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SIGNAL PROCESSINGAPPARATUS 

PRIORITY CLAIM 

0001. This application is a continuation of U.S. Patent 
application Ser. No. 09/11 1,604, filed Jul. 7, 1998, which is a 
continuation of U.S. patent application Ser. No. 10/779,033, 
filed Feb. 13, 2004, which is a continuation of U.S. patent 
application Ser. No. 09/11 1,604, filed Jul. 7, 1998, which is a 
continuation of U.S. patent application Ser. No. 08/943,511, 
filed Oct. 6, 1997, which is a continuation of U.S. patent 
application Ser. No. 08/572,488, filed Dec. 14, 1995, which is 
a continuation of U.S. application Ser. No. 08/132,812, filed 
on Oct. 6, 1993. The present application incorporates each of 
the foregoing disclosures herein by reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to the field of signal 
processing. More specifically, the present invention relates to 
the processing of measured signals, containing a primary and 
a secondary signal, for the removal or derivation of either the 
primary or secondary signal when little is known about either 
of these components. The present invention also relates to the 
use of a novel processor which in conjunction with a corre 
lation canceler, Such as an adaptive noise canceler, produces 
primary and/or secondary signals. The present invention is 
especially useful for physiological monitoring systems 
including blood oxygen Saturation. 
0004 2. Description of the Related Art 
0005 Signal processors are typically employed to remove 
or derive either the primary or secondary signal portion from 
a composite measured signal including a primary signal por 
tion and a secondary signal portion. If the secondary signal 
portion occupies a different frequency spectrum than the pri 
mary signal portion, then conventional filtering techniques 
Such as low pass, band pass, and high pass filtering could be 
used to remove or derive either the primary or the secondary 
signal portion from the total signal. Fixed single or multiple 
notch filters could also be employed if the primary and/or 
secondary signal portion(s) exit at a fixed frequency(s). 
0006. It is often the case that an overlap in frequency 
spectrum between the primary and secondary signal portions 
exists. Complicating matters further, the statistical properties 
of one or both of the primary and secondary signal portions 
change with time. In Such cases, conventional filtering tech 
niques are totally ineffective in extracting either the primary 
or secondary signal. If, however, a description of either the 
primary or secondary signal portion can be made available 
correlation canceling, such as adaptive noise canceling, can 
be employed to remove either the primary or secondary signal 
portion of the signal leaving the other portion available for 
measurement. 

0007 Correlation cancelers, such as adaptive noise can 
celers, dynamically change their transfer function to adapt to 
and remove either the primary or secondary signal portions of 
a composite signal. Correlation cancelers require either a 
secondary reference or a primary reference which is corre 
lated to either the secondary signal or the primary signal 
portions only. The reference signals are not necessarily a 
representation of the primary or secondary signal portions, 
but have a frequency spectrum which is similar to that of the 
primary or secondary signal portions. In many cases, it 
requires considerable ingenuity to determine a reference sig 
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nal since nothing is usually known a priori about the second 
ary and/or primary signal portions. 
0008. One area where composite measured signals com 
prising a primary signal portion and a secondary signal por 
tion 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 electrocardiographs, blood pressure, blood gas satu 
ration (such as oxygen Saturation), capnographs, heart rate, 
respiration rate, and depth of anesthesia, for example. Other 
types of measurements include those which measure the pres 
Sure and quantity of a Substance within the body such as 
breathalyzer testing, drug testing, cholesterol testing, glucose 
testing, arterial carbon dioxide testing, protein testing, and 
carbon monoxide testing, for example. Complications arising 
in these measurements are often due to motion of the patient, 
both external and internal (muscle movement, for example), 
during the measurement process. 
0009 Knowledge of physiological systems, such as the 
amount of oxygen in a patient's blood, can be critical, for 
example during Surgery. These 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. 

00.10 Energy is caused to be incident on a medium either 
derived from or contained within a patient and the amplitude 
of transmitted or reflected 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 specific 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 either the primary or secondary signal 
of the composite measurement signal can be removed. How 
ever, non-invasive measurements often do not afford the 
opportunity to selectively observe the interference causing 
either the primary or secondary signal portions, making it 
difficult to extract either one of them from the composite 
signal. 
0011. The primary and/or secondary signal portions often 
originate from both AC and/or DC sources. The DC portions 
are 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. These portions are 
easy to remove from a composite signal. The AC components 
are caused by physiological pulsations or 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 measurement. Patient 
movement, muscular movement and vessel movement, can 
cause the properties of energy attenuation to vary erratically. 
Traditional signal filtering techniques are frequently totally 
ineffective and grossly deficient in removing these motion 
induced effects from a signal. The erratic or unpredictable 
nature of motion induced signal components is the major 
obstacle in removing or deriving them. Thus, presently avail 
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able physiological monitors generally become totally inop 
erative during time periods when the measurement site is 
perturbed. 
0012. A blood gas monitor is one example of a physiologi 
cal monitoring system which is based upon the measurement 
of energy attenuated by biological tissues or Substances. 
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 flow contains a component which is a waveform rep 
resentative 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 
curves. Plethysmographic waveforms are used in blood pres 
Sure or blood gas Saturation measurements, for example. As 
the heartbeats, the amount of blood in the arteries increases 
and decreases, causing increases and decreases in energy 
attenuation, illustrated by the cyclic waves in FIG. 1. 
0013 Typically, a digit such as a finger, an ear lobe, or 
other portion of the body where blood flows close to the skin, 
is employed as the medium through which light energy is 
transmitted for blood gas attenuation measurements. The fin 
ger comprises skin, fat, bone, muscle, etc., shown Schemati 
cally in FIG. 2, each of which attenuates energy incident on 
the finger in a generally predictable and constant manner. 
However, when fleshy portions of the finger are compressed 
erratically, for example by motion of the finger, energy 
attenuation becomes erratic. 
0014. An example of a more realistic measured waveform 
S is shown in FIG. 3, illustrating the effect of motion. The 
primary plethysmographic waveform portion of the signals is 
the waveform representative of the pulse, corresponding to 
the sawtooth-like pattern wave in FIG.1. The large, second 
ary motion-induced excursions in signal amplitude hide the 
primary plethysmographic signals. It is easy to see how even 
Small variations in amplitude make it difficult to distinguish 
the primary signal S in the presence of a secondary signal 
component n. 
0.015. A specific example of a blood gas monitoring appa 
ratus is a pulse oximeter which measures the arterial Satura 
tion of oxygen in the blood. The pumping of the heart forces 
freshly oxygenated blood into the arteries causing greater 
energy attenuation. The arterial saturation of oxygenated 
blood may be determined from the depth of the valleys rela 
tive to the peaks of two plethysmographic waveforms mea 
Sured at separate wavelengths. Patient movement introduces 
signal portions mostly due to venous blood, or motion arti 
facts, to the plethysmographic waveform illustrated in FIG.3. 
It is these motion artifacts which must be removed from the 
measured signal for the oximeter to continue the measure 
ment of arterial blood oxygen saturation, even during periods 
when the patient moves. It is also these motion artifacts which 
must be derived from the measured signal for the oximeter to 
obtain an estimate of venous blood oxygen Saturation. Once 
the signal components due to either arterial blood or venous 
blood is known, its corresponding oxygen saturation may be 
determined. 

SUMMARY OF THE INVENTION 

0016. The invention is a signal processor which acquires a 
first signal and a second signal that is correlated to the first 
signal. The first signal comprises a first primary signal portion 
and a first secondary signal portion. The second signal com 
prises a second primary signal portion and a second second 
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ary signal portion. The signals may be acquired by propagat 
ing energy through a medium and measuring an attenuated 
signal after transmission or reflection. Alternatively, the sig 
nals may be acquired by measuring energy generated by the 
medium. 

0017. The first and second measured signals are processed 
to generate a secondary reference which does not contain the 
primary signal portions from either of the first or second 
measured signals. The remaining secondary signal portions 
from the first and second measured signals are combined to 
form the secondary reference. This secondary reference is 
correlated to the secondary signal portion of each of the first 
and second measured signals. 
0018. The secondary reference is then used to remove the 
secondary portion of each of the first and second measured 
signals via a correlation canceler, such as an adaptive noise 
canceler. The correlation canceler is a device which takes a 
first and second input and removes from the first input all 
signal components which are correlated to the second input. 
Any unit which performs or nearly performs this function is 
herein considered to be a correlation canceler. An adaptive 
correlation canceler can be described by analogy to a 
dynamic multiple notch filter which dynamically changes its 
transfer function in response to a reference signal and the 
measured signals to remove frequencies from the measured 
signals that are also present in the reference signal. Thus, a 
typical adaptive correlation canceler receives the signal from 
which it is desired to remove a component and a reference 
signal. The output of the correlation canceler is a good 
approximation to the desired signal with the undesired com 
ponent removed. 
0019. Alternatively, the first and second measured signals 
may be processed to generate a primary reference which does 
not contain the secondary signal portions from either of the 
first or second measured signals. The remaining primary sig 
nal portions from the first and second measured signals are 
combined to form the primary reference. The primary refer 
ence may then be used to remove the primary portion of each 
of the first and second measured signals via a correlation 
canceler. The output of the correlation canceler is a good 
approximation to the secondary signal with the primary sig 
nal removed and may be used for Subsequent processing in 
the same instrument oran auxiliary instrument. In this capac 
ity, the approximation to the secondary signal may be used as 
a reference signal for input to a second correlation canceler 
together with either the first or second measured signals for 
computation of respectively, either the first or second pri 
mary signal portions. 
0020 Physiological monitors can often advantageously 
employ signal processors of the present invention. Often in 
physiological measurements a first signal comprising a first 
primary portion and a first secondary portion and a second 
signal comprising a second primary portion and a second 
secondary portion are acquired. The signals may be acquired 
by propagating energy through a patient's body (or a material 
which is derived from the body, such as breath, blood, or 
tissue, for example) or inside a vessel and measuring an 
attenuated signal after transmission or reflection. Alterna 
tively, the signal may be acquired by measuring energy gen 
erated by a patient's body. Such as in electrocardiography. The 
signals are processed via the signal processor of the present 
invention to acquire either a secondary reference or a primary 
reference which is input to a correlation canceler, such as an 
adaptive noise canceler. 
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0021 One physiological monitoring apparatus which can 
advantageously incorporate the features of the present inven 
tion is a monitoring system which determines a signal which 
is representative of the arterial pulse, called a plethysmo 
graphic wave. This signal can be used in blood pressure 
calculations, blood gas Saturation measurements, etc. A spe 
cific example of Such a use is in pulse oximetry which deter 
mines the Saturation of oxygen in the blood. In this configu 
ration, we define the primary portion of the signal to be the 
arterial blood contribution to attenuation of energy as it 
passes through a portion of the body where blood flows close 
to the skin. The pumping of the heart causes blood flow 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 arte 
rial pulse. We define the secondary portion of the signal to be 
that which is usually considered to be noise. This portion of 
the signal is related to the venous blood contribution to 
attenuation of energy as it passes through the body. Patient 
movement causes this component to flow in an unpredictable 
manner, causing unpredictable attenuation and corrupting the 
otherwise periodic plethysmographic waveform. Respiration 
also causes secondary or noise component to vary, although 
typically at a much lower frequency than the patients pulse 
rate. 

0022. A physiological monitor particularly adapted to 
pulse oximetry oxygen Saturation measurement comprises 
two light emitting diodes (LED's) which emit light at differ 
ent wavelengths to produce first and second signals. A detec 
torregisters the attenuation of the two different energy signals 
after each passes through an absorptive media, for example a 
digit such as a finger, or an earlobe. The attenuated signals 
generally comprise both primary and secondary signal por 
tions. A static filtering system, such as a bandpass filter, 
removes a portion of the secondary signal which is outside of 
a known bandwidth of interest, leaving an erratic or random 
secondary signal portion, often caused by motion and often 
difficult to remove, along with the primary signal portion. 
0023) Next, a processor of the present invention removes 
the primary signal portions from the measured signals yield 
ing a secondary reference which is a combination of the 
remaining secondary signal portions. The secondary refer 
ence is correlated to both of the secondary signal portions. 
The secondary reference and at least one of the measured 
signals are input to a correlation canceler, Such as an adaptive 
noise canceler, which removes the random or erratic portion 
of the secondary signal. This yields a good approximation to 
the primary plethysmographic signal as measured at one of 
the measured signal wavelengths. As is known in the art, 
quantitative measurements of the amount of oxygenated arte 
rial blood in the body can be determined from the plethysmo 
graphic signal in a variety of ways. 
0024. The processor of the present invention may also 
remove the secondary signal portions from the measured 
signals yielding a primary reference which is a combination 
of the remaining primary signal portions. The primary refer 
ence is correlated to both of the primary signal portions. The 
primary reference and at least one of the measured signals are 
input to a correlation canceler which removes the primary 
portions of the measured signals. This yields a good approxi 
mation to the secondary signal at one of the measured signal 
wavelengths. This signal may be useful for removing second 
ary signals from an auxiliary instrument as well as determin 
ing venous blood oxygen Saturation. 
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0025. One aspect of the present invention is a signal pro 
cessor comprising a detector for receiving a first signal which 
travels along a first propagation path and a second signal 
which travels along a second propagation path wherein a 
portion of the first and second propagation paths are located in 
a propagation medium. The first signal has a first primary 
signal portion and a first secondary signal portion and the 
second signal has a second primary signal portion and a 
second secondary signal portion. The first and second sec 
ondary signal portions are a result of a change of the propa 
gation medium. This aspect of the invention additionally 
comprises a reference processor having an input for receiving 
the first and second signals. The processor is adapted to com 
bine the first and second signals to generate a secondary 
reference having a significant component which is a function 
of the first and said second secondary signal portions. The 
processor may also be adapted to combine the first and second 
signals to generate a primary reference having a significant 
component which is a function of the first and second primary 
signal portions 
0026. The above described aspect of the present invention 
may further comprise a signal processor for receiving the 
secondary reference signal and the first signal and for deriv 
ing therefrom an output signal having a significant compo 
nent which is a function of the first primary signal portion of 
the first signal. Alternatively, the above described aspect of 
the present invention may further comprise a signal processor 
for receiving the secondary reference signal and the second 
signal and for deriving therefrom an output signal having a 
significant component which is a function of the second pri 
mary signal portion of the second signal. Alternatively, the 
above described aspect of the present invention may further 
comprise a signal processor for receiving the primary refer 
ence and the first signal and for deriving therefrom an output 
signal having a significant component which is a function of 
the first secondary signal portion of the signal of the first 
signal. Alternatively, the above described aspect of the 
present invention may further comprise a signal processor for 
receiving the primary reference and the second signal and for 
deriving therefrom an output signal having a significant com 
ponent which is a function of the second secondary signal 
portion of the second signal. The signal processor may com 
prise a correlation canceler, Such as an adaptive noise can 
celer. The adaptive noise canceler may comprise a joint pro 
cess estimator having a least-squares-lattice predictor and a 
regression filter. 
0027. 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 
comprise a light or other electromagnetic sensitive device. 
Additionally, the present invention may further comprise a 
pulse oximeter for measuring oxygen Saturation in a living 
organism. The present invention may further comprise an 
electrocardiograph. 
0028. Another aspect of the present invention is a physi 
ological monitoring apparatus comprising a detector for 
receiving a first physiological measurement signal which 
travels along a first propagation path and a second physiologi 
cal measurement signal which travels along a second propa 
gation path. A portion of the first and second propagation 
paths being located in the same propagation medium. The 
first signal has a first primary signal portion and a first sec 
ondary signal portion and the second signal has a second 
primary signal portion and a second secondary signal portion. 
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The physiological monitoring apparatus further comprises a 
reference processor having an input for receiving the first and 
second signals. The processor is adapted to combine the first 
and second signals to generate a secondary reference signal 
having a significant component which is a function of the first 
and the second secondary signal portions. Alternatively, the 
processor may be adapted to combine the first and second 
signals to generate a primary reference having a component 
which is a function of the first and second primary signal 
portions. 
0029. The physiological monitoring apparatus may fur 
ther comprise a signal processor for receiving the secondary 
reference and the first signal and for deriving therefrom an 
output signal having a significant component which is a func 
tion of the first primary signal portion of the first signal. 
Alternatively, the physiological monitoring apparatus may 
further comprise a signal processor for receiving the second 
ary reference and the second signal and for deriving there 
from an output signal having a significant component which 
is a function of the second primary signal portion of the 
second signal. Alternatively, the physiological monitoring 
apparatus may further comprise a signal processor for receiv 
ing the primary reference and the first signal and deriving 
therefrom an output signal having a significant component 
which is a function of the first secondary signal portion of the 
first signal. Alternatively, the physiological monitoring appa 
ratus may further comprise a signal processor for receiving 
the primary reference and the second signal and deriving 
therefrom an output signal having a significant component 
which is a function of the second secondary signal portion of 
the second signal. 
0030. A further aspect of the present invention is an appa 
ratus for measuring a blood constituent comprising an energy 
Source for directing a plurality of predetermined wavelengths 
of electromagnetic energy upon a specimen and a detector for 
receiving the plurality of predetermined wavelengths of elec 
tromagnetic energy from the specimen. The detector pro 
duces electrical signals corresponding to the predetermined 
wavelengths in response to the electromagnetic energy. At 
least two of the electrical signals are used each having a 
primary signal portion and an secondary signal portion. Addi 
tionally, the apparatus comprises a reference processor hav 
ing an input for receiving the electrical signals. The processor 
is configured to combine said electrical signals to generate a 
secondary reference having a significant component which is 
derived from the secondary signal portions. Alternatively, the 
processor may be configured to combine said signals togen 
erate a primary reference having a significant component 
which is derived from the primary signal portions. 
0031. This aspect of the present invention may further 
comprise a signal processor for receiving the secondary ref 
erence and one of the two electrical signals and for deriving 
therefrom an output signal having a significant component 
which is a function of the primary signal portion of one of the 
two electrical signals. Another aspect of the present invention 
may further comprise a signal processor for receiving the 
primary reference and one of the two electrical signals and for 
deriving therefrom an output signal having a significant com 
ponent which is a function of the secondary signal portion of 
one of the two electrical signals. This may be accomplished 
by use of a correlation canceler, such as an adaptive noise 
canceler, in the signal processor which may employ a joint 
process estimator having a least-squares-lattice predictor and 
a regression filter. 
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0032. 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 detec 
tor 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 predeter 
mined wavelengths of light. Theat least two electrical signals 
each have a primary signal portion and a secondary signal 
portion. The blood oximeter further comprises a reference 
processor having an input for receiving the at least two elec 
trical signals. The processor is adapted to combine the at least 
two electrical signals to generate a secondary reference with 
a significant component which is derived from the secondary 
signal portions. The blood oximeter may further comprise a 
signal processor for receiving the secondary reference and the 
two electrical signals and for deriving therefrom at least two 
output signals which are Substantially equal, respectively, to 
the primary signal portions of the electrical signals. Alterna 
tively, the reference processor may be adapted to combine the 
at least two electrical signals to generate a primary reference 
with a significant component which is derived from the pri 
mary signal portions. The blood oximeter may further com 
prise a signal processor for receiving the primary reference 
and the two electrical signals and for deriving therefrom at 
least two output signals which are Substantially equivalent to 
the secondary signal portions of the electrical signal. The 
signal processor may comprise a joint process estimator. 
0033. The present invention also includes a method of 
determining a secondary reference from a first signal com 
prising a first primary signal portion and a first secondary 
portion and a second signal comprising a second primary 
signal portion and a second secondary portion. The method 
comprises the steps of selecting a signal coefficient which is 
proportional to a ratio of predetermined attributes of the first 
primary signal portion and predetermined attributes of the 
second primary signal portion. The first signal and the signal 
coefficient are input into a signal multiplier wherein the first 
signal is multiplied by the signal coefficient thereby generat 
ing a first intermediate signal. The second signal and the first 
intermediate signal are input into a signal Subtractor wherein 
the first intermediate signal is subtracted from the second 
signal. This generates a secondary reference having a signifi 
cant component which is derived from the first and second 
secondary signal portions. 
0034. The present invention also includes a method of 
determining a primary reference from a first signal compris 
ing a first primary signal portion and a first secondary signal 
portion and a second signal comprising a second primary 
signal portion and a second secondary signal portion. The 
method comprises the steps of selecting a signal coefficient 
which is proportional to a ratio of the predetermined attributes 
of the first secondary signal portion and predetermined 
attributes of the second secondary signal portion. The first 
signal and the signal coefficient are input into a signal multi 
plier wherein the first signal is multiplied by the signal coef 
ficient thereby generating a first intermediate signal. The 
second signal and the first intermediate signal are input into a 
signal Subtractor wherein the first intermediate signal is Sub 
tracted from the second signal. This generates a primary 
reference having a significant component which is derived 
from the first and second primary signal portions. The first 
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and second signals in this method may be derived from elec 
tromagnetic energy transmitted through an absorbing 
medium. 

