
signal input, a plurality of basis functions generated accord 
ing to the indicator, a plurality of characteristics of the signal 
input corresponding to the basis functions and an optimiZa 
tion 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 
con?gured to include the pulse rate estimate, and a plurality 
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of frequencies selected from Within the WindoW. In another 
embodiment, the characteristic comprises a plurality of signal 
remainders corresponding to the basis functions and a plural 
ity of magnitudes of the signal remainders. In that embodi 
ment, the optimiZation comprises a minima of the magni 
tudes. In a further embodiment, the characteristic comprises a 
plurality of components corresponding to the basis functions 
and a plurality of magnitudes of the components. In this 
embodiment, the optimiZation comprises a maxima of the 
magnitudes. 
An aspect of a signal component processing method com 

prises the steps of receiving a sensor signal, calculating an 
estimated pulse rate, determining an optimiZation of the sen 
sor signal proximate the estimated pulse rate, de?ning a fre 
quency corresponding to the optimiZation, and outputting a 
physiological measurement responsive to a component of the 
sensor signal at the frequency. In one embodiment the deter 
mining step comprises the substeps of transforming the sen 
sor signal to a frequency spectrum encompassing the esti 
mated pulse rate and detecting an extrema of the spectrum 
indicative of the frequency. The transforming step may com 
prise the substeps of de?ning a WindoW including the esti 
mated pulse rate, de?ning a plurality of selected frequencies 
Within the WindoW, canceling the selected frequencies, indi 
vidually, 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 satura 
tion based upon a magnitude ratio of the RD component and 
the IR component. The deriving step may comprise the sub 
steps of generating a sinusoidal Waveform at the frequency 
and selecting the RD component and the IR component uti 
liZing the Waveform. The selecting step may comprise the 
substep of calculating the inner product betWeen the Wave 
form and the RD portion and the inner product betWeen the 
Waveform and the IR portion. The selecting step may com 
prise 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 ?rst 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 physiological 
measurement responsive to a sensor signal component at the 
frequency. In one embodiment, the ?rst calculator means 
comprises a signal component transform means for determin 
ing 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 determining a particular 
one of the selected frequencies corresponding to an optimi 
Zation of the sensor signal. The second calculator means may 
comprise a Waveform means for generating a sinusoidal sig 
nal at the frequency, a frequency selection means for deter 
mining 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 oxim 
etry sensor signal; 
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4 
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 illus 

trating both high signal quality and loW signal quality condi 
tions; 

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 estimated 
pulse rate; and 

FIG. 3 illustrates an associated signal component trans 
form; 

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. 5 is a functional block diagram of a frequency calcu 
lator; 

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

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

FIGS. 8A-B are ?oWchar‘ts 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 calcula 

tor; 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 calcula 
tion 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 speci?c signal compo 
nents, as described in more detail beloW. Further, signal com 
ponent processing advantageously provides a method of 
re?nement 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 US. Pat. No. 6,002,952, entitled “Signal Pro 
cessing 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 f0 at an optimiZation. In particular, selected fre 
quencies 230, Which include PR, are de?ned Within the Win 
doW 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 optimization 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 
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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 frequen 
cies 230. The extrema 320 can be, for example, a maxima, 
minima or in?ection 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 the corresponding frequency 330 
removes the most signal energy. In an alternative embodi 
ment, not illustrated, the transform 310 is calculated as the 
magnitude of signal components at each of the selected fre 
quencies 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 
identi?cation of a frequency f0 330 determined from the fre 
quency of a signal component transform extrema 320. Fre 
quency f0 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 pro 
cessing is described above With respect to identifying a par 
ticular frequency Within a WindoW including a pulse rate 
estimate PR, a similar procedure could be performed on 2PR, 
3PR etc. resulting in the identi?cation of multiple frequencies 
f0 1, f02, etc., Which could be used for the calculation of oxy 
gen saturation as Well. 

Advantageously, a signal component transform 310 is cal 
culated 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 a resolution of 
fS/N, Where N is the number of signal samples and fs 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 component transform 310 is advan 
tageously calculated only over a range of frequencies of inter 
est. A FFT or similar frequency transformation may be com 
putationally more burdensome than signal component 
processing, in part because such a transform is computed over 
all frequencies Within a range determined by the sampling 
frequency, fS. 

FIGS. 4-7 illustrate one embodiment of a signal component 
processor. FIG. 4 is a top-level functional block diagram of a 
signal component processor 400. The signal component pro 
cessor 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 fO output 412. The frequency calculator 
410 performs a signal component transform based upon the 
PR input 408 and determines the f0 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 41 0 
determines f0 412 based upon a RD signal input substituted 
for, or in addition to, the IR signal input 402. Similarly, one of 
ordinary skill in the art Will recogniZe that f0 can be deter 
mined by the frequency calculator 410 based upon one or 
more inputs responsive to a variety of sensor Wavelengths. 
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6 
The saturation calculator 460 has an IR signal input 402, a 

RD signal input 404, a component frequency f0 input 412 and 
an oxygen saturation output, SATfO 462. The saturation cal 
culator 460 determines values of the IR signal input 402 and 
the RD signal input 404 at the component frequency f0 412 
and computes a ratio of those values to determine SATfO 462, 
as described With respect to FIG. 6, beloW. The IR signal input 
402 and RD signal input 404 can be expressed as: 

1R0 RDO (1) 
IR: ; RD: 

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 cancellation 
540, magnitude calculation 560 and minima determination 
580. WindoW generation 520, frequency cancellation 540 and 
magnitude calculation 560 combine to create a signal com 
ponent 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 identi?es 
f0 412, also described With respect to FIG. 3, above. 
As shoWn in FIG. 5, WindoW generation 520 has a PR input 

408 and de?nes a WindoW 220 (FIG. 3) about PR 210 (FIG. 3) 
including a set of selected frequencies 230 (FIG. 3) 

f 0 (2) 

fMil 

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], Yf 522, Which is a set of sinusoidal 
Waveforms xnf, ynf each corresponding to one of the set of 
selected frequencies 230 (FIG. 3). Speci?cally 

Also shoWn in FIG. 5, the frequency cancellation 540 has 
IR 402 and Xf, Yf 522 inputs and a remainder output Rf 542, 
Which is a set of remainder signals rnfeach corresponding to 
one of the sinusoidal Waveforms xw, ynf For each selected 
frequency f 230 (FIG. 3), frequency cancellation 540 cancels 
that frequency component from the input signal IR 402 to 
generate a remainder signal rnf In particular, frequency can 
cellation 540 generates a remainder Rf 542 

(4a) 








