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TWO-ELECTRODE, IMPEDANCE-BASED
RESPIRATION DETERMINATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/279,003, titled “TWO-ELEC-
TRODE, IMPEDANCE-BASED RESPIRATION DETER-
MINATION,” filed May 15, 2014, which claims priority to
U.S. Provisional Patent Application No. 61/823,593, titled,
“METHODS, SYSTEMS AND APPARATUS FOR TWO-
LEAD, IMPEDANCE-BASED RESPIRATION MEA-
SUREMENT,” filed on May 15, 2013, each of which are
incorporated by reference herein.

TECHNICAL FIELD

[0002] The present disclosure relates generally to physi-
ological monitoring systems, and more particularly to physi-
ological monitoring systems for impedance-based respiration
determination.

BACKGROUND

[0003] Respiration rate can be determined by monitoring a
person’s thoracic impedance. As the person breathes, changes
in the size and air content of the thorax cause small changes in
conductivity. The change in conductivity associated with
breathing can be measured by passing a drive signal (typically
having a frequency of approximately 50 kHz) through the
thorax and measuring changes in potential difference.

[0004] Thoracic impedance is typically measured using
electrocardiogram-type (ECG-type) electrodes adhered to
the person’s skin. Electrode contact resistance, however, can
be highly variable, transient, non-linear, and/or unpredict-
able. Accordingly, noise associated with contact resistance
and/or other sources, can be several orders of magnitude
greater than the signal associated with respiration. For
example, contact resistance can vary suddenly and unpredict-
ably by up to 300 Q or more due to changes in pressure on the
electrode, impact associated with foot strikes, perspiration,
changes in body posture, and/or many other factors. The
signal change in impedance based on respiration, on the other
hand, can be approximately 0.1-1 €/in. Thus, the signal-to-
noise ratio for measuring respiration through thoracic imped-
ance is very small.

[0005] Traditionally, impedance-based respiration mea-
surements have used high-precision techniques, such as four-
wire ohmic measurement, to extract the signal from the noise.
Such techniques can include increasing the current injected
into the person, increasing the distance between the measure-
ment electrodes, and/or high-fidelity analog-to-digital signal
processing. Such known techniques, however, can require
increased power consumption (and commensurate decreased
battery life), expensive precision hardware, and/or uncom-
fortable and/or unwieldy electrodes and associated wires run-
ning across the person’s body. Alternatively, the noise may be
minimized by carefully controlling the person’s environment.
While such laboratory settings may be suitable for a person at
rest for a relatively short observation, it is not feasible to
replicate the laboratory environment in the field to measure an
active person engaged in a variety of activities, over an
extended period of time.
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[0006] Therefore, a need exists for an improved imped-
ance-based respiration rate detection method, system and
apparatus.

SUMMARY

[0007] The described features generally relate to one or
more improved methods, systems, or apparatuses for deter-
mining respiration through impedance measurements using
only two electrodes. For example, a drive signal may be
applied to a person, using only two electrodes. Using the same
electrodes, the fluctuations in the voltage of the drive signal
are determined. The voltage fluctuations in the drive signal
are the result of impedance variations in the person’s thoracic
cavity due to respiration. Therefore, the voltage fluctuations
may be used to determine a respiration rate of the person. In
doing so, the voltage fluctuations may be digitized using a
sampling rate that is much less than the frequency of the
applied drive signal.

[0008] As a result of the present disclosure, an improved
impedance-based respiration rate detection method, system
and apparatus may be used. By using only two electrodes to
both drive and sense an applied signal, the impedance-based
system reduces bulk, weight and complexity. Battery life may
be improved. Additionally, by determining the voltage fluc-
tuations that result from respiration-induced impedance
changes and by processing these detected voltage fluctuations
so that the resulting waveform may be digitally sampled using
a sampling rate that is less than the frequency of the initial
drive signal, processing time and power consumption may
also be reduced. The digitized signal may also be adaptively
filtered using additional physiological or environmental data
to improve the accuracy of the respiration rate determination.

[0009] Certain embodiments of the present disclosure may
include some, all, or none of the above advantages. One or
more other technical advantages may be readily apparent to
those skilled in the art from the figures, descriptions, and
claims included herein. Moreover, while specific advantages
have been enumerated above, various embodiments may
include all, some, or none of the enumerated advantages.

[0010] Further scope of the applicability of the described
methods and apparatuses will become apparent from the fol-
lowing detailed description, claims, and drawings. The
detailed description and specific examples are given by way
of illustration only, since various changes and modifications
within the spirit and scope of the description will become
apparent to those skilled in the art.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] A further understanding of the nature and advan-
tages of the present invention may be realized by reference to
the following drawings. In the appended figures, similar com-
ponents or features may have the same reference label. Fur-
ther, various components of the same type may be distin-
guished by following the reference label by a dash and a
second label that distinguishes among the similar compo-
nents. If only the first reference label is used in the specifica-
tion, the description is applicable to any one of the similar
components having the same first reference label irrespective
of the second reference label.

[0012] FIG. 1isablock diagram of an example of a remote
physiological parameter monitoring system;



US 2015/0164374 Al

[0013] FIG. 2 is a circuit diagram of an example circuit for
a two-electrode impedance-based determination of respira-
tion rate, in accordance with various embodiments;

[0014] FIG. 3 is a block diagram of an example of a sensor
apparatus in accordance with various embodiments;

[0015] FIG. 4 is a block diagram of an example of a sensor
apparatus in accordance with various embodiments;

[0016] FIG. 5A is a block diagram of an example of a
respiration determination module in accordance with various
embodiments;

[0017] FIG.5Bisanillustration of example waveforms that
may be used in determining a respiration rate, in accordance
with various embodiments;

[0018] FIG. 6 is a block diagram of an example of a sensor
device in accordance with various embodiments;

[0019] FIG. 7 is a block diagram of an example of a server
for communicating with a remote sensor device; and

[0020] FIGS. 8 and 9 are flowcharts of various methods for
determining a person’s respiration rate, in accordance with
various embodiments.

DETAILED DESCRIPTION

[0021] Traditionally, impedance-based respiration mea-
surements have used high-precision techniques, such as four-
wire ohmic measurement, to extract the signal from the noise.
Such techniques can include increasing the current injected
into the person, increasing the distance between the measure-
ment electrodes, and/or high-fidelity analog-to-digital signal
processing. These techniques, however, can require increased
power consumption (and commensurate decreased battery
life), expensive precision hardware, and/or uncomfortable
and/or unwieldy electrodes and associated wires running
across the person’s body. These disadvantages may be
avoided, however, by using the disclosed methods, systems
and devices that utilize only two electrodes. For example, a
drive signal may be applied to a person. The drive signal may
be applied using only two electrodes. Using the same elec-
trodes, the fluctuations in the voltage of the drive signal are
determined. The voltage fluctuations in the drive signal may
be the result of impedance variations in the person’s thoracic
cavity due to respiration. Therefore, the voltage fluctuations
may be used to determine a respiration rate of the person. In
doing so, the voltage fluctuations may be digitized using a
sampling rate that is much less than the frequency of the
applied drive signal. Because the sampling rate (and resulting
bandwidth) of the digitized signal is thus reduced, the power,
time and other resources needed to process the digitized sig-
nal may also be reduced.

[0022] Referring first to FIG. 1, a diagram illustrates an
example of a remote physiological parameter monitoring sys-
tem 100. As an example, the system 100 may be a remote
respiration rate monitoring system. The system 100 includes
persons 103, each wearing a sensor unit 110. The sensor units
110 transmit signals via wireless communication links 150.
The transmitted signals may be transmitted to local comput-
ing devices 115, 120. Local computer device 115 may be a
local care-giver’s station, for example. Local computer
device 120 may be a mobile device, for example. The local
computing devices 115, 120 may be in communication with a
server 135 via network 125. The sensor units 110 may also
communicate directly with the server 135 via the network
125. Additional, third-party sensors 130 may also communi-
cate directly with the server 135 via the network 125. The
server 135 may be in further communication with a remote
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computer device 145, thus allowing a care-giver to remotely
monitor the persons 105. The server 135 may also be in
communication with various medical databases 140 where
the collected data may be stored.

