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SIMULTANEOUS SIGNAL ATTENUATION
MEASUREMENTS UTILIZING FREQUENCY
ORTHOGONAL RANDOM CODES

FIELD OF THE INVENTION

[0001] The present invention relates in general to simul-
taneous signal attenuation measurement systems and, in
particular, to the use of combined multiplexing techniques in
such systems to identify attenuation characteristics associ-
ated with individual signal components.

BACKGROUND OF THE INVENTION

[0002] 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.e., 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.

[0003] 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.

[0004] 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 tissue site such as a finger, earlobe or nasal septum.
The probe is used to transmit pulsed optical signals of at
least two wavelengths, typically red and infrared, to the
patient’s tissue site. The different wavelengths of light used
are often referred to as the channels of the pulse oximeter
(e.g., the red and infrared channels). The optical signals are
attenuated by the patient tissue site and subsequently are
received by a detector that provides an analog electrical
output signal representative of the received optical signals.
The attenuated optical signals as received by the detector are
often referred to as the transmitted signals. By processing
the electrical signal and analyzing transmitted signal values
for each of the channels at different portions of a patient
pulse cycle, information can be obtained regarding blood
oxygen saturation or blood analyte values.

[0005] 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. Some
pulse oximeters 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
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by dark periods. Because the first source “on” period, the
second source “on” period and dark periods occur at sepa-
rate times, the associated signal portions can be distin-
guished for processing.

[0006] Alternatively, some pulse oximeters may employ
frequency division multiplexing (FDM) signals. In the case
of FDM, each of the sources is pulsed at a different fre-
quency resulting in detector signals that have multiple
periodic components. Conventional signal processing com-
ponents and techniques can be utilized to extract information
about the different frequency components.

[0007] Another type of multiplexing that may be
employed in pulse oximeters is code division multiplexing
(CDM). In the case of CDM, each of the sources is pulsed
in accordance with a unique code comprising a series of high
(e.g., +1) and low (e.g., 0) values that identifies each channel
from the other channel(s). The codes that are used generally
have a number of preferred characteristics, including a
random or pseudo-random pattern, orthogonality or near-
orthogonality with respect to one another, a substantially
equal number of high and low values within a particular
code sequence, a relatively even distribution of high and low
values within a particular code sequence, and a substantially
even distribution of transitions between high and low values
within a particular code sequence.

[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,
as well as other electrical and electronic equipment within
the vicinity of the pulse oximeter. Many significant sources
of noise have a periodic component.

[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. Furthermore, source signal separa-
tion can suffer when using CDM signals if there are post-
calibration changes in the dynamics of the system. Such
post-calibration changes are common given the typically
different response rates of different detectors.

SUMMARY OF THE INVENTION

[0010] Accordingly, the present invention combines the
beneficial aspects of two different multiplexing techniques,
namely FDM and CDM, to overcome the aforementioned
limitations of such techniques when used alone. Such com-
bination achieves a number of advantages associated with
each technique, including the relatively good source sepa-
ration achieved with FDM techniques and the desirable
whitening of external noise achieved with CDM techniques.

[0011] Inaccordance with one aspect of the present inven-
tion, a method for use in operating a signal attenuation
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measurement device is provided. Although it may be con-
figured differently, the measurement device generally
includes a source system for generating at least first and
second signals and for transmitting the first and second
signals to a patient tissue site that attenuates the signals, a
detector system for receiving at least first and second
attenuated signals from the patient tissue site corresponding
with the first and second signals transmitted to the patient
tissues site and for providing a composite detector signal
based on the first and second attenuated signals, and a
parameter estimation module for determining a physiologi-
cal parameter regarding the patient based on information
included in the detector signal. In one embodiment, the
measurement device comprises a pulse oximeter. The physi-
ological parameter may, for example, be a blood oxygen
saturation value and/or a blood analyte value.

[0012] The method includes the step of operating the
source system to multiplex the first and second signals in
accordance with first and second frequency orthogonal code
division multiplexed excitation waveforms or vectors. The
detector signal is processed to provide a processed signal for
demultiplexing that includes information regarding the first
and second attenuated signals. The processed signal is
demultiplexed using at least one demultiplexing signal that
includes a series of values corresponding with one of the first
and second frequency orthogonal code division multiplexed
waveforms. The demultiplexing process yields demulti-
plexed information corresponding to each of the first and
second attenuated signals. The demultiplexed information is
usable by the parameter estimation module of the measure-
ment device for determining the physiological parameter
regarding the patient.

