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1
CONTACTLESS RESPIRATION
MONITORING OF A PATIENT

FIELD OF THE INVENTION

The invention relates to the field of respiration monitoring
of a patient, and especially to a method and a device for
reliable breath-to-breath detection of inspiration/expiration
for contactless remote respiration monitoring based on the
Doppler-Radar principle.

BACKGROUND OF THE INVENTION

In a clinical environment, observing respiratory activity
(breathing frequency) is highly relevant. Pulse and respira-
tion are one of the most important basic vital signs to assess
the health status of a patient. In intensive care unit (ICU)
settings, pulse and respiration are routinely measured via
ECG electrodes from the electrocardiogram, and the mea-
sured thorax-impedance changes during breathing activity,
respectively.

Doppler radar sensors have been identified as a promising
technology for contactless measurements of respiration and
cardiac activity. A large extent of research activities has been
focused on Radar Systems at frequencies above 60 GHz.
Today, low-power low-cost Doppler radar sensors are com-
mercially available, mainly for activity detection in homes in
the frequency range of <25 GHz. These sensors might be an
interesting low-cost solution for remote vital signs monitor-
ing, but they require more efforts in development for intelli-
gent signal analysis, since state-of-the-art signal processing
approaches are hardly applicable for these sensors. The main
reason is that the wavelengths are large (approx. 10 . .. 120
mm) compared to the motion amplitudes of the thorax caused
by respiration and the beating heart.

In Doppler radar sensors, generally, a sender/receiver unit
continuously emits electromagnetic waves towards a target.
The electromagnetic waves are reflected at the target and
travel back to the sender/receiver. Two mixers/receivers are
employed in order to evaluate the received signal. The first
mixer downconverts the signal received directly at the
antenna; the second mixer downconverts the antenna signal
after it was phase-shifted by 90 degrees.

A radar sensor has the advantages that no direct skin con-
tact is required. The speed and the direction of movement as
well as a change of direction is coded in the measured signals,
but especially for operating frequencies <25 GHz, state-of-
the-art detection schemes are hardly applicable. Therefore,
correct and reliable interpretation of these signals is challeng-
ing. However, reliable and comfortable detection of respira-
tion activity in clinical settings is an unmet need today.

SUMMARY OF THE INVENTION

It is an object of the invention to provide a method and
device for contactless remote respiration monitoring of a
patient based on the Doppler-Radar principle which are reli-
able and easy to handle.

This object is achieved by a method for detection of respi-
ration of a patient comprising the following steps:

emitting an electromagnetic signal towards the patient;

receiving a reflected electromagnetic signal reflected from
the patient using a two-channel Doppler radar sensor;

converting the reflected electromagnetic signal, yielding a
first signal;
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2

phase-shifting the reflected electromagnetic signal and
converting the phase-shifted reflected electromagnetic signal,
vielding a second signal;

determining a first vector being defined by the time deriva-
tives of the first signal and the second signal, for a common
first point in time;

determining a second vector being defined by the time
derivatives of the first signal and the second signal, for a
common second point in time; and

calculating the scalar product of the normalized first vector
and the normalized second vector as an indicator value for a
change from expiration to inspiration of the patient or vice
versa.

Accordingly, it is an important idea of the invention to
provide a criterion which allows the detection of the change
from expiration to inspiration of the patient or vice versa. This
criterion is based on the scalar product of the normalized first
vector and the normalized second vector, which are deter-
mined by the time derivatives of the first signal and the second
signal, for a common first or second point in time, respec-
tively. In this way, an indicator value is provided which allows
to detect the direction change of the thorax movements ana-
lyzed by Doppler radar sensors, preferably operating at fre-
quencies below 30 GHz in order to provide a breath-to-breath
information of expiration and inspiration movement.

The invention provides for several advantages: A reliable
measurement of the direction change of the thorax move-
ments during respiration using a two-channel radar can be
performed allowing breath-to-breath detection of inspiration/
expiration. Further, separate evaluation of inspiration move-
ment and expiration movement can be done. In this way, false
alarm rates for remote respiration monitoring can be notice-
ably reduced. Moreover, increased accuracy of breathing rate
detection for remote respiration monitoring based on the
Doppler Radar principle is achieved.

