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7) ABSTRACT

A system and method of reducing cross talk in pulse
oximetry signals that are attenuated by a patient tissue site
are provided. In one embodiment, Red and IR LEDs of a
pulse oximeter are separately excited (1010) and the respec-
tive Red and IR data vectors output by the detector are
measured (1020). The Red and IR data vectors are normal-
ized (1030) to unit length Red and IR data vectors. Red to
IR and IR to Red cross talk vectors are computed (1040).
The Red to IR cross talk vector may be computed as a vector
having a length equal to the dot product of the normalized
Red and IR data vectors with its direction being opposite that
of the normalized IR data vector. The IR to Red cross talk
vector may be computed as a vector having a length equal
to the dot product of the normalized Red and IR data vectors
with its direction being opposite that of the normalized Red
data vector. Red and IR demodulation vectors are obtained
by subtracting (1050) the respective Red and IR cross talk
vectors from the respective normalized Red and IR data
vectors. The demodulation vectors are normalized (1060),
scaled (1070) to satisfy the desire of generally having
integer calculations in the demodulation process, and the
magnitudes of the Red and IR signal components are
obtained by computing (1080) the dot product of the com-

(51) Int. CL7 e GO6F 15/00 posite signal data vector with the normalized and scaled Red
(52) US. Cli e 702/189 demodulation and IR demodulation vectors, respectively.
100
106 (-1}10 (1} 12 1
| — DETECTOR » AMPLIFIER » FASTADC
103 h
TISSUE 118
NER \J  pspwimd
FostTe SOFTWARE
B LICHT
N——1»| LIGHT SOURCE |« S(D)EE/CEE
—
; \ | \ |
Uy

108 L( -



Patent Application Publication

POSITIONER

108

k( 102

Feb. 6,2003 Sheet 10f 12 US 2003/0028357 Al
100
106 110 112 ;
_—» DETECTOR » AMPLIFIER | FASTADC
103 ‘
TISSUE 16
\ DSP WITH
| SOFTWARE
1 LicHT
\—l»| LIGHT SOURCE |« sgulF\a/CE B
| RIVE
\



Patent Application Publication  Feb. 6, 2003 Sheet 2 of 12 US 2003/0028357 Al

200
coM copes 242
TWO OR MORE
ORTHOGONAL BINARY————-» DE%EE'EAET%N
v SEQUENCES DATA \_ 219
Rvers [ 2 A
214
¥ f
DEMODULATOR — @
y 206 208
TRANSMITTER 1| -, () ] T
|
TRANSMITTERN = 1 — o  MEDIUM | __,| recewver [ 2"

FIG.2



US 2003/0028357 A1

Sheet 3 of 12

Feb. 6, 2003

Patent Application Publication

ED AND IR DRIVE SIGNALS, BASEBAND CODE DIVISION MULTIPLEX

R

600

1
|
500

I
400

e —— e e e e T

0
0
300
TIME (ARBITRARY UNITS)

.I.'Q‘lllll))l‘il‘:allllll\lllll‘k{l.bl:"

|

!

|

a
200

1
0
I

100

0

FIG.3



US 2003/0028357 A1

Sheet 4 of 12

Feb. 6, 2003

Patent Application Publication

RED AND IR DRIVE SIGNALS, CARRIER CODE DiVISION MULTIPLEX

~ (] —
o -— - -
- |

S = ]
= - e —
=1
- . - © |
-

.= - = |
= -
R s I

— 0 —

) _ =) _
-~ ]

. e Qe
= | =) |
] _o.ﬂ_
L)
-2 T
[ - —

[ ) -~
lllllllllllllllll e e —— — —
-. = - =

Ll <5
o . =
R

=2 - = |
1 1
.= | . = ]
- =)
O-IM... fom =
I R AU
-2 - 2
R
o .= . ° |

[ o —

T _ _ T

| i |
300 400 500 600
TIME (ARBITRARY UNITS)

}
200

]
100

°© oy oo sy
(SLINN ALISNILNVANYHLISHY) SFONINDIS 2

0

FIG.4



Patent Application Publication  Feb. 6, 2003 Sheet 5 of 12 US 2003/0028357 Al

500

\,‘

3
SELECT A
VMEASUREMENT b 502 REPEAT FOR ALL
CLOCKBLOCKSIN - 516
INTERVAL MEASUREMENT
T INTERVAL
LECT A CLOCK RATE !
SELECTACLOCKRATE k= 504 RECEIVE CODE
SEQUENCE FOR EACH b 518
v SOURCE
DIVIDE A CLOCK BLOCK
INTO CARRIER PAIRS ' | 506 1 |
APPLY FILTERING
] VALUES 520
DEFINE EACH CODE BIT |
INTERMSOF A -508 ‘
CARRIER PARR GENERATE
‘ DEMODULATING - 599
SIGNALS
FOR FIRST SOURCE,
USE RANDOM BIT PAIR ¥
70 DETERMINE =510 APPLY DEMODULATING
SOURCE STATE SIGNALS TODETECTOR b
524
# SIGNAL
A
T SECOND BT OF NTEGRATERESULTING
- "
RANDOM BIT PAIR 512 aLES TO 0BT 526
VALUES
‘L
DRIVE SOURCES IN
USE INTENSITY
Bl | |l
CLOCK BLOCK OXYGENATION
Y
C e )

FIG.5



US 2003/0028357 A1

Sheet 6 of 12

Feb. 6, 2003

Patent Application Publication

-

1INN HOLJ3A NOLLYTNAOW3A

!
|
|
|
|
|
|
_
_
|
_
|
_
_
|
|
_
!
_
_
[
_
!
|
_
_

%9 AGVHEl

40104A

A

29
HOLVHaNIO
d0193A
NOILYT1NJOW4d

%9
¥300030 WNOIS

A

029
HAAEIF TYNOIS
@34SS3904d

ALLINOHID

ONISSIO0Hd [

A

619 -

(NV ¥010313d

009

09

30UN0OS TYNOIS NOLLYINAON

[ore

HOLYHINID
TYNOIS
NOILYINAOW

A

809

ALVHAIT TYNDIS
NOILYINAOW

e e —— s st o —— o —




US 2003/0028357 A1

Sheet 7 of 12

Feb. 6, 2003

Patent Application Publication

7L

JINAON
¢ods

L9l

001

wlL

AdVYElN
4OL103A

VL

9071
NOILDFTdS
dOLIEA

ONLLYH3dO

——

9l

4300240
TYNOIS

— 90
7 :
a1aNwHD [ e
| MOLVNINTD
E
0LL _
¥ TINNVHO

V0L

31NdON
NOLLYINQOW3d

3

[N
SEMVERER

TYNOIS
d3$S3904d




Patent Application Publication  Feb. 6,2003 Sheet 8 of 12

i .

RECEIVE MODULATION
CODE

Y
RECEIVE PROCESSED
SIGNAL 04

—
R ———

A
DECODE PROCESSED S‘GNAE‘S-OG

maap——
S

\

ACCESS ENVIRONMENT DB
BASED ON MODULATION
CODE AND DECODED SIGNAL08

o0

ﬂ

Y ’

RETRIEVE APPROPRIATE
VECTOR FROM LIBRARY 812

A

DEMODULATE SIGNAL 814

Y

GENERATEPLETH g5

ANOTHER
CHANNEL?

B0
FIG.8

US 2003/0028357 A1

800

P



Patent Application Publication  Feb. 6, 2003 Sheet 9 of 12 US 2003/0028357 Al

\\
916™ _

912

FIG. 9



Patent Application Publication

SEPARATELY EXCITE
RED AND IR LEDS

l \1010

RECORD OUTPUT RED
AND IR DATA VECTORS

l 1020

NORMALIZE OUTPUT
RED AND IR DATA
VECTORS

l \ 1030

COMPUTE RED TO IR
AND IR TO RED CROSS
TALK VECTORS

l \ 1040

SUBTRACT RED CROSS
TALK VECTOR FROM RED
DATA VECTOR AND IR

Feb. 6, 2003

Sheet 10 of 12 US 2003/0028357 Al

1000

Ve

Y

NORMALIZE
DEMODULATION
VECTORS

l \ 1060

SCALE DEMODULATION
VECTORS

l \ 1070

COMPUTE DOT PRODUCTS
OF RED AND IR
DEMODULATION VECTORS
WITH COMPOSITE SIGNAL
DATA VECTOR TO OBTAIN
RED AND IR ATTENNUATED
SIGNAL COMPONENT
MAGNITUDES

CROSS TALK VECTOR
FROM IR DATA VECTOR TO
OBTAIN DEMODULATION

VECTORS

\ 1050

1080

FIG. 10



Patent Application Publication  Feb. 6, 2003 Sheet 11 of 12 US 2003/0028357 Al

DEMODULATE COMPOSITE /Z/1 100

DETECTOR SIGNAL USING
MATCHED FILTERS
CORRESPONDING TO RED
AND IR CHANNELS TO

OBTAIN UNCORRECTED
RED AND IR DEMODULATED | 1110
SIGNALS

|

DEMODULATE COMPOSITE
DETECTOR SIGNAL USING
MATCHED FILTERS
CORRESPONDING TO RED
AND IR CAPACITIVE
COUPLING INTERFERENCES | ™\ 4120
TO OBTAIN DEMODULATED
" INTERFERENCES

|

SUBTRACT UNCORRECTED
DEMODULATED IR SIGNAL
AND DEMODULATED
INTERFERENCES FROM

| 'UNCORRECTED RN
DEMODULATED RED SIGNAL 1130

SUBSTRACT UNCORRECTED
DEMODULATED RED SIGNAL
AND DEMODULATED
INTERFERENCES FROM

| UNCORRECTED S
DEMODULATED IR SIGNAL 1140

FIG. 11




Patent Application Publication  Feb. 6, 2003 Sheet 12 of 12 US 2003/0028357 Al

COMPUTE CORRECTION
FACTOR CORRESPONDING TO 1200
EACH INTERFERING SIGNALFOR| /" |/
WHICH CORRECTION IS
DESIRED (e.g. RED TO IR CROSS
TALK, IR TO RED CROSS TALK,
RED TO RED AND RED TO IR
GAPACITIVE COUPLING, IR TO
RED AND IR TO IR CAPACITIVE

COUPLING)
AN 1210
Y
SUBTRACT APPROPRIATE

CORRECTION FACTOR
FROM THE MATCHED FILTER
FOR DEMODULATING EACH
CHANNEL TO OBTAIN
MODIFIED MATCHED

FILTERS
N 1220

DEMODULATE COMPOSITE
DETECTOR SIGNAL USING
MODIFIED MATCHED FILTER
TO OBTAIN CORRECTED
DEMODULATED SIGNAL

COMPONENTS
AN 1230

FIG. 12



US 2003/0028357 Al

REDUCED CROSS TALK PULSE OXIMETER

RELATED APPLICATION INFORMATION

[0001] The present application claims the benefit under 35
U.S.C. 120 and is a continuation in part of U.S. patent
application Ser. No. 09/712,864 entitled “SIMULTA-
NEOUS SIGNAL ATTENUATION MEASUREMENTS
UTILIZING CODE DIVISION MULTIPLEXING™ filed
Nov. 15, 2000, and International Application Serial No.
PCT/US01/43610 entitled “SIMULTANEOUS SIGNAL
ATTENUATION MEASUREMENTS UTILIZING CODE
DIVISION MULTIPLEXING” filed Nov. 15, 2001, and
designating the United States, which are hereby incorpo-
rated in their entirety herein.

FIELD OF THE INVENTION

[0002] The present invention relates in general to simul-
taneous signal attenuation measurement systems and, in
particular, to reducing undesired cross talk in pulse oxime-
ters and other such systems that identify attenuation char-
acteristics associated with individual signal components.

BACKGROUND OF THE INVENTION

[0003] Signal attenuation measurements generally involve
transmitting a signal towards or through a medium under
analysis, detecting the signal transmitted through or
reflected by the medium and computing a parameter value
for the medium based on attenuation of the signal by the
medium. In simultaneous signal attenuation measurement
systems, multiple signals are simultaneously transmitted
(i.c., two or more signals are transmitted during at least one
measurement interval) to the medium and detected in order
to obtain information regarding the medium.

