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(57) ABSTRACT

A patient monitoring system may receive a physiological
signal such as a photoplethysmograph (PPG) signal that
exhibits frequency and amplitude modulation based on res-
piration. A phase locked loop may generate a frequency
demodulated signal and an amplitude demodulated signal
from the PPG signal. An autocorrelation sequence may be
generated for each of the frequency demodulated signal and
the amplitude demodulated signal. The autocorrelation
sequences may be combined and respiration information may
be determined based on the combined autocorrelation
sequence.
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SYSTEMS AND METHODS FOR
DETERMINING RESPIRATION
INFORMATION USING PHASE LOCKED
LOOP

[0001] The present disclosure relates to physiological sig-
nal processing, and more particularly relates to determining a
physiological parameter such as respiration information from
a physiological signal using a phase locked loop.

SUMMARY

[0002] A patient monitoring system may be configured to
determine physiological information such as respiration
information from a physiological signal such as a photopl-
ethysmograph (PPG) signal. For example, a PPG signal may
exhibit amplitude and frequency modulation based on the
respiration of a patient. The PPG signal may be input to a
phase locked loop to generate a frequency demodulated sig-
nal and an amplitude demodulated signal.

[0003] An autocorrelation sequence may be generated for
each of the frequency demodulated signal and the amplitude
demodulated signal. The autocorrelation sequences may be
combined, e.g., based on confidence metrics associated with
the autocorrelation sequences. Physiological information
such as respiration information may be determined based on
the combined autocorrelation sequence.

BRIEF DESCRIPTION OF THE FIGURES

[0004] The above and other features of the present disclo-
sure, its nature and various advantages will be more apparent
upon consideration of the following detailed description,
taken in conjunction with the accompanying drawings in
which:

[0005] FIG. 1 shows an illustrative patient monitoring sys-
tem in accordance with some embodiments of the present
disclosure;

[0006] FIG. 2 is a block diagram of the illustrative patient
monitoring system of FIG. 1 coupled to a patient in accor-
dance with some embodiments of the present disclosure;
[0007] FIG. 3 shows a block diagram of an illustrative
signal processing system in accordance with some embodi-
ments of the present disclosure;

[0008] FIG. 4 is a flow diagram showing steps for using a
phase locked loop to generate a frequency demodulated sig-
nal and an amplitude demodulated signal from a physiologi-
cal signal in accordance with some embodiments of the
present disclosure; and

[0009] FIG. 5 is a flow diagram showing illustrative steps
for determining respiration information from a photoplethys-
mograph signal in accordance with some embodiments of the
present disclosure.

DETAILED DESCRIPTION OF THE FIGURES

[0010] The present disclosure is directed to determining
physiological information such as respiration information
from a photoplethysmograph (PPG) signal. The PPG signal
may exhibit amplitude and frequency modulation based on
the respiration of a patient. A phase locked loop may be used
to generate a frequency demodulated signal and an amplitude
demodulated signal from the PPG signal. The phase locked
loop may include an oscillator, a phase detector, and a low
pass filter. The oscillator signal may be generated to approxi-
mate the PPG signal and may be phase shifted by 7/2 to have

May 19, 2016

a phase offset with the PPG signal. The phase detector may
determine a phase and frequency difference between the PPG
signal and the oscillator signal. The resulting phase detector
output may include a component at approximately twice the
PPG signal frequency and a component representing the
phase difference between the two signals. The phase detector
output may be low pass filtered, resulting in the output of the
phase difference signal.

[0011] The phase difference signal may be fed back to the
oscillator in order to adjust the phase and frequency of the
oscillator signal to match the PPG signal. As the PPG signal
changes over time, e.g., due to modulations caused by respi-
ration, the phase difference signal will reflect these changes to
allow the oscillator to track the PPG signal. The phase differ-
ence signal may therefore be representative of the respiration
component of the PPG signal and may be used as the fre-
quency demodulated signal.

[0012] The oscillator signal may also be phase shifted by
7/2 again to match the phase of the PPG signal. The phase
shifted oscillator signal may be multiplied with the PPG
signal, with the resulting product signal emphasizing ampli-
tude modulations caused by respiration. The resulting prod-
uct signal may be low pass filtered, resulting in the amplitude
demodulated signal. An autocorrelation sequence may be
generated for each of the frequency demodulated signal and
the amplitude demodulated signal. The autocorrelation
sequences may be combined, and the combined autocorrela-
tion sequence may be used to determine respiration informa-
tion.

[0013] For purposes of clarity, the present disclosure is
written in the context of the physiological signal being a PPG
signal generated by a pulse oximetry system. It will be under-
stood that any other suitable physiological signal or any other
suitable system may be used in accordance with the teachings
of the present disclosure.

[0014] An oximeter is amedical device that may determine
the oxygen saturation of the blood. One common type of
oximeter is a pulse oximeter, which may indirectly measure
the oxygen saturation of a patient’s blood (as opposed to
measuring oxygen saturation directly by analyzing a blood
sample taken from the patient). Pulse oximeters may be
included in patient monitoring systems that measure and dis-
play various blood flow characteristics including, but not
limited to, the oxygen saturation of hemoglobin in arterial
blood. Such patient monitoring systems may also measure
and display additional physiological parameters, such as a
patient’s pulse rate.

[0015] An oximeter may include a light sensor that is
placed ata site on a patient, typically a fingertip, toe, forehead
or earlobe, or in the case of a neonate, across a foot. The
oximeter may use a light source to pass light through blood
perfused tissue and photoelectrically sense the absorption of
the light in the tissue. In addition, locations that are not
typically understood to be optimal for pulse oximetry serve as
suitable sensor locations for the monitoring processes
described herein, including any location on the body that has
a strong pulsatile arterial flow. For example, additional suit-
able sensor locations include, without limitation, the neck to
monitor carotid artery pulsatile flow, the wrist to monitor
radial artery pulsatile flow, the inside of a patient’s thigh to
monitor femoral artery pulsatile flow, the ankle to monitor
tibial artery pulsatile flow, and around or in front of the ear.
Suitable sensors for these locations may include sensors for
sensing absorbed light based on detecting reflected light. In
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all suitable locations, for example, the oximeter may measure
the intensity of light that is received at the light sensor as a
function of time. The oximeter may also include sensors at
multiple locations. A signal representing light intensity ver-
sus time or a mathematical manipulation of this signal (e.g., a
scaled version thereof, a log taken thereof, a scaled version of
a log taken thereof, etc.) may be referred to as the photopl-
ethysmograph (PPG) signal. In addition, the term “PPG sig-
nal,” as used herein, may also refer to an absorption signal
(i.e., representing the amount of light absorbed by the tissue)
or any suitable mathematical manipulation thereof. The light
intensity or the amount of light absorbed may then be used to
calculate any of a number of physiological parameters,
including an amount of a blood constituent (e.g., oxyhemo-
globin) being measured as well as a pulse rate and when each
individual pulse occurs.

[0016] In some applications, the light passed through the
tissue is selected to be of one or more wavelengths that are
absorbed by the blood in an amount representative of the
amount of the blood constituent present in the blood. The
amount oflight passed through the tissue varies in accordance
with the changing amount of blood constituent in the tissue
and the related light absorption. Red and infrared (IR) wave-
lengths may be used because it has been observed that highly
oxygenated blood will absorb relatively less Red light and
more IR light than blood with a lower oxygen saturation. By
comparing the intensities of two wavelengths at different
points in the pulse cycle, it is possible to estimate the blood
oxygen saturation of hemoglobin in arterial blood.