Further, the method can be acconmplished in a simple way at
low costs since a low processing-power method is proposed.
There is no need for interpretation of ill-defined Doppler
signals morphologies since a well-defined criterion for char-
acterizing the direction of motion is provided, and no need of
hardware-defined parameters are required.

For determining the first point in time and the second point
in time for building the first vector and the second vector,
respectively, according to a preferred embodiment of the
invention, characteristic points in time defined by specific
criteria fulfilled simultaneously in the first and second signal
are determined. Preferably, this specific criteria is a detected
zero-crossing of the time derivative of the first signal or the
second signal, respectively. Further, according to a preferred
embodiment of the invention, the first vector is built by taking
the time derivatives of the two signals in the period between
a first detected zero-crossing and a second detected zero-
crossing, respectively. The second vector is built by taking the
time derivatives of the two signals in the period between the
second zero-crossing and a detected zero-crossing, respec-
tively. In both cases, the time derivative of the first signal is
taken as the first vector coordinate, and the time derivative of
the second signal is taken as the second vector coordinate.

In general, the indicator value can be used in different ways
in order to detect a change from expiration to inspiration of
the patient or vice versa. However, according to a preferred
embodiment of the invention, the indicator value is compared
with a predefined threshold value. Preferably a threshold
value of O is used.

In this way, a change from inspiration to expiration or vice
versa can be reliably detected since the criterion according to
the invention is calculated on the basis of the scalar product of
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two vectors defined from time derivatives of the measured
signals for two different points in time. If the scalar product of
the normalized vectors is less than one, the direction of
motion has changed and represents different thorax move-
ments of expiration/inspiration. In an ideal case, the vectors
are opposite to each other which means that the angle between
the vectors is 180° and, thus, the scalar product is -1. In
practical applications it will happen, that the respiration
movement will not be purely symmetrical. In these cases the
vectors will not be exactly opposite of each other, but will
show an angle <180°. Accordingly, a minimum of 90° is
preferred, being equal to a threshold value of 0. Further, it is
preferred that a change from expiration to inspiration of the
patient or vice versa is indicated if the indicator value is below
the threshold value.

Further, according to a preferred embodiment of the inven-
tion, the first vector, the second vector and the scalar product
of the normalized first vector and the normalized second
vector as an indicator value for a change from expiration to
inspiration of the patient or vice versa are consecutively deter-
mined, preferably in predefined time periods. In this way, the
measured signals can be quasi-continuously scanned for
direction changes of the thorax movement.

Furthermore, according to a preferred embodiment of the

invention, the vorticity V for two different points in time T,
and T, respectively, are calculated by

V=7 x(M\(T)-7 ) and V== 7 x(MTp)- 7 ),

. > — .
wherein r | is the first vector, r , is the second vector, and

17[1 and I\_/i2 are vectors built from the time derivatives of the
first signal and the second signal at times T1 and T2, respec-
tively. The voracity depends on the sign of the velocity of the
target, i.e. the thorax, and the sensor-target distance. This
additional feature is preferably used in order to improve the
reliability of the detection, as set out in more detail further
below.

Since a two-channel Doppler radar sensor is used, the
reflected electromagnetic signal is preferably phase-shifted
by 90° before being converted. Further, according to a pre-
ferred embodiment of the invention, based on the detected
movement changes, the respiration rate of the patient is indi-
cated.

With reference to FIG. 7, above mentioned object is further
met by a device 10 for contactless respiration monitoring of a
patient, comprising

a two-channel Doppler radar sensor 12 for receiving a
reflected electromagnetic signal reflected from the patient,
wherein

the two-channel Doppler radar sensor is adapted for con-
verting the reflected electromagnetic signal, yielding a first
signal and for phase-shifting the reflected electromagnetic
signal and converting the phase-shifted reflected electromag-
netic signal, yielding a second signal; wherein

a calculating device 14 is provided which is adapted for
determining a first vector being defined by the time deriva-
tives of the first signal and the second signal, for a common
first point in time, determining a second vector being defined
by the time derivatives of the first signal and the second
signal, fora common second point in time, and calculating the
scalar product of the normalized first vector and the normal-
ized second vector as an indicator value for a change from
expiration to inspiration of the patient or vice versa.