[0004] Such attenuation measurement systems are used in
various applications in various industries. For example, in
the medical or health care field, optical (i.e., visible spec-
trum or other wavelength) signals are utilized to monitor the
composition of respiratory and anesthetic gases, and to
analyze tissue or a blood sample with regard to oxygen
saturation, analyte values (e.g., related to certain hemoglo-
bins) or other composition related values.

[0005] The case of pulse oximetry is illustrative. Pulse
oximeters determine an oxygen saturation level of a
patient’s blood, or related analyte values, based on trans-
mission/absorption characteristics of light transmitted
through or reflected from the patient’s tissue. In particular,
pulse oximeters generally include a probe for attaching to a
patient’s appendage such as a finger, earlobe or nasal sep-
tum. The probe is used to transmit pulsed optical signals of
at least two wavelengths, typically red and infrared, to the
patient’s appendage. The transmitted signals are received by
a detector that provides an analog clectrical output signal
representative of the received optical signals. By processing
the electrical signal and analyzing signal values for each of
the wavelengths at different portions of a patient pulse cycle,
information can be obtained regarding blood oxygen satu-
ration.

[0006] Such pulse oximeters generally include multiple
sources (emitters) and one or more detectors. A modulation
mechanism is generally used to allow the contribution of
each source to the detector output to be determined. Con-
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ventional pulse oximeters generally employ time division
multiplexing (TDM) signals. As noted above, the processing
of the electrical signals involves separate consideration of
the portions of the signal attributable to each of the sources.
Such processing generally also involves consideration of a
dark current present when neither source is in an “on” state.
In TDM oximeters, the sources are pulsed at different times
separated by dark periods. Because the first source “on”
period, the second source “on” period and dark periods
occur at separate times, the associated signal portions can be
easily distinguished for processing.

[0007] Alternatively, pulse oximeters may employ fre-
quency division multiplexing (FDM) signals. In the case of
FDM, each of the sources is pulsed at a different frequency
resulting in detector signals that have multiple periodic
components. Conventional signal processing components
and techniques can be utilized to extract information about
the different frequency components.

[0008] In order to accurately determine information
regarding the subject, it is desirable to minimize noise in the
detector signal. Such noise may arise from a variety of
sources. For example, one source of noise relates to ambient
light incident on the detector. Another source of noise is
electronic noise generated by various oximeter components.
Many significant sources of noise have a periodic compo-
nent.

[0009] Various attempts to minimize the effects of such
noise have been implemented in hardware or software. For
example, various filtering techniques have been employed to
filter from the detector signal frequency or wavelength
components that are not of interest. However, because of the
periodic nature of many sources of noise and the broad
spectral effects of associated harmonics, the effectiveness of
such filtering techniques is limited. In this regard, it is noted
that both TDM signals and FDM signals are periodic in
nature. Accordingly, it may be difficult for a filter to dis-
criminate between signal components and noise components
having a similar period.

[0010] Cross talk may also be a significant source of
undesirable noise in pulse oximeters. As previously men-
tioned, pulse oximeters measure the attenuation of various
color light signals such as, for example, Red and Infra-Red
(IR) wavelength signals that are transmitted through or
reflected from a suitable patient tissue site. The different
colors of light employed by the pulse oximeter may be
referred to as channels (e.g., the Red channel and the IR
channel). The attenuation measurements for each channel
include a time varying component due to pulsing of the
patient’s arterial blood and a static component due to
absorption of the light signals by venous blood, tissues and
other bodily structures. By employing a ratio of the time
varying component of the measured attenuation normalized
by the static component of the measured attenuation for each
channel, pulse oximeters are insensitive to the absolute
signal strength of each color light signal and amplitude
measurements of each color light signal transmitted through
or reflected from the tissue site can be used to compute the
patient’s oxygen saturation (SpO2) level. However, offsets,
feed throughs and other cross talks that add signal to any of
the measured amplitudes can result in errors in the normal-
ized attenuations, thus resulting in errors in the SpO2 level
computed therefrom. For example, system bandwidth limi-
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tations and photo-detector tailing smear the signal from the
emitter. In this regard, the pulse oximeter system may detect
the emitter for a particular color light signal as being on
when it is off. This smearing feeds the signal from one
emitter into the signal(s) from the other emitter(s) resulting
in undesired cross talk from one channel into the other
channel(s) of the oximeter. By way of further example, some
portion of the emitter drive signal(s) may be capacitively
coupled into the detector. Such capacitive cross talk creates
an offset in the pulse oximeter system that varies between
particular probe cable/detector units.

SUMMARY OF THE INVENTION

[0011] The present invention is directed to a simultaneous
signal attenuation measurement system employing code
division multiplexing (CDM). The invention allows for
analysis of a multiplexed signal to distinguish between two
or more signal components thereof based on codes modu-
lated into the signal components. The CDM codes are
nonperiodic thereby facilitating various processing tech-
niques for distinguishing the signals of interest from noise or
other interference. Moreover, the invention allows for a
variety of hardware and processing options that may reduce
costs, simplify system operation and improve accuracy of
the attenuation measurements. Further, a reduced cross talk
pulse oximetry system and method are provided by the
present invention. The reduced cross talk pulse oximetry
system and method achieve improved accuracy of pulse
oximetry measurements using code division multiplexed
modulated drive signal waveforms by utilizing demodula-
tion waveforms that are optimized relative to the attenuated
light signal components as output by the detector rather than
the modulated drive signal waveforms.

[0012] According to one aspect of the present invention,
codes are modulated into the transmitted signals of a signal
attenuation measurement system. The system includes at
least two signal sources (e.g., having different wavelengths)
that are pulsed by source drives to a medium under analysis.
One or more detectors receive the first and second signal
from the medium (e.g., after transmission through or reflec-
tion from the medium) and output a composite signal
reflecting contributions corresponding to each of the trans-
mitted source signals. The detector signal is thus a multi-
plexed signal composed of at least two signal components.
In accordance with the present invention, the source drives
are operated to modulate each of the source signals based on
a nonperiodic signal or a code. For example, each drive may
pulse a corresponding one of the signal sources between a
high output or “on” state and a low value or “oft” state. It
will be appreciated that, depending on the sources
employed, substantial photonic energy may be transmitted
in the nominal “off” state. Accordingly, in the context of the
source signals, a code may be conceptualized as a bit stream
of “0s” and “1s, where “0” corresponds to an off state, “1”
corresponds to an on state, and the bit length corresponds to
a base unit of time that generally reflects the shortest pulse
length utilized in driving the sources.

[0013] The codes define source signals that have nonpe-
riodic characteristics. That is, due to the codes, there is at
least a component of each source signal that is not described
by a regularly repeating temporal pattern. As will be under-
stood from the description below, however, the codes them-
selves may be concatenated in the source signal and a
periodic modulating signal may carry the coded signal.
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[0014] A number of preferred characteristics have been
identified for the codes. Among these are:

[0015] 1. the codes for the different sources are
preferably mathematically orthogonal;

[0016] 2. the numbers of 1s and Os in a code should
be about the same;

[0017] 3. the distribution of Is and Os within a code
should be fairly even; and

[0018] 4. the distribution of transitions between 1s
and Os within a code should be fairly even.

[0019] These preferences and some bases therefor are
described in detail below. The codes utilized in accordance
with the present invention preferably have one or more of
these characteristics and, more preferably, have all of the
noted characteristics.

[0020] According to another aspect of the invention, a
detector signal is processed in a signal attenuation measure-
ment system to demultiplex the detector signal and extract
component information therefrom based on nonperiodic
codes. In particular, the detector signal is first processed to
provide a processed signal for demultiplexing and the pro-
cessed signal is then demultiplexed using at least one coded
demultiplexing signal that includes a series of values defin-
ing a nonperiodic code. Information is thereby obtained
regarding first and second signal components of the detector
signal. This information can be utilized in an attenuation
analysis to determine an attenuation related parameter of a
medium under analysis.

[0021] The initial processing of the detector signal may
include various processing steps and components depending
on the specific application and implementation. For
example, where the detector signal is an analog signal, initial
processing may involve analog to digital conversion. Pref-
erably, such conversion is implemented using a fast analog
to digital converter that digitally samples the detector signal
multiple times per source cycle. Such a converter in com-
bination with processing techniques enabled by code divi-
sion multiplexing allows for improved measurement accu-
racy and hardware implementation options for certain
attenuation measurement applications. The initial processing
may further or alternatively include signal filtering to reduce
undesired components, signal amplification including, e.g.,
DC rectification to remove or avoid amplifying DC or low
frequency components especially in the case of DC coupled
sources, and/or other signal enhancement processing.

[0022] Preferably, the demultiplexing process involves the
use of a unique demultiplexing signal for each signal com-
ponent of interest, e.g., corresponding to each signal source.
In this regard, the same codes used for modulating the
source signals may be used to demodulate the detector
signal. However, for mathematical convenience, the
demodulating codes may be conceptualized as a series of
—1s and +1s rather than Os and 1s as discussed above in
relation to the modulating codes. The coded demodulating
signal may be filtered to compensate for certain wave shape
distortions resulting from bandwidth limitations and non-
linearities and/or to reduce response at certain frequencies.
In addition, the codes may be pre-computed to reduce
processing requirements.
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[0023] It has been found that simply establishing orthogo-
nality of the demodulation functions or vectors based on the
modulating signals of the source drives can result in some
degree of cross-talk between the channels or impaired noise
rejection. In particular, due to distortions resulting from
transmission and processing of the signal between the code
generator and the digital processing unit that receives the
digitized detector signal, as well as other sources of noise,
the received signal may vary relative to the transmitted code.
Improved performance can be achieved by establishing the
demodulation vectors relative to the received signals rather
than the originally generated codes.

[0024] Moreover, optimization of the demodulation vec-
tors in this regard can be implemented for specific operating
environments such as hardware configurations. That is, code
distortion may depend on the specific hardware components
employed including, in the case of pulse oximetry, the
sources, source drive circuitry, cables, detector, detector
output circuitry, the components used for amplification and
other signal conditioning, the A/D converter and associated
circuitry, as well as non-equipment factors such as the
transmission medium and effective optical pathlength
(including whether the oximetry probe is attached to a finger,
ear lobe, nasal septum, etc.) and other ambient influences.
For many pulse oximetry applications, the principal variable
in this regard is the identity of the probe that is attached to
the patient’s appendage.

[0025] The use of an oversampling A/D converter as
discussed above allows for substantial processing resolution
in “matching” the demodulation vector to the received code.
In particular, an oversampling converter may provide many
samples per modulation signal pulse cycle, ¢.g., 20 or more
samples, thereby enabling accurate definition of the
demodulation vectors for a particular operating environ-
ment.

[0026] Thus, in accordance with another aspect of the
present invention, a demodulation unit for use in a modu-
lated signal system is provided. The modulated signal sys-
tem includes: a modulation signal generator for generating at
least first and second modulation signals; signal transmitting
and processing components for transmitting a signal of
interest based on the modulation signals and processing the
transmitted signal; and a processor for receiving the result-
ing processed signal. The demodulation vector unit is opera-
tive for providing demodulation vectors for use by the
processor in demodulating at least two components of the
processed signal, where the demodulation vectors are based
on the expected processed signal and reflect demodulation
signals that are different than the modulation signals.

