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(57) ABSTRACT 

A signal processor Which acquires a ?rst signal, including a 
?rst desired signal portion and a ?rst undesired signal 
portion, and a second signal, including a second desired 
signal portion and a second undesired signal portion, 
Wherein the ?rst and second desired signal portions are 
correlated. The signals may be acquired by propagating 
energy through a medium and measuring an attenuated 
signal after transmission or re?ection. Alternatively, the 
signals may be acquired by measuring energy generated by 
the medium. Aprocessor of the present invention generates 
a noise reference signal that is a combination of the undes 
ired signal portions and is correlated to both the ?rst and 
second undesired signal portions. The noise reference signal 
is then used to remove the undesired portion of each of the 
?rst and second measured signals. The processor of the 
present invention may be employed in physiological moni 
tors Wherein the knoWn properties of energy attenuation 
through a medium are used to determine physiological 
characteristics of the medium. Many physiological condi 
tions, such as the pulse of a patient or the concentration of 
a constituent in a medium, can be determined from the 
desired portion of the signal after undesired signal portions, 
such as those caused by erratic motion, are removed. 
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SIGNAL PROCESSING APPARATUS AND 
METHOD 

FIELD OF THE INVENTION 

[0001] The present invention relates to the ?eld of signal 
processing. More speci?cally, the present invention relates 
to the processing of measured signals to remove undesired 
portions When little is knoWn about the undesired signal 
portion. 

BACKGROUND OF THE INVENTION 

[0002] Signal processors are typically employed to 
remove undesired portions from a composite measured 
signal including a desired signal portion and an undesired 
signal portion. If the undesired signal portion occupies a 
different frequency spectrum than the desired signal, then 
conventional ?ltering techniques such as loW pass, band 
pass, and high pass ?ltering could be used to separate the 
desired portion from the total signal. Fixed single or multiple 
notch ?lters could also be employed if the undesired signal 
portions(s) exist at a ?xed frequency(s). 

[0003] HoWever, it is often the case that an overlap in 
frequency spectrum betWeen the desired and undesired 
signal portions does exist and the statistical properties of 
both signal portions change With time. In such cases, con 
ventional ?ltering techniques are totally ineffective in 
extracting the desired signal. If, hoWever, a description of 
the undesired portion can be made available, adaptive noise 
canceling can be employed to remove the undesired portion 
of the signal leaving the desired portion available for mea 
surement. Adaptive noise cancelers dynamically change 
their transfer function to adapt to and remove the undesired 
signal portions of a composite signal. Adaptive noise can 
celers require a noise reference signal Which is correlated to 
the undesired signal portion. The noise reference signal is 
not necessarily a representation of the undesired signal 
portion, but has a frequency spectrum Which is similar to 
that of the undesired signal. In many cases, it requires 
considerable ingenuity to determine a noise reference signal 
since nothing is a priori knoWn about the undesired signal 
portion. 
[0004] One area Where composite measured signals com 
prise a desired signal portion and an undesired signal portion 
about Which no information can easily be determined is 
physiological monitoring. Physiological monitoring appara 
tuses generally measure signals derived from a physiological 
system, such as the human body. Measurements Which are 
typically taken With physiological monitoring systems 
include electron cardiographs, blood pressure, blood gas 
saturation (such as oxygen saturation), capnographs, heart 
rate, respiration rate, and depth of anesthesia, for example. 
Other types of measurements include those Which measure 
the pressure and quantity of a substance Within the body 
such as breathaliZer testing, drug testing, cholesterol testing, 
glucose testing, arterial carbon dioxide testing, protein test 
ing, and carbon monoxide testing, for example. The source 
of the undesired signal portion in these measurements is 
often due to motion of the patient, both external and internal 
(muscle movement, for example), during the measurement 
process. 

[0005] Knowledge of physiological systems, such as the 
amount of oxygen in a patient’s blood, can be critical, for 
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example during surgery. Data can be determined by a 
lengthy invasive procedure of extracting and testing matter, 
such as blood, from a patient, or by more expedient, non 
invasive measures. Many types of non-invasive measure 
ments can be made by using the knoWn properties of energy 
attenuation as a selected form of energy passes through a 
medium. 

[0006] Energy is caused to be incident on a medium either 
derived from or contained Within a patient and the amplitude 
of transmitted or re?ected energy is then measured. The 
amount of attenuation of the incident energy caused by the 
medium is strongly dependent on the thickness and compo 
sition of the medium through Which the energy must pass as 
Well as the speci?c form of energy selected. Information 
about a physiological system can be derived from data taken 
from the attenuated signal of the incident energy transmitted 
through the medium if the noise can be removed. HoWever, 
non-invasive measurements often do not afford the oppor 
tunity to selectively observe the interference causing the 
undesired signal portion, making it dif?cult to remove. 

[0007] These undesired signal portions often originate 
from both AC and DC sources. The ?rst undesired portion is 
an easily removed DC component caused by transmission of 
the energy through differing media Which are of relatively 
constant thickness Within the body, such as bone, tissue, 
skin, blood, etc. Second, is an erratic AC component caused 
When differing media being measured are perturbed and 
thus, change in thickness While the measurement is being 
made. Since most materials in and derived from the body are 
easily compressed, the thickness of such matter changes if 
the patient moves during a non-invasive physiological mea 
surement. Patient movement can cause the properties of 
energy attenuation to vary erratically. Traditional signal 
?ltering techniques are frequently totally ineffective and 
grossly de?cient in removing these motion induced effects 
from a signal. The erratic or unpredictable nature of motion 
induced undesired signal components is the major obstacle 
in removing them. Thus, presently available physiological 
monitors generally become totally inoperative during time 
periods When the patient moves. 

