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A VITAL SIGNS MONITORING SYSTEM

The present disclosure relates to a vital signs monitoring system. In particular, the
present disclosure relates to a vital signs monitoring system for estimating the heart

rates of two or more subjects.

BACKGROUND

Vital signs, such as heart and respiration rate, are important markers of personal

health and well being.

Heart disease is one of the biggest killers worldwide. The UK alone has 7.6 million
patients suffering from heart disease with more than 30,000 out of hospital heart
attacks and a survival rate of 1 in 10. Moreover, an estimated total of 12 million
people in UK suffer from lung disease. The UK has one of the highest incidences of
death rates due to cardiovascular and lung disease at 27.9% and 20.1%,

respectively.

The COVID-19 pandemic has further exacerbated the statistics related to lung
diseases and there is a requirement for remote monitoring of COVID-19 patients due
to impending acute respiratory distress syndrome. Therefore, continuous remote
monitoring of heart and respiration rates is an urgent requirement of healthcare

services to fulfil the demands of future smart homes and health care centres.

Traditional respiration and heart rate monitors require wearable breathing belts
and heart rate sensors. Pulse oximeters have been used for continuous
measurement of heart rates in medical internet of things monitoring systems.
Furthermore, polysomnographs and implantable electrocardiogram devices have
been proposed for vital signs monitoring. Camera based systems which can detect
heart rates from processing of images using computer vision techniques have been

presented before.
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Such wearable or implantable systems are intrusive and can only measure the vital
signs of a single individual. Camera-based systems may be used to measure the heart
rates of multiple subjects (for example as presented in US20160345832A1) but they

are not ubiquitous and suffer from ambient light issues.

A system for measurement of multiple heart rates has been proposed in
US20200300972A1, however, the system is limited to 60GHz WiFi with lower
frequencies being presented as unsuitable. Furthermore, as acknowledged in
US20200300972A1 there are substantial challenges in using 60GHz WiFi for multi-

subject heart rate detection including attenuation issues and reflection issues.

SUMMARY

Itis desirable to provide a system for enabling the detection of the heart rates of two
or more individuals, that is not subject to the aforementioned shortcomings of

wearable, implantable, camera-based systems or 60GHz WiFi systems.

According to a first aspect of the disclosure there is provided a vital signs monitoring
system configured to estimate the heart rates of two or more subjects using a

plurality of subcarriers of a radio frequency (RF) signal.

Optionally, the RF signal is pre-processed prior to estimation of the heart rates to
filter out portions of the RF signal unrelated to heart rates and/or to pass portions

of the RF signal related to heart rates.

Optionally, the RF signal is pre-processed prior to estimation of the heart rates to
filter out frequencies unrelated to heart rates and/or to pass frequencies related to

heart rates.

Optionally, the RF signal is pre-processed prior to estimation of the heart rates to

filter out frequencies related to respiration rates.
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Optionally, the RF signal is a WiFi signal or a 5G signal.

Optionally, the RF signal is a 6G signal.

Optionally, the WiFi signal is a 2.4GHz, 5GHz or 6GHz WiFi signal.

Optionally, vital signs monitoring system comprises a receiver configured to receive
the RF signal after its interaction with the two or more subjects, and an estimation
system comprising a vital signs determination unit configured to estimate the heart
rates of the two or more subjects using plurality of subcarriers of the RF signal

received by the receiver.

Optionally, the receiver comprises a first antenna and a second antenna, and each of

the first and second antennas are configured to receive the RF signal.

Optionally, the first and/or second antennas are omnidirectional receiving

antennas.

Optionally, the estimation system comprises i) a first phase signal circuit configured
to determine a first phase signal for each of the subcarriers of the RF signal received
at the first antenna, and ii) a second phase signal circuit configured to determine a
second phase signal for each of the subcarriers of the RF signal received at the
second antenna, wherein the vital signs determination unit is configured to estimate

the heart rates using the first and second phase signals.

Optionally, the RF signal comprises 52 subcarriers.

Optionally, the RF signal, is a 5G signal, where the 5G signal is a 5G NR signal.

Optionally, the 5G NR signal comprises 3,300 subcarriers.
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Optionally, the estimation system comprises a subtraction unit configured to
determine a phase difference signal for each subcarrier by subtracting the first
phase signal from the second phase signal for each subcarrier, wherein the vital
signs determination unit is configured to estimate the heart rates using the first and
second phase signals by using the phase difference signal for each subcarrier to

estimate the heart rates.

Optionally, the estimation system comprises a data processing module for

processing the phase difference signals prior to estimation of the heart rates.

Optionally the data processing module comprises a data calibration Hampel filter

and/or a wavelet interval denoising circuit.

Optionally, the estimation system comprises a first pre-processing circuit
configured to pre-process the RF signal prior to estimation of the heart rates by
filtering out portions of the phase difference signals of each of the subcarriers that

are unrelated to heart rates.

Optionally, the first pre-processing circuit is configured to pre-process the RF signal
prior to estimation of the heartrates by filtering out portions of the phase difference

signals of each of the subcarriers comprising frequencies unrelated to heart rates.

Optionally, the first pre-processing circuit is configured to pre-process the RF signal
prior to estimation of the heartrates by filtering out portions of the phase difference
signals of each of the subcarriers comprising frequencies related to respiration

rates.

Optionally, the first pre-processing circuit comprises a band stop filter configured
to filter out frequencies unrelated to heartrates and/or a band pass filter configured

to pass frequencies related to heart rates.
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Optionally, the first pre-processing circuit comprises a power spectral density
determination unit configured to process the phase difference signals to determine

a power spectral density of each of the subcarriers.

Optionally, the vital sign determination unit is configured to, for each of the
subcarriers, identify n peaks in power spectral density, where n is an integer that is

equal to the number of subjects.

Optionally, the vital signs determination unit comprises a frequency selection unit
thatis configured to, for each of the subcarriers, select the n frequencies having the
highest power, thereby identifying the n peaks in power spectral density of each

subcarrier.

Optionally, the vital signs determination unit comprises an aggregate unit
configured to aggregate the power spectral density peaks from the n frequencies

selected by the frequency selection unit of each of the subcarriers.

Optionally, the vital signs monitoring system comprises a peak determination unit
configured to determine the maximum n peaks from the aggregated frequencies as

provided by the aggregate unit.

Optionally, each subcarrier is accumulated at the receiver over a time period.

Optionally, the vital signs monitoring systems is configured to estimate respiration

rates of the two or more subjects using the plurality of subcarriers of the RF signal.

Optionally, the RF signal is pre-processed prior to estimation of the respiration rates
to filter out portions of the RF signal unrelated to respiration rates and/or to pass

portions of the RF signal related to respiration rates.
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Optionally, the RF signal is pre-processed prior to estimation of the respiration rates
to filter out frequencies unrelated to the respiration rates and/or to pass

frequencies related to respiration rates.

Optionally, the RF signal is pre-processed prior to estimation of the respiration rates

to filter out frequencies related to heart rates.

Optionally, the vital signs determination unit is configured to estimate the
respiration rate of the two or more subjects using the plurality of subcarriers of the

RF signal received by the receiver.

Optionally, the receiver comprises a first antenna and a second antenna, each of the
firstand second antennas are configured to receive the RF signal, and the estimation
system comprises i) a first phase signal circuit configured to determine a first phase
signal for each of the subcarriers of the RF signal received at the first antenna, and
ii) a second phase signal circuit configured to determine a second phase signal for
each of the subcarriers of the RF signal received at the second antenna, wherein the
vital signs determination unit is configured to estimate the respiration rates using

the first and second phase signals to estimate the respiration rates.

Optionally, the estimation system comprises a subtraction unit configured to
determine a phase difference signal for each subcarrier by subtracting the first
phase signal from the second phase signal for each subcarrier, wherein the vital
signs determination unit is configured to estimate the respiration rates using the
first and second phase signals using the phase difference signal for each subcarrier

to estimate the respiration rates.

Optionally, the estimation system comprises a data processing module for
processing the phase difference signals prior to estimation of the respiration rates

and/or the heart rates.
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Optionally the data processing module comprises a data calibration Hampel filter

and/or a wavelet interval denoising circuit.

Optionally, the estimation system comprises a second pre-processing circuit
configured to pre-process the RF signal prior to estimation of the respiration rates
by filtering out portions of the phase difference signals of each of the subcarriers

that are unrelated to the respiration rates.

Optionally, the second pre-processing circuit is configured to pre-process the RF
signal prior to estimation of the respiration rates by filtering out portions of the
phase difference signals of each of the subcarriers comprising frequencies unrelated

to the respiration rates.

Optionally, the second pre-processing circuit is configured to pre-process the RF
signal prior to estimation of the heart rates by filtering out portions of the phase
difference signals of each of the subcarriers comprising frequencies related to

respiration rates.

Optionally, the second pre-processing circuit comprises a second band pass filter

configured to pass frequencies related to the respiration rates.

Optionally, the second pre-processing circuit comprises a second power spectral
density determination unit configured to process the phase difference signals to

determine a power spectral density of each of the subcarriers.

Optionally, the vital signs determination unit configured to, for each of the
subcarriers, identify n peaks in power spectral density, where n is an integer that is

equal to the number of subjects.

Optionally, the vital signs determination unit comprises a frequency selection unit

thatis configured to, for each of the subcarriers, select the n frequencies having the
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highest power, thereby identifying the n peaks in power spectral density of each

subcarrier.

Optionally, the vital signs determination unit comprises an aggregate unit
configured to aggregate the power spectral density peaks from the n frequencies

selected by the frequency selection unit of each of the subcarriers.

Optionally, the vital signs monitoring system comprises a peak determination unit
configured to determine the maximum n peaks from the aggregated frequencies as

provided by the aggregate unit.

Optionally, the vital signs monitoring system comprises a transmitter configured to

transmit the RF signal.

