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for monitoring the motion, breathing, heart rate of hu-
mans in a convenient and low-cost fashion, and for de-
riving and displaying useful measurements of cardiores-
piratory performance from the measured signals. The
motion, breathing, and heart rate signals are obtained
through a processing applied to a raw signal obtained in
a non-contact fashion, typically using a radio-frequency
sensor. Processing into separate cardiac and respiratory
components is described. The heart rate can be deter-
mined by using either spectral or time-domain process-
ing. The respiratory rate can be calculated using spectral
analysis. Processing to derive the heart rate, respiratory
sinus arrhythmia, or a ventilatory threshold parameter
using the system is described.; The sensor, processing,
and display can be incorporated in a single device which
can be worn or held close to the body while exercising
(e.g., in a wristwatch or mobile phone configuration), or
alternately placed in a fixed piece of exercise equipment
at some distance form the body (e.g., in a treadmill dash
panel), and may also be integrated with other sensors,
such as position locators.
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Description
BACKGROUND

[0001] This application claims priority to U.S. Provisional Application serial no. 60/863,862 filed on November 1, 2006,
the entire contents of which are incorporated herein by reference. This disclosure relates to the monitoring of motion,
breathing, and heart rate of living beings, e.g., humans, in a convenient and low-cost fashion that is useful, for example,
in the assessment of cardiorespiratory markers of fitness and activity, and more particularly to an apparatus, system,
and method for acquiring, processing and displaying the corresponding information in a easily understandable format.
In this application, reference is made to a system which can measure motion, breathing and heart rate as a cardiores-
piratory monitoring device or system.

[0002] Monitoring of heart rate and respiration is of interest in assessing the performance of cardiorespiratory systems.
For example, measurements of heart rate are useful when assessing fithess levels of humans, as there are well-estab-
lished guidelines for physiologically normal ranges of heart rate in response to differing levels of activity. Measurements
of heart rate are widely used in fitness training schedules. For example, an exercise which maintains heart rate in a
range between 100 and 120 beats per minute (bpm) may be useful for fat-burning and endurance building, whereas a
competitive athlete may wish to undertake activity which raises the heart rate level to 160-180 bpm. Moreover, levels
have been determined which reliably adjust for age and gender, so that individuals interested in a structured cardiovas-
cular fithess program can monitor their progress quantitatively. Accordingly, it is desirable to be able to measure heart
rate in a variety of settings. However, reliable measurement of heart rate in exercise conditions poses certain technical
challenges. While running or cycling, motion artifact can corrupt heart rate measurements. While swimming, electrical
measurement of heart rate can be difficult due to the conducting nature of water.

[0003] In addition to heart rate, breathing rate, depth and patterns are useful indicators of the overall status of the
cardiorespiratory system. It is well observed that breathing rate increases in response to exercise, but the rate of increase
(or decrease during an exercise recovery period) is a marker of overall cardiorespiratory health. For persons with com-
promised cardiorespiratory status, who might experience dyspnoea, for example, the elevated respiratory rate is a useful
marker of status.

[0004] Individual measurements of heart rate and respiration are of value, but in addition useful measurements can
be derived from combinations of these measurements which provide overall markers. For example, it is known that
breathing directly modulates heart rate through a physiological mechanism called respiratory sinus arrhythmia (RSA),
in which the heart speeds up during inspiration, and decreases during expiration. RSA is particularly pronounced in
young people, and tends to decline with age. However, in general, a high degree of RSA is associated with health, and
will change in response to exercise and changes in diet (see for example, "Respiratory sinus arrhythmia alteration
following training in endurance athletes," by Ronald E. De Meersman, published in European Journal of Applied Phys-
iology, vol. 64, no. 5, September 1992, pages 434-436). However, in order to quantify RSA, simultaneous measurements
of heart rate and respiration are desirable.

[0005] Other useful parameters of cardiorespiratory fitness are the anaerobic threshold (AT) and ventilatory threshold
(VT). The anaerobic threshold is the point at which the cardiorespiratory system is not providing sufficient oxygen to the
muscles for the muscles’ energy needs to be fully met by aerobic metabolic processes. Accordingly, the body uses its
glycogen stores in an anaerobic metabolic process to maintain muscle output. At this point, the person has reached
their maximum oxygen uptake, and will shortly become too fatigued to maintain their activity level (the maximum oxygen
uptake is referred to as VO,,,,,): To measure AT accurately requires specialized laboratory equipment and blood
sampling, so while this is used as a "gold standard", it is not practical for widespread use by individuals interested in
fitness. The ventilatory threshold is related physiologically to the anaerobic threshold. It is a point at which the response
of minute ventilation (liters/min of air breathed) to exercise intensity becomes nonlinear, and is marked by a substantial
increase in breathing rate. From an aerobic fitness point of view, it has been shown that the anaerobic threshold and
the ventilatory threshold are strongly correlated. Since the goal of many fitness programs is to increase AT, it is useful
to be able to use VT as a reliable surrogate marker. The cardiorespiratory monitor can be used to estimate VT by using
combinations of respiration rate and heart rate. This will provide utility to the user of the monitor, as they can track the
trends in their VT over long time periods (e.g., over the course of a fitness training program).