0035. The present invention further embodies a physi 
ological monitoring apparatus comprising means for acquir 
ing a first signal comprising a first primary signal portion and 
a first secondary signal portion and a second signal compris 
ing a second primary signal portion and a second secondary 
signal portion. The physiological monitoring apparatus of the 
present invention also comprises means for determining from 
the first and second signals a secondary reference. Addition 
ally, the monitoring apparatus comprises a correlation can 
celer, such as an adaptive noise canceler, having a secondary 
reference input for receiving the secondary reference and a 
signal input for receiving the first signal wherein the correla 
tion canceler, in real or near real time, generates an output 
signal which approximates the first primary signal portion. 
Alternatively, the physiological monitoring device may also 
comprise means for determining from the first and second 
signals a primary reference. Additionally, the monitoring 
apparatus comprises a correlation canceler having a primary 
reference input for receiving the primary reference and a 
signal input for receiving the first signal wherein the correla 
tion canceler, in real or near real time, generates an output 
signal which approximates the first secondary signal portion. 
The correlation canceler may further comprise a joint process 
estimator. 

0036. A further aspect of the present invention is an appa 
ratus for processing an amplitude modulated signal having a 
signal amplitude complicating feature, the apparatus com 
prising an energy source for directing electromagnetic energy 
upon a specimen. Additionally, the apparatus comprises a 
detector for acquiring a first amplitude modulated signal and 
a second amplitude modulated signal. Each of the first and 
second signals has a component containing information about 
the attenuation of electromagnetic energy by the specimen 
and a signal amplitude complicating feature. The apparatus 
includes a reference processor for receiving the first and 
second amplitude modulated signals and deriving therefrom a 
secondary reference which is correlated with the signal 
amplitude complicating feature. Further, the apparatus incor 
porates a correlation canceler having a signal input for receiv 
ing the first amplitude modulated signal, a secondary refer 
ence input for receiving the secondary reference, wherein the 
correlation canceler produces an output signal having a sig 
nificant component which is derived from the component 
containing information about the attenuation of electromag 
netic energy by the specimen. Alternatively, the apparatus 
may also include a reference processor for receiving the first 
and second amplitude modulated signals and deriving there 
from a primary reference which is correlated with the com 
ponent containing information about the attenuation of elec 
tromagnetic energy by the specimen. Further, the apparatus 
incorporates a correlation canceler having a signal input for 
receiving the first amplitude modulated signal, a primary 
reference input for receiving the primary reference, wherein 
the correlation canceler produces an output signal having a 
primary component which is derived from the signal ampli 
tude complicating feature. 
0037 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 
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monitoring light from the organism. The detector produces a 
first light attenuation signal and a second light attenuation 
signal, wherein each of the first and second light attenuation 
signals has a component which is representative of a plethys 
mographic waveform and a component which is representa 
tive of the signal amplitude complicating feature. The appa 
ratus also includes a reference processor for receiving the first 
and second light attenuation signals and deriving therefrom a 
secondary reference. The secondary reference and the signal 
amplitude complicating feature each have a frequency spec 
trum. The frequency spectrum of the secondary reference is 
correlated with the frequency spectrum of the signal ampli 
tude complicating feature. Additionally incorporated into this 
embodiment of the present invention is a correlation canceler 
having a signal input for receiving the first attenuation signal 
and a secondary reference input for receiving the secondary 
reference. The correlation canceler produces an output signal 
having a significant component which is derived from the 
component which is representative of a plethysmographic 
waveform. The apparatus may also include a reference pro 
cessor for receiving the first and second light attenuation 
signals and deriving therefrom a primary reference. Addition 
ally incorporated in this embodiment of the present invention 
is a correlation canceler having a signal input for receiving the 
first attenuation signal and a primary reference input for 
receiving the primary reference. The correlation canceler pro 
duces an output signal having a significant component which 
is derived from the component which is representative of the 
signal complicating feature. 
0038. The present invention also comprises a method of 
removing or determining a motion artifact signal from a sig 
nal derived from a physiological measurement wherein a first 
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 first and second signals a 
secondary reference which is a primary function of the first 
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 secondary reference into a 
correlation canceler, such as an adaptive noise canceler, to 
produce an output signal which is a significant function of the 
physiological measurement component of the first or second 
signal. Alternatively, from the first and second signals a pri 
mary reference which is a significant function of the physi 
ological measurement components of the first and second 
signals may be derived. This approach may also comprise the 
step of inputting the primary reference into a correlation 
canceler to produce an output signal which is a significant 
function of the first or second signal's motion artifact com 
ponent. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0039 FIG. 1 illustrates an ideal plethysmographic wave 
form. 
0040 FIG. 2 schematically illustrates the cross-sectional 
structure of a typical finger. 
0041 FIG. 3 illustrates a plethysmographic waveform 
which includes a motion-induced erratic signal portion. 
0042 FIG. 4a illustrates a schematic diagram of a physi 
ological monitor, to compute primary physiological signals, 
incorporating a processor of the present invention, and a 
correlation canceler. 
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0043 FIG. 4b illustrates a schematic diagram of a physi 
ological monitor, to compute secondary erratic signals, incor 
porating a processor of the present invention, and a correla 
tion canceler. 
0044 FIG. 5a illustrates an example of an adaptive noise 
canceler which could be employed in a physiological moni 
tor, to compute primary physiological signals, which also 
incorporates the processor of the present invention. 
0045 FIG. 5b illustrates an example of an adaptive noise 
canceler which could be employed in a physiological moni 
tor, to compute secondary motion artifact signals, which also 
incorporates the processor of the present invention. 
0046 FIG.5c illustrates the transfer function of a multiple 
notch filter. 
0047 FIG. 6a illustrates a schematic absorbing material 
comprising N constituents within an absorbing material. 
0048 FIG. 6b illustrates another schematic absorbing 
material comprising N constituents, including one mixed 
layer, within an absorbing material. 
0049 FIG. 6c illustrates another schematic absorbing 
material comprising N constituents, including two mixed lay 
ers, within an absorbing material. 
0050 FIG. 7a illustrates a schematic diagram of a monitor, 
to compute primary and secondary signals, incorporating a 
processor of the present invention, a plurality of signal coef 
ficients (), (), . . . (), and a correlation canceler. 
0051 FIG. 7b illustrates the ideal correlation canceler 
energy or power output as a function of the signal coefficients 
(), (). . . . (). In this particular example, () (), and ()7-(). 
0.052 FIG. 7c illustrates the non-ideal correlation canceler 
energy or power output as a function of the signal coefficients 
(), ()2, ... (). In this particular example, () (), and ()7-(). 
0053 FIG. 8 is a schematic model of a joint process esti 
mator comprising a least-squares lattice predictor and a 
regression filter. 
0054 FIG. 9 is a flowchart representing a subroutine 
capable of implementing a joint process estimator as modeled 
in FIG. 8. 
0055 FIG. 10 is a schematic model of a joint process 
estimator with a least-squares lattice predictor and two 
regression filters. 
0056 FIG. 11 is an example of a physiological monitor 
incorporating a processor of the present invention and a cor 
relation canceler within a microprocessor. This physiological 
monitor is specifically designed to measure a plethysmo 
graphic waveform or a motion artifact waveform and perform 
Oximetry measurements. 
0057 FIG. 12 is a graph of oxygenated and deoxygenated 
hemoglobin absorption coefficients vs. wavelength. 
0058 FIG. 13 is a graph of the ratio of the absorption 
coefficients of deoxygenated hemoglobindivided by oxygen 
ated hemoglobin vs. wavelength. 
0059 FIG. 14 is an expanded view of a portion of FIG. 12 
marked by a circle labeled 13. 
0060 FIG. 15 illustrates a signal measured at a first red 
wavelength a red1=650 nm for use in a processor of the 
present invention employing the rationnetric method for 
determining either the primary reference n'(t) or the second 
ary references'(t) and for use in a correlation canceler, Such as 
an adaptive noise canceler. The measured signal comprises a 
primary portion S(t) and a secondary portion n (t). 
0061 FIG. 16 illustrates a signal measured at a second red 
wavelength b-ured2=685 nm for use in a processor of the 
present invention employing the rationnetric method for 
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determining the secondary reference n'(t) or the primary ref 
erences'(t). The measured signal comprises a primary portion 
S(t) and a secondary portion n, (t). 
0062 FIG. 17 illustrates a signal measured at an infrared 
wavelength c=WIR=940 nm for use in a correlation canceler. 
The measured signal comprises a primary portion s(t) and a 
secondary portion n(t). 
0063 FIG. 18 illustrates the secondary reference n'(t) 
determined by a processor of the present invention using the 
rationmetric method. 
0064 FIG. 19 illustrates the primary references'(t) deter 
mined by a processor of the present invention using the ratio 
metric method. 
0065 FIG. 20 illustrates a good approximations" a(t) to 
the primary portion s(t) of the signal s(t) measured at 
va-vred1=650 nm estimated by correlation cancellation with 
a secondary reference n'(t) determined by the rationetric 
method. 
0.066 FIG. 21 illustrates a good approximations"(t) to 
the primary portion s(t) of the signal s(t) measured at 
c=WIR=940 nm estimated by correlation cancellation with a 

secondary reference n'(t) determined by the rationetric 
method. 
0067 FIG. 22 illustrates a good approximation n" (t) to 
the secondary portion n (t) of the signal s(t) measured at 
va-vred1=650 nm estimated by correlation cancellation with 
a primary reference s'(t) determined by the rationetric 
method. 
0068 FIG. 23 illustrates a good approximation n" (t) to 
the secondary portion n (t) of the signal s(t) measured at 
c=WIR=940 nm estimated by correlation cancelation with a 

primary references'(t) determined by the rationetric method. 
0069 FIG. 24 illustrates a signal measured at a red wave 
length ua- red=660 nm for use in a processor of the present 
invention employing the constant Saturation method for 
determining the secondary reference n'(t) or the primary ref 
erences'(t) and for use in a correlation canceler. The mea 
sured signal comprises a primary portion s(t) and a second 
ary portion n (t). 
0070 FIG. 25 illustrates a signal measured at an infrared 
wavelength ab–WIR=940 nm for use in a processor of the 
present invention employing the constant Saturation method 
for determining the secondary reference n'(t) or the primary 
references'(t) and for use in a correlation canceler. The mea 
sured signal comprises a primary portion s(t) and a second 
ary portion n., (t). 
(0071 FIG. 26 illustrates the secondary reference n'(t) 
determined by a processor of the present invention using the 
constant saturation method. 
(0072 FIG. 27 illustrates the primary references'(t) deter 
mined by a processor of the present invention using the con 
stant saturation method. 
0073 FIG. 28 illustrates a good approximations", (t) to 
the primary portion s(t) of the signal S(t) measured at 
va-vred=660 nm estimated by correlation cancelation with a 
secondary reference n'(t) determined by the constant satura 
tion method. 
0074 FIG. 29 illustrates a good approximations", (t) to 
the primary portion s(t) of the signal S(t) measured at 
ab-JIR=940 nm estimated by correlation cancelation with a 
secondary reference n'(t) determined by the constant satura 
tion method. 
0075 FIG. 30 illustrates a good approximation n" (t) to 
the secondary portion n (t) of the signal S(t) measured at 
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va-vred=660 nm estimated by correlation cancelation with a 
primary references'(t) determined by the constant Saturation 
method. 
0076 FIG. 31 illustrates a good approximation n" (t) to 
the secondary portion n (t) of the signal S(t) measured at 
ab-JIR=940 nm estimated by correlation cancelation with a 
primary references'(t) determined by the constant Saturation 
method. 
0077 FIG. 32 depicts a set of 3 concentric electrodes, i.e. 
a tripolar electrode sensor, to derive electrocardiography 
(ECG) signals, denoted as S. S. and S. for use with the 
present invention. Each of the ECG signals contains a primary 
portion and a secondary portion. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

0078. The present invention is a processor which deter 
mines either a secondary reference n'(t) or a primary refer 
ences'(t) for use in a correlation canceler, such as an adaptive 
noise canceler. A correlation canceler may estimate a good 
approximations"(t) to a primary signal s(t) from a composite 
signal S(t)=S(t)+n(t) which, in addition to the primary portion 
S(t) comprises a secondary portion n(t). It may also be used to 
provide a good approximation n"(t) to the secondary signal 
n(t). The secondary 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 primary signal 
s"(t) or secondary signal n"(t) is derived by removing as many 
of the secondary portions n(t) or primary portions s(t) from 
the composite signal S(t) as possible. The constant portion 
and predictable portion are easily removed with traditional 
filtering techniques, such as simple subtraction, low pass, 
band pass, and high pass filtering. The erratic portion is more 
difficult to remove due to its unpredictable nature. If some 
thing is known about the erratic signal, even statistically, it 
could be removed, at least partially, from the measured signal 
via traditional filtering techniques. However, it is often the 
case that no information is known about the erratic portion of 
the noise. In this case, traditional filtering techniques are 
usually insufficient. Often no information about the erratic 
portion of the measured signal is known. Thus, a correlation 
canceler, Such as an adaptive noise canceler may be utilized in 
the present invention to remove or derive the erratic portion. 
0079 Generally, a correlation canceler has two signal 
inputs and one output. One of the inputs is either the second 
ary reference n'(t) or the primary references'(t) which are 
correlated, respectively, to the secondary signal portions n(t) 
and the primary signal portions S(t) present in the composite 
signal S(t). The other input is for the composite signal S(t). 
Ideally, the output of the correlation cancelers"(t) or n"(t) 
corresponds, respectively, to the primary signal s(t) or the 
secondary signal n(t) portions only. Often, the most difficult 
task in the application of correlation cancelers is determining 
the reference signals n'(t) and s'(t) which are correlated to the 
secondary n(t) and primary S(t) portions, respectively, of the 
measured signal S(t) since, as discussed above, these portions 
are quite difficult to isolate from the measured signal S(t). In 
the signal processor of the present invention, either a second 
ary reference n'(t) or a primary references'(t) is determined 
from two composite signals measured simultaneously, or 
nearly simultaneously, at two different wavelengths, wa and 
Wb. 
0080 A block diagram of a generic monitor incorporating 
a signal processor, or reference processor, according to the 