Optionally, the transmitter comprises a transmitting antenna.

Optionally, the transmitting antenna comprises a directed transmitting antenna.
According to a second aspect of the disclosure there is provided a method of
estimating the heart rate of two or more people using the vital signs monitoring
system of the first aspect comprising receiving an RF signal, and estimating the two
or more heart rates using the plurality of subcarriers of the RF signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure is described in further detail below by way of example only and with

reference to the accompanying drawings in which:

Figure 1(a) is a schematic of a vital signs monitoring system in accordance
with a first embodiment of the present disclosure, Figure 1(b) is a schematic of a

vital signs monitoring system in accordance with a second embodiment of the
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present disclosure, Figure 1(c) is a schematic of a vital signs monitoring system in
accordance with a third embodiment of the present disclosure;

Figure 2(a) is a graph of an example of an RF signal, Figure 2(b) is an
alternative schematic of the vital signs monitoring system as illustrated in Figure
1(c), Figure 2(c) is a schematic of a specific embodiment of the estimation system in
accordance with a fourth embodiment of the present disclosure, Figure 2(d) is a
schematic of a specific embodiment of the estimation system in accordance with a
fifth embodiment of the present disclosure, Figure 2(e) is a schematic of a specific
embodiment of the estimation system in accordance with a sixth embodiment of the
present disclosure, Figure 2(f) is a schematic of a specific embodiment of the
estimation system in accordance with a seventh embodiment of the present
disclosure, Figure 2(g) is a schematic of a specificimplementation of the phase signal
circuit, Figure 2(h) is a schematic of a specific implementation of the vital signs
monitoring system as shown in Figure 1(c), Figure 2(i) is a schematic of a specific
implementation of pre-processing circuit;

Figure 3(a) is a schematic of a vital signs monitoring system in accordance
with an eighth embodiment of the present disclosure, Figure 3(b) is a schematic of
a vital signs monitoring system in accordance with a ninth embodiment of the
present disclosure, Figure 3(c) is a schematic of a vital signs monitoring system in
accordance with a tenth embodiment of present disclosure, Figure 3(d) is an
alternative schematic of the vital signs monitoring system of Figure 3(c), Figure 3(e)
is a schematic of a specific implementation of the estimation system in accordance
with an eleventh embodiment of the present disclosure, Figure 3(f) is a schematic of
a specific implementation of the estimation system in accordance with a twelfth
embodiment of the present disclosure, Figure 3(g) is a schematic of a specific
implementation of the estimation system in accordance with a thirteenth
embodiment of the present disclosure, Figure 3(h) is a schematic of a specific
embodiment of the estimation system in accordance with a fourteenth embodiment
of the present disclosure;

Figure 4(a) is a schematic of a specific embodiment of the estimation system
in accordance with a fifteenth embodiment of the present disclosure, Figure 4(b) is

a schematic of a specific embodiment of the estimation system in accordance with a
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sixteenth embodiment of the present disclosure, Figure 4(c) is a schematic of a
specific embodiment of the estimation system in accordance with a seventeenth
embodiment of the present disclosure;

Figure 5(a) is a schematic of a specific embodiment of the estimation system
in accordance with an eighteenth embodiment of the present disclosure, Figure 5(b)
is a schematic of a specific embodiment of the estimation system in accordance with
a nineteenth embodiment of the present disclosure;

Figure 6(a) is a schematic of a vital signs monitoring system in accordance
with a twentieth embodiment of the present disclosure; Figure 6(b) is a schematic
illustrating the operation of the frequency selection unit, Figure 6(c) is a schematic
of an example embodiment of the aggregate unit, Figure 6(d) is a schematic of the
peak determination unit;

Figure 7(a) is a graph showing the phase difference signals for five
subcarriers, Figure 7(b) is a graph showing the CSI signal;

Figure 8(a) is a schematic of an experimental setup that was used to test the
system, Figure 8(b) is a photograph of the room set up (front view), Figure 8(c) is a
photograph of grounded truth sensors, and Figure 8(d) is a photograph of the room
setup (right view);

Figure 9(a) is a graph showing the power spectral density of the subcarriers
and the algorithm estimation which is used to determine the heart rate of the three
subjects (labelled A, B and C), for a first experiment; Figure 9(b) is a graph showing
the power spectral density of the subcarriers and the algorithm estimation which is
used to determine the heart rate of the three subjects (labelled A, B and C), for a
second experiment; Figure 9(c) is a graph showing the power spectral density of the
subcarriers and the algorithm estimation which is used to determine the breathing
rate of the three subjects (labelled A, B and C), for a third experiment; Figure 9(d) is
a graph showing the power spectral density of the subcarriers and the algorithm
estimation which is used to determine the breathing rate of the three subjects
(labelled A, B and C), for a fourth experiment;

Figure 10(a) is a graph showing the average accuracy estimates for the heart
rate and breathing rate experiments, Figure 10(b) is a graph showing how

accuracies for heart rate estimation vary with the size of the window, Figure 10(c)



10

15

20

25

30

WO 2023/187323 PCT/GB2023/050697
11

is another graph showing how accuracies for heart rate estimation vary with the size
of the window;

Figure 11 is a schematic of a practical implementation of an alternative
implementation of the system of Figure 6(a) in use;

Figure 12 shows graphs of nine subcarriers;

Figure 13 is a graph of the power spectrum versus frequency for a plurality
of subcarriers as provided to the aggregate unit;

Figure 14 is a graph of power spectrum versus frequency showing the sum
of the peak values per frequency as provided as an output by a first block of the
aggregate unit;

Figure 15 is a graph of power spectrum versus frequency showing a
processed trace as processed by a second block of the aggregate unit; and

Figure 16 is a graph of the trace of Figure 15 showing estimated heart rate

frequencies as determined using the peak determination unit.

DETAILED DESCRIPTION

Contactless WiFi sensing for monitoring vital signs has gained traction as it is non-

intrusive and is independent from ambient light and environmental conditions.

A WiFi signal comprises several subcarriers. Known contactless vital sign
monitoring systems using subcarrier selection methods select the most relevant
subcarriers for detection of vital signs. Most of these systems use the variance in the
subcarrier amplitude or the phase difference, such as mean absolute variance, to

select the subcarriers with the highest variance.

CardioFi uses a frequency-based methods to select subcarriers based on the
existence of a stable frequency overtime for the detection of the heart rate of a single
subject [Khamis, A., Chou, C. T, Kusy, B. & Hu, W. CardioFi: Enabling heart rate
monitoring on unmodified COTS WiFi devices. In Proceedings of the 15th EAI
International Conference on Mobile and Ubiquitous Systems: Computing,

Networking and Services, 97-106 (2018)].
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Recently proposed techniques by Zeng et al. leverage signal energy ratio obtained
by the ratio of respiration energy to the total energy of channel state information
(CSI) signals to select subcarriers for multi-subject respiration rate detection [Zeng,
Y. etal. A multi-person respiration monitoring system using COTS WiFi devices. In
Adjunct Proceedings of the 2020 ACM International Joint Conference on Pervasive
and Ubiquitous Computing and Proceedings of the 2020 ACM International
Symposium on Wearable Computers, 195-198 (2020); Zeng, Y. et al. Multisense:
Enabling multi-person respiration sensing with commodity WiFi. Proc. ACM on

Interactive, Mobile, Wearable Ubiquitous Technol. 4, 1-29 (2020)].

Other known techniques for contactless measurements of vital signs include
PhaseBeat [Wang, X., Yang, C. & Mao, S. Phasebeat: Exploiting CSI phase data for vital
sign monitoring with commodity WiFi devices. In 2017 IEEE 37th International
Conference on Distributed Computing Systems (ICDCS), 1230-1239 (IEEE, 2017);
Wang, X, Yang, C. & Mao, S. On CSl-based vital sign monitoring using commodity
WiFi. ACM Transactions on Comput. for Healthc. 1, 1-27 (2020)], Liu et. al. [Liy, ]. et
al. Tracking vital signs during sleep leveraging off-the-shelf WiFi. In Proceedings of
the 16th ACM International Symposium on Mobile Ad Hoc Networking and
Computing, 267-276 (2015)], ViMo [Wang, F., Zhang, F., Wy, C., Wang, B. & Liu, K. R.
Vimo: Multi-person vital sign monitoring using commodity millimeter wave radio.
IEEE Internet Things J. (2020)], Wital [Gu, Y., Zhang, X,, Yan, H,, Liu, Z. & Ren, F. Wital:
WiFi-based real-time vital signs monitoring during sleep. TechRxiv (2021)], Wang
et. al. [Wang, F., Zeng, X., Wu, C, Wang, B. & Liuy, K. R. Radio frequency based heart
rate variability monitoring. In ICASSP 2021-2021 IEEE International Conference on
Acoustics, Speech and Signal Processing (ICASSP), 8007-8011 (IEEE, 2021)], and Ali
et. al [Ali, K, Alloulah, M., Kawsar, F. & Liu, A. X. On goodness of WiFi based
monitoring of sleep vital signs in the wild. IEEE Transactions on Mob. Comput.

(2021)].

However, the above-mentioned systems cannot provide multi-subject heart rate

monitoring. Currently, multi-subject monitoring of vital signs is limited to
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respiration rates only due to higher signal strength of chest movements. The heart
beats produce subtle chest movements and detection of heart rates has remained
limited to single subjects. The detection and measurement of multi-subject heart

rates has remained elusive due to their weak signal strength.

Heart beats generate weaker signals than signals generated by respiration.
Furthermore, multiple heart rates, due to their low energy, are difficult to ascertain
reliably in a set of subcarriers. Furthermore, different heart rates for multiple

subjects can exist in different or same subset of carriers.

Selecting subcarriers with the highest variance may be suitable for capturing a
single heart rate with the highest signal to noise ratio when compared with other
heart rate signals but it will obfuscate weaker heart signals that may exist in other

subcarriers.