[0008] A blood gas monitor is one example of a physi 
ological monitoring system Which is based upon the mea 
surement of energy attenuated by biological tissues or sub 
stances. Blood gas monitors transmit light into the tissue and 
measure the attenuation of the light as a function of time. 
The output signal of a blood gas monitor Which is sensitive 
to the arterial blood ?oW contains a component Which is a 
Waveform representative of the patient’s arterial pulse. This 
type of signal, Which contains a component related to the 
patient’s pulse, is called a plethysmographic Wave, and is 
shoWn in FIG. 1 as curve Y. Plethysmographic Waveforms 
are used in blood pressure or blood gas saturation measure 
ments, for example. As the heart beats the amount of blood 
in the arteries increases and decreases, causing increases and 
decreases in energy attenuation, illustrated, by the cyclic 
Wave Y in FIG. 1. 

[0009] Typically, a digit such as a ?nger, an ear lobe, or 
other portion of the body Where blood ?oWs close to the 
skin, is employed as the medium through Which light energy 
is transmitted for blood gas attenuation measurements. The 
?nger comprises skin, fat, bone, muscle, etc., shoWn sche 
matically in FIG. 2, each of Which attenuates energy inci 
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dent on the ?nger in a generally predictable and constant 
manner. However, When ?eshy portions of the ?nger are 
compressed erratically, for example by motion of the ?nger, 
energy attenuation becomes erratic. 

[0010] An example of a more realistic measured Wave 
form S is shoWn in FIG. 3, illustrating the, effect of motion. 
The desired portion of the signal Y is the Waveform repre 
sentative of the pulse, corresponding to the saWtooth-like 
pattern Wave in FIG. 1. The large, motion-induced excur 
sions in signal amplitude hide the desired signal Y. It is easy 
to see hoW even small variations in amplitude make it 
dif?cult to distinguish the desired signal Y in the presence of 
a noise component n. 

[0011] A speci?c example of a blood gas monitoring 
apparatus is a pulse oximeter Which measures the saturation 
of oxygen in the blood. The pumping of the heart forces 
freshly oxygenated blood into the arteries causing greater 
energy attenuation. The saturation of oxygenated blood may 
be determined from the depth of the valleys relative to the 
peaks of tWo plethysmographic Waveforms measured at 
separate Wavelengths. HoWever, motion induced undesired 
signal portions, or motion artifacts, must be removed from 
the measured signal for the oximeter to continue the mea 
surement during periods When the patient moves. 

SUMMARY OF THE INVENTION 

[0012] The present invention is a signal processor Which 
acquires a ?rst signal and a second signal that is correlated 
to the ?rst signal. The ?rst signal comprises a ?rst desired 
signal portion and a ?rst undesired signal portion. The 
second signal comprises a second desired signal portion and 
a second undesired signal portion. The signals may be 
acquired by propagating energy through a medium and 
measuring an attenuated signal after transmission or re?ec 
tion. Alternatively, the signal may be acquired by measuring 
energy generated by the medium. 

[0013] The ?rst and second measured signals are pro 
cessed to generate a noise reference signal Which does not 
contain the desired signal portions from either of the ?rst or 
second measured signals. The remaining undesired signal 
portions from the ?rst and second measured signals are 
combined to form a noise reference signal. This noise 
reference signal is correlated to the undesired signal portion 
of each of the ?rst and second measured signals. 

[0014] The noise reference signal is then used to remove 
the undesired portion of each of the ?rst and second mea 
sured signals via an adaptive noise canceler. An adaptive 
noise canceler can be described by analogy to a dynamic 
multiple notch ?lter Which dynamically changes its transfer 
function in response to the noise reference signal and the 
measured signals to remove frequencies from the measured 
signals that are also present in the noise reference signal. 
Thus, a typical adaptive noise canceler receives the signal 
from Which it is desired to remove noise and a noise 
reference signal. The output of the adaptive noise canceler is 
a good approximation to the desired signal With the noise 
removed. 

[0015] Physiological monitors can often advantageously 
employ signal processors of the present invention. Often in 
physiological measurements a ?rst signal comprising a ?rst 
desired portion and a ?rst undesired portion and a second 
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signal comprising a second desired portion and a second 
undesired portion are acquired. The signals may be acquired 
by propagating energy through a patient’s body (or a mate 
rial Which is derived from the body, such as breath, blood, 
or tissue, for example) and measuring an attenuated signal 
after transmission or re?ection. Alternatively, the signal may 
be acquired by measuring energy generated by a patient’s 
body, such as in electrocardiography. The signals are pro 
cessed via the signal processor of the present invention to 
acquire a noise reference signal Which is input to an adaptive 
noise canceler. 

[0016] One physiological monitoring apparatus Which can 
advantageously incorporate the features of the present 
invention is a monitoring system Which determines a signal 
Which is representative of the arterial pulse, called a plethys 
mographic Wave. This signal can be used in blood pressure 
calculations, blood gas saturation measurements, etc. A 
speci?c example of such a use is in pulse oximetry Which 
determines the saturation of oxygen in the blood. In this 
con?guration, the desired portion of the signal is the arterial 
blood contribution to attenuation of energy as it passes 
through a portion of the body Where blood ?oWs close to the 
skin. The pumping of the heart causes blood How to increase 
and decrease in the arteries in a periodic fashion, causing 
periodic attenuation Wherein the periodic Waveform is the 
plethysmographic Waveform representative of the pulse. 

[0017] A physiological monitor particularly adapted to 
pulse oximetry oxygen saturation measurement comprises 
tWo light emitting diodes (LED’s) Which emit light at 
different Wavelengths to produce ?rst and second signals. A 
detector registers the attenuation of the tWo different energy 
signals after each passes through an absorptive media, for 
example a digit such as a ?nger, or an earlobe. The attenu 
ated signals generally comprise both desired and undesired 
signal portions. A static ?ltering system, such as a band pass 
?lter, removes a portion of the undesired signal Which is 
static, or constant, or outside of a knoWn bandWidth of 
interest, leaving an erratic or random undesired signal por 
tion, often caused by motion and often dif?cult to remove, 
along With the desired signal portion. 