Oct. 6, 2011 

present invention, and a correlation canceler is shown in 
FIGS. 4a and 4b. Two measured signals, S(t) and S(t), are 
acquired by a detector 20. One skilled in the art will realize 
that for some physiological measurements, 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 filtering the signals to 
remove constant portions and amplifying the signals for ease 
ofmanipulation. The signals are then converted to digital data 
by an analog-to-digital converter 24a and 24b . The first 
measured signal S(t) comprises a first primary signal por 
tion, labeled herein s(t), and a first secondary signal portion, 
labeled herein n(t). The second measured signal S(t) is at 
least partially correlated to the first measured signal S(t) 
and comprises a second primary signal portion, labeled herein 
s(t), and a second secondary signal portion, labeled herein 
n(t). Typically the first and second secondary signal por 
tions, n(t) and n(t), are uncorrelated and/or erratic with 
respect to the primary signal portions s(t) and s(t). The 
Secondary signal portions n(t) and n, (t) are often caused 
by motion of a patient. The signals S(t) and S(t) are input 
to a reference processor 26. The reference processor multi 
plies the second measured signal S(t) by either a factor 
(), S(t)/s,(t) or a factor (), n(t)/n (t) and then Subtracts 
the second measured signal S(t) from the first measured 
signal S(t). The signal coefficient factors (), and co, are 
determined to cause either the primary signal portions S(t) 
and S(t) or the secondary signal portions n(t) and n(t) to 
cancel when the two signals S(t) and S(t) are subtracted. 
Thus, the output of the reference processor 26 is either a 
secondary reference signal n'(t) n(t)-(0, n(t), in FIG.4a. 
which is correlated to both of the secondary portions n (t) 
and n(t) or a primary reference signals'(t)=S(t)-(), S(t), 
correlated to both of the primary signal portions S(t) and 
s(t). A reference signal n'(t) or s(t) is input, along with one 
of the measured signals S(t) or S(t), to a correlation can 
celer 27 which uses the reference signal n'(t) or s(t) to remove 
either the secondary signal portions n(t) or n (t) or the 
primary signal portions S(t) or s(t) from the measured 
S(t). The output of the correlation canceler 27 is a good 
approximations"(t) or n"(t) to either the primary s(t) or the 
secondary n(t) signal components. The approximations"(t) or 
n"(t) is displayed on the display 28. 
I0081. An adaptive noise canceler 30, an example of which 
is shown in block diagram form in FIG. 5a, is employed to 
remove either one of the erratic, secondary signal portions 
n(t) and n (t) from the first and second signals S(t) and 
S(t). The canceler 30, which performs the functions of a 
correlation canceler, in FIG. 5a has as one input a sample of 
the secondary reference n'(t) which is correlated to the sec 
ondary signal portions n(t) and n, (t). The secondary ref 
erence n'(t) is determined from the two measured signals 
S(t) and S(t) by the processor 26 of the present invention 
as described herein. A second input to the adaptive noise 
canceler, is a sample of either the first or second composite 
measured signals S(t)=S(t)+n.(t) or S(t)=S(t)+n, (t). 
I0082. The adaptive noise canceler 30, in FIG.5b, may also 
be employed to remove either one of primary signal portions 
s(t) and S(t) from the first and second signals S(t) and 
S(t). The adaptive noise canceler 30 has as one input a 
sample of the primary references'(t) which is correlated to the 
primary signal portions S(t) and s(t). The primary refer 
ences'(t) is determined from the two measured signals S(t) 
and S(t) by the processor 26 of the present invention as 



US 2011/0245654 A1 

described herein. A second input to the adaptive noise can 
celer 30 is a sample of either the first or second measured 
signals S(t)=S(t)+n,(t) or S(t)=S(t)+n,(t). 
0083. The adaptive noise canceler 30 functions to remove 
frequencies common to both the reference n'(t) or s(t) and the 
measured signal S(t) or S(t). Since the reference signals 
are correlated to either the secondary signal portions n(t) 
and n(t) or the primary signal portions S(t) and S(t), the 
reference signals will be correspondingly erratic or well 
behaved. The adaptive noise canceler 30 acts in a manner 
which may be analogized to a dynamic multiple notch filter 
based on the spectral distribution of the reference signal n'(t) 
or s(t). 
0084. Referring to FIG.5c, the transfer function of a mul 

tiple notch filter is shown. The notches, or dips in the ampli 
tude of the transfer function, indicate frequencies which are 
attenuated or removed when a composite measured signal 
passes through the notch filter. The output of the notch filter is 
the composite signal having frequencies at which a notch was 
present removed. In the analogy to an adaptive noise canceler 
30, the frequencies at which notches are present change con 
tinuously based upon the inputs to the adaptive noise canceler 
3O. 

I0085. The adaptive noise canceler 30 shown in FIGS. 5a 
and 5b produces an output signal, labeled herein as s"(t), 
s(t), n" (t) or n" (t) which is fed back to an internal 
processor 32 within the adaptive noise canceler 30. The inter 
nal processor 32 automatically adjusts its own transfer func 
tion according to a predetermined algorithm such that the 
output of the internal processor 32, labeled b(t) in FIG.5a or 
c(t) in FIG.5b, closely resembles either the secondary signal 
portion n (t) or n (t) or the primary signal portion s(t) or 
s(t). The output b(t) of the internal processor 32 in FIG. 5a 
is subtracted from the measured signal, S(t) or S(t), yield 
ing a signal output s"(t)=S(t)+n.(t)-b(t) or a signal 
output s", (t)=S(t)+n,(t)-b(t). The internal processor 
optimizes s"(t) or s"(t) Such that s"(t) or s", (t) is 
approximately equal to the primary signal s(t) or s(t), 
respectively. The output c(t) of the internal processor 32 in 
FIG. 5b is subtracted from the measured signal, S(t) or 
S(t), yielding a signal output given by n"(t)=S(t)+n, 
(t)-c(t) or a signal output given by n",(t)=S(t)+n,(t)- 
c(t). The internal processor optimizes n"(t) orn", (t) such 
that n" (t) orn", (t) is approximately equal to the secondary 
signal n(t) or n(t), respectively. 
I0086 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 Chap 
ter 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. 
I0087 Adaptive processors 30 in FIGS. 5a and 5b have 
been Successfully applied to a number of problems including 
antenna sidelobe canceling, pattern recognition, the elimina 
tion of periodic interference in general, and the elimination of 
echoes on long distance telephone transmission lines. How 
ever, considerable ingenuity is often required to find a Suit 
able reference signal n'(t) or s(t) since the portions n(t), 
n(t), S(t) and S(t) cannot easily be separated from the 
measured signals S(t) and S(t). If either the actual sec 
ondary portion n (t) or n (t) or the primary signal portion 
s(t) or s(t) were a priori available, techniques such as 
correlation cancellation would not be necessary. The deter 
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mination of a suitable reference signal n'(t) or s(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 Primary and 
Secondary Reference Signals 

I0088 An explanation which describes how the reference 
signals n'(t) and s'(t) may be determined follows. A first signal 
is measured at, for example, a wavelength was by a detector 
yielding a signal S(t): 

I0089 where s(t) is the primary signal and n(t) is the 
secondary signal. 
0090. A similar measurement is taken simultaneously, or 
nearly simultaneously, at a different wavelength, wb, yield 
ing: 

0091. Note that as long as the measurements, S(t) and 
S(t), are taken Substantially simultaneously, the secondary 
signal components, n(t) and n(t), will be correlated 
because any random or erratic functions will affect each mea 
surement in nearly the same fashion. The well behaved pri 
mary signal components, s(t) and s(t), will also be corre 
lated to one another. 

0092. To obtain the reference signals n'(t) and s'(t), the 
measured signals S(t) and S(t) are transformed to elimi 
nate, respectively, the primary or secondary signal compo 
nents. One way of doing this is to find proportionality con 
stants, co, and (), between the primary signals s(t) and 
S(t) and secondary signals n.(t) and n(t) Such 

n(t)-(), nE(t). (3) 

0093. These proportionality relationships can be satisfied 
in many measurements, including but not limited to absorp 
tion measurements and physiological measurements. Addi 
tionally, in most measurements, the proportionality constants 
co, and (), can be determined such that: 

S(t)70), Si(t). (4) 

0094 Multiplying equation (2) by (), and then subtracting 
equation (2) from equation (1) results in a single equation 
wherein the primary signal terms S(t) and S(t) cancel, 
leaving: 

0.095 a non-zero signal which is correlated to each sec 
ondary signal portion n (t) and n, (t) and can be used as the 
secondary reference n'(t) in a correlation canceler Such as an 
adaptive noise canceler. 
0096. Multiplying equation (2) by (), and then subtracting 
equation (2) from equation (1) results in a single equation 
wherein the secondary signal terms n(t) and n (t) cancel, 
leaving: 
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0097 a non-zero signal which is correlated to each of the 
primary signal portions S(t) and S(t) and can be used as the 
signal reference s(t) in a correlation canceler Such as an 
adaptive noise canceler. 

Example of Determination of Primary and 
Secondary Reference Signals in an Absorptive 

System 

0098 Correlation 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 correlation can 
celing, such as adaptive noise canceling, based upon a refer 
ence n'(t) or s(t) determined by a processor of the present 
invention is one which determines the concentration of an 
energy absorbing constituent within an absorbing material 
when the material is Subject to change. Such changes can be 
caused by forces about which information is desired or pri 
mary, or alternatively, by random or erratic secondary forces 
Such as a mechanical force on the material. Random or erratic 
interference. Such as motion, generates secondary compo 
nents in the measured signal. These secondary components 
can be removed or derived by the correlation canceler if a 
suitable secondary reference n'(t) or primary references'(t) is 
known. 
0099. A schematic N constituent absorbing material com 
prising a container 42 having N different absorbing constitu 
ents, labeled A. A. A. . . . Ax is shown schematically in 
FIG. 6a. The constituents A through A 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 con 
tainer 42 and is absorbed according to the generalized Beer 
Lambert Law of light absorption. For light of wavelength va, 
this attenuation may be approximated by: 

W (6) 

= le). eia o 

0100 Initially transforming the signal by taking the natu 
ral logarithm of both sides and manipulating terms, the signal 
is transformed Such that the signal components are combined 
by addition rather than multiplication, i.e.: 

W (7) 
Sa = ln(If I) = X. eia Ci-Wi 

i=l 

0101 where I is the incident lightenergy intensity; I is the 
transmitted lightenergy intensity; e, is the absorption coef 
ficient of the i' constituent at the wavelength a; x,(t) is the 
optical path length ofi" layer, i.e., the thickness of material of 
the i' layer through which optical energy passes; and c,(t) is 
the concentration of the i' constituent in the volume associ 
ated with the thickness x(t). The absorption coefficients e. 
through e are known values which are constant at each 
wavelength. Most concentrations c(t) through c(t) are typi 
cally unknown, as are most of the optical path lengths X(t) of 
each layer. The total optical path length is the sum of each of 
the individual optical path lengths X,(t) of each layer. 
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0102. When the material is not subject to any forces which 
cause change in the thicknesses of the layers, the optical path 
length of each layer, X,(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 absorption of the constituents when not 
Subject to change, should be removed. This is easily accom 
plished by traditional band pass filtering techniques. How 
ever, 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 X,(t) may result in excursions in the 
measured signal which represent desired or primary informa 
tion. Other perturbations of the optical path length of each 
layer X,(t) cause undesired or secondary excursions which 
mask primary information in the measured signal. Secondary 
signal components associated with secondary excursions 
must also be removed to obtain primary information from the 
measured signal. Similarly, the ability to compute secondary 
signal components caused by secondary excursions directly 
allows one to obtain primary signal components from the 
measured signal via simple Subtraction, or correlation can 
cellation techniques. 
0103) The correlation canceler may selectively remove 
from the composite signal, measured after being transmitted 
through or reflected from the absorbing material, either the 
secondary or the primary signal components caused by forces 
which perturb or change the material differently from the 
forces which perturbed or changed the material to cause 
respectively, either the primary or secondary signal compo 
nent. For the purposes of illustration, it will be assumed that 
the portion of the measured signal which is deemed to be the 
primary signal s(t) is the attenuation term escs X-s(t) asso 
ciated with a constituent of interest, namely As, and that the 
layer of constituent As is affected by perturbations different 
than each of the layers of other constituents A through A and 
A through A. An example of such a situation is when layer 
As is subject to forces about which information is deemed to 
be primary 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 constituent As is different 
than the total forces affecting each of the other layers and 
information is deemed to be primary about the forces and 
resultant perturbation of the layer of constituent As, attenua 
tion terms due to constituents A through A and A through 
A make up the secondary signal portion n (t). Even if the 
additional forces which affect the entire material cause the 
same perturbation in each layer, including the layer of As, the 
total forces on the layer of constituent As cause it to have 
different total perturbation than each of the other layers of 
constituents A through A and A through A. 
0104. It is often the case that the total perturbation affect 
ing the layers associated with the secondary signal compo 
nents is caused by random or erratic forces. This causes the 
thickness of layers to change erratically and the optical path 
length of each layer, X(t), to change erratically, thereby pro 
ducing a random or erratic secondary signal component in 
(t). However, regardless of whether or not the secondary 
signal portion n (t) is erratic, the secondary signal compo 
nent n(t) can be either removed or derived via a correlation 
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canceler, Such as an adaptive noise canceler, having as one 
input, respectively, a secondary reference n'(t) or a primary 
references'(t) determined by a processor of the present inven 
tion as long as the perturbation on layers other than the layer 
of constituent As is different than the perturbation on the layer 
of constituent As. The correlation canceler yields a good 
approximation to either the primary signal s(t) or the sec 
ondary signal n (t). In the event that an approximation to the 
primary signal is obtained, the concentration of the constitu 
ent of interest, c(t), can often be determined since in some 
physiological measurements, the thickness of the primary 
signal component, Xs(t) in this example, is known or can be 
determined. 

0105. The correlation canceler utilized a sample of either 
the secondary reference n'(t) or the primary reference s(t) 
determined from two Substantially simultaneously measured 
signals S(t) and S(t). S(t) is determined as above in 
equation (7). Sisimilarly at a different wavelength wb. To 
find either the secondary reference n'(t) or the primary refer 
ences'(t), attenuated transmitted energy is measured at the 
two different wavelengths wa and Jub and transformed via 
logarithmic conversion. The signals S(t) and S(t) can then 
be written (logarithm converted) as: 

4. W (8) 

S(t) = e5, C5x5(t) + X. eia Cixi -- X. eia Ci-Wi 
i=l i=6 

Sa(t) = &5.aac 5.X5(t) + na(t) (9) 

4. W (10) 

Sab(t) = e5,ab C5-X5(t) + X. eiah Cixi -- X. eiah Cixi 
i=1 i=6 

Sab(t) = &5.abc.5X5(t) + n h(t) (11) 

0106 Further transformations of the signals are the pro 
portionality relationships defining co, and co, similarly to 
equation (3), which allows determination of a noise reference 
n'(t) and a primary reference s(t). These are: 

€5.0a €5.xt, (12a) 

Ila,00Illi, (12b) 

where 

270), Ili, (13a) 

€5,700, €5, xi, (13b) 

0107. It is often the case that both equations (12) and (13) 
can be simultaneously satisfied. Multiplying equation (11) by 
co, and subtracting the result from equation (9) yields a non 
Zero secondary reference which is a linear Sum of secondary 
signal components: 

n'(t) = Saa(t)- (wasab (t) = na(t)- (wana, (t) (14a) 

4. (15a) 

eia Cixi -- 

W 4. W 

eia Cixi (D-X coa eib CiX;(t) + X. coa ei.ab CiXi(t) 
i=1 i=6 

Oct. 6, 2011 

-continued 
4. W (16a) 

X. Cixi (t) ei.a -coa eibl + X. Cixi (t) ei.aa-coa eib 

0.108 Multiplying equation (11) by (), and subtracting the 
result from equation (9) yields a primary reference which is a 
linear Sum of primary signal components: 

s'(t) = Saa (t) - (oySah(t) = Saa (t) - (oySah(t) (14b) 
= C5-X5(t)&5,aa - (oyC5 X5(t)85,ab (15b) 
= C5x5(t)c5.aa - (oy85.bl. (16b) 

0109. A sample of either the secondary reference n'(t) or 
the primary references'(t), and a sample of either measured 
signal S(t) or S(t) are input to a correlation canceler 27, 
Such as an adaptive noise canceler 30, an example of which is 
shown in FIGS. 5a and 5b and a preferred example of which 
is discussed herein under the heading PREFERRED COR 
RELATION CANCELER USING A JOINT PROCESS 
ESTIMATOR IMPLEMENTATION. The correlation can 
celer 27 removes either the secondary portion n (t) or n(t), 
or the primary portions, s(t) or s(t), of the measure signal 
yielding a good approximation to either the primary signals 
s", (t)ses, cs Xs(t) or s",(t)ses, csxs(t) or the secondary 
signals n"(t)sn (t) or n" (t)sn., (t). In the even that the 
primary signals are obtained, the concentration cs(t) may then 
be determined from the approximation to the primary signal 
s"(t) or s", (t) according to: 

0110. As discussed previously, the absorption coefficients 
are constant at each wavelength wa and wb and the thickness 
of the primary signal component, X(t) in this example, is 
often known or can be determined as a function of time, 
thereby allowing calculation of the concentration c(t) of 
constituent As. 

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

0111 Referring to FIG. 6b, another material having N 
different constituents arranged in layers is shown. In this 
material, two constituents. As and A are found within one 
layer having thickness Xs.6(t) X(t)+X(t), located generally 
randomly within the layer. This is analogous to combining the 
layers of constituents. As and A in FIG. 6a. A combination of 
layers, such as the combination of layers of constituents. As 
and A is feasible when the two layers are under the same 
total forces which result in the same change of the, optical 
path lengths X(t) and X(t) of the layers. 
0.112. Often it is desirable to find the concentration or the 
saturation, i.e., a percent concentration, of one constituent 
within a given thickness which contains more than one con 
stituent 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 constituents in the 
volume subject to the same total forces and therefore under 
the same perturbation or change. To determine the Saturation 
of one constituentina Volume comprising many constituents, 
as many measured signals as there are constituents which 
absorb incident light energy are necessary. It will be under 
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stood that constituents which do not absorb light energy are 
not consequential in the determination of saturation. To deter 
mine the concentration, as many signals as there are constitu 
ents which absorb incident light energy are necessary as well 
as information about the sum of concentrations. 