Moreover, the frequency-based subcarrier selection method that uses frequency
stability is not suitable for signals with multiple heart rate frequencies, since the
presence of multiple heart rates in the same frequency band will result in higher
variance in frequencies and the proposed techniques, such as CardioFi, will reject

such subcarriers.

CardioFi presented heart rate detection using CSI signal phase difference values
with omnidirectional antennas and a commodity WiFi device. Furthermore, the
authors proposed a frequency spectrum based method for the selection of
subcarriers for detection of single subject heart rate. The method used the inverse
of variance of peak frequencies obtained at different time windows in the signal to
select subcarriers with the least variance in frequency, resulting in better estimates
for a single subject heart rate. However, as discussed previously, the method can
potentially obfuscate second or third subject heart rates that may be registered as

second highest or third highest frequency peaks in the signal.
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Figure 1(a) is a schematic of a vital signs monitoring system 100 configured to
estimate the heart rates of two subjects 102, 104 using a plurality of subcarriers of
aradio frequency (RF) signal 106 and in accordance with a first embodiment of the

present disclosure. The RF signal 106 comprises the plurality of subcarriers.

The system 100, and the other systems disclosed herein, can provide non-intrusive
continuous vital signs monitoring from a distance without a requirement for a
wearable device. Known systems do not provide contactless sensing of heart rate
for multiple subjects and commonly rely on wearable devices for measurement of

heart rates.

The RF signal 106 may be provided by a transmitter. The transmitter may comprise
a transmitting antenna. The transmitting antenna may comprise a directed

transmitting antenna.

In the present example, there are two subjects 102, 104, with the vital signs
monitoring system 100 being configured to estimate each of their respective heart
rates. It will be appreciated that in further embodiments, the system 100 may be
configured to estimate the heartrates of more than two subjects 102, 104. For clarity
of description, the subsequent examples may include illustrations of only two
subjects, however it will be appreciated that the systems described herein may be
used to estimate the heart rates of more than two subjects in accordance with the

understanding of the skilled person.

The RF signal 106 may be pre-processed prior to estimation of the heart rates to
filter out portions of the RF signal 106 that are unrelated to the heart rates.
Specifically, the RF signal 106 may be pre-processed prior to estimation of the heart
rates to filter out frequencies that are unrelated to heart rates. For example, the RF
signal 106 may be pre-processed prior to estimation of the heart rates to filter out

frequencies that are related to respiration rates.
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The RF signal 106 may be, for example, a WiFi signal or a 5G signal. The 5G spectrum
is next generation technology that will be ubiquitous in future smart homes and
health care centres, and will transform the landscape for healthcare and remote
monitoring of public health. Next generation healthcare monitoring and services is

a prime domain for 5G enabled communication.

Advanced RF technologies and RF sensing in particular are next generation
technologies with substantial growth prospects. The coming 5G revolution is
expected to be one of the biggest changes on horizon and will be ubiquitous in smart

homes for internet connectivity and all kinds of communication devices.

In a preferred embodiment of the current disclosure, the system 100 (and other
systems as disclosed herein) may use 5G RF sensing for healthcare monitoring. This
can allow continuous contactless monitoring of multi-subject vital signs, in

particular heart rate in smart homes; adult care centers; and hospitals.

The systems described herein can allow non-invasive monitoring without the use of
any wearable devices with their associated battery charging issues. The systems
disclosed herein may use the 5G spectrum which will be ubiquitous in future homes

for general internet connectivity.

Currently healthcare companies provide heart and breathing rate monitoring using
systems that require contact with a patient. The systems as disclosed herein can
provide a non-intrusive contactless sensing system which can provide continuous
real-time monitoring of vital signs, thereby aiding in patient comfort, and accuracy

of measurements.

The 5G spectrum has not been used before for multiple subject vital signs
monitoring, since most existing systems are based on WiFi sensing. Furthermore, to
the best of our knowledge, embodiments of the present disclosure present the first

example of systems using the 5G spectrum for monitoring vital signs.
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WiFi sensing been proposed for single subject breathing rate measurements
utilising both amplitude and phase variation of Channel State Information (CSI)
from WiFi signals [Zeng, Y., Wu, D, Gao, R, Gu, T. & Zhang, D. Fullbreathe: Full human
respiration detection exploiting complementarity of CSI phase and amplitude of
WiFi signals. Proc. ACM on Interactive, Mobile, Wearable Ubiquitous Technol. 2, 1-
19 (2018); Zhang, D., Hy, Y., Chen, Y. & Zeng, B. Breathtrack: Tracking indoor human
breath status via commodity WiFi. IEEE Internet Things ]. 6, 3899-3911 (2019);
Zeng, Y. et al. Farsense: Pushing the range limit of WiFi-based respiration sensing
with CSI ratio of two antennas. Proc. ACM on Interactive, Mobile, Wearable
Ubiquitous Technol. 3, 1-26 (2019); Wang, X,, Yang, C. & Mao, S. Resbeat: Resilient
breathing beats monitoring with realtime bimodal CSI data. In GLOBECOM 2017-
2017 IEEE Global Communications Conference, 1-6 (IEEE, 2017)].

Multi-subject respiration rate monitoring utilising CSI WiFi signals have also been
proposed [Zeng, Y. et al. A multi-person respiration monitoring system using cots
WiFi devices. In Adjunct Proceedings of the 2020 ACM International Joint
Conference on Pervasive and Ubiquitous Computing and Proceedings of the 2020
ACM International Symposium on Wearable Computers, 195-198 (2020); Zeng, Y.
et al. Multisense: Enabling multi-person respiration sensing with commodity WiFi.

Proc. ACM on Interactive, Mobile, Wearable Ubiquitous Technol. 4, 1-29 (2020)].

A number of proposed methods utilise CSI amplitude and phase information for
heart rate monitoring apart from breathing rate measurements for vital signs
monitoring [Wang, X.,, Yang, C. & Mao, S. Phasebeat: Exploiting CSI phase data for
vital sign monitoring with commodity WiFi devices. In 2017 IEEE 37th International
Conference on Distributed Computing Systems (ICDCS), 1230-1239 (IEEE, 2017);
Khamis, A, Chou, C. T, Kusy, B. & Hu, W. Cardiofi: Enabling heart rate monitoring on
unmodified COTS WiFi devices. In Proceedings of the 15th EAI International
Conference on Mobile and Ubiquitous Systems: Computing, Networking and
Services, 97-106 (2018); Liu, ]. et al. Tracking vital signs during sleep leveraging off-
the-shelf WiFi. In Proceedings of the 16th ACM International Symposium on Mobile
Ad Hoc Networking and Computing, 267-276 (2015); Lee, S, Park, Y.-D,, Suh, Y.-]. &



10

15

20

25

30

WO 2023/187323 PCT/GB2023/050697
17

Jeon, S. Design and implementation of monitoring system for breathing and heart
rate pattern using WiFi signals. In 2018 15th IEEE Annual Consumer
Communications & Networking Conference (CCNC), 1-7 (IEEE, 2018)].

Wang et al. [Wang, F., Zeng, X, Wu, C, Wang, B. & Liu, K. R. Radio frequency based
heart rate variability monitoring. In ICASSP 2021-2021 IEEE International
Conference on Acoustics, Speech and Signal Processing (ICASSP), 8007-8011 (I1EEE,
2021)] have also proposed Radio Frequency (RF) for measuring heart rate
variability. However, no known systems use an RF signal for multi-subject heart rate

monitoring.

Figure 1(b) is a schematic of a vital signs monitoring system 108 corresponding to
a specific implementation of the vital signs monitoring system 100 of Figure 1(a),
and in accordance with a second embodiment of the present disclosure. The vital
signs monitoring system 108 comprises a receiver 110 configured to receive the RF
signal 106 after its interaction with the two or more subjects 102, 104, and an
estimation system 112 comprising a vital signs determination unit 114 configured
to estimate the heart rates of the two or more subjects 102, 104 using the plurality

of subcarriers of the RF signal 106 received by the receiver 110.

In the present illustration, the label “HR” is shown within the vital signs
determination unit 114 to illustrate that the heart rates of the two subjects 102, 104

is determined using this component.

It will be appreciated that the heart rate information, comprising at least one of the
estimated heart rates, may be stored in a memory element within the vital signs

determination unit 114 and/or provided to an external memory element.

Alternatively, or additionally, the heart rate information may be displayed by one or
more displays that are part of and/or separate from the system 100, or may
otherwise be provided to a user, and in accordance with the understanding of the

skilled person.
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In further embodiments, one or more of the estimated heart rates may undergo
further processing after they are estimated. The further processing may be carried
out before or after the heart rate information is stored in a memory element and/or

provided to a display.

In further embodiments, one or more of the estimated heart rates may undergo
further processing after they are estimated, and without the heart rate information

being stored in a memory element and/or provided to a display.

For example, in a specific embodiment, the heart rate information may undergo a
process that results in the alerting of a medical service if one or more of the heart
rates falls below a certain level. Emergency services may then be alerted to the fall
in heart rate without the heart rate information being stored in a memory element

and/or provided to a display.

Figure 1(c) is a schematic of a vital signs monitoring system 116 showing a specific
embodiment of the receiver 110 in which the receiver 110 comprises two antennas
118, 120, and in accordance with a third embodiment of the present disclosure. Each
of the two antennas 118, 120 is configured to receive the RF signal 106. One or both

of the antennas 118, 120 may be omnidirectional receiving antennas.

Figure 2(a) is a graph of an example of the RF signal 106, where the RF signal 106
comprises a plurality of subcarriers 200. The subcarriers 200 are sidebands of a
carrier wave 202 of the RF signal 106. Subcarriers 200 may be a result of a
modulation process applied to the RF signal 106, where the subcarriers 200 are used
to transmit information. RF signals 106 transmitted as part of a WiFi or 5G system
comprise subcarriers for the transmission of information. The RF signal 106 may,

for example, comprise 52 subcarriers.