[0006] In the clinical setting, it is also useful to have reliable markers of cardiovascular fithess. For example, people
suffering from heart failure have high exercise intolerance. Some subjects with heart failure are candidates for heart
transplant, but given the scarcity of available hearts, doctors must prioritize patients in order of the severity of their
disease. Again, for such cases, measurements of VT can be useful in assessing the overall health of the patient. A
discussion of the challenges of assessing cardiorespiratory markers for assessing heart transplantation candidates is
given in D. Ramos-Barbon, D. Fitchett, W. J. Gibbons, D. A. Latter, and R. D. Levy, "Maximal Exercise Testing for the
Selection of Heart Transplantation Candidates - Limitation of Peak Oxygen Consumption," Chest. 1999;115:410-417.
[0007] Alarge variety of techniques exist for measurement of heart rate for the purposes of assessing cardiorespiratory
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fitness. Surface lead electrocardiograms (ECGs) are a highly accurate way of capturing cardiac electrical activity, and
hence heart rate. However, they require that the subject attach gelled electrodes to the chest region, and also carry or
wear the associated electronic processing and/or recording device. So generally, full ECG measurement is restricted to
clinical applications.

[0008] More convenient techniques for electrocardiogram measurement have been introduced which trade off signal
quality for convenience, and are now widely used in commercially available heart rate fitness monitors. These techniques
use electrodes which are embedded in conductive textiles which are placed in proximity to the skin. Typically, the textiles
form part of a chest band worn around the thorax at the level of the chest. Since the conductivity of the textile material
is dependent on moisture content, these sensors work best when the person is exercising vigorously and the skin is
moistened with sweat (alternatively users can apply some conducting gel to ensure good electrical measurement). The
disadvantage of this system is the requirement for the person to wear the chest band, and the reduced signal quality
when the person’s skin is not moist.

[0009] Another technique for assessing heart rate during exercise is to use pulse oximetry, which measures the
changes in reflected/transmitted light through blood vessels. A characteristic photoplethysmogram can be generated in
which each cardiac contraction is visible as a distinct pulse. However, pulse oximetry methods for measuring heart rate
are limited by motion artifacts and poor perfusion characteristics. The power requirements of the light emitting diodes
used in oximeters can also be a limiting factor in the battery life of such a device.

[0010] Respiratory effort and breathing rate can be also measured in multiple ways. A common method for measuring
respiratory effort uses inductance plethysmography, in which a person wears a tightly fitting elastic band around their
thorax, whose inductance changes as the person breathes in and out. A limitation of the method from a convenience
point of view is that the person has to wear a band, and remains connected to the associated electronic recording device
via wires. An alternative system for measuring respiratory effort is to use impedance pneumography, in which the
impedance change of the thorax is measured. The limitation of this technology is that it requires electrodes to be attached
to the body, and has an active electrical component which needs to be carried by the subject.

[0011] For cardiorespiratory fitness assessment, it is also useful to measure gross bodily motion, as that is an overall
indicator of daily activity and exercise intensity. The most common technique for measuring free-living activity is to use
accelerometers, which can measure acceleration. When carried by a person, such devices can provide a useful indicator
of the overall duration and intensity of the person’s movement. such devices are often sold commercially as pedometers
(step-counters). A limitation of this technology is the requirement for the person to carry the device, and the limitations
of the algorithms for converting measured acceleration into activity patterns.

[0012] What is needed then, is a method, system and apparatus for measuring heart rate, respiratory rate and effort,
and motion, and which overcomes various limitations of conventional approaches.

SUMMARY

[0013] Thisdisclosure provides various embodiments and aspects of an apparatus, system, and method for monitoring
heart rate, breathing and motion. In one embodiment, a sensor unit can be either worn (for ambulatory use), or placed
in a fixed position (e.g., as part of an exercise cycling machine). The sensor communicates with a processor and display
and, in one aspect, the sensor, processor, and display may be physically implemented in the same unit. The processor
may be used to extract information about heart rate, breathing and motion, and higher order information (e.g., the current
heart rate relative to previous epochs). The display is configured to provide feedback to the user, such as displaying
current heart rate or breathing rate. Feedback may also be provided using sound (e.g., a beep for every heart beat
detected). In one aspect, a complete system may include one or more of a motion sensor (for detection of general bodily
movement, respiration, and heart rate); a processing capability (to derive signals directly related to cardiac activity,
breathing and motion, and hence to derive parameters such as breathing rate, heart rate, and movement); a display
capability (to provide visual feedback); an auditory capability (to provide acoustic feedback, e.g., a tone whose frequency
varies with breathing, or a beep with every detected heart beat); and/or a communications capability (wired or wireless)
to transmit acquired data to a separate unit. This separate unit may be configured to carry out the processing, display
and auditory functions mentioned above.