[0023] The sensor units 110 are described in greater detail
below. Each sensor unit 110, however, is capable of sensing
multiple physiological parameters, including a person’s res-
piration rate. However, the sensor units 110 may each include
multiple sensors such as heart rate and ECG sensors, respi-
ratory rate sensors, and accelerometers. For example, a first
sensor in a sensor unit 110 can be a accelerometer operable to
detect a user’s posture and/or activity level. In such an
embodiment, the first sensor can be operable to determine
whether the user is standing, sitting, laying down, and/or
engaged in physical activity, such as running. A second sensor
within a sensor unit 110 can be operable to detect a second
physiological parameter. For example, the second sensor can
be an electrocardiogram (ECG) sensing module, a breathing
rate sensing module, and/or any other suitable module for
monitoring any suitable physiological parameter. The data
collected by the sensor units 110 may be wirelessly conveyed
to either the local computer devices 115, 120 or to the remote
computer device 145 (via the network 125 and server 135).
Data transmission may occur via, for example, frequencies
appropriate for a personal area network (such as Bluetooth or
IR communications) or local or wide area network frequen-
cies such as radio frequencies specified by the IEEE 802.15.4
standard.

[0024] Thelocal computer devices 115,120 may enablethe
person 105 and/or a local care-giver to monitor the collected
physiological data. For example, the local computer devices
115, 120 may be operable to present data collected from
sensor units 110 in a human-readable format. For example,
the received data may be output as a display on a computer or
a mobile device. The local computer devices 115, 120 may
include a processor that may be operable to present data
received from the sensor units 110, including alerts, in a
visual format. The local computer devices 115, 120 may also
output data and/or alerts in an audible format using, for
example, a speaker.

[0025] Thelocal computer devices 115, 120 can be custom
computing entities configured to interact with the sensor units
110. In some embodiments, the local computer devices 115,
120 and the sensor units 110 may be portions of a single
sensing unit operable to sense and display physiological
parameters. In another embodiment, the local computer
devices 115, 120 can be general purpose computing entities
such as a personal computing device, such as a desktop com-
puter, a laptop computer, a nethook, a tablet personal com-
puter (PC), an iPod®, an iPad®, a smart phone (e.g., an
iPhone®, an Android® phone, a Blackberry®, a Windows®
phone, etc.), a mobile phone, a personal digital assistant
(PDA), and/or any other suitable device operable to send and
receive signals, store and retrieve data, and/or execute mod-
ules.

[0026] The local computer devices 115, 120 may include
memory, a processor, an output, and a communication mod-
ule. The processor can be a general purpose processor, a Field
Programmable Gate Array (FPGA), an Application Specific
Integrated Circuit (ASIC), a Digital Signal Processor (DSP),
and/or the like. The processor can be configured to retrieve
data from and/or write data to the memory. The memory can
be, for example, a random access memory (RAM), a memory
buffer, a hard drive, a database, an erasable programmable



US 2015/0164374 Al

read only memory (EPROM), an electrically erasable pro-
grammable read only memory (EEPROM), a read only
memory (ROM), a flash memory, a hard disk, a floppy disk,
cloud storage, and/or so forth. In some embodiments, the
local computer devices 115, 120 can include one or more
hardware-based modules (e.g., DSP, FPGA, ASIC) and/or
software-based modules (e.g., a module of computer code
stored at the memory and executed at the processor, a set of
processor-readable instructions that can be stored at the
memory and executed at the processor) associated with
executing an application, such as, for example, receiving and
displaying data from sensor units 110.

[0027] The processor of the local computer devices 115,
120 can be operable to control operation of the output of the
local computer devices 115, 120. The output can be a televi-
sion, a liquid crystal display (LCD) monitor, a cathode ray
tube (CRT) monitor, speaker, tactile output device, and/or the
like. In some embodiments, the output can be an integral
component of the local computer devices 115, 120. Similarly
stated, the output can be directly coupled to the processor. For
example, the output can be the integral display of a tablet
and/or smart phone. In some embodiments, an output module
caninclude, for example, a High Definition Multimedia Inter-
face™ (HDMI) connector, a Video Graphics Array (VGA)
connector, a Universal Serial Bus™ (USB) connector, a tip,
ring, sleeve (TRS) connector, and/or any other suitable con-
nector operable to couple the local computer devices 115,120
to the output.

[0028] As described in additional detail herein, at least one
ofthe sensor units 110 can be operable to transmit physiologi-
cal data to the local computer devices 115, 120 and/or to the
remote computer device 145 continuously, at scheduled inter-
vals, when requested, and/or when certain conditions are
satisfied (e.g., during an alarm condition). The transmitted
physiological data may be respiration rate data.

[0029] The remote computer device 145 can be a comput-
ing entity operable to enable a remote user to monitor the
output of the sensor units 110. The remote computer device
145 can be functionally and/or structurally similar to the local
computer devices 115, 120 and can be operable to receive
and/or send signals to at least one of the sensor units 110 via
the network 125. The network 125 can be the Internet, an
intranet, a personal area network, a local area network (LAN),
awide area network (WAN), a virtual network, a telecommu-
nications network implemented as a wired network and/or
wireless network, etc. The remote computer device 145 can
receive and/or send signals over the network 125 via commu-
nication links 150.

[0030] Theremotecomputer device 145 can be used by, for
example, a health care professional to monitor the output of
the sensor units 110. In some embodiments, as described in
further detail herein, the remote computer device 145 can
receive an indication of physiological data when the sensors
detect an alert condition, when the healthcare provider
requests the information, at scheduled intervals, and/or at the
request of the healthcare provider and/or the person 105.
[0031] The server 135 may be configured to communicate
with the sensor units 110, the local computer devices 115,
120, third-party sensors 130, the remote computer device 145
and databases 140. The server 135 may perform additional
processing on signals received from the sensor units 110,
local computer devices 115, 120 or third-party sensors 130, or
may simply forward the received information to the remote
computer device 145 and databases 140. The databases 140
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may be examples of electronic health records (“EHRs™) and/
or personal health records (“PHRs”), and may be provided by
various service providers. The third-party sensor 130 may be
a sensor that is not attached to the person 105 but that still
provides data that may be useful in connection with the data
provided by sensor units 110.

[0032] FIG. 2 is a schematic diagram of a two-electrode,
impedance-based respiration sensing circuit 200 that may be
included in one of the sensor units 110 of FIG. 1. The respi-
ration sensing circuit 200 may include a signal source 205
coupled to a person 105-a via two electrodes 215, 230. The
person 105-a may be an example of one of the persons 105
illustrated in FIG. 1. A detector 235 may be disposed parallel
to the signal source 205 and may be operable to measure the
impedance of person 105-a. The impedance of the person can
include contact resistances associated with the electrodes
215, 230, a relatively constant thoracic impedance 220, and a
variable thoracic impedance 225, which can change with
respiration.

[0033] The signal source 205 can generate a drive signal
suitable for injection into the person 105-a. The signal source
205 can generate a waveform having any suitable waveform,
frequency, and/or current. For example, the signal source 205
can generate a 50 kHz square or sine wave. Additionally, the
signal source 205 can generate either a fixed or variable
frequency signal. As described in further detail herein, the
characteristics of the waveform generated by the signal
source 205 are not necessarily important for detection of the
variable impedance 225 of the thorax associated with respi-
ration. Accordingly, the signal source 205 can be operable to
alter the characteristics of the waveform, for example, to
avoid interference, to select a carrier suitable for some other
physiological monitoring (e.g., dehydration), to tune the
sensing circuit 200 to increase the sensitivity of the detector
235, etc. The signal source 205 can generate a drive signal
having a frequency of approximately 20kHz, 30kHz, 50kHz,
75 kHz, 100 kHz, and/or any other suitable frequency. In
some embodiments, the signal source 205 can include wave
shaping and/or protection circuitry, for example, to increase
person safety.