In a further embodiment, the RF signal 106 may be, for example, a 5G signal, which

may be a 5G NR signal. The 5G NR signal may comprise 3,300 subcarriers. The 5G
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NR signal may function at higher frequencies than other 5G signals in accordance

with the understanding of the skilled person.

In a further embodiment, the RF signal 106 may be, for example, a 6G signal.

In a further embodiment. the RF signal 106 may be for example, a WiFi signal, for

example a 2.4GHz, 5GHz or 6GHz WiFi signal.

Figure 2(b) is an alternative schematic of the vital signs monitoring system 116 as
illustrated in Figure 1(c). In the present schematic, the RF signal 106 is shown as
being received by each of the two antennas 118, 120. The RF signal 106 as detected
by the antenna 118 is labelled as 106a, with the RF signal 106 as detected by the
antenna 120 is labelled as 106b. It will be appreciated that despite resulting from
the detection of the same RF signal 106, the signal as detected by each of the
antennas 118, 120 may differ, for example in phase and/or signal strength, as a

result of the different positions of the two antennas 118, 120.

Figure 2(c) is a schematic of a specific embodiment of the estimation system 112 in
accordance with a fourth embodiment of the present disclosure. The estimation
system 112 comprises a phase signal circuit 204 that is configured to determine a
phase signal 206a for each of the subcarriers of the RF signal received at the antenna
118, and denoted by numeral 106a. In operation, the phase signal circuit 204
computes the Fast Fourier Transform (FFT), which is a complex signal and provides
the phase of the data. The estimation system 112 further comprises a phase signal
circuit 207 that configured to determine a phase signal 206b for each of the
subcarriers of the RF signal received at the second antenna, and denoted by numeral
106b. Each phase signal comprises the phase information of the subcarrier used to
generate the phase signal. The vital signs determination unit 114 is configured to

estimate the heart rates using the phase signals 206a, 206b.

The heartrate information may be provided to an external display 208. As discussed

previously, the heart rates may otherwise be processed, stored or displayed.
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Each subcarrier may be accumulated at the receiver 110 over a time period.

Figure 2(d) is a schematic of a specific embodiment of the estimation system 112 in
accordance with a fifth embodiment of the present disclosure. In addition to the
features as shown in Figure 2(c), the estimation system 112 of the present
embodiment comprises a subtraction unit 210. The subtraction unit 210 is
configured to determine a phase difference signal 212 for each subcarrier by
subtracting the phase signals 206a, 206b for each subcarrier. The vital signs
determination unit 114 is configured to estimate the heart rates using the phase
signals 206a, 206b by using the phase difference signal 212 for each subcarrier to

estimate the heart rates.

Figure 2(e) is a schematic of a specific embodiment of the estimation system 112 in
accordance with a sixth embodiment of the present disclosure. In addition to the
features as shown in Figure 2(d), the estimation system 112 of the present
embodiment comprises a data processing module 214 for processing the phase
difference signals 212 prior to estimation of the heart rates. The data processing
module 214 may comprise a data calibration Hampel filter and/or a wavelet interval

denoising circuit.

Figure 2(f) is a schematic of a specific embodiment of the estimation system 112 in
accordance with a seventh embodiment of the present disclosure. It will be
appreciated that the estimation system 112 of Figure 2(f) may comprise any other
feature of the estimation systems as described herein in accordance with the

understanding of the skilled person.

The estimation system 112 comprises a pre-processing circuit 216 thatis configured
to pre-process the RF signal 106 prior to the estimation of the heartrates by filtering
out portions of the phase difference signals 212 of each of the subcarriers that are

unrelated to heart rates.
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The pre-processing circuit 216 may be configured to pre-process the RF signal 106
prior to estimation of the heartrates by filtering out portions of the phase difference
signals 212 of each of the subcarriers comprising frequencies unrelated to heart
rates. The pre-processing circuit 216 may comprise a band stop filter configured to
filter out frequencies unrelated to heart rates and/or a band pass filter configured

to pass frequencies related to heart rates.

The pre-processing circuit 216 may be configured to pre-process the RF signal 106
prior to estimation of the heart rates by filtering out portions of the phase difference
signals 212 of each of the subcarriers comprising frequencies related to respiration

rates.

The pre-processing circuit 216 may comprise a power spectral density
determination unit configured to process the phase difference signals 212 to
determine a power spectral density of each of the subcarriers. The power spectral
density is computed by the power spectral density determination unit by calculating
the FFT of the signal; then halving and multiplying the signal by two; then the
absolute value of the signal is determined; then the values are squared; the values
are then divided by the length of the signal and the sampling frequency, thereby
resulting in the determination of the power spectral density of each of the sub

carries.

It will be appreciated that although in the present embodiment the pre-processing
circuit 216 receives the phase difference signals 212, in further embodiments, the
pre-processing may be undertaken by the pre-processing circuit 216 prior to the

generation of the phase difference signals 212.

The vital sign determination unit 114 may be configured to, for each of the
subcarriers, identify n peaks in power spectral density, where n is an integer that is

equal to the number of subjects.



10

15

20

25

30

WO 2023/187323 PCT/GB2023/050697
22

Figure 2(g) is a schematic of a specific implementation of the phase signal circuit
204. 1t will be appreciated that the phase signal circuit 207 may also be implemented
using the specific implementation shown in Figure 2(g). The phase signal circuit 204
comprises a FFT computation unit 218 for computing the FFT. The phase signal
circuit 204 further comprises a sampling unit 220 for sampling the phase of the
signal on a per frame basis. The phase signal circuit 204 further comprises a phase
output unit 222 for outputting the phase signal 206a. In an embodiment where the
implementation shown in Figure 2(g) is applied to the phase signal circuits 204,207,
the subtraction unit 210 may be configured to compute the difference of two phases

obtained from the FFT computation units of 204 and 207.

Figure 2(h) is a schematic of a specific implementation of the vital signs monitoring
system 116 as shown in Figure 1(c). In the present embodiment, the system 116
further comprises a software defined radio receiver 224 and a gain block 226. In the
present embodiment the components within the phase signal circuit 204 are
labelled as follows 218a, 220a, 222a; and the components within the phase signal
circuit 207 are labelled as follows 218b, 220b, 222b.

Figure 2(i) is a schematic of a specific implementation of pre-processing circuit 216
comprising a power spectral density determination unit 228 which comprises a first
component 230 for determining a FFT of the signal; a second component 232 for
halving the length of the signal and multiplying it by 2; a third component 234 for
determining the absolute value of the signal and then squaring the absolute value;
and a fourth component 236 that is configured to divide the signal by the length of

the signal and the sampling frequency.

Figure 3(a) is a schematic of a vital signs monitoring system 300 in accordance with
an eighth embodiment of the present disclosure. The vital signs monitoring system
300 is configurated to estimate the respiration rates of the two or more subjects
104, 106 using the plurality of subcarriers of the RF signal 106, in addition to their
heartrates. The process for estimating heart rates may include one or more of the

features as described herein in relation to heart rate estimation. It will be
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appreciated that in further embodiments, the respiration rates may be measured for

different subjects from those whose heart rates are measured.

In the present illustration, the labels “HR” and “BR” are shown within the system
300 to illustrate that the heart rates (HR) and respiration rates (BR for breathing

rate) of the two subjects 102, 104 are determined using the system 300.

The RF signal 106 may be pre-processed prior to estimation of the respiration rates
to filter out portions of the RF signal 106 that are unrelated to respiration rates. the
RF signal 106 may be pre-processed prior to the estimation of the respiration rates
to filter out frequencies unrelated to the respiration rates. The RF signal 106 may,
for example, be pre-processed prior to estimation of the respiration rates to filter

out frequencies that are related to heart rates.

In a specific embodiment the RF signal 106 may be duplicated or otherwise
separated into two or more signals so that one of the signals as extracted from the
RF signal 106 is processed to estimate respiration rates whilst another of the signals

as extracted from the RF signal 106 is processed to estimate the heart rates.

Figure 3(b) is a schematic of a vital signs monitoring system 302 in accordance with
a ninth embodiment of the present disclosure. In the present embodiment, the vital
signs determination unit 114 is configured to estimate the respiration rate of the
subjects 102, 104 using the plurality of subcarriers of the RF signal 106 received by
the receiver 110. In the present embodiment, the heart rate and respiration rate
information is provided to external components 306, 308 however it will be
appreciated that in further embodiments one or both of the heart rate and
respiration rate information may be otherwise stored, processed or displayed, as
discussed previously for embodiments relating to heart rate information and in

accordance with the understanding of the skilled person.
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Figure 3(c) is a schematic of a vital signs monitoring system 304 in accordance with
a tenth embodiment of present disclosure. Figure 3(d) is an alternative schematic of

the vital signs monitoring system 304 of Figure 3(c).

Figure 3(e) is a schematic of a specific implementation of the estimation system 112
which functions substantially as described for the embodiment shown in Figure
2(c), and in accordance with an eleventh embodiment of the present disclosure. In
the present embodiment, the vital signs determination unit 114 is configured to

estimate the respiration rates using the phase signals 106a, 106b.

Figure 3(f) is a schematic of a specific implementation of the estimation system 112
which functions substantially as described for the embodiment shown in Figure
2(d), and in accordance with a twelfth embodiment of the present disclosure. In the
present embodiment, the vital signs determination unit 114 is configured to
estimate the respiration rates using the phase signals 106a, 106b by using the phase

difference signal 212 for each subcarrier to estimate the respiration rates.

