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(57) ABSTRACT

There is provided a method, apparatus, computer program
product and wearable device for monitoring volumetric
change of a lung during a breathing cycle by using an
electronic signal. The method comprises: receiving by a
receiver an electronic signal transmitted from a transmitter,
wherein at least part of a path of the signal contours at least
part of a chest wall of the lung; determining by the receiver
measurements of an attribute of the signal received at the
beginning and the end of a time interval during the breathing
cycle; calculating by a processor a change in length of the
signal path during the time interval based on the measure-
ments of the attribute of the signal received at the beginning
and the end of the time interval; and calculating by the
processor a volumetric change during the time interval based
on the change in signal path length.
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1
METHOD OF MONITORING VOLUMETRIC
CHANGE OF A LUNG

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/141,338, filed Apr. 1, 2015, which is
hereby incorporated by reference herein.

TECHNICAL FIELD

The presently disclosed subject matter relates, in general,
to the field of respiratory monitoring, and more specifically,
to methods and apparatuses for monitoring volumetric
change of a lung during breathing.

BACKGROUND OF THE INVENTION

Respiratory monitoring is critical for patients especially
those with severe medical conditions which in turn affect the
lung and overall pulmonary functions. Respiratory data,
such as tidal volume of the lung, can provide valuable
information concerning the progression of a disease or
injury affecting a patient, which is very useful for assessing,
diagnosing and treating respiratory symptoms driven by
such disease or injury. For instance, it is proven that post-
operative respiratory volume monitoring can help predict the
risk of life-threatening complications in post-surgical
patients, which may happen hours after the patients are
considered stabilized after the operation. Urgent medical
resuscitation is essential in such cases to prevent respiratory
failure and death.

Nevertheless, respiratory monitoring could also be impor-
tant for individuals to use during normal daily routines so as
to be able to capture respiratory events which may be
indicative of a patient’s state of respiratory health and reveal
adverse conditions which might otherwise go unnoticed.
The breathing of babies at risk for Sudden Infant Death
Syndrome (SIDS) is difficult to monitor, and accurate non-
invasive monitoring at home may be life saving. Obstructive
sleep apnea in adults and children requires accurate respi-
ratory monitoring in order to diagnose and treat. Again,
accurate non-invasive respiratory monitoring can facilitate
this.

Existing monitoring systems and methods are normally
complex, inconvenient, and expensive to be effectively and
widely used by patients or individuals. For instance, moni-
toring a patient’s respiratory status usually takes place in a
hospital setting or a doctor’s office, and the patient is
normally observed by being connected to cumbersome
medical equipment which prevents the patient from freely
moving around. Thus it would be highly desirable to be able
to easily and accurately measure respiratory parameters in a
manner that allows usages in essentially any location.

Such problems have been recognized in the conventional
art and various techniques have been developed to provide
solutions. For example:

U.S. patent application Ser. No. 13/486,637 (Bernal et al.)
entitled “Processing a video for respiration rate estimation”
discloses a system and method for estimating a respiration
rate by analyzing distortions in reflections of structured
illumination patterns captured in a video containing a view
of a subject’s thoracic region. In one embodiment, a video
of a target region of a body of a subject of interest is
received. Video image frames are processed to estimate 3D
time-series data for the target region. As more fully dis-
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closed herein, the subject’s respiration rate is estimated from
the 3D time-series data. Measurements can be acquired
under a diverse set of lighting conditions. The teachings
hereof provide a non-contact approach to patient respiratory
function monitoring that is useful for intensive care units
and for monitoring at homes, and which aid in the detection
of sudden deterioration of physiological conditions due to
changes in respiration rates. The teachings hereof provide an
effective tool for non-contact respiratory function study and
analysis.

U.S. patent application Ser. No. 12/749,861 (Tupin, J R.
et al.) entitled “Apparatus and method for continuous non-
invasive measurement of respiratory function and events”
discloses an apparatus and method for non-invasive and
continuous measurement of respiratory chamber volume and
associated parameters including respiratory rate, respiratory
rhythm, tidal volume, dielectric variability and respiratory
congestion. In particular, a non-invasive apparatus and
method for determining dynamic and structural physiologic
data from a living subject including a change in the spatial
configuration of a respiratory chamber, a lung or a lobe of a
lung to determine overall respiratory health comprising an
ultra wide-band radar system having at least one transmit-
ting and receiving antenna for applying ultra wide-band
radio signals to a target area of the subject’s anatomy
wherein the receiving antenna collects and transmits signal
returns from the target area.

U.S. patent application Ser. No. 13/210,360 (Freeman et
al.) entitled “Devices and methods for respiratory variation
monitoring by measurement of respiratory volumes, motion
and variability” discloses devices and methods for assessing
a patient. The devices have at least one impedance measur-
ing element functionally connected to a programmable ele-
ment, programmed to analyze an impedance measurement,
and to provide an assessment of at least one respiratory
parameter of the patient. Preferably the device includes
electronics which aid in calibration, signal acquisition, con-
ditioning, and filtering.

GENERAL DESCRIPTION

In accordance with certain aspects of the presently dis-
closed subject matter, there is provided a method of moni-
toring volumetric change of a lung during a breathing cycle
by using an electronic signal, the method comprising:
receiving by a receiver an electronic signal transmitted from
a transmitter, wherein at least part of a path of the signal
contours at least part of a chest wall of the lung; determining
by the receiver measurements of an attribute of the signal
received at the beginning and the end of a time interval
during the breathing cycle; calculating by a processor a
change in length of the signal path during the time interval
based on the measurements of the attribute of the signal
received at the beginning and the end of the time interval,
and calculating by the processor a volumetric change during
the time interval based on the change in signal path length.

In accordance with other aspects of the presently dis-
closed subject matter, there is provided an apparatus capable
of monitoring a volumetric change of a lung during a
breathing cycle by using an electronic signal, the apparatus
comprising at least one transmitter and a receiving module,
the receiving module including at least one receiver opera-
tively connected to a processor, wherein: the at least one
transmitter is configured to transmit the electronic signal,
wherein at least part of a path of the signal contours at least
part of a chest wall of the lung; the at least one receiver is
configured to: receive the electronic signal transmitted from
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the at least one transmitter, and determine measurements of
an attribute of the signal received at the beginning and the
end of a time interval during the breathing cycle; the
processor is configured to: calculate a change in length of the
signal path during the time interval based on the measure-
ments of the attribute of the signal received at the beginning
and the end of the time interval; and calculate the volumetric
change of the lung during the time interval based on the
change in signal path length.

In accordance with other aspects of the presently dis-
closed subject matter, there is provided a non-transitory
computer usable medium having a computer readable pro-
gram code embodied therein, said computer readable pro-
gram code adapted to be executed to perform a method of
monitoring volumetric change of a lung during a breathing
cycle by using an electronic signal, including: receiving by
areceiver an electronic signal transmitted from a transmitter,
wherein at least part of a path of the signal contours at least
part of a chest wall of the lung; determining by the receiver
measurements of an attribute of the signal received at the
beginning and the end of a time interval during the breathing
cycle; calculating by a processor a change in length of signal
path during the time interval based on the measurements of
the attribute of the signal received at the beginning and the
end of the time interval; and calculating by the processor a
volumetric change during the time interval based on the
change in signal path length.

In accordance with other aspects of the presently dis-
closed subject matter, there is provided a wearable device
integrating an apparatus capable of monitoring a volumetric
change of a lung during a breathing cycle by using an
electronic signal, the apparatus comprising at least one
transmitter and a receiving module, the receiving module
including at least one receiver operatively connected to a
processor, wherein: the at least one transmitter is configured
to transmit the electronic signal, wherein at least part of a
path of the signal contours at least part of a chest wall of the
lung; the at least one receiver is configured to: receive the
electronic signal transmitted from the at least one transmit-
ter, and determine measurements of an attribute of the signal
received at the beginning and the end of a time interval
during the breathing cycle; the processor is configured to:
calculate a change in length of the signal path during the
time interval based on the measurements of the attribute of
the signal received at the beginning and the end of the time
interval; and calculate the volumetric change of the lung
during the time interval based on the change in signal path
length.

In accordance with other aspects of the presently dis-
closed subject matter, there is provided a wearable device
operating in accordance with a method of monitoring volu-
metric change of a lung during a breathing cycle by using an
electronic signal, the method comprising: receiving by a
receiver an electronic signal transmitted from a transmitter,
wherein at least part of a path of the signal contours at least
part of a chest wall of the lung; determining by the receiver
measurements of an attribute of the signal received at the
beginning and the end of a time interval during the breathing
cycle; calculating by a processor a change in length of the
signal path during the time interval based on the measure-
ments of the attribute of the signal received at the beginning
and the end of the time interval; and calculating by the
processor a volumetric change during the time interval based
on the change in signal path length.

In accordance with other aspects of the presently dis-
closed subject matter and optionally, in combination with
any of the above aspects, the presently disclosed subject
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matter may comprise one or more of features (i) to (xx)
listed below, in any desired combination or permutation
which is technically possible:

(1) the signal is a radio frequency (RF) signal.

(ii) the signal is a single carrier RF signal characterized by
a carrier wavelength.

(iii) the single carrier signal is selected such that the
carrier wavelength is greater than twice the change in
signal path length during the time interval.

(iv) the attribute is phase of the signal.

(v) the signal flows from the transmitter to the receiver
through a belt or a strap or a band attached to the chest
wall of the lung.

(vi) the change in signal path length is in a linear
correlation relationship with a difference between said
measurements.

(vii) the attribute is amplitude of the signal.

(viii) the signal is characterized by a predetermined set of
frequencies, and the amplitude is an amplitude of each
frequency in the set of frequencies relative to ampli-
tudes of other frequencies in the frequency set.

(ix) the determining measurements, calculating a change
in signal path length, and calculating a volumetric
change are performed for a plurality of time intervals.

(x) the signal is an Ultra-wide Band (UWB) RF signal
characterized by a bandwidth larger than 500 Mhz.

(x1) the attribute is time-of-arrival of the signal.

(xii) at least one transmitter and at least one receiver are
positioned on the circumference of the chest wall.

(xiii) the time interval is a fraction of the breathing cycle.

(xiv) at least one receiver is connected to a corresponding
transitter by a reference cable that carries a reference
signal, a corresponding attribute of the reference signal
being indicative of an attribute of a transmitted signal.

(xv) a tidal volume is calculated for the breathing cycle.

(xvi) a respiratory rate is measured and an alarm is
generated if the tidal volume is within a pre-specified
range, and the respiratory rate is normal.