[0034] A drive resistor 210 can be in series with and/or
integral to the signal source 205. The drive resistor 210 can be
operable to cause the person 105-a to be supplied a high-
impedance signal and/or to isolate the signal generator 205
from feedback. In addition or alternatively, in some embodi-
ments, the drive resistor 210 can be selected to be approxi-
mately equal the sum ofthe contact resistance associated with
the electrodes 215, 230 and a steady state thoracic resistance
220. Similarly stated, the drive resistor 210 can be selected to
impedance-match the signal generator 205 to the person 105-
a, which can increase the sensitivity of the respiration sensing
circuit 200 to changes in the impedance of the thorax 225. For
example, in some embodiments the drive resistor 210 can
have a resistance of approximately 2 kQ, 4kQ, 6 kQ, 10 kQ,
and/or any other suitable resistance. In some embodiments,
the drive resistor 210 can be a variable resistor operable to be
adjusted to be approximately equal to the sum of the contact
resistance associated with the electrodes 215, 230, and a
steady state thoracic resistance 220.

[0035] The electrodes 215, 230 can be ECG-type elec-
trodes. In some embodiments, the electrodes 215, 230 can be
commercially available. Similarly stated, in some embodi-
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ments, the signal generator 205 can be electrically coupled to
the person 105-a via replaceable and/or disposable off-the-
shelf ECG-type electrodes.

[0036] The electrodes 215, 230 electrically couple the sig-
nal generator 205 to the person 105-a, completing the sensing
circuit 200. In some embodiments, the distance between the
center points of the electrodes 215, 230 can be less than 7
inches, less than 5 inches, less than 2.5 inches, and/or any
other suitable distance.

[0037] When activated, the signal generator 205 produces a
waveform which is transmitted through the electrodes 215,
230 and the person 105-a. As the impedance of the thorax
varies with respiration (e.g., as the variable impedance of the
thorax 225 changes), the amplitude of the waveform pro-
duced by the signal generator 205, as measured at the person,
is modulated.

[0038] The detector 235 can be coupled to the electrodes
215, 230, for example, in parallel with the series combination
of the signal generator 205 and the drive resistor 210. As
described in further detail herein, the detector 235 can be
operable to measure the electric potential between the elec-
trodes 215, 230, demodulate a signal associated with the
electric potential between the electrodes 215, 230, calculate
the variable impedance of the thorax 225 associated with
respiration, calculate a respiration signal and/or rate, and/or
store and/or transmit signals associated with respiration.
[0039] FIG. 3 is an example of a block diagram 300 of an
apparatus 305 that may be used for sensing and determining
a respiration rate, in accordance with various aspects of the
present disclosure. In some examples, the apparatus 305 may
be an example of aspects of one or more of the sensor units
110 described with reference to FIG. 1, and may sense, deter-
mine and transmit respiration rate information. The apparatus
305 may also be a processor. The apparatus 305 may include
a sensing module 310, a signal processing module 315, or a
transceiver module 320. Each of these components may be in
communication with each other. As explained below, the
sensing module 310 and the signal processing module 315
may correspond to aspects of the sensing circuit 200 of FIG.
2.

[0040] The components of the apparatus 305 may, indi-
vidually or collectively, be implemented using one or more
application-specific integrated circuits (ASICs) adapted to
perform some or all of the applicable functions in hardware.
Alternatively, the functions may be performed by one or more
other processing units (or cores), on one or more integrated
circuits. In other examples, other types of integrated circuits
may be used (e.g., Structured/Platform ASICs, Field Pro-
grammable Gate Arrays (FPGAs), and other Semi-Custom
1Cs), which may be programmed in any manner known in the
art. The functions of each unit may also be implemented, in
whole or in part, with instructions embodied in a memory,
formatted to be executed by one or more general or applica-
tion-specific processors.

[0041] In some examples, the sensing module 310 may
include at least one sensor. Alternatively, the apparatus 305
may include multiple sensing modules 310, each associated
with at least one sensor. As an example, the sensing module
310 can include a respiration rate sensor. In addition, the
sensing module 310 may include other sensors such as an
accelerometer operable to detect a person’s posture and/or
activity level. Thus, the sensing module 310 may be operable
to determine whether the person is standing, sitting, laying
down, and/or engaged in physical activity, such as running.
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The sensing module 310 may further include an electrocar-
diogram (ECG) sensing module, a breathing rate sensing
module, and/or any other suitable module for monitoring any
suitable physiological parameter.

[0042] In some examples, the signal processing module
315 includes circuitry, logic, hardware and/or software for
processing the signals output by the sensing module 310. The
signal processing module 315 may include filters, analog-to-
digital converters and other digital signal processing units.
Data processed by the signal processing module 315 may be
storedina buffer, for example, in the storage module 325. The
storage module 325 may include magnetic, optical or solid-
state memory options for storing data processed by the signal
processing module 315.

[0043] Insome examples, the transceiver module 320 may
be operable to send and/or receive signals between the sensor
units 110 and either the local computer devices 115, 120 or
the remote computer device 145 via the network 125 and
server 135. The transceiver module 320 can include wired
and/or wireless connectors. For example, in some embodi-
ments, sensor units 110 can be portions of a wired or wireless
sensor network, coupled by the transceiver module 320. The
transceiver module 320 can be a wireless network interface
controller (“NIC”), Bluetooth® controller, IR communica-
tion controller, ZigBee® controller and/or the like.

[0044] In some examples, the sensing module 310 and the
signal processing module 315 may represent aspects of the
sensing circuit 200 of FIG. 2. The sensing module 310 may
correspond to, for example, the signal source 205 of circut
200, while the signal processing module 315 may correspond
to the detector 235 of circuit 200. Sensing module 310 and
signal processing module 315 include additional logic and/or
circuitry for managing the sensing and processing of a per-
son’s respiration rate, as described below.

[0045] FIG. 4 shows a block diagram 400 that includes
apparatus 305-a, which may be an example of one or more
aspects of the apparatus 305 (of FIG. 3) for use in remote
physiological monitoring, determining and transmitting of
respiration rate signals, in accordance with various aspects of
the present disclosure. In some examples, the apparatus 305-a
may include a sensing module 310-a, a signal processing
module 315-a, a storage module 325-a, and a transceiver
module 320-a, which may be examples of the sensing module
310, the signal processing module 315, the storage module
325 and transceiver module 320 of FIG. 3. The sensing mod-
ule 310-a and the signal processing module 315-a¢ may rep-
resent aspects of sensing circuit 200-b, which may be an
example of the sensing circuit 200 of FIG. 2. In some
examples, the sensing module 310-¢ may include a drive
signal module 405 and/or a modulation module 410. In addi-
tional examples, the signal processing module 315-a may
include a filter and demodulation module 415, an analog-to-
digital conversion (ADC) module 420, a digital signal pro-
cessing (DSP) module 425, and/or a baseline signal module
430. The modules 405, 410, 415, 420, 425 and/or 430 may
each be used in aspects of sensing and processing a person’s
respiration rate, as described below. While FIG. 4 illustrates a
specific example, the functions performed by each of the
modules 405, 410, 415, 420, 425 and/or 430 may be com-
bined or implemented in one or more other modules.

[0046] The drive signal module 405 may be used to gener-
ate a drive signal suitable for application to a person. The
drive signal module 405 can generate a waveform having any
suitable waveform, frequency, and/or current. For example,
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the drive signal module 405 can generate a 50 kHz square or
sine wave. Additionally, the signal source 205 can generate
either a fixed or variable frequency signal. Other examples of
frequencies that may be used in a generated drive signal
include frequencies that are approximately 20 kHz, 30 kHz,
50 kHz, 75 kHz, 100 kHz, and/or any other suitable fre-
quency. The generated drive signal is used to interrogate the
variable impedance of a person’s thoracic cavity.