Figure 3(g) is a schematic of a specific implementation of the estimation system 112
which functions substantially as described for the embodiment shown in Figure
2(e), and in accordance with a thirteenth embodiment of the present disclosure. In
the present embodiment, the data processing module 214 is for processing the
phase difference signals 206a, 206b prior to the estimation of the respiration rates
and/or the heart rates. The data processing module 214 may comprise a data

calibration Hampel filter and /or a wavelet interval denoising circuit.

Figure 3(h) is a schematic of a specific embodiment of the estimation system 112 in
accordance with a fourteenth embodiment of the present disclosure. It will be
appreciated that the estimation system 112 of Figure 3(h) may comprise any other
feature of the estimation systems as described herein in accordance with the

understanding of the skilled person.
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The estimation system 112 comprises a pre-processing circuit 310 thatis configured
to pre-process the RF signal 106 prior to the estimation of the respiration rates by
filtering out portions of the phase difference signals 212 of each of the subcarriers
that are unrelated to respiration rates. The pre-processing circuit 310 may function
as described for the pre-processing circuit 216. Furthermore, the pre-processing
circuit 310 may be implemented as shown for the pre-processing circuit 216 in

Figure 2(i).

The pre-processing circuit 310 may be configured to pre-process the RF signal 106
prior to estimation of the respiration rates by filtering out portions of the phase
difference signals 212 of each of the subcarriers comprising frequencies unrelated
to the respiration rates. The pre-processing circuit 310 may comprise a band pass
filter configured to pass frequencies related to respiration rates and/or a band stop

filter configured to filter out frequencies unrelated to the respiration rates.

The pre-processing circuit 310 may comprise a power spectral density
determination unit configured to process the phase difference signals 212 to

determine a power spectral density of each of the subcarriers.

It will be appreciated that although in the present embodiment the pre-processing
circuit 310 receives the phase difference signals 212, in further embodiments, the
pre-processing may be undertaken by the pre-processing circuit 310 prior to the

generation of the phase difference signals 212.

The vital sign determination unit 114 may be configured to, for each of the
subcarriers, identify n peaks in power spectral density, where n is an integer that is

equal to the number of subjects.

Figure 4(a) is a schematic of a specific embodiment of the estimation system 112 in
accordance with a fifteenth embodiment of the present disclosure. In the present
example the vital signs determination unit 114 is configured to estimate both the

respiration rates and the heart rates, and its operation may be understood with



10

15

20

25

30

WO 2023/187323 PCT/GB2023/050697
26

reference to the previously described embodiments, and in particular the

embodiments presented in Figure 2(c) and Figure 3(e).

Figure 4(b) is a schematic of a specific embodiment of the estimation system 112 in
accordance with a sixteenth embodiment of the present disclosure. In the present
example the vital signs determination unit 114 is configured to estimate both the
respiration rates and the heart rates, and its operation may be understood with
reference to the previously described embodiments, and in particular the

embodiments presented in Figure 2(d) and Figure 3(f).

Figure 4(c) is a schematic of a specific embodiment of the estimation system 112 in
accordance with a seventeenth embodiment of the present disclosure. In the present
example the estimation system 112 comprises the pre-processing circuits 216, 310
as described previously. The operation of the present embodiment may be
understood with reference to the previously described embodiments, and in

particular the embodiments presented in Figure 2(f) and Figure 3(h).

Figure 5(a) is a schematic of a specific embodiment of the estimation system 112 in
accordance with an eighteenth embodiment of the present disclosure. Figure 5(b) is
a schematic of a specific embodiment of the estimation system 112 in accordance

with a nineteenth embodiment of the present disclosure.

Figure 6(a) is a schematic of a vital signs monitoring system 600 in accordance with
a twentieth embodiment of the present disclosure. The present example is shown

for four subjects 602, 604, 606, 608.

The vital signs monitoring system 600 comprises a CSI collection unit 610 which is
used to collect the RF signal 106 as received from each of the antennas 118, 120 and
provide the functions of the phase signal circuits 204, 207 and the subtraction unit

210 in determining the phase difference signal 212 (not shown).
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The system 600 may comprise a Universal Software Radio Peripheral (USRP) device
comprising the receiver 110 working in the 5G spectrum. The CSI values received
from the USRP device and received simultaneously form both the antennas 118, 120,
are processed for phase information, as discussed previously. Each signal from the
receiver antennas 118, 120 may, for example, comprise 52 subcarriers as discussed
previously for Figure 2(a). The phase signals from different antennas 118, 120 for
the corresponding subcarriers are subtracted to obtain the phase difference signals
for each subcarrier, for example, as discussed previously in relation to Figure 2(d).
Further description of how the phase difference signals are derived is provided

below.

CSI represents the frequency response of the channel through which a wireless
signal propagates at a given carrier frequency. Each CSI entry has amplitude and
phase information associated with it, which is affected by the multipath propagation
effects. The Channel Frequency Response (CFR), H., for a subcarrier sc, with

frequency f;. over n multiple propagation paths can be given as:

Hsc(ﬁcc; t) = z an(t)e_jzn'fscfn(t)
(1)

where a,(t) is the amplitude attenuation, whereas 7, (t) is the propagation delay
T,(t) for path n at subcarrier frequency f;.. The CSI°¢ value for a channel with
subcarrier frequency f;. represents an estimate of CFR and can be given as:
CSlse = |Hgc|e/sm(Hse)

(2)
The phase and amplitude of CSI values are affected by movements of humans and
objects including vitals i.e. breathing motion of the chest. In a given environment
and fixed positions for transmitters and receivers, CSI captures changes in channel
response, due to any of these motions. OFDM divides a channel into a number of
subcarriers. Let a channel with multiple-input multiple-output have Nrp,
transmitting antennas and N, receiving antennas, then the channel can be

represented as:
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Tse = Hgelge + Mg, sc €{1,...,5}

(3)
wheret,, € RNTx andr,. € RVRx are transmitted and received signals, respectively.
The H,. represents the CSI matrix for a given subcarrier. The total subcarriers used
in the present example are S = 52 and the n,. represents the noise vector. The CSI
complex values are obtained from the receivers, where CSI packet received is a
N7y X Np, X 52 matrix. The Ny, X Ng, gives the number of stream. A system with
two receivers (for example the antennas 118, 120) will have two streams, where
each stream can be represented as:

CSI* = {CSI}, ..., CSIE,}
(4)
CSI? = {CSIZ, ..., CSIZ,}

(5)
here, CSIZ, a represents the antenna and sc represents the subcarrier. In the
present disclosure, only the phase of the CSI measurements have been used for vital
signs detection (denoted by 4CSI). The phase difference for CSI values of two
receiving antennas 1 and 2 are obtained as follows:

A2CSI,, = £CSIE. — 2CSIZ
(6)

Figure 7(a) is a graph showing the phase difference signals for five subcarriers 10,
20, 30, 40 and 50. In the present example the CSI phase differences are initially
processed to remove any subcarriers containing mostly zero, and only subcarriers

with sufficient information content are retained.

The data processing module 214 comprises a data calibration Hampel filter 612 and
a wavelet interval denoising circuit 614. The pre-processing circuit 216 comprises
a band stop filter 616, a band pass filter 618 and a power spectral density
determination unit 620. The pre-processing circuit 310 comprises a band pass filter

622 and a power spectral density determination unit 624.
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As shown in Figure 6(a), the heart rates and/or breathing rates may be provided to

an application programming interface (API) 625.

The system 600 is an example of a contactless radio frequency sensing system for
multi-subject heart rate detection. The system 600 measures vital signs in particular

heart rate through non-intrusive contactless RF sensing.

The system 600 can provide contactless sensing and does notrequire any wearables
or invasive methods for monitoring heart rate. The system 600 uses orthogonal

frequency-division multiplexing (OFDM) signals which are ubiquitous in home WiFi.

5G technology will be pervasive in future smart homes and will supplement or
replace existing communication systems. The system 600 allows us to determine
vital signs, such as heart rate with devices which will be ubiquitous and will not
require any special wearable instruments. This will allow continuous, round the

clock monitoring of patients including older adults in care homes.

In the present embodiment, the system 600 comprises a directional transmitting
antenna 626 and two omnidirectional antennas 118, 120 connected to a Universal
Software Radio Peripheral Device (USRP) 633 which is operated in the 5G spectrum
at 3.75GHz.

As discussed previously, US20200300972A1 indicates that it is necessary to use
60GHz WiFi for multi-subject heart rate detection. This is presented as being due to

an improved spatial resolution over lower frequency technology.

The present disclosure provides a system for multi-subject heart rate detection
which is not dependent on the use of 60GHz WiFi and has been demonstrated
experimentally for 3.75GHz. The system of the present disclosure is enabled by the
use of subcarriers of the RF signal in determination of the heart rates of multiple
subjects. Furthermore, the aggregation of frequencies belonging to different

subcarriers and different heart rates belonging to multiple subjects allows the
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system disclosed herein to reject spurious frequencies and enhance the weak heart

rate signals for multiple subjects which would otherwise have disappeared in noise.

The transmitting antenna 626 sends data which is received at the receiving
antennas 118, 120 to obtain phase difference information of CSI (being the RF signal
106 as previously discussed). The CSI phase values are then processed through
signal processing algorithms and a frequency selective method to obtain vital signs
measurements. In a preferred embodiment, the RF signal 106 is a 5G signal, such
that there is provided a multi-subject vital signs monitoring system based on CSI
phase values leveraging the 5G spectrum. To the best of our knowledge this is the
first instance of multi-subject heart rate monitoring utilising CSI values, along with

utilisation of 5G spectrum for vital signs monitoring.

It should be noted that the CSI signal may be referred to as simply “CSI” and may be
used interchangeably with them term RF signal 106. It should also be appreciated
that after detection by the antennas 118, 120, the RF signal 106 undergoes
processing to extract the relevant information for making an estimate of the heart
beats and/or respiration rates, as has been discussed previously. Therefore, for
convenience, the signal passing through the system and processed at different
stages may still be referred to as the CSI signal or the RF signal, even though the
signal after each processing step will differ from the signal having been initially

detected.