[0017] When the measured blood parameter is the oxygen
saturation of hemoglobin, a convenient starting point
assumes a saturation calculation based at least in part on
Lambert-Beer’s law. The following notation will be used
herein:

Th2)=Io(Wexp(=(sPaM)+(1-9)B,(MU2) M
where:
A=wavelength;
t=time;
I=intensity of light detected;
I =intensity of light transmitted;
s=oxygen saturation;
o, p,=empirically derived absorption coefficients; and

I(t)=a combination of concentration and path length from
emitter to detector as a function of time.

[0018] The traditional approach measures light absorption
at two wavelengths (e.g., Red and IR), and then calculates
saturation by solving for the “ratio of ratios” as follows.

1. The natural logarithm of Eq. 1 is taken (“log” will be used
to represent the natural logarithm) for IR and Red to yield

log I=log I~ (spo+{1-5)B,)L. @

2. Eq. 2 is then differentiated with respect to time to yield

dlogl
dr

) o
= (5o + (L=5)B) =

3. Eq.3, evaluated at the Red wavelength A, is divided by Eq.
3 evaluated at the IR wavelength A in accordance with
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dlogl(Ag)/d1 _ sPoAg) + (1 = 5)B(Ag) )
dlogiAR) fdr — sBo(Ar) + (1 —$)BAR)

4. Solving for s yields

dlogl(Ag)
dr ST,

dlogl(A
021[( ®) (Bo(Ar) = Br(Ar)) =

dlogl(A
%(ﬁo(ﬁm = BrAg)

dlogl(d 5
ogl( R)ﬁram) G

S =

5. Note that, in discrete time, the following approximation
can be made:

dlo%ﬁ/\, 0. logl(A, 1) = log/(A, 17 ). @

6. Rewriting Eq. 6 by observing that log A-log B=log(A/B)
yields

dlogi(n0) (1(12,1)) )
dr ')

7. Thus, Eq. 4 can be expressed as

dlogldg) | (Itﬁtl,/\:e)) ®
dr H, Ar)/ _ R

dlogl(Ar) log(l(lla/\m)) ’
dr 11y, A1p)

where R represents the “ratio of ratios.”

8. Solving Eq. 4 for s using the relationship of Eq. 5 yields

oo BrAr) = RB(A1r) &)
R(Po(Ag) = BrAiR)) = Po(Ag) + Br(Ag)”

9.From Eq. 8, R can be calculated using two points (e.g., PPG
maximum and minimum), or a family of points. One method
applies a family of points to a modified version of Eq. 8. Using
the relationship

dlogl _ dl/dr (10)

dr 1’
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Eq. 8 becomes

dlogl(Ag) 12, Ag) =11, Ag) (11
dr (11, Ag)

dloglp) — 1(ra, Ap) = 111, i)
dt Iy, Ag)

_ e, Ap) = 1o = ARy, Arg)
(22, Agr) = 10, Agr)]H (21, AR)
=R

which defines a cluster of points whose slope of y versus x
will give R when

x=[1(ty,hip)=1(1;,hip) U (t 1 M), 12)
and
Y=t hg)=1(1 hg) (1 hpg)- (13)

Once R is determined or estimated, for example, using the
techniques described above, the blood oxygen saturation can
be determined or estimated using any suitable technique for
relating a blood oxygen saturation value to R. For example,
blood oxygen saturation can be determined from empirical
data that may be indexed by values of R, and/or it may be
determined from curve fitting and/or other interpolative tech-
niques.

[0019] FIG. 11is a perspective view of an embodiment of a
patient monitoring system 10. System 10 may include sensor
unit 12 and monitor 14. In some embodiments, sensor unit 12
may be part of an oximeter. Sensor unit 12 may include an
emitter 16 for emitting light at one or more wavelengths into
a patient’s tissue. A detector 18 may also be provided in
sensor unit 12 for detecting the light originally from emitter
16 that emanates from the patient’s tissue after passing
through the tissue. Any suitable physical configuration of
emitter 16 and detector 18 may be used. In an embodiment,
sensor unit 12 may include multiple emitters and/or detectors,
which may be spaced apart. System 10 may also include one
or more additional sensor units (not shown) that may take the
form of any of the embodiments described herein with refer-
ence to sensor unit 12. An additional sensor unit may be the
same type of sensor unit as sensor unit 12, or adifferent sensor
unit type than sensor unit 12. Multiple sensor units may be
capable of being positioned at two different locations on a
subject’s body; for example, a first sensor unit may be posi-
tioned on a patient’s forehead, while a second sensor unit may
be positioned at a patient’s fingertip.

[0020] Sensor units may each detect any signal that carries
information about a patient’s physiological state, such as an
electrocardiograph signal, arterial line measurements, or the
pulsatile force exerted on the walls of an artery using, for
example, oscillometric methods with a piezoelectric trans-
ducer. According to another embodiment, system 10 may
include two or more sensors forming a sensor array in lieu of
either or both of the sensor units. Each of the sensors of a
sensor array may be a complementary metal oxide semicon-
ductor (CMOS) sensor. Alternatively, each sensor of an array
may be charged coupled device (CCD) sensor. In some
embodiments, a sensor array may be made up of a combina-
tion of CMOS and CCD sensors. The CCD sensor may com-
prise a photoactive region and a transmission region for
receiving and transmitting data whereas the CMOS sensor
may be made up of an integrated circuit having an array of

May 19, 2016

pixel sensors. Bach pixel may have a photodetector and an
active amplifier. It will be understood that any type of sensor,
including any type of physiological sensor, may be used in
one or more sensor units in accordance with the systems and
techniques disclosed herein. It is understood that any number
of sensors measuring any number of physiological signals
may be used to determine physiological information in accor-
dance with the techniques described herein.

[0021] In some embodiments, emitter 16 and detector 18
may be on opposite sides of a digit such as a finger or toe, in
which case the light that is emanating from the tissue has
passed completely through the digit. In some embodiments,
emitter 16 and detector 18 may be arranged so that light from
emitter 16 penetrates the tissue and is reflected by the tissue
into detector 18, such as in a sensor designed to obtain pulse
oximetry data from a patient’s forehead.

[0022] In some embodiments, sensor unit 12 may be con-
nected to and draw its power from monitor 14 as shown. In
another embodiment, the sensor may be wirelessly connected
to monitor 14 and include its own battery or similar power
supply (not shown). Monitor 14 may be configured to calcu-
late physiological parameters (e.g., pulse rate, blood oxygen
saturation, and respiration information) based at least in part
on data relating to light emission and detection received from
one or more sensor units such as sensor unit 12 and an addi-
tional sensor (not shown). In some embodiments, the calcu-
lations may be performed on the sensor units or an interme-
diate device and the result of the calculations may be passed
to monitor 14. Further, monitor 14 may include a display 20
configured to display the physiological parameters or other
information about the system. In the embodiment shown,
monitor 14 may also include a speaker 22 to provide an
audible sound that may be used in various other embodi-
ments, such as for example, sounding an audible alarm in the
event that a patient’s physiological parameters are not within
apredefined normal range. In some embodiments, the system
10 includes a stand-alone monitor in communication with the
monitor 14 via a cable or a wireless network link.