(xvii) a first indication is generated if the tidal volume is
below a first threshold, and a second indication is
generated if the tidal volume is above a second thresh-
old, wherein the second threshold is larger than the first
threshold and a difference between the first and second
threshold is below 10% of normal tidal volume.

(xviii) the processor is a part of the receiver.

(xix) the determining measurements, calculating a change
in signal path length, and calculating a volumetric
change are performed for a plurality of time intervals,
and a breathing pattern is detected from a plurality of
pre-defined breathing patterns, based on the volumetric
changes during the plurality of time intervals.

(xx) the apparatus comprises a plurality of pairs of
transmitters and receivers, the pairs operating with the
signal by time division multiple access (TDMA) to
avoid signal interference.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to understand the presently disclosed subject
matter and to see how it may be carried out in practice, the
subject matter will now be described, by way of non-limiting
example only, with reference to the accompanying drawings,
in which:

FIG. 1 is a functional block diagram schematically illus-
trating an apparatus for monitoring volumetric change of a
lung during a breathing cycle by using a radio frequency
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(RF) signal in accordance with certain embodiments of the
presently disclosed subject matter;

FIGS. 2A and 2B illustrate exemplified placements of one
transmitter and one receiver attached to an individual’s chest
wall in accordance with certain embodiments of the pres-
ently disclosed subject matter;

FIG. 3 is a functional block diagram schematically illus-
trating the functional structure of the transmitter and the
receiver in accordance with certain embodiments of the
presently disclosed subject matter;

FIG. 4 illustrates an exemplified top view of a lung when
looking at it from above the lung in accordance with certain
embodiments of the presently disclosed subject matter;

FIG. 5 is a generalized flowchart of monitoring a volu-
metric change of a lung during a breathing cycle by using RF
signal, in accordance with certain embodiments of the
presently disclosed subject matter;

FIG. 6 is an exemplified single carrier signal in a sine
waveform utilized in the transmitter and the receiver in
accordance with certain embodiments of the presently dis-
closed subject matter;

FIG. 7 is a schematic illustration of a Ultra-Wide Band
(UWB) signal in time domain and frequency domain in
accordance with certain embodiments of the presently dis-
closed subject matter;

FIG. 8 is an illustration of an example of a strap through
which a signal can flow in accordance with certain embodi-
ments of the presently disclosed subject matter;

FIG. 9 is an illustration of an example of a strap through
which a signal can flow in accordance with certain embodi-
ments of the presently disclosed subject matter;

FIG. 10A and FIG. 10B (collectively FIG. 10) illustrate an
example of the absolute values of a frequency response of a
strap in accordance with certain embodiments of the pres-
ently disclosed subject matter. FIG. 10A depicts the fre-
quency response when the length of the strap is minimized,
and FIG. 10B depicts the frequency response when the
length of the strap is maximized in accordance with certain
embodiments of the presently disclosed subject matter; and

FIG. 11 is a graph of volume versus time during a
breathing cycle in accordance with certain embodiments of
the presently disclosed subject matter.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details are set forth in order to provide a thorough under-
standing of the disclosed subject matter. However, it will be
understood by those skilled in the art that the present
disclosed subject matter can be practiced without these
specific details. In other instances, well-known methods,
procedures, and components have not been described in
detail so as not to obscure the present disclosed subject
matter.

In the drawings and descriptions set forth, identical ref-
erence numerals indicate those components that are common
to different embodiments or configurations.

Unless specifically stated otherwise, as apparent from the
following discussions, it is appreciated that throughout the
specification discussions utilizing terms such as “receiving”,
“measuring”, “determining”, “calculating”, “estimating”,
“transmitting”, “monitoring”, or the like, may include action
and/or processes of a computer that manipulate and/or
transform data into other data, said data represented as
physical quantities, e.g. such as electronic quantities, and/or
said data representing the physical objects. The term “com-
puter” should be expansively construed to cover any kind of
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electronic device with data processing capabilities, includ-
ing, by way of non-limiting examples, the apparatus and/or
the processor disclosed in the present application.

The operations in accordance with the teachings herein
can be performed by a computer specially constructed for
the desired purposes or by a general purpose computer
specially configured for the desired purpose by a computer
program stored in a non-transitory computer readable stor-
age medium.

The term ‘“non-transitory” is used herein to exclude
transitory, propagating signals, but to otherwise include any
volatile or non-volatile computer memory technology suit-
able to the presently disclosed subject matter.

It is appreciated that, unless specifically stated otherwise,
certain features of the presently disclosed subject matter,
which are described in the context of separate embodiments,
can also be provided in combination in a single embodiment.
Conversely, various features of the presently disclosed sub-
ject matter, which are described in the context of a single
embodiment, can also be provided separately or in any
stitable sub-combination.

Bearing this in mind, attention is drawn to FIG. 1,
schematically illustrating a functional block diagram of an
apparatus for monitoring volumetric change of'a lung during
a breathing cycle by using an electronic signal in accordance
with certain embodiments of the presently disclosed subject
matter. For simplicity’s sake, the subject matter is described
herein with reference to an RF signal where the range of
frequencies can be between 3 Khz to 300 Ghz, but any
electronic signal can be used additionally or alternatively,
mutatis mutandis.

For example, another electronic signal that can be used
can have a frequency, say, of 250 Hz, such as a square wave
where the signal changes value, say from +5 Volts to 0 Volts
or vice versa every 2 msec.

For simplicity’s sake, the subject matter is described with
reference to a human patient, but in some cases a patient can
alternatively be an animal.

The apparatus 100 illustrated in FIG. 1 comprises at least
one transmitter 102 and a receiving module 101. The receiv-
ing module includes at least one receiver 104 and a proces-
sor 106 that is operatively connected to the at least one
receiver 104. The transmitter 102 and/or the receiver 104
can be attached externally to a portion of the chest wall of
a lung, and/or can be located anywhere else which enables
calculation of a volumetric change of the lung during a
breathing cycle. The terms “chest wall” and “chest” are used
interchangeably herein. During the breathing cycle, the chest
wall moves as the volume of the lung changes. The single
form of “lung” used herein should be construed to mean a
single lung or a plurality of lungs (e.g. two lungs), as
appropriate, and therefore the term volume of the lung can
refer to the volume of one lung (e.g. if only one lung is
working) or can refer to the sum of the volumes of the
plurality of lungs (e.g. if two lungs are working). The at least
one transmitter 102 can be configured to transmit the RF
signal. The at least one receiver 104 can be configured to
receive the transmitted RF signal from the at least one
transmitter 102. At least part of the path of the signal
contours at least part of the chest wall. This means that at
least part of the signal path is on or beside at least part of the
chest wall so that the at least part of the signal path adjusts
when the at least part of the chest wall moves.

The receiver 104 is further configured to determine mea-
surements of an attribute of the RF signal received by the
receiver 104 at two time points, e.g., at the beginning and the
end of a time interval during the breathing cycle. According
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to certain embodiments, the receiver 104 is further config-
ured to determine measurements of an attribute of a received
RF signal, for a plurality of time intervals during one or
more breathing cycles, e.g. where the determination can be
performed periodically or repeatedly. A measurement of an
attribute can be determined by the receiver 104, by actively
measuring the attribute and/or by accessing a measurement
from a previous measuring (e.g. the receiver 104 can mea-
sure the attribute at the beginning of a certain time interval
and/or can access a measurement made at the end of the
previous time interval measurement, say, from the storage
module 108, and use this measurement as the measurement
for the beginning of the certain time interval if the beginning
of the certain time interval is the same time point as at the
end of the previous time interval). The functional structure
of the transmitter 102 and the receiver 104 of the RF signal
will be described in detail with reference to FIG. 3.

According to certain embodiments, the RF signal can be
a single carrier signal characterized by a predetermined
wavelength or a predetermined frequency. By way of
example, the single carrier signal can be in a sinusoidal
carrier waveform with a single frequency, as illustrated in
FIG. 6. According to other embodiments, the RF signal can
be an Ultra-wide Band (UWB) signal as illustrated in FIG.
7. The UWB signal can be characterized by a wide band-
width exceeding 500 MHz, and the frequency range can
extend from 3.1 GHz to 10.6 GHz. According to other
embodiments, the RF signal can be a wideband signal
characterized by a bandwidth of 0.1 Mhz to 200 Mhz, and
the frequency range can extend from 100 Mhz to 10 Ghz, as
discussed with reference to FIG. 10.

The processor 106 can be operatively connected to the
receiver 104, and can be configured to calculate a change in
the signal path length during the time interval. Specifically,
according to certain embodiments, the processor can be
configured to calculate a change in the signal path during the
time interval based on the measurements of the attribute of
the RF signal received at the beginning and end of the time
interval. The processor 106 is further configured to calculate
the volumetric change of the lung during the time interval
based on the change in the signal path length. As at least part
of the signal path contours at least part of the chest wall, the
signal path length changes when the at least part of the chest
wall moves. The chest wall moves as the volume of the lung
changes. The processor 106 can therefore calculate the
volumetric change of the lung during the time interval based
on the change in the signal path length. According to certain
embodiments, the processor can be configured to calculate a
change in the signal path length and calculate the volumetric
change of the lung based on the change in the signal path
length, for a plurality of time intervals during one or more
breathing cycles, e.g. where the calculation can be per-
formed periodically or repeatedly.

As illustrated in FIG. 1, the apparatus 100 can further
comprise a storage module 108 and an I/O interface 110 that
are operatively coupled to the processor 106. The storage
module 108 comprises a non-transitory computer readable
storage medium. According to certain embodiments, the
storage module can be configured to store calculation
instructions, inputs and outputs related to the processor. The
1/O interface 110 can be configured to provide a user with an
output of the calculation result, e.g., an illustration of the
calculated volumetric change during the time interval, on a
monitor. By way of example, the output of the calculated
volumetric change can be illustrated in a volumetric-time
axis. The I/O interface 110 can be configured to additionally
or alternatively provide a user with an output based on the
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calculation result. For instance, an alarm can be generated if
a tidal volume is within a pre-specified range, and a mea-
sured respiratory rate is normal. The respiratory rate can be
measured in any known manner that measures the number of
breaths per minute such as counting the number of times the
chest rises per minute. By way of example, the normal
respiratory rate for an adult at rest is 12 to 20 breaths per
minute. For another instance, a first indication can be
generated if a tidal volume is below a first threshold, and a
second indication can be generated if the tidal volume is
above a second threshold. The second threshold can be
larger than the first threshold and the difference between the
first and second thresholds can be below 10% of the normal
tidal volume. By way of example, the normal tidal volume
is approximately 500 mL per inspiration or 7 mL/kg of body
mass. For another instance, a breathing pattern can be
detected from a set of pre-defined breathing patterns based
on volumetric changes during a plurality of time intervals,
and indicated to the user (e.g. by way of an alarm). The I/O
interface 110 can be configured to additionally or alterna-
tively obtain monitoring instructions from the user. For
instance, the user may predetermine the time interval for the
apparatus to measure the change of the RF signal attribute,
etc. The time interval can be determined, for example, to be
a fraction of the breathing cycle.