[0013] In accordance with the method of the present
invention, the first frequency orthogonal code division mul-
tiplexed excitation waveform may be comprised of a number
of first pattern groups comprised of randomly selected
values (e.g., 0 or +1). Each randomly selected value in a first
pattern group corresponds with one of a plurality of pulse
patterns selected from a first set of pulse patterns. Likewise
the second frequency orthogonal code division multiplexed
excitation waveform may be comprised of a number of
second pattern groups comprised of randomly selected val-
ues (e.g., 0 or +1). Each randomly selected value in a second
pattern group corresponds with one of a plurality of pulse
patterns selected from a second set of pulse patterns. In order
to establish frequency orthogonality of the excitation wave-
forms, the number of first pattern groups in the first excita-
tion waveform is preferably a prime number (e.g., 3) dif-
ferent from a prime number (e.g., 2) of second pattern
groups in the second excitation waveform. In this regard, the
first and second pattern groups generally include different
appropriate numbers of randomly selected values (e.g., 4
and 6 values, respectively) to provide equal length excitation
waveforms. In one embodiment of the method of the present
invention, the first set of pulse patterns includes two differ-
ent pulse patterns and the second set of pulse patterns
includes two different pulse patterns. The pulse patterns
within the first and second sets of pulse patterns may be
different digital codes comprised of a equal length series of
high (e.g., +1) and low (e.g., 0) values. Preferably, the high
values in the pulse patterns from the first set of pulse patterns
do not overlap in time with the high values from the pulse
patterns in the second set of pulse patterns. Also, it is
preferred that each of the pulse patterns within the first set
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of pulse patterns be substantially orthogonal to each of the
pulse patterns within the second set of pulse patterns. The
duty cycle may be less than 50%.

[0014] Typically the processed signal is an analog signal.
In this regard, in the step of processing the detector signal,
the detector signal, or an appropriate portion thereof, may be
converted into a series of digital values. This allows for
subsequent demultiplexing of the processed signal to be
implemented digitally in, for example, a multi-purpose
digital signal processor, an application specific integrated
circuit (ASIC), a field programmable gate array (FPGA), or
another type of digital hardware/software device. It is pref-
erable when converting the analog detector signal to sample
the detector signal multiple times within a time period
corresponding to the high value and low value time periods
of the first and second signals. Prior to converting the analog
detector signal, it may be desirable to filter the detector
signal to remove one or more selected frequency compo-
nents. Once converted, the processed signal may be demul-
tiplexed by processing the processed signal using a first
demultiplexing signal including a series of values corre-
sponding to the first frequency orthogonal code division
multiplexed excitation waveform and also processing the
processed signal using a second demultiplexing signal
including a series of values corresponding to the second
frequency orthogonal code division multiplexed excitation
waveform signal. These demultiplexing signal series of
values are synchronized with the excitation waveforms and
demultiplexing may be accomplished by taking the bitwise
product of the digitized detector signal and each of the
demultiplexing signals.

[0015] According to another aspect of the present inven-
tion, an apparatus for use in determining at least one
physiological parameter relating to a patient from at least
first and second signals transmitted to a patient tissue site
and attenuated thereby includes a source system, a detector
system, and a signal processing device. The source system
is operative to generate the first and second signals and to
transmit the first and second signals to the patient tissue site.
In this regard, the source system may include first and
second light sources that are operative to transmit first and
second light signals centered at first and second wave-
lengths, respectively, to the patient tissue site. The physi-
ological parameter determined by the apparatus may, for
example, be a blood oxygen saturation value and/or a blood
analyte value. In this regard, the first wavelength may be
within the infrared portion of the electromagnetic spectrum
and the second wavelength may be within the red portion of
the electromagnetic spectrum.

[0016] The detector system is operative to receive first and
second attenuated signals from the patient tissue site. The
first and second attenuated signals correspond with the first
and second signals transmitted to the patient tissues site by
the source system. Where the first and second signals
transmitted by the source system are light signals the detec-
tor system may include a photo-detector. The detector sys-
tem is further operative to provide a composite detector
signal based on the first and second attenuated signals. In
one embodiment of the apparatus of the present invention,
the composite detector signal is an analog signal, and the
detector system also includes an analog-to-digital converter
that is operative to convert the detector signal, or a desired
portion thereof, into a series of digital values. Preferably, the
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analog-to-digital converter samples the detector signal mul-
tiple times within a time period corresponding to one of a
high value and a low value time period of the first and
second signals. The detector system may also include an
amplifier that is operative to amplify the detector signal and
filter the detector signal to remove one or more selected
frequency components before it is converted to a digital
signal by the analog-to-digital converter.

[0017] The signal processing device of the apparatus
includes both a code generation module and a demodulation
module, which may be implemented in software executable
by the processing device, in hardware included in the
processing device, or in a combination of hardware and
software. In this regard, the processing device may com-
prise, for example, multi-purpose digital signal processor, an
ASIC, a FPGA, or another type of digital hardware/software
device. The code generation module is operative to drive the
source system to multiplex the first and second signals in
accordance with first and second frequency orthogonal code
division multiplexed excitation waveforms or vectors. The
first and second frequency orthogonal code division multi-
plexed excitation waveforms may be configured as previ-
ously summarized in connection with the method of the
present invention. The demodulation module is operative to
demultiplex the composite detector signal using at least one
demultiplexing signal (and preferably first and second
demultiplexing signals) including a series of values corre-
sponding with one of the first and second frequency orthogo-
nal code division multiplexed waveforms. The composite
detector signal is demultiplexed by the demodulation mod-
ule to obtain demultiplexed information corresponding to
each of the first and second attenuated signals. The demul-
tiplexed information may be used by a parameter estimation
module implemented in the processing device in determin-
ing the physiological parameter regarding the patient.