Preferred embodiments of the device according to the
invention, in general, relate to the preferred embodiments of
the method according to the invention, as described above.
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Especially, according to a preferred embodiment of the
invention, the calculating device 1s adapted for comparing the
indicator value with a predefined threshold value and for
indicating a change from expiration to inspiration of the
patient or vice versa is indicated if the indicator value is below
the threshold value. Further, it is preferred that a display 16
for displaying the respiration rate based onindicated changes
from expiration to inspiration of the patient or vice versa is
provided.

It should be emphasized that, though in the present descrip-
tion averaging of measured and/or calculated date is not
described in detail, such averaging can be performed in any
stage of the processing the data and is understood to be fully
covered by the present invention.

Preferred applications of the invention are as follows: spot
check contactless respiration effort monitoring in clinical and
home settings; continuous contactless respiration rate moni-
toring in clinical and home settings; stress relaxation; and
breathing gating in computer tomography (CT).

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will be apparent
from and elucidated with reference to the embodiments
described hereinafter.

In the drawings:

FIG. 1 shows the raw signals of a two Doppler radar sensor
measured during tidal breathing and the respiration effort
during breathing measured with a respi-band as a reference;

FIG. 2 depicts a flow diagram for detection of direction
change during motion under consideration;

FIG. 3 shows a first simulation of expected Doppler radar
signals, time derivatives of both sensor channels and the
calculated vectors;

FIG. 4 shows a second simulation of expected Doppler
radar signals, time derivatives of both sensor channels and the
calculated vectors;

FIG. 5 depicts the detection of zero-crossing according to
the criterion of the preferred embodiment of the invention;

FIG. 6 shows a x-y plot of the derivatives of the signal from
FIG. 2 for segments 1 and 2; and

FIG. 7 is a diagrammatic illustration of a system for per-
forming the method.

DETAILED DESCRIPTION OF EMBODIMENTS

The two sensor signals coming from a two-channel Dop-
pler radar sensor 12 can be modeled by the following equa-
tions:

- ()
win=ay Do)
k=1

N 1
x5(1) = b-kz; Wcos(@)k (1) + 201

The cosine factors represent the local amplitudes of the
reflected electromagnetic waves. The signal amplitudes a and
b differ, because of different sensitivities of the separate chan-
nels. The influence of the changing sensor/target distances
D,(t) is modeled by an exponential factor y. The phase differ-
ence 2@, is determined by the specific Doppler sensor
used. The timely varying phase ©,(t)
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T O AR (©)
[CHGE T(f v @)dr + 5;;]
0

is related with the Doppler effect as a sum of signals from
N reflectors moving with velocity components v,(t) relevant
for the Doppler shift and the sensor/reflector distance =, for
t=0. In the following, a single moving reflector is analyzed,
which means that the functions D(t) and B(t) are simplified.
Sensor/reflector distance D(t) and phase ©(t) are then linearly
related by:

A 4
D) = @G)(t) -Z

For a single reflector moving with a constant velocity v,
equation (3) is the well-known Doppler-Radar equation.

FIG. 1 shows in the upper and middle diagram the raw
signals measured with the two-channel Doppler sensor 12
during tidal breathing. The sensor detected the ribcage move-
ment. As a reference, a sensor based on inductive pneumog-
raphy (respi-band sensor) was used, which is a well-estab-
lished method for measuring respiration effort and rate. The
reference signal is shown in the lower diagram.

As can be seen in the upper and middle diagram the radar
signal morphologies are very complex and there is no direct
correlation with the reference signal in the lower diagram.
The periodicity of the respiration effort sensor cannot be
easily derived from the Doppler sensors as well as the move-
ment direction during the breathing cycles. This information
cannot be extracted by state-of-the-art schemes in the fre-
quency domain.

According to the preferred embodiment of the invention
described in the following, the information on the direction of
a movement can be extracted from the two-channel Doppler
radar sensor, especially for movements that are small com-
pared to the wavelength A of the electromagnetic waves. A
well-defined criterion is provided, which allows the evalua-
tion of direction change during consecutive detected motion
phases.

FIG. 2 shows the flow diagram with the criterion according
to the preferred embodiment of the calculating device 14 in
order to improve the accuracy measuring the breathing rate,
which assumes the analysis of the predefined time windows
covering a number of breathing cycles by a zero-crossing
detection scheme. The method for direction change according
to this flow diagram is as follows:

Step 1: Detection of point of times T, of zero-crossings of
the time derivative for predefined time window, e.g. 1
minute.