[0018] Next, a processor of the present invention removes 
the desired signal portions from the measured signals yield 
ing a noise reference signal Which is a combination of the 
remaining undesired signal portions. The noise reference 
signal is correlated to both of the undesired signal portions. 
The noise reference signal and at least one of the measured 
signals are input to an adaptive noise canceler Which 
removes the random or erratic portion of the undesired 
signal. This yields a good approximation to the desired 
plethysmographic signal as measured at one of the measured 
signal Wavelengths. As is knoWn in the art, quantitative 
measurements of the amount of oxygenated blood in the 
body can be determined from the plethysmographic signal in 
a variety of Ways. 

[0019] One aspect of the present invention is a signal 
processor comprising a detector for receiving a ?rst signal 
Which travels along a ?rst propagation path and a second 
signal Which travels along a second propagation path 
Wherein a portion of the ?rst and second propagation paths 
are located in a propagation medium. The ?rst signal has a 
?rst desired signal portion and a ?rst undesired signal 
portion and the second signal has a second desired signal 
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portion and a second undesired signal portion. The ?rst and 
second undesired signal portions are a result of a perturba 
tion of the propagation medium. This aspect of the invention 
additionally comprises a reference processor having an input 
for receiving the ?rst and second signals. The processor is 
adapted to combine the ?rst and second signals to generate 
a reference signal having a primary component Which is a 
function of the ?rst and said second undesired signal por 
tions. 

[0020] The above described aspect of the present inven 
tion may further comprise an adaptive signal processor for 
receiving the reference signal and the ?rst signal and for 
deriving therefrom an output signal having a primary com 
ponent Which is a function of the ?rst desired signal portion 
of the ?rst signal. Alternatively, the above described aspect 
of the present invention my further comprise an adaptive 
signal processor for receiving the reference signal and the 
second signal and for deriving therefrom an output signal 
having a primary component Which is a function of the 
second desired signal portion of the second signal. The 
adaptive signal processor may comprise an adaptive noise 
canceler. The adaptive noise canceler may be comprise a 
joint process estimator having a least-squares-lattice predic 
tor and a regression ?lter. 

[0021] The detector in the aspect of the signal processor of 
the present invention described above may further comprise 
a sensor for sensing a physiological function. The sensor 
may comprises a light sensitive device. Additionally, the 
present invention may further comprising a pulse oXimeter 
for measuring oXygen saturation in a living organism. 

[0022] Another aspect of the present invention is a physi 
ological monitoring apparatus comprising a detector for 
receiving a ?rst physiological measurement signal Which 
travels along a ?rst propagation path and a second physi 
ological measurement signal Which travels along a second 
propagation path. A portion of the ?rst and second propa 
gation paths is located in a propagation medium. The ?rst 
signal has a ?rst desired signal portion and a ?rst undesired 
signal portion and the second signal has a second desired 
signal portion and a second undesired signal portion. The 
physiological monitoring apparatus further comprises a ref 
erence processor having an input for receiving the ?rst and 
second signals. The processor is adapted to combine the ?rst 
and second signals to generate a reference signal having a 
primary component Which is a function of the ?rst and the 
second undesired signal portions. 

[0023] The physiological monitoring apparatus may fur 
ther comprise an adaptive signal processor for receiving the 
reference signal and the ?rst signal and for deriving there 
from an output signal having a primary component Which is 
a function of the ?rst desired signal portion of the ?rst signal. 
Alternatively, the physiological monitoring apparatus may 
further comprise an adaptive signal processor for receiving 
the reference signal and the second signal and for deriving 
therefrom an output signal having a primary component 
Which is a function of the second desired signal portion of 
the second signal. The physiological monitoring apparatus 
may further comprise a pulse oXimeter. 

[0024] A further aspect of the present invention is an 
apparatus for measuring a blood constituent comprising an 
energy source for directing a plurality of predetermined 
Wavelengths of electromagnetic energy upon a specimen and 
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a detector for receiving the plurality of predetermined Wave 
lengths of electromagnetic energy from the specimen. The 
detector produces electrical signals corresponding to the 
predetermined Wavelengths in response to the electromag 
netic energy. At least tWo of the electrical signals each has 
a desired signal portion and an undesired signal portion. 
Additionally, the apparatus comprises a reference processor 
having an input for receiving the electrical signals. The 
processor is con?gured to combine said electrical signals to 
generate a reference signal having a primary component 
Which is derived from the undesired signal portions. 

[0025] This aspect of the present invention may further 
comprise an adaptive signal processor for receiving the 
reference signal and one of the tWo electrical signals and for 
deriving therefrom an output signal having a primary com 
ponent Which is a function of the desired signal portion of 
the electrical signal. This may be accomplished by use of an 
adaptive noise canceler in the adaptive signal processor 
Which may employ a joint process estimator having a least 
squares-lattice predictor and a regression ?lter. 

[0026] Yet another aspect of the present invention is a 
blood gas monitor for non-invasively measuring a blood 
constituent in a body comprising a light source for directing 
at least tWo predetermined Wavelengths of light upon a body 
and a detector for receiving the light from the body. The 
detector, in response to the light from the body, produces at 
least tWo electrical signals corresponding to the at least tWo 
predetermined Wavelengths of light. The at least tWo elec 
trical signals each has a desired signal portion and an 
undesired signal portion. The blood oXimeter further com 
prises a reference processor having an input for receiving the 
at least tWo electrical signals. The processor is adapted to 
combine the at least tWo electrical signals to generate a 
reference signal With a primary component Which is derived 
from the undesired signal portions. The blood oXimeter may 
further comprise an adaptive signal processor for receiving 
the reference signal and the tWo electrical signals and for 
deriving therefrom at least tWo output signals Which are 
substantially equal, respectively, to the desired signal por 
tions of the electrical signals. 