[0027] In a preferred implementation, the modulating sig-
nals reflect at least two mutually orthogonal codes for
modulating at least two components of the transmitted signal
and the demodulating vectors are defined to be orthogonal
with respect to each of the components as received at the
processor. The modulated signal system may be a pulse
oximeter. An associated method involves receiving a pro-
cessed modulated signal including at least two components
modulated in accordance with input modulation signals and
demodulating the processed signal using demodulation vec-
tors based on the expected processed signal, where the
demodulation vectors reflect demodulation signals that are
different than the input modulating signals.
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[0028] In accordance with another aspect of the present
invention, a process is provided for establishing demodula-
tion vectors for a modulated signal system. The system
includes a signal generator for transmitting a signal includ-
ing first and second components modulated in accordance
with first and second modulating codes, signal processing
components for processing the transmitted signal and a
processor for receiving the resulting processed signal. The
process for establishing demodulation vectors involves:
operating the system to transmit a first transmitted signal
corresponding to the first signal component; receiving a first
processed signal corresponding to said first transmitted
signal as received at the processor; decoding the first trans-
mitted signal to obtain a first received code; generating a first
demodulation vector based on (e.g., orthogonal to) the first
received code, and repeating such processing steps with
regard to a second transmitted signal corresponding to the
second signal component.

[0029] In the context of pulse oximetry, this process may
be conducted as part of a manufacturing or calibration
process. For example, demodulation vectors may be estab-
lished or updated for a given unit, unit type or model based
on a variety of operating environments. Thus, a unit under
consideration may be operated, for example, in a variety of
equipment configurations involving different probes, differ-
ent cables and/or other equipment variations. For each such
permutation of equipment configuration or associated
parameters, appropriate demodulation vectors may be estab-
lished and stored. During use, the appropriate vectors are
applied based on the current equipment configuration or
operating parameters/conditions.

[0030] In accordance with another aspect of the present
invention, a demodulation unit is operated based on a
recognized operating environment. The demodulation unit is
used in connection with a modulated signal system as
described above. The system is operated to transmit a signal
including at least one component modulated based on a
modulation code. The demodulation unit obtains operating
environment information related to the processed signal as
received at the processor, performs a comparison to stored
demodulation information based on the operating environ-
ment information, and selectively provides at least one
demodulation vector based on the comparison.

[0031] The operating environment may be identified
manually or automatically. In this regard, a user can manu-
ally identify the operating environment by entering appro-
priate information into the system, for example, in the
context of pulse oximetry, identifying the probe, cable and
other equipment and/or the patient appendage under con-
sideration. Alternatively, the operating environment may be
identified automatically, for example, in the case of pulse
oximetry by operating one or more channels of the oximeter
to transmit a signal modulated in accordance with known
code or codes, and comparing the received signal to a library
of processed modulated signals or demodulation vectors to
identify any match. In either case, the identified operating
environment may be used to select appropriate demodula-
tion vectors or to lock-out unauthorized or otherwise unsup-
ported equipment configurations, thereby better assuring
proper performance and patient safety.

[0032] According to one more aspect of the present inven-
tion, a method for demodulating first and second attenuated



US 2003/0028357 Al

signal components within a composite signal output by at
least one detector of a pulse oximeter includes the steps of
generating first and second demodulation vectors. In this
regard, the first and second attenuated signal components
correspond to first and second multiplexed signals (e.g.,
code division multiplexed signals) that are emitted by first
and second optical signal sources of the pulse oximeter,
attenuated by a patient tissue site and received by the
detector. The first demodulation vector generated is for use
in demodulating the first attenuated signal component from
the composite signal. In this regard, the first demodulation
vector is generated to be substantially orthogonal to the
second attenuated signal component of the composite signal
output by the detector, rather than orthogonal to second
signal as emitted from the second optical signal source. The
second demodulation vector generated is for demodulating
the second attenuated signal component from the composite
signal. In this regard, the second demodulation vector is
generated to be substantially orthogonal to the first attenu-
ated signal component of the composite signal, rather than
orthogonal to the first signal as emitted from the first optical
signal source. The method further comprises the steps of
demodulating the composite signal with the first and second
demodulation vectors to obtain the magnitude of the first and
second attenuated signal components, respectively.

[0033] In one embodiment, the first and second demodu-
lation vectors are generated prior to using the pulse oxime-
ter, and the first and second demodulation vectors remain
fixed while the pulse oximeter is used to monitor a patient.
In another embodiment, the first and second demodulation
vectors are initially generated prior to using the pulse
oximeter to monitor a patient, and the first and second
demodulation vectors are then adjusted dynamically while
the pulse oximeter is used. In this regard, the first and second
demodulation vectors may be adjusted by applying one or
more correction factors that are dynamically computed from
information included in at least the first and second attenu-
ated signal components of the composite signal. For
example, where the first and second signals are Red and IR
signals and, thus, the first and second signal components are
Red and IR signal components, the correction factor(s)
applied may, for example, be a Red signal to IR signal
component cross talk correction factor, an IR signal to Red
signal component cross talk correction factor, a Red optical
signal source capacitive coupling to Red signal component
correction factor, a Red optical signal source capacitive
coupling to IR signal component correction factor, an IR
optical signal source capacitive coupling to IR signal com-
ponent correction factor, and/or an IR optic al signal source
capacitive coupling to Red signal component correction
factor.

[0034] The first and second demodulation vectors may, for
example, be generated in the following manner. Only the
first optical signal source of the pulse oximeter is operated
and a first data vector output from the detector when
operating only the first optical signal source is recorded.
Likewise, only the second optical signal source of the pulse
oximeter is operated, and a second data vector output from
the detector when operating only the second optical signal
source is recorded. In this regard, each source may be
operated through multiple cycles of its modulation drive
code and the results averaged to obtain the first and second
data vectors. A first scalar value corresponding to cross talk
from operation of the second optical signal source into the
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first data vector is computed and a second scalar value
corresponding to cross talk from operation of the first optical
signal source into the second data vector is computed. The
first and second scalar values may be computed by normal-
izing the first and second data vectors and computing the dot
product of the first and second data vectors. A first correction
vector having a direction opposite the direction of the first
data vector and a magnitude given by the first scalar value
is formed, and a second correction vector having a direction
opposite the direction of the second data vector and a
magnitude given by the second scalar value is also formed.
The first demodulation vector is then obtained by subtracting
the first correction vector from the first data vector, and the
second demodulation vector is then obtained by subtracting
the second correction vector from the second data vector.

[0035] According to one more aspect of the present inven-
tion, a method of correcting for undesired non-orthogonal
signal components and interferences in a composite signal
output by a detector of multi-channel pulse oximeter
includes the step of demodulating the composite signal using
matched filters that correspond, respectively, to first and
second signal components present in the composite signal to
obtain at least first and second uncorrected demodulated
signal components corresponding to the first and second
signal components. The method also includes the step of
demodulating the composite signal using matched filters
corresponding, respectively, to first and second interferences
present in the composite signal to obtain at least first and
second demodulated interferences. In one embodiment, the
first signal component is associated with a Red wavelength
light signal that has been attenuated by a patient tissue site,
the second signal component is associated with an IR
wavelength light signal that has been attenuated by the
patient tissue site, the first interference comprises capacitive
coupling from a Red wavelength optical signal source into
the first signal component, and the second interference
comprises capacitive coupling from the IR wavelength opti-
cal signal source into the first signal component. Having
demodulated the composite signal to obtain the demodulated
interferences and uncorrected demodulated signal compo-
nents, a first corrected demodulated signal component cor-
responding to the first signal component is then obtained by
subtracting the second uncorrected demodulated signal com-
ponent and the first and second demodulated interferences
from the first uncorrected demodulated signal component.
The method may further include the step of demodulating
the composite signal using matched filters corresponding,
respectively, to third and fourth interferences present in the
composite signal to obtain at least third and fourth demodu-
lated interferences. In one embodiment, the third interfer-
ence comprises capacitive coupling from a Red wavelength
optical signal source into the second signal component, and
the fourth interference comprises capacitive coupling from
the IR wavelength optical signal source into the second
signal component. Having also demodulated the third and
fourth interferences, a second corrected demodulated signal
component corresponding to the second signal component is
then obtained by subtracting the first uncorrected demodu-
lated signal component and the third and fourth demodulated
interferences from the second uncorrected demodulated sig-
nal component.

[0036] According to one more aspect of the present inven-
tion, a reduced cross talk pulse oximetry system includes at
least first and second optical signal sources, at least one
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detector, an analog-to-digital converter, and a digital pro-
cessor. The first and second optical signal sources are
operable to transmit first and second optical signals in
response to modulated drive signals (e.g., code division
multiplexed drive signals). The detector is operable to detect
the first and second signals after the first and second signals
are attenuated by a patient tissue site. The detector outputs
an analog composite signal including at least first and
second attenuated signal components corresponding to the
attenuated first and second signals. The analog-to-digital
converter is operable to convert the analog composite signal
output by the detector to a digital composite signal having a
plurality of sample instances. The digital processor is oper-
able to demodulate the digital composite signal with a first
demodulation vector to obtain a magnitude of the first
attenuated signal component and is also operable to
demodulate the digital composite signal with a second
demodulation vector to obtain a magnitude of the second
attenuated signal component. The first and second demodu-
lation vectors are established relative to the first and second
signal components in the composite signal rather than the
modulation drive codes used to drive the optical signal
sources. In this regard, the first demodulation vector is
substantially orthogonal to the second attenuated signal
component and the second demodulation vector is substan-
tially orthogonal to the first attenuated signal component.

[0037] The reduced cross talk pulse oximetry system may
further include a demodulation vector unit that is operable to
provide the first and second demodulation vectors to the
digital processor. In this regard, the demodulation vector
unit may select the first and second demodulation vectors
based on identification of an operating environment. For
example, the demodulation vector unit may be configured to
receive manually entered information from a user of the
pulse oximetry system, with the manually entered informa-
tion identifying the operating environment. The demodula-
tion vector unit may also be configured to automatically
identify the operating environment by operating at least one
of the optical signal sources to transmit a signal modulated
in accordance with a known code and comparing an attenu-
ated signal received by the detector with a library of pro-
cessed modulated signals.

[0038] Once selected by the demodulation vector unit, the
first and second demodulation vectors may be fixed during
demodulation of the composite signal, or the digital proces-
sor may further be operable to dynamically adjust the first
and second demodulation vectors provided by the demodu-
lation vector unit during operation of the pulse oximetry
system. In this regard, the digital processor may dynamically
adjust the first and second demodulation vectors by sub-
tracting one or more correction factors from the first and
second demodulation vectors. The digital processor may
compute the correction factor(s) for each sample instance of
the digital composite signal and adjust the demodulation
vectors accordingly. In one embodiment, the first and second
optical signal sources are Red and IR LEDs, the first and
second signals are Red and IR signals, the first and second
signal components are Red and IR signal components, and
the correction factor(s) is/are a Red signal to IR signal
component cross talk correction factor, an IR signal to Red
signal component cross talk correction factor, a Red optical
signal source capacitive coupling to Red signal component
correction factor, a Red optical signal source capacitive
coupling to IR signal component correction factor, an IR
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optical signal source capacitive coupling to IR signal com-
ponent correction factor, and/or an IR optical signal source
capacitive coupling to Red signal component correction
factor.

[0039] These and other aspects and advantages of the
present invention will be apparent upon review of the
following Detailed Description when taken in conjunction
with the accompanying figures.

DESCRIPTION OF THE DRAWINGS

[0040] For a more complete understanding of the present
invention and further advantages thereof, reference is now
made to the following detailed description, taken in con-
junction with the drawings, in which:

[0041] FIG. 1 is a schematic diagram of a pulse oximeter
in connection with which the present invention may be
implemented;

[0042] FIG. 2 is a block diagram illustrating a code
division multiplexing system in accordance with the present
invention;

[0043] FIG. 3 illustrates two drive signals reflecting codes
that may be used in the code division multiplexing system of
the present invention;

[0044] FIG. 4 illustrates two drive signals, reflecting
codes transmitted using a carrier wave in accordance with
the present invention; and

[0045] FIG. 5 is a flowchart illustrating a code division
multiplexing process in accordance with the present inven-
tion.