[0023] Insome embodiments, sensor unit 12 may be com-
municatively coupled to monitor 14 via a cable 24. In some
embodiments, a wireless transmission device (not shown) or
the like may be used instead of or in addition to cable 24.
Monitor 14 may include a sensor interface configured to
receive physiological signals from sensor unit 12, provide
signals and power to sensor unit 12, or otherwise communi-
cate with sensor unit 12. The sensor interface may include any
suitable hardware, software, or both, which may be allow
commuuication between monitor 14 and sensor unit 12.
[0024] Patient monitoring system 10 may also include dis-
play monitor 26. Monitor 14 may be in communication with
display monitor 26. Display monitor 26 may be any electronic
device that is capable of communicating with monitor 14 and
calculating and/or displaying physiological parameters, e.g.,
a general purpose computer, tablet computer, smart phone, or
an application-specific device. Display monitor 26 may
include a display 28 and user interface 30. Display 28 may
include touch screen functionality to allow a user to interface
with display monitor 26 by touching display 28 and utilizing
motions. User interface 30 may be any interface that allows a
user to interact with display monitor 26, e.g., a keyboard, one
or more buttons, a camera, a microphone, or a touchpad.
[0025] Monitor 14 and display monitor 26 may communi-
cate utilizing any suitable transmission medium, including
wireless (e.g., WiFi, Bluetooth, etc.), wired (e.g., USB, Eth-
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ernet, etc.), or application-specific connections. In an exem-
plary embodiment, monitor 14 and display monitor 26 may be
connected via cable 32. Monitor 14 and display monitor 26
may communicate utilizing standard or proprietary commu-
nications protocols, such as the Standard Host Interface Pro-
tocol (SHIP) developed and used by Covidien of Mansfield,
Mass. In addition, monitor 14, display monitor 26, or both
may be coupled to a network to enable the sharing of infor-
mation with servers or other workstations (not shown). Moni-
tor 14, display monitor 26, or both may be powered by a
battery (not shown) or by a conventional power source such as
a wall outlet.

[0026] Monitor 14 may transmit calculated physiological
parameters (e.g., pulse rate, blood oxygen saturation, and
respiration information) to display monitor 26. In some
embodiments, monitor 14 may transmit a PPG signal, data
representing a PPG signal, or both to display monitor 26, such
that some or all calculated physiological parameters (e.g.,
pulse rate, blood oxygen saturation, and respiration informa-
tion) may be calculated at display monitor 26. In an exem-
plary embodiment, monitor 14 may calculate pulse rate and
blood oxygen saturation, while display monitor 26 may cal-
culate respiration information such as a respiration rate.
[0027] FIG. 2 is a block diagram of a patient monitoring
system, such as patient monitoring system 10 of FIG. 1,
which may be coupled to a patient 40 in accordance with an
embodiment. Certain illustrative components of sensor unit
12 and monitor 14 are illustrated in FIG. 2.

[0028] Sensor unit 12 may include emitter 16, detector 18,
and encoder 42. In the embodiment shown, emitter 16 may be
configured to emit at least two wavelengths of light (e.g., Red
and IR) into a patient’s tissue 40. Hence, emitter 16 may
include a Red light emitting light source such as Red light
emitting diode (LED) 44 and an IR light emitting light source
such as IR LED 46 for emitting light into the patient’s tissue
40 at the wavelengths used to calculate the patient’s physi-
ological parameters. In some embodiments, the Red wave-
length may be between about 600 nm and about 700 nm, and
the IR wavelength may be between about 800 nm and about
1000 nm. In embodiments where a sensor array is used in
place of a single sensor, each sensor may be configured to
emit a single wavelength. For example, a first sensor may emit
only a Red light while a second sensor may emit only an IR
light. In a further example, the wavelengths of light used may
be selected based on the specific location of the sensor.
[0029] It will be understood that, as used herein, the term
“light” may refer to energy produced by radiation sources and
may include one or more of radio, microwave, millimeter
wave, infrared, visible, ultraviolet, gamma ray or X-ray elec-
tromagnetic radiation. As used herein, light may also include
electromagnetic radiation having any wavelength within the
radio, microwave, infrared, visible, ultraviolet, or X-ray spec-
tra, and that any suitable wavelength of electromagnetic
radiation may be appropriate for use with the present tech-
niques. Detector 18 may be chosen to be specifically sensitive
to the chosen targeted energy spectrum of the emitter 16.
[0030] In some embodiments, detector 18 may be config-
ured to detect the intensity of light at the Red and IR wave-
lengths. Alternatively, each sensor in the array may be con-
figured to detect an intensity of a single wavelength. In
operation, light may enter detector 18 after passing through
the patient’s tissue 40. Detector 18 may convert the intensity
of the received light into an electrical signal. The light inten-
sity is directly related to the absorbance and/or reflectance of
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light in the tissue 40. That is, when more light at a certain
wavelength is absorbed or reflected, less light of that wave-
length is received from the tissue by the detector 18. After
converting the received light to an electrical signal, detector
18 may send the signal to monitor 14, where physiological
parameters may be calculated based on the absorption of the
Red and IR wavelengths in the patient’s tissue 40.

[0031] In some embodiments, encoder 42 may contain
information about sensor unit 12, such as what type of sensor
it is (e.g., whether the sensor is intended for placement on a
forehead or digit) and the wavelengths of light emitted by
emitter 16. This information may be used by monitor 14 to
select appropriate algorithms, lookup tables and/or calibra-
tion coefficients stored in monitor 14 for calculating the
patient’s physiological parameters.

[0032] Encoder 42 may contain information specific to
patient 40, such as, for example, the patient’s age, weight, and
diagnosis. This information about a patient’s characteristics
may allow monitor 14 to determine, for example, patient-
specific threshold ranges in which the patient’s physiological
parameter measurements should fall and to enable or disable
additional physiological parameter algorithms. This informa-
tion may also be used to select and provide coefficients for
equations from which measurements may be determined
based at least in part on the signal or signals received at sensor
unit 12. For example, some pulse oximetry sensors rely on
equations to relate an area under a portion of a PPG signal
corresponding to a physiological pulse to determine blood
pressure. These equations may contain coefficients that
depend upon a patient’s physiological characteristics as
storedin encoder 42. Encoder 42 may, for instance, be acoded
resistor that stores values corresponding to the type of sensor
unit 12 or the type of each sensor in the sensor array, the
wavelengths of light emitted by emitter 16 on each sensor of
the sensor array, and/or the patient’s characteristics. In some
embodiments, encoder 42 may include a memory on which
one or more of the following information may be stored for
communication to monitor 14; the type of the sensor unit 12;
the wavelengths of light emitted by emitter 16; the particular
wavelength each sensor in the sensor array is monitoring; a
signal threshold for each sensor in the sensor array; any other
suitable information; or any combination thereof.