[0027] The present invention also includes a method of 
determining a noise reference signal from a ?rst signal 
comprising a ?rst desired signal portion and a ?rst noise 
portion and a second signal comprising a second desired 
signal portion and a second noise portion. The method 
comprises the steps of selecting a signal coef?cient Which is 
proportional to a ratio of predetermined attributes of the ?rst 
desired signal portion and predetermined attributes of the 
second desired signal portion. The ?rst signal and the second 
signal coef?cient are input into a signal multiplier Wherein 
the ?rst signal is multiplied by the signal coef?cient thereby 
generating a ?rst intermediate signal. The second signal and 
the ?rst intermediate signal are input into a signal subtractor 
Wherein the ?rst intermediate signal is subtracted from the 
second signal. This generates a noise reference signal having 
a primary component Which is derived from the ?rst and 
second noise signal portions. The ?rst and second signals in 
this method may be derived from light energy transmitted 
through an absorbing medium. 

[0028] The present invention further embodies a physi 
ological monitoring apparatus comprising means for acquir 
ing a ?rst signal comprising a ?rst desired signal portion and 
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a ?rst undesired signal portion and a second signal com 
prising a second desired signal portion and a second undes 
ired signal portion. The physiological monitoring apparatus 
of the present invention also comprises means for determin 
ing from the ?rst and second signals a noise reference signal. 

[0029] Additionally, the monitoring apparatus comprises 
an adaptive noise canceler having a noise reference input for 
receiving the noise reference signal and a signal input for 
receiving the ?rst signal Wherein the adaptive noise canceler, 
in real or near real time, generates an output signal Which 
approximates the ?rst desired signal portion. The adaptive 
noise canceler may further comprise a joint process estima 
tor. 

[0030] A further aspect of the present invention is an 
apparatus for processing an amplitude modulated signal 
having a signal amplitude complicating feature, the appara 
tus comprising an energy source for directing electromag 
netic energy upon a specimen. Additionally, the apparatus 
comprises a detector for acquiring a ?rst amplitude modu 
lated signal and a second amplitude modulated signal. Each 
of the ?rst and second signals has a component containing 
information about the attenuation of electromagnetic energy 
by the specimen and a signal amplitude complicating fea 
ture. The apparatus includes a reference processor for 
receiving the ?rst and second amplitude modulated signals 
and deriving therefrom a noise reference signal Which is 
correlated With the signal amplitude complicating feature. 
Further, the apparatus incorporates an adaptive noise can 
celer having a signal input for receiving the ?rst amplitude 
modulated signal, a noise reference input for receiving the 
noise reference signal, Wherein the adaptive noise canceler 
produces an output signal having a primary component 
Which is derived from the component containing informa 
tion about the attenuation of electromagnetic energy by the 
specimen. 
[0031] Still another aspect of the present invention is an 
apparatus for extracting a plethysmographic Waveform from 
an amplitude modulated signal having a signal amplitude 
complicating feature, the apparatus comprising a light 
source for transmitting light into an organism and a detector 
for monitoring light from the organism. The detector pro 
duces a ?rst light attenuation signal and a second light 
attenuation signal, Wherein each of the ?rst and second light 
attenuation signals has a component Which is representative 
of a plethysmographic Waveform and a component Which is 
representative of the signal amplitude complicating feature. 
The apparatus also includes a reference processor for receiv 
ing the ?rst and second light attenuation signals and deriving 
therefrom a noise reference signal. The noise reference 
signal and the signal amplitude complicating feature each 
has a frequency spectrum. The frequency spectrum of the 
noise reference signal is correlated With the frequency 
spectrum of the signal amplitude complicating feature. 
Additionally incorporated into this embodiment of the 
present invention is an adaptive noise canceler having a 
signal input for receiving the ?rst attenuation signal and a 
noise reference input for receiving the noise reference 
signal. The adaptive noise canceler produces an output 
signal having a primary component Which is derived from 
the component Which is representative of a plethysmo 
graphic Waveform. 

[0032] The present invention also comprises a method of 
removing a motion artifact signal from a signal derived from 
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a physiological measurement Wherein a ?rst signal having a 
physiological measurement component and a motion artifact 
component and a second signal having a physiological 
measurement component and a motion artifact component 
are acquired. From the ?rst and second signals a motion 
artifact noise reference signal Which is a primary function of 
the ?rst and second signals motion artifact components is 
derived. This method of removing a motion artifact signal 
from a signal derived from a physiological measurement 
may also comprise the step of inputting the motion artifact 
noise reference signal into an adaptive noise canceler to 
produce an output signal Which is a primary function of the 
?rst signal physiological measurement component. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] FIG. 1 illustrates an ideal plethysmographic Wave 
form. 

[0034] FIG. 2 schematically illustrates the cross-sectional 
structure of a typical ?nger. 

[0035] FIG. 3 illustrates a plethysmographic Waveform 
Which includes a motion-induced undesired erratic signal 
portion. 

[0036] FIG. 4 illustrates a schematic diagram of a physi 
ological monitor incorporating a processor of the present 
invention and an adaptive noise canceler. 

[0037] FIG. 4a illustrates the transfer function of a mul 
tiple notch ?lter. 

[0038] FIG. 5 illustrates an eXample of an adaptive noise 
canceler Which could be employed in a physiological moni 
tor Which also incorporates the processor of the present 
invention. 

[0039] FIG. 6a illustrates a schematic absorbing material 
comprising N constituents Within an absorbing material. 

[0040] FIG. 6b illustrates another schematic absorbing 
material comprising N constituents Within an absorbing 
material. 

[0041] FIG. 7 is a schematic model of a joint process 
estimator comprising a least-squares lattice predictor and a 
regression ?lter. 

[0042] FIG. 8 is a ?oWchart representing a subroutine 
capable of implementing a joint process estimator as mod 
eled in FIG. 7. 

[0043] FIG. 9 is a schematic model of a joint process 
estimator With a least-squares lattice predictor and tWo 
regression ?lters. 

[0044] FIG. 10 is an eXample of a physiological monitor 
incorporating a processor of the present invention and an 
adaptive noise canceler Within a microprocessor. This physi 
ological monitor is speci?cally designed to measure a 
plethysmographic Waveform and perform pulse oXimetry 
measurements. 

[0045] FIG. 11 is a graph of oXygenated and deoXygen 
ated absorption coef?cients vs. Wavelength. 