[0014] In one or more embodiments, a system for measuring, analyzing, and displaying respiration, cardiac activity,
and non-cardiorespiratory bodily movement includes one or more sensors configured to receive a reflected radio-fre-
quency (RF) signal off a living subject, wherein the RF signal comprises a pulsed RF signal. A processor is configured
to analyze the reflected signal to determine a measurement of physiological activity of the living subject. An output is
arranged to provide selected information relating to the physiological activity to a user of the system. In another aspect,
a system for measuring, analyzing, and displaying respiration, cardiac activity, and non-cardiorespiratory bodily move-
ment includes one or more sensors configured to receive a reflected radio-frequency (RF) signal off a living subject,
wherein the RF signal comprises a single RF frequency. In another aspect, a system for measuring, analyzing, and
displaying respiration, cardiac activity, and non-cardiorespiratory bodily movement includes one or more sensors con-
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figured to receive a reflected radio-frequency (RF) signal off a living subject and a processor configured to analyze the
reflected signal to determine a measurement of physiological activity of the living subject. The measured physiological
activity may include two or more physiological signals. In one or more aspects of the embodiments, the physiological
activity includes at least two of a respiratory movement, cardiac activity, and non-cardiorespiratory bodily movement.
The system may further comprise a transmitter that generates the radio frequency signals that are reflected off the living
subject, and the power levels emitted by the system are safe for continuous use with humans. The monitored physiological
activity corresponds to movements which can include breathing, cardiac activity, and large movements of the body (such
as an arm swinging)

[0015] In another embodiment, a method for measuring, analyzing, and displaying respiration, cardiac activity, and
bodily movement includes receiving radio-frequency signals reflected from a human subject; analyzing the reflected
signals to produce measurements relating to respiration, cardiac activity, and bodily movement of the human subject;
and providing selected information to a user of the system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Embodiments of the disclosure will now be described with reference to the accompanying drawings in which:
[0017] FIG. 1 is a diagram illustrating a schematic of how a system of an embodiment might be used in assessment
of exercise and activity; FIG. 1(a) shows an embodiment of the system as an upper arm cuff band; FIG. 1(b) shows the
system as a clip-on device which can be attached to a shirt-pocket; Fig. 1(c) shows an example of the device worn as
a pendant around the neck; FIG. 1(d) illustrates the cardiorespiratory monitor in a treadmill fitness system; FIG. 1(e)
gives an example of the cardiorespiratory monitor embedded in an exercise cycle machine; and FIG. 1(f) shows the
device as a wristwatch-like device while swimming.

[0018] FIG. 2 provides a schematic representation of a sensor element of one embodiment.

[0019] FIG. 3 provides a representative raw sensor signal obtained when the sensor is close to the surface of the
body (e.g., within 5 cm).

[0020] The upper curve of FIG. 4 shows the time course of a photoplethysmographic signal obtained from an adult
subject, where each heart beat is associated with a distinctive pattern and the lower curve of FIG. 4 illustrates the signal
obtained simultaneously from the same subject at a distance of several meters, showing thatthere are separate respiration
and cardiac signals.

[0021] FIG. 5 illustrates the result of applying a technique for accessing and visualizing the breathing and cardiac
information using a time-frequency representation such as the short-time Fourier transform and a peak-finding algorithm.
[0022] FIG. 6 provides a schematic of the system when multiple radio frequency (RF) blocks similar to those depicted
in FIG. 2 are used for transmission and reception of the radio waves.

[0023] FIG. 7 illustrates a schematic of the display for the system.

[0024] FIG. 8 shows a schematic of how the system can calculate a parameter related to a ventilatory threshold.

DETAILED DESCRIPTION

[0025] FIG. 1 is a diagram illustrating a schematic of various environments in which the system might be used in
assessment of exercise and activity. First, the device can be used in ambulatory applications (where the person can
move freely since they are wearing the cardiorespiratory monitor). FIG. 1(a) shows an embodiment of the system as an
upper arm cuffband. FIG. 1(b) shows the system as a clip-on device which can be attached to a shirt-pocket. Fig. 1(c)
shows an example of the device worn as a pendant around the neck, FIG. 1(d) illustrates the cardiorespiratory monitor
in a treadmill fitness system, FIG. 1(e) gives an example of the cardiorespiratory monitor embedded in an exercise cycle
machine and FIG. 1(f) shows the device as a wristwatch-like device while swimming. The device can also be configured
for use with other known exercise equipment.

[0026] FIG. 2 provides a schematic representation of an exemplary sensor element. The sensor element uses radio-
frequency sensing and processing to extract bodily motion associated with breathing and heart rate. The body motion
associated with respiration is readily observable as breathing induces motion of the thorax and abdomen. The motion
associated with cardiac activity is less obvious, but physiologists use the term "ballistocardiogram" to refer to the pressure
wave apparent at the surface of the skin due to the cardiac contraction. This small motion can be detected by a sensitive
motion sensor.