[0033] Insome embodiments, signals from detector 18 and
encoder 42 may be transmitted to monitor 14. In the embodi-
ment shown, monitor 14 may include a general-purpose
microprocessor 48 connected to an internal bus 50. Micro-
processor 48 may be adapted to execute software, which may
include an operating system and one or more applications, as
part of performing the functions described herein. Also con-
nected to bus 50 may be a read-only memory (ROM) 52, a
random access memory (RAM) 54, user inputs 56, display 20,
data output 84, phase locked loop (PLL) 86, and speaker 22.
[0034] RAM 54 and ROM 52 are illustrated by way of
example, and not limitation. Any suitable computer-readable
media may be used in the system for data storage. Computer-
readable media are capable of storing information that can be
interpreted by microprocessor 48. This information may be
data or may take the form of computer-executable instruc-
tions, such as software applications, that cause the micropro-
cessor to perform certain functions and/or computer-imple-
mented methods. Depending on the embodiment, such
computer-readable media may include computer storage
media and communication media. Computer storage media
may include volatile and non-volatile, removable and non-
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removable media implemented in any method or technology
for storage of information such as computer-readable instruc-
tions, data structures, program modules or other data. Com-
puter storage media may include, but is not limited to, RAM,
ROM, EPROM, EEPROM, flash memory or other solid state
memory technology, CD-ROM, DVD, or other optical stor-
age, magnetic cassettes, magnetic tape, magnetic disk storage
or other magnetic storage devices, or any other medium that
can be used to store the desired information and that can be
accessed by components of the system.

[0035] In the embodiment shown, a time processing unit
(TPU) 58 may provide timing control signals to light drive
circuitry 60, which may control when emitter 16 is illumi-
nated and multiplexed timing for Red LED 44 and IR LED 46.
TPU 58 may also control the gating-in of signals from detec-
tor 18 through amplifier 62 and switching circuit 64. These
signals are sampled at the proper time, depending upon which
light source is illuminated. The received signal from detector
18 may be passed through amplifier 66, low pass filter 68, and
analog-to-digital converter 70. The digital data may then be
stored in a queued serial module (QSM) 72 (or buffer) for
later downloading to RAM 54 as QSM 72 is filled. In some
embodiments, there may be multiple separate parallel paths
having components equivalent to amplifier 66, filter 68, and/
or A/D converter 70 for multiple light wavelengths or spectra
received. Any suitable combination of components (e.g.,
microprocessor 48, RAM 54, analog to digital converter 70,
any other suitable component shown or not shown in FIG. 2)
coupled by bus 50 or otherwise coupled (e.g., via an external
bus), may be referred to as “processing equipment.”

[0036] In some embodiments, microprocessor 48 may
determine the patient’s physiological parameters, such as
SpQ,, pulse rate, and/or respiration information, using vari-
ous algorithms and/or look-up tables based on the value of the
received signals and/or data corresponding to the light
received by detector 18. Signals corresponding to informa-
tion about patient 40, and particularly about the intensity of
light emanating from a patient’s tissue over time, may be
transmitted from encoder 42 to decoder 74. These signals
may include, for example, encoded information relating to
patient characteristics. Decoder 74 may translate these sig-
nals to enable the microprocessor to determine the thresholds
based at least in part on algorithms or look-up tables stored in
ROM 52. In some embodiments, user inputs 56 may be used
to enter information, select one or more options, provide a
response, input settings, any other suitable inputting function,
or any combination thereof. User inputs 56 may be used to
enter information about the patient, such as age, weight,
height, diagnosis, medications, treatments, and so forth. In
some embodiments, display 20 may exhibit a list of values,
which may generally apply to the patient, such as, for
example, age ranges or medication families, which the user
may select using user inputs 56.

[0037] Calibration device 80, which may be powered by
monitor 14 via a communicative coupling 82, a battery, or by
a conventional power source such as a wall outlet, may
include any suitable signal calibration device. Calibration
device 80 may be communicatively coupled to monitor 14 via
communicative coupling 82, and/or may communicate wire-
lessly (not shown). In some embodiments, calibration device
80 is completely integrated within monitor 14. In some
embodiments, calibration device 80 may include a manual
input device (not shown) used by an operator to manually
input reference signal measurements obtained from some
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other source (e.g., an external invasive or non-invasive physi-
ological measurement system).

[0038] Phase locked loop (“PLL”) 86 may track the phase
and frequency of a PPG signal or a signal derived from the
PPG signal, PLL 86 may generate a frequency demodulated
signal and an amplitude demodulated signal, or may generate
signals used to generate a frequency demodulated signal and
amplitude demodulated signal. PLL 86 will be described as
receiving a PPG signal as an input. It will be understood that
PPG signal as described herein includes any signal derived
from a PPG signal that includes PPG information, e.g., a
signal derived from the PPG signal such as a filtered PPG
signal or a derivative or second derivative of the PPG signal.
Tt will also be understood that PLL 86 may track and demodu-
late any physiological signal in addition to a PPG signal.
Although PLL 86 may track the PPG signal and generate
demodulated signals in any suitable manner, in an exemplary
embodiment PLL may be implemented as described in FIG.
4. PLL 86 may be a component of monitor 14 or display
monitor 26. PLL 86 may be implemented with hardware,
software (e.g., ranning on microprocessor 48), or a combina-
tion of hardware and software. Accordingly, in some embodi-
ments PLL 86 may be integral to microprocessor 48. PLL 86
may be implemented in any suitable manner on display moni-
tor 26, e.g., as hardware, software (e.g., running on a micro-
processor or general purpose computer of display monitor
26), or a combination of hardware and software.

[0039] Data output 84 may provide for communications
with other devices such as display monitor 26 utilizing any
suitable transmission medium, including wireless (e.g., WiFi,
Bluetooth, etc.), wired (e.g., USB, Ethernet, etc.), or applica-
tion-specific connections. Data output 84 may receive mes-
sages to be transmitted from microprocessor 48 via bus 50.
Exemplary messages to be sent in an embodiment described
herein may include PPG signals to be transmitted to display
monitor module 26.

[0040] Theoptical signal attenuated by the tissue of patient
40 can be degraded by noise, among other sources. One
source of noise is ambient light that reaches the light detector.
Another source of noise is electromagnetic coupling from
other electronic instruments. Movement of the patient also
introduces noise and affects the signal. For example, the
contact between the detector and the skin, or the emitter and
the skin, can be temporarily disrupted when movement
causes either to move away from the skin. Also, because
blood is a fluid, it responds differently than the surrounding
tissue to inertial effects, which may result in momentary
changes in volume at the point to which the oximeter probe is
attached.

[0041] Noise (e.g., from patient movement) can degrade a
sensor signal relied upon by a care provider, without the care
provider’s awareness. This is especially true if the monitoring
ofthe patient is remote, the motion is too small to be observed,
or the care provider is watching the instrument or other parts
of the patient, and not the sensor site. Processing sensor
signals (e.g., PPG signals) may involve operations that reduce
the amount of noise present in the signals, control the amount
of noise present in the signal, or otherwise identify noise
components in order to prevent them from affecting measure-
ments of physiological parameters derived from the sensor
signals.

[0042] FIG. 3 is an illustrative processing system 300 in
accordance with an embodiment that may implement the
signal processing techniques described herein. In some
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embodiments, processing system 300 may be included in a
patient monitoring systeni (e.g., patient monitoring system 10
of FIGS. 1-2). Processing system 300 may include input
signal 310, pre-processor 312, processor 314, post-processor
316, and output 318. Pre-processor 312, processor 314, and
post-processor 316 may be any suitable software, firmware,
hardware, or combination thereof for calculating physiologi-
cal parameters such as respiration information based on input
signal 310. For example, pre-processor 312, processor 314,
and post-processor 316 may include one or more hardware
processors (e.g., integrated circuits), one or more software
modules, computer-readable media such as memory, firm-
ware, or any combination thereof. Pre-processor 312, proces-
sor 314, and post-processor 316 may, for example, be a com-
puter or may be one or more chips (i.e., integrated circuits).
Pre-processor 312, processor 314, and post-processor 316
may, for example, include an assembly of analog electronic
components.