[0047] In some embodiments, the modulation module 410
may be used to modulate the drive signal before application to
the person. Modulation of the drive signal may include wave
shaping, for example, to increase person safety. Additionally,
the drive signal is also modulated as it passes through the
person. For example, the drive signal may be modulated by
variations in the impedance of the thorax, e.g., the variable
impedance of the thorax 225 as shown and described with
reference to FIG. 2. Thus generating the drive signal via the
drive signal module 405 can include generating a waveform
using a current source, and modulation of the drive signal, at
the modulation module 410, can include varying the imped-
ance of a sensing circuit (e.g. the sensing circuit 200) such
that the amplitude of the voltage of the waveform varies.
[0048] The filter and demodulation module 415 in the sig-
nal processing module 315-a can be used to filter and
demodulate the drive signal after application to a person. For
example, the sensed waveform can be filtered. The filtering
can be analog filtering and can include a low-pass filter oper-
able to attenuate noise associated with impacts (e.g., associ-
ated with foot strikes). The filter can also include a notch-filter
to attenuate line-frequency interference and/or any other con-
stant and/or predictable interfering frequency noise.

[0049] The filter and demodulation module 415 can also
demodulate the sensed signal. Demodulation may involve
using envelope detection. In this way, a relatively low-fre-
quency signal associated with respiration, which typically
does not contain frequency components above about 70 Hz,
can be isolated from a relatively high-frequency drive signal,
which can have a frequency within a range of approximately
25 kHz to 100kHz. The envelope detection can be performed
in the analog domain and can be carrier frequency-indepen-
dent. Similarly stated, a demodulator can be tuned to the
signal generator. The demodulator and the signal generator
can be pre-set to operate at the same frequency, and/or the
demodulator can be adjusted to the frequency produced by the
signal generator by feedback control.

[0050] Another technique that may be used, though at the
time of conversion to a digital signal, is synchronous detec-
tion. In a synchronous detection method, differences between
the sensed signal and the drive signal are determined by
digitizing the sensed signal by synchronizing an analog-to-
digital sampling time with the drive signal so that the sensed
signal is sampled at a same point in time during each period of
the sensed waveform. As a result, the analog-to-digital con-
version process acts as a mixer to produce a signal represent-
ing the voltage differences which also represents a low-fre-
quency signal associated with respiration.

[0051] By demodulating in the analog domain, a relatively
low-frequency signal can be presented to an analog to digital
converter. Traditional methods for impedance-based respira-
tion measurement detect absolute magnitude and phase of
thoracic impedance in order to achieve a precision impedance
measurement. In order to detect absolute magnitude and
phase of impedance, the carrier signal is digitized for preci-
sion digital demodulation. In such a traditional embodiment
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the analog-to-digital converter would typically sample the
voltage at a rate of at least twice the frequency of the signal
generator to avoid aliasing. Because the signal generator typi-
cally operates at approximately 50 kHz, in traditional
embodiments, analog to digital converters typically sample at
least at 100 kHz, and normally at more than 1 MHz.

[0052] Thus, in signal processing module 315-a, the filter
and demodulate module 415 demodulates the sensed signal
and then passes the signal to the ADC module 420 for con-
version to the digital realm. By using envelop detection
before passing the signal to an analog-to-digital converter, the
analog-to-digital converter can operate at or below 1 kHz. For
example, the analog to digital conversion, performed by the
ADC module 420, can be performed at 100 Hz, 40 Hz, 25 Hz,
and/or any other suitable sample rate. Noise associated with
impacts, heart movement, varying contact resistance, etc. can
have frequency components that overlap the frequency range
ofthe signal and/or can have a very low frequency component
that can cause the signal to drift. Thus, the demodulated signal
can have a large dynamic range that would saturate typical
analog-to-digital converters and/or traditional noise reduc-
tion circuitry.

[0053] To provide for the dynamic range of the demodu-
lated signal, the analog-to-digital conversion at the ADC
module 420 can be performed by a high resolution analog-
to-digital converter. For example, in some embodiments, the
analog to digital conversion can be performed by a 20, 24, or
32 bit analog to digital conversion. By applying, for example,
envelope detection before converting the signal into the digi-
tal domain, the data sampling rate can be decreased, which
can allow for the use of cheaper, slower, and/or lower power
electronics for digital signal processing, as described in fur-
ther detail herein.

[0054] The DSP module 425 applies further processing to
the digitized signal output by the ADC module 420. For
example, the digitized signal output by the ADC module 420
may be further filtered to remove high frequency noise. An
adaptive filter may additionally be used to further filter the
digital signal based on external data, and as explained in
greater detail with relation to FIG. 5A.

[0055] The baseline signal module 430 is operable to gen-
erate a baseline signal which may be used to calculate a
respiration rate of a person. A respiration rate can be calcu-
lated by detecting the digitized impedance signal as it crosses
abaseline. Thus, the baseline signal module 430 can calculate
a moving average of the digitized signal. The length of the
moving average window can be fixed or variable. In some
embodiments, the length of the moving average window can
correspond to the respiration rate. For example, the length of
the moving average can approximate the wave period of the
digitized signal, or 0.75 times the wave period, 1.25 times the
wave period, 2 times the wave period, and/or any other suit-
able length. In some embodiments, it may be desirable to set
the moving average window length as approximately a
whole-number multiple of the respiration rate, such that a
full-cycle average of the signal can be computed. Additional
details related to the calculation of the baseline signal and an
associated respiration rate are provided with respect to FIG.
5A.

[0056] FIG. 5A is a schematic diagram 501 of a digital
signal processing method, according to an embodiment.
Aspects of the digital signal processing diagram 501 corre-
spond to the functions performed by the DSP module 425 and
the baseline signal module 430 of FIG. 4. In particular, the
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high frequency noise rejection filter 510 and the adaptive
filter set 520 of diagram 501 may correspond to the DSP
module 425 of FIG. 4. The feed-forward module 530 and the
baseline calculator 535, in addition to the crossing detector
540 and the blanking time module 550, may correspond to the
baseline signal module 430 of FIG. 4.

[0057] 1In the diagram 501, a digitized signal 505 (repre-
senting, for example, the digitized signal output by the ADC
module 420 of FIG. 4) is supplied to a high frequency noise
rejection filter 510. The high frequency noise rejection filter
510 can be a median filter. A median filter can be particularly
effective at eliminating impulse noise, for example, noise
associated with heart movement. In some embodiments, a
heart rate signal 515 can be obtained by comparing the output
of the high frequency noise rejection filter 510 to the unfil-
tered digital signal 505.

[0058] An adaptive filter set 520 is operable to further filter
the signal based on external data 525. The adaptive filter set
520 can include a band pass filter operable to selectively pass
the frequency range associated with normal human respira-
tion. The adaptive filter set 520 can be operable to restrict
signal bandwidth to the frequency range of interest (e.g., the
frequency range associated with respiration) and/or adjust the
gain to improve detection sensitivity. Because respiratory
patterns change with a number of factors including posture,
activity level, etc., which may be difficult to infer from the
digitized signal 505 itself, the adaptive filter set can be oper-
able to receive external data 525, from a sensor such as an
accelerometer.

[0059] Using an accelerometer, the adaptive filter set 520
can be operable to determine the person’s body orientation
and/or posture. For example, the adaptive filter set 520 can be
operable to determine whether the person is laying down,
standing, sitting, slouching, etc. The adaptive filter set 520
can also be able to determine activity level, for example,
based on frequency of foot strikes, body motion, etc. In
response, the adaptive filter set 520 can be operable to adjust
the width of the pass band. For example, a person laying down
and not moving can be presumed to be at rest. If the person is
presumed to be at rest, the adaptive filter set 520 can select a
filtering regime operable to pass a relatively large frequency
range associated with at-rest respiration, such as a pass band
from approximately 0.01 Hz to 10 Hz and apply a relatively
large gain to magnify the signal. Similarly, when external data
525 indicates a high activity level that can be associated with
running, the signal associated with respiration can be stron-
ger, so the adaptive filter set 520 can be operable to pass a
relatively narrower band; for example, the pass window can
be approximately 0.5 Hz to 5 Hz.