[0046] FIG. 12 is a graph of the ratio of the absorption 
coef?cients of deoXygenated hemoglobin divided by oXy 
genated hemoglobin vs. Wavelength. 
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[0047] FIG. 13 is an expanded vieW of a portion of FIG. 
11 marked by a circle labelled 13. 

[0048] FIG. 14 illustrates a signal measured at a ?rst red 
Wavelength 7~a=7~red1=650 nrn for use in a processor of the 
present invention employing the ratiornetric method for 
determining the noise reference signal n‘(t) and for use in a 
joint process estirnator. The measured signal comprises a 
desired portion YM(t) and an undesired portion nM(t). 

[0049] FIG. 15 illustrates a signal measured at a second 
red Wavelength 7tb=7tred2=685 nrn for use in a processor of 
the present invention employing the ratiornetric method for 
determining the noise reference signal n‘(t). The measured 
signal comprises a desired portion YM,(t) and an undesired 
portion nM,(t). 
[0050] FIG. 16 illustrates a signal measured at an infrared 
Wavelength 7~c=MR=940 nrn for use in a joint process 
estirnator. The measured signal comprises a desired portion 
Ykc(t) and an undesired portion nkc(t). 

[0051] FIG. 17 illustrates the noise reference signal n‘(t) 
determined by a processor of the present invention using the 
ratiornetric method. 

[0052] FIG. 18 illustrates a good approximation Y‘M(t) to 
the desired portion YM(t) of the signal SM(t) measured at 
7~a=7~red1=650 nrn estimated with a noise reference signal 
n‘(t) determined by the ratiornetric method. 

[0053] FIG. 19 illustrates a good approximation Y‘M(t) to 
the desired portion Ykc(t) of the signal Skc(t) measured at 
7~c=MR=940 nrn estimated with a noise reference signal n‘(t) 
determined by the ratiornetric method. 

[0054] FIG. 20 illustrates a signal measured at a red 
Wavelength 7~a=7~red=660 nrn for use in a processor of the 
present invention employing the constant saturation method 
for determining the noise reference signal n‘(t) and for use in 
a joint process estirnator. The measured signal comprises a 
desired portion YM(t) and an undesired portion nM(t). 

[0055] FIG. 21 illustrates a signal measured at an infrared 
Wavelength }\.b=}\.IR=940 nrn for use in a processor of the 
present invention employing the constant saturation method 
for determining the noise reference signal n‘(t) and for use in 
a joint process estirnator. The measured signal comprises a 
desired portion Y‘b(t) and an undesired portion nM,(t). 

[0056] FIG. 22 illustrates the noise reference signal n‘(t) 
determined by a processor of the present invention using the 
constant saturation method. 

[0057] FIG. 23 illustrates a good approximation Y‘M(t) to 
the desired portion YM(t) of the signal SM(t) measured at 
7~a=7~red=660 nrn estimated with a noise reference signal 
n‘(t) determined by the constant saturation method. 

[0058] FIG. 24 illustrates a good approximation Y*(t) to 
the desired portion YM,(t) of the signal SM,(t) measured at 
}\.b=}\.IR=940 nrn estimated with a noise reference signal n‘(t) 
determined by the constant saturation rnethod. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0059] The present invention is a processor Which deter 
mines a noise reference signal n‘(t) for use in an adaptive 
noise canceler. An adaptive noise canceler estimates a good 
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approXirnation Y‘(t) to a desired signal Y(t) from a cornpos 
ite signal S(t)=Y(t)+n(t) Which, in addition to the desired 
portion Y(t) comprises an undesired portion n(t). The undes 
ired portion n(t) may contain one or more of a constant 
portion, a predictable portion, an erratic portion, a random 
portion, etc. The approximation to the desired signal. Y‘(t) is 
derived by removing as many of the undesired portions n(t) 
from the composite signal S(t) as possible. The constant 
portion and predictable portion are easily removed With 
traditional ?ltering techniques, such as simple subtraction, 
loW pass, band pass, and high pass ?ltering. The erratic 
portion is more difficult to remove due to its unpredictable 
nature. If something is knoWn about the erratic signal, even 
statistically, it could be removed from the measured signal 
via traditional ?ltering techniques. HoWever, it is often the 
case that no information is knoWn about the erratic portion 
of the noise. In this case, traditional ?ltering techniques are 
usually insufficient. Often no information about the erratic 
portion of the measured signal is knoWn. Thus, an adaptive 
noise canceler is utiliZed in the present invention to remove 
the erratic portion. 