[0027] The system transmits a radio-frequency signal towards a person. The reflected signal is then received, amplified
and mixed with a portion of the original signal, and the output of this mixer is then low pass filtered. The output of this
mixer can therefore be considered as a processed time-domain signal derived from the reflected radio-frequency signal.
This resulting signal contains information about the movement, respiration and cardiac activity of the person, and is
referred to as the raw sensor signal. In FIG. 2, the radio frequency sensor components of the system are illustrated with
a pulsed continuous wave signal for illustration. In an alternative embodiment, the system may also use quadrature
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transmission in which two carrier signals 90 degrees out of phase are used. In the limits that the pulse becomes very
short in time, such a system can be recharacterized as an ultrawideband (UWB) radio-frequency sensor. Improved
signal-to-noise ratio can also be obtained by using a continuous wave system, in which the RF signal is continuously
transmitted.

[0028] FIG. 3 gives a representative raw sensor signal obtained when the sensor is close to the surface of the body
(e.g., within 5 cm). The dominant components in the received raw sensor signal will be the ballistocardiogram, and the
relative motion of the sensor and person. To reduce the relative motion, the sensor unit may be mechanically fixed to
the skin using an elastic restraining mechanism, or similar. FIG. 3 is an example of the raw sensor signal with a dominant
ballistocardiogram component (in this case, measured at the inside of the elbow on the upper arm). This represents 5
seconds of data collected using a 26 GHz pulsed continuous wave prototype of the system. In such cases, heart beats
will be determined by a threshold passing technique (a pulse is associated with the point where the signal is greater or
less than the threshold). In more complex (but typical cases), the ballistocardiogram will present a more complicated
but repeatable pulse shape. Therefore a pulse shape template, implemented, for example, by a matched filter, can be
correlated with the acquired cardiac signal, and places where the correlation is high will be used as the heart beat
locations. Accordingly the system recognizes cardiac beats of the living subject by identifying peaks in the processed
time-domain signal, or by carrying out a time-domain correlation of the received signal with a prototypical cardiac signal,
or by other means. This processing results in a series of time markers identifying the occurrence time of each heart
beat. These time markers can be used by a processor to audibly signal each heart beat of the living subject, or to light
up an intermittent icon on a display.

[0029] Given a time marker of when each event occurred, calculating heart rate is possible. For the signal shown in
FIG. 3, we will label the point at which the signal crosses a threshold as a cardiac event time B,, (where n is the beat
number). From that we can calculate the instantaneous heart rate as 1/BB where BB, =B,;—B,,_; (the interbeat interval).
In practice, it may be more useful to define the average heart rate over a time epoch (e.g., 10 seconds). This can be
achieved by counting the number of beats which occurred within a 10-second window, and then dividing by 10 to obtain
the average number of beats per second. For the example shown in FIG. 3, 5.9 beats occurred within a five second
window, so that the reported heart rate is (5.9/5)X60=71 beats per minute.

[0030] When the device is further away from the body (e.g., 1 meter or greater) the received raw sensor signal will be
a combination of gross bodily movement, respiration, and cardiac activity. The upper curve of FIG. 4 shows the time
course of a photoplethysmographic signal obtained from an adult subject, where each heart beat is associated with a
distinctive pattern. The lower curve of FIG. 4 illustrates the signal obtained simultaneously from the same subject at a
distance of several meters, and shows that there are separate respiration and cardiac signals. Specifically, the circles
highlight the skin movement associated with each cardiac beat. The skin motion is typically aligned with the dichrotic
peak in the pulse waveform.

[0031] In cases of usage further away from the body, as described above the received raw signal contains information
about breathing and heart rate, as well as gross bodily motion. A technique for accessing and visualizing the breathing
and cardiac information is to use a time-frequency representation such as the short-time Fourier transform and a peak-
finding algorithm. The processor can also be configured to recognize the physiological activity of the living subject using
frequency domain processing of the received signals. The detailed description of this is provided below, but broadly it
consists of taking the spectrum of an epoch centered at time t;, and finding spectral peaks which correspond best to
the expected breathing and cardiac frequencies. For that epoch, the two peaks can be noted, and considered as the
cardiac and respiratory frequency at time t,. A new epoch can then be formed which overlaps with the previous epoch,
but which is now centered at f,, and two new frequencies can be calculated which form the cardiac and respiratory
frequency at time f,. FIG. 5 illustrates the result of applying this technique to 50 seconds of data, with a window length
of 20 seconds, and an overlap of 19 seconds. The breathing component at about 20 breaths per minute, and the cardiac
component at approximately 70 beats per minute can be tracked over time..

