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Abstract—This paper presents a system for touch-less
heartbeat detection and a cardiopulmonary signal mdeling
approach. Using a vector network analyzer, a microave
system is tested for the detection of the heartbeatignal at a
distance of 1 m from a person. The proposed systeshows the
ability of detecting the heartbeat signals with thepossibility of
tuning both frequency and power. Measurements are
performed at 2.4, 5.8, 10, 16, and 60 GHz, as waH at different
power levels between 0 and -27 dBm. Based on measments
performed for both respiration and heart beatings, a model
representing the cardiopulmonary activity is preseted. The
heartbeat rate and the heart rate variability are etracted from
the modeling signal using wavelet and classic filtg, for SNR
between 0 and -20 dB.

I. INTRODUCTION

HE utility of microwave Doppler radar used in hom

monitoring has recently increased. Electrocardiogra
are perturbing for patients with conditions such tasn
victims or newly born infants. Based on the Dopplezory,

efore the
&

were described in [9, 10] using a low power dowitkeband
transmission signal. Recently, a new study shows th
possibility of detecting the presence of a predoough a
wall using Ultra-Wideband (UWB) radar [11]. Some
experiments are preformed to detect life signs gughre
4-7 GHz band with 1 mW power and around 7 dB amtenn
gain [12]. Another system operating at 10 GHz shibivee
ability to detect the heart and the respirationvagtof a
person behind a wall [13].

In this work, a new microwave system for heartbeat
detection is proposed. In addition to the installat
simplicity, the proposed system has the abilityuming both
frequency and power. This is useful in determinthg
optimal frequency with the minimum transmitted powe
implementation process. Note that the
transmission of a signal with minimum power woulldafer
for both the patient and the medical staff. Basedreal
experiments, a model representing the cardiopulmyona

a target with a quasi-periodic movement reflects thactivity is proposed. The separation of the heattlamd the

transmitted signal with its phase modulated by ftinee-
varying position of the target [1]. Hence, the eefed signal
off the person’s chest contains information abdat ¢hest
displacement, due to heartbeat and respirationth®mther
hand, while holding breath, the reflected signhgbedwls on
the chest displacement due to heartbeat alone.chbst
displacement variation, caused by respiration,esvben 4
and 12 mm [2]. However, the chest displacement tue
heartbeat alone ranges between 0.2 and 0.5 mnAlR3]. at
rest, the respiration rate corresponds to a freguehat
varies between 0.1 and 0.3 Hz, while the hearthat
corresponds to a frequency that varies within tH& Hz
interval [4].

Related work was intended to detect life signs g,
respiration rates and heartbeat rates, using fikegluency
and fixed power of the transmitted signal. Operatat 1.6
GHz and 2.4 GHz, direct-conversion Doppler radaageh
been integrated in 0.25um CMOS and BICMOS
technologies [7]. Heart and respiration activitiggere
detected using a modified Wireless Local Area Netwo
PCMCIA card, and a module combining the transmitiad
reflected signals [8]. Other systems operatindh@nKa-Band
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respiration signals is achieved using wavelet atabsec
filtering, and at low Signal to Noise Ratio (SNRhe rest of
the paper is organized as follows: Sections Iken¢s the
proposed system and shows the heartbeat signaisteidtat
different operational frequencies and different iaset
powers. Section Il states the proposed model ssmting
the cardiopulmonary signal. Section IV shows theults in
extracting the heartbeat rate and the Heart RateaMbty

(HRV) upon applying several processing techniqueshe
modeling signals. Section V concludes the work.

Il.  MULTI-TUNABLE SYSTEM

A. Proposed System

The proposed system is based on using a Vectorddetw
Analyzer (VNA) (Agilent N5230A 4-Port) operating up
20 GHz, and two horn antennas. Many features are
accessible by using a VNA, such as the choice efstheep
time and the number of measurement points; thexetiie
sampling rate. In addition, the frequency and theéiated
power of the transmitted signal can be set and fiegdidiand
the time variation of the phase of the transmissinefficient
S;1 can be measured. Due to the limited frequencyGRi@)
of the VNA, an up-conversion method is used in oride
obtain a 60 GHz signal. The proposed system operatt



several frequencies and the RF blocks of the 60 &gtzal
are described in details in [14].

was to minimize the radiated power. This includethithe

transmitted power and the antenna gain. Operating.4a

The VNA generates a Continuous Wave (CW) signal &Hz, the proposed system shows the capability tectle

the desired frequency. The reflected signal off ikeson’s
chest is received by the antenna and fed backtfietd/NA,

body motions due to heart-beating at a radiatecepas low
as -27 dBm; this value corresponds to the genepdesr of

where the phase ofSis computed. This phase correspondthe VNA (-40 dBm) added to the antenna gain (~13.dB

to the difference between the phase of the receawvetithe
transmitted signal. Measurements are performedeagral
frequencies: 2.4 GHz, 5.8 GHz, 10 GHz, 16 GHz, &ad
GHz.