0113. 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 As 
within a given Volume which contains. As and A. In this case, 
the primary signals S(t) and S(t) comprise terms related to 
both As and A so that a determination of the concentration or 
saturation of As or A in the Volume may be made. A deter 
mination of saturation is discussed herein. It will be under 
stood that the concentration of As in a volume containing both 
As and A could also be determined if it is known that 
As+A-1, i.e., that there are no constituents in the Volume 
which do not absorb incident light energy at the particular 
measurement wavelengths chosen. Then measured signals 
S(t) and S(t) can be written (logarithm converted) as: 

Sa(t)=es. Csxs.6(t)+e6C65.6(t)+na(t) (18a) 

S(t)+n...(t): (18b) 

St.(t)-est,C5x5.6(t)+e6:C65.6(t)+nt.(t) (19a) 

S(t)+n.(t). (19b) 

0114. It is also often the case that there may be two or more 
thicknesses within a medium each containing the same two 
constituents but each experiencing a separate motion as in 
FIG. 6c. For example, it may be desirable to know the con 
centration or Saturation of As within a given Volume which 
contains. As and A as well as the concentration or Saturation 
of A within a given volume which contains A and A. As and 
A having the same constituency as As and A, respectively. 
In this case, the primary signals S(t) and S(t) again com 
prise terms related to both As and A and portions of the 
secondary signals n(t) and n, (t) comprise terms related to 
both A and Aa. The layers. As and A, do not enter into the 
primary equation because they are assumed to be perturbed 
by random or erratic secondary forces which are uncorrelated 
with the primary force. Since constituents 3 and 5 as well as 
constituents 4 and 6 are taken to be the same, they have the 
same absorption coefficients. i.e. 68, es esses, 
ea, e.g., and eat, e.g.,. Generally speaking, however, As 
and A will have different concentrations than As and A and 
will therefore have a different saturation. Consequently a 
single constituent within a medium may have one or more 
saturations associated with it. The primary and secondary 
signals according to this model may be written as: 

2 (20b) 
+X eia Cixi (t) + X. eia CiXi(t) 

i=1 i=7 

na(t) = &saac3 + £6, acAlv3.4 (t) + na(t) (20c) 

Sab(t) = (es.abcs + 86.abC61-x5.6(t) (21a) 
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-continued 
2 W (21b) 

+X eib Cixi (t) + X. ei.ab CiXi(t). 
i=1 i=7 

na, (t) = es.abC3 + £6,b,cAlx3.4 (t) + n h(t) (21c) 

0115 where signals n(t) and n (t) are similar to the 
secondary signals n(t) and n(t) except for the omission of 
the 3, 4 layer. 
0116. Any signal portions whether primary or secondary, 
outside of a known bandwidth of interest, including the con 
stant undesired secondary signal portion resulting from the 
generally constant absorption of the constituents when not 
under perturbation, should be removed to determine an 
approximation to either the primary signal or the secondary 
signal within the bandwidth of interest. This is easily accom 
plished by traditional band pass filtering techniques. As in the 
previous example, it is often the case that the total perturba 
tion or change affecting the layers associated with the sec 
ondary signal components is caused by random or erratic 
forces, causing the thickness of each layer, or the optical path 
length of each layer, X,(t), to change erratically, producing a 
random or erratic secondary signal component n(t). 
Regardless of whether or not the secondary signal portion 
n(t) is erratic, the secondary signal component n(t) can be 
removed or derived via a correlation canceler, such as an 
adaptive noise canceler, having as one input a secondary 
reference n'(t) or a primary references'(t) determined by a 
processor of the present invention as long as the perturbation 
in layers other than the layer of constituents. As and A is 
different than the perturbation in the layer of constituents. As 
and A. Either the erratic secondary signal components n(t) 
and n., (t) or the primary components S(t) and S(t) may 
advantageously be removed from equations (18) and (19), or 
alternatively equations (20) and (21), by a correlation can 
celer. The correlation canceler, again, requires a sample of 
either the primary references'(t) or the secondary reference 
n'(t) and a sample of either of the composite signals S(t) or 
S(t) of equations (18) and (19). 

Determination of Primary and Secondary Reference 
Signals for Saturation Measurements 

0117 Two methods which may be used by a processor of 
the present invention to determine either the secondary refer 
ence n'(t) or the primary reference s(t) are a rationetric 
method and a constant Saturation method. One embodiment 
of a physiological monitor incorporating a processor of the 
present invention utilizes the rationetric method wherein the 
two wavelengths wa and wb, at which the signals S(t) and 
S(t) are measured, are specifically chosen such that a rela 
tionship between the absorption coefficients esses, e.g., 
and e, exists, i.e.: 

85. Ab 85. Aa (22) 
86. Ab 86.Aa 
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0118. The measured signals S(t) and S(t) can be fac 
tored and written as: 

(23a) 6. 

}sts (t) + co-x56 (t) + n, (t) 86.a 

(23b) 85. Aa ( kiss.) + C6-x5.6(t)+ 86. Aa 
+ n (t) 

85. Aa ( }s x34 (t) + C4x34 (t) 86. Aa 

S(t) = 86.aa 

S(t) = S(t) + n (t) (23c) 

(essa(t) + C6-x5.6(t)+ (24b) 86. Ab 
+ n, (t) 

85. Ab ( }s x34(f) + C4x3.4 (t) 86. Ab 

S(t) = 86.ab 

S(t) = S(t) + n, (t) (24c) 

0119 The wavelengths wa and b, chosen to satisfy equa 
tion (22), cause the terms within the square brackets to be 
equal, thereby causing the terms other thann (t) and n, (t) to 
be linearly dependent. Then, proportionality constants co 
and co may be found for the determination of a non-zero 
primary and secondary reference 

6.a.062, (25a) 

n(t)-(Ont.(t) (25b) 

€6,0ee6.2, (25a) 

n;(t)sons.(t) (26b) 

0120. It is often the case that both equations (25) and (26) 
can be simultaneously satisfied. Additionally, since the 
absorption coefficients of each constituent are constant with 
respect to wavelength, the proportionality constants (D.V and 
() can be easily determined. Furthermore, absorption coeffi 
cients of other constituents A through A and A, through Ay 
are generally unequal to the absorption coefficients of A. A. 
As and A. Thus, the secondary components in and n, are 
generally not made linearly dependent by the relationships of 
equations (22) and (25). 
0121 Multiplying equation (24) by (D.V and Subtracting 
the resulting equation from equation (23), a non-Zero second 
ary reference is determined by: 

0122 Multiplying equation (24) by () and Subtracting the 
resulting equation from equation (23), a non-Zero primary 
reference is determined by: 

0123. An alternative method for determining reference 
signals from the measured signals S(t) and S(t) using a 
processor of the present invention is the constant Saturation 
approach. In this approach, it is assumed that the saturation of 
As in the Volume containing As and A and the Saturation of 
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As in the Volume containing A and A remains relatively 
constant over Some period of time, i.e.: 

Saturation (As (t)=c(t)/cs(t)+c(t)) (28a) 

Saturation(A(t))=c(t)f(c(t)+c(t) (28b) 

Saturation(As (t)={1+c(t)/cs(t)} (29a) 

Saturation(As(t)={1+c(t)/cs(t)} (29b) 

0.124 are substantially constant over many samples of the 
measured signals S, and S. This assumption is accurate 
over many samples since saturation generally changes rela 
tively slowly in physiological systems. 
0.125. The constant saturation assumption is equivalent to 
assuming that: 

cs(t)f c(t)=constant (30a) 

c(t), C(t)=constant (30b) 

0.126 since the only other term in equations (29a) and 
(29b) is a constant, namely the numeral 1. 
0127. Using this assumption, the proportionality constants 
(), and (), which allow determination of the secondary refer 
ence signal n'(t) and the primary reference signal s(t) in the 
constant saturation method are: 

sacs vs.6(i) too laco vs.6(i) (31a) 
85.bcs-v5.6(t)+86AbC6-v5.6(t)) 

= Saa(t)f Sab(t) (32a) 
Sta's 86a C6 (33a) 

85. AbC5 - 86. AbC6 

85, takes leo) to a (34a) 
85.ab (C5/C6) + 86.ab 

& s(t)fs, (t) = constants; where (35a) 

na(t) + (oa(t)nab(t) (36a) 
and 

Sa'33.4 (t) + 86a C4-X34 (t) (31b) 
'T &s.abc.3 x34 (t)+86.abc.4x34 (t)) 
= na(t)f nab (t) (32b) 

s.a3 86a C4 (33lb) 
85. AbC3 - 86. Ah C4 

85, take3 ?ea) to a (34b) 
85.ab (c3 | C4) + 86.ab 

& n (t)f n, (t) = constant; where (35b) 

Sa(t) + (oy(t)SAb(t). (36b) 

I0128. It is often the case that both equations (32) and (36) 
can be simultaneously satisfied to determine the proportion 
ality constants (), and (). Additionally, the absorption coef 
ficients at each Wavelength es, e.g. est, and es, are 
constant and the central assumption of the constant Saturation 
method is that c(t)/c(t) and c(t)/c(t) are constant over 
many sample periods. Thus, new proportionality constants co, 
and () may be determined every few samples from new 
approximations to either the primary or secondary signal as 
output from the correlation canceler. Thus, the approxima 
tions to either the primary signals S(t) and S(t) or the 
secondary signals n(t) and n(t), found by the correlation 
canceler for a Substantially immediately preceding set of 
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samples of the measured signals S(t) and S(t) are used in 
a processor of the present invention for calculating the pro 
portionality constants, (), and (), for the next set of samples 
of the measured signals S(t) and S(t). 
I0129 Multiplying equation (19) by co, and subtracting the 
resulting equation from equation (18) yields a non-Zero Sec 
ondary reference signal: 

0130 Multiplying equation (19) by (), and subtracting the 
resulting equation from equation (18) yields a non-Zero pri 
mary reference signal: 

0131 When using the constant saturation method, it is not 
necessary for the patient to remain motionless for a short 
period of time such that an accurate initial Saturation value 
can be determined by known methods other than correlation 
canceling. With no erratic, motion-induced signal portions, a 
physiological monitor can very quickly produce an initial 
value of the saturation of As in the Volume containing. As and 
A. An example of a saturation calculation is given in the 
article SPECTROPHOTOMETRIC DETERMINATION 
OF OXYGEN SATURATION OF BLOOD INDEPEN 
DENT OF THE PRESENT OF INDOCYANINE GREEN 
by G. A. Mook, et al., wherein determination of oxygen 
saturation in arterial blood is discussed. Another article dis 
cussing the calculation of oxygen saturation is “PULSE 
OXIMETRY: PHYSICAL PRINCIPLES, TECHNICAL 
REALIZATION AND PRESENT LIMITATIONS” by 
Michael R. Neuman. Then, with values for the coefficients (), 
and (), determined, a correlation canceler may be utilized 
with a secondary reference n'(t) or a primary reference s(t) 
determined by the constant Saturation method. 

Determination of Signal Coefficients for Primary and 
Secondary Reference Signals Using the Constant 

Saturation Method 

(0132) The reference processor 26 of FIGS. 4a and FIG.4b 
of the present invention may be configured to multiply the 
second measured signal S(t)=S(t)+n, (t) by a plurality of 
signal coefficients (), (), ... (), and then Subtract each result 
from the first measured signal S(t)=S(t)+n.(t) to obtain a 
plurality of reference signals 

0.133 for co-(), (), ... (), as shown in FIG. 7a. 
0134. In order to determine either the primary reference 

s'(t) or the secondary reference n'(t) from the above plurality 
of reference signals of equation (38), signal coefficients (), 
and (), must be determined from the plurality of signal coef 
ficients (), (), ... (). The coefficients (), and () are such that 
they cause either the primary signal portions s(t) and s(t) 
or the secondary signal portions n(t) and n (t) to cancel or 
nearly cancel when they are substituted into the reference 
function r"(c), t), e.g. 
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I0135) In practice, one does not usually have significant 
prior information about either the primary signal portions 
S(t) and S(t) or the Secondary signal portions n(t) and 
n(t) of the measured signals S(t) and S(t). The lack of 
this information makes it difficult to determine which of the 
plurality of coefficients (), (), ... (), correspond to the signal 
coefficients (), S(t)/s,(t) and (), n(t)/n (t). Herein the 
preferred approach to determine the signal coefficients (), and 
() from the plurality of coefficients (), (), ... (), employs the 
use of a correlation canceler 27. Such as an adaptive noise 
canceler, which takes a first input which corresponds to one of 
the measured signals S(t) or S(t) and takes a second input 
which corresponds to successively each one of the plurality of 
reference signals r(c), t), r(c), t), ..., r(c), t) as shown in 
FIG. 7a. For each of the reference signals r(c), t), r(c), t), . 
... r"(c), t) the corresponding output of the correlation can 
celer 27 is input to an integrator 29 for forming a cumulative 
output signal. The cumulative output signal is Subsequently 
input to an extremum detector 31. The purpose of the extre 
mum detector 31 is to chose signal coefficients (), and to, 
from the set (), (), . . . (), by observing which provide a 
maximum in the cumulative output signal as in FIGS. 7b and 
7c. In other words, coefficients which provide a maximum 
integrated output, such as energy or power, from the correla 
tion canceler 27 correspond to the signal coefficients (), and 
(). One could also configure a system geometry which would 
require one to locate the coefficients from the set (), (), . . . 
(), which provide a minimum or inflection in the cumulative 
output signal to identify the signal coefficients (), and (). 
0.136 Use of a plurality of coefficients in the processor of 
the present invention in conjunction with a correlation can 
celer 27 to determine the signal coefficients (), and () may be 
demonstrated by using the properties of correlation cancella 
tion. If x, y and Z are taken to be any collection of three time 
varying signals, then the properties of a generic correlation 
canceler C(x, y) may be defined as follows: 

Property (1) C(x, y)=0 for x, y correlated 

Property (2) C(x, y)= x for x, y uncorrelated 

0.137 With properties (1), (2) and (3) it is easy to demon 
strate that the energy or power output of a correlation canceler 
with a first input which corresponds to one of the measured 
signals S(t) or S(t) and a second input which corresponds 
to Successively each one of a plurality of reference signals 
r(c), t), r(t), t), ... r(c), t) can determine the signal coef 
ficients (), and () needed to produce the primary reference 
s'(t) and secondary reference n'(t). If we take as a first input to 
the correlation canceler the measured signal S(t) and as a 
second input the plurality of reference signals r(c), t), r(t), 
t), ..., r(c), t) then the outputs of the correlation canceler 
C(S(t), r(co,t)) for j=1,2,..., n may be written as 

C(sacetrace, Sacro?s botage-ribo) (41) 

0.138 where j=1,2,..., n and we have used the expres 
sions 

r"(G), t):Ste-Go Sic (42) 

Sa(e) S-aceta(e) (43a) 

Sa(e) Sagotb(er (43b) 
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0.139. The use of property (3) allows one to expand equa 
tion (41) into two terms 

C(S(t), r(0,i)=C(see Sco-0s, both, co-coni, 
(t)+C(na(t), Sago-Osbotnaco-orbe) (44) 

0140 so that upon use of properties (1) and (2) the corre 
lation canceler output is given by 

C(Sage, r(0),t))-space f(0), .)+n, (b(0-0).) (45) 
0141 where 8(x) is the unit impulse function 

8(x)=1 if x=0. (46) 

0142. The time variable, t, of the correlation canceler out 
put C(S(t), r(co, t)) may be eliminated by computing its 
energy or power. The energy of the correlation canceler out 
put is given by 

0143. It must be understood that one could, equally well, 
have chosen the measured signal S(t) as the first input to the 
correlation canceler and the plurality of reference signals 
r"((), t), r"(c), t), . . . , r"(c), t) as the second input. In this 
event, the correlation canceler energy output is 

0144. It must also be understood that in practical situations 
the use of discrete time measurement signals may be 
employed as well as continuous time measurement signals. In 
the event that discrete time measurement signals are used 
integration approximation methods such as the trapezoid rule, 
midpoint rule, Tick's rule, Simpson's approximation or other 
techniques may be used to compute the correlation canceler 
energy or power output. In the discrete time measurement 
signal case, the energy output of the correlation canceler may 
be written, using the trapezoid rule, as 

(48a) 
Ea (co) = 0(co- oal), si(t) - 0.5(si (to) + it.} -- 

d(co- oat). ni, (ii) - 0.5(ni...(to)+ nic.) 
(48b) 

Eat, (co) = 0(co- oal), si, (ii) - 0.5(si,(to)+ it.} -- 
i=0 

d(co- oat), ni, (ii) - 0.5(ni (to) + ni : 

(0145 where t, is the i' discrete time, to is the initial time, 
t is the final time and At is the time between discrete time 
measurement samples. 
0146 The energy functions given above, and shown in 
FIG. 7b, indicate that the correlation canceler output is usu 
ally Zero due to correlation between the measured signal 
S(t) or S(t) and many of the plurality of reference signals 
r"((), t), r"((), t), ..., r"(c), t)r"(c), t). However, the energy 
functions are non Zero at values of co, which correspond to 
cancellation of either the primary signal portions S(t) and 
S(t) or the secondary signal portions n(t) and n (t) in the 
reference signal r(a), t). These values correspond to the sig 
nal coefficients (), and (). 

Oct. 6, 2011 

0.147. It must be understood that there may be instances in 
time when either the primary signal portions S(t) and S(t) 
or the secondary signal portions n(t) and n(t) are identi 
cally Zero or nearly Zero. In these cases, only one signal 
coefficient value will provide maximum energy or power 
output of the correlation canceler. 
0.148. Since there may be more than one signal coefficient 
value which provides maximum correlation canceler energy 
or power output, an ambiguity may arise. It may not be 
immediately obvious which signal coefficient together with 
the reference function r(c), t) provides either the primary or 
secondary reference. In such cases, it is necessary to consider 
the constraints of the physical system at hand. For example, in 
pulse Oximetry, it is known that arterial blood, whose signa 
ture is the primary plethysmographic wave, has greater oxy 
gen Saturation than venous blood, whose signature is the 
secondary erratic or random signal. Consequently, in pulse 
Oximetry, the ratio of the primary signals due to arterial pull 
sation (), S(t)/s(t) is the Smaller of the two signal coeffi 
cient values while the ratio of the secondary signals due to 
mainly venous blood dynamics (), n(t)/n (t) is the larger 
of the two signal coefficient values, assumingwa 660 nm and 
wb=940 nm. 
0149. It must be understood that in practical implementa 
tions of the plurality of reference signals and cross correlator 
technique, the ideal features listed as properties (1), (2) and 
(3) above will not be precisely satisfied but will be approxi 
mations thereof. Therefore, in practical implementations of 
the present invention, the correlation canceler energy curves 
depicted in FIG.7b will not consist of infinitely narrow delta 
functions but will have finite width associated with them as 
depicted in FIG. 7c. 
0150. It should also be understood that it is possible to 
have more than two signal coefficient values which produce 
maximum energy or power output from a correlation can 
celer. This situation will arise when the measured signals each 
contain more than two components each of which are related 
by a ratio as follows: 

(49) 
sa(t)=X fai(t)su () =X fibi () 

0151 where 

0152 The ability to employ reference signal techniques 
together with a correlation cancellation, Such as an adaptive 
noise canceler, to decompose a signal into two or more signal 
components each of which is related by a ratio is a further 
aspect of the present invention. 