[0046] FIG. 6 is a schematic diagram of demodulation
code generator for use in manufacturing or calibration;

[0047] FIG. 7 is a schematic diagram of a pulse oximeter
processing unit implementing vector selection and lock-out
logic in accordance with the present invention,

[0048] FIG. 8 is a flow chart illustrating a run-time
process for vector selection and lock-out in accordance with
the present invention;

[0049] FIG. 9 is a vector diagram illustrating one manner
of obtaining optimized demodulation vectors in accordance
with the present invention;

[0050] FIG. 10 is a flow chart summarizing the steps
involved in generating the optimized demodulation vectors
shown graphically in FIG. 9;

[0051] FIG. 11 is a flow chart showing one embodiment
of a process of correcting for non-orthogonal patterns in the
composite detector signal in accordance with the present
invention; and

[0052] FIG. 12 is a flow chart showing another embodi-
ment of a process of correcting for non-orthogonal patterns
in the composite detector signal in accordance with the
present invention.

DETAILED DESCRIPTION

[0053] The code division multiplexing system of the
present invention may be used in a variety of signal attenu-
ation measurement devices. In the following description, the
invention is set forth in the context of a pulse oximeter used
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to measure blood oxygen saturation or related blood analyte
values. As will be described below, the invention has par-
ticular advantages in the context of pulse oximetry including
allowing for improved noise reduction and oximeter com-
ponent options. However, while pulse oximetry represents a
particularly advantageous application of the present inven-
tion, it will be understood that various aspects of the present
invention are more broadly applicable in a variety of simul-
taneous signal attenuation measurement contexts.

[0054] In the following description, the pulse oximetry
environment is first described with reference to a specific
pulse oximeter embodiment. Thereafter, specific implemen-
tations of the code division multiplexing system of the
present invention are described.

[0055] Referring to FIG. 1, a pulse oximeter in accor-
dance with the present invention is generally identified by
the reference numeral 100. The pulse oximeter 100 includes
two or more light sources 102 for transmitting optical
signals through an appendage 103 of a patient. In the
illustrated embodiment, two light sources 102 are shown.
For example, the light sources 102 may include a red LED
and an infrared LED. The light sources 102 are driven by
light source drives 104 in response to drive signals from a
digital signal processing unit 116. In the illustrated embodi-
ment, as will be described in more detail below, the signals
from the light sources 102 are modulated using different
code sequences. For example, the source drive 104 associ-
ated with the red light source 102 may pulse the red light
source in accordance with a first code sequence and the light
source drive 104 associated with the infrared light source
102 may pulse the infrared light source 102 in accordance
with a second code sequence different from the first code
sequence. It will be appreciated that such a multiplexing
system does not result in a periodic signals such as in the
case of time division multiplexed or frequency division
multiplexed signals. In particular, the pulsing of the sources
102 between “on” and “off” states does not define a regularly
repeating waveform. It should also be noted that although
the following description references “on” and “off” cycles
for each of the sources 102, in reality, the optical signals
associated with each source 102 do not define an ideal
square wave. For example, substantial photonic energy is
emitted even in the “off” state in the case of DC coupled
sources. In addition, the intensity transmitted by each of the
sources 102 can vary substantially within an “on” cycle. The
ability to recognize and address such non-ideal characteris-
tics is an advantage of the present invention.

[0056] The optical signals transmitted by the light sources
102 are transmitted through the patient’s appendage 103 and
impinge upon a detector 106. In this regard, a positioner 108
provides for proper alignment of the sources 102 and the
detector 106. Various different types of positioners 108 are
available depending, for example, on the appendage to be
irradiated and on the patient (e.g. different positioners 108
may be provided for neonatal and adult patients). One
typical type of positioner 108 is provided in the form of a
clothespin-like clamp which engages a patient’s fingertip.
When the positioner 108 is engaged on the patient’s finger-
tip, the light sources are positioned on one side of the
patient’s finger and the detector 106 is positioned on the
opposite side in alignment with the light sources so as to
receive the optical signals transmitted through the patient’s
finger. It will be appreciated that, in alternative implemen-
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tations, a reflective pulse oximeter may be employed
whereby the sources and detector are located on the same
side of the patient’s appendage so as to receive optical
signals reflected back from the patient’s tissue.

[0057] The detector 106 receives the optical signals trans-
mitted through the patient’s appendage 103 and provides an
analog signal representative of the received optical signals.
In the illustrated embodiment, the detector 106 outputs an
analog current signal where the magnitude of the current at
any given time is proportional to the cumulative intensity of
the received optical signals. The detector signal in the
illustrated embodiment is then processed by an amplifier
circuit 110. The amplifier circuit may serve a number of
functions. First, the illustrated amplifier circuit is operative
for converting the input analog current signal from the
detector 106 into an analog voltage signal. The amplifier
circuit 110 may also be operative for subtracting certain DC
and low frequency components from the detector signal. For
example, one DC component which may be subtracted from
the detector signal relates to photonic energy transmitted by
the sources 102 during “dark periods.” That is, as noted
above, practical source implementations generally transmit
a signal of some intensity even during off periods. In
addition, low frequency ambient light may be subtracted
from the detector signal. The amplifier circuit 110 may also
filter out certain high frequency electronic noise and provide
other signal processing functionality.

[0058] The amplifier circuit 110 outputs an analog voltage
signal which is representative of the optical signals (or
frequency division multiplexed signal) from the sources
102. This analog voltage signal is received by a fast A/D
converter 112 which samples the analog voltage signal to
gencrate a digital voltage signal which can be processed by
the digital signal processing unit 116. In particular, the
converter 112 preferably takes multiple digital samples per
cycle of each of the sources 102. That is, the sampling rate
of the converter 112 is sufficiently fast to take multiple
samples, for example, at least about 20 samples per “on”
period of each of the sources 102. Such multiple sampling
per cycle allows the oximeter to track the shape of the
detector signal, to allow for reduced noise processing of the
resulting digital signal and to identify phase components of
interest within a signal cycle. Multiple samples per dark
period are also obtained. It will thus be appreciated that the
values output by the converter 112 are not integrated or
aggregate values corresponding to a source cycle period or
dark period, but rather, are substantially instantaneous val-
ues reflecting the detector signal at a moment within a cycle.

[0059] The digital signal processor 116 implements a
number of functions. Of particular importance to the present
invention, and as will be described in more detail below, the
processor 116 includes a demultiplexer module, i.e., the
processor executes a variety of demultiplexing software/
logic functions including generating or otherwise obtaining
a coded demultiplexing signal corresponding to each signal
component associated with each source, processing the
composite signal using each of the demultiplexing signals to
obtain a set of values reflecting the contribution of each
source, and using these value sets to obtain instantaneous
intensity related values for each of the sources. The proces-
sor 116 also includes a parameter calculation module for
calculating blood oxygen saturation or related parameter
values using known algorithms.
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[0060] FIG. 2 illustrates a code division multiplexing
system 200 that can be implemented in the pulse oximeter
100 of FIG. 1 in accordance with the present invention. The
system 200 includes a code module 202 for providing codes
that are used to modulate the sources and demultiplex the
detector signal. A number of preferred criteria have been
identified with respect to the codes employed. First, these
codes are preferably selected, relative to one another, in a
manner that allows for processing so as to accurately dis-
tinguish the contributions of each of the sources. In this
regard, the codes may be substantially orthogonal to reduce
any interference between the two signal components, or
“channels”, corresponding to the two different sources and
their wavelengths/spectral composition. As noted above, the
codes may be conceptualized as binary sequences. In the
context of the sources it is convenient to conceptualize the
code sequence in terms of 0 and 1 bits corresponding to the
off or low output state, on the one hand, and the on or high
output state on the other. In the case of the demultiplexing
signal, the bits are conceptualized as -1 and +1 for math-
ematical convenience. In the following discussion, the —1
and +1 convention is used. The following sequences illus-
trate the concept of code orthogonality as well as the
mathematical convenience of +1s and —1s for a particular
processing technique:

-1 11 -1
-1 -1 1 1
1 -11 -1

[0061] The first line above is a first code sequence and the
second line above is a second code sequence. These two
code sequences are orthogonal in that half the time that the
bit value of the first code is -1, the bit value of the second
code is -1 and vice versa. The other half of the time the bit
values are opposite. A similar relationship holds for bit
values of 1. The third line above is the bit-by-bit product of
the first two code sequences. Because the corresponding bits
of the codes are the same half of the time (producing a
product of +1) and different the other half of the time
(producing a product of —1), the sum of the bits in the third
line above is 0. By contrast, the sum of the products of two
identical codes would be equal to the number of bits in the
code. As will be described below, this property facilitates
isolation of the portion of the multiplexed detector signal
attributable to each of the sources and obtainment of a value
indicative of the intensity of that received signal at a given
time or time period.

[0062] For example, the use of the following eight code
segments in equal numbers will allow for generation of a
number of suitable orthogonal code sequences:

-1 -1 -1 -1
-1 -1 1 1
-1 1 -1 1
-1 1 1 -1
1 -1 -1 1
1 -1 1 -1
1 1 -1 -1
1 1 1 1
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[0063] It will be observed that these four bit segments
include even numbers of —1s and/or +1s allowing for gen-
eration of codes based on combinations of these segments
that are orthogonal as discussed above. Similar segments of
different bit lengths may be used as a basis for generating
orthogonal code sequences.

[0064] In addition to orthogonality, preferred codes for the
illustrated implementation of the invention have a substan-
tially equal number of +1s and -1s. In this manner, intro-
duction of a DC offset is avoided as the code value integrates
to zero over relevant intervals.

[0065] A further preferred code criterion is that the distri-
bution of +Is and -1s in a code sequence should be
relatively even. Most preferably, the numbers of +1s and -1s
should be the same in each half of the pattern, each quarter
of the pattern, each eighth of the pattern, etc., as far as
practicable. Such spreading out of the +1s and -1s in a code
sequence reduces the likelihood that low frequency noise
will interfere with measured values.

[0066] Additionally, it is preferred that the transitions
from -1 to +1 and vice versa be substantially evenly
distributed in a code sequence so as to provide signals
having similar energies. In this regard, it is preferable that
the code can be divided into an integer number of segments
where the number of transitions in each segment is substan-
tially the same.

[0067] The codes can be generated according to the output
of a random number generator, by an explicit algorithm, or
by a stored series of values. In the case of a random number
generator or explicit algorithm process, one or more of the
criteria above can be applied by logic running on the digital
signal processing platform at run-time. With stored values,
the criteria can be applied at run-time or at the time the codes
are generated. As discussed below, in one preferred imple-
mentation, the codes are pre-generated and stored to reduce
processing/storage resource requirements. The codes can
then be concatenated in generation of the drive signals.

[0068] These CDM codes are used by the drivers 204 for
the respective sources 206 to encode or modulate the signals
transmitted by the sources 206. Such encoded signals are
generally illustrated in FIGS. 3-4. For purposes of illustra-
tion, FIGS. 3-4 show idealized square waves. It will be
appreciated, however, that practical implementations may
include waveforms that are somewhat distorted.

[0069] FIG. 3 illustrates two code sequences that may be
transmitted by two respective sources during a given time
period. It will be observed that the illustrated sources are
pulsed between an on or high state (+1) and an off or low
state (-1). The shortest time period of these states is taken
to be a bit length. The resulting code sequences are repro-
duced above the signal waveforms in FIG. 3. The signals are
labeled red and infrared corresponding to two channels
commonly used in pulse oximetry. Additional channels or
alternative channels may be utilized in accordance with the
present invention.

[0070] FIG. 4 illustrates another two code sequences. In
this case, the code sequences are further modulated using a
carrier code. In this case, a 10 carrier pair is used to transmit
a +1 code bit and a 01 carrier pair is used for a 0 code bit.
The corresponding carrier pairs and associated code bit
values for each code sequence are shown in FIG. 4. Such
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carrier code modulation has a number of advantages in the
illustrated implementation. First, such modulation simplifies
the process of satisfying the above noted code criteria as
such criteria can be satisfied by the modulated code
sequences rather than the base code sequences. In this
regard, since each code bit is half 0 and half 1 and includes
one transition, the transmitted code will automatically sat-
isfy all of the above noted criteria except for orthogonality.
The preferred code selection process therefore reduces to
satisfying orthogonality.