[0043] In some embodiments, processing system 300 may
be included in monitor 14 and/or display monitor 26 of a
patient monitoring system (e.g., patient monitoring system 10
of FIGS. 1-2). In the illustrated embodiment, input signal 310
may be a PPG signal. Input signal 310 may be a PPG signal
that was sampled and generated at monitor 14, for example at
76 Hz. Input signal 310, pre-processor 312, processor 314,
and post-processor 316 may reside entirely within a single
device (e.g., monitor 14 or display monitor 26) or may reside
in multiple devices (e.g., monitor 14 and display monitor 26).

[0044] Input signal 310 may be coupled to pre-processor
312. In some embodiments, input signal 310 may include
PPG signals corresponding to one or more light frequencies,
such as a Red PPG signal and an IR PPG signal. In some
embodiments, the signal may include signals measured at one
or more sites on a patient’s body, for example, a patient’s
finger, toe, ear, arm, or any other body site. In some embodi-
ments, signal 310 may include multiple types of signals (e.g.,
one or more of an ECG signal, an EEG signal, an acoustic
signal, an optical signal, a signal representing a blood pres-
sure, and a signal representing a heart rate). The signal may be
any suitable biosignal or signals, such as, for example, elec-
trocardiogram, electroencephalogram, electrogastrogram,
electromyogram, heart rate signals, pathological sounds,
ultrasound, or any other suitable biosignal. The systems and
techniques described herein are also applicable to any
dynamic signals, non-destructive testing signals, condition
monitoring signals, fluid signals, geophysical signals, astro-
nomical signals, electrical signals, financial signals including
financial indices, sound and speech signals, chemical signals,
meteorological signals including climate signals, any other
suitable signal, and/or any combination thereof.

[0045] Pre-processor 312 may be implemented by any suit-
able combination of hardware and software. In an embodi-
ment, pre-processor 312 may be any suitable signal process-
ing device and the signal received from input signal 310 may
include one or more PPG signals. An exemplary received
PPG signal may be received in a streaming fashion, or may be
received on a periodic basis as a sampling window, e.g., every
5 seconds. In an exemplary embodiment, analysis of input
signal 310 may be based on an analysis window of a series of
recently received PPG signal sampling windows, e.g., a
45-second analysis window may correspond to the 9 most
recent S-second sampling windows. The received signal may
include the PPG signal as well as other information related to
the PPG signal, e.g., a pulse found indicator, the mean pulse
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rate from the PPG signal, the most recent pulse rate, an
indicator for the most recent invalid sample, and an indicator
of the last artifact for the PPG signal. Tt will be understood that
input signal 310 may include any suitable signal source, sig-
nal generating data, signal generating equipment, or any com-
bination thereof to be provided to pre-processor 312. The
signal received at input signal 310 may be a single signal, or
may be multiple signals transmitted over a single pathway or
multiple pathways.

[0046] Pre-processor 312 may apply one or more signal
processing operations to input signal 310. For example, pre-
processor 312 may apply a pre-determined set of processing
operations to input signal 310 to produce a signal that may be
appropriately analyzed and interpreted by processor 314,
post-processor 316, or both. Pre-processor 312 may perform
any necessary operations to provide a signal that may be used
as an input for processor 314 and post-processor 316 to deter-
mine physiological information such as respiration informa-
tion. Examples include reshaping the signal for transmission,
multiplexing the signal, modulating the signal onto carrier
signals, compressing the signal, encoding the signal, filtering
the signal, low-pass filtering, band-pass filtering, signal inter-
polation, downsampling of a signal, attenuating the signal,
adaptive filtering, closed-loop filtering, any other suitable
filtering, and/or any combination thereof.

[0047] Other signal processing operations may be per-
formed by pre-processor 312 and may be related to extracting
respiration information from the PPG signal. In an exemplary
embodiment, pre-processor 312 may include a PLL for gen-
erating a frequency demodulated signal, an amplitude
demodulated signal, or both, from the PPG signal as
described herein. In another embodiment, pre-processor 312
may also produce one or more morphology metric values.
Morphology metrics may be parameters that may be calcu-
lated from the PPG signal that provide information related to
respiration. Examples include a down metric for a pulse,
kurtosis for a pulse, the delta of the second derivative between
predetermined samples of consecutive pulses, the up metric
for a pulse, skew, ratio of predetermined samples of a pulse or
its first or second derivative (e.g., b/a ratio or ¢/a ratio), peak
amplitude of a pulse, center of gravity of a pulse, or area of a
pulse, as described in more detail herein.

[0048] The demodulated signals, morphology metric sig-
nals (generated from the morphology metric values as
described herein), orany combination thereof, may be used to
determine respiration information as described herein. It will
be understood that while generating the demodulated signals
and morphology metric values may be described with respect
to pre-processor 312, these operations may also be performed
by processor 314, or a combination of pre-processor 312 and
processor 314. Other information that may be determined by
pre-processor 312 may include the pulse rate, the variability
of the period of the PPG signal, the variability of the ampli-
tude of the PPG signal, and an age measurement indicative of
the age of the useful portion of the analyzed PPG signal.
[0049] In some embodiments, pre-processor 312 may be
coupled to processor 314 and post-processor 316. Processor
314 and post-processor 316 may be implemented by any
suitable combination of hardware and software. Processor
314 may receive physiological information and calculated
parameters from pre-processor 312. For example, processor
314 may receive a frequency demodulated signal, an ampli-
tude demodulated signal, or both. In another embodiment,
processor 314 may receive a PPG signal, and may generate a
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frequency demodulated signal, an amplitude demodulated
signal, or both, using a PLL. In another embodiment proces-
sor 314 may also receive one or more sets morphology metric
values. The morphology metric values may be used to gener-
ate one or more morphology metric signals.

[0050] Processor 314 may utilize the received demodulated
signals to determine respiration information. In an exemplary
embodiment, an autocorrelation sequence may be generated
for each of the frequency demodulated signal and the ampli-
tude demodulated signal. A confidence metric may be gener-
ated for each of the autocorrelation sequences, e.g., based on
ameasure of the periodicity of the autocorrelation sequence.
A combined autocorrelation sequence may be generated from
the autocorrelation sequences, e.g., based on a confidence
metric associated with each of the autocorrelation sequences.
In another embodiment, one or more autocorrelation
sequences may also be generated for one or more of the
morphology metric signals. The morphology based autocor-
relation sequence may be combined with the demodulated
signal based autocorrelation sequence, e.g., based on a con-
fidence metric associated with the one or more morphology
metric signals. Respiration information may be determined
from the combined autocorrelation sequence.

[0051] Processor 314 may be coupled to post-processor
316 and may communicate respiration information to post-
processor 316. Processor 314 may also provide other infor-
mation to post-processor 316 such as the signal age related to
the signal used to calculate the respiration information, a time
ratio representative of the useful portion of the respiration
information signal, or a confidence metric indicative of the
strength of the respiration information signals. Pre-processor
312 may also provide information to post-processor 316 such
as period variability, amplitude variability, and pulse rate
information. Post-processor 316 may utilize the received
information to calculate an output respiration information, as
well as other information such as the age of the respiration
information and status information relating to the respiration
information output, e.g., whether a valid output respiration
information value is currently available. In an embodiment, a
current respiration information value may be combined with
one or more previously determined respiration information
values, e.g., based on a confidence metric or similar weight-
ing factor. Post-processor 316 may provide the output infor-
mation to output 318.