[0060] Although described as accelerometer data, any
external data 525 that can be correlated with respiration can
be used by the adaptive filter set 520. For example, a global
positioning sensor can be used to indicate whether the person
is stationary, moving at a speed associated with walking,
moving at a speed associated with running, or moving at a
speed associated with traveling in a car. In other embodi-
ments, atmospheric data, such as smog, pollen, atmospheric
pressure, etc. can be correlated with respiration and used to
adjust the parameters of the adaptive filter, particularly if the
person is asthmatic, allergic, and/or has other respiratory
issues. Person health data, such as inhaler use (e.g., from a
“smart” inhaler), medical history, previous respiration data,
information associated with apnea, etc. can be used to adjust
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the adaptive filter set 520 and, in some embodiments, be used
to personalize a respiration sensing device for the person.
[0061] Because neither respiration nor impedance-related
noise are deterministic, in some embodiments, adaptive fil-
tering is more effective than pure frequency domain search-
ing. For example, the use of Fourier-based methods to deter-
mine respiration rate can prove unsatisfactory since it may not
be possible to determine whether a frequency response is due
to respiration or noise. Because respiration, however, gener-
ally occurs within fairly predictable range of frequencies,
especially if external indicia such as posture and activity are
taken into account, the use of the adaptive filter set 520 can be
an effective method for increasing the signal-to-noise ratio.
[0062] A breathing rate 545 can be calculated by detecting
the crossing of a baseline signal by the digitized and filtered
impedance signal. A baseline calculator 535 can be operable
to generate a baseline signal by calculating a moving average
of the digitized and filtered signal. The length of the moving
average window can be fixed or variable. In some embodi-
ments, the length of the moving average window can corre-
spond to the respiration rate. For example, the length of the
moving average can approximate the wave period of the sig-
nal 564, or 0.75 times the wave period, 1.25 times the wave
period, 2 times the wave period, and/or any other suitable
length. In some embodiments, the moving average window
length may be set to be inversely proportional to the person’s
expected respiration rate. In some embodiments, it may be
desirable to set the moving average window length as
approximately a whole-number multiple of the respiration
rate, such that a full-cycle average of the signal can be com-
puted. Thus, in some embodiments, the breathing rate 545 can
be fed-back to the baseline calculator 535 to set the moving
average window length. Additionally, the baseline calculator
535 may be modified by external data 525.

[0063] Typically, moving average modules return a time-
delayed response. Similarly stated, the output of a moving
average module will typically lag the signal, returning an
average for previously received data. In order to improve the
accuracy of crossing-point detection, the baseline signal can
be shifted forward in the time domain using the feed-forward
module 530. The feed-forward module 530 can be operable to
synchronize the phase of a determined baseline signal with
the phase of the digitized and filtered signal output from the
adaptive filter set 520. By using the feed-forward module 530,
the length of the moving average window can be increased,
which can result in a more stable baseline and a more accurate
breathing rate 545.

[0064] The breathing rate 545 can be calculated using the
crossing detector 540 to detect the rate at which the digitized
and filtered signal output from the feed-forward module 530
crosses the baseline output by the baseline calculator 535.
This is illustrated in the waveform diagram 502 of FIG. 5B. In
FIG. 5B, a signal 565 (e.g., the output of the feed-forward
module 530) is shown as it crosses a baseline 570 (e.g., the
output of the baseline calculator 535). In diagram 502, a
representation of actual respiration 560 is also illustrated. As
canbe illustrated, the breathing rate 545 can be half the rate at
which the signal 565 crosses the baseline 570, where the
signal 565 can have either a positive or a negative slope when
crossing the baseline. For example, a full cycle of respiration
can include crossing the baseline 570 once during inhalation
and once during exhalation. Additionally, diagram 502 illus-
trates that the baseline 570 is flanked by a zone marked by
boundaries 575 and 580. An even more robust method of
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determining respiration rate is to consider each time that the
signal 565 enters the zone bounded by waveforms 575 and
580. In other words, the zone bounding the baseline 570
essentially widens the baseline so as to eliminate false cross-
ings due to noise. FIG. 5B is illustrative, is not to scale, and
does not represent experimental data.

[0065] Traditional methods of calculating a breathing rate
545 include detecting crossings of a static threshold (e.g., the
midpoint of the dynamic range of the signal). Such a method,
however, can cause signal loss when there is a transient input
that shifts the signal from the previous baseline, as might be
associated with a change of pressure on an electrode, signal
drift, and/or noise having a frequency component similar to
the breathing rate 545.

[0066] Returning to FIG. 5A, the blanking time module 550
can be operable to reject spurious crossings. The blanking
time module 550 can be operable to reject all crossings (or
entrances into the zone bounding the baseline 570, as illus-
trated in FIG. 5B) that occur within less than a specified
blanking time. For example, the blanking time module 480
can reject crossings occurring in less than 1 s, less than 0.5 s,
less than 0.2 s, and/or any other suitable time. The blanking
time can be based on biological indications. For example, if it
is unlikely that a specific individual will take two breaths or
more within one second, the blanking time module 550 can
reject a second baseline crossing within a one second blank-
ing time as spurious.

[0067] In some embodiments, the blanking time can vary
based on changes in actual and/or expected respiratory rate.
For example, the blanking time module 550 can monitor the
respiration rate (e.g., receive feedback) and set the blanking
time as a fractional value of the breathing rate 545. For
example, the blanking time can be %4 the breathing rate 545,
% the breathing rate, /2 the breathing rate, and/or any other
suitable value. In another embodiment, the blanking time
module 550 can be operable to adjust the blanking time based
on the external data 525. For example, if an accelerometer
indicates a change in posture or activity, the blanking time can
be adjusted. For example, if the external data 525 indicates
that the person has moved from a prone position to a standing
position, the blanking time can be decreased. Similarly, if the
external data 525 indicates the person has transitioned from
standing to running, the blanking time can be decreased.
[0068] FIG. 6 shows a block diagram 600 of a sensor unit
110-a for use in remote monitoring and determination of a
person’s respiratory rate, in accordance with various aspects
of the present disclosure. The sensor unit 110-¢ may have
various configurations. The sensor unit 110-a may, in some
examples, have an internal power supply (not shown), such as
a small battery, to facilitate mobile operation. In some
examples, the sensor unit 110-a may be an example of one or
more aspects of one of the sensor units 110 and/or apparatus
305 described with reference to FIGS. 1, 3, 4 and/or 5A. The
sensor unit 110-a may be configured to implement at least
some of the features and functions described with reference to
FIGS. 1, 2, 3, 4 and/or 5A.

[0069] The sensor unit 110-¢ may include one or more
electrodes 605 and a sensing apparatus 305-b. The sensing
apparatus 305-b may further include a sensing module 310-5,
a processor module 635, a memory module 610, a communi-
cations module 620, at least one transceiver module 625, at
least one antenna (represented by antennas 630), a storage
module 325-b, or a signal processing module 315-b. Each of
these components may be in communication with each other,
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directly orindirectly, over one or more buses 650. The sensing
module 310-5, the storage module 325-5, and the signal pro-
cessing module 315-b may be examples of the sensing mod-
ule 310, the storage module 325, and the signal processing
module 315, respectively, of FIGS. 3 and 4.

[0070] The memory module 610 may include random
access memory (RAM) or read-only memory (ROM). The
memory module 410 may store computer-readable, com-
puter-executable software (SW) code 615 containing instruc-
tions that are configured to, when executed, cause the proces-
sor module 635 to perform various functions described herein
for determining a respiration rate, for example. Alternatively,
the software code 615 may not be directly executable by the
processor module 635 but be configured to cause the sensor
unit 110-a (e.g., when compiled and executed) to perform
various of the functions described herein.