Preferred Correlation Canceler Using a Joint Process 
Estimator Implementation 

0153. Once either the secondary reference n'(t) or the pri 
mary references'(t) is determined by the processor of the 
present invention using either the above described rationetric 
or constant saturation methods, the correlation canceler can 
be implemented in eitherhardware or software. The preferred 
implementation of a correlation canceler is that of an adaptive 
noise canceler using a joint process estimator. 
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0154 The least mean squares (LMS) implementation of 
the internal processor 32 described above in conjunction with 
the adaptive noise canceler of FIG. 5a and FIG. 5b is rela 
tively easy to implement, but lacks the speed of adaptation 
desirable for most physiological monitoring applications of 
the present invention. Thus, a faster approach for adaptive 
noise canceling, called a least-squares lattice joint process 
estimator model, is preferably used. A joint process estimator 
60 is shown diagrammatically in FIG. 8 and is described in 
detail in Chapter 9 of Adaptive Filter Theory by Simon 
Haykin, published by Prentice-Hall, copyright 1986. This 
entire book, including Chapter 9, is hereby incorporated 
herein by reference. The function of the joint process estima 
tor is to remove either the secondary signal portions n(t) or 
na,(t) or the primary signal portions S(t) or S(t) from the 
measured signals yielding either a signals"(t) or s", (t) or 
a signal n"(t) or n" (t) which is a good approximation to 
either the primary signal s(t) or s(t) or the secondary 
signal n (t) or n (t). Thus, the joint process estimator esti 
mates either the value of the primary signals S(t) or or s(t) 
or the secondary signals n(t) or n (t). The inputs to the joint 
process estimator 60 are either the secondary reference n'(t) 
or the primary reference s(t) and the composite measured 
signal S(t) or S(t). The output is a good approximation to 
the signal S(t) or S(t) with either the secondary signal or 
the primary signal removed, i.e. a good approximation to 
either S(t), S(t), n, (t) or n,(t). 
(O155 The joint process estimator 60 of FIG. 8 utilizes, in 
conjunction, a least square lattice predictor 70 and a regres 
sion filter 80. Either the secondary reference n'(t) or the pri 
mary references'(t) is input to the least square lattice predictor 
70 while the measured signal S(t) or S(t) is input to the 
regression filter 80. For simplicity in the following descrip 
tion, S(t) will be the measured signal from which either the 
primary portion s(t) or the secondary portion n (t) will be 
estimated by the joint process estimator 60. However, it will 
be noted that S(t) could equally well be input to the regres 
sion filter 80 and the primary portion s(t) or the secondary 
portion n., (t) of this signal could equally well be estimated. 
0156 The joint process estimator 60 removes all frequen 
cies that are present in both the reference n'(t) or s'(t), and the 
measured signal S(t). The secondary signal portion n (t) 
usually comprises frequencies unrelated to those of the pri 
mary signal portion s(t). It is highly improbable that the 
secondary signal portion n (t) would be of exactly the same 
spectral content as the primary signal portion s(t). However, 
in the unlikely event that the spectral content S(t) and n (t) 
are similar, this approach will not yield accurate results. 
Functionally, the joint process estimator 60 compares the 
reference input signal n'(t) or s(t), which is correlated to 
either the secondary signal portion n (t) or the primary sig 
nal portion s(t), and input signal S(t) and removes all 
frequencies which are identical. Thus, the joint process esti 
mator 60 acts as a dynamic multiple notch filter to remove 
those frequencies in the secondary signal component n(t) as 
they change erratically with the motion of the patient or those 
frequencies in the primary signal component S(t) as they 
change with the arterial pulsation of the patient. This yields a 
signal having Substantially the same spectral content and 
amplitude as either the primary signal s(t) or the secondary 
signal n (t). Thus, the outputs", (t) or n" (t) of the joint 
process estimator 60 is a very good approximation to either 
the primary signal s(t) or the secondary signal n (t). The 
joint process estimator 60 can be divided into stages, begin 
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ning with a Zero-stage and terminating in an im"-stage, as 
shown in FIG. 8. Each stage, except for the Zero-stage, is 
identical to every other stage. The Zero-stage is an input stage 
for the joint process estimator 60. The first stage through the 
m"-stage work on the signal produced in the immediately 
previous stage, i.e., the (, )"-stage, such that a good 
approximation to either the primary signals"(t) or the sec 
ondary signal n", (t) is produced as output from the m”- 
Stage. 
0157. The least-squares lattice predictor 70 comprises reg 
isters 90 and 92, summing elements 100 and 102, and delay 
elements 110. The registers 90 and 92 contain multiplicative 
values of a forward reflection coefficient T(t) and a back 
ward reflection coefficient T(t) which multiply the refer 
ence signal n'(t) or s'(t) and signals derived from the reference 
signal n'(t) or s(t). Each stage of the least-squares lattice 
predictor outputs a forward prediction error f(t) and a back 
ward prediction error b(t). The subscript m is indicative of 
the stage. 
0158 For each set of samples, i.e. one sample of the ref 
erence signal n'(t) or s'(t) derived substantially simulta 
neously with one sample of the measured signal S(t), the 
sample of the reference signal n'(t) or s(t) is input to the 
least-squares lattice predictor 70. The Zero-stage forward pre 
diction error f(t) and the Zero-stage backward prediction 
error bo(t) are set equal to the reference signal n'(t) or s(t). The 
backward prediction error bo(t) is delayed by one sample 
period by the delay element 110 in the first stage of the 
least-squares lattice predictor 70. Thus, the immediately pre 
vious value of the reference n'(t) or s(t) is used in calculations 
involving the first-stage delay element 110. The Zero-stage 
forward prediction error is added to the negative of the 
delayed Zero-stage backward prediction error bo(t-1) multi 
plied by the forward reflection coefficient value T(t) regis 
ter 90 value, to produce a first-stage forward prediction error 
f(t). Additionally, the Zero-stage forward prediction error 
f(t) is multiplied by the backward reflection coefficient value 
T(t) register 92 value and added to the delayed Zero-stage 
backward prediction error bo(t–1) to produce a first-stage 
backward prediction error b(t). In each Subsequent stage, m, 
of the least square lattice predictor 70, the previous forward 
and backward prediction error values, f(t) and b (t–1). 
the backward prediction error being delayed by one sample 
period, are used to produce values of the forward and back 
ward prediction errors for the present stage, f(t) and b(t). 
0159. The backward prediction error b(t) is fed to the 
concurrent stage, m, of the regression filter 80. There it is 
input to a register 96, which contains a multiplicative regres 
sion coefficient value K, (t). For example, in the Zero-stage 
of the regression filter 80, the Zero-stage backward prediction 
error bo(t) is multiplied by the Zero-stage regression coeffi 
cient Ko(t) register 96 value and subtracted from the mea 
sured value of the signal S(t) at a Summing element 106 to 
produce a first stage estimation error signale...(t). The first 
stage estimation error signale...(t) is a first approximation to 
either the primary signal or the secondary signal. This first 
stage estimation error signal e(t) is input to the first-stage 
of the regression filter 80. The first-stage backward prediction 
error b(t), multiplied by the first-stage regression coefficient 
K(t) register 96 value is subtracted from the first-stage 
estimation error signal e(t) to produce the second-stage 
estimation error e(t). The second-stage estimation error 
signal e(t) is a second, somewhat better approximation to 
either the primary signal s(t) or the secondary signal n (t). 
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0160 The same processes are repeated in the least-squares 
lattice predictor 70 and the regression filter 80 for each stage 
until a good approximation e(t), to either the primary 
signal s(t) or the secondary signal n (t) is determined. 
Each of the signals discussed above, including the forward 
prediction error f(t), the backward prediction error b(t), the 
estimation error signale, (t), is necessary to calculate the 
forward reflection coefficient T(t), the backward reflection 
coefficient T(t), and the regression coefficient KX, (t) 
register 90,92, and 96 values in each stage, m. In addition to 
the forward prediction error f(t), the backward prediction 
errorb,(t), and the estimation errore...(t) signals, a number 
of intermediate variables, not shown in FIG. 8 but based on 
the values labeled in FIG. 8, are required to calculate the 
forward reflection coefficient T(t) the backward reflection 
coefficient T(t), and the regression coefficient K, (t) reg 
ister 90,92, and 96 values. 
0161 Intermediate variables include a weighted sum of 
the forward prediction error Squares J.(t), a weighted Sum of 
the backward prediction error squares f(t), a scalar param 
eter A(t), a conversion factor y(t), and another scalar 
parameter p, (t). The weighted Sum of the forward predic 
tion errors J.(t) is defined as: 

is . (50) 
o, (t) = XA' 'If...(i); 

0162 where w without a wavelength identifier, a orb, is a 
constant multiplicative value unrelated to wavelength and is 
typically less than or equal to one, i.e., Wis 1. The weighted 
Sum of the backward prediction errors 3 (t) is defined as: 

is . (51) 
B, (t) = XA' |b(i) 

0163 where, again, without a wavelength identifier, a or 
b, is a constant multiplicative value unrelated to wavelength 
and is typically less than or equal to one, i.e., Wis 1. These 
weighted Sum intermediate error signals can be manipulated 
such that they are more easily solved for, as described in 
Chapter 9, S9.3. and defined hereinafter in equations (65) and 
(66). 

Description of the Joint Process Estimator 

0164. The operation of the joint process estimator 60 is as 
follows. When the joint process estimator 60 is turned on, the 
initial values of intermediate variables and signals including 
the parameter A(t), the weighted Sum of the forward pre 
diction error signals J (t), the weighted Sum of the back 
ward prediction error signals B, (t), the parameter p.(t), 
and the Zero-stage estimation error eo(t) are initialized, 
Some to Zero and some to a small positive number 6: 

A 1(0)=0; (52) 

S(0)=6; (53) 

31 (O)=6; (54) 
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p(0)=0; (55) 

eo(t)=S(t) for te0. (56) 

0.165. After initialization, a simultaneous sample of the 
measured signal S(t) or S(t) and either the secondary 
reference n'(t) or the primary references'(t) are input to the 
joint process estimator 60, as shown in FIG.8. The forward 
and backward prediction error signals f(t) and bo(t), and 
intermediate variables including the weighted Sums of the 
forward and backward error signals Jo(t) and f(t), and the 
conversion factor Yo(t) are calculated for the Zero-stage 
according to: 

ifa secondary reference n'(t) is used or according to: 

0.167 if a primary references'(t) is used where, again, w 
without a wavelength identifier, a orb, is a constant multipli 
cative value unrelated to wavelength. 
(0168 Forward reflection coefficient T(t), backward 
reflection coefficient T(t), and regression coefficient K, 
(t) register 90,92 and 96 values in each stage thereafter are set 
according to the output of the previous stage. The forward 
reflection coefficient T(t), backward reflection coefficient 
T(t), and regression coefficient K(t) register 90,92 and 
96 values in the first stage are thus set according to algorithm 
using values in the Zero-stage of the joint process estimator 
60. In each stage, m21, intermediate values and register 
values including the parameter A(t); the forward reflection 
coefficient T(t) register 90 value; the backward reflection 
coefficient T(t) register 92 value; the forward and back 
ward error signals f(t) and b(t); the weighted Sum of 
squared forward prediction errors J.(t), as manipulated in 
S9.3 of the Haykin book; the weighted sum of squared back 
ward prediction errors B.m.(t), as manipulated in S9.3 of the 
Haykin book; the conversion factory,(t); the parameterp, 
(t); the regression coefficient K, (t) register 96 value; and 
the estimation e1(t) value are set according to: 
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e, 1...(t)-ena(t)-K, (t)b, (t) (70) 

0169 where a (*) denotes a complex conjugate. 
0170 These equations cause the error signals f(t), b(t), 
e...(t) to be squared or to be multiplied by one another, in 
effect squaring the errors, and creating new intermediate error 
values, such as A-1 (t). The error signals and the intermedi 
ate error values are recursively tied together, as shown in the 
above equations (60) through (70). They interact to minimize 
the error signals in the next stage. 
0171 After a good approximation to either the primary 
signal s(t) or the secondary signal n (t) has been deter 
mined by the joint process estimator 60, a next set of samples, 
including a sample of the measured signal S(t) and a sample 
of either the secondary reference n'(t) or the primary refer 
ences'(t), are input to the joint process estimator 60. The 
re-initialization process does not reoccur, Such that the for 
ward and backward reflection coefficient Tam(t) and Tim(t) 
register 90,92 values and the regression coefficient K, (t) 
register 96 value reflect the multiplicative values required to 
estimate either the primary signal portion s(t) or the sec 
ondary signal portion n (t) of the sample of S(t) input 
previously. Thus, information from previous samples is used 
to estimate either the primary or secondary signal portion of 
a present set of samples in each stage. 

Flowchart of Joint Process Estimator 

0172 In a signal processor, such as a physiological moni 
tor, incorporating a reference processor of the present inven 
tion to determine a reference n'(t) or s'(t) for input to a corre 
lation canceler, a joint process estimator 60 type adaptive 
noise canceler is generally implemented via a software pro 
gram having an iterative loop. One iteration of the loop is 
analogous to a single stage of the joint process estimator as 
shown in FIG. 8. Thus, if a loop is iterated m times, it is 
equivalent to an m stage joint process estimator 60. 
0173 A flow chart of a subroutine to estimate the primary 
signal portion s(t) or the secondary signal portion n (t) of 
a measured signal, S(t) is shown in FIG.9. The flow chart 
describes how the action of a reference processor for deter 
mining either the secondary reference or the primary refer 
ence and the joint process estimator 60 would be imple 
mented in software. 
0.174. A one-time only initialization is performed when 
the physiological monitor is turned on, as indicated by an 
“INITIALIZE NOISE CANCELER box 120. The initializa 
tion sets all registers 90.92, and 96 and delay element vari 
ables 110 to the values described above in equations (52) 
through (56). 
0.175. Next, a set of simultaneous samples of the measured 
signals S(t) and S(t) is input to the Subroutine represented 
by the flowchart in FIG. 9. Then a time update of each of the 
delay element program variables occurs, as indicated in a 
“TIME UPDATE OF Z ELEMENTS box 130, wherein 
the value stored in each of the delay element variables 110 is 
set to the value at the input of the delay element variable 110. 
Thus, the Zero-stage backward prediction error bo(t) is stored 
in the first-stage delay element variable, the first-stage back 
ward prediction error b(t) is stored in the second-stage delay 
element variable, and so on. 
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0176 Then, using the set of measured signal samples S. 
(t) and S(t), the reference signal is calculated according to 
the rationmetric or the constant saturation method described 
above. This is indicated by a “CALCULATE REFERENCE 
n'(t)ors'(t) FOR TWOMEASURED SIGNALSAMPLES” 
box 140. 
0177. A Zero-stage order update is performed next as indi 
cated in a “ZERO-STAGE UPDATE box 150. The Zero 
stage backward prediction error bo(t), and the Zero-stage for 
ward prediction error f(t) are set equal to the value of the 
reference signal n'(t) or s(t). Additionally, the weighted Sum 
of the forward prediction errors J.(t) and the weighted sum of 
backward prediction errors B(t) are set equal to the value 
defined in equations (53) and (54). 
0.178 Next, a loop counter, m, is initialized as indicated in 
a “m=O box 160. A maximum value of m, defining the total 
number of stages to be used by the Subroutine corresponding 
to the flowchart in FIG.9, is also defined. Typically, the loop 
is constructed Such that it stops iterating once a criterion for 
convergence upon a best approximation to either the primary 
signal or the secondary signal has been met by the joint 
process estimator 60. Additionally, a maximum number of 
loop iterations may be chosen at which the loop stops itera 
tion. In a preferred embodiment of a physiological monitor of 
the present invention, a maximum number of iterations, m=6 
to m=10, is advantageously chosen. 
(0179. Within the loop, the forward and backward reflec 
tion coefficient T(t) and T(t) register 90 and 92 values in 
the least-squares lattice filter are calculated first, as indicated 
by the “ORDER UPDATE MTH CELL OF LSL-LATTICE" 
box 170 in FIG. 9. This requires calculation of intermediate 
variable and signal values used in determining register 90,92, 
and 96 values in the present stage, the next stage, and in the 
regression filter 80. 
0180. The calculation of regression filter register 96 value 
K(t) is performed next, indicated by the “ORDER 
UPDATE MTHSTAGE OF REGRESSION FILTER(S) box 
180. The two order update boxes 170 and 180 are performed 
in sequence m times, until m has reached its predetermined 
maximum (in the preferred embodiment, m=6 to m=10) or a 
Solution has been converged upon, as indicated by aYES path 
from a “DONE' decision box 190. In a computer subroutine, 
convergence is determined by checking if the weighted Sums 
of the forward and backward prediction errors J.(t) and B(t) 
are less than a small positive number. An output is calculated 
next, as indicated by a “CALCULATE OUTPUT” box 200. 
The output is a good approximation to either the primary 
signal or secondary signal, as determined by the reference 
processor 26 and joint process estimator 60 Subroutine cor 
responding to the flow chart of FIG. 9. This is displayed (or 
used in a calculation in another Subroutine), as indicated by a 
“TO DISPLAY box 21 O. 
0181. A new set of samples of the two measured signals 
S(t) and S(t) is input to the processor and joint process 
estimator 60 adaptive noise canceler Subroutine correspond 
ing to the flowchart of FIG. 9 and the process reiterates for 
these samples. Note, however, that the initialization process 
does not re-occur. New sets of measured signal samples S(t) 
and S(t) are continuously input to the reference processor 
26 and joint process estimator 60 adaptive noise canceler 
subroutine. The output forms a chain of samples which is 
representative of a continuous wave. This waveform is a good 
approximation to either the primary signal waveform S(t) or 
the secondary waveform n(t) at wavelength wa. The wave 
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form may also be a good approximation to either the primary 
signal waveforms, (t) or the secondary waveform n", (t) at 
wavelength wb. 