[0052] Output 318 may be any suitable output device such
as one or more medical devices (e.g., a medical monitor that
displays various physiological parameters, a medical alarm,
or any other suitable medical device that either displays
physiological parameters or uses the output of post-processor
316 as an input), one or more display devices (e.g., monitor,
PDA, mobile phone, any other suitable display device, or any
combination thereof), one or more audio devices, one or more
memory devices (e.g., hard disk drive, flash memory, RAM,
optical disk, any other suitable memory device, or any com-
bination thereof), one or more printing devices, any other
suitable output device, or any combination thereof.

[0053] Insome embodiments, all or some of pre-processor
312, processor 314, and/or post-processor 316 may be
referred to collectively as processing equipment. For
example, processing equipment may be configured to
amplify, filter, sample and digitize an input signal 310 and
calculate physiological information from the signal.

[0054] Pre-processor 312, processor 314, and post-proces-
sor 316 may be coupled to one or more memory devices (not
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shown) or incorporate one or more memory devices such as
any suitable volatile memory device (e.g., RAM, registers,
etc.), non-volatile memory device (e.g., ROM, EPROM, mag-
netic storage device, optical storage device, flash memory,
etc.), or both. The memory may be used by pre-processor 312,
processor 314, and post-processor 316 to, for example, store
data relating to input PPG signals, morphology metrics, res-
piration information, or other information corresponding to
physiological monitoring.

[0055] It will be understood that system 300 may be incor-
porated into system 10 (FIGS. 1 and 2) in which, for example,
input signal 310 may be generated by sensor unit 12 (FIGS. 1
and 2) and monitor 14 (FIGS. 1 and 2). Pre-processor 312,
processor 314, and post-processor 316 may each be located in
one of monitor 14 or display monitor 26 (or other devices),
and may be split among multiple devices such as monitor 14
or display monitor 26. In some embodiments, portions of
system 300 may be configured to be portable. For example, all
or part of system 300 may be embedded in a small, compact
object carried with or attached to the patient (e.g., a watch,
other piece of jewelry, or a smart phone). In some embodi-
ments, a wireless transceiver (not shown) may also be
included in system 300 to enable wireless communication
with other components of system 10 (FIGS. 1 and 2). As such,
system 10 (FIGS. 1 and 2) may be part of a fully portable and
continuous patient monitoring solution. In some embodi-
ments, a wireless transceiver (not shown) may also be
included in system 300 to enable wireless communication
with other components of system 10. For example, commu-
nications between one or more of pre-processor 312, proces-
sor 314, and post-processor 316 may be over BLUETOOTH,
802.11, WiFi, WiMax, cable, satellite, Infrared, or any other
suitable transmission scheme. In some embodiments, a wire-
less transmission scheme may be used between any commu-
nicating components of system 300.

[0056] FIG. 4 is a flow diagram showing steps for using a
phase locked loop 420 to generate a frequency demodulated
signal and an amplitude demodulated signal from a physi-
ological signal in accordance with some embodiments of the
present disclosure. Although it will be understood that the
frequency demodulated signal and amplitude demodulated
signal may be generated in any suitable manner, in an exem-
plary embodiment they may be generating using the PLL
arrangement of FIG. 4. The PLL arrangement of FIG. 4 may
be implemented as part of pre-processor 312, processor 314,
or both, and may be located within monitor 14, display moni-
tor 26, or both.

[0057] PLL 420 may receive an input PPG signal 402 at
phase detector 404. It will be understood that PPG signal 402
as described herein includes any signal derived from a PPG
signal that includes PPG data, e.g., a signal derived from the
PPG signal such as a filtered PPG signal or a derivative of the
PPG signal. PPG signal may represent an analysis window of
received PPG data, e.g., 45 seconds of PPG data. Phase detec-
tor 404 may compare the phase of input signal 402 with the
phase of an oscillator signal generated by oscillator 408.
Phase detector may be any suitable hardware, software, or
combination of hardware and software that generates a phase
detector output signal based on the phase difference between
the two input signals. Exemplary embodiments of a phase
detector include a multiplier, an exclusive-OR operator, a
flip-flop, a digital multiplier and a sampler driven by the input
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PPG signal 402 to sample the oscillator signal, or a sampler
driven by the oscillator signal to sample the input PPG signal
402.

[0058] In an exemplary embodiment, phase detector 404
may be a multiplier and the oscillator signal may be an
approximation of PPG signal 402 phase shifted by /2. The
resulting phase detector output signal may include multiple
components having different frequencies, including a com-
ponent at approximately twice the frequency of the input
signal and a component representing the phase difference
between PPG signal 402 and the oscillator signal. The phase
detector output signal may be input to low pass filter 406. Low
pass filter 406 may include hardware, software, or a combi-
nation ofhardware and software. Although low pass filter 406
may be implemented in any suitable manner, in an exemplary
embodiment the low pass filter 406 may be configured to filter
any frequency components having a frequency exceeding an
expected phase difference between PPG signal 402 and the
oscillator signal. Low pass filter 402 may have a fixed cut off
frequency or the cut off frequency may be dynamic based on
PPG signal 402, e.g., based on a percentage of the frequency
of PPG signal 402. In the exemplary embodiment described
herein, low pass filter 406 may be configured to reject com-
ponents of the phase detector output signal that are not related
to the phase difference between PPG signal 402 and the
oscillator signal, e.g., the component of the phase detector
output signal having a frequency at approximately twice the
PPG signal frequency.

[0059] The value of the resulting phase difference signal
may change based on whether the oscillator signal leads or
lags PPG signal 402, and based on the degree of the lead or
lag. As will be described herein, oscillator 408 may attempt to
match the phase and frequency of PPG signal 402. To the
extent that the phase and frequency of PPG signal 402 change
over time, the resulting phase difference signal will reflect
those changes such that oscillator 408 may continue to track
PPG signal 402. This phase difference signal may correspond
to frequency changes in the PPG signal that are the result of
respiration, which may typically occur at a frequency of
approximately 10-400 of the frequency associated with the
pulse rate indicated by PPG signal 402. Accordingly, the
phase difference signal may be output as a frequency
demodulated signal 410. Frequency demodulated signal may
comprise the phase difference signal or may be derived from
the phase difference signal, e.g., based on additional filtering
operations such as a band pass filter about a range of interest
related to respiration (not depicted). Frequency demodulated
signal 410 may be stored to be used for determining respira-
tion information. In an exemplary embodiment, a complete
analysis window (e.g., 45 seconds of data) of frequency
demodulated signal 410 may be stored.

[0060] The phase difference signal may also be input to
oscillator 408. Oscillator 408 may be implemented in any
suitable manner, including as software, hardware, or a com-
bination of software and hardware. In an exemplary embodi-
ment oscillator 408 may be a voltage controlled oscillator,
wherein the oscillator 408 phase and frequency are modified
based on the input voltage of the phase difference signal. In
another embodiment, oscillator 408 may be a modulo-N
counter having a length (N) controlled by the phase difference
signal. The oscillator signal output of oscillator 408 may be
configured to approximate a waveform shape of PPG signal
402, e.g., by varying the duty cycle of the oscillator signal. In
an exemplary embodiment the oscillator signal may also be
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generated to have a 7t/2 phase difference with PPG signal 402.
The oscillator signal may be fed back to phase detector 404 to
be compared to the latest samples of PPG signal 402.