[0071] The processor module 635 may include an intelli-
gent hardware device, e.g., a CPU, a microcontroller, an
ASIC, etc. The processor module 635 may process informa-
tion received through the transceiver module 625 or informa-
tion to be sent to the transceiver module 625 for transmission
through the antenna 630. The processor module 635 may
handle, alone or in connection with the sensing module 310-5
and the signal processing module 315-b, various aspects of
signal processing as well as determining and transmitting a
respiration rate.

[0072] The transceiver module 625 may include a modem
configured to modulate packets and provide the modulated
packets to the antennas 630 for transmission, and to demodu-
late packets received from the antennas 630. The transceiver
module 625 may, in some examples, be implemented as one
or more transmitter modules and one or more separate
receiver modules. The transceiver module 625 may support
transmission of a respiration rate. The transceiver module 625
may be configured to communicate bi-directionally, via the
antennas 635 and communication link 150, with, for example,
local computer devices 115, 120 and/or the remote computer
device 145 (via network 125 and server 135 of FIG. 1).
Communications through the transceiver module 625 may be
coordinated, at least in part, by the communications module
620. While the sensor unit 110-¢ may include a single
antenna, there may be examples in which the sensor umt
110-a may include multiple antennas 630.

[0073] Thesensing module 310-5 and the signal processing
module 315-5 may be configured to perform or control some
or all of the features or functions described with reference to
FIGS. 1, 2, 3, 4 and/or 5A related to determination of a
respiration rate. For example, the sensing module 310-5 may
be configured to generate a drive signal for application to a
person. The signal processing module 315-5 may be config-
ured to sense voltage fluctuations in the generated drive sig-
nal. The signal processing module 315-5 may be further con-
figured to filter and demodulate the sensed wvoltage
fluctuations. The signal processing module 315-b may digi-
tize the sensed voltage fluctuations after the fluctuations have
been demodulated. Using additional digital signal process-
ing, the signal processing module 315-b may be configured to
determine a baseline signal from the digitized signal, and
using these signals, determine a respiration rate of a person.
The sensing module 310-5 and the signal processing module
315-b, or portions of these modules, may include a processor,
or some or all of the functions of the sensing module 310-b
and the signal processing module 315-b may be performed by
the processor module 635 or in connection with the processor
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module 635. Additionally, the sensing module 310-5 and the
signal processing module 315-b, or portions of these mod-
ules, may include a memory, or some or all of the functions of
the sensing module 310-4 and the signal processing module
315-b may use the memory module 610 or be used in con-
nection with the memory module 610.

[0074] FIG.7 shows a block diagram 700 of a server 135-a
for use in remote determination of a person’s respiratory rate,
in accordance with various aspects of the present disclosure.
In some examples, the server 135-a may be an example of
aspects of the server 135 described with reference to FIG. 1.
The server 135-a may be configured to implement or facilitate
at least some of the server features and functions described
with reference to FIG. 1.

[0075] The server 135-a may include a server processor
module 710, a server memory module 715, a local database
module 745, and/or a communications management module
725. The server 135-a may also include one or more of a
network communication module 705, a remote computer
device communication module 730, and/or a remote database
communication module 735. Each of these components may
be in communication with each other, directly or indirectly,
over one or more buses 740.

[0076] The server memory module 715 may include RAM
and/or ROM. The server memory module 715 may store
computer-readable, computer-executable code 720 contain-
ing instructions that are configured to, when executed, cause
the server processor module 710 to perform various functions
described herein related to remote physiological monitoring.
Alternatively, the code 720 may not be directly executable by
the server processor module 710 but be configured to cause
the server 135-a (e.g., when compiled and executed) to per-
form various of the functions described herein.

[0077] The server processor module 710 may include an
intelligent hardware device, e.g., a central processing unit
(CPU), a microcontroller, an ASIC, etc. The server processor
module 710 may process information received through the
one or more communication modules 705, 730, 735. The
server processor module 710 may also process information to
be sent to the one or more communication modules 705, 730,
735 for transmission. Communications received at or trans-
mitted from the network communication module 705 may be
received from or transmitted to sensor units 110, local com-
puter devices 115, 120, or third-party sensors 130 via network
125-a, which may be an example of the network 125
described in relation to FIG. 1. Communications received at
or transmitted from the remote computer device communica-
tion module 730 may be received from or transmitted to
remote computer device 145-a, which may be an example of
the remote computer device 145 described in relation to FIG.
1. Communications received at or transmitted from the
remote database communication module 735 may be received
from or transmitted to remote database 140-a, which may be
an example of the remote database 125 described in relation
to FIG. 1. Additionally, a local database may be accessed and
stored at the server 135-a. The local database module 745 is
used to access and manage the local database, which may
include data received from the sensor units 110, the local
computer devices 115, 120, the remote computer devices 145
or the third-party sensors 130 (of FIG. 1).

[0078] FIG. 8 is a flow chart illustrating an example of a
method 800 for determining a respiration rate of a person, in
accordance with various aspects of the present disclosure. For
clarity, the method 800 is described below with reference to
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aspects of one or more of the sensor units 110 described with
reference to FIGS. 1 and/or 6, respectively, or aspects of one
or more of the apparatus 305 described with reference to
FIGS. 3 and/or 4. In some examples, a sensor unit such as one
of the sensor units 110 or an apparatus such as one of the
apparatuses 305 may execute one or more sets of codes to
control the functional elements of the sensor unit or apparatus
to perform the functions described below.

[0079] Atblock 805, the method 800 may include applying
adrive signal to a person using only two electrodes, the drive
signal having a drive signal frequency. The drive signal may
be applied by, for example, the sensing module 310 of FIGS.
3, 4 and/or 6.

[0080] At block 810, the method 800 may include detect-
ing, using the two electrodes, voltage fluctuations in the drive
signal arising from respiration-induced impedance variations
in the person. The same electrodes used for applying the drive
signal are used for the detecting of the voltage fluctuations.
The detection may be performed by, for example, the signal
processing module 315 of FIGS. 3, 4 and/or 6.

[0081] At block 815, the method 800 may include deter-
mining a respiration rate of the person using the detected
voltage fluctuations. For example, the detected voltage fluc-
tuations may be filtered in the analog domain, demodulated,
digitized, and further filtered and processed in order to deter-
mine a baseline signal from which the person’s respiration
rate may be determined, as explained in connection with the
signal processing module 315 of FIGS. 3, 4 and/or 6, includ-
ing the description of diagram 501 of FIG. 5A.

[0082] It should be noted that the method 800 is just one
implementation and that the operations of the method 800
may be rearranged or otherwise modified such that other
implementations are possible.

[0083] FIG. 9 is a flow chart illustrating an example of a
method 900 for determining a respiration rate of a person, in
accordance with various aspects of the present disclosure. For
clarity, the method 900 is described below with reference to
aspects of one or more of the sensor units 110 described with
reference to FIGS. 1 and/or 6, respectively, or aspects of one
or more of the apparatus 305 described with reference to
FIGS. 3 and/or 4. In some examples, a sensor unit such as one
of the sensor units 110 or an apparatus such as one of the
apparatuses 305 may execute one or more sets of codes to
control the functional elements of the sensor unit or apparatus
to perform the functions described below.

[0084] At block 905 of method 900, a drive signal is gen-
erated and, at block 910, the drive signal is modulated. The
drive signal can be generated, at block 905, by a signal gen-
erator, e.g., the signal generator 205 as shown and described
with reference to F1G.2, also represented by the sensing mod-
ule 310, described with reference to FIGS. 3, 4 and/or 6. The
drive signal can be modulated, at block 910, by variations in
the impedance of the thorax, e.g., the variable impedance of
the thorax 225 as shown and described with reference to FIG.
2. For example, generating the drive signal, at block 905, can
include generating a waveform using a current source, and
modulation of the drive signal, at block 910, can include
varying the impedance of a sensing circuit (e.g. the sensing
circuit 200 of FIG. 2) such that the amplitude of the voltage of
the waveform varies.