[0032] FIG. 6 provides a schematic of the system when multiple radio frequency (RF) blocks are used for transmission
and reception of the radio waves. In this schematic, there are three independent RF blocks, each capable of receiving
and transmitting the radio waves. The individual RF blocks are similar to that shown earlier in FIG. 2. They will generate
independent copies of the overall signal from the person being sensed, so that independent motion components can be
extracted using signal processing (e.g., breathing, cardiac signal, and upper body motion). Note that the antennas can
also transmit at separate frequencies if required. Physical separation of the antennas (e.g., by greater than a quarter
wavelength) will also make the transmission paths statistically independent.

[0033] FIG. 7 illustrates a schematic of the display for the system. The system will typically display parameters such
as current heart rate, current breathing rate, and the degree of respiratory sinus arrhythmia. Since the system may be
easily integrated with a device capable of measuring position (e.g., using the Global Positioning System— GPS), position
may also be displayed on the system output. The system will also have the capability to display useful trends for the
user, such as the heart rate over the past hour, the values of RSA over the last week, etc. A further advantage of
incorporating position information is that it allows the system to be used in standard tests of fitness. For example, a good
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marker of general cardiovascular health is the "one mile fitness test". In this, the person walks a mile briskly, and records
their pulse at the end of the one-mile. A positioning system will automatically inform the person when they have walked
a mile, and record the heart rate at that time. Similarly, in clinical applications, the six-minute walk test is routinely used.
In this, a person is asked to walk for six minutes at their own pace, and the distance covered is a marker of their general
cardiovascular health. An integrated positioning system will automatically keep a track of the distance covered, and the
heart and respiration rate during that period. So the utility of the system can be augmented by including a positioning
system configured to monitor a location of the living subject, and to simultaneously track their physiological activity.
[0034] FIG. 8 shows a schematic of how the system can calculate a parameter related to ventilatory threshold. The
device can record the heart rate and breathing rate over a period of exercise. At the end of the exercise, the device can
plot heart rate versus the average breathing rate seen at that heart rate. A schematic representation of such a curve is
shown in FIG. 8. If the exercise intensity is close to the person’s maximum, then the curve can be used to identify a
"kink" at which breathing rate increases more rapidly with respect to heart rate. The breathing rate at which this occurs
can act as a surrogate of ventilatory threshold (VT). The value of the this parameter can be tracked over the course of
weeks or months, as the person undergoes a fitness program.

[0035] In one embodiment, the system includes a sensor unit, and a monitoring and display unit where results can be
analysed, visualized and communicated to the user. The sensor unit and the display/monitoring unit can be incorporated
into a single stand-alone device, if required. The device may include one or more of a motion sensor (for detection of
general bodily movement, respiration, and heart rate); a processing capability (to derive signals directly related to cardiac
activity, breathing and motion, and hence to derive parameters such as breathing rate, heart rate, and movement); a
display capability (to provide visual feedback); an auditory capability (to provide acoustic feedback, e.g., a tone whose
frequency varies with breathing, or a beep with every detected heart beat); a communications capability (wired or wireless)
totransmit acquired data to a separate unit. This separate unit can carry out the processing, display and auditory capability
mentioned above.

[0036] More specifically, the typical sensor will include one or more radio-frequency Doppler sensors, which transmit
radio-frequency energy (typically in the range of 100 MHz to 100 GHz), and which use the reflected received signal to
construct a motion signal. For ease of explanation, we will first restrict our discussion to the case where only one sensor
unit is used. The principle by which this works is that a radio-frequency wave

s(t) = u(t) cos(2rf,t +6) 1)

is transmitted from the unit. In this example, the carrier frequency is f;, tis time, and 6 is an arbitrary phase angle. u(t)
is a pulse shape. In a continuous wave system, the value is always one, and can be omitted from Eq. (1). More generally,
the pulse will be defined as

2)

|, te[kl kT+T,LkeZ
u(t) = .

where T is the period width, and 7, is the pulse width. Where T,<<T, this becomes a pulsed continuous wave system.
In the extreme case, as Tp becomes very short in time, the spectrum of the emitted signal becomes very wide, and the
system is referred to as an ultrawideband (UWB) radar or impulse radar. Alternatively, the carrier frequency of the RF
transmitted signal can be varied (chirped) to produce a so-called frequency modulated continuous wave (FMCW) system.
[0037] This radio frequency signal is generated in the sensor system using a local oscillator coupled with circuitry for
applying the pulse gating. In the FMCW case, a voltage controlled oscillator is used together with a voltage-frequency
converter to produce the RF signal for transmission. The coupling of the RF signal to the air is accomplished using an
antenna. The antenna can be omnidirectional (transmitting power more-or-less equally in all directions) or directional
(transmitting power preferentially in certain directions). It can be advantageous to use a directional antenna in this system
so that transmitted and reflected energy is primarily coming from one direction. The system is compatible with various
types of antenna such as simple dipole antennas, patch antennas, and helical antennas, and the choice of antenna can
be influenced by factors such as the required directionality, size, shape, or cost. It should be noted that the system can
be operated in a manner which has been shown to be safe for human use. The system has been demonstrated with a
total system emitted average power of <1 mW (0 dBm) and lower. The recommended safety level for RF exposure is 1
mW/cm2. At a distance of 1 meter from a system transmitting at OdBm, the equivalent power density will be at least 100
times less than this recommended limit.