[0018] 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

[0019] 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:

[0020] FIG. 1 is a schematic diagram of one embodiment
of a pulse oximeter in connection with which the present
invention may be implemented;

[0021] FIG. 2 is a plot showing exemplary pattern groups
comprising exemplary infrared and red frequency orthogo-
nal code division multiplexed excitation waveforms;

[0022] FIG. 3 is a plot showing exemplary infrared and
red pulse patterns corresponding to the individual values in
the exemplary pattern groups of FIG. 2;

[0023] FIG. 4 is a plot showing the on and off times of the
exemplary infrared and red frequency orthogonal code divi-
sion multiplexed excitation waveforms;

[0024] FIG. 5 is a plot of the spectrums of the exemplary
infrared and red pattern groups;
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[0025] FIG. 6 is a plot of the power spectral densities of
the exemplary infrared and red frequency orthogonal code
division multiplexed excitation waveforms; and

[0026] FIG. 7 is a more detailed plot showing the lower
frequency portions of the power spectral densities of the
exemplary infrared and red frequency orthogonal code divi-
sion multiplexed excitation waveforms.

DETAILED DESCRIPTION

[0027] The frequency orthogonal code division multiplex-
ing (FOCDM) techniques of the present invention may be
used in a variety of signal attenuation measurement devices.
In the following description, the invention is set forth in the
context of a pulse oximeter used to measure blood oxygen
saturation or related blood analyte values. As will be
described below, the invention has particular advantages in
the context of pulse oximetry including allowing for
improved noise reduction and oximeter component options.
However, while pulse oximetry represents a particularly
advantageous application of the present invention, it will be
understood that various aspects of the present invention are
more broadly applicable in a variety of simultaneous signal
attenuation measurement contexts.

[0028] 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 a tissue site 10 of a patient. In the illustrated
embodiment, two light sources 102 are shown. For example,
the light sources 102 may comprise a red light emitting
diode (LED) or laser diode and an infrared LED or laser
diode. The light sources 102 are driven by light source drives
104 in response to drive signals from a digital signal
processing (DSP) unit 114. In the illustrated embodiment, 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 associated
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.
The code sequences or excitation waveforms, namely the red
and IR code sequences, include characteristics of both FDM
and CDM techniques. It should be noted that although the
following description references “on” and “off” cycles for
each of the sources 102 in accordance with their associated
code sequences, 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 characteristics is an advantage of
the present invention.

[0029] The optical signals transmitted by the light sources
102 are transmitted through the patient tissue site 10 and
impinge upon a detector 106 (¢.g., a photo-detector). 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
tissue site 10 to be irradiated and on the patient (e.g. different
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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 that engages a tissue site
10 comprising a patient’s fingertip. When the positioner 108
is engaged on the patient’s fingertip, the light sources 102
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 and attenuated
thereby. It will be appreciated that, in alternative implemen-
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 tissue site 10.

[0030] The detector 106 receives the optical signals trans-
mitted through the patient tissue site 10 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 110 may serve a number of
functions. First, the illustrated amplifier circuit 110 is opera-
tive 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 that 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.

[0031] The amplifier circuit 110 outputs an analog voltage
signal that is representative of the optical signals from the
sources 102. This analog voltage signal is received by a fast
A/D converter 112 which samples the analog voltage signal
to generate a digital voltage signal which can be processed
by the digital signal processing unit 114. In particular, the
A/D converter 112 preferably takes multiple digital samples
per cycle of each of the sources 102. The sampling rate of
the converter 112 should be sufficiently fast to take multiple
samples, for example, at least about 3 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.

[0032] The digital signal processor 114 implements a
number of functions. Of particular importance to the present
invention, and as will be described in more detail below, the
processor 114 includes a demodulation module 118, i.e., the
processor 114 executes a variety of demultiplexing software/
logic functions including generating or otherwise obtaining
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a frequency orthogonal coded demultiplexing signal corre-
sponding to each signal component associated with each
source (i.e. each channel), 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 channels. The processor 114 also
includes a parameter estimation module 120 for calculating
blood oxygen saturation or related parameter values using
known algorithms.

[0033] Implemented within the processor 114 is a code
generation module 116 for providing code sequences (the
FOCDM codes) that are used to modulate the sources 102
and demultiplex the detector signal. A number of preferred
criteria_have been identified with respect to the codes
employed. First, the codes are preferably selected, relative to
one another, in a manner that allows for processing so as to
accurately distinguish the contributions of each of the
sources. In this regard, the codes may be substantially
orthogonal to reduce any interference between the channels
corresponding to the two different sources and their wave-
lengths/spectral composition.