It should be noted that functions of the processor 106,
and/or the I/O interface 110 and/or the storage module 108,
can be implemented in a stand-alone manner, which can be
used in conjunction with the transmitter(s) 102 and the
receiver(s) 104, or alternatively their functions can, at least
partly, be integrated with, for example, one or more
receiver(s) 104. For example, the processor 106 can be
implemented as a part of a given receiver 104, or alterna-
tively, the processor 106 and the given receiver 104 can be
implemented as two separate units that are operatively
connected with each other.

According to one embodiment, the apparatus can com-
prise one transmitter and one receiver. According to another
embodiment, the apparatus can comprise multiple transmit-
ters and one receiver, or alternatively, one transmitter and
multiple receivers. According to yet another embodiment,
the apparatus can comprise multiple pairs of transmitter and
receiver. In any of these compositions, a transmitter that
transmits a signal that is received by a particular receiver can
be considered to be a corresponding transmitter for that
particular receiver. For purpose of illustration only, parts of
the following description are provided with respect to one
transmitter and one receiver. Embodiments are, likewise,
applicable to any of the above mentioned compositions.

The operation of the apparatus 100 and of the various
components thereof is further detailed with reference to FIG.
5.

While not necessarily so, the process of operation of the
apparatus 100 can correspond to some or all of the stages of
the method described with respect to FIG. 5. Likewise, the
method described with respect to FIG. 5 and its possible
implementations can be implemented by the apparatus 100.
It is therefore noted that embodiments discussed in relation
to the method described with respect to FIG. 5 can also be
implemented, mutatis mutandis as various embodiments of
the apparatus 100, and vice versa.

Those versed in the art will readily appreciate that the
teachings of the presently disclosed subject matter are not
bound by the apparatus illustrated in FIG. 1, equivalent
and/or modified functionality can be consolidated or divided
in another manner and can be implemented in any appro-
priate combination of software, firmware and hardware.
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As mentioned above, at least part of a path of the signal
contours at least part of the chest wall. The subject matter
does not limit which at least part of the chest wall is
contoured. However for the sake of further illustration to the
reader, some examples are now presented.

FIGS. 2A and 2B illustrate exemplified placements of a
transmitter—102 (or at least an antenna of the transmitter)
and a receiver—104 (or at least an antenna of the receiver)
attached to an individual’s chest wall in accordance with
certain embodiments of the presently disclosed subject mat-
ter. In accordance with certain embodiments, the signal is
transmitted wirelessly between antennas, and therefore can
travel through the air between antennas. A signal that travels
through the air between antennas can be considered to be a
non-guided signal. However, even when the signal travels
through the air between antennas, optionally part of the
signal path may not be through the air, e.g. if the signal
travels from the transmitter to its associated antenna that is
located apart, and/or travels from an antenna associated with
the receiver to the receiver that is located apart.

According to certain embodiments, the shape of the lung
can be assumed to be a ball. The transmitter 102 (or at least
the antenna thereof) and the receiver (or at least the antenna
thereof) can be placed on the chest wall of the lung. By way
of example, the transmitter 102 (or at least the antenna
thereof) and the receiver 104 (or at least the antenna thereof)
can be positioned horizontally apart in parallel with ribs, as
shown in FIG. 2A. By way of another example, the trans-
mitter 102 (or at least the antenna thereof) and the receiver
104 (or at least the antenna thereof) can be positioned
vertically apart along the direction of the airway, as shown
in FIG. 2B. It is to be noted that the placements in FIGS. 2A
and 2B are illustrated for exemplified purposes only, and
should not be construed to limit the scope of the present
disclosure in any way. Accordingly, the transmitter 102 and
receiver 104 (or at least respective antennas) can be posi-
tioned in any other suitable places, such as each under an
armpit or side of the chest, or alternatively, one attached on
the front of the chest, and the other attached on the back of
the chest. In cases where there are multiple pairs of trans-
mitter and receiver, the pairs can be positioned in any
suitable places, such as one or more pairs of transmitter 102
and receiver 104 (or at least respective antennas) positioned
horizontally apart and/or one or more pairs of transmitter
102 and receiver 104 (or at least respective antennas)
positioned vertically apart, in any suitable places. Similarly,
other compositions of transmitter(s) and receiver(s) can be
positioned in any suitable places.

In accordance with certain embodiments, a transmitter
102 and a receiver 104 (or at least the respective antennas)
can be placed such that there is a line of sight between the
antennas. As the signal is not guided once it leaves the
antenna associated with the transmitter 102, the transmitted
signal can go in multiple directions, with one of the direc-
tions being the line of sight direction, such that at least part
of the signal path contours at least part of the chest wall.
Possibly there may also be reflected signal(s), due to reflec-
tion(s) of the transmitted signal, whose signal path(s) did not
contour any part of the chest wall, but which can also be
received by the receiving antenna. The signal received
directly (line of sight) is significantly larger than reflected
signal(s). Therefore, the line of sight signal is dominant in
the received signal, and a measurement of an attribute of the
received signal (even if including reflected signal(s)), may
be considered to be substantially equivalent to a measure-
ment of an attribute of the direct (line of sight) signal.
Moreover, since the line of sight signal is dominant, at least
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part of the path of the signal that is received can be said to
contour at least part of the chest wall, because at least part
of the path of the line of sight signal contours at least part
of the chest wall, regardless of whether or not the signal that
is received included reflected signal(s) whose path(s) do not
contour any part of the chest wall.

In accordance with certain embodiments, the transmitter
102 (or at least the antenna thereof) and the receiver 104 (or
at least the antenna thereof) can be attached to the chest wall
with standard adhesives (e.g., adhesive sticker) or to a
stretchable garment worn on the torso. Depending on the
embodiment, the rest of the transmitter 102 may or may not
be located at the same location as the antenna of the
transmitter 102 (e.g. may or may not be attached with the
same adhesive) and/or the rest of the receiver 104 may or
may not be located at the same location as the antenna of the
receiver 104 (e.g. may or may not be attached with the same
adhesive). In embodiments where the antennas are attached
to the chest wall, so that at least part of the signal path
contours at least part of the chest wall, but the rest of the
transmitter 102 and/or rest of receiver 104 are not attached
to the chest wall, the part of the signal path between the
transmitter 102 and the respective antenna thereof, and/or
between the receiver 104 and the respective antenna thereof
may not necessarily contour any part of the chest wall.

Refer now to FIGS. 8 and 9 which illustrate certain
embodiments where the signal may be guided. For example,
the signal can flow for at least part of the path between the
transmitter 102 and the receiver 104 through a belt, or a strap
or a band, or similar, attached to a chest wall of the lung, so
that the path of the signal through at least part of the strap
contours at least part of the chest wall. The terms belt, chest
strap, strap, band and similar should be construed as equiva-
lent terms for an item through which a signal can travel.

FIG. 8 illustrates a strap 801 through which a signal can
flow, in accordance with certain embodiments of the pres-
ently disclosed subject matter. In FIG. 8, the strap 801
encircles the chest wall and there is a small central unit (e.g.
plastic case) near the chest (e.g. attached to the chest) which
includes the transmitter 102 and the receiver 104. The
transmitter generates an electronic signal which is transmit-
ted through the strap 801 to the receiver.

FIG. 9 illustrates another example of a strap 901 through
which a signal can flow, in accordance with certain embodi-
ments of the presently disclosed subject matter. In FIG. 9,
the strap 901 encircles the chest wall. The central unit 904
includes the transmitter 102 and the receiver 104. The
transmitter 102 in the central unit 904 generates an elec-
tronic signal 902 which is transmitted through a strap 901 to
the receiver. The signal 903 exiting the strap 901 enters into
the receiver 104 which is inside the central unit 904. The
receiver 104 can determine measurements for one or more
attribute(s) of the received signal 903. Optionally,
attribute(s) of the received signal 903 can also be compared
to attribute(s) of the transmitted signal 902.

The signal 902 travels along a wire (or similar connec-
tion) before reaching the strap 901 and the signal 903 travels
along a wire (or similar connection) after exiting the strap
901. These wires (or similar connections) connecting the
strap 901 to the central unit 904 can be of any length. For
instance, shorter wires (e.g. 1 cm length) can be used for a
smaller central unit 904 (e.g. of size of approximately 4 cm)
that can e.g. be attached to the chest. Longer wires (e.g. 3
meters length) can be used for a larger central unit 904 (e.g.
size of 40 cm) that can e.g. be set on a table. Therefore, if
there is space in the central unit 904, transmitter 102 and
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receiver 104 may not necessarily be close to one another
(e.g. can be up to 30 cm apart, or more, in a unit of 40 cm).

Although straps 801 and 901 are illustrated as encircling
the entire chest wall, in certain embodiments, there may not
be a total encirclement of the chest wall by a strap. For
instance, a strap can be attached to less than 100% (e.g. at
least 70%) of the chest wall. In another instance, there can
be more than one chest strap (e.g. one attached to the front
of the chest wall and one to the back of the chest wall, e.g.
one attached horizontally and one attached vertically, etc). In
embodiments with a plurality of straps, a separate transmit-
ter 102 and receiver 104 can be located on the two ends of
any given strap, two or more straps can share transmitter(s)
102 and/or receiver(s) 104, or one or more straps can have
separate transmitter(s) 102 and/or receiver(s) 104 while two
or more other straps can share transmitter(s) 102 and/or
receiver(s) 104.

Optionally, a strap used in the subject matter can consist
of at least three sections. The first section can be operatively
connected to a transmitter 102 and to a second section. The
second section can be operatively connected between the
first section and a third section. The third section can be
operatively connected between the second section and a
receiver 104. Optionally, the second section can be designed
with an impedance that is significantly different than the
impedance of the first section and also significantly different
than the impedance of the third section. In this case, a
standing wave may be created inside the strap, as a result of
the impedance mismatch between the different sections of
the strap.