[0038] Inall cases, the emitted signal will be reflected off objects that reflect radio waves (such as the air-body interface),
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and some of the reflected signal will be received back at the transmitter. The received signal and the transmitted signal
can be multiplied together in a standard electronic device called a mixer (either in an analog or digital fashion). For
example, in the CW case, the mixed signal will equal

m(t) = y cos(2nf t) cos(2nf .t + §(¢)) _ (3)

where ¢(t) is the path difference of the transmitted and received signals (in the case where the reflection is dominated
by a single reflective object), and v is the attenuation experienced by the reflected signal. If the reflecting object is fixed,
then o(t) is fixed, and so is m(f). In the case of interest to us, the reflecting object (e.g., chest) is moving, and m(f) will
be time-varying. As a simple example, if the chest is undergoing a sinusoidal motion due to respiration:

resp(t) = cos(2xf,,t) (4)

then the mixed signal will contain a component at f,,, (as well as a component centred at 2/, which can be simply
removed by filtering). The signal at the output of the low pass filter after mixing is referred to as the raw sensor signal,
and contains information about motion, breathing and cardiac activity.

[0039] The amplitude of the raw sensor signal is affected by the mean path distance of the reflected signal, leading
to detection nulls and peaks in the sensor (areas where the sensor is less or more sensitive). This effect can be minimised
by using quadrature techniques in which the transmitter simultaneously transmits a signal 90 degrees out of phase (the
two signals will be referred to as the | and Q components). This will lead to two reflected signals, which can be mixed,
leading eventually to two raw sensor signals. The information from these two signals can be combined by taking their
modulus (or other techniques) to provide a single output raw sensor signal.

[0040] Inthe UWB case, an alternative method of acquiring a raw sensor signal may be preferred. In the UWB case,
the path distance to the most significant air-body interface can be determined by measuring the delay between the
transmitted pulse and peak reflected signal. For example, if the pulse width is 1 ns, and the distance from the sensor to
the body is 0.05m, then the total time m(t) elapsed before a peak reflection of the pulse will be 0.1/(3x108) s=0.33 ns.
By transmitting large numbers of pulses (e.g., a 1 ns pulse every 1 ws) and assuming that the path distance is changing
slowly, we can derive a raw sensor signal as the average of the time delays over that period of time.

[0041] In this way, the radio-frequency sensor can acquire the motion of the part of the body at which the system is
aimed. Directional selectivity can be achieved using directional antennas, or multiple RF transmitters. The combined
motion of the thorax (which is a combination primarily of a respiration and cardiac signal) acquired in this way using a
pulsed continuous wave system is shown in the lower curve of FIG 4. We stress however that a continuous wave, an
FMCW, or a UWB radar can also obtain similar signals.

[0042] Moreover, since the bulk of the reflected energy is received from the surface layer of the skin, this motion
sensor can also obtain the ballistocardiogram, which is the manifestation of the beating of the heart at the surface of the
skin due to changes in blood pressure with each beat. An example of a surface ballistocardiogram obtained with an RF
motion sensor has already been shown in FIG 3. In that case, the ballistocardiogram is emphasized by the sensor being
close to the skin (upper arm) and no respiratory component is visible.

[0043] In order to improve the qualities of the measured sensor signals, the physical volume from which reflected
energy is collected by the sensor can be restricted using various methods. For example, the transmission antenna can
be made "directional” (that is, it transmits more energy in certain directions), as can the receiver antenna. A technique
called "time-domain gating" can be used to only measure reflected signals which arise from signals at a certain physical
distance form the sensor. A practical way to implement this is to ensure that received signal is mixed with a transmitted
signal over a predefined period of time. For example, imagine that a 12 ns pulse is emitted at time =0ns. If the reflecting
object is 150 cm away, the reflected pulse will be first received after 10 ns (since it takes light 10 ns to cover 300 cm).
Assume a second object 300 cm away whose detection is not desired. The reflected pulse from this second object will
not first arrive till time =20 ns. Therefore if mixing between the transmitted and received pulses is only allowed in the
time period from =10 ns to =15 ns, all the information received will relate only to the first reflecting object. Frequency
domain gating can be used to restrict motions of the reflected object above a certain frequency.

[0044] In a simple embodiment of the system, a single antenna will be used, with a single carrier frequency. This
antenna will act as both the transmit and receive antenna. However, in principle, multiple receive and transmit antennas
can be used, as can multiple carrier frequencies. In the case of measurements at multiple frequencies (e.g., at 500 MHz
and 5 GHz) the lower frequency can be used to determine large motions accurately without phase ambiguity, which can
then be subtracted from the higher-frequency sensor signals (which are more suited to measuring small motion, such
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as the cardiac signature).

