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Description
Technical field

[0001] The present inventive concept relates to a method and a system for detecting a vital sign of a subject. In
particular, the present inventive concept relates to radar-based technique for detecting a vital sign of a subject, including
transmitting a radio frequency waveform and receiving a reflected waveform.

Background

[0002] In recent year, contactless health monitoring has become an increasingly hot topic. For that reason, radar
techniques are of high interest as it offers contactless monitoring. Radar techniques have been investigated for vital
signs monitoring, such as determining a heartbeat rate and/or a respiratory rate of a subject.

[0003] The radar techniques may utilize a Doppler shift that is caused by mechanical movements of heart and chest
(lungs) in order to detect the mechanical movements which may be converted to measurements of the heartbeat rate
and respiratory rate.

[0004] The limitof current devices is that it is possible to monitor heartbeat and respiration rate under "ideal condition”,
thatis, with subjects constrained to be motionless (i.e., seated or lying down avoiding any kind of random body movement).
In fact, the received signals may be strongly disturbed by the influence of random body movements, such as movements
of arms and legs or other parts of the body. The random body movements may be at least an order of magnitude larger
than the pulmonary activity (typical frequency is within 0.1-0.3 Hz and the amplitude is about 10 mm) and the heart
movement (typical frequency is within 1-1.5 Hz and the amplitude is about 0.1 mm).

[0005] Some solutions have been proposed for solving the problem of random body movements destroying possibilities
of determining vital signs. For instance, in US 2010/0198083, a method for cancelling body movement effect for non-
contact vital sign detection is described. The method comprises sending a first electromagnetic signal to a first side of
a body and sending a second electromagnetic signal to a second side of a body, wherein the first and second electro-
magnetic signals have different frequencies. Based on first and second reflected electromagnetic signals, first and
second baseband complex signals are extracted. The first baseband complex signal is mathematically combined with
the second baseband complex signal to cancel out a Doppler frequency drift therebetween to yield a periodic Doppler
phase effect.

[0006] However, the method is based on a human subject being perfectly positioned in between two radars, positioned
respectively in front and on the back of the human subject. Further, the method is based on the random movements
producing two baseband signals with the same amplitude but out-of-the-phase, while the periodic vital signs movements
produce two identical signals. Adding the two baseband signals, the resulting single channel signal will contain only the
desired information. As it can be easily understood, this method still applies to random body movements occurring in
ideal conditions. In fact, (1) the body random movements have to be within few millimeters, (2) the subject has to be
perfectly in between the two radars, (3) the radars should perform exactly the same without any unbalance, and (4) the
vital signs displacements are the same from the front and the back.

[0007] Thus, there still remains a need of decreasing sensitivity of vital signs detection to random body movements.

Summary

[0008] It is an object of the present inventive concept to improve random body movement rejection in vital signs
detection. Itis another object of the present inventive concept to enable vital signs detection without severely constraining
the subject so as to enable vital signs detection in a real-life situation.

[0009] These and other objects of the present inventive concept are at least partly met by the invention as defined in
the independent claims. Preferred embodiments are set out in the dependent claims.

[0010] According to a first aspect, there is provided a method for detecting a vital sign of a subject, comprising at least
one of a heart rate and a respiratory rate of the subject, said method comprising: receiving a reflected radio frequency
signal from the subject, the reflected signal being based on a transmitted signal, which is Doppler-shifted due to me-
chanical movements corresponding to at least one of the heart rate and the respiratory rate to form the reflected signal;
dividing a baseband signal based on the received signal and the transmitted signal into a sequence of sliding windows,
wherein each sliding window represents a time interval of the baseband signal; estimating a vital sign parameter based
on the signal in at least one sliding window of the sequence of sliding windows; determining whether a vital sign parameter
may be reliably estimated based on the signal in at least one sliding window of the sequence of sliding windows; on
condition that the vital sign parameter may notbe reliably estimated in a sliding window, determining a vital sign parameter
of the sliding window based on vital sign parameters estimated in a plurality of windows representing time intervals close
to the time interval of the window for which the vital sign parameter is determined.
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[0011] The method enables detecting vital signs of a subject without requiring the subject to be completely motionless
(or static) during acquiring of a signal for detecting vital signs. Thus, a subject may be quasi-static, performing random
body movements intermittently during detection of vital signs. This provides a comfortable experience for the subject
when examination of vital signs is performed. Also, vital signs may be determined in a real-life situation, e.g. determining
vital signs of a subject that is sitting or lying in bed. For instance, the vital signs determination may function well in
contactless monitoring of subjects in elderly care or monitoring of subjects while seated in a car, such as for monitoring
a health condition of a driver.

[0012] The use of sliding windows may allow random body movements to be extracted so as to not disturb the deter-
mination of vital signs. As a random body movement occurs, the random body movement will only affect the estimation
of vital signs in the sliding window(s) in which the random body movement occurs and not affect the entire acquired signal.
[0013] Further, by determining a vital sign parameter for the sliding window for which the signal does not allow the
vital sign parameter to be reliably estimated, the sliding window in which a random body movement will not be completely
ignored. On the contrary, the vital sign parameter is determined in the sliding window based on vital sign parameters
estimated in adjacent sliding windows, which allows the sliding window to contribute to an overall determination of the
vital sign parameter. Hence, the vital sign parameter may be more reliably determined as the vital sign parameter may
be based on large amounts of data.

[0014] Since vital sign parameters may not change very quickly, determining a vital sign parameter for a sliding window
based on sliding windows representing time intervals close to the sliding window may still provide a reliable value of the
vital sign parameter in the sliding window.