[0034] The FOCDM codes may be conceptualized as
binary sequences. In the context of the sources it is conve-
nient to conceptualize the code sequence in terms of O and
1 bits corresponding to the off or low output state and the on
or high output state, respectively. In the case of the demul-
tiplexing signal, the bits are conceptualized as -1 and +1 for
mathematical convenience.

[0035] The FOCDM codes are used by the light source
drives 104 for the respective sources 102 to encode or
modulate the signals transmitted by the sources 102. A
unique FOCDM code sequence is utilized for each source
102. In the case of a two channel (e.g., red and infrared)
pulse oximeter, two separate sequences of FOCDM codes
(also referred to herein as FOCDM excitation waveforms)
are utilized to modulate the red and infrared sources 102.
These may be referred to herein as the red code sequence or
excitation waveform and the infrared code sequence or
excitation waveform. As may be appreciated, in applications
where there are more than two sources to be modulated (e.g.
in a four channel pulse oximeter), more than two unique
FOCDM excitation waveforms are utilized.

[0036] Each FOCDM excitation waveform is comprised
of a plurality of code pattern groups (the pattern groups),
with each pattern group being comprised of a plurality of
code patterns. The code patterns dictate the on and off
pulsing operation of each source (i.e., when the sources are
turned on and off) and thus are referred to herein as the pulse
patterns. As will be described more fully below, the pattern
groups comprising multiple pulse patterns achieve evenness
and randomization, and the excitation waveforms compris-
ing multiple pattern groups achieve frequency orthogonality.

[0037] Preferably, the pulse patterns are band limited.
However, the problem of finding band limited pulse patterns
is complicated by the need to create symmetrically balanced
pulse patterns in time (even functions) that have only one
source on at a time, which is a common hardware limitation.
In this regard, the pulse patterns excite only a single source
at any instant. To achieve symmetry over a full sample
period, each pair of pulse patterns is either fully symmetric
over the pulse period and the randomization of the pattern
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group for this source is also symmetric, or the pair is exactly
anti-symmetric (odd) and the pattern group randomization is
also odd. An example even pair is to turn on the source both
early and late in a pulse period or to turn on the source
during the middle of the pulse period. An example odd pair
is to turn on the source early or to turn on the source late. The
shape of each pulse controls the harmonic spectrum, but not
the frequency orthogonality. To achieve frequency orthogo-
nal coding, the pattern group is repeated a relatively prime
number of times during the whole sample. For a two source
system, one sequence is repeated, for example, 2 times,
while the other is repeated, for example, 3 times.

[0038] Further optimization of the pulse patterns and
pattern groups is possible. For instance, although the low
pass filtering of the detector will not cause signal separation
problems, the slewing of the signal will reduce agreement
between the signal and demodulation pattern. The source
having slowest response (infrared) can use a pulse pattern
that uses less bandwidth and has fewest harmonics, maxi-
mizing the amplitude and therefore the signal to noise ratio
of the recovered signal. An even pattern turning on the
source only in the middle of the pulse period or not at all is
such a pulse pattern. Secondly, the randomization is chosen
to minimize the energy at any single harmonic, maximizing
the whitening of interference.

[0039] Referring now to FIGS. 2 and 3, the pulse patterns,
pattern groups and excitation waveforms may be better
understood by reference to particular examples. In this
regard, FIG. 2 shows randomly selected values or bits of the
pattern groups comprising exemplary first and second fre-
quency orthogonal code division multiplexed excitation
waveforms 200, 202 (the infrared and red channel excitation
waveforms 200, 202. As is shown in FIG. 2, the infrared
channel excitation waveform 200 includes three different
infrared channel pattern groups 204, which, in this example
are different from one another. In other embodiments, there
may be fewer of more than three infrared pattern groups 204
in the infrared channel excitation waveform 200, and in
other embodiments the infrared pattern groups 206 may be
the same. Each infrared channel pattern group 204 is com-
prised of 4 random bits, with each bit being either 0 or +1.
In other embodiments, each infrared channel pattern group
204 may be comprised of fewer or more random bits. The
red channel excitation waveform 202 includes two red
channel pattern groups 206, which, in this example, are the
same. In other embodiments, there may be fewer or more
than two red pattern groups 206 in the red channel excitation
waveform 202, and in other embodiments the red pattern
groups 206 may be different from each other. Each red
channel pattern group 206 is comprised of 6 random bits,
with each bit being either 0 or +1. In other embodiments,
each red channel pattern group 206 may be comprised of
fewer or more random bits.