[0045] Allof these sensorinputs are fed into the unit for processing and display purposes, and for possible transmission
to a separate unit (the monitoring unit).

[0046] The system then uses its processing capability to combine the sensor inputs to provide a number of useful
outputs, and to display these outputs in a meaningful manner. These steps are carried out in the following manner.
[0047] The cardiorespiratory monitor is primarily designed to provide information about heart rate and respiration.
When the person is moving, the sensor signal will often be dominated by motion, in which case processing is required
toreduce motion artefact problems. A preferred technique for calculating respiration and heart beat activity in the presence
of noise is as follows.

[0048] A raw signal is acquired for an epoch of desired length (e.g., 20 seconds). The spectrum of this period of the
signal is estimated using a technique such as the smoothed averaged periodogram. In general, since respiration occurs
typically at a frequency from 10 to 25 breaths per minute (about 0.15-0.45 Hz), and cardiac activity occurs in the range
60-120 beats per minute (1 to 2 Hz), the spectrum of the signal will have two peaks in the ranges 0.15-0.4Hz, and 1 to
2 Hz. The frequency at which these peaks occur can be referred to as the breathing frequency and the heart rate
respectively, for that epoch. The results of the spectral analysis for each epoch can be arranged in time to form a time-
frequency respiration plot, which is a useful means of visualizing the overall respiratory and cardiac activity. Note that
the epochs can overlap, so that a breathing frequency and cardiac frequency can be calculated at arbitrary times (e.g.,
FIG. 5 shows the case where the analyzed epochs are one second apart).

[0049] The presence of large motion artefacts may confound the processing described above, so in some cases it
may be necessary to preprocess the signal to reduce the effect of motion artefact. Since large movements lead to large-
magnitude signals in the processed time domain, a processor can be configured to measure the energy content of a
filtered signal, so that periods of bodily motion of the living subject are recognized by comparing the energy content to
a predetermined energy value. A method for doing this is to prefilter the epoch with a linear high pass filter (to remove
all frequencies below 0.05 Hz, for example). An alternative would be to median filter the data with a window length of
10 seconds, and remove the median filtered signal from the original signal. Alternatively, we can recognise periods of
motion by their high energy content.These periods of motion may lead to artifacts in the processed signal, so suitable
pectral analysis that removes periods of measurement can be used. Specifically, when calculating the spectrum of the
epoch, the data from these high motion sections is not included in the estimation (using a technique called Lomb’s
periodogram which provides spectral estimates from data with missing segments).

[0050] An alternative processing technique for improving the accuracy of the heart beat and respiration detection is
to acquire multiple signals from multiple sensors. This is particularly beneficial in the case of high motion artefact, such
as the case when the system is used in a treadmill setting with person jogging in the field of the sensors. In such a case,
a preferred solution is to have multiple sensors (e.g, m, where m might typically be in the range four to sixteen, but can
vary from one to any number). In practice (for cost reasons), it is probably efficient to have a single transmit antenna,
and multiple receive antennas only, rather than having each antenna be both transmitting and receiving. Likewise it may
be beneficial to have the antenna or antennas generate RF signals at multiple frequencies. However, an embodiment
of the method is where one transmitter is used, and m signals are received in the sensor (each path will experience a
different phase delay and amplitude change). A further useful embodiment of the system is one in which there are
multiple sensors operating at different frequencies, wherein a relatively low frequency is used to estimate a large bodily
movement of the living subject, and a relatively high frequency is used to estimate a smaller movement of the living
subject. For example, a sensor operating at 1 GHz would be useful for detecting movement in the centimeter range,
while a sensor operating in the same system at 100 GHz could help detect movement of millimetres.

[0051] A useful model is to collect the m received signal into a vector of signals x:

It can be reasonable assumed that each signal represents a mixture of reflections from multiple sources (e.g., one from
breathing, one from cardiac activity, one from left arm movement, etc.). Therefore, the received signals represent a
linear mixture of sources w, so that
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[0052] Inpractice, we are interested in obtaining the signals w, since they will cleanly separate the different components
of interest. A critical factor which aids us in this analysis is that the source signals are independent (i.e., the cardiac
signal is independent of breathing, which is independent of arm motion, for example). There are many algorithms which
map the received x back to w, under this assumption, and these are referred to as Independent Component Analysis
(ICA) techniques. In particular, we can further optimise our solution by imposing certain constraints on the source signals
(e.g., it should have a dominant frequency in the range 0.15 to 0.25 Hz). Such algorithms are called constrained ICA
algorithms. A useful survey of techniques in ICA analysis can be found in "Independent component analysis for biomedical
signals," C.J. James and C.W. Hesse, Physiological Measurement vol. 26 (1), R15-R39, Feb 2005.