Calculation of Saturation from Correlation Canceler 
Output 

0182 Physiological monitors may use the approximation 
of the primary signals s"(t) or s"(t) or the secondary 
signals n" (t) orn"(t) to calculate another quantity, such as 
the saturation of one constituent in a Volume containing that 
constituent plus one or more other constituents. Generally, 
Such calculations require information about either a primary 
or secondary signal at two wavelengths. For example, the 
constant saturation method requires a good approximation of 
the primary signal portions s(t) and s(t) of both measured 
signals S(t) and S(t)Then, the arterial Saturation is deter 
mined from the approximations to both signals, i.e. s"(t) 
and s", (t). The constant saturation method also requires a 
good approximation of the secondary signal portions n(t) or 
n(t). Then an estimate of the venous saturation may be 
determined from the approximations to these signals i. e. 
n"(t) and n",(t). 
0183 In other physiological measurements, information 
about a signalata third wavelength is necessary. For example, 
to find the Saturation using the rationnetric method, signals 
S(t) and S(t) are used to find the reference signal n'(t) or 
s'(t). But as discussed previously, wa and wb were chosen to 
satisfy a proportionality relationship like that of equation 
(22). This proportionality relationship forces the two primary 
signal portions S(t) and S(t) of equations (23c) and (24c) 
to be linearly dependent. Generally, linearly dependent math 
ematical equations cannot be solved for the unknowns. 
Analogously, Some desirable information cannot be derived 
from two linearly dependent signals. Thus, to determine the 
saturation using the rationnetric method, a third signal is 
simultaneously measured at wavelength WC. The wavelength 
wc is chosen Such that the primary portion s(t) of the mea 
Sured signal S(t) is not linearly dependent with the primary 
portions s(t) and s(t) of the measured signals S(t) and 
S(t). Since all measurements are taken Substantially simul 
taneously, the secondary reference signal n'(t) is correlated to 
the secondary signal portions n, n, and n of each of the 
measured signals S(t), S(t), and S(t) and can be used to 
estimate approximations to the primary signal portions S(t), 
S(t), and S(t) for all three measured signals S(t), S(t), 
and S(t). Using the rationetric method, estimation of the 
ratio of signal portions S(t) and S(t) of the two measured 
signals S(t) and S(t), chosen correctly, is usually satisfac 
tory to determine most physiological data. 
0184. A joint process estimator 60 having two regression 

filters 80a and 80b is shown in FIG.10. A first regression filter 
80a accepts a measured signal S(t). A second regression 
filter 80b accepts a measured signal S(t) or S(t), depend 
ing whether the constant saturation method or the rationetric 
method is used to determine the reference signal n'(t) or s(t) 
for the constant saturation method or n'(t) or s(t) for the 
rationetric method. The first and second regression filters 
80a and 80b are independent. The backward prediction error 
b(t) is input to each regression, filter 80a and 80b, the input 
for the second regression filter 80b bypassing the first regres 
Sion filter 80a. 
0185. The second regression filter 80b comprises registers 
98, and summing elements 108 arranged similarly to those in 
the first regression filter 80a. The second regression filter 80b 
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operates via an additional intermediate variable in conjunc 
tion with those defined by equations (60) through (70), i.e.: 

p(t)-hp....(t–1)+(b.(t)e...(t)/Y,(t)}; or (71) 

p....(t)-hp....(t–1)+(b(t)e,...(t)/Y, (t)}; or (72) 

pot,(0)=0; or (73) 

po(0)=0. (74) 

0186 The second regression filter 80b has an error signal 
value defined similar to the first regression filter error signal 
Values, e, (t), i.e.: 

e, 1.(t)-e, (t)-Ki,(t)b,(t); or (75) 

e, 1...(t)-en.(t)-K, i.(t)b, (t); and (76) 

eo.(t)=S(t) for te0; or (77) 

eo.(t)=S(t) for te0. (78) 
0187. The second regression filter has a regression coeffi 
cient K, (t) register 98 value defined similarly to the first 
regression filter error signal values, i.e.: 

0188 These values are used in conjunction with those 
intermediate variable values, signal values, register and reg 
ister values defined in equations (52) through (70). These 
signals are calculated in an order defined by placing the 
additional signals immediately adjacent a similar signal for 
the wavelength wa. 
0189 For the rationetric method, S(t) is input to the 
second regression filter 80b. The output of the second regres 
sion filter 80b is then a good approximation to the primary 
signals"(t) or secondary signal n(t). For the constant 
saturation method, S(t) is input to the second regression 
filter 80b. The output is then a good approximation to the 
primary signals", (t) or secondary signals",(t). 
0190. The addition of the second regression filter 80b does 
not substantially change the computer program Subroutine 
represented by the flowchart of FIG. 9. Instead of an order 
update of the m” stage of only one regression filter, an order 
update of the m” stage of both regression filters 80a and 80b 
is performed. This is characterized by the plural designation 
in the “ORDER UPDATE OF m'. STAGE OF REGRESSION 
FILTER(S) box 180 in FIG. 9. Since the regression filters 
80a and 80b operate independently, independent calculations 
can be performed in the reference processor and joint process 
estimator 60 adaptive noise canceler subroutine modeled by 
the flowchart of FIG. 9. 

Calculation of Saturation 

0191) Once good approximations to the primary signal 
portions, s(t) and s(t) or the secondary signal portions 
n(t) and n(t) for the rationnetric method and S(t) and 
s"(t) orn"(t) and n(t) for the constant saturation method, 
have been determined by the joint process estimator 60, the 
saturation of As in a Volume containing As and A, for 
example, may be calculated according to various known 
methods. Mathematically, the approximations to the primary 
signals can be written: 
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acc3X3.4(t) (82a) 

0.192 for the rationetric method using wavelengths wa 
and wc, and assuming that the secondary reference n'(t) is 
uncorrelated with Xsa(t) and Xsc(t). Terms involving Xsa(t) 
and assuming that X s.6(t) may then be separated using the 
constant Saturation method. It is important to understand that 
if n'(t) is uncorrelated with Xs...(t) and Xs(t), use of the 
rationetric method followed by use of the constant saturation 
method results in a more accurate computation of the Satura 
tion of As in the layer X, then by use of the rationetric or 
constant Saturation methods alone. In the event that n'(t) and 
Xsa(t) are correlated the ratiometric method yields 

s".(t)ses...c5x5.6(t)+e6 aceX5.6(t); and (81b) 

s".(t)ses...c5X5.6(t)+e6-c6X5.6(t). (82b) 

0193 For the constant saturation method, the approxima 
tions to the primary signals can be written, in terms of Wa and 
wb, as: 

s"(t)ses...c5x5.6(t)+escoxss(t); and (83) 

s" (t)sest.c5x5.6(t)+est.coxss(t). (84) 
0194 Equations (81b), (82b), (83) and (84) are equivalent 
to two equations having three unknowns, namely c(t), c(t) 
and Xs.6(t). In both the rationetric and the constant saturation 
cases, the saturation can be determined by acquiring approxi 
mations to the primary or secondary signal portions at two 
different, yet proximate times t and t over which the satu 
ration of As in the Volume containing. As and A and the 
saturation of A in the Volume containing A and A does not 
change Substantially. For example, for the primary signals 
estimated by the rationetric method, at times t and t: 

s".(t)ses acsxs.6(t)+e6 aceX5.6(t) (85) 

s".(t)ses...c5x5.6(t)+é6-c6X5.6(t) (86) 

s" (t2)ses, csxs.6(t2)+e6 acoxss(t2) (87) 

s".(t2)ses...c5X5.6(t2)+e6-c6X5.6(t2) (88) 

0.195 Then, difference signals may be determined which 
relate the signals of equations (85) through (88), i.e.: 

ASS" (t1)-S" (t2)ses...c5Ax+es C6AX, and (89) 

ASS"...(t)-S"...(t2)ses...c5Ax+ex-C6Ax. (90) 

(0196) where AX Xs(t)-Xs(t). The average Saturation 
at time t (t+t)/2 is: 

Saturation(t) = Cs(t) fc5(t) + Co. (t) (91) 
86, a - 86, ac{ASAaf ASAc) (92) 

86, a -85, a - (86.ac. - 85,ac)(ASAaf ASc) 

0197) It will be understood that the AX term drops out from 
the Saturation calculation because of the division. Thus, 
knowledge of the thickness of the primary constituents is not 
required to calculate Saturation. 

Pulse Oximetry Measurements 
0198 A specific example of a physiological monitor uti 
lizing a processor of the present invention to determine a 
secondary reference n'(t) for input to a correlation canceler 
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that removes erratic motion-induced secondary signal por 
tions is a pulse oximeter. Pulse oximetry may also be per 
formed utilizing a processor of the present invention to deter 
mine a primary signal reference s(t) which may be used for 
display purposes or for input to a correlation canceler to 
derive information about patient movement and venous blood 
oxygen Saturation. 
0199. A pulse oximeter typically causes energy to propa 
gate through a medium where blood flows close to the surface 
for example, an ear lobe, or a digit such as a finger, or a 
forehead. An attenuated signal is measured after propagation 
through or reflected from the medium. The pulse oximeter 
estimates the Saturation of oxygenated blood. 
0200 Freshly oxygenated blood is pumped at high pres 
sure from the heart into the arteries for use by the body. The 
Volume of blood in the arteries varies with the heartbeat, 
giving rise to a variation in absorption of energy at the rate of 
the heartbeat, or the pulse. 
0201 Oxygen depleted, or deoxygenated, blood is 
returned to the heart by the veins along with unused oxygen 
ated blood. The volume of blood in the veins varies with the 
rate of breathing, which is typically much slower than the 
heartbeat. Thus, when there is no motion induced variation in 
the thickness of the veins, venous blood causes a low fre 
quency variation in absorption of energy. When there is 
motion induced variation in the thickness of the veins, the low 
frequency variation in absorption is coupled with the erratic 
variation in absorption due to motion artifact. 
0202 In absorption measurements using the transmission 
of energy through a medium, two light emitting diodes 
(LED's) are positioned on one side of a portion of the body 
where blood flows close to the Surface, such as a finger, and a 
photodetector is positioned on the opposite side of the finger. 
Typically, in pulse oximetry measurements, one LED emits a 
visible wavelength, preferably red, and the other LED emits 
an infrared wavelength. However, one skilled in the art will 
realize that other wavelength combinations could be used. 
0203 The finger comprises skin, tissue, muscle, both arte 
rial blood and venous blood, fat, etc., each of which absorbs 
light energy differently due to different absorption coeffi 
cients, different concentrations, and different thicknesses. 
When the patient is not moving, absorption is Substantially 
constant except for the flow of blood. The constant attenua 
tion can be determined and Subtracted from the signal via 
traditional filtering techniques. When the patient moves, the 
absorption becomes erratic. Erratic motion induced noise 
typically cannot be predetermined and/or subtracted from the 
measured signal via traditional filtering techniques. Thus, 
determining the oxygen Saturation of arterial blood and 
venous blood becomes more difficult. 

0204 A schematic of a physiological monitor for pulse 
oximetry is shown in FIG. 11. Two LED's 300 and 302, one 
LED 300 emitting red wavelengths and another LED 302 
emitting infrared wavelengths, are placed adjacent a finger 
310. A photodetector 320, which produces an electrical signal 
corresponding to the attenuated visible and infrared light 
energy signals is located opposite the LED’s 300 and 302. The 
photodetector 320 is connected to a single channel of com 
mon processing circuitry including an amplifier 330 which is 
in turn connected to aband pass filter 340. The band pass filter 
340 passes it output signal into a synchronized demodulator 
350 which has a plurality of output channels. One output 
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channel is for signals corresponding to visible wavelengths 
and another output channel is for signals corresponding to 
infrared wavelengths. 
0205 The output channels of the synchronized demodu 
lator for signals corresponding to both the visible and infrared 
wavelengths are each connected to separate paths, each path 
comprising further processing circuitry. Each path includes a 
DC offset removal element 360 and 362, such as a differential 
amplifier, a programmable gain amplifier 370 and 372 and a 
low pass filter 380 and 382. The output of each low pass filter 
380 and 382 is amplified in a second programmable gain 
amplifier 390 and 392 and then input to a multiplexer 400. 
0206. The multiplexer 400 is connected to an analog-to 
digital converter 410 which is in turn connected to a micro 
processor 420. Control lines between the microprocessor 420 
and the multiplexer 400, the microprocessor 420 and the 
analog-to-digital converter 410, and the microprocessor 420 
and each programmable gain amplifier 370,372,390, and 392 
are formed. The microprocessor 420 has additional control 
lines, one of which leads to a display 430 and the other of 
which leads to an LED driver 440 situated in a feedback loop 
with the two LED’s 300 and 302. 

0207. The LED’s 300 and 302 each emits energy which is 
absorbed by the finger 310 and received by the photodetector 
320. The photodetector 320 produces an electrical signal 
which corresponds to the intensity of the light energy striking 
the photodetector 320 surface. The amplifier 330 amplifies 
this electrical signal for ease of processing. The band pass 
filter 340 then removes unwanted high and low frequencies. 
The synchronized demodulator 350 separates the electrical 
signal into electrical signals corresponding to the red and 
infrared light energy components. A predetermined reference 
voltage, V, is subtracted by the DC offset removal element 
360 and 362 from each of the separate signals to remove 
Substantially constant absorption which corresponds to 
absorption when there is no motion induced signal compo 
nent. Then the first programmable gain amplifiers 370 and 
372 amplify each signal for ease of manipulation. The low 
pass filters 380 and 382 integrate each signal to remove 
unwanted high frequency components and the second pro 
grammable gain amplifiers 390 and 392 amplify each signal 
for further ease of processing. 
0208. The multiplexer 400 acts as an analog switch 
between the electrical signals corresponding to the red and 
the infrared lightenergy, allowing first a signal corresponding 
to the red light to enter the analog-to-digital converter 410 and 
then a signal corresponding to the infrared light to enter the 
analog-to-digital converter 410. This eliminates the need for 
multiple analog-to-digital converters 410. The analog-to 
digital converter 410 inputs the data into the microprocessor 
420 for calculation of either a primary or secondary reference 
signal via the processing technique of the present invention 
and removal or derivation of motion induced signal portions 
via a correlation canceler, such as an adaptive noise canceler. 
The microprocessor 420 centrally controls the multiplexer 
400, the analog-to-digital converter 410, and the first and 
second programmable gain amplifiers 370 and 390 for both 
the red and the infrared channels. Additionally, the micropro 
cessor 420 controls the intensity of the. LED's 302 and 304 
through the LED driver 440 in a servo loop to keep the 
average intensity received at the photodetector 320 within an 
appropriate range. Within the microprocessor 420 a reference 
signal n'(t) or s(t) is calculated via either the constant Satura 
tion method or the rationetric method, as described above, 
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the constant saturation method being generally preferred. 
This signal is used in an adaptive noise canceler of the joint 
process estimator type 60, as described above. 
0209. The multiplexer 400 time multiplexes, or sequen 

tially Switches between, the electrical signals corresponding 
to the red and the infrared light energy. This allows a single 
channel to be used to detect and begin processing the electri 
cal signals. For example, the red LED 300 is energized first 
and the attenuated signal is measured at the photodetector 
320. An electrical signal corresponding to the intensity of the 
attenuated red light energy is passed to the common process 
ing circuitry. The infrared LED 302 is energized next and the 
attenuated signal is measured at the photodetector 320. An 
electrical signal corresponding to the intensity of the attenu 
ated infrared lightenergy is passed to the common processing 
circuitry. Then, the red LED 300 is energized again and the 
corresponding electrical signal is passed to the common pro 
cessing circuitry. The sequential energization of LED’s 300 
and 302 occurs continuously while the pulse oximeter is 
operating. 
0210. The processing circuitry is divided into distinct 
paths after the synchronized demodulator 350 to ease time 
constraints generated by time multiplexing. In the preferred 
embodiment of the pulse oximeter shown in FIG. 11, a sample 
rate, or LED energization rate, of 625 Hz is advantageously 
employed. Thus, electrical signals reach the synchronized 
demodulator 350 at a rate of 625 Hz. Time multiplexing is not 
used in place of the separate paths due to settling time con 
straints of the low pass filters 380,382, and 384. 
0211. In FIG. 11, a third LED 304 is shown adjacent the 
finger, located near the LED’s 300 and 302. The third LED 
304 is used to measure a third signal S(t) to be used to 
determine saturation using the rationetric method. The third 
LED 304 is time multiplexed with the red and infrared LED's 
300 and 302. Thus, a third signal is input to the common 
processing circuitry in sequence with the signals from the red 
and infrared LED's 300 and 302. After passing through and 
being processed by the operational amplifier 330, the band 
pass filter 340, and the synchronized demodulator 350, the 
third electrical signal corresponding to light energy at wave 
length WC is input to a separate path including a DC offset 
removal element 364, a first programmable gain amplifier 
374, a low pass filter 384, and a second programmable gain 
amplifier 394. The third signal is then input to the multiplexer 
400. 