[0061] The oscillator signal may also be coupled to phase
shifter 412, which may shift the phase of the oscillator signal
in a manner suitable to generate an amplitude demodulated
signal based on PPG signal 402. Phase shifter may be imple-
mented in any suitable manner, including as software, hard-
ware, or a combination of software and hardware. Although
the oscillator signal may be phase shifted in any suitable
manner, in an exemplary embodiment the oscillator signal
may be shifted by 7t/2 such that it is substantially in phase with
PPG signal 402. The phase shifted oscillator signal and PPG
signal 402 may then be utilized to generate an amplitude
demodulated signal. In an exemplary embodiment the phase
shifted oscillator signal may be multiplied with PPG signal
402 by multiplier 414. Because the signals may be substan-
tially in phase, amplitude modulations may be emphasized
based on the multiplication. The output product signal from
multiplier 414 may be low pass filtered by low pass filter 416.
Low pass filter 416 may have a fixed cut off frequency or the
cut off frequency may be dynamic based on PPG signal 402,
e.g., based on a percentage of the frequency of PPG signal
402. The output from low pass filter 416 constitutes the ampli-
tude demodulated signal 418. Amplitude demodulated signal
418 may be stored to be used for determining respiration
information. In an exemplary embodiment, a complete analy-
sis window (e.g., 45 seconds of data) of amplitude demodu-
lated signal 418 may be stored.

[0062] FIG. 5is a flow diagram showing illustrative steps
for determining a physiological parameter such as respiration
information from a physiological signal such as a PPG signal
in accordance with some embodiments of the present disclo-
sure. Although an exemplary embodiment is described
herein, it will be understood that each of steps 500 may be
performed by pre-processor 312, processor 314, post-proces-
sor 316, or any combination thereof. It will also be understood
that steps 500 may be performed in alternative sequence or in
parallel, that steps may be omitted, and that additional steps
may be added or inserted.

[0063] Atstep 502 pre-processor 312 or processor 314 may
filter an input signal such as a PPG signal. Although the PPG
may be filtered in any suitable manner, in an exemplary
embodiment the PPG signal may be band pass filtered based
around the heart rate. In an exemplary embodiment, the filter
range may be fixed based on a normal range of heart range
values, or may be variable based on the pulse rate associated
with the analysis window of PPG data being analyzed.
[0064] At step 504 pre-processor 312, processor 314, or
both, may generate a frequency demodulated signal using the
PLL of FIG. 4 as described herein for an analysis window of
PPG data. At step 506 pre-processor 312, processor 314, or
both, may generate an amplitude demodulated signal using
the PLL of FIG. 4 as described herein for an analysis window
of PPG data. Although in the exemplary embodiment
depicted in FIG. 5 both a frequency demodulated signal and
amplitude demodulated signal are generated, respiration
information may also be determined based on only one of the
demodulated signals.

[0065] In addition to generating the frequency demodu-
lated signal and/or the amplitude demodulated signal, in an
embodiment one or more morphology metric signals may be
generated (not depicted). Pre-processor 312 may identify
fiducial points for successive pulse waves of a PPG signal.
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Fiducial points may be identified in any suitable manner, for
examplebased on peaks, troughs, slope values (e.g., the maxi-
mum slope of the PPG signal), and/or predetermined offsets.
An example of determining fiducial points for a PPG signal is
described in more detail in co-pending, commonly assigned
U.S. patent application Ser. No. 13/243,907, filed Sep. 23,
2011 and entitled “SYSTEMS AND METHODS FOR
DETERMINING RESPIRATION INFORMATION FROM
APHOTOPLETHYSMOGRAPH,” which is incorporated by
reference herein in its entirety. The fiducial points may define
a series of fiducial defined portions that may be used as a
reference for subsequent calculations, e.g., of morphology
metric signals. Pre-processor 312 may generate morphology
metrics from the PPG signal. Morphology metrics may be
calculated from the PPG signal in any suitable manner. In one
embodiment, a plurality of morphology metrics may be gen-
erated from the PPG signal. Example morphology metrics
that may be relevant to determining a physiological parameter
such as respiration information from a PPG signal may
include a down metric, a kurtosis metric, a delta of second
derivative (DSD) metric, an up metric, a skew metric, a ratio
of samples metric (e.g., a b/a ratio metric or ¢/a ratio metric),
a i_b metric, a peak amplitude metric, a center of gravity
metric, and an area metric. For each morphology metric a
sequence of morphology metric values, each corresponding
to afiducial defined region, may be calculated. The sequences
of morphology metric values may be communicated to pro-
cessor 314 to be attenuated, interpolated, and filtered to gen-
erate the morphology metric signals. Generating morphology
metric signals from a PPG signal is described in more detail in
co-pending, commonly assigned U.S. patent application Ser.
No. 13/243,853, filed Sep. 23,2011 and entitled “SYSTEMS
AND METHODS FOR DETERMINING RESPIRATION
INFORMATION FROM A PHOTOPLETHYSMO-
GRAPH,” which is incorporated by reference herein in its
entirety.

[0066] Pre-processor 312 may determine a usable portion
of the PPG signal (not depicted). Portions of the received
signal may include samples with values that are unlikely to
reflect actual values as a result of inaccurate measurement,
user error, or other factors. Input signal 310 may be analyzed
to identify divergences in the signal baseline, motion arti-
facts, divergences in pulse period, and any other signal fea-
tures that may indicate inaccurate measurement, user error, or
other factors. Based on this analysis, pre-processor 312 may
identify portions of the input signal 310 to be ignored by
processor 314 in calculating values such as respiration infor-
mation. In an embodiment, only those portions of the fre-
quency demodulated signal, amplitude demodulated signal,
or the morphology metric signals that correspond to the
usable portion of the input signal may be used to generate an
autocorrelation sequence by processor 314.

[0067] At steps 508 and 510, processor 314 may generate
an autocorrelation sequence for each of the demodulated
signals. Autocorrelation is the cross-correlation of a signal
with itself, and to the extent that the underlying signal
includes regular or repeating patterns the peaks of the result-
ing autocorrelation sequence may correspond to periodic
components of the underlying signal. The autocorrelations of
the demodulated signals (and the one or more morphology
metric signals if those are also generated) may be utilized to
determine respiration information such as respiration rate as
described herein. The formula for the autocorrelation is the
following:
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R (m)=Z, x(m)x(n-m), form=-M, ... .M (14)

where:

S=the signal support of the finite segment;

n=the sample of the signal;

m=the lag; and

M=the maximum lag computed for the autocorrelation.
[0068] For real signals with a maximum point located at the
central point of the autocorrelation (i.e., where the signal is
being compared directly with itself without any time lag) the
autocorrelation sequence may be symmetric about the central
point. Accordingly, it may be possible to calculate the auto-
correlation for one half of the overall lag about zero (e.g.,
from -M to 0, or from 0 to M) and duplicate the result about
the central point. Accordingly, the autocorrelation sequence
may be calculated as follows:

min(naxL-m,0),L) (15)
x(m+mx(n), form =0,..., M
Ry(m) = =0

Ru(-m), form=-M, ..., -1

[0069] A confidence metric may also be calculated at steps
508 and 510 for each of the autocorrelation sequences. A
confidence metric may be based on the regularity or period-
icity of the underlying demodulated signals (and morphology
metric signals, if used) based on the autocorrelation
sequence. For example, the autocorrelation sequence will
have larger magnitude (positive or negative) repeating peaks
if a signal is regular or periodic. Although a confidence metric
may be determined in any suitable manner, in an exemplary
embodiment the magnitude of any local maxima or minima of
the autocorrelation sequence may be used to generate a con-
fidence metric.