[0040] Each O or +1 bit in an infrared channel pattern
group 204 corresponds with one of two different infrared
channel pulse patterns 208, 210, examples of which are
shown in FIG. 3. Each O or +1 bit in a red channel pattern
group 206 corresponds with one of two different red channel
pulse patterns 212, 214, examples of which are also shown
in FIG. 3. In this regard, a O bit in an infrared channel pattern
group 204 corresponds with a first infrared channel pulse
pattern 208 (the infrared O pulse pattern 208), and a +1 bit
in an infrared channel pattern group 204 corresponds with a

Aug. 25,2005

second infrared channel pulse pattern 210 (the infrared +1
pulse pattern 210). A 0 bit in a red channel pattern group 206
corresponds with a first red channel pulse pattern 212 (the
red O pulse pattern 212), and a +1 bit in a red channel pattern
group 206 corresponds with a second red channel pulse
pattern 214 (the red +1 pulse pattern 214). Depending upon
whether a particular bit in the infrared and red channel
pattern groups 204, 206 is 0 or +1, the infrared and red
sources are modulated in accordance with the appropriate
corresponding pulse patterns 208-214.

[0041] Each of the exemplary pulse patterns 208-214 is of
equal length and includes a total of 84 bits. In other
embodiments, the pulse patterns 208-214 may include fewer
or more bits. In the infrared O pulse pattern 208, bits 1
through 38 are 0, bits 39 through 45 are +1 to turn the
infrared source on during this portion of the 84-bit pulse
period, and bits 46 through 84 are 0. In the infrared +1 pulse
pattern 210, bits 1 through 10 are 0, bits 11 through 17 are
+1 to turn the infrared source on during this portion of the
84-bit pulse period, bits 18 through 66 are 0, bits 67 through
73 are +1 to turn the infrared source on again during this
portion of the 84-bit pulse period, and bits 74 through 84 are
0. The infrared 0 and +1 pulse patterns 208, 210 are an
example of an even pair of patterns. In other embodiments,
the infrared pulse patterns 208, 210 may be configured to
provide an odd pair of pulse patierns. In the red O pulse
pattern 212, bits 1 through 3 are +1 to turn the red source on
during this portion of the 84-bit pulse period, bits 4 through
25 are 0, bits 26 through 31 are +1 to turn the red source on
again during this portion of the 84-bit pulse period, bits 32
through 81 are 0, and bits 82 through 84 are +1 to turn the
red source on for a third time during this portion of the 84-bit
pulse period. In the red +1 pulse pattern 214, bits 1 through
3 are +1 to turn the red source on during this portion of the
84-bit pulse period, bits 4 through 53 are 0, bits 54 through
59 are +1 to turn the red source on again during this portion
of the 84-bit pulse period, bits 60 through 82 are 0, and bits
82 through 84 are +1 to turn the red source on for a third time
during this portion of the 84-bit pulse period. The red 0 and
+1 pulse patterns 212, 214 are an example of and odd pair
of pulse patterns. In other embodiments, the red pulse
patterns 212, 214 may be configured to provide an even pair
of pulse patterns. Preferably, one of the pairs of pulse
patterns 208-210 or 212-214 is odd and the other pair of
pulse patterns 208-210 or 212-214 is even.

[0042] As can be seen from FIG. 3, the portions of the
84-bit pulse period during which the infrared source is on do
not coincide with the portions of the 84-bit pulse period
during which the red source is on, regardless of which
infrared pulse pattern 208, 210 is called for by the current bit
of infrared pattern group 204 and which red pulse pattern
212, 214 is called for by the current bit of red pattern group
206. As may be appreciated, the on and off times during the
pulse patterns 208-214 may be arranged differently while
still achieving the desire of no overlapping on times between
either one of the infrared pulse patterns 208, 210 and either
one of the red pulse patterns 212, 214.

[0043] With the infrared channel pattern groups 204 and
infrared pulse patterns 208, 210 configured as described
above, the infrared excitation waveform 200 is thus a series
of low (0) and high (+1) values that are 84 bits/pulse
patternx4 bits/pattern groupx3 pattern groups=1008-bits
long. With the red channel pattern groups 206 and red pulse
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patterns 212, 214 configured as described above, the red
excitation waveform 202 is thus also a series of low (0) and
high (+1) values that are 84 bits/pulse patternx6 bits/pattern
groupx2 pattern groups=1008-bits long. The 1008-bit long
excitation waveforms 200, 202 may be repeated over and
over to drive operation of the light sources of the pulse
oximeter. FIG. 4 is a plot showing the on (+1) and off (0)
times for the exemplary 1008-bit long infrared and red
excitation waveforms 200, 202. In FIG. 4, the level of the
infrared excitation waveform 200 is shown offset with a
value of +0.1 in order to more easily distinguish the infrared
on times from the on time portions of the red excitation
waveform 202. Although they do not necessarily have to be,
typically the levels of the on times will be the same in the
infrared and red excitation waveforms 200, 202.