0212. The dashed line connection for the third LED 304 
indicates that this third LED 304 is incorporated into the pulse 
Oximeter when the rationetric method is used; it is unneces 
sary for the constant saturation method. When the third LED 
304 is used, the multiplexer 400 acts as an analog switch 
between all three LED300,302, and 304 signals. If the third 
LED 304 is utilized, feedback loops between the micropro 
cessor 420 and the first and second programmable gain ampli 
fier 374 and 394 in the wc wavelength path are also formed. 
0213 For pulse oximetry measurements using the ratio 
metric method, the signals (logarithm converted) transmitted 
through the finger 310 at each wavelength va, b, and c are: 
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0214) In equations (93) through (95), x(t) is the lump 
sum thickness of the arterial blood in the finger; x*(t) is the 
lump-sum thickness of venous blood in the finger; erro, 
erroz erroz. euta euth eith... are the absorption 
coefficients of the oxygenated and non-oxygenated hemoglo 
bin, at each wavelength measured; and c(t) and c(t) 
with the SuperScript designations A and V are the concentra 
tions of the oxygenated and non-oxygenated arterial blood 
and venous blood, respectively. 
0215 For the rationetric method, the wavelengths chosen 
are typically two in the visible red range, i.e. wa and wb, and 
one in the infrared range, i.e., wc. As described above, the 
measurement wavelengths wa and wb are advantageously 
chosen to satisfy a proportionality relationship which 
removes the primary signal portions S(t) and S(t), yielding 
a secondary reference n'(t). In the preferred embodiment, the 
rationetric method is used to determine the secondary refer 
ence signal n'(t) by picking two wavelengths that cause the 
primary portions S(t) and s(t) of the measured signals 
S(t) and S(t) to become linearly dependent similarly to 
equation (22); i.e. wavelengths wa and wb which satisfy: 

0216) Typical wavelength values chosen are wa-650 nm 
and Jub=685 nm. Additionally a typical wavelength value for 
c is c=940 nm. By picking wavelengths waandub to satisfy 

equation (96) the venous portion of the measured signal is 
also caused to become linearly dependent even though it is 
not usually considered to be part of the primary signals as is 
the case in the constant Saturation method. Thus, the venous 
portion of the signal is removed with the primary portion of 
the constant saturation method. The proportionality relation 
ship between equations (93) and (94) which allows determi 
nation of a non-Zero secondary reference signal n'(t), simi 
larly to equation (25) is: 

Oave Hba?e Hbbi where (97) 

na(t)=0, na(t). (98) 

0217. In pulse oximetry, both equations (97) and (98) can 
typically be satisfied simultaneously. 
0218 FIG. 12 is a graph of the absorption coefficients of 
oxygenated and deoxygenated hemoglobin (ero and e,,) 
vs. wavelength (W). FIG. 13 is a graph of the ratio of the 
absorption coefficients VS. Wavelength, i.e., el?eo VS. W 
over the range of wavelength within circle 13 in FIG. 12. 
Anywhere a horizontal line touches the curve of FIG. 13 
twice, as does line 400, the condition of equation (96) is 
satisfied. FIG. 14 shows an exploded view of the area of FIG. 
12 within the circle 13. Values of e, and e, at the wave 
lengths where a horizontal line touches the curve of FIG. 13 
twice can then be determined from the data in FIG.14 to solve 
for the proportionality relationship of equation (97). 
0219. A special case of the rationetric method is when the 
absorption coefficients eo and e, are equal at a wave 
length. Arrow 410 in FIG. 12 indicates one such location, 
called an isobestic point. FIG. 14 shows an exploded view of 
the isobestic point. To use isobestic points with the rationet 
ric method, two wavelengths at isobestic points are deter 
mined to satisfy equation (96) 
0220 Multiplying equation (94) by (ov and then subtract 
ing equation (94) from equation (93), a non-Zero secondary 
reference signal n'(t) is determined by: 
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0221) This secondary reference signal n'(t) has spectral 
content corresponding to the erratic, motion-induced noise. 
When it is input to a correlation canceler, Such as an adaptive 
noise canceler, with either the signals S(t) and S(t) or 
S(t) and S(t) input to two regression filters 80a and 80b as 
in FIG.10, the adaptive noise canceler willfunction much like 
an adaptive multiple notch filter and remove frequency com 
ponents present in both the secondary reference signal n'(t) 
and the measured signals from the measured signals S(t) 
and S(t) or S(t) and S(t). If the secondary reference 
signal n'(t) is correlated to the venous portion, then the adap 
tive noise canceler is able to remove erratic noise caused in 
the venous portion of the measured signals S(t), S(t), and 
S(t) even though the venous portion of the measured signals 
S(t) and S(t) was not incorporated in the secondary ref 
erence signal n'(t). In the event that the secondary reference 
signal n'(t) is not correlated to the venous component, then, 
the adaptive noise canceler generally will not remove the 
venous portion from the measured signals. However, a band 
pass filter applied to the approximations to the primary sig 
nals s"(t) and s"(t) or s"(t) and s"(t) can remove the 
low frequency venous signal due to breathing. 
0222 For pulse oximetry measurements using the con 
stant saturation method, the signals (logarithm converted) 
transmitted through the finger 310 at each wavelength wa and 
Wb are: 

0223 For the constant saturation method, the wavelengths 
chosen are typically one in the visible red range, i.e., wa, and 
one in the infrared range, i.e., wb. Typical wavelength values 
chosen are a=660 nm and Jub=940 nm. Using the constant 
saturation method, it is assumed that co(t)/c"...(t)=con 
stant and cro(t)/ca,(t)-constant. The Oxygen satura 
tion of arterial and venous blood changes slowly, ifatall, with 
respect to the sample rate, making this a valid assumption. 
The proportionality factors for equations (100) and (101) can 
then be written as: 

eHbO2, a ciro2-x(t) + eHba CH-x(t) (102) 
coa(t) = - or to : eHbO2.ab CElbo2-vtt) + e Hbab CE, w(t) 

Sa(t) = (da(t)SAb(t) (103a) 

na(t) + (oa(t)nab(t) (104a) 

na(t) = (oy(t)nab(t) (103b) 

Sa(t) + (oy(t)SAb(t) (104b) 

0224. In pulse oximetry, it is typically the case that both 
equations (103) and (104) can be satisfied simultaneously. 
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0225. Multiplying equation (101) by co(t) and then sub 
tracting equation (101) from equation (100), a non-Zero Sec 
ondary reference signal n'(t) is determined by: 

n'(t) = S(t) - Goa(t)SA, (t) (105a) 
= &HbO2, achbox'(t) + &Hbaach v'(t) + na(t) - (106a) 

0226 Multiplying equation (101) by co(t) and then sub 
tracting equation (101) from equation (100), a non-Zero pri 
mary reference signal s(t) is determined by: 

S(t)-(), (t)s.(t) (106b) 

0227. The constant saturation assumption does not cause 
the venous contribution to the absorption to be canceled along 
with the primary signal portions S(t) and S(t), as did the 
relationship of equation (96) used in the rationetric method. 
Thus, frequencies associated with both the low frequency 
modulated absorption due to venous absorption when the 
patient is still and the erratically modulated absorption due to 
venous absorption when the patient is moving are represented 
in the secondary reference signal n'(t). Thus, the correlation 
canceler can remove or derive both erratically modulated 
absorption due to venous blood in the finger under motion and 
the constant low frequency cyclic absorption of venous blood. 
0228. Using either method, a primary references'(t) or a 
secondary reference n'(t) is determined by the processor of 
the present invention for use in a correlation canceler, such as 
an adaptive noise canceler, which is defined by software in the 
microprocessor. The preferred adaptive noise canceler is the 
joint process estimator 60 described above. 
0229. Illustrating the operation of the rationnetric method 
of the present invention, FIGS. 15, 16 and 17 show signals 
measured for use in determining the Saturation of oxygenated 
arterial blood using a reference processor of the present 
invention which employs the rationetric method, i.e., the 
signals S(t)=S(t), S(t)Se2(t), and S(t)=S(t). A 
first segment 15a, 16a, and 17a of each of the signals is 
relatively undisturbed by motion artifact, i.e., the patient did 
not move substantially during the time period in which these 
segments were measured. These segments 15a, 16a, and 17a 
are thus generally representative of the plethysmographic 
waveform at each of the measured wavelengths. These wave 
forms are taken to be the primary signals s(t), S(t), and 
s(t). A second segment 15b, 16b, and 17b of each of the 
signals is affected by motion artifact, i.e., the patient did move 
during the time period in which these segments were mea 
sured. Each of these segments 15b, 16b, and 17b shows large 
motion induced excursions in the measured signal. These 
waveforms contain both primary plethysmographic signals 
and secondary motion induced excursions. A third segment 
15c, 16c, and 17c of each of the signals is again relatively 
unaffected by motion artifact and is thus generally represen 
tative of the plethysmographic waveform at each of the mea 
Sured wavelengths. 
0230 FIG. 18 shows the secondary reference signal n'(t) 
=n-(DV n(t), as determined by a reference processor of 
the present invention utilizing the rationetric method. As 
discussed previously, the secondary reference signal n'(t) is 
correlated to the secondary signal portions in n, and n. 
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Thus, a first segment 18a of the secondary reference signal 
n'(t) is generally flat, corresponding to the fact that there is 
very little motion induced noise in the first segments 15a, 16a, 
and 17a of each signal. A second segment 18b of the second 
ary reference signal n'(t) exhibits large excursions, corre 
sponding to the large motion induced excursions in each of 
the measured signals. A third segment 18c of the secondary 
reference signal n'(t) is generally flat, again corresponding to 
the lack of motion artifact in the third segments 15c, 16c, and 
17c of each measured signal. 
0231 FIG. 19 shows the primary reference signal s(t) 
=S-cos(t), as determined by a reference processor of the 
present invention utilizing the rationetric method. As dis 
cussed previously, the primary reference signal s(t) is corre 
lated to the primary signal portions S(t), S(t), and S(t). 
Thus, a first segment 19a of the primary reference signals s(t) 
is indicative of the plethysmographic waveform, correspond 
ing to the fact that there is very little motion induced noise in 
the first segments 15a, 16a, and 17a of each signal. A second 
segment 19b of the primary reference signals'(t) also exhibits 
a signal related to a plethymographic waveform, correspond 
ing to each of the measured signals in the absence of the large 
motion induced excursions. A third segment 19c of the pri 
mary reference signal s(t) is generally indicative of the 
plethysmographic waveform, again corresponding to the lack 
of motion artifact in the third segments 15c, 16c, and 17c of 
each measured signal. 
0232 FIGS. 20 and 21 show the approximations s'"(t) 
ands"(t) to the primary signals S(t) and S(t) as estimated 
by the correlation canceler 27 using a secondary reference 
signal n'(t) determined by the rationetric method. FIGS. 20 
and 21 illustrate the effect of correlation cancelation using the 
secondary reference signal n'(t) as determined by the refer 
ence processor of the present invention using the rationetric 
method. Segments 20b and 21b are not dominated by motion 
induced noise as were segments 15b, 16b, and 17b of the 
measured signals. Additionally, segments 20a, 21a, 20c, and 
21c have not been substantially changed from the measured 
signal segments 15a, 17a, 15c, and 17c where there was no 
motion induced noise. 

0233 FIGS. 22 and 23 show the approximations n" (t) 
and n" (t) to the primary signals n.(t) and n(t) as esti 
mated by the correlation canceler 27 using a primary refer 
ence signals'(t) determined by the rationetric method. Note 
that the scale of FIGS. 15 through 23 is not the same for each 
figure to better illustrate changes in each signal. FIGS. 22 and 
23 illustrate the effect of correlation cancelation using the 
primary reference signals'(t) as determined by the reference 
processor of the present invention using the rationetric 
method. Only segments 22b and 23b are dominated by 
motion induced noise as were segments 15b, 16b, and 17b of 
the measured signals. Additionally, segments 22a, 23a, 22c, 
and 23c are nearly Zero corresponding to the measured signal 
segments 15a, 17a, 15c, and 17c where there was no motion 
induced noise. 

0234 Illustrating the operation of the constant saturation 
method of the present invention, FIGS. 24 and 25 show sig 
nals measured for input to a reference processor of the present 
invention which employs the constant Saturation method, i.e., 
the signals S(t)=S(t) and Sub(t)=S(t). A first segment 
24a and 25a of each of the signals is relatively undisturbed by 
motion artifact, i.e., the patient did not move Substantially 
during the time period in which these segments were mea 
Sured. These segments 24a and 25a are thus generally repre 
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sentative of the primary plethysmographic waveform at each 
of the measured wavelengths. A second segment 24b and 25b 
of each of the signals is affected by motion artifact, i.e., the 
patient did move during the time period in which these seg 
ments were measured. Each of these segments 24b and 25b 
shows large motion induced excursions in the measured sig 
nal. A third segment 24c and 25c of each of the signals is again 
relatively unaffected by motion artifact and is thus generally 
representative of the primary plethysmographic waveformat 
each of the measured wavelengths. 
0235 FIG. 26 shows the secondary reference signal n'(t) 

= n(t)-(0, n(t), as determined by a reference processor of 
the present invention utilizing the constant saturation method. 
Again, the secondary reference signal n'(t) is correlated to the 
Secondary signal portions n, and n. Thus, a first segment 
26a of the secondary reference signal n'(t) is generally flat, 
corresponding to the fact that there is very little motion 
induced noise in the first segments 24a and 25a of each signal. 
A second segment 26b of the secondary reference signal n'(t) 
exhibits large excursions, corresponding to the large motion 
induced excursions in each of the measured signals. A third 
segment 26c of the noise reference signal n'(t) is generally 
flat, again corresponding to the lack of motion artifact in the 
third segments 24c and 25c of each measured signal. 
0236 FIG. 27 shows the primary reference signal s(t) 
=s-cos(t), as determined by a reference processor of the 
present invention utilizing the constant saturation method. As 
discussed previously, the primary reference signal s(t) is 
correlated to the primary signal portions S(t) and s(t). 
Thus, a first segment 27a of the primary reference signal s(t) 
is indicative of the plethysmographic waveform, correspond 
ing to the fact that there is very little motion induced noise in 
the first segments 24a and 25a of each signal. A second 
segment 27b of the primary reference signals'(t) also exhibits 
a signal related to a plethymographic waveform, correspond 
ing to each of the measured signals in the absence of the large 
motion induced excursions. A third segment 27c of the pri 
mary reference signal s(t) is generally indicative of the 
plethysmographic waveform, again corresponding to the lack 
of motion artifact in the third segments 24c and 25c of each 
measured signal. 
0237 FIGS. 28 and 29 show the approximations s"(t) 
ands", (t) to the primary signals S(t) and S(t) as estimated 
by the correlation canceler 27 using a secondary reference 
signal n'(t) determined by the constant saturation method. 
FIGS. 28 and 29 illustrate the effect of correlation cancelation 
using the secondary reference signal n'(t) as determined by a 
reference processor of the present invention utilizing the con 
stant saturation method. Segments 28b and 28b are not domi 
nated by motion induced noise as were segments 24b and 25b 
of the measured signals. Additionally, segments 28a, 29a, 
28c, and 29c have not been substantially changed from the 
measured signal segments 24a, 25a, 24c, and 25c where there 
was no motion induced noise. 

0238 FIGS. 30 and 31 show the approximations n" (t) 
and n" (t) to the secondary signals n(t) and n (t) as esti 
mated by the correlation canceler 27 using a primary refer 
ence signal s(t) determined by the constant Saturation 
method. Note that the scale of FIGS. 24 through 31 is not the 
same for each figure to better illustrate changes in each signal. 
0239 FIGS. 30 and 31 illustrate the effect of correlation 
cancelation using the primary reference signals'(t) as deter 
mined by a reference processor of the present invention uti 
lizing the constant saturation method. Only segments 30b and 
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31b are dominated by motion induced noiseas were segments 
24b, and 25b of the measured signals. Additionally, segments 
30a, 31a, 30c, and 31c are nearly zero corresponding to the 
measured signal segments 24a, 25a, 24c, and 25c where there 
was no motion induced noise. 

Method for Estimating Primary and Secondary 
Signal Portion of Measured Signals in a Pulse 

Oximeter 

0240. A copy of a computer subroutine, written in the C 
programming language, calculates a primary reference s(t) 
and a secondary reference n'(t) using the rationetric method 
and, using a joint process estimator 60, estimates either the 
primary or secondary signal portions of two measured sig 
nals, each having a primary signal which is correlated with the 
primary references'(t) and having a secondary signal which is 
correlated with the secondary reference n'(t), is appended in 
Appendix A. For example, S(t)=S(t)-Soo (t) and 
S(t)=S(t) SW940 nm (t) can be input to the computer 
Subroutine. This Subroutine is one way to implement the steps 
illustrated in the flowchart of FIG.9 for a monitor particularly 
adapted for pulse oximetry. 
0241 The program estimates either the primary signal 
portions or the secondary signal portions of two light energy 
signals, one preferably corresponding to light in the visible 
red range and the other preferably corresponding to light in 
the infrared range Such that a determination of the amount of 
oxygen, or the saturation of oxygen in the arterial and venous 
blood components, may be made. The calculation of the 
saturation is performed in a separate Subroutine. 
0242. Using the rationnetric method three signals S(t), 
S(t) and S(t) are input to the Subroutine. S(t) and S(t) 
are used to calculate either the primary or secondary reference 
signal s(t) or n'(t). As described above, the wavelengths of 
light at which S(t) and S(t) are measured are chosen to 
satisfy the relationship of equation (96). Once either the sec 
ondary reference signal n'(t) or the primary reference signal 
s'(t) is determined, either the primary signal portions S(t) 
and S(t) or the secondary signal portions n(t) and nw(t) of 
the measured signals S(t) and S(t) are estimated for use in 
calculation of the oxygen Saturation. 
0243 The correspondence of the program variables to the 
variables defined in the discussion of the joint process esti 
mator is as follows: 
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0244. A first portion of the program performs the initial 
ization of the registers 90.92, 96, and 98 and intermediate 
variable values as in the “INITIALIZE CORRELATION 
CANCELER” box 120 and equations (52) through (56) and 
equations (73), (74), (77), and (78). A second portion of the 
program performs the time updates of the delay element 
variables 110 where the value at the input of each delay 
element variable 110 is stored in the delay element variable 
110 as in the “TIME UPDATE OF Z'ELEMENTS’ box 
130. 
0245. A third portion of the program calculates the refer 
ence signal, as in the “CALCULATE SECONDARY REF 
ERENCE (n'(t)) OR PRIMARY REFERENCE (s'(t)) FOR 
TWO MEASURED SIGNALSAMPLES box 140 using the 
proportionality constant (D.V determined by the rationetric 
method as in equation (25). 
0246 A fourth portion of the program performs the Zero 
stage update as in the “ZERO-STAGE UPDATE box 150 
where the Zero-stage forward prediction error f(t) and the 
Zero-stage backward prediction error bo(t) are set equal to the 
value of the reference signal n'(t) or s'(t) just calculated. 
Additionally, Zero-stage values of intermediate variables Jo(t) 
and Bo(t) (ncm.FSwsqr and incm. BSwsqr in the program) 
are calculated for use in setting register 90,92, 96, and 98 
values in the least-squares lattice predictor 70 and the regres 
Sion filters 80a and 80b. 
0247 A fifth portion of the program is an iterative loop 
wherein the loop counter, m, is reset to Zero with a maximum 
of m=NC CELLS, as in the “m=0' box 160 in FIG. 9. 
NC CELLS is a predetermined maximum value of iterations 
for the loop. A typical value of NC CELLS is between 6 and 
10, for example. The conditions of the loop are set such that 
the loop iterates a minimum of five times and continues to 
iterate until a test for conversion is met or m=NC CELLS. 
The test for conversion is whether or not the sum of the 
weighted sum of forward prediction errors plus the weighted 
Sum of backward prediction errors is less than a small num 
ber, typically 0.00001 (i.e., J.(t)+(8(t)s O.00001). 
0248. A sixth portion of the program calculates the for 
ward and backward reflection coefficient T(t) and T(t) 
register 90 and 92 values (ncm.fref and incm.bref in the 
program) as in the “ORDER UPDATE m'-STAGE OF LSL 
PREDICTOR' box 170 and equations (61) and (62). Then 
forward and backward prediction errors f(t) and b(t) (nc 
m.ferr and incm.berr in the program) are calculated as in 
equations (63) and (64). Additionally, intermediate variables 
J(t), B(t) and Y(t) (ncm.FSwsqr, incm. BSwsqr, ncm. 
Gamma in the program) are calculated, as in equations (65), 
(66), and (67). The first cycle of the loop uses the values for 
incO.FSwsqr and incO.BSwsqr calculated in the ZERO 
STAGE UPDATE portion of the program. 
0249. A seventh portion of the program, still within the 
loop, calculates the regression coefficient K, (t) and K, 
(t) register 96 and 98 values (ncm).K. a and ncm.K. c in the 
program) in both regression filters, as in the “ORDER 
UPDATE m'. STAGE OF REGRESSION FILTER(S) box 
180 and equations (68) through (80). Intermediate error sig 
nals and Variables e.(t), e...(t), p.m....(t), and p, (t) 
(ncm.err a and incm.err c, incmroha, and incm.roh c 
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in the Subroutine) are also calculated as in equations (75), 
(76), (71), and (72), respectively. 
0250. The test for convergence of the joint process estima 
tor is performed each time the loop iterates, analogously to 
the “DONE box 190. If the sum of the weighted sums of the 
forward and backward prediction errors J.(t)+B(t) is less 
than or equal to 0.00001, the loop terminates. Otherwise, the 
sixth and seventh portions of the program repeat. 
0251 When either the convergence test is passed or 
m=NC CELLS, an eighth portion of the program calculates 
the output of the joint process estimator 60 as in the “CAL 
CULATE OUTPUT” box 200. This output is a good approxi 
mation to both of the primary signals s"(t) and s"(t) or the 
secondary signals n'"(t) and n"(t) for the set of Samples 
S(t) and S(t), input to the program. After many sets of 
samples are processed by the joint process estimator, a com 
pilation of the outputs provides output waves which are good 
approximations to the plethysmographic wave or motion arti 
fact at each wavelength, wa and Wic. 
0252) Another copy of a computer program subroutine, 
written in the C programming language, which calculates 
either a primary references'(t) or a secondary reference n'(t) 
using the constant saturation method and, using a joint pro 
cess estimator 60, estimates a good approximation to either 
the primary signal portions or secondary signal portions of 
two measured signals, each having a primary portion which is 
correlated to the primary reference signal s(t) and a second 
ary portion which is correlated to the secondary reference 
signal n'(t) and each having been used to calculate the refer 
ence signals s(t) and n'(t), is appended in Appendix B. This 
Subroutine is another way to implement the steps illustrated in 
the flowchart of FIG.9 for a monitor particularly adapted for 
pulse Oximetry. The two signals are measured at two different 
wavelengths wa and Jub, where wa is typically in the visible 
region and wb is typically in the infrared region. For example, 
in one embodiment of the present invention, tailored specifi 
cally to perform pulse Oximetry using the constant Saturation 
method, Wa-660 nm and wb=940 nm. 
0253) The correspondence of the program variables to the 
variables defined in the discussion of the joint process esti 
mator is as follows: 
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0254 First and second portions of the subroutine are the 
same as the first and second portions of the above described 
subroutine tailored for the rationetric method of determining 
either the primary references'(t) or the noise reference n'(t). 
The calculation of Saturation is performed in a separate mod 
ule. Various methods for calculation of the oxygen Saturation 
are known to those skilled in the art. One such calculation is 
described in the articles by G. A. Mook, etal, and Michael R. 
Neuman cited above. Once the concentration of oxygenated 
hemoglobin and deoxygenated hemoglobin are determined, 
the value of the Saturation is determined similarly to equa 
tions (85) through (92) wherein measurements at times t and 
t are made at different, yet proximate times over which the 
saturation is relatively constant. For pulse oximetry, the aver 
age saturation at time t (t+t)/2 is then determined by: 