[0015] The vital sign parameter that is estimated for a single sliding window may be output as a measure of the vital
sign parameter in the time interval represented by the sliding window. Hence, updated measures of the vital sign parameter
may be output for every sliding window allowing the method to continuously provide measures of the vital sign parameter.
Further, there is no interruption in providing the vital sign parameter due to a random body movement occurring.
[0016] However, in other embodiments, a vital sign parameter may be determined as an average of the vital sign
parameters estimated in each of the sliding windows. Hence, the vital sign parameter may not be output until a time
period corresponding to a plurality of sliding windows has been acquired, and a single average for the time period may
be determined. In this case, the vital sign parameters determined for the sliding windows in which random body movement
occurred may still contribute to determining an overall average based on more data points. The vital sign parameter
may be updated with every new set of data corresponding to a new sliding window, as the new set of data may be
combined with previously acquired data for updating the average of the vital sign parameter being output.

[0017] The method may be implemented in real-time or near real-time so as to process data while being acquired and
output measures of vital sign parameters in real-time or with a small delay. A small delay may be used in order to enable
considering of sliding windows both before and after a sliding window in which a random body movement occurs, when
determining the vital sign parameter for the sliding window in which the random body movement occurs.

[0018] The method may alternatively be implemented in a scenario where acquiring of signals from the subject occurs
separated in time from processing of the signals. Thus, processing may occur at another time, e.g. for analysis of vital
sign parameters in a population or other types of analysis that does not require real-time results.

[0019] The determining whether an estimated vital sign parameter may be reliably estimated in a sliding window may
be based on analysis of a signal quality for the sliding window. Thus, it may be determined that a signal quality is so
poor that it will not be possible to calculate a reliable estimate for the sliding window. Alternatively, if an estimate for a
sliding window does not yield a plausible result, such fact may be used for determining that a vital sign parameter may
not be reliably estimated. Hence, the estimating of vital sign parameters may be performed for each sliding window.
However, the estimating of vital sign parameters need not necessarily be performed for each sliding window, but rather
may be performed only for sliding windows determined to have sufficient signal quality (or not having insufficient signal
quality).

[0020] The method according to claim 1, wherein two adjacent sliding windows in the sequence of sliding windows
represent partially overlapping time intervals. Thanks to using partially overlapping time intervals in the sequence of
sliding windows, it may be possible to use signals unaffected by random body movements to a very high degree, while
still a time interval of the sliding window being relatively long (allowing determining of vital sign parameters with high
accuracy). The use of partially overlapping time intervals implies that there is a high likelihood that a sliding window will
end immediately before start of a random body movement, and also that there is a high likelihood that a sliding window
will start immediately after end of the random body movement.

[0021] According to an embodiment, said determining whether an estimated vital sign parameter may be reliably
estimated based on the signal in at least one sliding window of the sequence of sliding windows comprises comparing
the estimated vital sign parameters of pairs of adjacent windows and determining whether a difference in the estimated
vital sign parameters is above a threshold. Thus, vital sign parameters may be estimated for every sliding window. If a
random body movement occurs within a sliding window, the vital sign parameter may be highly distorted for that sliding
window, rendering an abnormal result. The distortion by the random body movement may thus be identified by means
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of the estimated vital sign parameters in adjacent sliding windows differing substantially. It should also be noted that a
vital sign parameter, such as heartbeat rate or respiratory rate, may not normally change very quickly so it should be
expected that the vital sign parameter for adjacent sliding windows is very similar.

[0022] Artefacts due to random body movements may be identified in other manners. Hence, according to other
embodiments, said determining whether an estimated vital sign parameter may be reliably estimated based on the signal
in at least one sliding window of the sequence of sliding windows comprises identifying an artefact in the signal in a
sliding window. The identifying of the artefact may for instance be based on a continuous wavelet transform (CWT) or
short-time Fourier transform (STFT) of the baseband signal, which transform may be formed based on a time period of
the baseband signal extending over a plurality of sliding windows (and may be formed before dividing the baseband
signal into sliding windows). The identifying of the artefact may also be performed after processing of the signal, e.g.
filtering and/or smoothing, in order to try to cancel influence of a random body movement. Hence, the determination that
a vital sign parameter may not be reliably estimated may be based on a signal that has been processed in an effort to
enable estimation of the vital sign parameter despite occurrence of a random body movement.

[0023] It should be realized that many types of transforms and/or other processing operations may be performed on
the baseband signal in order to determine signal quality and/or attenuate influence of random body movements.
[0024] According to an embodiment, the method further comprises at least partially cleaning the baseband signal to
attenuate influence of artefacts. Thus, the baseband signal may be processed in order to be cleaned so as to remove
artefacts. It may not be possible to completely remove artefacts, so the baseband signal may at least be partially cleaned
in order to at least attenuate influence of artefacts.

[0025] The cleaning of the baseband signal may be performed prior to dividing the baseband signal into a sequence
of sliding windows. However, in a real-time application, new data may be continuously received and sliding windows
may be continuously defined and it may thus not be possible to perform processing on the entire baseband signal before
it is divided into a sequence of sliding windows and estimation of vital sign parameters is initiated.

[0026] The cleaning of the baseband signal may be used in an effort to attenuate artefacts to such an extent that the
baseband signal may still be used in sliding windows corresponding to the artefacts in order to reliably estimate vital
sign parameter. Whether a vital sign parameter may in fact be reliably estimated may be determined e.g. based on
comparing the estimated vital sign parameter in a sliding window after the cleaning of the baseband signal to the estimated
vital sign parameter in an adjacent sliding window.

[0027] According to an embodiment, at least partially cleaning the baseband signal comprises determining time in-
stances in the baseband signal in which an artefact is present. Determining time instances in which artefacts are present
may enable applying cleaning operations to only the time instances in which artefacts are present.