[0071] Additionally, the carrier code takes the coded sig-
nal further away from DC or low frequency interference. By
using higher frequency carriers (e.g., multiple carrier pairs
per code bit), the resulting signal can be taken further away
from DC or low frequency interference so that 1/f noise and
power line noise (e.g., ambient light) have a reduced impact
on the desired measurements. These higher frequency car-
riers produce nulls (noise minima) for several harmonics
above the carrier frequency. By appropriate selection of the
carrier frequency, these nulls can be used to ease anti-
aliasing requirements.

[0072] Referring again to FIG. 2, the resulting signals
transmitted by the sources 206 travel through the medium
208 in the illustrated embodiment. In this case, the medium
may be, for example, a patient’s finger, ear lobe or nasal
septum. Alternatively, in the case of a reflective oximeter,
the signal portions reflected from the medium may be
detected to obtain information about the medium.

[0073] The signals are received by one or more detectors
210 that provide an electrical detector signal proportional to
the received optical signal. Such a signal may be an analog
current signal. In the illustrated embodiment, a single detec-
tor 210 receives the signals from both sources 206, thereby
reducing components and costs as is desirable, particularly
when the detector 210 is provided as part of a disposable or
short life-span probe. Accordingly, the detector signal is a
composite signal including contributions from each of the
sources 206. As discussed above, the detector signal may be
processed by an amplifier circuit and an analog to digital
circuit that are not shown in FIG. 2.

[0074] In particular, the amplifier circuit outputs an analog
voltage signal which is representative of the optical signals
(or code division multiplexed signal) from the sources. This
analog voltage signal is received by a fast A/D converter
which samples the analog voltage signal to generate a digital
voltage signal which can be processed by the digital signal
processing unit. The converter 112 takes multiple digital
samples per time period corresponding to a code value or
value of the carrier wave. That is, the sampling rate of the
converter is sufficiently fast to take one or more samples and,
more preferably at least about 3 samples and, even more
preferably at least about 20 samples per “on” or “off” period
of each of the sources 102. Such multiple sampling per cycle
allows the oximeter to track the shape of the detector signal,
to allow for reduced noise processing of the resulting digital
signal, to reduce the required A/D converter word length and
to identify phase components of interest within a signal
cycle. In one implementation, information regarding the
shape of the signal may be used in filtering the demodulating
signal as discussed below. The code modulated composite
signal may be sampled by the converter, for example, at a
frequency of about 41,667 Hz. It will thus be appreciated
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that the values output by the converter 112 are not integrated
or aggregate values corresponding to a source cycle period
or dark period, but rather, are substantially instantaneous
values reflecting the detector signal at a moment within a
cycle. The result, in the illustrated embodiment, is that the
detector signal as transmitted to the demodulator 214 is a
series of digital values where each digital value corresponds
to an intensity of the cumulative signals received by the
detector at a given time or short time period.

[0075] In addition to this digital detector signal, the
demodulator 214 also receives filtered demodulation data
from demodulation signal module 212. The demodulation
data is used to extract, from the composite code division
multiplexed detector signal, information regarding the con-
tribution to that composite detector signal from each of the
sources. Generally, the demultiplexing process involves
processing the composite detector signal using the first code
associated with the first source to obtain received intensity
information for the first source and processing the composite
detector signal using the second code associated with the
second source to obtain received intensity information for
the second source. In particular, each such demultiplexing
signal is generally composed of a series of concatenated
code sequences corresponding to the drive signal for that
source. The demultiplexing signal is synchronized to the
drive signals (¢.g., by reference to a common clock or based
on a feed forward signal from the analog to digital converter)
so that corresponding bits of the detector signal and demul-
tiplexing signal are co-processed. The detector signal can
then be demultiplexed by taking the bitwise product of the
detector signal and demultiplexing signal for a sampling
period (e.g., a short portion of a patient’s pulse cycle) to
obtain a demultiplexed binary sequence. This demultiplexed
binary sequence can then be integrated to obtain a value
indicative of the intensity of the detected signal portion
attributable to the corresponding source. Such values form
the output 216 that is transmitted to a parameter calculation
module that executes any of various well-known algorithms
for determining oxygen saturation or related parameter
values based on signal attenuation or the detected intensity
values.

[0076] The illustrated demodulation signal module 212
performs a number of functions in generating the demodu-
lation signals. First, as noted above, the module 212 con-
catenates each of the codes to obtain the base demultiplexing
signal form. This signal form is also filtered by the module
212 to obtain an improved demultiplexing signal. In this
regard, the demodulation data may be filtered to compensate
for signal distortion. Specifically, the discussion above has
assumed idealized waveforms. In reality, due to bandwidth
limitations and nonlinearities of the various components, the
transmitted code is distorted to an extent by the transmission
and receiving systems. If these distorted shapes were pro-
cessed using idealized demultiplexing data, the effects of
distortion could have a substantial impact on the resulting
measurements. In the illustrated embodiment, the distorted
wave shapes are detected by the analog to digital converter
and used to filter the demodulation data so that, to a
significant extent, the distortion effects are canceled out
during demultiplexing and do not affect the resulting calcu-
lations. This maximizes signal strength and minimizes chan-
nel to channel cross-talk. It will be appreciated that these
advantages result from the use of a fast A/D converter in
conjunction with code division multiplexing. That is, the
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ability to represent each code bit of the detector signal and
corresponding demultiplexing signal as a stream of multiple
digital value allows for compensation relative to distortion
of a waveform corresponding to a code bit.

[0077] The module 212 can also perform filtering to
dampen or eliminate response at particular frequencies. For
example, an expected source of noise is related to power line
frequencies and harmonics thereof that modulate ambient
light and certain electronic noise. The effects of such noise
can be reduced, just as channel to channel cross-talk is
minimized, by selecting the demodulation values so that
processing the detector signal using the demodulation values
tends to pass or amplify the desired components and block
or de-emphasize the undesired components. That is, the
demodulation signal can be modulated with a signal com-
ponent that has a degree of orthogonality relative to the
signal components representing the targeted noise. In this
regard, the demodulating signals can be filtered with notch
filters at the power line frequency and harmonics thereof to
reduce interference. In addition, the demodulation signals
may be high pass filtered to reduce response at noisier lower
frequencies and low pass filtered to avoid aliasing problems.
More generally, it will be appreciated that the demodulation
signal may be filtered, modulated or otherwise processed in
a variety of ways to more fully discriminate the signal
component of interest from cross-talk, noise, distortion or
other interference.

[0078] The code sequence is repeated in the demodulation
signal. Filtering effects such as noted above are also gener-
ally repeating, e.g., on a periodic basis. Accordingly, the
demodulation signal is generally composed of a repeating
series of values that can be stored (once or periodically
based on feedback/feedforward data) and need not be com-
puted on the fly. Preferably, the filtered demodulation
sequence is pre-computed and stored. More preferably, only
a portion of the overall sequence is stored. That is, after
perhaps only a few bits, the sequence is similar to previously
transmitted data. For many codes, it has been found that
storing and concatenating only 3 to 5 bits results in cross-
talk between channels of -140 db, even in severely band
limited systems. Thus, storage and processing resource
requirements can be minimized. Also, using repeated code
sequences per each measurement interval (e.g., Y5oth sec-
ond) achieves identical signal patterns from each 50 Hz
sample.

[0079] The system described above including code divi-
sion multiplexing, carrier based codes and a fast analog to
digital converter, has a number of additional advantages.
Using the carrier-based codes permits use of AC coupled
transmitters and receivers. Such AC coupled transmitters
and receivers may be advantageous in that they can reduce
the DC offset of the detector signal. Because such DC
components tend to be substantially larger than the AC
signal of interest, saturation or reduced dynamic range is a
concern. This can be avoided by using AC coupled trans-
mitters and receivers. Even when the transmitter and
receiver are of the DC type, the front-end amplifier may be
AC coupled or use DC restoration as discussed above to
reduce DC offset. Also, saturation and reduced dynamic
range can be avoided by using a high resolution analog to
digital converter, ¢.g., a 16 bit or greater converter.

[0080] The system described above may also use on/off
transmitters or analog transmitters with on/off drivers to
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reduce costs. The on/off transmitters transmit extra power in
the frequencies above the fundamental. If anti-aliasing filters
are used, the efficiency of the system is lower. When
anti-aliasing filters are not used, the system must have
substantially greater bandwidth than is required for proper
reception of the code. However, the losses due to on/off
transmission are offset by the simplicity of the drive.

[0081] The code division multiplexing process of the
present invention can be summarized by reference to the
flowchart of FIG. 5. The illustrated process 500 sets forth a
specific example in the context of a two source pulse
oximetry system where the codes are determined based on
the output of a random number generator. It will be appre-
ciated that various aspects of the methodology are more
broadly applicable to alternative pulse oximetry implemen-
tations and other signal attenuation measurement environ-
ments.

[0082] The process 500 is initiated by selecting (502) a
measurement interval. this will be the minimum time inter-
val for which light intensity measurements can be obtained.
Once the measurement interval is obtained, a clock rate is
selected (504) for light source switching. This will be the
minimum time for which any source can be turned on or off.
The measurement interval and clock rate are preferably
chosen so that, for a system with M light sources, each
measurement interval has an integer number of clock blocks
where each block has 2M clocks. In the case of two sources,
the measurement interval preferably has an integer number
of clock blocks each having 4 clocks.

[0083] The process continues by dividing (506) each clock
block into carrier pairs. Thus, in the case of the illustrated
embodiment, a clock block is divided into two carriers pairs
where each carrier pair defines a code bit. That is, each clock
block includes four clocks or two code bits. An integer
number of such clock blocks is included within each mea-
surement interval. In addition, each code bit is defined (508)
in terms of a carrier pair. Thus, for example, a code bit “1”
may be defined as a carrier pair “10.” A code bit of “0” may
be defined as a carrier pair of “01.”

[0084] The output of a random bit generator may be used
(510) to determine the state of the first source. Thus, for
example, if the random bit generator outputs a bit pair of
“00,” this may be modulated as a “0101” for purposes of
driving the first source. For the second source, the second bit
of this random bit pair is inverted (512). That is, the second
source drive 1s encoded as “01.” It will be appreciated that
this bit pair is orthogonal to the bit pair used to drive the first
source. The 01 code of the second source is modulated as
“0110” in terms of the carrier pairs.

[0085] The sources are then driven (514) in accordance
with the modulated, coded clock blocks. Specifically, in the
case of the above-noted example, the first source is driven to
transmit 0101 during the first clock block while the second
source is driven to transmit 0110. This process is then
repeated (516) for all clock blocks in a measurement inter-
val.

[0086] On the receiver side, the demultiplexing module
receives (518) the corresponding code sequence for each
source. The module then applies (520) filtering values to
these code sequences and generates (522) demodulating
signals. These demodulating signals are applied (524) to the



US 2003/0028357 Al

detector signal to produce a stream of values corresponding
to the contributions of each of the sources. These values are
then integrated (526) to obtain intensity related values which
can then be used (528) to determine blood oxygen saturation
or related parameter values.

[0087] As noted above, it has been found that distortion of
the modulation codes due to particular operating environ-
ments can result in increased cross-talk or impaired noise
rejection if not compensated for. In particular, it has been
found advantageous to establish orthogonality of the
demodulation vectors relative to the signal as received at the
processor rather than the modulated signal as originally
generated. This process can be optimized relative to par-
ticular operating environments, i.e., particular equipment
configurations, transmission media, etc. FIGS. 6-8 illustrate
a particular implementation in this regard. Specifically, the
following figures illustrate a process for first performing
tests to characterize a particular operating environment and
generate appropriate demodulating vectors and then to use
the optimized demodulation vectors during run-time (i.e.,
during operation of a pulse oximeter in a patient monitoring
setting) to identify an operating environment, select appro-
priate vectors or, alternatively, to lock-out an unauthorized
or otherwise unsupported equipment configuration.