[0070] At step 512, processor 314 may combine the auto-
correlation sequences to generate a combined autocorrelation
sequence, if more than one autocorrelation sequence is gen-
erated. Although the autocorrelation sequences may be com-
bined in any suitable manner, in an exemplary embodiment
the contribution of each autocorrelation sequence to the com-
bined autocorrelation sequence may be based on the confi-
dence metric associated with each autocorrelation sequence.
An exemplary embodiment for the generating a combined
autocorrelation sequence is described in more detail in co-
pending, commonly assigned U.S. patent application Ser. No.
13/243,951, filed Sep. 23, 2011 and entitled “SYSTEMS
AND METHODS FOR DETERMINING RESPIRATION
INFORMATION FROM A PHOTOPLETHYSMO-
GRAPH,” which is incorporated by reference herein in its
entirety.

[0071] At step 514, processor 314 may determine respira-
tion information based on the combined autocorrelation
sequence, or a single autocorrelation sequence if only one
autocorrelation sequence is generated. Respiration informa-
tion may be determined from the autocorrelation sequence in
any suitable manner. In one exemplary embodiment, a con-
tinuous wavelet transform may be used to determine respira-
tion information such as respiration rate from the autocorre-
lation sequence, as is described in more detail in co-pending,
commonly assigned U.S. patent application Ser. No. 13/243,
892, filed Sep. 23, 2011 and entitled “SYSTEMS AND
METHODS FOR DETERMINING RESPIRATION
INFORMATION FROM A PHOTOPLETHYSMO-
GRAPH,” which is incorporated by reference herein in its
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entirety. Inanother exemplary embodiment, respiration infor-
mation may be determined directly from the autocorrelation
sequence, e.g., by comparing the peaks of the autocorrelation
sequence to a threshold value or by identifying a maximum
peak of the autocorrelation sequence within a window of
interest. Determining respiration information directly from
the autocorrelation sequence is described in more detail in
co-pending, commonly assigned U.S. patent application Ser.
No. 13/243,785, filed Sep. 23,2011 and entitled “SYSTEMS
AND METHODS FOR DETERMINING RESPIRATION
INFORMATION FROM A PHOTOPLETHYSMO-
GRAPH,” which is incorporated by reference herein in its
entirety. As is described in more detail herein, the determina-
tion of respiration information may be modified based on a
historical distribution of respiration values. The output respi-
ration value may be communicated to post-processor 316.
[0072] At step 516, post-processor 316 may determine an
output respiration value to be displayed, e.g., at the patient
monitoring system. The display respiration value may be
determined in any suitable manner. For example, the display
respiration value may be based on the currently received
respiration value. In another exemplary embodiment, the dis-
play respiration value may be based on the received respira-
tionvalue as well as previously received respiration values. In
an exemplary embodiment, post-processor 316 may calculate
the display respiration value from the respiration value for the
current analysis window and respiration values for one or
more previous analysis windows, e.g., the five previous
analysis windows.

[0073] The foregoing is merely illustrative of the principles
of this disclosure and various modifications may be made by
those skilled in the art without departing from the scope of
this disclosure. The above described embodiments are pre-
sented for purposes of illustration and not of limitation. The
present disclosure also can take many forms other than those
explicitly described herein. Accordingly, it is emphasized that
this disclosure is not limited to the explicitly disclosed meth-
ods, systems, and apparatuses, but is intended to include
variations to and modifications thereof, which are within the
spirit of the following claims.

1-20. (canceled)

21. A method for determining respiration information
using a patient monitor, the method comprising:

receiving a photoplethysmograph (PPG) signal;

generating, using the patient monitor, an oscillator signal;

generating, using the patient monitor, a phase-shifted oscil-
lator signal based on a phase difference between the PPG
signal and the oscillator signal;

generating, using the patient monitor, an amplitude

demodulated signal by multiplying the phase-shifted
oscillator signal and the PPG signal,

determining, using the patient monitor, the respiration

information based on the amplitude demodulated signal;
and

displaying, using a display, the respiration information.

22. The method of claim 1, wherein the patient monitor is
configured to receive the PPG signal from a pulse oximetry
sensor, wherein the pulse oximetry sensor detects light
attenuated by the subject.

23. The method of claim 1, wherein generating the ampli-
tude demodulated signal further comprises low pass filtering
the amplitude demodulated signal multiplied by the phase-
shifted oscillator signal.
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24. The method of claim 1, wherein determining the res-
piration information comprises:

generating an autocorrelation sequence based on the

amplitude demodulated signal; and

determining the respiration information based on the auto-

correlation sequence.

25. The method of claim 1, wherein the PPG signal is band
pass filtered based on a heart rate associated with the PPG
signal.

26. The method of claim 1, wherein the oscillator signal is
generated using voltage controlled oscillator or a modulo-N
counter.

27. The method of ¢laim 1, wherein the modulo-N counter
comprises length controlled based on the phase difference
between the PPG signal and the oscillator signal.

28. The method of claim 1, wherein the PPG signal com-
prises a fixed length analysis window.

29. The method of claim 1, wherein the oscillator signal is
an approximation of the PPG signal.

30. The method of claim 1, wherein the phase-shifted oscil-
lator signal matches phase and frequency of the PPG signal.

31. A patient monitor for determining respiration informa-
tion, the patient monitor comprising:

an interface configured to receive a photoplethysmograph

(PPG) signal,
an oscillator configured to generate an oscillator signal,
a processor configured to:
generate a phase-shifted oscillator signal based on a
phase difference between the PPG signal and the
oscillator signal;
generate an amplitude demodulated signal by multiply-
ing the phase-shifted oscillator signal and the PPG
signal; and
determine respiration information based on the ampli-
tude demodulated signal; and

a display configured to display the respiration information.

32. The patient monitor of claim 11, wherein the interface
is configured to receive the PPG signal from a pulse oximetry
sensor, wherein the pulse oximetry sensor detects light
attenuated by the subject.

33. The patient monitor of claim 11, wherein generating the
amplitude demodulated signal further comprises low pass
filtering the amplitude demodulated signal multiplied by the
phase-shifted oscillator signal.

34. The patient monitor of claim 11, wherein determining
the respiration information comprises:

generating an autocorrelation sequence based on the

amplitude demodulated signal; and

determining the respiration information based on the auto-

correlation sequence.

35. The patient monitor of claim 11, wherein the processor
is configured to band pass filter the PPG signal based on a
heart rate associated with the PPG signal.

36. The patient monitor of claim 11, wherein the oscillator
is configured to generate the oscillator signal using voltage
controlled oscillator or a modulo-N counter.

37. The patient monitor of claim 11, wherein the modulo-N
counter comprises length controlled based on the phase dif-
ference between the PPG signal and the oscillator signal.

38. The patient monitor of claim 11, wherein the PPG
signal comprises a fixed length analysis window.

39. The patient monitor of claim 11, wherein the oscillator
signal is an approximation of the PPG signal.
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40. The patient monitor of claim 11, wherein the phase-
shifted oscillator signal matches phase and frequency of the
PPG signal.
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