[0028] According to an embodiment, determining time instances in the baseband signal in which an artefact is present
comprises analyzing the baseband signal to determine time instances in which undesired high frequency components
are present. As vital sign parameters are based on relatively slow frequencies (heartbeat rates are typically below 3 Hz),
high frequency components will relate to distortions, e.g. caused by random body movements. Thus, by analyzing the
baseband signal to find high frequency components may effectively be used in identifying artefacts.

[0029] The undesired high frequency components may be any frequency component that is higher than a bandwidth
of normal vital signs. The undesired high frequency components may thus, for instance, be any frequency component
having a frequency higher than 3 Hz.

[0030] According to an embodiment, at least partially cleaning the baseband signal further comprises applying a
moving average filter to the signal in the determined time instances in which an artefact is present. Thus, an effect of
the artefact may be attenuated based on signals around the artefact.

[0031] A moving average filter may be effectively used in an off-line process or a near real-time process, wherein the
processing of a signal is not performed immediately upon acquiring of the signal.

[0032] Inareal-time application, determining that an artefactis presentin the baseband signal currently being acquired
may trigger applying a filter to remove artefacts, such as a lowpass filter.

[0033] According to an embodiment, the baseband signal is acquired as an In-phase and a Quadrature (IQ) signal.
The method may then comprise separately locating artefacts in the two channels of the IQ signal.

[0034] Thetwo channels ofthe |Q signal may be combined, e.g. using linear demodulation, before a vital sign parameter
is estimated based on the baseband signal in a sliding window.

[0035] According to an embodiment, estimating a vital sign parameter comprises converting the signal in the window
to frequency domain and determining an estimated heart rate or respiratory rate based on a frequency of a peak in a
frequency domain spectrum. If the vital sign parameter to be estimated is a heartbeat rate or a respiratory rate, it may
be easily identified using analysis in frequency domain. The conversion of the signal to frequency domain may be
performed e.g. using a fast Fourier transform (FFT).

[0036] According to an embodiment, estimating a vital sign parameter comprises detecting peaks in the signal in the
window and determining an estimated heart rate or respiratory rate based on distance between adjacent peaks. For
instance, an average time period between peaks may be used for determining an estimated heartbeat rate or respiratory
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rate. This implies that analysis of vital sign parameters may be performed in time domain and thus, that a transform
operation for converting the signal to frequency domain may not be necessary.

[0037] According to an embodiment, determining an estimated heart rate or respiratory rate comprises ignoring rates
which are outside a range of physiologically plausible rates. A signal may comprise several different intermixed frequency
components or time periods between peaks and a vital sign parameter may be determined based on ignoring implausible
rates.

[0038] According to an embodiment, the method further comprises receiving a window size setting and using the
window size setting for defining a length of the time interval of each sliding window when dividing the baseband signal
into a sequence of sliding windows.

[0039] Thus, a window size setting may be dynamically defined for a method of detecting a vital sign of a subject. This
implies that the method may be adapted to external conditions or to signals received from a specific subject.

[0040] For instance, an initial analysis of the baseband signal may first be performed in order to determine a window
size to be used. The initial analysis may include using a first default value of the window size and determining whether
it would be beneficial to change the window size setting. Also, for an off-line process or a near real-time process, plural
(at least two) determinations of vital sign parameters may be made using different window sizes on the same baseband
signal, which may allow determination of a most plausible value of the vital sign parameter based on the different window
sizes.

[0041] According to an embodiment, a length of the time interval of each sliding window is set in a range of 10-25 s.
A long window implies that there is a larger risk that artefacts are present in a sliding window. On the other hand, a short
window implies that it is difficult to precisely determine the vital sign parameters for an individual window, at least when
afrequency domain approach is used for determining an estimated heart rate or respiratory rate in the individual window.
Hence, a size of the sliding window in the range of 10-25 s may provide good results taking the above factors into
consideration. However, different ranges may be used depending on e.g. how often random body movements or other
artefacts occur.

[0042] According to an embodiment, the method further comprises splitting the baseband signal into a respiration
information carrying signal and a heartbeat information carrying signal, performing estimation of respiration rate based
on the respiration information carrying signal, and performing estimation of heart rate based on the heartbeat information
carrying signal.

[0043] Thus, the baseband signal may be split such that contributions from the heartbeat rate and the respiration rate
are separated, which may facilitate determination of each of the rates. The splitting may be based on knowledge of
expected frequencies of each of the rates, such that e.g. a digital filter may be used in order to separate respiration
information from heartbeat information.

[0044] According to an embodiment, a component analysis of the baseband signal is performed in order to split the
baseband signal into the respiration information carrying signal and the heartbeat information carrying signal. For in-
stance, a wavelet decomposition of the baseband signal may be performed.

[0045] Accordingto an embodiment, said splitting of the baseband signal comprises performing wavelet decomposition
of the baseband signal and using components produced by the wavelet decomposition as input to an independent
component analysis for splitting the signal. An independent component analysis (ICA) method may only be able to
separate independent signals if a number of observations is greater than or equal to a number of sources of the signals.
Thus, when using a single radar, ICA may not be used for separating heartbeat information from respiratory information.
However, in combination with wavelet decomposition, it is possible to successfully split the baseband signal into the
respiration information carrying signal and the heartbeat information carrying signal.

[0046] Accordingtoanembodiment, said splitting of the baseband signal comprises decomposing the baseband signal
into intrinsic mode functions using an ensemble empirical mode decomposition (EEMD) algorithm and using the intrinsic
mode functions as input to an independent component analysis for splitting the signal. Using an EEMD algorithm in
combination with ICA is another possibility of successfully splitting the baseband signal based on a single radar into the
respiration information carrying signal and the heartbeat information carrying signal.