C. (t (107) 
SaturationArt (t) = a 

CE02 (t) + CE, (t) 

Hba - shbub (Asia (ASub) (107b) 
eHBAa Hb02. Aa 

(eHB.Ab - eHB02.ab)(AStaf ASAb) 

C. (t (108a) Saitrationiye (t) = a hy 
CH02(t) + CE, (t) 

Hba Hbab (Avina (Arab) (108b) 
eHBAa Hb02.a 

(eHB.Ab - eHbO2.ab)(An aaf Anab) 

0255. A third portions of the subroutine calculates either 
the primary reference or secondary reference, as in the “CAL 
CULATE PRIMARY OR SECONDARY REFERENCE (s' 
(t) or n'(t)) FOR TWO MEASURED SIGNALSAMPLES” 
box 140 for the signals S(t) and S(t) using the proportion 
ality constants ()(t) and (D(t) determined by the constant 
saturation method as in equation (3). The Saturation is calcu 
lated in a separate Subroutine and a value of (), (t) or (D(t) is 
imported to the present subroutine for estimating either the 
primary portions S(t) and S(t) or the secondary portions 
n(t) and n(t) of the composite measured signals S(t) and 
S(t). 
0256 Fourth, fifth, and sixth portions of the subroutine are 
similar to the fourth, fifth, and sixth portions of the above 
described program tailored for the rationetric method. How 
ever, the signals being used to estimate the primary signal 
portions S(t) and S(t) or the secondary signal portions 
n(t) and n, (t) in the present Subroutine tailored for the 
constant saturation method, are S(t) and S(t), the same 
signals that were used to calculate the reference signals'(t) or 
n"(t). 
0257. A seventh portion of the program, still within the 
loop begun in the fifth portion of the program, calculates the 
regression coefficient register 96 and 98 values K(t) and 
K(t) (ncm).K_a and incm).K b in the program) in both 
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regression filters, as in the “ORDER UPDATE m'. STAGE 
OF REGRESSION FILTER(S) box 180 and equations (68) 
through (80). Intermediate error signals and variables e, , 
(t), e, , (t), p.(t), and p, (t) (ncm.err a and ncm.err 
b, incm.roh a, and incm.roh b in the Subroutine) are also 
calculated as in equations (70), (75), (68), and (71), respec 
tively. 
0258. The loop iterates until the test for convergence is 
passed, the test being the same as described above for the 
subroutine tailored for the rationetric method. The output of 
the present Subroutine is a good approximation to the primary 
signals s"(t)ands", (t) or the secondary signals n' (t) and 
n"(t) for the set of samples S(t) and S(t) input to the 
program. After approximations to the primary signal portions 
or the secondary signals portions of many sets of measured 
signal samples are estimated by the joint process estimator, a 
compilation of the outputs provides waves which are good 
approximations to the plethysmographic wave or motion arti 
fact at each wavelength, waandub. The estimating process of 
the iterative loop is the same in either subroutine, only the 
sample values S(t) and S(t) or S(t) and S(t) input to 
the Subroutine for use in estimation of the primary signal 
portions S(t) and S(t) or s(t) and S(t) or of the second 
ary signal portions n(t) and n(t) or n(t) and n (t) and 
how the primary and secondary reference signals s(t) and 
n'(t) are calculated are different for the rationetric method 
and the constant Saturation methods. 

0259 Independent of the method used, rationetric or con 
stant saturation, the approximations to either the primary 
signal values or the secondary signal values are input to a 
separate Subroutine in which the Saturation of oxygen in the 
arterial and venous blood is calculated. If the constant satu 
ration method is used, the Saturation calculation Subroutine 
also determines values for the proportionality constants coa?t) 
and (D(t) as defined in equation (3) and discussed above. The 
concentration of oxygenated arterial and venous blood can be 
found from the approximations to the primary or secondary 
signal values since they are made up of terms comprising X(t), 
the thickness of arterial and venous blood in the finger; 
absorption coefficients of oxygenated and de-oxygenated 
hemoglobin, at each measured wavelength; and co(t) and 
c(t), the concentrations of oxygenated and de-oxygenated 
hemoglobin, respectively. The Saturation is a ratio of the 
concentration of one constituent. As with respect to the total 
concentration of constituents in the Volume containing. As and 
A or the ratio of the concentration of one constituent A, with 
respect to the total concentration of constituents in the Volume 
containing A and A. Thus, the thickness, X(t), is divided out 
of the Saturation calculation and need not be predetermined. 
Additionally, the absorption coefficients are constant at each 
wavelength. The Saturation of oxygenated arterial and venous 
blood is then determined as in equations (107) and (108). 
0260 While one embodiment of a physiological monitor 
incorporating a processor of the present invention for deter 
mining a reference signal for use in a correlation canceler, 
Such as an adaptive noise canceler, to remove or derive pri 
mary and secondary components from a physiological mea 
surement has been described in the form of a pulse oximeter, 
it will be obvious to one skilled in the art that other types of 
physiological monitors may also employ the above described 
techniques. 
0261 Furthermore, the signal processing techniques 
described in the present invention may be used to compute the 
arterial and venous blood oxygen Saturations of a physiologi 
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cal system on a continuous or nearly continuous time basis. 
These calculations may be performed, regardless of whether 
or not the physiological system undergoes Voluntary motion. 
The arterial pulsation induced primary plethysmographic sig 
nals S(t) and S(t) may be used to compute arterial blood 
oxygen Saturation. The primary signals S(t) and S(t) can 
always be introduced into the measured signals S(t) and 
S(t) if at least two requirements are met. The two require 
ments include the selection of two or more flesh penetrating 
and blood absorbing wavelengths which are optically modu 
lated by the arterial pulsation and an instrument design which 
passes all orportions of all electromagnetic signals which are 
related to the pulsation. Similarly, the secondary signals in 
(t) and n(t) related to venous blood flow may be used to 
compute its corresponding oxygen Saturation. The secondary 
signal components n(t) and n (t) can be guaranteed to be 
contained in the measured signals S(t) and S(t) if the two 
or more flesh penetrating and blood absorbing wavelengths 
are processed to pass all or portions of all electromagnetic 
signals relating to venous blood flow. This may include but is 
not limited to all orportions of all signals which are related to 
the involuntary action of breathing. Similarly, it must be 
understood that there are many different types of physical 
systems which may be configured to yield two or more mea 
Surement signals each possessing a primary and secondary 
signal portion. In a great many of such physical systems it will 
be possible to derive one or more reference signals. The 
reference signals may be used in conjunction with a correla 
tion canceler, such as an adaptive noise canceler, to derive 
either the primary and/or secondary signal components of the 
two or more measurement signals on a continuous or inter 
mittent time basis. 

0262 Another embodiment of a physiological monitor 
incorporating a processor of the present invention for deter 
mining a reference signal for use in a correlation canceler, 
Such as an adaptive noise canceler, to remove or derive pri 
mary and secondary components from a physiological mea 
surement may be described in the form of a instrument which 
measures blood pressure. There are several ways of obtaining 
blood pressure measurements, such as tonometry, and pulse 
wave velocity. Both of these methods are substantially related 
to plethysmography. 
0263 Tonometry is a measurement method in which a 
direct reading of the arterial pressure pulse is made non 
invasively. These measurements are invariably made through 
the use of a piezoelectric force transducer, the surface of 
which is gently pressed against a near-surface artery Sup 
ported by underlying bone. If the transducer is sufficiently 
pressed against the artery that its Surface is in complete con 
tact with the tissue; then, knowing its surface area, its output 
can be directly read as pressure. This “flattening of the 
arterial wall leads to the name of this method, applanation 
tonometry. The pulse wave velocity technique relies on the 
concept that the speed with which the pressure pulse, gener 
ated at the heart, travels “down the arterial system is depen 
dent on pressure. In each of these cases plethysmographic 
waveforms are used to determine the blood pressure of a 
patient. 
0264. Furthermore, it will be understood that transforma 
tions of measured signals other than logarithmic conversion 
and determination of a proportionality factor which allows 
removal or derivation of the primary or secondary signal 
portions for determination of a reference signal are possible. 
Additionally, although the proportionality factor () has been 
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described herein as a ratio of a portion of a first signal to a 
portion of a second signal, a similar proportionality constant 
determined as a ratio of a portion of a second signal to a 
portion of a first signal could equally well be utilized in the 
processor of the present invention. In the latter case, a sec 
ondary reference signal would generally resemble n'(t) n, 
(t)-()n (t). 
0265. Furthermore, it will be understood that correlation 
cancellation techniques other than joint process estimation 
may be used together with the reference signals of the present 
invention. These may includebut are not limited to least mean 
square algorithms, wavelet transforms, spectral estimation 
techniques, neural networks, Weiner filters, Kalman filters, 
QR-decomposition based algorithms among others. The 
implementation that we feel is the best, as of this filing, is the 
normalized least square lattice algorithm an implementation 
of which is listed in Appendix C. 
0266. It will also be obvious to one skilled in the art that for 
most physiological measurements, two wavelengths may be 
determined which will enable a signal to be measured which 
is indicative of a quantity of a component about which infor 
mation is desired. Information about a constituent of any 
energy absorbing physiological material may be determined 
by a physiological monitor incorporating a signal processor 
of the present invention and an correlation canceler by deter 
mining wavelengths which are absorbed primarily by the 
constituent of interest. For most physiological measurements, 
this is a simple determination. 
0267 Moreover, one skilled in the art will realize that any 
portion of apatient or a material derived from apatient may be 
used to take measurements for a physiological monitor incor 
porating a processor of the present invention and a correlation 
canceler. Such areas include a digit Such as a finger, but are 
not limited to a finger. 
0268 One skilled in the art will realize that many different 
types of physiological monitors may employ a signal proces 
sor of the present invention in conjunction with a correlation 
canceler, such as an adaptive noise canceler. Other types of 
physiological monitors include, but are in not limited to, 
electron cardiographs, blood pressure monitors, blood gas 
saturation (other than oxygen Saturation) monitors, capno 
graphs, heart rate monitors, respiration monitors, or depth of 
anesthesia monitors. Additionally, monitors which measure 
the pressure and quantity of a Substance within the body Such 
as a breathalizer, a drug monitor, a cholesterol monitor, a 
glucose monitor, a carbon dioxide monitor, a glucose moni 
tor, or a carbon monoxide monitor may also employ the above 
described techniques for removal of primary or secondary 
signal portions. 
0269. Furthermore, one skilled in the art will realize that 
the above described techniques of primary or secondary sig 
nal removal or derivation from a composite signal including 
both primary and secondary components can also be per 
formed on electrocardiography (ECG) signals which are 
derived from positions on the body which are close and highly 
correlated to each other. It must be understood that a tripolar 
Laplacian electrode sensor such as that depicted in FIG. 32 
which is a modification of a bipolar Laplacian electrode sen 
sor discussed in the article "Body Surface Laplacian ECG 
Mapping” by Bin He and Richard J. Cohen contained in the 
journal IEEE Transactions on Biomedical Engineering, Vol. 
39, No. 11, November 1992 could be used as an ECG sensor. 
This article is hereby incorporated as reference. It must also 
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be understood that there are a myriad of possible ECG sensor 
geometry’s that may be used to satisfy the requirements of the 
present invention. 
0270. Furthermore, one skilled in the art will realize that 
the above described techniques of primary or secondary sig 
nal removal or derivation from a composite signal including 
both primary and secondary components can also be per 
formed on signals made up of reflected energy, rather than 
transmitted energy. One skilled in the art will also realize that 
a primary or secondary portion of a measured signal of any 
type of energy, including but not limited to sound energy, 
X-ray energy, gamma ray energy, or light energy can be 
estimated by the techniques described above. Thus, one 
skilled in the art will realize that the processor of the present 
invention and a correlation canceler can be applied in Such 
monitors as those using ultrasound where a signal is trans 
mitted through a portion of the body and reflected back from 
within the body back through this portion of the body. Addi 
tionally, monitors such as echo cardiographs may also utilize 
the techniques of the present invention since they too rely on 
transmission and reflection. 
0271 While the present invention has been described in 
terms of a physiological monitor, one skilled in the art will 
realize that the signal processing techniques of the present 
invention can be applied in many areas, including but not 
limited to the processing of a physiological signal. The 
present invention may be applied in any situation where a 
signal processor comprising a detector receives a first signal 
which includes a first primary signal portion and a first sec 
ondary signal portion and a second signal which includes a 
second primary signal portion and a second secondary signal 
portion. The first and second signals propagate through a 
common medium and the first and second primary signal 
portions are correlated with one another. Additionally, at least 
a portion of the first and second secondary signal portions are 
correlated with one another due to a perturbation of the 
medium while the first and second signals are propagating 
through the medium. The processor receives the first and 
second signals and may combine the first and second signals 
to generate a secondary reference in which is uncorrelated 
with the primary signal portions of the measured signals or a 
primary reference which is uncorrelated with the secondary 
signal portions of the measured signals. Thus, the signal 
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processor of the present invention is readily applicable to 
numerous signal processing areas. 
What is claimed is: 
1. A method determining a value of a physiological param 

eter, the method comprising: 
receiving three or more intensity signals from at least one 

light-sensitive detector which detects light attenuated by 
body tissue carrying pulsing blood, wherein the three or 
more intensity signals correspond to detection of at least 
three wavelengths of the light; and 

determining a value of at least on physiological parameter 
using the three or more intensity signals, wherein the 
three or more intensity signals include motion induced 
noise. 

2. A method of reducing an effect of motion induced noise 
on a plurality of intensity signals during the determination of 
a parameter of pulsing blood, the method comprising: 

receiving a plurality of intensity signals from at least one 
light-sensitive detector which detects light of a plurality 
of wavelengths attenuated by body tissue carrying puls 
ing blood; and 

processing one of the plurality of intensity signals using 
data from an additional intensity signal other than the 
plurality of intensity signals, the additional intensity 
signal corresponding to an additional wavelength of 
light, wherein the processing determines a value of a 
physiological parameter in pulsing blood during motion 
induced noise, wherein the data from the extra wave 
length is used to reduce an effect of the motion induced 
noise. 

3. A physiological monitor for determining a physiological 
parameter of a patient, the physiological monitor comprising: 

an input which receives three or more intensity signals 
from at least one light-sensitive detector which detects 
light attenuated by body tissue carrying pulsing blood, 
wherein the three or more intensity signals correspond to 
detection of at least three wavelengths of the light; and 

a processor which determines a value of a physiological 
parameter using the three or more intensity signals, 
wherein the three or more intensity signals include 
motion induced noise. 
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