[0060] Generally, an adaptive noise canceler has tWo sig 
nal inputs and one output. One of the inputs is the noise 
reference signal n‘(t) Which is correlated to the erratic 
undesired signal portions n(t) present in the composite signal 
S(t). The other input is for the composite signal S(t). Ideally, 
the output of the adaptive noise canceler Y‘(t) corresponds to 
the desired signal portion Y(t) only. Often, the most difficult 
task in the application of adaptive noise cancelers is deter 
mining the noise reference signal n‘(t) Which is correlated to 
the erratic undesired portion n(t) of the measured signal S(t) 
since, as discussed above, unpredictable signal portions are 
usually quite difficult to isolate from the measured signal 
S(t). In the signal processor of the present invention, a noise 
reference signal n‘(t) is determined from tWo cornposite 
signals measured simultaneously, or nearly simultaneously, 
at tWo different Wavelengths, La and Kb. The signal proces 
sor of the present invention can be advantageously used in 
a monitoring device, such a monitor being Well suited for 
physiological rnonitoring. 
[0061] Ablock diagram of a generic rnonitor incorporating 
a signal processor, or reference processor, according to the 
present invention and an adaptive noise canceler is shoWn in 
FIG. 4. TWo rneasured signals, SM(t) and Skb(t), are 
acquired by a detector 20. One skilled in the art Will realiZe 
that for some physiological rneasurernents, more than one 
detector may be advantageous. Each signal is conditioned by 
a signal conditioner 22a and 22b. Conditioning includes, but 
is not limited to, such procedures as ?ltering the signals to 
remove constant portions and amplifying the signals for ease 
of manipulation. The signals are then converted to digital 
data by an analog-to-digital converter 24a and 24b. The ?rst 
measured signal SM(t) comprises a ?rst desired signal 
portion, labelled herein YM(t), and a ?rst undesired signal 
portion, labelled herein nM(t). The second measured signal 
SM,(t) is at least partially correlated to the ?rst measured 
signal SM(t) and comprises a second desired signal portion, 
labelled herein Ykb(t), and a second undesired signal por 
tion, labelled herein nM,(t). Typically the ?rst and second 
undesired signal portions, nM(t) and nkb(t), are uncorrelated 
and/or erratic With respect to the desired signal portions 
YM(t) and YM,(t). The undesired signal portions nM(t) and 
nM,(t) are often caused by motion of a patient. The signals 
SM(t) and SM,(t) are input to a reference processor 26. The 
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reference processor 26 multiplies the second measured sig 
nal SM,(t) by a factor Q and then subtracts the second 
measured signal SM,(t) from the ?rst measured signal SM(t). 
The factor Q is determined to cause the desired signal 
portions YM(t) and YM,(t) to cancel When the tWo signals 
SM(t) and Skb(t) are subtracted. Thus, the output of the 
reference processor 26 is a noise reference signal n‘(t)= 
nM(t)—QnM,(t) Which is correlated to both of the erratic 
undesired signal portions nM(t) and nkb(t). The noise refer 
ence signal n‘(t) is input, along With one of the measured 
signals SM(t), to an adaptive noise canceler 27 Which uses 
the noise reference signal n‘(t) to remove the undesired 
signal portion nM(t) or nkb(t) from the measured signal 
SM(t). It Will be understood that SM,(t) could have been input 
to the adaptive noise canceler 27 along With the noise 
reference signal n‘(t) instead of SM(t). The output of the 
adaptive noise canceler 27 is a good approximation Y‘M(t) 
to the desired signal YM(t). The approximation Ykb(t) is 
displayed on the display 28. 

[0062] An adaptive noise canceler 30, an eXample of 
Which is shoWn in block diagram in FIG. 5, is employed to 
remove the erratic, undesired signal portions nM(t) and 
nkb(t) from the measured signals SM(t) and SM,(t). The 
adaptive noise canceler 30 in FIG. 5 has as one input a 
sample of the noise reference signal n‘(t) Which is correlated 
to the undesired signal portions nM(t) and nM,(t). The noise 
reference signal n‘(t) is determined from the tWo measured 
signals SM(t) and SM,(t) by the processor 26 of the present 
invention as described herein. Asecond input to the adaptive 
noise canceler is a sample of either the ?rst or second 

measured signal SM(t)=YM(t)+n;La(t) or SM,(t)=YM,(t)+ 
HMO) 
[0063] The adaptive noise canceler 30 functions to remove 
frequencies common to both the noise reference signal n‘(t) 
and the measured signal SM(t) or SM,(t). Since the noise 
reference signal n‘(t) is correlated to the erratic undesired 
signal portions nM(t) and nkb(t), the noise reference signal 
n‘(t) is also erratic. The adaptive noise canceler acts in a 
manner Which may be analogiZed to a dynamic multiple 
notch ?lter based on the spectral distribution of the noise 
reference signal n‘(t). 

[0064] Referring to FIG. 4a, the transfer function of a 
multiple notch ?lter is shoWn. The notches, or dips in the 
amplitude of the transfer function, indicate frequencies 
Which are attenuated or removed When a composite mea 
sured signal passes through the notch ?lter. The output of the 
notch ?lter is the composite signal having frequencies at 
Which a notch Was present removed. In the analogy to an 
adaptive noise canceler, the frequencies at Which notches are 
present change continuously based upon the inputs to the 
adaptive noise canceler. 

[0065] The adaptive noise canceler 30 shoWn in FIG. 5 
produces an output signal, labelled herein Y‘M(t) or Y‘M,(t), 
Which is fed back to an internal processor 32 Within the 
adaptive noise canceler 30. The internal processor 32 auto 
matically adjusts its oWn transfer function according to a 
predetermined algorithm such that the output of the internal 
processor 32, labelled b(t), closely resembles the undesired 
signal portion nM(t) or nM,(t). The output b(t) of the internal 
processor 32 is subtracted from the measured signal, SM(t) 
or SM,(t), yielding a signal Y‘M(t)zS;La(t)+n;La(t)—bM(t) or 
Y‘M,(t)zS;Lb(t)+n;\b(t)—b;Lb(t). The internal processor opti 
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miZes YM(t) or YM,(t) such that Y‘M(t) or Y‘M,(t) is approxi 
mately equal to the desired signal YM(t) or YM,(t), respec 
tively. 
[0066] One algorithm Which may be used for the adjust 
ment of the transfer function of the internal processor 32 is 
a least-squares algorithm, as described in Chapter 6 and 
Chapter 12 of the book Adaptive Signal Processing by 
Bernard WidroW and Samuel Stearns, published by Prentice 
Hall, copyright 1985. This entire book, including Chapters 6 
and 12, is hereby incorporated herein by reference. 

[0067] Adaptive processors 30, have been successfully 
applied to a number of problems including antenna sidelobe 
canceling, pattern recognition, the elimination of periodic 
interference in general, and the elimination of echoes on 
long distance telephone transmission lines. HoWever, con 
siderable ingenuity is often required to ?nd a suitable noise 
reference signal n‘(t) for a given application since the 
random or erratic portions nM(t) or nkb(t) cannot easily be 
separated from the measured signal SM(t) or SM,(t). If the 
actual undesired signal portion nM(t) or nM,(t) Were a priori 
available, techniques such as adaptive noise canceling 
Would not be necessary. The unique determination of a 
suitable noise reference signal n‘(t) from measurements 
taken by a monitor incorporating a reference processor of 
the present invention is one aspect of the present invention. 