The system 600 uses CSI variations (being variations in the RF signal 106) due to
heart beat movement and uses signal processing methods and an estimation
algorithm “MultiBeat” to determine the heart rates of multiple subjects from the

data.

The data processing module 214 may be configured to remove of mostly zero valued
subcarriers and/or detrending of the CSI phase difference data, as follows. Data
calibration is performed using the Hampel filter 612. The CSI data may contain DC

components introduced by movements. The DC components can affect frequency
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estimation and spectrum peak detection due to their higher energy or amplitudes.
The Hampel filter 612 may be used to calibrate the data by removing the DC
component. Using a sufficiently large window size for the Hampel filter 612 can help
to remove DC components as well detrend longer-term trends present in the data.

In a preferred embodiment, the Hampel filter 612 may have a “large” window size
of 4000 samples, with 2000 samples being used for detrending, with a small
threshold ranging from 0.05 to 0.01. The detrending may be performed by
subtracting the trend from the original signal. It will be appreciated that the
processing carried out by the data processing module 214 may be considered as
being “pre-processing” as it is carried out before other processes used to estimate

the heart rates and/or breathing rates.

The high frequency noise from the RF signal 106 may be obtained by denoising the
signal with wavelet based interval denoising 614. The wavelet utilised for denoising
may be the Daubechies symmetric 'sym5’ with three vanishing moment and two
level thresholding. Figure 7(b) is a graph showing the CSI signal prior to denoising
(denoted by trace 700), and after denoising (denoted by trace 702).

After processing by the data processing module 214, the data is provided to the pre-
processing circuits 216, 310. The module for heartrate processing (the circuit 216)
applies band-stop and band pass filters to obtain the Power Spectral Density (PSD)
for each of the subcarriers for the heart rate signal. The module for breathing rate
processing (the circuit 310) filters the signal for breathing frequency range and
provides the PSDs for each subcarrier for the breathing rates. Both PSDs are then
processed by the MultiBeat estimation algorithm to determine the breathing and

heart rates.

Multi-subject heart rate estimation may be performed by applying a stop band filter
(provided by the band stop filter 616) to the processed signal obtained after
detrending and denoising (as provided by the Hampel filter 612 and the wavelet

interval denoising circuit 614).
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The band stop filter 616 is applied in the breathing frequency range to reduce the
effects of harmonics from higher strength breathing movements on the heart
signals. After the band-stop filter 616 the RF signal 106 is passed through a band-
pass 1IR Butterworth filter 618 with the pass band range from 1 to 2Hz for the heart
rate corresponding to 60bpm and 120 bpm, respectively.

The fast Fourier Transform (FFT) of the signal obtained from the band pass filter
618 is then computed for each of the subcarriers using the power spectral density
determination unit 620. The one sided power spectral density (PSD) of the signal is
computed from the FFT using the power spectral density determination unit 620.

The PSDs of all the subcarriers are sent to the vital signs determination unit 114
which is configured to use a “MultiBeat” estimation algorithm for selection of
frequencies and the estimation of multi-subject heart rate peaks from the selected

frequencies of the PSDs of the subcarriers.

The breathing signal has higher energy since the breathing chest movements are
higher than subtle beats of the heart rate. The calibrated and wavelet denoised
signal obtained from processing the CSI phase difference values is passed through
the IIR Butterworth passband filter 622. The filter 622 may be used to obtain
frequencies in the 0.1 to 0.5Hz range for breathing. The filtered CSI subcarriers are
then converted to frequency domain by computing the FFT of all the subcarriers.
The FFT signal is then used to compute the PSD of all the signals. The PSDs obtained
from this stage are passed onto the vital signs determination unit 114 which is
configured to use the “MultiBeat” estimation algorithm for selection of frequencies
and calculation of peaks for the multi-subject breathing rates from the selected

frequencies in the PSDs.

The MultiBeat estimation algorithm, may be summarised as follows:
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Input: s¢ « Subcarrierindex sc = {1, ...,52}

A 2y,. < Processed, denoised and filtered phase difference CSI vector

Output: f,,;+q:5 Estimated frequencies for vitals

while sc € {1, ...,52} do

/* Compute power spectral density of each subcarrier */
[powery, fpsd] « powerSpectralDensity(A £ys.)

/* Compute first n peaks of each power spectral density */

peaks,. < maxPeaks (psds.,n =3)

/* Determine index values for all peaks */

Lindexsc « indexValues (peakss.)

/* Determine frequency matrix F for selected peaks */

F « fpsa(w) Yu € indexy. Vsc

/* Determine unique set of frequencies 6 */

0(F) = {F;;} vivj

k = findIndex (fpsq == 0) V0

e(k) = [Yscpsdsc(k)]/ npis(k) Yk, where n,, (k) are all peaks at each &
eprs(n) = maxPeaks(e,n = 3)

foitais(M) < fpsa(Mm) Vm € indexValues(epys)

Itwill be appreciated thatin further embodiments, one of the pre-processing circuits
216, 310 may be omitted to provide a system for estimation of one of breathing rates

or heartrates, in accordance with the understanding of the skilled person.

Figure 6(a) shows a specific implementation of the vital signs determination unit
114 which may be implemented in any of the embodiments as disclosed herein, and

in accordance with the understanding of the skilled person.

Figure 6(a) includes specific implementations of the data processing module 214,
pre-processing circuits 216, 310, and the vital signs determination unit 114. Any

one, or any combination, of these specific implementations may be implemented in
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any of the other embodiments as disclosed herein to form a new embodiment, in

accordance with the understanding of the skilled person.

The following description relates to the processed RF signal 106 received from the
pre-processing circuit 216 for the determination of heartrates. It will be appreciated
that the same description is applicable for the processed RF signal received from the

pre-processing circuit 310 in determination of the breathing rates.

The vital signs determination unit 114 comprises a frequency selection unit 628 that
receives the processed RF signal 106 from the pre-processing circuit 216 for the
determination of heart rates. As discussed previously, the processed RF signal 106

provided to the vital signs determination unit 114 is the PSDs of all the subcarriers.

The frequency selection unit 628 is configured to select suitable frequencies from
each subcarrier. The suitable frequencies are the maximum ‘n’ frequencies in each
subcarrier with the highest power (Watt/Hz), where n depends on the number of
subjects, whose heart rates are to be determined, e.g. n=3 for three subjects. Figure
6(b) is a schematic illustrating the operation of the frequency selection unit 628. An
input of the power (watt/Hz) for each frequency for each subcarrier is provided as
an input. The maximum n peaks per subcarrier are determined. And the maximum

power (watt/Hz) peaks for n frequencies per subcarrier is provided as an output.

In summary, the frequency selection unit 628 is configured to, for each of the
subcarriers, select the n frequencies having the highest power, thereby identifying

the n peaks in power spectral density.

The peaks may correspond to same or different frequencies in each subcarrier. A
unique set of ‘K’ frequencies are determined, which comprises all unique frequencies
from the previous step. The inputs are the power peaks (Watt/Hz) for each
frequency in the subcarriers and outputs are the maximum ‘n’ frequencies and their

power peaks (Watt/Hz).
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The frequency selection unit 628 is configured to provide the power (Watt/Hz) of
previously mentioned k frequencies to an aggregate unit 630. The aggregate unit
630 is configured to accumulate the frequencies selected by the frequency selection
unit 628, in units of energy (Watt/Hz), to accumulate the signal strengths of weaker
heart beat signals across all the subcarriers, according to their respective
frequencies and is divided by the number of peaks at each given frequency in ‘k’. The
inputs are the peaks from each subcarrier and their respective frequencies and
outputs are the aggregated peaks per frequency divided by the number of peaks at
each frequency. Figure 6(c) is a schematic of an example embodiment of the
aggregate unit 630. In operation, the aggregate unit 630 receives, as an input power
Watt/Hz peak values for ‘K’ unique frequencies obtained from previous ‘n’
frequencies per subcarrier; the unit 630 the sums peak values per each frequency k
(illustrated by block 630a); the unit then divides the number of peaks at each
frequency k (illustrated by block 630b); the unit then provides, as an output
aggregated Power (Watt/Hz) peaks for k frequencies.

In summary, the vital signs determination unit 114 comprises the aggregate unit
630 that is configurated to aggregate the power spectral density peaks from the n

frequencies selected by the frequency selection unit 628 of each of the subcarriers.

The aggregate unit 630 is configured to provide a signal to a peak determination unit
632. The peak determination unit 632 uses the signal to determine the frequency
peaks that are indicative of a heart beat of a subject. The inputs to this function are
the aggregated power peaks from previous step, which are divided by the number
of peaks at each frequency k and the output provides the power peaks according to
the maximum peak values. The peaks may correspond to the number of subjects
whose heart rates are to be determined, e.g. highest 3 peaks for 3 subjects. Figure
6(d) is a schematic of the peak determination unit 632. In operation, the unit 632
receives, as an input Aggregated Power (Watt/Hz) peaks for k frequencies; the unit
632 then determines the maximum n peaks overall; the unit 632 then provides, as
an output, the maximum Power Watt/Hz peaks for n frequencies from aggregated

frequencies of all subcarriers.
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In summary, the aggregate unit 630 is configured to aggregate power density peaks
per frequency, which may result in k frequencies, where k>=n, as the values of n
frequencies may be different for each subcarrier resulting in k frequencies overall
during aggregation. In a specific embodiment, each of the peaks is multiplied by the

weight of the reciprocal of the number of frequencies obtained at each k.

In summary, the vital signs monitoring system 114 comprises the peak
determination unit 632 thatis configured to determine the maximum n peaks from

the aggregated frequencies as provided by the aggregate unit 630.