[0085] The voltage of the waveform can be sensed by a
detector (e.g. the detector 235 of FIG. 2, also described in
connection with the signal processing module 315 of FIGS. 3,
4 and/or 6). The waveform can be filtered, at block 915. The
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filtering, at block 915, can be analog filtering and can include
a low-pass filter operable to attenuate noise associated with
impacts (e.g.. associated with foot strikes). A low-pass filter
can have with a cutoff frequency of 60kHz, 75 kHz, 100 kHz,
and/or any other suitable cutoff frequency operable to pass
the drive signal. The filtering, at block 915, can also include a
notch-filter to attenuate line-frequency interference (e.g. 50
and/or 60 Hz noise) and/or any other constant and/or predict-
able interfering frequency noise. In addition, the gain and
offset of the waveform can be adjusted in the analog domain,
at block 915.

[0086] Atblock 920, the detector can demodulate the signal
using, for example, envelope detection. In this way, a rela-
tively low-frequency signal associated with respiration,
which typically does not contain frequency components
above about 70 Hz, can be isolated from a relatively high-
frequency drive signal, which can have a frequency within a
range of approximately 25 kHz to 100 kHz. The envelope
detection can be performed in the analog domain and can be
carrier frequency independent. Similarly stated, a demodula-
tor can be tuned to the signal generator. The demodulator and
the signal generator can be pre-set to operate at the same
frequency, and/or the demodulator can be adjusted to the
frequency produced by the signal generator by feedback con-
trol.

[0087] By demodulating in the analog domain, at block
920, a relatively low-frequency signal can be presented to an
analog-to-digital converter, at block 925. Traditional methods
for impedance based respiration measurement detect absolute
magnitude and phase of thoracic impedance in order to
achieve a precision impedance measurement. In order to
detect absolute magnitude and phase of impedance, the car-
rier signal is digitized for precision digital demodulation. In
such a traditional embodiment the analog-to-digital converter
would typically sample the voltage at a rate of at least twice
the frequency of the signal generator to avoid aliasing.
Because the signal generator typically operates at approxi-
mately 50 kHz, in traditional embodiments, analog-to-digital
converters typically sample at least at 100 kHz, and normally
at more than 1 MHz.

[0088] By using envelop detection, at block 920, before
passing the signal to an analog-to-digital converter, at block
925, the analog-to-digital converter can operate at or below 1
kHz. For example, the analog-to-digital conversion, at block
925, can be performed at 100 Hz, 40 Hz, 25 Hz, and/or any
other suitable sample rate. Noise associated with impacts,
heart movement, varying contact resistance, etc. can have
frequency components that overlap the frequency range of the
signal and/or can have a very low frequency component that
can cause the signal to drift. Thus, the demodulated signal can
have a large dynamic range that would saturate typical analog
to digital converters and/or traditional noise reduction cir-
cuitry.

[0089] To provide for the dynamic range of the demodu-
lated signal, the analog-to-digital conversion, at block 925,
can be performed by a high resolution analog-to-digital con-
verter. For example, in some embodiments, the analog-to-
digital conversion can be performed by a 20-, 24-, or 32-bit
analog-to-digital conversion. The available clock rate, size,
cost, and/or power consumption render high resolution ana-
log-to-digital converters unsuitable for synchronous detec-
tion applied in traditional impedance based respiration mea-
surement used to determine the absolute magnitude and phase
of thoracic impedance. By applying envelope detection, at
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block 920, before converting the signal into the digital
domain, at block 925, the data sampling rate can be
decreased, which can allow for the use of cheaper, slower,
and/or lower power electronics for digital signal processing,
at block 930, as described with relation to FIGS. 5A and 5B.
[0090] Inaddition, by applying envelope detection, atblock
920, before analog-to-digital conversion, at block 925, the
data acquisition and/or digital signal processing, atblock 930,
can be decoupled from the drive signal frequency. Similarly
stated, the analog-to-digital sampling rate and/or the clock
rate associated with digital signal processing can be selected
based on the data signal, e.g., respiration rate, rather than
excitation frequency. Furthermore, the drive signal and/or
analog-to-digital sampling rate can be adjusted without
requiring the digital signal processing clock rate to be
adjusted.

[0091] It should be noted that the method 900 is just one
implementation and that the operations of the method 900
may be rearranged or otherwise modified such that other
implementations are possible.

[0092] While various embodiments have been described
above, it should be understood that they have been presented
by way of example only, and not limitation. Although various
embodiments have been described as having particular fea-
tures and/or combinations of components, other embodi-
ments are possible having a combination of any features
and/or components from any of embodiments as discussed
above.

[0093] Where schematics and/or embodiments described
above indicate certain components arranged in certain orien-
tations or positions, the arrangement of components may be
modified. While the embodiments have been particularly
shown and described, it will be understood that various
changes in form and details may be made.

[0094] Theabove description provides examples, and is not
limiting of the scope, applicability, or configuration set forth
in the claims. Changes may be made in the function and
arrangement of elements discussed without departing from
the spirit and scope of the disclosure. Various embodiments
may omit, substitute, or add various procedures or compo-
nents as appropriate. For instance, the methods described
may be performed in an order different from that described,
and various steps may be added, omitted, or combined. Also,
features described with respect to certain embodiments may
be combined in other embodiments.

[0095] The detailed description set forth above in connec-
tion with the appended drawings describes exemplary
embodiments and does not represent the only embodiments
that may be implemented or that are within the scope of the
claims. The term “exemplary” used throughout this descrip-
tion means “serving as an example, instance, or illustration,”
and not “preferred” or “advantageous over other embodi-
ments.” The detailed description includes specific details for
the purpose of providing an understanding of the described
techniques. These techniques, however, may be practiced
without these specific details. In some instances, well-known
structures and devices are shown in block diagram form in
order to avoid obscuring the concepts of the described
embodiments.

[0096] Information and signals may be represented using
any of a variety of different technologies and techniques. For
example, data, instructions, commands, information, signals,
bits, symbols, and chips that may be referenced throughout
the above description may be represented by voltages, cur-



US 2015/0164374 Al

rents, electromagnetic waves, magnetic fields or particles,
optical fields or particles, or any combination thereof.

[0097] The wvarious illustrative blocks and modules
described in connection with the disclosure herein may be
implemented or performed with a general-purpose processor,
a digital signal processor (DSP), an application specific inte-
grated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any com-
bination thereof designed to perform the functions described
herein. A general-purpose processor may be a microproces-
sor, but in the alternative, the processor may be any conven-
tional processor, controller, microcontroller, or state
machine. A processor may also be implemented as a combi-
nation of computing devices, e.g., a combination of a DSP
and a microprocessor, multiple microprocessors, one or more
microprocessors in conjunction with a DSP core, or any other
such configuration. A processor may in some cases be in
electronic communication with amemory, where the memory
stores instructions that are executable by the processor.

[0098] The functions described herein may be imple-
mented in hardware, software executed by a processor, firm-
ware, or any combination thereof. Ifimplemented in software
executed by a processor, the functions may be stored on or
transmitted over as one or more instructions or code on a
computer-readable medium. Other examples and implemen-
tations are within the scope and spirit of the disclosure and
appended claims. For example, due to the nature of software,
functions described above can be implemented using soft-
ware executed by a processor, hardware, firmware, hardwir-
ing, or combinations of any of these. Features implementing
functions may also be physically located at various positions,
including being distributed such that portions of functions are
implemented at different physical locations. Also, as used
herein, including in the claims, “or” as used in a list of items
indicates a disjunctive list such that, for example, a list of ““at
least one of A, B, or C” means A or B or C or AB or AC or BC
or ABC (i.e., A and B and C).