[0088] Referring to FIG. 6, a system 600 for generating
modulation vectors based on particular operating environ-
ments is illustrated. The system 600 includes a modulation
signal source 602, a variable operating environment 604 and
a demodulation vector unit 606. The modulation signal
source 602 includes a modulation signal generator 610 for
outputting a modulation signal 611 based on a modulation
signal library 608. The modulation signal 611 preferably has
characteristics as described above, including orthogonality,
fairly even distribution of 1s and Os, etc. Such codes may be
stored in the library 608. Alternatively, code segments may
be stored in the signal library 608 and then concatenated to
form full code strings by the signal generator 610.

[0089] A primary purpose of the system 600 is to charac-
terize different operating environments and generate corre-
sponding demodulation vectors. Accordingly, the operating
environment 604 may be varied to test different operating
environment components. In the context of pulse oximetry,
important variables relate to the optical sources, the optical
detector, and associated circuitry as well as the appendage
involved. For example, it may be desirable to test and
optimize an instrument in connection with various combi-
nations of probes and cables that may be used in the field.
The illustrated operating environment is shown as including
a cable 612, sources 614, medium 616 and detector and
processing circuitry 618. As a practical matter, the sources
614 and detector and processing circuitry 618 may be
included within a particular probe unit. Similarly, the cable
612 may be any of various commercially available cables. It
is believed that adequate results for many applications can
be obtained by testing a particular instrument model with
various combinations of probe types and cable types. That is,
for many applications, a particular probe type and cable type
combination can be tested once to generate appropriate
demodulation vectors for the instrument under consider-
ation. However, it may be advantageous to test each indi-
vidual instrument and each individual cable and probe rather
than characterizing the instrument, cable and probe based on
type. Moreover, it may prove beneficial to update the
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demodulation vectors for any given combination of instru-
ment cable and probe periodically or on a case-by-case
basis. Accordingly, the system 600 may be incorporated into
a pulse oximetry unit. The medium 616 may be a signal
attenuator designed to model a patient appendage or, in the
case of run-time calibration, may be the actual patient
appendage.

[0090] The results of interaction of the modulation signal
611 with the operating environment 604 is a processed
modulation signal 619, which is different than the modula-
tion signal 611. The differences are due, for example, to
distortion resulting from processing of the signal by the
operating environment 604. This processed modulation sig-
nal 619 is provided to a demodulation vector unit 606 for
generating appropriate demodulation vectors. The illustrated
unit 606 includes a processed signal receiver 620, a signal
decoder 622, a demodulation vector generator 624 and a
vector library 626.

[0091] The functionality of the processed signal receiver
620 may vary depending on the particular application. In this
regard, some probes may include substantial signal ampli-
fication and conditioning components. Other probes may
provide a relatively raw detector signal, i.e., an analog
current signal representative of the received optical signal.
In the illustrated embodiment, the unit 606 receives an
analog current signal. Accordingly, the processed signal
receiver 620 includes amplification circuitry and an analog
to digital converter as described above. In particular, the
receiver 620 preferably incorporates a fast A/D converter
that provides multiple digital sample values corresponding
to a particular bit of the modulation code. Such a fast A/D
converter allows for substantial resolution in developing
demodulation vectors that are optimized for particular oper-
ating environments.

[0092] The output of the processed signal receiver 620 is
a digital signal. This digital signal is optionally analyzed by
the signal decoder 622 to generate a signal representing the
processed signal 619. This signal may be filtered to have a
standardized bit rate, though this bit rate may be different
than the bit rate of the modulation signal 611. The resulting
decoded signal is then provided to a demodulation vector
gencrator 624 that generates an optimized demodulation
vector based on the decoded signal. In this regard, the
demodulation vector generator 624 may implement algo-
rithms to generate demodulation vectors having preferred
characteristics as described above. The demodulation vec-
tors generated by generator 624 are then stored in a vector
library 626. It will be appreciated that the library 626 may
store demodulation vectors for each supported operating
environment permutation for a given instrument as well as
for the different channels of that instrument. The resulting
library can then be transferred into the memory of the pulse
oximetry instrument in the case of a manufacturing appli-
cation or simply stored in memory in the case where the
demodulation vector unit 606 is incorporated into the instru-
ment.

[0093] FIG. 7 illustrates a processor of a pulse oximeter
implementing vector selection logic and lock-out logic in
accordance with the present invention. The processor 700
generally includes a processed signal receiver 702, a
demodulation module 704, a pleth module 706 and an
oxygenation calculation (SpO,) module 714. The processed
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signal receiver 702 receives an output signal from an A/D
converter, preferably a fast A/D converter as described
above. For example, the receiver 702 may be an appropriate
port of a digital signal processor. The received signal is
provided to a demodulation module 704 which may be
implemented in software running on the digital signal pro-
cessor. The demodulation module demodulates the received
signal based on application of selected demodulation vec-
tors, as well be described below, and thereby provides an
output that can be analyzed to provide information regarding
the individual channels of the detector signal. The output of
the demodulation module is processed by a pleth generator
708 to generate information representative of pleth wave-
forms corresponding to the channels of the pulse oximeter,
in this case labeled channel (710) and (712). For example,
these channels may correspond to the red and infrared
sources typically included in pulse oximeters. Finally, these
pleth waveforms can be used by the SpO2 module 714 to
provide an output regarding blood oxygenation by executing
known algorithms.

[0094] TIn order to allow for vector selection based on
recognition of a particular operating environment, the
received signal may be processed by a signal decoder 716.
As discussed above, demodulation vectors may be generated
relative to standardized input signals. The signal decoder
716 is therefore operative to express the received signal in
terms of a standardized bit stream that may be recognized by
the vector selection logic 718. The vector selection logic 718
then compares the decoded signal to signal information
stored in the operating environment database 720 to identify
any match. If the decoded signal matches that of an
approved operating environment for code division multi-
plexing, then the vector selection logic can access an appro-
priate demodulation vector from the vector library 722. The
resulting demodulation vector is then provided to the
demodulation module 704 for demodulating the received
signal.

[0095] FIG. 8 is a flowchart illustrating an associated
run-time or calibration process 800. The process 800 is
initiated by receiving (802) a modulation code. For example,
the modulation code may be obtained from the modulation
signal generator or may simply be stored in memory for a
particular unit. The process 800 further involves receiving
(804) a processed signal and decoding (806) the processed
signal to obtain a standardized decoded signal. This decoded
signal may then be used to access (808) an operating
environment database. In particular, the decoded signal may
be used to retrieve (812) an appropriate demodulation vector
from the vector library. This vector can then be used to
demodulate (814) the received signal and generate (816) an
appropriate pleth for oxygenation calculations as described
above. This process may be repeated for other channels
(818) (if all channels are not processed simultaneously) of
the pulse oximeter until all channels have been demodu-
lated. At that point, blood oxygenation can be calculated
(820).

[0096] Referring now to FIG. 9, the previously discussed
code division multiplexed pulse oximeter excites the light
signal sources using codes that are preferably mathemati-
cally orthogonal to one another. However, even though the
excitation codes may be designed to produce orthogonal
output (e.g., no IR output due to Red illumination and vice
versa) the orthogonality of the composite signal output by
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the detector may be degraded as a result of offsets, feed
throughs and other cross talks. This situation is illustrated by
the vector diagram of FIG. 9. In this regard, the Red data
vector 910 represents the signal output by the detector when
only the Red LED is excited and the IR data vector 920
represents the signal output by the detector when only the IR
LED is excited. As indicated by the obtuse angle between
them, the Red and IR data vectors 910, 920 arc non-
orthogonal.

[0097] One manner of generating demodulation vectors
for obtaining the output signal on each channel is to excite
only one of the sources (e.g., the Red LED) and measure the
detector output sequence. The measured detector output
sequence is then used as the demodulation vector for sub-
sequent demodulation of the composite signal to obtain the
data for that particular channel (e.g., the Red channel).
However, demodulating the composite signal using
demodulation vectors generated in this manner does not
remove the undesired cross talk present in the non-orthogo-
nal signal components of the detector signal. For example,
demodulation of the detector output signal using a demodu-
lation vector generated by exciting the IR LED by itself
results in cross talk of the Red channel onto the IR channel
represented by the Red to IR cross talk vector 912. Likewise,
demodulation of the detector output signal using a demodu-
lation vector generated by exciting the Red LED by itself
results in cross talk of the IR channel onto the Red channel
represented by IR to Red cross talk vector 922.

[0098] Demodulation vectors that are orthogonal to the
data on the other channels present in the composite signal
can be obtained by subtracting the cross talk vectors from
their respective data vectors. For example, a Red demodu-
lation vector 914 is obtained by subtracting the Red to IR
cross talk vector 912 from the Red data vector 910, and an
IR demodulation vector 924 is obtained by subtracting the
IR to Red cross talk vector 922 from the IR data vector 920.
As is shown, the Red and IR demodulation vectors 914, 924
are not orthogonal to each other, but rather the Red demodu-
lation vector 914 is orthogonal to the IR data vector 920 so
that no IR data is demodulated into the Red channel and the
IR demodulation vector 924 is orthogonal to the Red data
vector 910 so that no Red data is demodulated into the IR
channel. In this regard, undesired cross talk between the
channels of the pulse oximeter is substantially reduced or
eliminated.

[0099] Referring now to FIG. 10 there is shown a flow-
chart summarizing the steps involved in generating the Red
and IR demodulation vectors 914, 924 shown graphically in
FIG. 9 and using the demodulation vectors 914, 916 to
obtain the magnitudes of respective Red and IR signal
components present in a composite signal data vector
obtained by a pulse oximeter. The process (1000) involves
separately exciting (1010) the Red and IR LEDs and mea-
suring (1020) the respective Red and IR data vectors 910,
920 output by the detector. A system 600 such as shown in
FIG. 6 may be used for this purpose. The Red and IR LEDs
are preferably excited for multiple cycles of the drive code
sequence with the each data point of the Red and IR data
vectors 910, 920 being averaged over the number of cycles
to increase the signal-to-noise ratio of the Red and IR data
vectors 910, 920. The Red and IR data vectors 910, 920 are
then normalized (1030) to unit length Red and IR data
vectors 916, 926. This may be accomplished by dividing
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each vector 910, 920 by its respective length. The Red to IR
and IR to Red cross talk vectors 912, 922 are then computed
(1040). In this regard, the Red to IR cross talk vector 912
may be computed as a vector having a length equal to the dot
product of the normalized Red and IR data vectors 916, 926
with its direction being opposite that of the normalized IR
data vector 926. The IR to Red cross talk vector 922 may be
computed as a vector having a length equal to the dot
product of the normalized Red and IR data vectors 916, 926
with its direction being opposite that of the normalized Red
data vector 916. The desired Red and IR demodulation
vectors 914, 924 are then obtained by subtracting (1050) the
respective cross talk vectors 912, 922 from the respective
normalized data vectors 916, 926. In this regard, the Red to
IR cross talk vector 912 is subtracted from the normalized
Red data vector 916 and the IR to Red cross talk vector 922
is subtracted from the normalized IR data vector 926.

[0100] Once obtained, the demodulation vectors 914, 916
may be used to obtain the magnitude of the Red and IR
signal components in the composite signal output by an
operating pulse oximeter. In this regard, the demodulation
vectors 914, 916 may be normalized (1060) by dividing the
vectors by their respective lengths to obtain normalized
demodulation vectors. The normalized demodulation vec-
tors may then be arbitrarily scaled (1070) to satisty the
desire of generally having integer calculations in the
demodulation process which avoids floating point opera-
tions, rounding errors and the like. The magnitudes of the
Red and IR signal components are obtained by computing
(1080) the dot product of the composite signal data vector
with the normalized (and scaled) Red demodulation and IR
demodulation vectors, respectively.

[0101] Although process (1000) of generating demodula-
tion vectors has been described in connection with a two
channel (Red and IR) pulse oximeter, it should be noted that
the process (1000) may be utilized to generate demodulation
vectors in pulse oximeters and other devices that utilize
attenuated optical signals to derive information therefrom
having two, three, four or more channels, regardless of the
wavelengths of the light signals utilized for each channel.