[0044] As a result of the pseudo-random nature of the
individual bits in the pattern groups 204, 206 and their
corresponding pulse patterns 208-214 that comprise the
excitation waveforms 200, 202, the infrared and red chan-
nels are multiplexed in a pseudo-random manner that whit-
ens external noise present in the attenuated infrared and red
signal portions of the composite detector signal. As a result
of including a different prime number of the pulse groups
204, 206 in the excitation waveforms 200, 202, the infrared
and red channels are also multiplexed in a frequency
orthogonal manner that achieves good source separation. In
this regard, FIG. 5 is a plot of the spectrums for the
exemplary random-bit infrared and red pattern groups 204,
206 comprising the excitation waveforms 200, 202. As can
be seen from FIG. 5, there is limited overlap in the spectral
content of the 12-bit sequences comprising the three infrared
pattern groups 204 and the two red pattern groups 206. The
frequency orthogonal nature of the excitation waveforms
200, 202 is further seen in FIGS. 6 and 7 which are plots of
the power spectral densities for the entire 1008-bit long
exemplary infrared and red excitation waveforms, with FIG.
7 showing the lower frequency portions of the power
spectral densities in greater detail. As can be seen in FIG. 6
and particularly FIG. 7, there is limited overlap in the
spectral content of the infrared and red excitation waveforms
200, 202. Note that there may be some spectral overlap
appearing at various harmonics (e.g., the infrared and red
spectral peaks appearing at about 1750) due to the fact that
the prime numbers (e.g., 2 and 3) share common multiples
into which they may be divided an integer number of times
(e.g.,6,12,18,24, etc.). However, the demodulation process
can easily exclude these overlapping harmonic frequencies
since their occurrence is predictable based on the known
common multiples of the prime number of infrared pattern
groups 204 and the prime number of red pattern groups 206.

[0045] Referring again to FIG. 1, the resulting signals
transmitted by the sources 102 travel through the patient
tissue site 110 in the illustrated embodiment. The signals are
received by the detector 106 that provides an electrical
detector signal proportional to the received attenuated opti-
cal signals. Such a signal may be an analog current signal.
In the illustrated embodiment, a single detector 106 receives
the signals from both sources 102, thereby reducing com-
ponents and costs as is desirable, particularly when the
detector 106 is provided as part of a disposable or short
lifespan probe. Accordingly, the detector signal is a com-
posite signal including contributions from each of the
sources 102. The amplifier 110 outputs an analog voltage
signal that is representative of the frequency orthogonal
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code division multiplexed signals from the sources 102. This
analog voltage signal is received by the fast A/D converter
112 which samples the analog voltage signal to generate a
digital voltage signal which can be processed by the digital
signal processing unit 114.

[0046] The A/D converter 112 takes multiple digital
samples per time period corresponding to the duration of
each on or +1 bit in the pulse patterns 208-214. In this
regard, 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 (+1) or off (0) 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 imple-
mentation, information regarding the shape of the signal
may, for example, be used in filtering the demodulating
signal. The FOCDM composite signal may be sampled by
the converter, for example, at a frequency of approximately
48,000. Hz. 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 values reflecting the
detector signal at a moment within a cycle. The result, in the
illustrated embodiment, is that the digitized detector signal
as transmitted to the processor 114 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.

[0047] A demodulation module 118 implemented in the
processor 114 demultiplexes the composite digitized detec-
tor signal provided thereto by the A/D converter 112. Gen-
erally, the demultiplexing process involves processing the
composite detector signal using an infrared demultiplexing
signal corresponding to the infrared excitation waveform
200 associated with the infrared source 102 to obtain
received intensity information for the infrared channel, and
processing the composite detector signal using a red demul-
tiplexing signal corresponding to the red excitation wave-
form 202 associated with the red source 102 to obtain
received intensity information for the red channel. The
demultiplexing signals are synchronized to the drive signals
(e.g., by reference to a common clock or based on a feed
forward signal from the analog to digital converter 112) so
that corresponding bits of the detector signal and demulti-
plexing 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 102. Such values
form an output that is transmitted to a parameter calculation
module 120 implemented within the processor 114 that
executes any of various well-known algorithms for deter-
mining oxygen saturation or related parameter values based
on signal attenuation or the detected intensity values. In this
regard, one such algorithm is disclosed in U.S. Pat. No.
5,934,277, the entire disclosure of which is hereby incor-
porated herein.
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[0048] While various embodiments of the present inven-
tion have been described in detail, further modifications and
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 use in operating a signal attenuation
measurement device, the measurement device including a
source system for generating at least first and second signals
and for transmitting the first and second signals to a patient
tissue site that attenuates the signals, a detector system for
receiving at least first and second attenuated signals from the
patient tissue site corresponding with the first and second
signals transmitted to the patient tissues site and for provid-
ing a composite detector signal based on the first and second
attenuated signals, and a parameter estimation module for
determining a physiological parameter regarding the patient
based on information included in the detector signal, said
method comprising:

operating the source system to multiplex the first and
second signals in accordance with first and second
frequency orthogonal code division multiplexed exci-
tation waveforms;

processing the detector signal to provide a processed
signal for demultiplexing, the processed signal includ-
ing information regarding the first and second attenu-
ated signals; and

demultiplexing the processed signal using at least one
demultiplexing signal, said at least one demultiplexing
signal including a series of values corresponding with
one of the first and second frequency orthogonal code
division multiplexed waveforms such that said step of
demultiplexing the processed signal yields demulti-
plexed information corresponding to each of the first
and second attenuated signals;

wherein said demultiplexed information is usable by the
parameter estimation module for determining the
physiological parameter regarding the patient.