[0047] According to a second aspect, there is provided a device for detecting a vital sign of a subject, comprising at
least one of a heart rate and a respiratory rate of the subject, said device comprising: a receiver, configured to detect a
reflected radio frequency signal from the subject, the reflected signal being based on a transmitted signal, which is
Doppler-shifted due to mechanical movements corresponding to at least one of the heart rate and the respiratory rate
to form the reflected signal; a processor, which is configured to receive a baseband signal based on the detected signal
from the receiver and the transmitted signal and which is further configured to: divide the baseband signal into a sequence
of sliding windows, wherein each sliding window represents a time interval of the baseband signal; estimate a vital sign
parameter based on the signal in at least one sliding window of the sequence of sliding windows; determine whether a
vital sign parameter may be reliably estimated based on the signal in at least one sliding window of the sequence of
sliding windows; on condition that the vital sign parameter may not be reliably estimated in a sliding window, determine
a vital sign parameter of the sliding window based on vital sign parameters estimated in a plurality of windows representing
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time intervals close to the time interval of the window for which the vital sign parameter is determined.

[0048] Effects and features of this second aspect are largely analogous to those described above in connection with
the first aspect. Embodiments mentioned in relation to the first aspect are largely compatible with the second aspect.
[0049] The system thus may be set up for monitoring an environment such that detecting of vital signs of a subject is
enabled while the subject may be quasi-static, which may allow detecting of vital signs in a real-life situation.

[0050] According to an embodiment, the system may further comprise a transmitter for transmitting a radio frequency
signal towards the subject. The system may thus comprise both the transmitter and the receiver for performing radar-
based detection of vital signs of a subject.

[0051] According to a third aspect, there is provided a computer program product comprising a computer-readable
medium with computer-readable instructions such that when executed on a processor the computer program will cause
the processor to receive a baseband signal based on a reflected radio frequency signal from a subject and a transmitted
signal, divide the baseband signal into a sequence of sliding windows, wherein each sliding window represents a time
interval of the baseband signal; estimate a vital sign parameter based on the signal in at least one sliding window of the
sequence of sliding windows; determine whether a vital sign parameter may be reliably estimated based on the signal
in at least one sliding window of the sequence of sliding windows; on condition that the vital sign parameter may not be
reliably estimated in a sliding window, determining a vital sign parameter of the sliding window based on vital sign
parameters estimated in a plurality of windows representing time intervals close to the time interval of the window for
which the vital sign parameter is determined.

[0052] Effects and features of this third aspect are largely analogous to those described above in connection with the
first and second aspects. Embodiments mentioned in relation to the first and second aspects are largely compatible with
the third aspect.

[0053] The computer program product may be provided such that a processor may be able to determine vital signs
of a subject based on a signal formed when a subject may be quasi-static.

Brief description of the drawings

[0054] The above, as well as additional objects, features and advantages of the present inventive concept, will be
better understood through the following illustrative and non-limiting detailed description, with reference to the appended
drawings. In the drawings like reference numerals will be used for like elements unless stated otherwise.

Fig. 1 is a schematic view of a device for detecting a vital sign of a subject according to an embodiment.

Fig. 2 is a chart illustrating an inphase channel of a baseband signal and a continuous wavelet transform of the
signal for locating artefacts.

Fig. 3 is a chart illustrating the inphase channel, a binary mask and a cleaned channel.

Fig. 4 is a chart illustrating sliding windows for analysis of the baseband signal.

Fig. 5 shows charts of results of estimated rates of vital signs based on window sizes of the sliding windows.

Fig. 6 is a flow chart of a method according to an embodiment.

Detailed description

[0055] A method for detecting a vital sign of a subject is provided. The method uses transmitting of radio frequency
signals and detecting reflected signals, wherein a baseband signal based on the reflected and transmitted signals is
analyzed in order to detect vital signs. Before an embodiment of the method will be described in further detail, some
general explanation of baseband signals based on vital signs and random body movements will be given.

[0056] The below explanation of effects of vital signs and random body movements is given in relation to a homodyne
In-phase and Quadrature (IQ) continuous-wave (CW) radar, such thatitis possible to extract a phase modulation caused
by motion of the subject. A few examples of random body movements and the effect of such random body movements
on detection of vital signs will be explained.

[0057] For a random chest movement, the | and Q channels may form the following signals:

I= DCI + B(x(t),n(t))cos (47” (x(t) + n(t)))

Q= DCQ + B(x(6),n(e))sin (7 (x(t) + n(t)))
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where x(t) are the vital signs (forming a linear combination of respiration and heartbeat) and n(t) is a random body
movement of the chest-wall, DC/ and DCQ are DC offsets caused by transmitter to receiver leakage and any static
reflection of the environment, B is an amplitude of the signal dependent on transmitted amplitude, reflectivity at the
subject, path loss and attenuation, and X is a wavelength of radio signal. After DC offset compensation, managing the
different DC offsets DC/ and DCQ, the two channels may be combined together using arctangent (AT) demodulation.

B(x(t),n(t))sin (47” (x(®) + n(t)))

p(t) = atan =

B(x(0), n(6))cos (47” (x(@ + n(t)))

=2 (x(t) + (1))

[0058] In this case the demodulated signal is a linear combination of the vital signs and the chest random movement
so it is possible to extract the vital signs, as long as the random body movement n(t) is not of the same frequency as
the vital signs x(t).