[0102] As previously mentioned, the composite signal
from the detector may include signal patterns due for
example, to cross talk between channels and/or capacitive
cross talk between the emitter for a particular channel and
the detector. Such signal patterns are typically non-orthogo-
nal to the demodulation waveforms used to obtain the
desired demodulated signals. The demodulation waveforms
(also referred to herein as demodulation or demultiplexing
vectors) that are multiplied with the composite signal output
by the detector to demodulate the individual channels essen-
tially comprise matched filters since the demodulation wave-
forms look like the signals to be demodulated. Matched
filters can be generated for each channel and each interfer-
ence using, for example, a system 600 such as shown in
FIG. 6. In this regard, a matched filter for each channel and
interference may be obtained by recording each signal and
interference alone multiple times using the system 600.
Static bias (e.g., DC offset) is subtracted from each record-
ing to avoid including constant terms and each recording for
a particular signal or interference is averaged to remove
random noise from each matched filter. Once the shape of
each signal and interference is recorded, the similarity of
each interfering signal to each desired signal can be com-
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puted by calculating the cross correlation at time =0, or
taking the summation of the instant by instant product of the
two waveforms. This computed similarity represents the
amount of one signal that demodulates in the other signal.

[0103] Having obtained the necessary matched filters, one
manner of correcting for non-orthogonal patterns in the
composite detector signal is summarized by the flowchart
shown in FIG. 11. The process (1100) begins with demodu-
lating (1110) the composite detector signal using the
matched filters for each channel to obtain uncorrected
demodulated signals corresponding to each channel. The
composite detector signal is also demodulated (1120) using
the matched filters for each interference to obtain demodu-
lated signals corresponding to each interference (e.g., cross-
talk resulting from capacitive coupling). The corrected
demodulated signal for a particular channel is then obtained
by subtracting (1130) the uncorrected demodulated signal(s)
corresponding to the other channel(s) and subtracting (1140)
the demodulated interference(s) from the uncorrected
demodulated signal for the desired channel obtained in step
(1110). For example, to obtain the corrected demodulated
Red signal in a two channel Red and IR pulse oximeter, the
composite detector signal is demodulated (1110) using the
Red demodulation waveform to obtain an uncorrected
demodulated Red signal. The composite detector signal is
also demodulated (1110, 1120) using the IR demodulation
waveform to obtain the uncorrected demodulated IR signal
as well as demodulation waveforms for Red capacitive
coupling and IR capacitive coupling to obtain the demodu-
lated Red capacitive and IR capacitive interferences. The
uncorrected demodulated IR signal and the demodulated
Red capacitive and IR capacitive interferences are then
subtracted (1130, 1140) from the uncorrected demodulated
Red signal to generate the corrected demodulated Red
signal. To obtain the corrected demodulated IR signal, the
uncorrected demodulated Red signal and the demodulated
Red capacitive and IR capacitive interferences are then
subtracted (1130, 1140) from the uncorrected demodulated
IR signal to generate the corrected demodulated IR signal.

[0104] The previously described process (1100) shown in
FIG. 11 of correcting for non-orthogonal patterns in the
composite detector signal works best where the Red and IR
waveform shapes generally remain constant over the time
period of interest, but does not require that the magnitudes
of the interfering signal(s) remain constant. In this regard,
the cross talk between the Red and IR channels may be
computed from the following expressions for the uncor-
rected Red and IR signals:

ru:ZRd-(r-Rd+i-1d)=r-ZRd2+i-ZRd-1a‘

and

iu:Zld-(r-Rd+i-1d):r-ZRd-1d+i-Zld2

[0105] where (r*Rd+i*1d) is the composite detector signal
output from the detector;

[0106] Rd and Id are the Red and IR demodulation
tables;

[0107] ru and iu are the uncorrected Red and IR
demodulated values;
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[0108] r and i are the corrected Red and IR demodu-
lated values; and

[0109] n is the number of samples over which to
correct for cross talk.

[0110] Substituting the following:
R=)Rd* [=>"14" X=1% Rd-Id

[0111] in the above two expressions for the uncorrected
Red and IR demodulated values results in the following
system of two equations with two unknowns, r and i:

ru=rR+i'X
lu=rX+i-l

[0112] The above system of equations may be solved to
obtain the following expressions for r and 1:

(ru-X —R-iu)
T (X2-IR

[0113] The above expressions for the corrected Red and IR
values, r and 1, do not account for scaling due to the manner
in which the uncorrected Red and IR values, ru and iu, are
defined. In this regard, as X goes to zero, scaled corrected
Red and IR values are given by:

rs=r'R and is=i-]

[0114] Substituting for r and i and grouping constants, the
following expressions for the scaled corrected Red and IR
values, rs and is, are obtained:

rs_ru-(R-I_Rl_Xz)_i“'(R'[.R}in)
and
lS—W'(I',.RR_Xz) ”‘ (I'I-R{XZ)

[0115] While the previously described approach to cor-
recting for non-orthogonal patterns in the composite detector
signal does not require modification of the demodulation
waveforms for each channel, it does require demodulation of
the composite detector signal for each channel and each
interference for which correction is desired. As may be
appreciated, this is can be a computational and memory
intensive approach to correcting for non-orthogonal patterns
in the composite detector signal.

[0116] An alternative approach to correcting for non-
orthogonal patterns in the composite detector signal is
shown in the flowchart of FIG. 12. The process (1200)
involves computing (1210) a correction factor correspond-
ing to each interfering signal for which correction is desired.
The matched filter for a particular channel is then modified
(1220) by subtracting the appropriate correction factors from
the matched filter for such channel to obtain a modified
matched filter. The composite detector signal is then
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demodulated (1230) using the modified matched filter for a
particular channel to obtain the corrected demodulated sig-
nal on that channel.

[0117] Each of the steps (1210, 1220, and 1230) is per-
formed for each sample instant. In this regard, correction
coefficients may be computed simultaneously for each chan-
nel. For example, a correction coefficient for correcting for
cross talk from the IR channel into Red channel may be
determined from the following expression for the demodu-
lated Red signal:

n

rd = Z(Rk Feir- IO Re +1- 1)
k=1

[0118] where

[0119] cir is the IR to Red cross talk correction
coefficient;

[0120] rd is the demodulated Red signal;

[0121] randi are the amplitudes of the Red and IR
signals;

[0122] R, and I, are the Red and IR waveform

shapes at each instant k;

[0123] n is the duration for application of correc-
tion;
[0124] (r*R, +i*I,) is the incoming signal to be

demodulated at each instant k; and

[0125] (R, +cir*],) is the modified Red demodula-
tion waveform at each instant K,

[0126] The above expression for the demodulated Red
signal may be solved to obtain the following expression for
the IR to Red correction coefficient:

—Zn: Ry - I
=1

3 (h)?

k=1

cir=

[0127] Thus, the IR to Red correction coefficient, cir,
depends only on the instantaneous values of the Red and IR
waveform shapes, R, and I,.

[0128] In a similar fashion, the correction coefficient for
correcting for cross talk from the Red channel into IR
channel may be determined from the following expression
for the demodulated IR signal:

n

Z(Ik Fori RO Re + i 1)
k=1

id

[0129] where criis the Red to IR cross talk correction
coefficient;

[0130]

[0131] randi are the amplitudes of the Red and IR
signals;

id is the demodulated IR signal,
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[0132] R, and I, are the Red and IR waveform
shapes at each instant k;

[0133] 0 is the duration for application of correc-
tion;
[0134] (r*R,+i*L) is the incoming signal to be

demodulated at each instant k; and

[0135] (I +cri*R,) is the modified IR demodula-
tion waveform at each instant k.

[0136] The above expression for the demodulated IR
signal may be solved to obtain the following expression for
the Red to IR correction coefficient:

n

-Z R+ I
k=1

S (R
k=1

cri=

[0137] Thus, the Red to IR correction coefficient, cri, also
depends only on the instantaneous values of the Red and IR
waveform shapes, Ry and I.

[0138] The previously described computations for the IR
to Red and Red to IR correction coefficients, cri and cri, did
not account for possible capacitive cross talk. In this regard,
correction coefficients for correcting for cross talk from the
IR channel into the Red channel, Red capacitive coupling
into the Red channel, and IR capacitive coupling into the
Red channel may be determined from the following expres-
sion for the demodulated Red signal:

rd =

n
(Ry +cir-Iy + cerr-Cri + ccir-Cip)(r-Ry +i- Iy + cr-Cry +¢i-Cly)
k=1

[0139] where cir is the IR to Red cross talk correction
coefficient;

[0140] ccrr is the Red capacitive coupling into Red
correction coefficient;

[0141] ccir is the IR capacitive coupling into Red
correction coefficient;

[0142] rd is the demodulated Red signal,
[0143] r and i are the amplitudes of the Red and IR
signals;

[0144] cr and ci are the capacitive cross talk from the
Red and IR channels;

[0145] R, and I are the Red and IR waveform shapes
at cach instant k;

[0146] Cr, and Ci, are the capacitive Red and IR
waveform shapes at each instant k;

[0147] n is the duration for application of correction;

[0148] (r*R+i*L+cr*Cr+Ci*Ci) is the incoming
signal to be demodulated at each instant k; and
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[0149] (R +cir*T +cerr*Crtceir*Ciy) is the modi-
fied Red demodulation waveform at each instant k
for all ks in the measurement interval.

[0150] The above expression for the demodulated Red
signal may be expanded, like terms collected, and, recog-
nizing that in order to make the demodulated Red signal
independent of i, the ci, and cr, each group of terms set equal
to zero to obtain a system of three equations with the three
correction coefficients, cir, cerr, and ccir as unknowns. The
system of equations may be solved to obtain the following
solution, expressed in matrix form, for the three correction
coeflicients, cir, ccrr, and ccir:

cir I crl  Cil Y1 IR
cerr |=| ICr CrCr CiCr -—| CrR
ccir ICi CrCi CiCi CiR

where IR = Z Ryl CrR = Z R.Cr, CiR = ZRkCik,
k=1 k=1 k=1

n n n n
1= Z Ll ICr= Z LCry, ICi = Z Lk Ciy, Crl = Z Creke,
k=1 k=1 k=1 k=1
n n n
CrCr = Z CryCry, CrCi = Z Cr Ciy, Cil = Z Cil,,
k=1 k=1 k=1

CiCr = Z CiyCry., and CiCi = Z Ci,Ciy.
k=1 k=1

[0151] In a similar manner, correction coefficients for
correcting for cross talk from the Red channel into the IR
channel, IR capacitive coupling into the IR channel, and Red
capacitive coupling into the IR channel may be determined
from the following expression for the demodulated IR
signal:

id =

n
Z(l" +eri- Ry + ccii- Ciy + cori-Cri)(r-Re + i- Iy + er-Cry + ci-Ciy)
k=1

[0152] where cri is the Red to IR cross talk correction
coefficient;

[0153] ccii is the IR capacitive coupling into IR
correction coefficient;

[0154] ccri is the Red capacitive coupling into IR
correction coefficient;

[0155] id is the demodulated IR signal,
[0156] r and i are the amplitudes of the Red and IR
signals;

[0157] cr and ci are the capacitive cross talk from the
Red and IR channels;

[0158] R, and I, are the Red and IR waveform shapes
at cach instant k;

[0159] Cr, and Ci, are the capacitive Red and IR
waveform shapes at each instant k;
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[0160] n is the duration for application of correction;

[0161] (r*R +i*Ik+cr*Cr +ci*Ci,) is the incoming
signal to be demodulated at each instant k; and

[0162] (I +cri*Ry +ccii*Cig+ccri*Criy) is the modi-
fied IR demodulation waveform at each instant k for
all ks in the measurement interval.