Generalized Determination of Noise Reference 
Signal 

[0068] An explanation Which describes hoW the noise 
reference signal n‘(t) may be determined as folloWs. A ?rst 
signal is measured at, for eXample, a Wavelength ha, by a 
detector yielding a signal SM(t): 

SMUFYMUFWQU); (1) 
[0069] Where YM(t) is the desired signal and nM(t) is the 
noise component. 

[0070] A similar measurement is taken simultaneously, or 
nearly simultaneously, at a different Wavelength, Kb, yield 
ing: 

SAb(t)=Y)»b(t)+nAb- (2) 
[0071] Note that as long as the measurements, SM(t) and 
SM,(t), are taken substantially simultaneously, the undesired 
signal components, nM(t) and nkb(t), Will be correlated 
because any random or erratic functions Will affect each 
measurement in nearly the same fashion. 

[0072] To obtain the noise reference signal n‘(t), the mea 
sured signals SM(t) and SM,(t) are transformed to eliminate 
the desired signal components. One Way of doing this is to 
?nd a proportionality constant, 001, betWeen the desired 
signals YM(t) and YM,(t) such that: 

YMU) (Bil/IMO)- (3) 
[0073] This proportionality relationship can be satis?ed in 
many measurements, including but not limited to absorption 
measurements and physiological measurements. Addition 
ally, in most measurements, the proportionality constant 001 
can be determined such that: 

”>.a(l)=°31”).b(l)- (4) 
[0074] Multiplying equation (2) by 001 and then subtract 
ing equation (2) from equation (1) results in a single 
equation Wherein the desired signal terms YM(t) and Skb(t) 
cancel, leaving: 
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[0075] a non-Zero signal Which is correlated to each 
undesired signal portion nM(t) and nM,(t) and can be used as 
the noise reference signal n‘(t) in an adaptive noise canceler. 

Example of Determination of Noise Reference 
Signal in an Absorptive System 

[0076] Adaptive noise canceling is particularly useful in a 
large number of measurements generally described as 
absorption measurements. An example of an absorption type 
monitor Which can advantageously employ adaptive noise 
canceling based upon a noise reference signal n‘(t) deter 
mined by a processor of the present invention is one Which 
determines the concentration of an energy absorbing con 
stituent Within an absorbing material When the material is 
subject to perturbation. Such perturbations can be caused by 
forces about Which information is desired, or alternatively, 
by random or erratic forces such as a mechanical force on 
the material. Random or erratic interference, such as motion, 
generates undesired noise components in the measured 
signal. These undesired components can be removed by the 
adaptive noise canceler if a suitable noise reference signal 
n‘(t) is knoWn. 

[0077] Aschematic N constituent absorbing material com 
prising a container 42 having N different absorbing con 
stituents, labelled A1,A2,A3, . . .AN, is shoWn schematically 
in FIG. 6a. The constituents A1 through AN in FIG. 6a are 
arranged in a generally orderly, layered fashion Within the 
container 42. An example of a particular type of absorptive 
system is one in Which light energy passes through the 
container 42 and is absorbed according to the generaliZed 
Beer-Lambert LaW of light absorption. For light of Wave 
length ha, this attenuation may be approximated by: 

[0078] Initially transforming the signal by taking the natu 
ral log of both sides and manipulating terms, the signal is 
transformed such that the signal components are combined 
by addition rather than multiplication, i.e.: 

[0079] Where I0 is the incident light energy intensity; I is 
the transmitted light energy intensity; em, is the absorption 
coefficient of the ith constituent at the Wavelength ha; x1(t) 
is the optical path length of ith layer, i.e., the thickness of 
material of the ith layer through Which optical energy passes; 
and ci(t) is the concentration of the ith constituent in the 
volume associated With the thickness xi(t). The absorption 
coefficients 61 through EN are knoWn values Which are 
constant at each Wavelength. Most concentrations c1(t) 
through cN(t) are typically unknoWn, as are most of the 
optical path lengths xi(t) of each layer. The total optical path 
length is the sum of each of the individual optical path 
lengths xi(t) of each layer. 

[0080] When the material is not subject to any forces 
Which cause perturbation in the thicknesses of the layers, the 
optical path length of each layer, xi(t), is generally constant. 
This results in generally constant attenuation of the optical 
energy and thus, a generally constant offset in the measured 
signal. Typically, this portion of the signal is of little interest 
since knoWledge about a force Which perturbs the material 
is usually desired. Any signal portion outside of a knoWn 
bandWidth of interest, including the constant undesired 
signal portion resulting from the generally constant absorp 
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tion of the constituents When not subject to perturbation, 
should be removed. This is easily accomplished by tradi 
tional band pass ?ltering techniques. HoWever, When the 
material is subject to forces, each layer of constituents may 
be affected by the perturbation differently than each other 
layer. Some perturbations of the optical path lengths of each 
layer xi(t) may result in excursions in the measured signal 
Which represent desired information. Other perturbations of 
the optical path length of each layer xi(t) cause undesired 
excursions Which mask desired information in the measured 
signal. Undesired signal components associated With undes 
ired excursions must also be removed to obtain desired 
information from the measured signal. 

[0081] The adaptive noise canceler removes from the 
composite signal, measured after being transmitted through 
or re?ected from the absorbing material, the undesired 
signal components caused by forces Which perturb the 
material differently from the forces Which perturbed the 
material to cause the desired signal component. For the 
purposes of illustration, it Will be assumed that the portion 
of the measured signal Which is deemed the desired signal 
YM(t) is the attenuation term e5c5x5(t) associated With a 
constituent of interest, namely A5, and that the layer of 
constituent A5 is affected by perturbations differently than 
each of the layers of other constituents A1 through A4 and A6 
through AN. An example of such a situation is When layer n 
is subject to forces about Which information is desired and, 
additionally, the entire material is subject to forces Which 
affect each of the layers. In this case, since the total force 
affecting the layer of constituents A5 is different than the 
total forces affecting each of the other layers and information 
is desired about the forces and resultant perturbation of the 
layer of constituents A5, attenuation terms due to constitu 
ents A1 through A4 and A6 through AN make up the undesired 
signal nM(t). Even if the additional forces Which affect the 
entire material cause the same perturbation in each layer, 
including the layer of A5, the total forces on the layer of 
constituent A5 cause it to have different total perturbation 
than each of the other layers of constituents A1 through A4 
and A6 through AN, 