[0059] For a movement of one limb, the | and Q channels may form the following signals:

I=DCI + B(x(t))cos (%ﬂx(t)) + BZ(n(t))cos (%ﬂn(t))

Q= DCQ + B(x(9)sin (£x(9)) + B2(n(0))sin (T (o))

where x(t) are always the vital signs and n(f) is now a movement that involves only one limb generating two cosine/sine
functions having amplitudes B and B2. In case of multiple limb movements, there will be additional cosine/sine functions.
After DC offset compensation and AT demodulation, the resulted phase is:

B(x(t))sin (a—nx(t)> + BZ(n(t))sin (4/1_71 n(t))

B(x(t))cos (a—nx(t)) + BZ(n(t))cos (a—nn(t)>

o(t) = atan

[0060] Here using the AT demodulation, the signal will result to be a nonlinear combination of the random body
movement and the vital signs. In this case, it will be almost impossible to extract the vital signs, especially when the limb
movement is bigger than the vital signs motion.

[0061] For chest and limb movements, the | and Q channels may form the following signals:

I=DCI + B(x(t),n(t))cos (47” (x(t) + n(t))) + BZ(nZ(t))cos (47” n2(t))

Q=DCO + B(x(t),n(t))sin (47” (x(t) + n(t))) + BZ(nZ(t))sin (47”712(0)

[0062] Here n(t) is the chest movement and n2(t) is the limb movement. Using the AT demodulation:
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B(x(t), n(t))sin (4/1—7T (x(t) + n(t))) + BZ(nZ(t))sin <4/1—n n2 (t))

@(t) = atan
B(x(t), n(t))cos (4/1—” (x(t) + n(t))) + BZ(nZ(t))cos (4/1—” n2(t)>

[0063] Also in this case, there is a nonlinear combination of movements. It is clear that in real situations, the extracted
signal will consist of a combination of several random body movements and the tiny vital signs signal. Finding a model
on how the random movements and the vital signs are combined after the demodulation is quite complicated. It is clear
that retrieving the vital signs from random body movements is not a simple task. This explains why radar-based vital
signs detection is currently performed in ideal situations, namely with subjects constrained to be motionless.

[0064] With the present inventive concept, vital signs may be detected for a subject that is relatively still, such that
severe constrains are not imposed on the subject. Thus, vital signs may be detected when the subject is quasi-static,
such as when sitting down or lying, but possibly intermittently changing posture or otherwise randomly moving.

[0065] Referring now to Fig. 1, a device 100 for detecting a vital sign of a subject 102 will be described. The device
100 may comprise a transmitter 104 for transmitting a radio frequency signal towards the subject 102. The radio frequency
signal will be reflected by the subject 102 and Doppler-shifted due to a movement of the subject 102. The movement
causing a Doppler-shift may be a chest movement due to heartbeat and/or respiration of the subject 102, and information
of this movement is to be extracted from the reflected signal in order to detect vital signs. However, the movement may
also be a random body movement of the subject 102, which may disturb the detection of vital signs.

[0066] The device 100 further comprises a receiver 106. The receiver 106 may be configured to detect the reflected
radio frequency signal from the subject 102. The detected signal and (a copy of) the transmitted signal may be mixed
by a radio frequency mixer 108 in order to form a baseband signal.

[0067] The transmitter 104, receiver 106 and mixer 108 may be formed in a number of different manners by antenna(s)
and associated controlling circuitry for creating and processing the radio frequency signals, as known by the person
skilled in the art.

[0068] Below, description is mainly provided in relation to an IQ CW radar, which receives a reflected signal from a
single subject. However, it should be realized that any radar architecture that is able to extract Doppler information may
be used, such as Phase/Frequency Tracking, a radar using frequency-modulated continuous wave (FMCW), step-
frequency continuous wave (SFCW), phase-modulated continuous wave (PMCW), an ultra-wideband (UWB) radar, e.g.
UWB impulse radio (UWB-IR). Moreover, an UWB-based radar allows separating Doppler information of multiple targets,
which may allow performing detection of vital signs at the same time for multiple subjects.

[0069] The baseband signal may be digitized in an analog-to-digital converter (ADC) 110 and may then be transmitted
to a processor 112. Alternatively, the ADC may be integrated with the processor 112, which may thus be configured to
receive an analog baseband signal.

[0070] The processor 112 may be configured to analyze the received baseband signal, as will be explained in further
detail below. The processor 112 may be arranged remotely from the transmitter 104 and the receiver 106 and may be
arranged to receive information of the digitized baseband signal through wired or wireless communication. Alternatively,
the processor 112 may be integrated in a common housing with the transmitter 104 and/or the receiver 106. Furthermore,
the processor 112 may be distributed on a plurality of physical units performing different parts of the operations of the
processor 112.

[0071] The processor 112 may be a central processing unit (CPU). The processor 112 may thus be a general-purpose
processing unit, which may be loaded with a computer program product in order to allow the processor 112 to perform
the desired operations on the received baseband signal. The processor 112 may alternatively be a special-purpose
circuitry for providing only specific logical operations. Thus, the processor 112 may be provided in the form of an appli-
cation-specific integrated circuit (ASIC), an application-specific instruction-set processor (ASIP), a field-programmable
gate array (FPGA) or a digital signal processor (DSP).

[0072] Referring now to Figs 2-5, processing of the baseband signal will be described in further detail. In the following,
the processing of the baseband signal is mainly explained in relation to a signal that has been acquired during a period
of time and is then processed. Hence, an off-line process is discussed of processing the baseband signal at a different
time than the time of acquiring of the baseband signal. However, it should be realized that the processing of the baseband
signal could be performed in real-time, wherein windows described below are formed "on-the-fly" as the signal is being
acquired. New data may continuously be appended to data that has already been processed and allow detecting of vital
signs in real-time or near real-time.