It is to be noted that in embodiments with a strap, the
signal received by the receiver 104 is typically, although not
necessarily, made up solely of the signal that traveled
through the strap. In other words, the signal received by the
receiver 104 typically although not necessarily does not
include any reflected signals whose path(s) did not contour
any part of the chest wall, as may be the case when the signal
is non-guided due to having been wirelessly transmitted. As
mentioned above, the path of the signal through at least part
of the strap contours at least part of the chest wall, and
therefore at least part of the path of the signal that is received
contours at least part of the chest wall.

The subject matter does not limit the makeup of a strap
nor which dielectric material is included in a strap. However,
for the sake of further illustration some examples are now
given. For example, a possible strap can include a polyester
elastic ribbon, integrated with two or more curly copper
wires with polyurethane coating, such as a conductive
elastic ribbon-OHM-e-12-L-1 available from Ohmatex. In
this example, the dielectric material includes polyester. For
another example, a possible strap can include a stretchable
Printed Circuit Board (PCB) where the substrate is made of
polyurethane and the conductors are made of copper, the
conductors having a curly pattern that allows the conductors
to stretch, such as stretch-rigid PCB developed by Q.P 1.
Group. In this example, the dielectric material includes
polyurethane. For another example, a possible strap can be
a flexible metal-fabric-rubber waveguide where the dielec-
tric material is rubber and the rubber is coated with a flexible
metal-fabric sheet, which reflects the signal which travels
through the rubber, such that a flexible waveguide is formed.
For another example, a possible strap can be a flexible
metal-fabric waveguide where the dielectric material is air.

It is to be noted that determining a measurement of an
attribute of an unguided or guided signal that travels through
the air or another known dielectric material can be advan-
tageous compared to determining a measurement of an
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attribute of a signal that travels via dielectric material of a
(human) body. Consider that the dielectric material through
which a signal travels can affect an attribute of the signal.
The dielectric constant of air or of a known dielectric
material can be calculated. Furthermore, in the case of a
strap, the dielectric constant of the dielectric material in the
strap can typically, although not necessarily, be controlled.
Therefore, the effect of air or other known dielectric material
on the attribute can consequently be taken into account when
determining a measurement. Moreover, the dielectric con-
stant of air or of a known dielectric material can be typically,
although not necessarily. be expected to remain relatively
constant during the monitoring of a patient. Therefore the
effect of air or other known dielectric material on an attribute
of the received signal can be expected to remain relatively
constant or can at least be taken into account. However, the
dielectric constant relating to a (human) body can vary from
patient to patient, and can even vary for the same patient
over time. Therefore, it could be difficult to take into
account, and it could be problematic to ignore, the effect of
the dielectric material of the (human) body on the measure-
ments of an attribute of a signal that was received after
traveling through the dielectric material of the body.

It should be understood that when any of transmitter 102,
receiver 104, antenna, adhesive, central unit and/or strap is
described as “attached”, “positioned”, “placed” or similar, to
the chest or chest wall, under the armpit, on a circumference
of a chest wall, etc., the subject matter does not limit the
manner of placement as long as the placement enables the
signal path length to change when the chest moves during a
breathing cycle. For example, any of the above may touch
the skin of the patient, may touch a garment worn by the
patient, may be integrated in a garment worn by the patient;
may be integrated in an adhesive, strap, or central unit that
touches the skin, touches a garment worn by the patient, or
is integrated in a garment worn by the patent, etc. For
another example, the placement may cause the signal to
travel in a horizontal direction, in a vertical direction,
diagonally, unevenly, up and down, and/or slanted, etc.

According to certain embodiments, multiple pairs of
transmitter and receiver (and/or one or more sets of trans-
mitter and corresponding multiple receivers and/or one or
more sets of receiver and corresponding multiple transmit-
ters) can be applied to make the measurement and calcula-
tion of volumetric changes more accurate.

It is to be understood that when it is stated that the
volumetric change can be based on the change in signal path
length during a time interval with reference to a difference
in attribute of an (electronic) signal received by a receiver,
the volumetric change can be based solely on the change in
signal path length, or can also be based on other factors. The
subject matter does not limit the other factors, but for the
sake of further illustration to the reader some instances are
now described. For instance, the volumetric change can be
based on the change in path length of the signal received by
the receiver, as well as the change(s) in path length(s) of one
or more other (electronic) signal(s) received by the same
and/or other receiver(s). Additionally or alternatively, the
volumetric change can be based, for instance, on the change
in path length of the signal received by the receiver during
the time interval, as well as the change(s) in path length(s)
of the signal received by the receiver during one or more
other time interval(s) (and optionally the change(s) in path
length(s) of one or more other signal(s) received by the same
and/or other receiver(s) during the time interval and/or one
or more other time interval(s)). Additionally or alternatively,
for instance the volumetric change can be based on the
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change(s) in signal path length(s) with reference to
attribute(s) of received signals, as well as on sound wave(s),
and/or on change(s) in acceleration.

Turning now to FIG. 3, there is shown a functional block
diagram schematically illustrating the functional structure of
the transmitter 102 and the receiver 104 in accordance with
certain embodiments of the presently disclosed subject mat-
ter.

As shown, the transmitter 102 can comprise an oscillator
302, a modulator 304, and a transmitter antenna 306. The
oscillator 302 is configured to generate a periodic, oscillat-
ing electronic signal, such as, e.g., a sine wave, which serves
as a base signal before the modulation. By way of example,
the oscillator 302 can be a RF oscillator that produces
signals in the radio frequency range of 100 kHz to 100 GHz.
For instance, the oscillator 302 can be configured to generate
a base signal with predetermined frequencies such as, e.g.,
2.4 GHz and 5 GHz. The determination of signal frequency
is further described in detail with respect to FIG. 6.

The modulator 304 is configured to vary one or more
properties of the base signal generated from the oscillator
102 with a modulating signal so that the modulated signal
(i.e. the carrier signal) can be physically transmitted. Com-
mon modulation techniques that can be applied in the
modulator 304 include Amplitude modulation (AM), Fre-
quency modulation (FM), Phase modulation (PM), or any
appropriate combinations thereof. By way of example, the
modulator 104 can apply Quadrature amplitude modulation
(QAM) scheme to the base signal for the purpose of easier
phase extraction at the demodulator 308 of the receiver 104.
The carrier signal can then be transmitted by the transmitter
antenna 306 as electromagnetic waves to the receiver 104.
The transmitter antenna 306 is designed to transmit the
carrier wave with the predetermined frequency/ies.

The receiver 104 can comprise a demodulator 308 and a
receiver antenna 310. The receiver antenna 310 receives the
carrier signal transmitted from the transmitter antenna 306.
The demodulator 308 is configured to extract the modulating
signal from a modulated carrier wave. The demodulator
applies a corresponding demodulation scheme in accordance
with the modulation scheme applied at the modulator 304.
The demodulator 308 is further configured to determine
measurements of an attribute of the RF signal received at the
beginning and the end of a time interval during the breathing
cycle. As the received RF signal can refer to the modulated
carrier signal (before demodulation) or the base signal (after
demodulation), an attribute of a received signal for which a
measurement is determined can be an attribute of the (modu-
lated) carrier signal or of the base signal.

For simplicity’s sake, it is assumed in the description
herein that apparatus 100 includes a modulator 304 and a
demodulator 308. However, it should be understood that in
some embodiments, a signal can be transmitted without
modulation, and in these embodiments the modulator 304
can be omitted. In these embodiments, the demodulator 308
may not perform demodulation but may still include func-
tionality to determine measurements of an attribute of the
signal received at the beginning and the end of a time
interval during the breathing cycle, as described herein,
mutatis mutandis.

According to certain embodiments, the attribute utilized
for the measurement is the phase of the signal. Accordingly
the demodulator 308 can comprise a phase detector or a
phase comparator that can extract the phases of the signal at
the beginning and end of the time interval. According to
certain of these embodiments, the phase utilized for mea-
surement can be the phase for different frequencies of the
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signal. Accordingly the demodulator 308 can comprise a
detector or a comparator that can extract the relative phases
of the signal at the beginning and end of the time interval.

According to certain other embodiments, the attribute
utilized for the measurement can be time arrival of the
signal. Accordingly the demodulator 308 can comprise a
time of arrival detector or a time of arrival comparator that
can extract time of arrival of the signal at the beginning and
end of the time interval.

According to certain other embodiments, the attribute
utilized for measurement can be the amplitude of the signal.
Accordingly the demodulator 308 can comprise an ampli-
tude detector or an amplitude comparator that can extract the
amplitude of the signal at the beginning and end of the time
interval. According to certain of these embodiments, the
amplitude utilized for measurement can be the relative
amplitudes of a set of frequencies of the signal (e.g. fre-
quency with peak amplitude). Accordingly the demodulator
308 can comprise a detector or a comparator that can extract
the relative amplitudes of the signal at the beginning and end
of the time interval.

According to certain other embodiments, the attribute
utilized for measurement can be the decay time of the signal.
Accordingly the demodulator 308 can comprise a decay time
detector or a decay time comparator that can extract the
decay time of the signal at the beginning and end of the time
interval.

According to certain other embodiments, the attribute
utilized for measurement can be the degree of attenuation of
the signal, time duration between transmission and reception
of the signal, or any other difference between transmission
and reception. Accordingly the demodulator 308 can com-
prise a degree of attenuation, time interval, or other differ-
ence detector or a degree of attenuation, time duration, or
other difference comparator that can extract the degree of
attenuation, time duration, or other difference for the signal
at the beginning and end of the time interval.

In certain embodiments, the transmitter antenna 306 and
the receiver antenna 310 can be modified spatially to reduce
signal loss between the transmitter and receiver.

It is to be noted that each of the transmitter and the
receiver can be self containable with all aspects needed to
transmit and receive the unique RF signal, such as, e.g., a
power source. As aforementioned, the processor and/or the
1/O interface can be implemented in a stand-alone manner,
or alternatively their functionalities can be integrated with,
e.g., the receiver. By way of example, the calculated results
can be sent to any desired media storage and display by way
of wired or wireless communication.

According to certain embodiments, the receiver 104 can
be connected with the transmitter 102 by a reference cable
312 that carries a reference signal. Specifically, the demodu-
lator 308 of the receiver can be connected with the modu-
lator 304 of the transmitter by the reference cable 312, as
illustrated in FIG. 3, such that the demodulator can receive
a reference signal that contains reference information of
certain properties of the transmitted signal such as one or
more transmitted signal attributes. By way of example, if the
attribute utilized for the measurement is the phase of the
signal, the demodulator can obtain the phase of the trans-
mitted signal by detecting the (corresponding) phase of the
reference signal. This is especially useful in cases where the
oscillator 302 may generate an RF signal with random phase
noises which vary at different time points. In such cases the
received RF signal will also carry these phase noises which
vary, e.g., at the beginning and the end of the time interval.
In order to have accurate measurements of the phase of the
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RF signal received at the beginning and the end of the time
interval, the phase noises that are included in the phases of
the received RF signal have to be eliminated, for example,
e.g. by subtracting the phase of the received RF signal with
the phase of the reference signal.