The frequency selection and accumulation process can potentially diminish the
impact of signal peaks due to spurious frequencies that do not belong to vital signs
and may exist in some of the subcarriers. So intuitively, for finding multiple heart
rates that may exist in most or all of the carriers, the method described herein can
resort to the removal of spurious peaks by informed frequency selection and

aggregation.

Figure 8(a) is a schematic of an experimental setup that was used to test the system
600. Figure 8(b) is a photograph of the room set up (front view), Figure 8(c) is a
photograph of grounded truth sensors, and Figure 8(d) is a photograph of the room
set up (right view).

Figure 8(a) illustrates the dimensions and distance used for measurements. 5
subjects took part in the process for data collection. Twenty samples for different
combinations of three subjects were collected separately for breathing and heart
rate monitoring, along with twenty samples each for single and two subjects. The
two ground truth sensors utilised for the experiment were Polar H10 heart beat

sensor and Vernier go direct respiration belt.

The experiments were conducted with a single Universal Software Radio Peripheral

(USRP) software defined radio device operating at 3.75GHz at 400 samples/sec. The
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device utilised one directional transmitting antenna and two VERT2450
omnidirectional antennas. The USRP device was connected to the desktop computer
for processing of CSI signals. The desktop computer comprised of Intel(R) Core (TM)
i7-7700, 3.60 GHz processors, 16 GB RAM and Ubuntu 18.04 operating system. The
USRP is a programmable device and was programmed with the Gnu Radio. The Gnu
Radio allows creation of flow diagrams from Orthogonal Frequency-Division
Multiplexing (OFDM) blocks. The flow diagrams are then converted to python
scripts for running on the USRP device. The OFDM transmitter transmits random
signals between 0 - 255, which are then received on the omnidirectional antennae.
The CSI complex values are then extracted for each receiver antenna. The complex
numbers are then processed to obtain amplitude and phase information. In this
experiment, we only used the phase information for vital signs monitoring. The main

configuration parameters for the USRP device are given in the table below.

Parameter Value

Platform USRP X300/310
OFDM Subcarrier 52

Operating Frequency 3.75GHz
Sampling Rate 400Hz
Transmitter Gain (dB) 40

Receiver Gain (dB) 40

Figure 9(a) is a graph showing the power spectral density of the subcarriers and the
algorithm estimation which is used to determine the heart rate of the three subjects
(labelled A, B and C), for a first experiment. The algorithm estimation is labelled with
numeral 900. The results are as determined from a practical experiment, as

described in Figure 8(a).

From the algorithm estimation, there are three peaks denoting the heartrates of the
three individuals. Subject A has a heart rate of 1.17Hz, Subject B has a heartrate of
1.36Hz, and Subject C has a heart rate of 1.46Hz.
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Also shown for comparison are the results acquired from the ground truth sensors
which show Subject A having a heartrate of 1.12Hz, Subject B having a heart rate of
1.33Hz, and Subject C having a heart rate of 1.48Hz.

Figure 9(b) is a graph showing the power spectral density of the subcarriers and the
algorithm estimation which is used to determine the heart rate of the three subjects
(labelled A, B and C), for a second experiment. The algorithm estimation is labelled
with numeral 902. The results are as determined from a practical experiment, as

described in Figure 8(a).

From the algorithm estimation, there are three peaks denoting the heartrates of the
three individuals. Subject A has a heart rate of 1.07Hz, Subject B has a heart rate of
1.26Hz, and Subject C has a heart rate of 1.36Hz.

Also shown for comparison are the results acquired from the ground truth sensors
which show Subject A having a heartrate of 1.10Hz, Subject B having a heart rate of
1.23Hz, and Subject C having a heart rate of 1.33Hz.

Figure 9(c) is a graph showing the power spectral density of the subcarriers and the
algorithm estimation which is used to determine the breathing rate of the three
subjects (labelled A, B and C), for a third experiment. The algorithm estimation is
labelled with numeral 904. The results are as determined from a practical

experiment, as described in Figure 8(a).

From the algorithm estimation, there are three peaks denoting the breathing rates
of the three individuals. Subject A has a breathing rate of 0.156Hz, Subject B has a
breathing rate of 0.234Hz, and Subject C has a breathing rate of 0.35Hz.

Also shown for comparison are the results acquired from the ground truth sensors
which show Subject A having a breathing rate of 0.14Hz, Subject B having a
breathing rate of 0.25Hz, and Subject C having a breathing rate of 0.34Hz.
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Figure 9(d) is a graph showing the power spectral density of the subcarriers and the
algorithm estimation which is used to determine the breathing rate of the three
subjects (labelled A, B and C), for a fourth experiment. The algorithm estimation is
labelled with numeral 906. The results are as determined from a practical

experiment, as described in Figure 8(a).

From the algorithm estimation, there are three peaks denoting the breathing rates
of the three individuals. Subject A has a breathing rate of 0.16Hz, Subject B has a
breathing rate of 0.32Hz, and Subject C has a breathing rate of 0.35Hz.

Also shown for comparison are the results acquired from the ground truth sensors
which show Subject A having a breathing rate of 0.143Hz, Subject B having a
breathing rate of 0.3Hz, and Subject C having a breathing rate of 0.36Hz.

The technique of the present embodiment uses a frequency selection method
instead of selecting subcarriers, and provides good accuracy in multisubject vital
sign monitoring. The proposed MultiBeat estimation algorithm provides low error

and good accuracy. The error may be determined by:

fe— fr
fr

(7)
where f, is the estimated frequency with the MultiBeat algorithm and f, is the

frequency obtained from the ground truth sensors.

The accuracy is determined from the error rate as:

fe—fr

o s

(8)
Figure 10(a) is a graph showing the average accuracy estimates for the heart rate
and breathing rate experiments. The average accuracy is determined by averaging

out the estimation for all the samples. Using the experimental set up as shown in
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Figure 8(a), the average accuracy was found to be 96.2% for single subject heart rate
(labelled 1000) and decreases to 94.06% and 92.25% for 2 (labelled 1002) and 3
(labelled 1004) subjects, respectively, as illustrated in Figure 10(a). The decrease in

accuracy is due to a cumulative effect of the error:

2 fe = fr
(9)

fr
for the multi-subject case. Figure 10(a) also illustrates the average accuracies for the
estimated breathing rate of 90.48%, 83.95% and 81.09% for single subject (labelled
1006), 2 subjects (labelled 1008) and 3 subjects (labelled 1010), respectively.

The difference in estimated frequencies and ground truth rates is of the order of
1071 and is affected by the resolution of the PSD, however normalisation by much
lower rate in breathing frequency estimates results in higher percentage error and
lower average accuracy. Similar, to the heart rate estimation, the accuracy for the
breathing rate decreases with the increase in subjects due to the cumulative effect

of the error.

The heart rate estimation uses a window size of 10 seconds and breathing rate is
determined from a window size of 30 seconds. Window size describes the time over

which the RF signal 106 is acquired.

The decrease in window size also affects the accuracy of estimated frequencies from
the CSI phase values. Figure 10(b) is a graph showing how accuracies for heart rate

estimation vary with the size of the window.

Different window sizes of 2.5, 5.0, 7.5 and 10.0 seconds for 1 (labelled 1012), 2
(labelled 1014) and 3 (labelled 1016) subjects were tested. Figure 10(b) shows that
the highest average accuracy of 92.25% was obtained for 3 subjects with a window
of 10 seconds. The accuracy decreases with decreasing window size and
approximately 50% average accuracy is obtained for a window size of 2.5 seconds.

This is because smaller window size translates to fewer heart beats, and affects the
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accuracy of the frequency peaks obtained in the PSDs of all the subcarriers by the

proposed algorithm.

Similarly, the single and 2 subject heart rates have higher accuracies and the value
decreases to 71.5% and 66.7% for single subject and 2 subject heart rates,
respectively. The graph representing single subject heart rate is slightly higher than
the two subject and three subject graphs due to the accumulation of error for

multiple subjects in estimation of heart rates.

The breathing rate is of the order of 10-1Hz and varies between 0.1Hz and 0.5Hz, due
to which higher window size of 30 seconds is utilised for estimation of breathing

cycles.

Figure 10(c) illustrates the effect of window size 10, 20 and 30 seconds on the
accuracies of breathing rates for single (labelled 1018), two (labelled 1020) and
three subjects (labelled 1022). The highest estimation accuracies are obtained for
30 second windows with an accuracy of 81.09% for the three subjects. The highest
accuracy of 90.48% is obtained for the single subject over all subjects. The breathing
rate also decreases with decreasing window size, as smaller number of breathing
cycles are captured by smaller windows. The window size of 10 seconds obfuscates
longer breathing cycles and may result in incomplete cycles resulting in much lower
accuracies of 54.76% and 37.11% for two and three subjects, respectively, as
compared to the accuracies for multi-subject heart rates. The breathing rates for
single subject has slightly higher accuracy than the accuracies for two subjects for
all the window sizes, due the cumulative effect of the error in the two subject case.
Similarly, the two subject breathing rate estimation has slightly higher accuracy

than the three subject case for all the window sizes.

Figure 11 is a schematic of a practical implementation of an alternative

implementation of the system 600 of Figure 6(a) in use.
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Vital signs monitoring including heart rate and respiration rate are two of the most
important indicators of public health and wellbeing. There is high demand for
contactless sensing of vital signs that do not require intrusive wearable devices to

enable continuous contactless monitoring.

Existing solutions using WiFi sensing are limited to single subject heart rate
monitoring and use subcarrier selection methods based on high signal variance or
stable frequency indicators. Multi-subject heart rates can exist in the same or a
different subset of carriers, and therefore subcarrier selection methods do not work

well with them.

As disclosed herein, there is provided a novel algorithm for multi-subject
monitoring of both heart and breathing rates, which relies on frequency selection

method, rather than subcarrier selection.