2. The method of claim 1 wherein the physiological
parameter is at least one of a blood oxygen saturation value
and a blood analyte value.

3. The method of claim 1 wherein the processed signal is
an analog signal and said step of processing comprises
converting at least a portion of the processed signal into a
series of digital values.

4. The method of claim 1 wherein each of the first and
second signals includes high value time periods and low
value time periods and said step of processing the detector
signal comprises digitally sampling the detector signal mul-
tiple times within a time period corresponding to one of said
high value and low value time periods of one of the first and
second signals.

5. The method of claim 1 wherein said step of processing
the detector signal comprises filtering the detector signal to
remove one or more selected frequency components.

6. The method of claim 1 wherein said step of demulti-
plexing comprises:

first processing the processed signal using a first demul-
tiplexing signal including a series of values correspond-
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ing to the first frequency orthogonal code division
multiplexed excitation waveform; and

second processing the processed signal using a second
demultiplexing signal including a series of values cor-
responding to the second frequency orthogonal code
division multiplexed excitation waveform signal.

7. The method of claim 1 wherein the first frequency
orthogonal code division multiplexed excitation waveform
comprises a number of first pattern groups, each first pattern
group comprising a plurality of randomly selected values
wherein each randomly selected value in a first pattern group
corresponds with one of a plurality of pulse patterns selected
from a first set of pulse patterns, and wherein the second
frequency orthogonal code division multiplexed excitation
waveform comprises a number of second pattern groups,
each second pattern group comprising a plurality of ran-
domly selected values wherein each randomly selected value
in a second pattern group corresponds with one of a plurality
of pulse patterns selected from a second set of pulse patterns.

8. The method of claim 7 wherein each of the pulse
patterns within the first set of pulse patterns is substantially
orthogonal to each of the pulse patterns within the second set
of pulse patterns.

9. The method of claim 7 wherein each of the pulse
patterns within the first set of pulse patterns and within the
second set of pulse patterns is a digital code comprising a
series of high and low values.

10. The method of claim 9 wherein the series of high and
low values in each of the pulse patterns within the first and
second set of pulse patterns are of equal length.

11. The method of claim 9 wherein the high values in each
of the pulse patterns within the first set of pulse patterns do
not overlap in time with the high values in each of the pulse
patterns within the second set of pulse patterns.

12. The method of claim 7 wherein the first set of pulse
patterns includes two different pulse patterns and wherein
the second set of pulse patterns includes two different pulse
patterns.

13. The method of claim 7 wherein the number of first
pattern groups within the first frequency orthogonal code
division multiplexed excitation waveform and the number of
second pattern groups within second frequency orthogonal
code division multiplexed excitation waveform are prime
numbers.

14. The method of claim 13 wherein there is a total of
three first pattern groups within the first frequency orthogo-
nal code division multiplexed excitation waveform and a
total of two second pattern groups within second frequency
orthogonal code division multiplexed excitation waveform,
and wherein each first pattern group includes four pulse
patterns selected from the first set of pulse patterns and each
second pattern group includes six pulse patterns selected
from the second set of pulse patterns.

15. An apparatus for use in determining at least one
physiological parameter relating to a patient from at least
first and second signals transmitted to a patient tissue site
and attenuated thereby, said apparatus comprising:

a source system operative to generate the first and second
signals and transmit the first and second signals to the
patient tissue site;

a detector system operative to receive first and second
attenuated signals from the patient tissue site corre-
sponding with the first and second signals transmitted
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to the patient tissues site and provide a composite
detector signal based on the first and second attenuated
signals; and

a signal processing device including:

a code generation module operative to drive the source
system to multiplex the first and second signals in
accordance with first and second frequency orthogo-
nal code division multiplexed excitation waveforms;
and

a demodulation module operative to demultiplex the
composite detector signal using at least one demul-
tiplexing signal, said at least one demultiplexing
signal including a series of values corresponding
with one of the first and second frequency orthogonal
code division multiplexed waveforms to obtain
demultiplexed information corresponding to each of
the first and second attenuated signals, the demulti-
plexed information being usable in determining the
physiological parameter regarding the patient.

16. The apparatus of claim 15 wherein the physiological
parameter is at least one of a blood oxygen saturation value
and a blood analyte value.

17. The apparatus of claim 15 wherein said source system
includes first and second light sources operative to transmit
first and second light signals centered at first and second
wavelengths.