According to certain embodiments, an attribute for which
measurements are determined can relate to a difference
between transmission and reception, such as degree of
attenuation with respect to the transmitted signal, or time
duration between transmission and reception. For instance,
the measurements of degree of attenuation for the received
signal can be determined at the beginning of the time
interval and the end of the time interval. Determination of a
measurement of such a difference attribute can require
access to information regarding certain properties of the
transmitted signal, e.g. by way of receiving via a reference
cable 312 a reference signal that contains reference infor-
mation of certain properties of the transmitted signal such as
one or more transmitted signal attributes.

According to certain embodiments, the transmitter 102
and the receiver 104 may utilize antennas pre-fabricated to
increase signal strength and reception. These antennas are
commonly used in RF technology, however, they can be
specifically adapted for attachment to the torso and the
appropriate frequency and wavelength. According to certain
embodiments, where the signal is guided through a strap
rather than being wirelessly transmitted between antennas,
the strap can extend between the positions shown in FIG. 3
for antennas 306 and 310, and antennas 306 and 310 can be
omitted from the transmitter 102 and receiver 104 respec-
tively.

Turning now to FIG. 5, there is shown a generalized
flowchart of monitoring a volumetric change of a lung
during a breathing cycle by using a RF signal, in accordance
with certain embodiments of the presently disclosed subject
matter.

A receiver (e.g., the receiver 104) receives (502) a RF
signal transmitted from a transmitter. According to certain
embodiments, the transmitter (e.g., the transmitter 102) can
generate the RF signal and transmit it to the receiver. The
transmitter and the receiver can be attached to a chest wall
of the lung, or can be located anywhere else which enables
calculation of a volumetric change of the lung during a
breathing cycle.

The receiver further determines (504) measurements of an
attribute of the RF signal received at the beginning and the
end of a time interval during the breathing cycle. For
instance, the time interval can be a fraction of the breathing
cycle. By way of example, the time interval can be the
period it takes for an individual to complete an inhalation,
e.g., from the time the individual starts to inhale till the time
that he has breathed in the maximum amount of air in the
breathing cycle. By way of another example, the inhalation
period can be divided to a few sub-periods and the time
interval can be a sub-period of the inhalation period. For
example, if the full inhalation period takes, e.g., one second
to complete on average, the time interval can be set to be 0.1
second or 0.01 second. By way of another example, the time
interval can be the period it takes for an individual to
complete an exhalation, or a sub-period of the exhalation
period. The selection of the time interval can be determined
based on the accuracy required for the measurement.

Continuing with FIG. 5, a change in signal path length
during the time interval can be calculated (506) by a
processor (e.g., the processor 106) based on the measure-
ments. As noted above, at least part of the signal path
contours at least part of the chest. Any change in the signal
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path length during the breathing cycle can be assumed to be
due to a change in the length of the at least part of the signal
path that contours the at least part of the chest wall, because
even if the signal path includes a part that does not contour
the chest wall, the length of that part should not be affected
by the breathing. Therefore, the calculation of the change in
length of the signal path based on the measurements should
be equivalent to a calculation of a change in distance
between a transmitter 102 and receiver 104 attached on
either end of the at least part chest wall contoured by the at
least part of the signal path. In this case, the calculation of
the change in distance can be based on measurements of an
attribute of a signal received by the receiver 104 attached on
the end of the at least part chest wall contoured by the at least
part of the signal path, at the beginning and the end of a time
interval.

For simplicity’s sake it is assumed in the description
below of FIGS. 4, 6, 7 and 10 that the least part of the signal
path that contours at least part of the chest wall is on or
beside at least part of a circumference of the chest wall, so
that this at least part of the signal path can be said to be along
(e.g. on or beside) at least part of the circumference of the
chest wall. The term “circumference” (e.g. of the chest wall)
is used to refer to the path around (e.g. the chest wall), and
the term “length of circumference” or “circumference
length” is used to refer to the length of the path. Therefore,
using this assumption, the calculation of the change in length
of the signal path based on the measurements should be
equivalent to a calculation of a change in distance between
a transmitter 102 and receiver 104 positioned on the cir-
cumference of the chest wall, on either end of the at least
part of the circumference along which the at least part the
signal path is assumed to be. In this case, the calculation of
the change in distance can be based on measurements of an
attribute of the signal received by the receiver 104 posi-
tioned on the circumference, at the beginning and the end of
a time interval. Due to the equivalence of calculating the
change in distance to calculating the change in signal path
length, it is assumed in the description below of FIGS. 4, 6,
7, and 10 that the transmitter 102 and the receiver 104 are
positioned on the circumference of the chest wall, on either
end of the at least part of the circumference along which the
at least part the signal path is assumed to be, disregarding
whether or not the transmitter 102 and receiver 104 are
actually positioned in this manner. The change in distance
between the transmitter 102 and the receiver 104 can be said,
under this assumption, to be along the circumference. The
signal can travel, for instance, through a strap between the
transmitter 102 and the receiver 104 located at the two ends
of the strap, or the signal can travel, for instance, wirelessly
(e.g. via an air channel) between the transmitter 102 and the
receiver 104 which are located at the two ends of the air
channel.

It is to be noted that the subject matter does not limit the
calculation of the change in the signal path during the time
interval based on the measurements, and therefore the cal-
culation can vary depending on the attribute, and/or for any
other reason. However for the sake of further illustration,
FIGS. 6, 7, and 10 illustrate certain embodiments of the
calculation.

As aforementioned, according to certain embodiments,
the RF signal can be a single carrier signal characterized by
a certain carrier wavelength or a certain frequency. Although
as mentioned above the RF signal need not be a carrier
signal, for simplicity’s sake FIG. 6 is described with refer-
ence to a single carrier signal characterized by a carrier
wavelength. According to certain embodiments, the single
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carrier signal can be selected such that the wavelength of the
signal is greater than twice a change in the signal path length
during the time interval, as will be explained in detail with
reference to FIG. 6.

Attention is now directed to FIG. 6, illustrating an exem-
plified single carrier signal in a sine waveform utilized in the
transmitter and the receiver in accordance with certain
embodiments of the presently disclosed subject matter.

A single carrier signal such as the sine wave is a periodic
waveform that repeats itself every period of time. By way of
example, a sine wave can be represented as a function of
time (t) as:

y(t)=A(sin 2afi+0")

Where:

A is the amplitude that is the peak deviation of the
function from zero;

fis the frequency that represents the number of oscilla-
tions (cycles) that occur each second of time; and

0 is the phase which defines the position of a point in time
on a waveform cycle, measured as an angle in degrees or
radians.

Another parameter of the sine signal which is not shown
in the above function is the wavelength A. Wavelength is the
spatial period of the sine wave: the distance over which the
wave’s shape repeats in a position axis. It can be determined
by considering the distance between consecutive corre-
sponding points of the same phase, such as the distance
between two zero-crossings as illustrated in FIG. 6. The
wavelength A of a sine wave traveling at constant speed v is
determined by: A=v/f. As shown, it is clear that the sine
signal travels a distance of a wavelength A every period of
time, and the phase of the signal repeats its value every
wavelength A. Thus the value of the phase has a linear
mapping (also referred to as linear correlation) relationship
with a respective point within a wavelength on the position
axis: (0...2m)asto (0. ..%). Similarly, this linear mapping
relationship between phase and distance can be utilized in
order to measure the change in distance between the trans-
mitter and the receiver during the time interval, as long as
the change in distance is within half the wavelength of the
signal. This ensures that by measuring the phase of the
received signal, the change in distance can always be
calculated explicitly and unambiguously based on the linear
mapping relationship. For instance, in order to measure the
change of distance Ad in the range of 1 mm, it is needed to
select a wavelength that is in a similar range and greater than
2Ad, such as, for example, 1 cm. This means that the RF
signal should be selected to have a signal frequency of 30
GHz.

By way of example, continuing with the exemplified
illustration in FIG. 6, assuming that a transmitter 102 is
positioned at the origin of a position axis, and transmits a
single carrier signal: A(sin 2rft) (with a phase 6=0). Accord-
ing to the linear mapping relationship described above, the
phase accumulated at a certain position x (x is the distance,
along the signal path away from the origin of the wave-
length) is determined as: 0=2mx/h. Thus a receiver 104
which is positioned at a distance of D along the circumfer-
ence from the transmitter receives the transmitted signal as:
A sin(2aft+2xD/A). Assuming at a time point t1, the distance
along the circumference between the transmitter and the
receiver is D1 and the received signal is: A sin(2wft+2aD1/
A). After a certain time interval At, the distance along the
circumference between the transmitter and the receiver at t2
is D2 and the received signal is: A sin(2mft+2xD2/)). Thus
the difference between the phase of the received signal at t1

10

15

20

25

40

45

50

60

65

18
and t2 is 2m(D2-D1)/A. By calculating the difference
between measurements of the phase at t1 and t2, e.g., 62-61,
the change of distance along the circumference Ad=D2-D1
can be calculated accordingly as (62-61)*A/2x.

For instance, as shown in FIG. 6, the phase of the received
signal at a time point t1 is 3x, and the phase of the received
signal at a time point 12 is 3.57. Accordingly the difference
between measurements of the phase at t1 and t2 is 3.5n—
371=0.5n. The change of distance along the circumference
Ad can be calculated as 0.57%\/27=0.25).

Turning now to FIG. 7, there is shown a schematic
illustration of a UWB signal in time domain and frequency
domain in accordance with certain embodiments of the
presently disclosed subject matter.

As aforementioned, according to certain embodiments the
RF signal can be a UWB signal. The UWB signal can be
characterized by an ultra-wide bandwidth exceeding 500
MHz, and the frequency range can extend from 3.1 GHz to
10.6 GHz, as shown in the frequency domain illustration of
FIG. 7. Commonly, impulse radio (IR) systems, which
transmit very short pulses with a low duty cycle, are
employed to implement UWB systems, as shown in the time
domain illustration of FIG. 7. In such systems, a train of
pulses is sent and information is usually conveyed by the
position of the pulses. The ultra-wide bandwidth of UWB
signals implies a high time resolution which facilitates
precise positioning applications based on Time-of-Arrival
(TOA) measurements. By way of example, assuming a
transmitter 102 of apparatus 100 transmits a UWB signal
comprising a train of pulses, the receiver 104 which is
positioned at a distance of D1 along the circumference from
the transmitter receives a transmitted pulse at time-of-arrival
t1=D1/C wherein C is the speed of light. After a certain time
interval in the breathing cycle, the receiver 104 is now
positioned at a distance of D2 along the circumference from
the transmitter, and the receiver receives a second transmit-
ted pulse at time-of-arrival t2=D2/C. Thus At=t2-t1=(D2-
D1)/C=Ad/C. Accordingly by determining the measure-
ments of the time-of-arrival of two pulses t1 and t2 and the
time interval At in between, the change of distance Ad along
the circumference can be calculated as Ad=At*C.