[0073] Referring to Fig. 2, the processing of the baseband signal may firstly identify presence of artefacts in the signal
in order to allow artefacts to be attenuated. A transform of the baseband signal may be used in order to locate artefacts,
such as continuous wavelet transform (CWT) or short-time Fourier transform (STFT).
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[0074] As illustrated in Fig. 2, CWT can be used to locate the artefacts on the two IQ Channels separately, here
illustrated for the | channel. For Phase/Frequency Tracking, there may only be a single channel that will be analyzed.
With FMCW and SFCW signals, a single-channel receiver 106 may be used, however, the signals may still provide 1Q
Doppler information.

[0075] CWT is a windowing technique with variable-sized regions that allows to have different frequency and time
resolutions depending on what is needed. For example, at high frequencies usually a good time resolution is necessary,
but not at low frequencies where a good time resolution will only cause redundancy. With the CWT, a time-frequency
representation of the signal is obtained and therefore the artefacts, that have usually also higher frequencies than the
normal vital sign signals, can be clearly seen and located in time. In Fig. 2, the | Channel and its corresponding CWT is
shown. The artefacts may be located in the time domain exploiting the frequency information, such that a time instance
in which artefacts are present may be determined.

[0076] A threshold may be selected for locating the artefacts in the CWT representation of the baseband signal. For
each sampling time, an artefact identifying algorithm may check if the CWT is higher than the threshold. If so, it is
concluded that there is an artefact at the corresponding time instance.

[0077] Having identified and located artefacts, the baseband signal may be at least partially cleaned. A binary mask
may be used, setting a value "1" for time instances where an artefact is present, and a value "0" if no artefact is present.
The artefacts are thus located using the binary mask and it is possible to attenuate the artefacts, e.g. using a moving
average filter.

[0078] Fig. 3 illustrates the original | channel, the mask, and the cleaned channel using a moving average filter.
[0079] Referring now to Fig. 4, the filtered baseband signal may be analyzed using a sliding window analysis. Thus,
as illustrated in Fig. 4, the filtered baseband signal may be divided into a sequence of sliding windows 200. Each sliding
window 200 may represent a time interval of the baseband signal. The sliding windows 200 may be shifted in relation
to each other, such that there is a partial overlap of the time intervals of adjacent sliding windows 200.

[0080] Thus, the baseband signal is divided into a plurality of portions, represented by the sliding windows 200 and
each sliding window 200 may be separately processed.

[0081] For every window, the following operations may be performed:

1. The 1Q channels are combined together using a linear demodulation technique or another demodulation technique
(the Phase/Frequency Tracking already produces a single demodulated signal and this operation may thus be
omitted).

2. Respiration information and heartbeat information of the signal are split. Several methods can be used and will
be discussed in further detail below.

3. Vital sign parameters are estimated for the signal in the window 200. Thus, a respiration rate and a heartbeat
rate may be estimated. At least two different approaches may be used to estimate the rates. A Frequency Domain
approach, which performs FFT processing of the signal and evaluates frequency of a highest peak in magnitude
within the frequency spectrum. A Time Domain approach, which instead uses a peak detection algorithm on the
time domain signals and then calculates the rates by checking the distance between two adjacent peaks. The Time
domain approach may result in higher errors because of the presence of the motion artefacts and also because it
may be difficult to correctly identify peaks as the vital signs signals are not perfectly sinusoidal signals.

4. Once respiration and heartbeat rates have been estimated in the current window 200, a simple check may be
done to avoid high errors due to the artefacts. Heartbeat rate and respiration rate do not change suddenly. Therefore,
for both respiration and heartbeat, if the estimated rate in the current window 200 differs too much (for example 6
Beats per Minute (BPM)) from the estimated rate in the previous window, the estimated rate may be replaced by
the average of some of the previous estimated rates (for example the previous 5 rates). It is also possible to consider
multiple previous windows, when determining whether the estimated rate for the current window 200 is reliable. This
ensures that the artefacts present in the signals will not cause high errors.

5. Move to the next window 200 and repeat from point 1 above.

[0082] As indicated above, the processing of a sliding window 200 may be used for determining whether a vital sign
parameter may be reliably estimated based on the signal in a sliding window 200, by means of determining whether an
estimated rate in the current window 200 differs too much from the estimated rate in the previous window. However, the
determining that a vital sign parameter may not be reliably estimated based on the signal in the sliding window 200 could
alternatively be based on determining that a signal quality in the sliding window 200 is too low, e.g. based on analysis
of the CWT representation or further processing of the signal in the current sliding window 200. Hence, if such determi-
nation may be made, the signal in the sliding window 200 (defective sliding window) need not be processed in order to
try to estimate a rate based on that defective sliding window 200. Rather, the estimated rate for the defective sliding
window 200 may be determined as the average of some of the previous estimated rates without making an effort to
estimate the rate from the defective sliding window 200.
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[0083] A window size may need to be intelligently selected. Usually in a sliding window approach, longer windows are
preferred because it means that the frequency resolution will be better and so the rates can be estimated more precisely.
However, in this case, longer windows mean also that more windows will contain artefacts and the estimated rates will
therefore not be precise. Thus, the window size should not be too long and not be too short.

[0084] In Fig. 5, results of a test of how errors change by varying the window size from 8 seconds to 26 seconds is
illustrated. To understand how precisely the rates can be estimated the radar-determined respiratory rate is compared
to a Respiration Belt Signal and the radar-determined heartbeat rate is compared to a photoplethysmogram (PPG). For
this data set, the better window size both for respiratory rate and for heartbeat rate seems to be 18 seconds. A window
size in a range of 10-25 seconds may be providing acceptable results. However, the window size can also be subject-
dependent, so the window size may need to be adjusted for different subjects.