[0053] As well as determining respiration rate and amplitude, cardiac rate, and motion, the system provides for means
to combine signals for calculation of further useful outputs. For example, a useful marker of overall cardiorespiratory
health is respiratory sinus arrhythmia (RSA). This measures the influence of breathing on heart rate, and the stronger
the coupling, the better the overall cardiorespiratory health. In general, there is utility in configuring a processor to
calculate a parameter of respiratory sinus arrhythmia using the measured heart rate and breathing rate information. One
approach may be to calculate a parameter of respiratory sinus arrhythmia using cross-spectral analysis of measured
heart rate and breathing rate signals.

[0054] However, a variety of techniques exists for calculating RSA. One embodiment for this system is as follows.
[0055] An epoch of measurement (e.g., 60 seconds) is taken, over which the person’s activity is fairly constant. The
coherence between the cardiac signal and the respiratory signal is obtained (coherence is typically defined as the ratio
of the cross spectral density of two signals divided by the square root of the power spectral densities of the signals taken
separately.) The highest value of the coherence in a defined band (e.g., 0.15-0.25 Hz) is taken as a measure of the
coupling between heart rate and respiration. This coherence value can be tracked across different exercise sessions,
or compared against a population mean.

[0056] A furtheruseful measure of cardiorespiratory performance obtained by the system is the estimation of ventilatory
threshold from heart rate measurements only, or combinations of heart rate and breathing rate. The system can be
configured to calculate useful parameters of cardiorespiratory performance (such as ventilatory threshold) by relating a
measured heart rate to a measured breathing rate over a defined period of measurement. A preferred embodiment for
capturing ventilatory threshold from combined heart rate and breathing rate is to examine a curve of cardiac beats per
breathing cycle versus breathing rate. In such a curve, there is a characteristic kink, which occurs at the frequency
corresponding to the ventilatory threshold.

[0057] Finally, the system provides means for communicating useful information to its user. The display means may
be in a format such as a wristwatch, with parameters such as current heart rate, current breathing rate, and position.
The user may also have the ability to view trend screens, which show charts of previous heart rates over different time
scales, previous breathing rates, as well as derived parameters such as estimated RSA coherence. In some use cases,
it is beneficial to design an enclosure which can contain one or more sensors, the processor, and the display. This
enclosure could be suitable for being held in a hand of the user for convenience of use. The enclosure could also
incorporate other functionality such as telecommunications or positioning systems (e.g., a cellular phone handset would
be a specific embodiment of such an enclosure).

STATEMENT OF INDUSTRIAL APPLICABILITY

[0058] This disclosure has application in the medical, safety, and sports fithess fields, for example, by monitoring
motion, breathing, and heart rate of living beings, e.g., humans, in a convenient and low-cost fashion. Such monitoring
is useful, for example, in the assessment of cardiorespiratory markers of fithess and activity of humans.

Claims

1. A system for providing information to a user regarding a physiological activity of a living subject, the system com-
prising:
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- one or more sensors configured to receive one or more reflected radio-frequency signals off the living subject;
- aprocessor configured to analyze the one or more received reflected signals so as to determine a measurement
of the physiological activity; and

- feedback means for providing to the user selected information associated with the determined measurement.

The system of claim 1, wherein the feedback means comprises a display arranged for providing visual information
relating to the physiological activity of the living subject.

The system of claim 2, wherein the display is configured to visually signal a heart rate or a breathing rate of the
living subject to the user.

The system of any one of the preceding claims, further comprising one or more transmitters that generate the one
or more radio frequency signals that are reflected off the living subject.

The system of any one of the preceding claims, the processor being configured to recognize the physiological activity
using a processed time-domain signal derived from the reflected radio-frequency signal, wherein the physiological
activity comprises cardiac beats of the living subject recognized by a time-domain correlation of the received signal
with a prototypical cardiac signal.

The system of any one of the preceding claims, the system comprising multiple sensors operating at different
transmission frequencies.

The system of claim 6, wherein a plurality of signals provided by the multiple sensors are processed simultaneously
to produce distinct components of bodily movement.

The system of claim 6 or claim 8, wherein a relatively low frequency is used to estimate a large bodily movement
of the living subject, and a relatively high frequency is used to estimate a smaller movement of the living subject.

The system of any one of the preceding claims, wherein the feedback means is configured to audibly signal a heart
beat of the living subject.

The system of any one of the preceding claims, wherein received reflected signal is mixed with transmitted signal
over a predefined period of time.

The system of any one of the preceding claims, wherein the processor is configured to calculate a heart rate or a
breathing rate of the living subject using spectral analysis that removes periods of measurement containing artifacts
therein.

The system of any one of the preceding claims, further comprising a positioning system configured to monitor a
location of the living subject.

The system of any one of the preceding claims, further comprising an enclosure configured to enclose the one or
more sensors, the processor, and the display.

The system of claim 13, wherein the enclosure is suitable for being held in a hand of the user.

A method for providing information to a user regarding a physiological activity of a living subject, the method com-
prising:

- receiving one or more radio-frequency signals reflected from a human subject;

- analyzing the one or more received reflected signals to determine a measurement relating to the physiological
activity; and

- providing to the user selected information associated with the determined measurement.

10
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