18. The apparatus of claim 17 wherein the first wave-
length is within the infrared portion of the electromagnetic
spectrum and the second wavelength is within the red
portion of the electromagnetic spectrum.

19. The apparatus of claim 17 wherein the detector system
includes a photo-detector.

20. The apparatus of claim 15 wherein the composite
detector signal is an analog signal and said detector system
includes an analog-to-digital converter operative to convert
at least a portion of the detector signal into a series of digital
values.

21. The apparatus of claim 20 wherein each of the first and
second signals includes high value time periods and low
value time periods and said analog-to-digital converter is
operative to sample the detector signal multiple times within
a time period corresponding to one of said high value and
low value time periods of one of the first and second signals.

22. The apparatus of claim 15 wherein said detector
system includes an amplifier operative to amplify the detec-
tor signal and filter the detector signal to remove one or more
selected frequency components.

23. The apparatus of claim 15 wherein said demodulation
module demultiplexes the detector signal using a first
demultiplexing signal including a series of values corre-
sponding to the first frequency orthogonal code division
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multiplexed excitation waveform and a second demultiplex-
ing signal including a series of values corresponding to the
second frequency orthogonal code division multiplexed
excitation waveform signal.

24. The apparatus of claim 15 wherein the first frequency
orthogonal code division multiplexed excitation waveform
comprises a number of first pattern groups, each first pattern
group comprising a plurality of randomly selected values
wherein each randomly selected value in a first pattern group
corresponds with one of a plurality of pulse patterns selected
from a first set of pulse patterns, and wherein the second
frequency orthogonal code division multiplexed excitation
waveform comprises a number of second pattern groups,
each second pattern group comprising a plurality of ran-
domly selected values wherein each randomly selected value
in a second pattern group corresponds with one of a plurality
of pulse patterns selected from a second set of pulse patterns.

25. The apparatus of claim 24 wherein each of the pulse
patterns within the first set of pulse patterns is substantially
orthogonal to each of the pulse patterns within the second set
of pulse patterns.

26. The apparatus of claim 24 wherein each of the pulse
patterns within the first set of pulse patterns and within the
second set of pulse patterns is a digital code comprising a
series of high and low values.

27. The apparatus of claim 26 wherein the series of high
and low values in each of the pulse patterns within the first
and second set of pulse patterns are of equal length.

28. The apparatus of claim 26 wherein the high values in
each of the pulse patterns within the first set of pulse patterns
do not overlap in time with the high values in each of the
pulse patterns within the second set of pulse patterns.

29. The apparatus of claim 24 wherein the first set of pulse
patterns includes two different pulse patterns and wherein
the second set of pulse patterns includes two different pulse
patterns.

30. The apparatus of claim 24 wherein the number of first
pattern groups within the first frequency orthogonal code
division multiplexed excitation waveform and the number of
second pattern groups within second frequency orthogonal
code division multiplexed excitation waveform are prime
numbers.

31. The apparatus of claim 30 wherein there is a total of
three first pattern groups within the first frequency orthogo-
nal code division multiplexed excitation waveform and a
total of two second pattern groups within second frequency
orthogonal code division multiplexed excitation waveform,
and wherein each first pattern group includes four pulse
patterns selected from the first set of pulse patterns and each
second pattern group includes six pulse patterns selected
from the second set of pulse patterns.

[ I T



TRBR(F) F A2 E R REHEE M EE S RN 2
K (BE)S US20050187451A1

RiES US10/786938

FRIFE(FFRRAGE) HEHDR

BRiE (TR A(F) % EHIMARK A.

HERBEANAEF) BABRRLH

[#RI &8 A NORRIS MARK A
KREBA NORRIS, MARK A.
IPCHE& A61B5/00 HO4B1/16
CPCH¥%k= A61B5/14551

H AT SR US7194292

SNEBEEHE Espacenet  USPTO
RE(GR)

—MATRERATRERENEESHNESRRNEREN T EN—
MATMAREFBEAATVNELE-—NE_FSHRESBERXH
EL—NMEBSHHRENALRERTR. REARANTENEE
FERAFRERBSERBMRENE-—NE_FESHTZHRER. XA
HESHMEN REFNRD BHNABREN A,

patsnap

IAFF (2 5) B 2005-08-25
HiEH 2004-02-25
100
106 110 112 ’{
|| DETECTOR [ s AMPLFIER FAST ADC
/HB
/o
TISSUE 1/ Iﬁ 12
POSITIONER N psp |
[
LIGHT He
LIGHT SOURCE SOURCE
N - ]

108

102


https://share-analytics.zhihuiya.com/view/483ec993-90ea-453f-9814-ec98817caac1
https://worldwide.espacenet.com/patent/search/family/034750500/publication/US2005187451A1?q=US2005187451A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220050187451%22.PGNR.&OS=DN/20050187451&RS=DN/20050187451