This is the first time multi-subject heart rates have been sensed and detected with
the use of 5G spectrum for vital signs monitoring. The technique accumulates the
strength of weak heart signals by selection of frequencies and aggregation, and
removes spurious frequency peaks not related to vital signs that may be presentin

some subcarriers.

The proposed system and algorithm achieve a high average accuracy of 92.25% and
81.05% for up to 3 subject heart and breathing rates, respectively and provides an

error of the order of 10-1 Hz.

The proposed system and technique provide high accuracy multi-subject vital signs
detection as well lower error compared to known systems. The overall higher
average accuracy for all the subjects provides a viable mechanism for detection of

multi-subject breathing and heart rates.

In summary, specific embodiments of the systems disclosed herein can provide

detection of multi-subject vital signs monitoring, namely breathing and heart rates.
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The systems can use the 5G spectrum for detection and monitoring at 3.75GHz with

CSI phase difference values.

The proposed MultiBeat algorithm leverages frequency selection methods for
multiple subjects, unlike traditional techniques which use subcarrier selection.
Subcarrier selection methods obfuscate weak heart signals by selecting subcarriers
which may contain single relatively higher strength heart signal and therefore are

unsuitable for detecting multi-subject heart rates.

It has been shown that an implementation of the system 600 of the present
disclosure can achieve a high accuracy of 92.25% for 3 subjects and 94% for 2
subjects. Furthermore, the breathing rates have the maximum error of 10~ Hz, with

an accuracy of 81% for 3 subjects breathing rates and 83.95% for 2 subjects.

Figure 12 shows graphs of nine subcarriers (labelled 1200, 1202, 1204, 1206, 1208,
1210, 1212, 1214, 1216). For each subcarrier, the graph is shown as power
spectrum versus frequency. Each subcarrier has three frequencies selected (in the
present example, n is equal to three), with each frequency being associated with a

peak and indicated by a vertical line.

Figure 13 is a graph of the power spectrum versus frequency for a plurality of
subcarriers as provided to the aggregate unit 630 presented on a single graph.

Labelling has been omitted for clarity.

As discussed previously, the aggregate unit 630 is configured to aggregate power
density peaks per frequency, which may result in k frequencies (labelled 1300,
1302, 1304, 1306, 1308), where k>=n, as the values of n frequencies may be
different for each subcarrier resulting in k frequencies overall during aggregation.
In summary, k unique frequencies are obtained from the n frequencies per

subcarrier.
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Figure 14 is a graph of power spectrum versus frequency showing the sum of the
peak values per frequency for the k frequencies 1300, 1302, 1304, 1306, 1308 as
provided as an output by the block 630a of the aggregate unit 630 as illustrated in
Figure 6(c). This procedure provides a power spectrum versus frequency trace

1400.

Figure 15 is a graph of power spectrum versus frequency showing the processed
trace 1400 (denoted by numeral 1500) as processed by the block 630b in
multiplying the aggregated peaks by the weight of the reciprocal of the number of
frequencies. The trace 1500 is provided as an output from the aggregate unit 630 to

the peak determination unit 632.

Figure 16 is a graph of the trace 1500 showing estimated heart rate frequencies as
may be determined using the peak determination unit 632 as labelled by 1600,
1602, 1604. Actual heart rates as measured by a ground truth sensor are labelled
1606, 1608, 1610 for comparison. The heart rate frequencies 1600, 1602, 1604 may

be provided as outputs of the peak determination unit 632.

It will be appreciated that the graphs shown in Figures 12 to 16 are provided to
show examples of the operation of the frequency selection unit 628, the aggregate
unit 630 and the peak determination unit 632. It will be appreciated that these
graphs are provided for illustrative purposes and to aid the clarity of the previous

description.

It will be appreciated that common refence numerals and variables between Figures

have been used to represent common features.

Various improvements and modifications may be made to the above without

departing from the scope of the disclosure.
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CLAIMS

1. A vital signs monitoring system configured to estimate the heart rates of two or

more subjects using a plurality of subcarriers of a radio frequency (RF) signal.

2. The vital signs monitoring system of claim 1 comprising:

a receiver configured to receive the RF signal after its interaction with the
two or more subjects; and

an estimation system comprising a vital signs determination unit configured
to estimate the heart rates of the two or more subjects using the plurality of

subcarriers of the RF signal received by the receiver.

3. The vital signs monitoring system of claim 2, wherein:
the receiver comprises a first antenna and a second antenna; and

each of the first and second antennas are configured to receive the RF signal.

4. The vital signs monitoring system of claim 3, wherein:
the estimation system comprises:
i) a first phase signal circuit configured to determine a first phase
signal for each of the subcarriers of the RF signal received at the first antenna; and
ii) a second phase signal circuit configured to determine a second
phase signal for each of the subcarriers of the RF signal received at the second
antenna; wherein:
the vital signs determination unit is configured to estimate the heart

rates using the first and second phase signals.

5. The vital signs monitoring system of claim 4, wherein the estimation system
comprises:

a subtraction unit configured to determine a phase difference signal for each
subcarrier by subtracting the first phase signal from the second phase signal for each

subcarrier; wherein:
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the vital signs determination unit is configured to estimate the heart rates
using the first and second phase signals by using the phase difference signal for each

subcarrier to estimate the heart rates.

6. The vital signs monitoring system of claim 5, wherein the estimation system
comprises a first pre-processing circuit configured to pre-process the RF signal prior
to estimation of the heart rates by filtering out portions of the phase difference

signals of each of the subcarriers that are unrelated to heart rates.

7. The vital signs monitoring system of claim 6, wherein the first pre-processing
circuit is configured to pre-process the RF signal prior to estimation of the heart
rates by filtering out portions of the phase difference signals of each of the

subcarriers comprising frequencies unrelated to heart rates.

8. The vital signs monitoring system of claim 7, wherein the first pre-processing
circuit is configured to pre-process the RF signal prior to estimation of the heart
rates by filtering out portions of the phase difference signals of each of the

subcarriers comprising frequencies related to respiration rates.

9. The vital signs monitoring system of claim 7 or 8, wherein the first pre-processing
circuit comprises a band stop filter configured to filter out frequencies unrelated to
heart rates and/or a band pass filter configured to pass frequencies related to heart

rates.

10. The vital signs monitoring system of any of claims 7 to 9, wherein the first pre-
processing circuit comprises a power spectral density determination unit
configured to process the phase difference signals to determine a power spectral

density of each of the subcarriers.

11. The vital signs monitoring system of claim 10, wherein the vital sign
determination unit is configured to, for each of the subcarriers, identify n peaks in

power spectral density, where n is an integer that is equal to the number of subjects.
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12. The vital signs monitoring system of claim 11, wherein the vital signs
determination unit comprises a frequency selection unit that is configured to, for
each of the subcarriers, select the n frequencies having the highest power, thereby

identifying the n peaks in power spectral density of each subcarrier.

13. The vital signs monitoring system of claim 12, wherein the vital signs
determination unit comprises an aggregate unit configured to aggregate the power
spectral density peaks from the n frequencies selected by the frequency selection

unit of each of the subcarriers.

14. The vital signs monitoring system of any of claims 4 to 13, wherein each

subcarrier is accumulated at the receiver over a time period.

15. The vital signs monitoring system of any preceding claim configured to estimate
respiration rates of the two or more subjects using the plurality of subcarriers of the

RF signal.

16. The vital signs monitoring system of claim 2, wherein the vital signs
determination unit is configured to estimate the respiration rate of the two or more

subjects using the plurality of subcarriers of the RF signal received by the receiver.

17. The vital signs monitoring system of claim 16, wherein:
the receiver comprises a first antenna and a second antenna;
each of the first and second antennas are configured to receive the RF signal;
and
the estimation system comprises:
i) a first phase signal circuit configured to determine a first phase
signal for each of the subcarriers of the RF signal received at the first antenna; and
ii) a second phase signal circuit configured to determine a second
phase signal for each of the subcarriers of the RF signal received at the second

antenna; wherein:
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the vital signs determination unit is configured to estimate the
respiration rates using the firstand second phase signals to estimate the respiration

rates.

18. The vital signs monitoring system of claim 17, wherein the estimation system
comprises:

a subtraction unit configured to determine a phase difference signal for each
subcarrier by subtracting the first phase signal from the second phase signal for each
subcarrier; wherein

the vital signs determination unit is configured to estimate the respiration
rates using the first and second phase signals using the phase difference signal for

each subcarrier to estimate the respiration rates.

19. The vital signs monitoring system of claim 18, wherein the estimation system
comprises a second pre-processing circuit configured to pre-process the RF signal
prior to estimation of the respiration rates by filtering out portions of the phase
difference signals of each of the subcarriers that are unrelated to the respiration

rates.

20. The vital signs monitoring system of any of claims 19, wherein the second pre-
processing circuit comprises a second power spectral density determination unit
configured to process the phase difference signals to determine a power spectral

density of each of the subcarriers.

21. The vital signs monitoring system of claim 20, wherein the vital signs
determination unit configured to, for each of the subcarriers, identify n peaks in

power spectral density, where n is an integer that is equal to the number of subjects.

22. The vital signs monitoring system of claim 21, wherein the vital signs
determination unit comprises a frequency selection unit that is configured to, for
each of the subcarriers, select the n frequencies having the highest power, thereby

identifying the n peaks in power spectral density of each subcarrier.
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23. The vital signs monitoring system of claim 22, wherein the vital signs
determination unit comprises an aggregate unit configured to aggregate the power
spectral density peaks from the n frequencies selected by the frequency selection

unit of each of the subcarriers.

24. The vital signs monitoring system of any preceding claim comprising a

transmitter configured to transmit the RF signal.

25. A method of estimating the heart rate of two or more people using the vital signs
monitoring system of any preceding claim comprising:

receiving an RF signal; and

estimating the two or more heart rates using the plurality of subcarriers of

the RF signal.
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