[0163] The above expression for the demodulated IR
signal may be expanded, like terms collected, and, recog-
nizing that in order to make the demodulated IR signal
independent of i, the ci, and cr, each group of terms set equal
to zero to obtain a system of three equations with the three
correction coefficients, cri, ccii, and ceri as unknowns. The
system of equations may be solved to obtain the following
solution, expressed in matrix form, for the three correction
coefficients, cri, ccii, and ceri:

eri RR CiR CrR Y RI
ccii | =| RCr CiCr CrCr -—| Cil
ceri RCi CiCi CrCi crl

where RI = Z Rely. Cil = Z 1,Ciy, Crl = Z LCry.
k=1 k=1 k=1

n n n n
RR = ZRkRk, RCr = ZRkCrk, RCi= Z R.Ci,, CiR = ZCikRk,
k=1 k=1 k=1 k=1

n n n
CiCr = kZ‘ CiCry, CiCi = kZ‘ Ci,Ciy, CiR = kZ‘ CreRy,

CrCr = Z CriCry, and CrCi= Z CrCiy.
k=1 k=1

[0164] The modified demodulation waveforms work well
under a variety of conditions. Since the correction coeffi-
cients are computed at each sample instant, the modified
demodulation waveforms adjust to capacitive cross talk and
interfering light signal levels that vary over time. However,
in order to correct for varying cross talk wave form shapes
due, for example, to changing system bandwidths and pho-
todetector tailing, modification of the initial demodulation
waveforms to which the correction coefficients are applied
may be necessary. In this regard, initial demodulation wave-
forms may be obtained using, for example, system 600 that
are close to orthogonal for all interfering signals for which
correction is desired. In this regard, a plurality of interfering
waveform shapes covering the entire span of waveform
shapes can be obtained. Data from multiple probes at
differing drive and light signal levels (including opaque for
capacitive data) may be obtained. Where waveform shapes
covering the entire span of interfering waveform shapes
cannot be obtained, simulated waveform shapes may be
generated. A regression technique such as, for example, the
linear least squares algorithm is then applied to create a
demodulation waveform that is a similar as possible to the
matched filter waveform and as orthogonal as possible to all
other waveforms. Alternatively, a singular value decompo-
sition technique may be applied to the obtained data to
extract pertinent features of an orthogonal demodulation
vector.

[0165] While various embodiments of the present inven-
tion have been described in detail, further modifications and
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adaptations of the invention may occur to those skilled in the
art. However, it is to be expressly understood that such
modifications and adaptations are within the spirit and scope
of the present invention.

What is claimed is:

1. A method for demodulating at least first and second
attenuated signal components within a composite signal
output by at least one detector of a pulse oximeter, the first
and second attenuated signal components corresponding to
first and second multiplexed signals that are emitted by first
and second optical signal sources of the pulse oximeter,
attenuated by a patient tissue site and received by the
detector, said method comprising the steps of:

generating a first demodulation vector for demodulating
the first attenuated signal component from the compos-
ite signal, the first demodulation vector being orthogo-
nal to the second attenuated signal component of the
composite signal,

generating a second demodulation vector for demodulat-
ing the second attenuated signal component from the
composite signal, the second demodulation wvector
being substantially orthogonal to the first attenuated
signal component of the composite signal;

demodulating the composite signal with the first demodu-
lation vector to obtain a magnitude of the first attenu-
ated signal component; and

demodulating the composite signal with the second
demodulation vector to obtain a magnitude of the
second attenuated signal component.
2 The method of claim 1 wherein said steps of generating
a first demodulation vector and generating a second
demodulation vector are performed prior to using the pulse
oximeter and wherein the first and second demodulation
vectors remain fixed while the pulse oximeter is used to
monitor a patient.
3. The method of claim 1 wherein said steps of generating
a first demodulation vector and generating a second
demodulation vector are performed prior to using the pulse
oximeter to monitor a patient and wherein said method
further comprises the step of:

adjusting the first and second demodulation vectors

dynamically while the pulse oximeter is used.

4. The method of claim 3 wherein said step of adjusting
the first and second demodulation vectors comprises apply-
ing at least one correction factor dynamically computed
from information included in at least the first and second
attenuated signal components of the composite signal.

5. The method of claim 4 wherein said first and second
multiplexed signals comprise Red and IR signals and said
first and second signal components are Red and IR signal
components, and wherein said at least one correction factor
is selected from a group consisting of a Red signal to IR
signal component cross talk correction factor, an IR signal to
Red signal component cross talk correction factor, a Red
optical signal source capacitive coupling to Red signal
component correction factor, a Red optical signal source
capacitive coupling to IR signal component correction fac-
tor, an IR optical signal source capacitive coupling to IR
signal component correction factor, and an IR optical signal
source capacitive coupling to Red signal component correc-
tion factor.
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6. The method of claim 1 wherein the composite signal
comprises a digital signal, wherein the first and second
demodulation vectors comprise digital signals, and wherein
said steps of demodulating the composite signal with the
first demodulation vector and demodulating the composite
signal with the second demodulation vector are performed in
a digital processor.

7. The method of claim 1 wherein said steps of generating
a first and a second demodulation vector comprise the steps
of:

operating only the first optical signal source of the pulse
oximeter;

recording a first data vector output from the detector when
only the first optical signal source is operated;

operating only the second optical signal source of the
pulse oximeter;

recording a second data vector output from the detector
when only the second optical signal source is operated;

computing a first scalar value corresponding to cross talk
from operation of the second optical signal source into
the first data vector;

computing a second scalar value corresponding to cross
talk from operation of the first optical signal source into
the second data vector;

forming a first correction vector having a direction oppo-
site the direction of the first data vector and a magni-
tude given by the first scalar value;

forming a second correction vector having a direction
opposite the direction of the second data vector and a
magnitude given by the second scalar value;

subtracting the first correction vector from the first data
vector to obtain the first demodulation vector; and

subtracting the second correction vector from the second
data vector to obtain the second demodulation vector.

8. The method of claim 7 wherein said step of computing
a first scalar value comprises computing a dot product of the
first data vector and the second data vector, and wherein said
step of computing a second scalar value comprises comput-
ing a dot product of the second data vector and the first data
vector.

9. The method of claim 1 wherein the first and second
multiplexed signals are code division multiplexed signals.

10. The method of claim 1 wherein said steps of gener-
ating a first and a second demodulation vector comprises the
steps of:

obtaining data output by the detector for a plurality of
pulse oximetry probes operated under different drive
signal and transmitted light signal levels; and

applying a regression technique to the obtained data to

derive the first and second demodulation waveforms.

11. The method of claim 1 wherein said steps of gener-

ating a first and a second demodulation vector comprises the
steps of:

obtaining data output by the detector for a plurality of
pulse oximetry probes operated under different drive
signal and transmitted light signal levels; and
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applying a singular value decomposition technique to the
obtained data to derive the first and second demodula-
tion waveforms.

12. A method of correcting for undesired non-orthogonal
signal components and interferences in a composite signal
output by at least one detector of a pulse oximeter, said
method comprising the steps of:

demodulating the composite signal using at least a
matched filter corresponding to a first signal component
present in the composite signal and a matched filter
corresponding to a second signal component present in
the composite signal to obtain at least first and second
uncorrected demodulated signal components corre-
sponding to the first and second signal components;

demodulating the composite signal using at least a
matched filter corresponding to a first interference
present in the composite signal and a matched filter
corresponding to a second interference present in the
composite signal to obtain at least first and second
demodulated interferences; and

subtracting the second uncorrected demodulated signal
component and the first and second demodulated inter-
ferences from the first uncorrected demodulated signal
component to obtain a first corrected demodulated
signal component corresponding to the first signal
component.

13. The method of claim 12 wherein in said demodulating
steps, the first signal component is associated with a Red
wavelength light signal attenuated by a patient tissue site,
the second signal component is associated with an IR
wavelength light signal attenuated by a patient tissue site,
the first interference comprises capacitive coupling from a
Red wavelength optical signal source into the first signal
component, and the second interference comprises capaci-
tive coupling from the IR wavelength optical signal source
into the first signal component.

14. The method of claim 12 further comprising:

demodulating the composite signal using at least a
matched filter corresponding to a third interference
present in the composite signal and at least a matched
filter corresponding to a fourth interference present in
the composite signal to obtain at least third and fourth
demodulated interferences; and

subtracting the first uncorrected demodulated signal com-
ponent and the third and fourth demodulated interfer-
ences from the second uncorrected demodulated signal
component to obtain a second corrected demodulated
signal component corresponding to the second signal
component.

15. The method of claim 14 wherein in said demodulating
steps, the first signal component is associated with a Red
wavelength light signal attenuated by a patient tissue site,
the second signal component is associated with an IR
wavelength light signal attenuated by a patient tissue site,
the first interference comprises capacitive coupling from a
Red wavelength optical signal source into the first signal
component, the second interference comprises capacitive
coupling from the IR wavelength optical signal source into
the first signal component, the third interference comprises
capacitive coupling from a Red wavelength optical signal
source into the second signal component, and the fourth
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interference comprises capacitive coupling from the IR
wavelength optical signal source into the second signal
component.

16. The method of claim 12 wherein the composite signal
comprises a digitized signal having a plurality of sample
instances and wherein said demodulating and subtracting
steps are performed by a digital processor for each sample
instance of the digitized composite signal.

17. A reduced cross talk pulse oximetry system compris-
ing:

at least first and second optical signal sources operable to
transmit first and second multiplexed signals;

at least one detector operable to detect the first and second
multiplexed signals after the first and second multi-
plexed signals are attenuated by a patient tissue site and
output an analog composite signal including at least
first and second attenuated signal components corre-
sponding to the attenuated first and second multiplexed
signals;

an analog-to-digital converter operable to convert the
analog composite signal to a digital composite signal
having a plurality of sample instances;

a digital processor operable to demodulate the digital
composite signal with a first demodulation vector to
obtain a magnitude of the first attenuated signal com-
ponent and demodulate the digital composite signal
with a second demodulation vector to obtain a magni-
tude of the second attenuated signal component,
wherein said first demodulation vector is orthogonal to
the second attenuated signal component and the second
demodulation vector is orthogonal to the first attenu-
ated signal component.

18. The system of claim 17 further comprising:

a demodulation vector unit operable to provide the first
and second demodulation vectors to the digital proces-
sor.

19. The system of claim 18 wherein the demodulation
vector unit is operable to select the first and second demodu-
lation vectors based on an identification of an operating
environment.
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20. The system of claim 19 wherein the demodulation
vector unit is enabled to receive manually entered informa-
tion from a user of the pulse oximetry system, said manually
entered information identifying the operating environment.

21. The system of claim 19 wherein the demodulation
vector unit is enabled to automatically identify the operating
environment by operating at least one of said first and
second optical signal sources to transmit a signal modulated
in accordance with a known code and comparing an attenu-
ated signal received by said detector with a library of
processed modulated signals.

22. The system of claim 18 wherein said digital processor
is further operable to dynamically adjust the first and second
demodulation vectors provided by the demodulation vector
unit during operation of the pulse oximetry system.

23. The system of claim 22 wherein said digital processor
is operable to dynamically adjust the first and second
demodulation vectors by subtracting at least one correction
factor from said first and second demodulation vectors.

24. The system of claim 23 wherein said digital processor
is operable to compute said at least one correction factor for
each sample instance of said digital composite signal.

235. The system of claim 23 wherein said first and second
optical signal sources comprise Red and IR wavelength
optical signal sources, said first and second signals comprise
Red and IR signals and said first and second signal compo-
nents comprise Red and IR signal components, and wherein
said at least one correction factor is selected from a group
consisting of a Red signal to IR signal component cross talk
correction factor, an IR signal to Red signal component cross
talk correction factor, a Red optical signal source capacitive
coupling to Red signal component correction factor, a Red
optical signal source capacitive coupling to IR signal com-
ponent correction factor, an IR optical signal source capaci-
tive coupling to IR signal component correction factor, and
an IR optical signal source capacitive coupling to Red signal
component correction factor.

26. The system of claim 17 wherein said first and second
optical signal sources are operable to transmit first and
second code division multiplexed signals.
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