[0085] For instance, an initial analysis of the baseband signal may first be performed in order to determine a window
size to be used. The initial analysis may include using a first default value of the window size and determining whether
it would be beneficial to change the window size setting.

[0086] As mentioned above, respiration information and heartbeat information of the signal may be split which may
facilitate accurately determining the respiratory rate and the heartbeat rate.

[0087] Since respiration and heartbeat are at different frequencies one of the simplest methods to split them is to use
digital filters. Finite impulse response (FIR) filters are usually preferred because FIR filters may be designed to have a
phase response that is a linear function of frequency and hence may allow to avoid distortions. However, for splitting
respiration information from heartbeat information, usually a transition band between respiration information and heart-
beat information has a width of around 0.4 Hz to 0.8 Hz, but the transition band may be wider, such as up to 1.2 Hz,
e.g. depending on an age of the subject, considering also respiration harmonics, so a steep band transition is necessary.
Respiration information may also include second, third, and even fourth order harmonics, as the mechanical movement
due to respiration is not perfectly sinusoidal. The higher order harmonics may thus be in same or almost same frequency
range as the hearbeat rate, which may imply that the transition band may even be smaller than 0.4 Hz.

[0088] This means that high order FIR filters should be used to reach a good separation and so distortions of the time
domain signals may occur because of Gibbs phenomena. Therefore, to avoid distortions a smooth transition band has
to be used. This means that it is most likely that the heartbeat signal will not be completely retrieved because respiration
and respiration harmonics will not be attenuated enough in the heartbeat signal. Thus, more advanced signal processing
techniques may be required.

[0089] Blind Source Separation (BSS) such as Independent Component Analysis (ICA) has been used to split two
signals using two different CW radars working at different frequencies to avoid interference. ICA has also been used
with multiple receivers to split respiration and heartbeat from two persons. Hence, ICA could be used for splitting the
baseband signal into heartbeat information and respiration information.

[0090] However, the standard ICA method can be used to separate independent signals only ifanumber of observations
is greater than or equal to a number of sources. This means that with a single radar, the ICA method cannot separate
heartbeat from respiration (one observation, two sources).

[0091] Here,itis proposed that Wavelet Independent Component Analysis (WICA) is used in order to split the baseband
signal into a respiration information carrying signal and a heartbeat information carrying signal. This method is classified
as undetermined ICA because it allows retrieving the original sources with just one observation.

[0092] The WICA method is a combination between Wavelet Decomposition and ICA. Wavelet Decomposition is a
method that decomposes the signal into several Components with disjoint spectra. The decomposition is quite simple.
The entire signal is split into two signals using a Low Pass filter and an High Pass filter. The part that contains the low
frequencies is called Approximation and the part that contains the high frequency information instead is called Detail.
The decomposition then can be continued decomposing the Approximation in its own approximation and detail and so
on. The decomposition is then formed by all the details and the last approximation. These components may be used as
input for the ICA method, which may then separately retrieve the respiration information and the heartbeat information.
[0093] According to an alternative embodiment, it is proposed that Ensemble Empirical Mode Decomposition Inde-
pendent Component Analysis (EEMDICA) is used in order to split the baseband signal into a respiration information
carrying signal and a heartbeat information carrying signal. This method is also classified as undetermined ICA. Empirical
Mode Decomposition (EMD) is a data-driven algorithm that decomposes an original signal into a set of oscillatory modes
called Intrinsic Mode Functions (IMFs). However, the EMD algorithm is sensitive to noise. Ensemble EMD (EEMD) is a
noise-assisted version of the algorithm that guarantees robustness. An ensemble of trials is applied to the signal where
an independent identically distributed white noise is added. The white noise populates the entire spectrum and EMD
behaves as a dyadic filter. After the EEMD is performed the ICA can be applied on the entire set of IMFs.

[0094] Referring now to Fig. 6, a method for detecting a vital sign of a subject 102, comprising at least one of a heart
rate and a respiratory rate of the subject 102, according to an embodiment will be briefly summarized.

[0095] The method comprises receiving 302 a reflected radio frequency signal from the subject 102, the reflected
signal being based on a transmitted signal, which is Doppler-shifted due to mechanical movements corresponding to at
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least one of the heart rate and the respiratory rate to form the reflected signal.

[0096] The method further comprises dividing 304 a baseband signal based on the received signal and the transmitted
signal into a sequence of sliding windows 200, wherein each sliding window 200 represents a time interval of the baseband
signal.

[0097] The method further comprises estimating 306 a vital sign parameter based on the signal in at least one sliding
window of the sequence of sliding windows 200. The estimation of the vital sign parameter may be performed for each
sliding window 200. However, the signal may first be processed in order to find artefacts and such processing may also
be used to determine defective sliding windows for which signal quality is insufficient for reliably determining a vital sign
parameter, even after cleaning of artefacts from the signal. Thus, estimation of the vital sign parameter need not be
performed for such defective sliding windows.

[0098] The method may further comprise determining 308 whether a vital sign parameter may be reliably estimated
based on the signal in at least one sliding window 200 of the sequence of sliding windows. The determining whether a
vital sign parameter may be reliably estimated may be performed in advance of estimating of vital sign parameters for
sliding windows. However, the determining whether a vital sign parameter may be reliably estimated may alternatively
be based on the estimation of the vital sign parameter for the sliding window and assessing whether the estimation is
plausible. The assessment whether the estimation is plausible may comprise comparing the estimated rate to physio-
logically plausible rates and/or comparing the estimated rate to estimated rate(s) for one or more adjacent sliding windows
200. If a difference between the estimated rate for a current sliding window and the estimated rate(s) of the one or more
adjacent sliding windows is larger than a threshold, the current sliding window may be considered to not enable reliably
estimating the vital sign parameter.