[0082] It is often the case that the total perturbation 
affecting the layers associated With the undesired signal 
components is caused by random or erratic forces. This 
causes the thickness of layers to change erratically and the 
optical path length of each layer, xi(t), to change erratically, 
thereby producing a random or erratic undesired signal 
component nM(t). HoWever, regardless of Whether or not the 
undesired signal portion nM(t) is erratic, the undesired signal 
component nM(t) can be removed via an adaptive noise 
canceler having as one input a noise reference signal n‘(t) 
determined by a processor of the present invention as long 
as the perturbation on layers other than the layer of con 
stituent A5 is different than the perturbation on the layer of 
constituent A5. The adaptive noise canceler yields a good 
approximation to the desired signal Y‘M(t). From this 
approximation, the concentration of the constituent of inter 
est, C5(t), can often be determined since in some physiologi 
cal measurements, the thickness of the desired signal com 
ponent, x5(t) in this example, is knoWn or can be determined. 

[0083] The adaptive noise canceler utiliZes a sample of a 
noise reference signal n‘(t) determined from tWo substan 
tially simultaneously measured signals SM(t) and SM,(t). 
SM(t) is determined as above in equation SM,(t) is 
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determined similarly at a different Wavelength Kb. To ?nd 
the noise reference signal n‘(t), attenuated transmitted 
energy is measured at the tWo different Wavelengths La and 
Ab and transformed via logarithmic conversion. The signals 
SM(t) and SM,(t) can then be Written (logarithm converted) 
as: 

[0084] A further transformation of the signals is the pro 
portionality relationship de?ning (n2, similarly to equation 
(3), Which alloWs determination of a noise reference signal 
n‘(t), is: 

[0085] e5)ka=w2e5>kb; Where (12) 

[0086] nMS’E uuznkb. (13) 
[0087] It is often the case that both equations (12) and (13) 
can be simultaneously satis?ed. Multiplying equation (11) 
by W and subtracting the result from equation (9) yields a 
non-Zero noise reference signal Which is a linear sum of 
undesired signal components: 

"/(I) = 510(1) — 1025/1170) = "10(1) — (UM/117(1)- (14) 

N 

Z Ck Xk (DIE/Mia — (028M171 

[0088] A sample of this noise reference signal n‘(t); and a 
sample of either measured signal SM(t) or SM,(t), are input 
to an adaptive noise canceler, one model of Which is shoWn 
in FIG. 5 and a preferred model of Which is discussed herein 
under the heading PREFERRED ADAPTIVE NOISE CAN - 
CELER USING A JOINT PROCESS ESTIMATOR 
IMPLEMENTATION. The adaptive noise canceler removes 
the undesired portion of the measured signal nM(t) or nM,(t), 
yielding a good approximation to the desired portion of 
signal Y‘M(t)ze5)Mc5X5(t) or Y‘M(t)ze5)kbc5X5(t) The con 
centration C5(t) may then be determined from the approXi 
mation to the desired signal Y‘M(t) or Y‘M,(t) according to: 

[0089] As discussed previously, the absorption coefficients 
are constant at each Wavelength La and 7b and the thickness 
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of the desired signal component, X5(t) in this example, is 
often knoWn or can be determined as a function of time, 
thereby alloWing calculation of the concentration c5(t) of 
constituent A5. 

Determination of Concentration or Saturation in a 
Volume Containing More Than One Constituent 

[0090] Referring to FIG. 6b, another material having N 
different constituents arranged in layers is shoWn. In this 
material, tWo constituents A5 and A6 are found Within one 
layer having thickness X5)6(I)=X5(I)+X6(I), located generally 
randomly Within the layer. This is analogous to combining 
the layers of constituents A5 and A6 in FIG. 6a. 

[0091] A combination of layers, such as the combination 
of layers of constituents A5 and A6, is feasible When the tWo 
layers are under the same total forces Which result in the 
same perturbation of the optical path lengths X5(t) and X6(t) 
of the layers. 

[0092] Often it is desirable to ?nd the concentration or the 
saturation, i.e., a percent concentration, of one constituent 
Within a given thickness Which contains more than one 
constituent and is subject to unique forces A determination 
of the concentration or the saturation of a constituent Within 
a given volume may be made With any number of constitu 
ents in the volume subject to the same total forces and 
therefore under the same perturbation. To determine the 
saturation of one constituent in a volume comprising many 
constituents, as many measured signals as there are con 
stituents Which absorb incident light energy are necessary. It 
Will be understood that constituents Which do not absorb 
light energy are not consequential in the determination of 
saturation. To determine the concentration, as many signals 
as there are constituents Which absorb incident light energy 
are necessary as Well as information about the sum of 
concentrations. 

[0093] It is often the case that a thickness under unique 
motion contains only tWo constituents. For eXample, it may 
be desirable to knoW the concentration or saturation of A5 
Within a given volume Which contains A5 and A6. In this 
case, the desired signals YM(t) and YM,(t) comprise terms 
related to both A5 and A6 so that a determination of the 
concentration or saturation of A5 or A6 in the volume may be 
made. A determination of saturation is discussed herein. It 
Will be understood that the concentration of A5 in volume 
containing both A5 and A6 could also be determined if it is 
knoWn that A5+A6=1, i.e., that there are no constituents in 
the volume Which do not absorb incident light energy at the 
particular measurement Wavelengths chosen. The measured 
signals SM(t) and SM,(t) can be Written (logarithm con 
verted) as: 

510(1) = 81100516160) + ‘96,/IaC6xS,6([) + "10(1) (13) 

= YMU) + "10(1); (19) 

SMU) : sgylbcgxsydl) + s6’,\bc6x5’6(l) + nAbU) (20) 

= YibU) + MW)- (21) 

[0094] Any signal portions outside of a knoWn bandWidth 
of interest, including the constant undesired signal portion 


