According to certain embodiments the RF signal can be a
wideband signal characterized by a bandwidth of 0.1 Mhz to
200 Mhz, and the frequency range can extend from 100 Mhz
to 10 Ghz. Referring now to FIGS. 10A and 10B, the
transmitter 102 can generate a transmitted signal whose
spectrum is given by X(f), where most of the energy of X(f)
is inside the range: f,,, <f<f, ...

As is true for other signals described herein, the trans-
mitted signal whose spectrum is given by X(f), can flow
from the transmitter 102 to the receiver 102 both of which
are positioned on the circumference, through a strap or via
an air channel (for wireless transmission). The frequency
response of the received signal can be denoted by Y(f). The
receiver can calculate the frequency response H(f) of the
strap or of the air channel by:

H(f)= p for every foum < f < fnax-
X 4

The frequency response H(f) of the strap or of the air
channel, can be highly correlated to the length of the strap
or to the length of the air channel. Therefore the relative
amplitudes for a set of frequencies or phase for different
frequencies can serve as an indication of the length of the
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strap or air channel. Referring to relative amplitudes for a
strap, the receiver 104 can determine a measurement of
amplitude of each frequency in the set of frequencies
relative to amplitudes of other frequencies in the frequency
set. The receiver 104 can then detect the frequency in which
the amplitude of the frequency response of the strap is
maximized. The length of the strap can be based on the
measurement of the relative amplitudes, e.g. by being a
function of the frequency in which the amplitude of the
frequency response of the strap is maximized. In this
example, the length of the strap can be calculated (by way
of example) as follows:

Qpeat €
2 N 2fpwk

L=

where [ is the estimation of the length of the strap, Lear
is the frequency in which the amplitude of the frequency
response H(f) is maximized, C is the speed of light, and A,
is the wavelength at the frequency of the peak.
Therefore the change in distance Ad along the circumfer-
ence of the chest, between the transmitter 102 and the

receiver 104, can be calculated as

eak

C C

2-11= - .
2f peak2 Zf peakl

FIG. 10A illustrates an example of the absolute values of
a frequency response of a strap, in accordance with certain
embodiments of the presently disclosed subject matter. FIG.
10A depicts the frequency response when the length of the
strap is minimized, assumed to be at point t1. The frequency
with the peak amplitude (also referred to as peak-amplitude
frequency, herein), shown by the dashed line in FIG. 10A to
be about 185 MHz, represents the frequency in which the
absolute value of the frequency response is maximized FIG.
10B illustrates another example of the absolute values of a
frequency response of a strap, in accordance with certain
embodiments of the presently disclosed subject matter. FIG.
10B depicts the frequency response when the length of the
strap is maximized, assumed to be at point t2. The frequency
with the peak amplitude, shown by the dashed line in FIG.
10B to be about 175 MHz, represents the frequency in which
the absolute value of the frequency response is maximized.
Therefore the change in distance Ad along the circumfer-
ence, assuming frequencies with peak amplitude as in FIGS.
10A and 10B can be calculated as

C C
2+175%10%  2+185%10°

For an air channel, the receiver 104 can determine mea-
surements of phase for different frequencies. For example
the receiver can determine measurements of phase for
different frequencies, and thus the changes in phase for the
different frequencies during a time interval. Continuing with
this example, and referring for simplicity’s sake to two
frequencies, say 200 MHz and 205 MHz, assume that at the
beginning of the time interval the phase for H(f) at 200 MHZ
is 150 degrees and at 205 MHz the phase for H(f) is 160
degrees. Similarly, assume that at the end of the time
interval, the phase of H(f) is 150.5 degrees at 200 MHz and
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160.51 degrees at 205 MHz. The 0.5 degrees change at 150
MHZ and 0.51 change at 160 MHZ can be used to estimate
changes in distance along the circumference for the various
changes in phase with respect to the frequencies, e.g. by
substituting 0.5 degrees and 0.51 degrees for (62-61) in the
equation (62-61)*A/2x. The value of Ad along the circum-
ference of the chest, between the transmitter 102 and the
receiver 104, can be calculated, for instance, as the average
of these changes in distance.

In other embodiments, the receiver 104 can determine for
the strap measurements of phase for different frequencies,
and/or can determine for the air channel relative amplitudes
of a set of frequencies.

Turning back to FIG. 5, after the change in distance Ad
along the circumference is obtained, for example as
described above with reference to any of FIG. 6, 7, or 10, the
processor is further configured to calculate (508) the volu-
metric change of the lung during the time interval based on
the change in distance Ad. The calculation of the volumetric
change based on the change of distance is further described
with reference to FIG. 4.

Attention is now drawn to FIG. 4, illustrating an exem-
plified top view of a lung when looking at it from above the
lung in accordance with certain embodiments of the pres-
ently disclosed subject matter. When a person breathes, the
lung is able to expand and contract to some degree through
the use of the respiratory muscles. As a result, air is
transported into or expelled out of the lung. Accordingly, the
transmitter 102 and the receiver 104 that are attached to the
chest wall of the lung are also moving outwards and inwards
during inhalation and exhalation of the breathing process.

As illustrated in FIG. 4, continuing with the assumption
that the lung is in the shape of a ball, at an initial time point
of t1, an initial size of the lung is shown as the inner ball 402,
with a radius of R1. The volume of the inner ball 402 is:
V1=4rR1%/3, A pair of transmitter and receiver are placed
on the inner ball 402 at their initial positions 102 and 104.
The distance along the circumference between 102 and 104
is marked as D1. Assuming the person is in an inhalation
process, the lung is expanding from the size of the inner ball
402 to the size of the outer ball 404 with a radius of R2 after
a certain time interval At. The volume of the outer ball 404
is: V2=4nR2%/3, Accordingly the transmitter and the
receiver move to the respective positions of 102" and 104' on
the outer ball 404 at a time point of t2 (12=t1+At). The
distance along the circumference between 102' and 104' is
marked as D2. Thus the relative position change Ad, along
the circumference, between the transmitter and the receiver
at t1 and 12 is Ad=D2-D1. D1 and D2 can be calculated
based on R1 and R2 in accordance with the angle 406
formed between the two connecting lines of the transmitter
and the receiver to the center of the ball. By way of example,
if the angle 406 is 90 degrees, D1=n/2*R1, and D2=n/2*R2.
Thus Ad=m/2%(R2-R1). The volumetric change dV between
2 and 12 is:

4V =3 V2_47rR% 47rR%
R

4n
=5 (R -R)

Thus the relationship between the volumetric change AV
and the relative position change Ad can be written as:

4n 2 3 3
AV = ) (Adz_r +R1) - R
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The value of Ad that can be substituted in the above equation
can be, for example any of the Ad’s calculated above with
reference to any of FIG. 6, 7, or 10 or a Ad calculated using
a different calculation. For estimating AV in the above
equation, the value of R, can be substituted with a certain
nominal value, e.g. 14.3 cm for an adult man. Alternatively,
the nominal value can be estimated, for example, by mea-
suring the circumference of the patient prior to monitoring,
and dividing by 2.

It is to be noted that D1 and D2 are measured along a
curved line connecting between transmitter 102 and the
receiver 104, which is always larger than the straight line
connecting these points, and this allows an error in Ad to
have less of an effect on volume than if the signal traveled
in a straight line (e.g. through the body) between the
transmitter 102 and the receiver 104. To illustrate this,
assume an alternative scenario where a signal would travel
in a straight line (through the body), and the angle would still
be 90 degrees. In this scenario, the change in distance would
equal V2(R2-R1). The volume in the alternative scenario
would equal

4n 3
AV = =((8d V2 +R) - RY).

In this scenario an error in change in distance Ad would have
a greater impact on volume (since 1/V/2 is greater than 2/7).
For a larger angle, the difference in impact on volume
between an error in change in distance where the signal
travels in a straight line and an error in change in distance
along the circumference would be even greater, meaning
that the volume would be even more adversely affected by
an error in distance where the signal travels in a straight line.

It is further to be noted that the shape of the lung can be
assumed to be in other suitable geometric models other than
a ball, such as semi sphere, etc, and the placement of the
transmitter 102 and the receiver 104, the calculation of Ad
and the calculation of volumetric change can be adapted in
accordance with respective shape models.

Those versed in the art will readily appreciate that the
examples illustrated with reference to FIGS. 4, 6, 7 and 10
are by no means inclusive of all possible alternatives but are
intended to illustrate non-limiting examples, and accord-
ingly other ways of calculation and determining measure-
ments can be used in addition to or in lieu of the above. For
example, in certain embodiments, a calibration table can be
used in addition to or instead of equations, such as a table
which associates length of strap to peak-amplitude fre-
quency.

According to certain embodiments, there may be signal
interference when, e.g., applying multiple pairs of transmit-
ter and receiver or nultiple transmitters and one receiver on
the chest wall. This can be solved, for instance, by using
Frequency-division multiple access (FDMA) or Time-divi-
sion multiple access (TDMA). With FDMA the pairs of
transmitter and receiver can operate simultaneously and
each signal uses a separate frequency sub-band, while with
TDMA the pairs can operate one after another and each
signal appears on the line only a fraction of time in an
alternating pattern. One advantage of using TDMA is that
only a single signal source is needed for all the pairs thus the
bill of materials (BOM) will be relatively lower.

As stated above, an electronic signal in accordance with
the presently disclosed subject matter does not necessarily
have to an RF signal. Referring again to the example given
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above of a square wave which changes every 2 msec from
+5V to OV or vice versa, the attribute that can be utilized,
can be for example, the time of arrival.