Step 2: Calculation of time differences of consecutively
detected zero-crossings: DT,=T,, ,-T,.

Step 3: Checking for criterion of direction change of con-
secutively detected zero-crossings.

Step 4: Eliminating DT, not fulfilling criterion.

Step 5: Calculating respiration rate for intervals RR, from
TD,.

Step 6: Eliminating outliers RR, based on physiological
constraints.

Step 7: Calculating average for time window and display-
ing result.

In the following, the criterion for detection of direction

change of movement for two time segments between three
detected zero-crossings according to the preferred embodi-
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ment of the invention is described. Three detected zero-cross-
ings segment the measured raw signals x, and X, into two
segments 1 and 2. The criterion is calculated on the basis of
the scalar product of two vectors defined from time deriva-
tives of the measured signals x, and x, for these two segments
1 and 2. If the scalar product of the normalized vectors is
negative, the direction of motion has changed and represents
different thorax movements of expiration/inspiration:

5
o

71] [7l

Based on equations 1, 2, and 3 the time derivative of the
signals x1 and x2 are given by:

d
—xi{f)= A

o
rr T vsin(©y (1))

d
—x0(0)=B-

2 sin@c(0) + 201)
T Tvsm( (1) +20;)

Two vectors are defined for the two segments between
three detected zero-crossings via according to:

T =<k <]

T o= [ <)

The first vector r1 is built by taking the time derivatives of
the two signals x1 and x2 in the period between the first and
second detected zero-crossing. The second vector 12 is built
by taking the time derivatives of the two signals x1 and x2 in
the period between the second and third detected zero-cross-
ing. In both cases, the time derivative of signal x1 is taken as
the first vector coordinate, and the time derivative of signal x2
is taken as the second vector coordinate.

In order to show, that

f—l f—2 <0

[Fil 172

the vectors r1 and r2 have to be calculated explicitly from
equations 1 and 2 for a periodical movement.

Based on the fact that:

T1 A 71
f vsin(O() di = —cos(@(z))|
o 4 o

T1

ol o
= 4;[005(47”(5 + 5)] - 608(477{5]]

The same calculation is done for the second period [T1-
Tend]. It can be shown that the vector components are given

Fi [cos(%n(E + 6)) - cos(‘%ﬂ(E)]; sin(% E+ 6)] - sin(‘%ﬂ(E)]]
R Az Iz (4 (4
Py o< [COS(TE] - cos(T(E + 6)]; sm(TE] - S]ﬂ(T(E + 6)]].
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Here it is clear for a symmetrical movement, that:
==t
Pl =Ty

This means, the vectors are opposite to each other, the
scalar product is -1 and the angle between the vectors is 180°.
In practical applications it will happen, that the respiration
movement will not be purely symmetrical. In these cases the
vectors will not be exactly opposite to each other, but exhibit
an angle <180°. According to the preferred criterion, a mini-
mum of 90° is proposed.

Based on these new axial vectors, the vorticity of axial
vectors 1y, r, around these two points—including a change of
the basis—for each segment separately, is defined:

?/1:‘7“(]?’[1(7"1)‘71)

?z:‘7zx(M2(Tz)‘7z)v

where M, and M, vectors built from the derivatives of x,
and x,, for the two segments at times T, and T, which have to
be taken close from the beginning of the movement. These
indexes will give ameasure of the rotational direction for each
movement.

The vorticity vectors depends on the sign of the velocity
and the sensor-target distance. This additional feature
improves the reliability of the detection.

In the following, a numerical simulation for 24 GHz Dop-
pler radar monitoring symmetrical thorax movement is
described. FIGS. 3 and 4 show the result of a simulation based
on equations 1, 2 and 3. In this case a phase difference of 90°
has been assumed between the sensor channels. The thorax
velocity was modeled by a cosine-function with a cycle
period of 2 s and amplitude of 3 mm/s. The r,, r, vectors
according to the proposed procedure were calculated for the
periods [0.5 1.5] and [1.5 2.5] and the vorticity was calcu-
lated. The values of the vorticities is shown in the diagram and
for better interpretation, within the x-y-plot of the two seg-
ments, the traces are shown only from [0.5 1.4] and [1.5 2.4]
in order to visualize the “vorticity” around both vectors r;, r,.
The vectors r, and r, are opposite to each other as well as the
sign of the vorticities is different as proposed by the criterion.