[0099] A computer program product or computer-readable
medium both include a computer-readable storage medium
and communication medium, including any mediums that
facilitates transfer of a computer program from one place to
another. A storage medium may be any medium that can be
accessed by a general purpose or special purpose computer.
By way of example, and not limitation, computer-readable
medium can comprise RAM, ROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium that can be
used to carry or store desired computer-readable program
code in the form of instructions or data structures and that can
be accessed by a general-purpose or special-purpose com-
puter, or a general-purpose or special-purpose processor.
Also, any connection is properly termed a computer-readable
medium. For example, if the software is transmitted from a
website, server, or other remote light source using a coaxial
cable, fiber optic cable, twisted pair, digital subscriber line
(DSL), or wireless technologies such as infrared, radio, and
microwave, then the coaxial cable, fiber optic cable, twisted
pair, DSL, or wireless technologies such as infrared, radio,
and microwave are included in the definition of medium. Disk
and disc, as used herein, include compact disc (CD), laser
disc, optical disc, digital versatile disc (DVD), floppy disk
and blu-ray disc where disks usually reproduce data magneti-
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cally, while discs reproduce data optically with lasers. Com-
binations of the above are also included within the scope of
computer-readable media.
[0100] The previous description of the disclosure is pro-
vided to enable a person skilled in the art to make or use the
disclosure. Various modifications to the disclosure will be
readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other variations
without departing from the spirit or scope of the disclosure.
Throughout this disclosure the term “example” or “exem-
plary” indicates an example or instance and does not imply or
require any preference for the noted example. Thus, the dis-
closure is not to be limited to the examples and designs
described herein but is to be accorded the widest scope con-
sistent with the principles and novel features disclosed herein.
1. A method of determining respiration, comprising:
applying a drive signal to a person using only two elec-
trodes, the drive signal having a drive signal frequency,
the drive signal applied using a remote sensor unit to
which the two electrodes are coupled,
detecting, using the remote sensor unit and the two elec-
trodes, voltage fluctuations in the drive signal arising
from respiration-induced impedance variations in the
person;
determining, at the remote sensor unit, a respiration rate of
the person using the detected voltage fluctuations; and
transmitting the respiration rate to a central station via a
wireless transmission.
2. The method of claim 1, further comprising:
modulating the drive signal applied to the person.
3. The method of claim 2, wherein the detecting of the
voltage fluctuations in the drive signal comprises:
filtering the detected voltage fluctuations; and
demodulating the filtered voltage fluctuations.
4. The method of claim 3, further comprising:
using envelope detection to demodulate the filtered voltage
fluctuations.
5. The method of claim 4, further comprising:
digitizing the demodulated filtered voltage fluctuations
using an analog-to-digital converter and a sampling fre-
quency that is less than the drive signal frequency.
6. The method of claim 5, wherein the sampling frequency
is less than 1 kHz.
7. The method of claim 1, where the detecting of the volt-
age fluctuations in the drive signal comprises:
determining a difference between the drive signal and a
sensed signal returned from the person as a result of the
drive signal being applied to the person.
8. The method of claim 1, wherein applying the drive signal
to the person further comprises:
using a non-ideal current source.
9. The method of claim 1, wherein the detecting of the
voltage fluctuations in the drive signal comprises:
applying one or more adaptive filters, wherein a pass band
of the one or more adaptive filters is modified based on
external data representing one or more factors that influ-
ence respiration rates.
10. The method of claim 9, wherein the external data rep-
resents a posture or activity level of the person.
11. The method of claim 1, wherein the determining the
respiration rate of the person comprises:
digitizing the detected voltage fluctuations; and
using an adaptive-length buffer to store the digitized volt-
age fluctuations as a baseline signal.
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12. The method of claim 11, wherein a length of the adap-
tive length buffer is inversely proportional to an approximate
respiration rate of the person.

13. The method of claim 11, further comprising comparing
the baseline signal with a delayed representation of the digi-
tized voltage fluctuations.

14. The method of claim 11, wherein the determining of the
respiration rate further comprises:

determining a frequency by which the digitized voltage
fluctuations crosses the baseline signal or enters a zone
bounding the baseline signal.

15. The method of claim 14, further comprising:

using a blanking period to reject, in determining the fre-
quency by which the digitized voltage fluctuations
crosses the baseline signal or enters the zone bounding
the baseline signal, one or more crossings or zone
entrances that are within the blanking period.

16. The method of claim 15, further comprising:

modifying the blanking period based on an activity level of
the person or other environmental or physiological
inputs.

17. An impedance-based respiration determination device,

comprising:

a signal generator in a remote sensor unit for applying a
drive signal to a person using only two electrodes
coupled to the remote sensor unit, the drive signal having
a drive signal frequency; and

at least one processor configured to:
detect, using the remote sensor unit and the two elec-

trodes, voltage fluctuations in the drive signal arising
from respiration-induced impedance variations in the
person;
determine, at the remote sensor unit, a respiration rate of
the person using the detected voltage fluctuations; and
transmit the respiration rate to a central station via a
wireless transmission.
18. The device of claim 17, further comprising:
one or more adaptive filters configured to filter the detected
voltage fluctuations, wherein a pass band of the one or
more adaptive filters is modified based on external data
representing one or more factors that influence respira-
tion rates.
19. A computer program product, comprising:
a non-transitory computer-readable medium having non-
transitory program code recorded thereon, the non-tran-
sitory program code comprising:
program code to apply a drive signal to a person using
only two electrodes, the drive signal having a drive
signal frequency, the drive signal applied using a
remote sensor unit to which the two electrodes are
coupled,

program code to detect, using the remote sensor unit and
the two electrodes, voltage fluctuations in the drive
signal arising from respiration-induced impedance
variations in the person;

program code to determine, at the remote sensor unit, a
respiration rate of the person using the detected volt-
age fluctuations; and

program code to transmit the respiration rate to a central
station via a wireless transmission.
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20. The computer program product of claim 19, wherein
the program code to detect the voltage fluctuations in the drive
signal comprises:

program code to apply one or more adaptive filters,

wherein a pass band of the one or more adaptive filters is
modified based on external data representing one or
more factors that influence respiration rates.
21. A method of determining respiration, comprising;
applying a drive signal to a person using only two elec-
trodes, the drive signal having a drive signal frequency;

detecting, using the two electrodes, voltage fluctuations in
the drive signal arising from respiration-induced imped-
ance variations in the person; and

determining a respiration rate of the person by digitizing

the detected voltage fluctuations, by using an adaptive
length buffer to store a moving average of the digitized
voltage fluctuations as a baseline signal, and by deter-
mining a frequency by which the digitized voltage fluc-
tuations cross the baseline signal or enter a zone bound-
ing the baseline signal.

22. The method of claim 21, wherein the detecting of the
voltage fluctuations in the drive signal comprises:

filtering the detected voltage fluctuations; and

demodulating the filtered voltage fluctuations.

23. The method of claim 22, further comprising:

using envelope detection to demodulate the filtered voltage

fluctuations; and

digitizing the demodulated filtered voltage fluctuations

using an analog-to-digital converter and a sampling fre-
quency that is less than the drive signal frequency.

24. The method of claim 21, where the detecting of the
voltage fluctuations in the drive signal comprises:

determining a difference between the drive signal and a

sensed signal returned from the person as a result of the
drive signal being applied to the person.

25. The method of claim 21, wherein the detecting of the
voltage fluctuations in the drive signal comprises:

applying one or more adaptive filters, wherein a pass band

of the one or more adaptive filters is modified based on
external data representing one or more factors that influ-
ence respiration rates.

26. The method of claim 25, wherein the external data
represents a posture or activity level of the person.

27. The method of claim 21, wherein a length of the adap-
tive length buffer is inversely proportional to an approximate
respiration rate of the person.

28. The method of claim 21, further comprising comparing
the baseline signal with a delayed representation of the digi-
tized voltage fluctuations.

29. The method of claim 21, further comprising:

using a blanking period to reject, in determining the fre-

quency by which the digitized voltage fluctuations
crosses the baseline signal or enters the zone bounding
the baseline signal, one or more crossings or zone
entrances that are within the blanking period.

30. The method of claim 29, further comprising:

modifying the blanking period based on an activity level of

the person or other environmental or physiological
inputs.
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