Another attribute that can be used for this signal (and/or
for other signals, including RF signals) is the decay time.
Assume here as above, for simplicity’s sake, that the trans-
mitter 102 and the receiver 104 are positioned on the
circumference of the chest wall, and the signal travels
between the transmitter 102 and the receiver 104 via a strap.
It is expected that in response to a sharp drop of the
transmitted voltage from 5V to 0V, the received signal will
decay gradually from its peak (which may be denoted as V™)
toward zero volts. Typically, this decay over time has the
form of:

Viy=Vte™™,

where t is the time since the beginning of the voltage drop
at the receiver. The beginning of the voltage drop can be
defined, for example, as the time in which the voltage
reached 0.98V™. The constant y is typically related to the
resistance, capacitance and inductance of the strap. In some
cases the capacitance or the inductance may be linearly
related to the length of the strap. Hence, in some cases the
voltage decay may have the form of V(t)=V*e ", where L
is the length of the strap and « is constant.

By monitoring V(t) it is possible to measure changes in
the strap length. For example, a target voltage V, (e.g. 1
volts) can be chosen and the time t (measured from the
beginning of the drop) found in which V(t)=V . This time
can be termed the “decay time”. By measuring the decay
time, the change in the strap length can be determined. For
example, if t, denotes the decay time at the beginning of the
time interval and t, denotes the decay time at the end of the
time interval, the change in distance Ad along the circum-
ference of the chest, between the transmitter 102 and the
receiver 104, can be calculated as:

Liny - )

5]

Ad =

where L is the nominal strap length. The nominal strap
length can be found e.g. by measuring the strap length at the
beginning of the monitoring period, while the patient is
wearing the strap. This Ad can be substituted into the
equation for calculating AV discussed above.

In accordance with certain embodiments, the apparatus
100 (e.g. the processor 106) can be configured to calculate
tidal volume for a breathing cycle. Tidal volume is the
difference between the maximum volume and the minimum
volume during a breathing cycle. For example, the tidal
volume can be calculated as follows. Assume for simplici-
ty’s sake that a time interval is smaller than the period of a
breathing cycle, and therefore the volumetric change during
a time interval is representative of a change over a smaller
duration of time than the period of the breathing cycle. The
first alternative for calculating a possible tidal volume can
include summing the volumetric changes for a plurality of
time intervals starting with the first negative volumetric
change during a breathing cycle (indicative of the maximum
volumetric change having been reached) and ending with the
volumetric change immediately preceding the first positive
volumetric change in the breathing cycle (indicative of the
minimum volumetric change having been reached). The
second alternative for calculating a possible tidal volume
can include summing the volumetric changes for a plurality
of time intervals starting with the first positive volumetric
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change during a breathing cycle (indicative of the minimum
volumetric change having been reached) and ending with the
volumetric change immediately preceding the first negative
volumetric change in the breathing cycle (indicative of the
maximum volumetric change having been reached). The
tidal volume can equal the higher of the two alternative
sums. If a time interval is instead equal to, or longer than the
period of the breathing cycle, then the calculation of tidal
volume can be adapted accordingly.

Optionally, calculated volumetric change(s) during a
breathing cycle can be used to construct a graph of volume
versus time for the breathing cycle. FIG. 11 is a graph of
volume versus time during a breathing cycle in accordance
with certain embodiments of the presently disclosed subject
matter. Such a graph may facilitate, for instance, calculation
of the tidal volume by apparatus 100, detection of breathing
patterns by apparatus 100, and/or understanding by a user
that views the graph.

In accordance with certain embodiments, the apparatus
100 (e.g. the processor 106) can be configured to detect a
breathing pattern from a set of pre-defined breathing pat-
terns. For instance, the set may include pathological breath-
ing patterns.

Consider that in bronchospasm or asthma or chronic
obstructive pulmonary disease (COPD) because of obstruc-
tion, the inspiratory stage (also referred to an inhalation
period) may be shorter than normal, and the expiratory stage
(also referred to as exhalation period) may be longer than
normal. To detect these differences in stage lengths, the
apparatus 100 (e.g. processor 106) can in some examples be
configured to estimate the rate of inhaling by estimating the
derivative of lung volume vs. time, and determine if the
derivative is larger than a certain threshold. This can be
written as:

av(r)

T[)>A,

where A is some positive threshold. Optionally, an alarm
can be generated if the derivative is larger than the threshold.

The apparatus 100 (e.g. processor 106) can be configured
to estimate the derivative

av(r)
)’

by choosing a relatively short time interval At, and calcu-
lating the volumetric change during the time interval AV as
discussed above. The calculated volumetric change AV can
then be divided by the time interval At. In other words, the
derivative can be estimated by:

dvn) AV
Y

Therefore the alarm can optionally be generated if

AV
Ar
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Additionally or alternatively, the apparatus 100 (e.g. pro-
cessor 106) can in some examples be configured to check if
the expiatory stage is longer than normal, by detecting such
cases when t,,,,~t, . >T, where t,__1is the time when the
volume is maximized during a breathing cycle, t,,, is the
first time after t,, .. in which the volume is minimized, and
T, is some threshold time. To find t,, ,_and t,, the apparatus
100 (e.g. processor 106) can be configured, for example, to

find the time in which the derivative

(approximated byAA_‘t/ ),

changes from positive to negative and from negative to
positive respectively.
In any of these examples,

av() " o ; Vv
Tkor the approximation o E)

can optionally be calculated for a plurality of time intervals
(e.g. repeatedly or periodically) thus providing a breathing
pattern. The breathing pattern can be considered to be based
on the volumetric changes during these time intervals, e.g.
because the breathing pattern can be provided by dividing
these volumetric changes by the respective time intervals.
For example,

a(t)¢ b L fAV
—\or the approximation o E)

can be calculated, say over 100 breathing cycles.

The apparatus 100 (e.g. processor 106) can be configured
to monitor the breathing pattern. For example, the apparatus
100 (e.g. processor 106) can be configured to detect if the
monitored breathing pattern is a breathing pattern selected
from a predefined set of breathing patterns. For instance,
assume that one of the predefined breathing patterns in the
set is a breathing pattern for COPD. Further assume that the
breathing pattern for COPD is a breathing pattern in which
the average of

AV,
Ar 4

calculated over, say, 100 breathing cycles, is above a thresh-
old, or in which the number of times that

AV
AT

is above a threshold, say during 100 breathing cycles, is
above a certain number. In this instance, the apparatus 100
can detect that the breathing pattern is a COPD breathing
pattern by determining that the condition(s) of a COPD
breathing pattern is/are met.

Upon detection of a breathing pattern selected from a
predefined set of breathing patterns, an alarm can optionally
be generated.
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A breathing pattern can give the physician or other health
professional information regarding the disease process and
guide treatment. The breathing pattern can additionally or
alternatively be used, to assess response to treatment.

In accordance with certain embodiments, the apparatus
and method described above can be adapted to also take into
account a sound wave, transmitted for example between the
same or a different transmitter than discussed above and the
same or different receiver than discussed above. The trans-
mitter can generate a unique tone such as through a speaker
and the receiver can receive the sound wave through a
microphone. By determining measurements of the time for
the sound wave to pass from the transmitter to the receiver,
the change in distance between the transmitter and the
receiver can be calculated thus inferring chest expansion and
calculating a change in volume of breathing.

In accordance with yet further embodiments, the appara-
tus and method described above can be adapted to also take
into account a multitude of accelerometers attached to the
chest wall. By measuring changes in acceleration, changes
in the distance between the accelerometers can be computed,
reflecting volumetric changes.

Accelerometers have been used as position sensors in
inertial navigation systems for many years. By way of
example, inertial navigation systems use a combination of
accelerometers and gyroscopes to determine position by
means of “dead reckoning,” where the deviation of position
from a known reference (or starting point) is determined by
integration of acceleration in each axis over time.

If the apparatus is configured to calculate a volumetric
change based on change(s) in signal path length(s) as
discussed above and to calculate a volumetric change based
on the change(s) in distance(s) between transmitter(s) and
receiver(s) of sound wave(s) and/or based on changes in the
distance(s) between accelerometers, the apparatus can cal-
culate the volumetric change by using any methodology to
combine and/or prioritize the various possibilities for cal-
culating the volumetric change.

According to certain embodiments, there is also provided
a wearable device integrating the apparatus 100 or a part
thereof and its functionality as described with reference to
FIG. 1 and/or elsewhere herein. According to further
embodiments, there is further provided a wearable device
operating in accordance with the method as described with
reference 1o FIG. 5 or a part of this method, and/or as
described elsewhere herein. By way of example, the wear-
able device can be implemented as a wearable garment or
wearable strap worn by a patient that (e.g. periodically or
repeatedly) calculates a volumetric change of the lung of the
patient.

Although the description above focuses on determining
measurements of an attribute, calculating a change in signal
path length, and calculating a volumetric change, in accor-
dance with certain embodiments the apparatus and method
described above can be adapted to detect a breathing pattern,
from a set of pre-defined breathing patterns, without neces-
sarily calculating a volumetric change. The set of pre-
defined breathing patterns can include pathological breath-
ing patterns. It is noted that during breathing the chest
expands and contracts causing an increase or decrease
respectively in the circumference of the chest, but also the
diaphragm muscle expands and contracts causing an
increase or decrease respectively in circumference of the
abdomen. In pathological conditions such as asthma, COPD,
or congestive heart failure (CHF), the breathing pattern will
become abnormal due to the change in the ratio between
chest and abdominal breathing caused by the increase in the
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abdominal component. To detect this abnormal breathing
pattern, a minimum of two straps can be used, for example
with one attached to the chest and one attached to the
abdomen (reflecting the contribution of the diaphragm in
breathing). The straps may or may not share the same
transmitter 102 and/or receiver 104. The changes in the
lengths of the two straps (indicative of changes in signal path
length) can be calculated for a plurality of time intervals. For
example, ignoring any difference between length of signal
path and length of strap for simplicity’s sake, the changes in
lengths can be based on measurements of attributes as
discussed above. Based on the changes in lengths, apparatus
100 (e.g. processor 106) can be configured to calculate the
maximal change in length for each of the straps during a
breathing cycle. For instance, the maximal change in length
during a breathing cycle for the abdominal and chest belt can
be denoted as AL, and AL_, respectfully. For detecting
pathological conditions such as asthma, COPD, CHF, the
processor can, for example calculate the ratio between AL,
and AL_, and determine if

Algy

>K
ALy,

where K is some pre-defined threshold. Optionally an
alarm can be generated if the threshold is exceeded. Option-
ally, the apparatus 100 (e.g. processor 106) can be config-
ured to calculate the maximal changes in lengths and the
ratio between them over a plurality of breathing cycles (e.g.
repeatedly or periodically performing the calculation) and
thus a breathing pattern can be provided. The apparatus 100
(e.g. processor 106) can be configured to monitor the
breathing pattern. For example, the apparatus 100 (e.g.
processor 106) can be configured to detect a breathing
pattern from a set of predefined breathing patterns, when
matching (e.g. abnormal breathing pattern). Upon detection,
an alarm can optionally be generated. The breathing pattern
can give the physician or other health professional informa-
tion regarding the disease process and guide treatment. The
breathing pattern can additionally or alternatively be used to
assess response to treatment.