In the following, a measurement example for detection of
resting phases (step 3 in the flow diagram of FIG. 2) is
described. FIG. 5 shows the detection of resting phases from
a real measurement. As a reference, a sensor 12 based on
inductive plethysmography was used, which is sensitive to
detect the changes of thorax circumference (lower diagram).
The vertical lines in the lower diagram, which can be dis-
played on the display device 16, indicate the detected resting
points of the thorax change of circumference with this
method. Only for the sequence from 8 s to 10 s the respiration
cycle was not detected, which might be caused by a thorax
movement superpositioned on the respiration movement.
More details of the approach for detecting resting phases can
be found in “J. Muehlsteff, J. A. J. Thijs, R. Pinter, The use of
atwo-channel Doppler Radar Sensor for the detection of heart
motion phases, 2006, IEEE EMBC 2006, Conference Pro-
ceedings” which is incorporated herein by reference.

The approach for detecting motion directions for segments
1to 2 of FIG. 3 is as follows:

In FIG. 6 the concept for motion direction is shown, e.g.
displayed on the display device 16 for the segments 1 and 2 of
the data of FIG. 5. In the left diagram the x-y-plot of the time
derivatives of the raw signals are shown from which the
vectors were calculated according to the proposed method. As
can be seen in the right diagram of FIG. 6 the angle between
the vectors is greater than 90° and indicates that the two
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consecutive segments represent different motion directions,
therefore represent expiration and inspiration activity.

While the invention has been illustrated and described in
detail in the drawings and foregoing description, such illus-
tration and description are to be considered illustrative or
exemplary and not restrictive; the invention is not limited to
the disclosed embodiments.

Other variations to the disclosed embodiments can be
understood and effected by those skilled in the art in practic-
ing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word
“comprising” does not exclude other elements or steps, and
the indefinite article “a” or “an” does not exclude a plurality.
The mere fact that certain measures are recited in mutually
different dependent claims does not indicate that a combina-
tion of these measured cannot be used to advantage. Any
reference signs in the claims should not be construed as
limiting the scope.

The invention claimed is:

1. A method for detection of respiration of a patient com-
prising the following steps:

emitting using a two-channel Doppler radar sensor an elec-

tromagnetic signal towards the patient;

receiving a reflected electromagnetic signal reflected from

the patient using the two-channel Doppler radar sensor;
converting using the two-channel Doppler radar sensor the
reflected electromagnetic signal to a first signal;
phase-shifting using the two-channel Doppler radar sensor
the reflected electromagnetic signal and converting the
phase-shifted reflected electromagnetic signal to a sec-
ond signal;
determining using a calculating device a first vector by
taking time derivatives of the first signal and the second
signal, for a common first point in time;
determining using the calculating device a second vector
by taking the time derivatives of the first signal and the
second signal, for a common second point in time;

normalizing using the calculating device the first and sec-
ond vectors;
calculating using the calculating device the scalar product
of the normalized first vector and the normalized second
vector as an indicator value for a change from expiration
to inspiration of the patient or vice versa; and

controlling a display to display a respiration value based on
the indicated changed from expiration to inspiration of
the patient or vice versa.

2. The method according to claim 1, further including:

determining the first point in time and the second point in

time for building the first vector and the second vector by
determining, respectively, characteristic points in time
defined by specific criteria fulfilled simultaneously in
the first signal and the second signal.

3. The method according to claim 2, wherein the specific
criteria is a detected zero-crossing of the time derivative of the
first signal or the second signal, respectively.

4. The method according to claim 1, wherein an indicator
value is compared within a predefined threshold value.

5. The method according to claim 4, wherein the predefined
threshold value is 0.

6. The method according to claim 4, wherein the change
from expiration to inspiration of the patient or vice versa is
indicated using the display if the indicator value is below the
predefined threshold value.