[0099] On condition that the vital sign parameter may not be reliably estimated in a sliding window, the method further
comprises determining 310 a vital sign parameter of the sliding window based on vital sign parameters estimated in a
plurality of windows representing time intervals close to the time interval of the window for which the vital sign parameter
is determined. Thus, an estimated rate may still be determined for the sliding window, allowing the vital sign parameter
to be determined even for defective sliding windows.

[0100] In the above the inventive concept has mainly been described with reference to a limited number of examples.
However, as is readily appreciated by a person skilled in the art, other examples than the ones disclosed above are
equally possible within the scope of the inventive concept, as defined by the appended claims.

[0101] For example, the sliding windows 200 are described above as being arranged with a partial overlap between
adjacent sliding windows 200. It should be realized that the sliding windows 200 may instead be arranged consecutively,
such that start of a time interval of a sliding window may coincide with end of the time interval of the previous sliding window.

Claims

1. A method for detecting a vital sign of a subject (102), comprising at least one of a heart rate and a respiratory rate
of the subject, said method comprising:

receiving (302) a reflected radio frequency signal from the subject (102), the reflected signal being based on a
transmitted signal, which is Doppler-shifted due to mechanical movements corresponding to at least one of the
heart rate and the respiratory rate to form the reflected signal;

dividing (304) a baseband signal based on the received signal and the transmitted signal into a sequence of
sliding windows (200), wherein each sliding window (200) represents a time interval of the baseband signal;
estimating (306) a vital sign parameter based on the signal in at least one sliding window (200) of the sequence
of sliding windows;

determining (308) whether a vital sign parameter may be reliably estimated based on the signal in at least one
sliding window (200) of the sequence of sliding windows;

on condition that the vital sign parameter may not be reliably estimated in a sliding window (200), determining
(310) a vital sign parameter of the sliding window (200) based on vital sign parameters estimated in a plurality
of windows representing time intervals close to the time interval of the window (200) for which the vital sign
parameter is determined.

2. The method according to claim 1, wherein two adjacent sliding windows (200) in the sequence of sliding windows
represent partially overlapping time intervals.

3. The method according to claim 1 or 2, wherein said determining (310) whether an estimated vital sign parameter

may be reliably estimated based on the signal in at least one sliding window (200) of the sequence of sliding windows
comprises comparing the estimated vital sign parameters of pairs of adjacent windows and determining whether a
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difference in the estimated vital sign parameters is above a threshold.

The method according to any one of the preceding claims, further comprising at least partially cleaning the baseband
signal to attenuate influence of artefacts.

The method according to claim 4, wherein at least partially cleaning the baseband signal comprises determining
time instances in the baseband signal in which an artefact is present.

The method according to claim 5, wherein determining time instances in the baseband signal in which an artefact
is present comprises analyzing the baseband signal to determine time instances in which undesired high frequency
components are present.

The method according to claim 5 or 6, wherein at least partially cleaning the baseband signal further comprises
applying a moving average filter to the signal in the determined time instances in which an artefact is present.

The method according to any one of the preceding claims, wherein estimating (306) a vital sign parameter comprises
converting the signal in the window (200) to frequency domain and determining an estimated heart rate or respiratory
rate based on a frequency of a peak in a frequency domain spectrum.

The method according to any one of claims 1-7, wherein estimating a vital sign parameter comprises detecting
peaks in the signal in the window (200) and determining an estimated heart rate or respiratory rate based on distance
between adjacent peaks.

The method according to any one of claims 8-9, wherein determining an estimated heart rate or respiratory rate
comprises ignoring rates which are outside a range of physiologically plausible rates.

The method according to any one of the preceding claims, further comprising receiving a window size setting and
using the window size setting for defining a length of the time interval of each sliding window when dividing the
baseband signal into a sequence of sliding windows.

The method according to any one of the preceding claims, further comprising splitting the baseband signal into a
respiration information carrying signal and a heartbeat information carrying signal, performing estimation of respi-
ration rate based on the respiration information carrying signal, and performing estimation of heart rate based on
the heartbeat information carrying signal.

The method according to claim 12, wherein said splitting of the baseband signal comprises performing wavelet
decomposition of the baseband signal and using components produced by the wavelet decomposition as input to
an independent component analysis for splitting the signal.

The method according to claim 12, wherein said splitting of the baseband signal comprises decomposing the base-
band signal into intrinsic mode functions using an ensemble empirical mode decomposition (EEMD) algorithm and
using the intrinsic mode functions as input to an independent component analysis for splitting the signal.

A device (100) for detecting a vital sign of a subject (102), comprising at least one of a heart rate and a respiratory
rate of the subject, said device (100) comprising:

a receiver (106), configured to detect a reflected radio frequency signal from the subject (102), the reflected
signal being based on a transmitted signal, which is Doppler-shifted due to mechanical movements correspond-
ing to at least one of the heart rate and the respiratory rate to form the reflected signal;

a processor (112), which is configured to receive a baseband signal based on the detected signal from the
receiver (106) and the transmitted signal and which is further configured to:

divide the baseband signal into a sequence of sliding windows (200), wherein each sliding window (200)
represents a time interval of the baseband signal;

estimate a vital sign parameter based on the signal in at least one sliding window (200) of the sequence of
sliding windows;

determine whether a vital sign parameter may be reliably estimated based on the signal in at least one
sliding window (200) of the sequence of sliding windows;

12
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on condition that the vital sign parameter may not be reliably estimated in a sliding window (200), determine
a vital sign parameter of the sliding window (200) based on vital sign parameters estimated in a plurality of
windows representing time intervals close to the time interval of the window (200) for which the vital sign
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