It 1s to be understood that the presently disclosed subject
matter is not limited in its application to the details set forth
in the description contained herein or illustrated in the
drawings. The presently disclosed subject matter is capable
of other embodiments and of being practiced and carried out
in various ways. Hence, it is to be understood that the
phraseology and terminology employed herein are for the
purpose of description and should not be regarded as lim-
iting. As such, those skilled in the art will appreciate that the
conception upon which this disclosure is based can readily
be utilized as a basis for designing other structures, methods,
and apparatuses for carrying out the several purposes of the
present presently disclosed subject matter.

It will also be understood that the apparatus according to
the presently disclosed subject matter can be implemented,
at least partly, as a suitably programmed computer. Like-
wise, the presently disclosed subject matter contemplates a
computer program being readable by a computer for execut-
ing the disclosed method or a part thereof. The presently
disclosed subject matter further contemplates a machine-
readable memory tangibly embodying a program of instruc-
tions executable by the machine for executing the disclosed
method or a part thereof.
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The invention claimed is:

1. A method of monitoring volumetric change of a lung
during a breathing cycle by using an electronic signal, the
method comprising:

receiving by a receiver an electronic signal transmitted

from a transmitter, wherein a path of the signal contours
at least part of a circumference of a chest wall of the
lung;
determining by the receiver measurements of an attribute
of the signal received at the beginning and the end of
a time interval during the breathing cycle;

calculating by a processor a change in length of the signal
path during the time interval based on the measure-
ments of the attribute of the signal received at the
beginning and the end of the time interval; and

calculating by the processor a volumetric change during
the time interval based on the change in signal path
length.

2. The method of claim 1, wherein the electronic signal is
a radio frequency (RF) signal.

3. The method of claim 2, wherein the signal is a single
carrier RF signal characterized by a carrier wavelength.

4. The method of claim 3, wherein the single carrier signal
is selected such that the carrier wavelength is greater than
twice the change in signal path length during the time
interval.

5. The method of claim 3, wherein the attribute is phase
of the single carrier signal.

6. The method of claim 1, wherein the signal flows from
the transmitter to the receiver through a belt or a strap or a
band attached to the chest wall of the lung.

7. The method of claim 1 wherein the change in signal
path length is in a linear correlation relationship with the
measured difference.

8. The method of claim 1, wherein the attribute is ampli-
tude of the signal.

9. The method of claim 8, wherein said signal is charac-
terized by a predetermined set of frequencies, and wherein
said amplitude is an amplitude of each frequency in the set
of frequencies relative to amplitudes of other frequencies in
the frequency set.

10. The method of claim 1 wherein said determining
measurements, calculating a change in signal path length,
and calculating a volumetric change are performed for a
plurality of time intervals.

11. The method of claim 1, wherein said signal is an
Ultra-wide Band (UWB) RF signal characterized by a
bandwidth which is larger than 500 Mhz.

12. The method of claim 1, wherein said attribute is
time-of-arrival of the signal.

13. The method of claim 1, wherein the transmitter and
the receiver are positioned on the circumference of the chest
wall.

14. The method of claim 1, wherein the time interval is a
fraction of the breathing cycle.

15. The method of claim 1, wherein the receiver is
connected to the transmitter by a reference cable that carries
a refererce signal, a corresponding attribute of the reference
signal being indicative of an attribute of a transmitted signal.

16. The method of claim 1, further comprising: calculat-
ing by the processor a tidal volume for the breathing cycle.

17. The method of claim 16, the method further compris-
ing: measuring a respiratory rate; and generating an alarm if
the tidal volume is within a pre-specified range, and the
respiratory rate is normal.

18. The method of claim 16, further comprising: gener-
ating a first indication if the tidal volume is below a first
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threshold, and generating a second indication if the tidal
volume is above a second threshold, wherein the second
threshold is larger than the first threshold and a difference
between the first and second threshold is below 10% of
normal tidal volume.

19. The method of claim 1, wherein the processor is a part
of the receiver.

20. The method of claim 1, further comprising: perform-
ing said determining measurements, calculating a change in
signal path length, and calculating a volumetric change for
a plurality of time intervals, and detecting a breathing
pattern, from a set of pre-defined breathing patterns, based
on volumetric changes during the plurality of time intervals.

21. An apparatus capable of monitoring a volumetric
change of a lung during a breathing cycle by using an
electronic signal, the apparatus comprising at least one
transmitter and a receiving module, the receiving module
including at least one receiver operatively connected to a
processor, wherein:

the at least one transmitter is configured to transmit the

electronic signal, wherein a path of the signal contours
at least part of a circumference of a chest wall of the
lung;

the at least one receiver is configured to:

receive the electronic signal transmitted from the at least

one transmitter, and determine measurements of an
attribute of the signal received at the beginning and the
end of a time interval during the breathing cycle;

the processor is configured to:

calculate a change in length of the signal path during the

time interval based on the measurements of the aftri-
bute of the signal received at the beginning and the end
of the time interval; and

calculate the volumetric change of the lung during the

time interval based on the change in signal path length.

22. The apparatus of claim 21, wherein the electronic
signal is an RF signal.

23. The apparatus of claim 21, wherein the signal is a
single carrier RF signal characterized by a carrier wave-
length.

24. The apparatus of claim 23, wherein the single carrier
signal is selected such that the carrier wavelength is greater
than twice the change in signal path length during the time
interval.

25. The apparatus of claim 23, wherein said attribute is
phase of the single carrier signal.

26. The apparatus of claim 21, wherein the signal flows
from the transmitter to the receiver through a belt or a strap
or a band attached to the chest wall of the lung.

27. The apparatus of claim 21, wherein said change in
signal path length is in a linear correlation relationship with
a difference between said measurements.

28. The apparatus of claim 21, wherein said attribute is
amplitude of the signal.

29. The apparatus of claim 28, wherein said signal is
characterized by a predetermined set of frequencies, and
wherein said amplitude is an amplitude of each frequency in
the set of frequencies relative to amplitudes of other fre-
quencies in the frequency set.

30. The apparatus of claim 21, wherein the at least one
receiver is further configured to determine the measurements
for a plurality of time intervals; and the processor is further
configured to calculate the change in signal path length and
calculate the volumetric change for the plurality of time
intervals.



US 10,194,835 B2

29

31. The apparatus of claim 21, wherein said signal is an
Ultra-wide Band (UWB) RF signal characterized by a
bandwidth which is larger than 500 Mhz.

32. The apparatus of claim 21, wherein said attribute is
time-of-arrival of the signal.

33. The apparatus of claim 21, wherein at least one of the
at least one transmitter and at least one of the at least one
receiver are positioned on the circumference of the chest
wall.

34. The apparatus of claim 21, wherein the apparatus
comprises a plurality of pairs of transmitters and receivers,
said pairs operating with the signal by time division multiple
access (TDMA) to avoid signal interference.

35. The apparatus of claim 21, wherein the time interval
is a fraction of the breathing cycle.

36. The apparatus of claim 21, wherein at least one of the
at least one receiver is connected to a corresponding trans-
mitter by a reference cable that carries a reference signal, a
corresponding attribute of the reference signal being indica-
tive of an attribute of a transmitted signal.

37. The apparatus of claim 21, wherein the apparatus is
further capable of calculating a tidal volume for the breath-
ing cycle.

38. The apparatus of claim 37, wherein the apparatus is
further capable of measuring respiratory rate and generating
an alarm if the tidal volume is within a pre-specified range,
and the respiratory rate is normal.

39. The apparatus of claim 37, wherein the apparatus is
further capable of generating a first indication if the tidal
volume is below a first threshold, and a second indication if
the tidal volume 1s above a second threshold, wherein the
second threshold is larger than the first threshold and the
difference between the first and second threshold is below
10% of normal tidal volume.

40. The apparatus of claim 21, wherein the at least one
receiver is configured to determine the measurements for a
plurality of time intervals; and the processor is configured to
calculate the change in signal path length and calculate the
volumetric change for the plurality of time intervals, and
wherein the apparatus is further capable of detecting a
breathing pattern, from a set of pre-defined breathing pat-
terns, based on volumetric changes during the plurality of
time intervals.

41. A non-transitory computer usable medium having a
computer readable program code embodied therein, said
computer readable program code adapted to be executed to
perform a method of monitoring volumetric change of a lung
during a breathing cycle by using an electronic signal,
including;

receiving by a receiver an electronic signal transmitted

from a transmitter, wherein a path of the signal contours
at least part of a circumference of a chest wall of the
lung;
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determining by the receiver measurements of an attribute
of the signal received at the beginning and the end of
a time interval during the breathing cycle;

calculating by a processor a change in length of signal
path during the time interval based on the measure-
ments of the attribute of the signal received at the
beginning and the end of the time interval; and

calculating by the processor a volumetric change during
the time interval based on the change in signal path
length.

42. A wearable device integrating an apparatus capable of
monitoring a volumetric change of a lung during a breathing
cycle by using an electronic signal, the apparatus comprising
at least one transmitter and a receiving module, the receiving
module including at least one receiver operatively connected
to a processor, wherein:

the at least one transmitter is configured to transmit the

electronic signal, wherein a path of the signal contours
at least part of a circumference of a chest wall of the
lung;

the at least one receiver is configured to:

receive the electronic signal transmitted from the at least

one transmitter, and determine measurements of an
attribute of the signal received at the beginning and the
end of a time interval during the breathing cycle;

the processor is configured to:

calculate a change in length of the signal path during the

time interval based on the measurements of the attri-
bute of the signal received at the beginning and the end
of the time interval; and

calculate the volumetric change of the lung during the

time interval based on the change in signal path length.

43. A wearable device operating in accordance with a
method of monitoring volumetric change of a lung during a
breathing cycle by using an electronic signal, the method
comprising:

receiving by a receiver an electronic signal transmitted

from a transmitter, wherein a path of the signal contours
at least part of a circumference of a chest wall of the
lung;
determining by the receiver measurements of an attribute
of the signal received at the beginning and the end of
a time interval during the breathing cycle;

calculating by a processor a change in length of the signal
path during the time interval based on the measure-
ments of the attribute of the signal received at the
beginning and the end of the time interval; and

calculating by the processor a volumetric change during
the time interval based on the change in signal path
length.
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