7. The method according to claim 1, wherein the first
vector, the second vector and the scalar product of the nor-
malized first vector and the normalized second vector as an
indicator value for the change from expiration to inspiration
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of the patient or vice versa are consecutively determined,
preferably in predefined time periods.
8. The method according to claim 1, wherein calculating

includes calculating a vorticity V for the first point in time T,
and the second point in time T, respectively, by Y 1:—?1><(
M,(T,)- 1) and V== £ ;x(M,(T,)- ), wherein r , is the

first vector, T, is the second vector, and M, and M, are
vectors built from the time derivatives of the first signal and
the second signal at times T, and T,, respectively.
9. The method according to claim 1, wherein a respiration
rate is indicated.
10. A device for contactless respiration monitoring of a
patient, comprising:
a two-channel Doppler radar sensor configured to:
receive a reflected electromagnetic signal reflected from
the patient,
convert the reflected electromagnetic signal to a first
signal,
phase-shift the reflected electromagnetic signal, and
convert the phase-shifted reflected electromagnetic sig-
nal to a signal; and
a calculating unit configured to:
determine a first vector defined by taking time deriva-
tives of the first signal and the second signal, for a
common first point in time,
determine a second vector defined by taking time deriva-
tives of the first signal and the second signal, for a
common second point in time,
normalize the first and second vectors,
calculate a scalar product of the normalized first vector
and the normalized second vector as an indicator
value for a change from expiration to inspiration of
the patient or vice versa, and
control a display to display a respiration value based on
the indicated changed from expiration to inspiration
of the patient or vice versa.
11. The device according to claim 10, wherein the calcu-
lating unit is further configured to:
compare the indicator value with a predefined threshold
value, and
indicate using the display the change from expiration to
inspiration of the patient or vice versa in response to an
indicator value being below the predefined threshold
value.
12. The device according to claim 10, further including:
the display configured for displaying a respiration rate
based on indicated changes from expiration to inspira-
tion of the patient or vice versa.
13. A contactless respiration monitoring system for moni-
toring respiration of a patient, comprising:
an emitter adapted to emit an electromagnetic signal
towards the patient;
a two-channel Doppler radar sensor adapted to:
receive a reflected electromagnetic signal reflected from
the patient;
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convert the reflected electromagnetic signal to a first
signal; and

phase-shift the reflected electromagnetic signal; and

convert the phase-shifted reflected electromagnetic sig-
nal to a second signal;

a calculating unit adapted to:

determine a first vector defined by taking a time deriva-
tive of the first signal taken in a first period of time as
a first vector coordinate of the first vector, and a time
derivative of the second signal taken in the first period
of time as a second vector coordinate of the first
vector;

determine a second vector defined by taking a time deriva-

tive of the first signal taken in a second period of time as
afirst vector coordinate of the second vector, and a time
derivative of the second signal taken in the second period
of time as a second vector coordinate of the second
vector;

calculate the scalar produce of the normalized first vector

and the normalized second vector as an indicator value
for a change from expiration to inspiration of the patient
or vice versa; and

control a display to display a respiration value based on the

indicated changed from expiration to inspiration of the
patient or vice versa.

14. The system according to claim 13, wherein the calcu-
lating unit is further adapted to:

determine characteristic points in time defined by specific

criteria fulfilled simultaneously in the first signal and the
second signal.

15. The system according to claim 14, wherein the specific
criteria includes a detected zero-crossing of the time deriva-
tive of the first signal or the second signal, respectively.

16. The system according to claim 13, wherein an indicator
value is compared with a predefined threshold value.

17. The system according to claim 16, wherein the change
from expiration to inspiration of the patient or vice versa is
indicated using the display if the indicator value 1s below the
predefined threshold value.

18. The system according to claim 13, wherein the first
vector, the second vector and the scalar product of the nor-
malized first vector and the normalized second vector as an
indicator value for the change from expiration to inspiration
of the patient or vice versa are consecutively determined,
preferably in predefined time periods.

19. The system according to claim 13, wherein the calcu-

lating unit is further adapted to calculate a vorticity V for the
first period of time T, and the second period of time T,,
respectively, by V,=—r x(M,(T,)-r,) and V,=—rx(
M, (T,)-r,), wherein r | is the first vector, 1, is the second
vector, and M L and 1\7[2 are vectors built from the time deriva-
tives of the first signal and the second signal at times T, and
T,, respectively.

20. The system according to claim 13, wherein a respira-
tion rate is indicated using the display.
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