B. Heartbeat Sgnals Detected at Different Frequencies

At a distance of 1 m from a 27 years old persond, @&n-10
dBm total output power, the system was tested férdnt

frequencies: 2.4 GHz, 5.8 GHz, 10 GHz, 16 GHz, &ad
GHz. The heartbeat signal detected at 2.4 GHzasvshn

Fig. 1(a) where a phase variation of 1.57° is olesr The
heartbeat signal detected at 5.8 GHz is shown gn Hib)

where a phase variation of 3.66° is observed. Qipgrat 10
GHz, our proposed system indicates a phase variatfo
5.27°, as shown in Fig. 1(c). Operating at 16 GHar

proposed system indicates a phase variation of610a4
shown in Fig. 1(d). The heartbeat signal detectadgu60
GHz signal is presented in Fig. 1(e) where a pkasiation

of 43.85° is observed. The difference in the phas@tion

due to heartbeat, detected at different frequen@eshown
in Fig. 1(f) where the heartbeat signals for difar
frequencies are plotted with the same scale. Fropnto

bottom, Fig. 1(f) shows the heartbeat signal detedtom

2.4 GHz to 60 GHz. Higher sensitivity to small desgment
is obtained at higher frequencies.
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Fig. 1. Phase variations due to heartbeats detatted GHz (a), 5.8
GHz (b), 10 GHz (c), 16 GHz (d), and 60 GHz (e).

C. Heartbeat Sgnals Detected at Different Radiated
Powers

In order to avoid any possible interaction betwelea
electromagnetic radiation and the human organish,adter

Starting at -2 dBm and decreasing the power byp sf 5
dB down to -27 dBm, our system still detects tharhe
activity, as shown in Fig. 2. Fig. 2(a—f) show resjvely,
the heartbeat signal detected using 2.4 GHz opewti
frequency and for a radiated power of -2 dBm, -fngB12
dBm, -17 dBm, -22 dBm, and -27 dBm.

M

2 4 6 8 10 2 4 6 8 10
@) ®) ©

156.2 1726

=tk -
122:% w i

|
172.4

172.2

&=
N

155 171.6

171.4

Phase (degrees)

161.4 100.5

161.2

161
160.8
160.6

160.4 I 99

160.2

2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
(d) (e) ®
Time (seconds)

Fig. 2. Phase variations due to heartbeats detatt2d GHz with
radiated power of -2 dBm (a), -7 dBm (b), -12 dB1j ¢17 dBm (d),
-22 dBm (e), and -27 dBm (f).

Even though the heartbeat signal detected at -2m dB
shows low SNR, the peaks of the signal are detkctéhis
noteworthy to mention that the presented resuéspaior to
any filtering or smoothing techniques.

A model, representing the cardiopulmonary signal
detected using the proposed microwave system, e al
presented in this work. The cardiopulmonary sigrmaisists
of the combination of two signals representing libartbeat
and the respiration signals. Simulated in Matl&ese two
signals are modeled to fit the heartbeat and thpinagion
signals detected at 5.8 GHz and for a total oupmuter of
-12 dBm.

A. Modeling Procedure

Both heartbeat and respiration signals are modelid
linear equations; i.e. each pulse (beat or braath)odeled
with two concatenated linear functions. The propos®del
takes into account three main features: the faature is to
preserve the amplitudes of the measured signalss Th
guarantees a constant ratio between the amplitdidineo
heartbeat signal and the amplitude of the respimasignal.
The second factor taken into account is the heatrttmte.

CARDIOPULMONARY MODELING

verifying the feasibility of the proposed systefre next step This variable is extracted from the original sigrad
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considered as a reference to which the heartb&atofahe
filtered signal is compared. The third factor ie tieart rate

B. Processing Procedure
A white Gaussian noise is added to the combinaifahe

variability. - The cardiopulmonary signal is modeledeartheat signal and the respiration signal. Theergamples

according to the following relation:

e
v

are generated as pseudo-random values drawn framaal
distribution with mean zero and standard deviatmre
(o0, =1). The amplitudes of the heartbeat and the regpirat
signals are decreased by the same ratio in orddrate
different SNR levels. Then the separation of thartheat

where Au and Bu represent the coefficients of the up-sid@nd the respiration signals is processed usingereifi

curve of a pulse and\d andBd represent the coefficients of
the down-side curve of a puls&u (i) and X (i) represent

respectively the durations of the up- and downssidé a
pulse. The sum of these two durations forms thatéur of a
single pulsen (N=2n)

is the number of pulses (beats for

techniqgues at each SNR level. The SNR values are se
between 0 and -20 dB. The relation between the iardpk
of the heartbeat signal and the SNRs is as follows:

= 20*l0g; o Axt

SNR(dB) = 20* log, il
o

n

@)

heart beating and breathes for respiration). Foe th Tpe amplitude of the heart signal is calculatecbetiog

respiration signal,Au has an average of 0.0234 and a _ .
standard deviation of 0.007Bu has an average of -8.625510 A = Ayt

and a standard deviation of 1.8644d has an average of
-0.0259 and a standard deviation of 0.008@. has an
average of 9.3009 and a standard deviation of 5.4B64r

V3. Keeping the same ratio between the

amplitude of the respiration signal and the amgétwf the
heartbeat signal, the respiration signal is catedlaas
Ar=Ah/ratio.

the heartbeat signahu has an average of 0.0096 with a Eqr each value of the SNR between 0 and -20 di, &

standard deviation of 0.001Bu has an average of -1.409
and a standard deviation of 0.394d has an average of
-0.0204 and a standard deviation of 0.00B8. has an
average of 1.4394 and a standard deviation of @.3%0has
an average of 0.56 seconds and a standard deviafion

0.0624.Xd has an average of 0.28 seconds and a stand%

deviation of 0.0588. The values #f are set based on the

performed measurements. Hence, the HRV is praltyticalr

conserved. The measured heartbeat signal and tdelimgp
signal are shown in Fig. 3. Compared to the medssigmnal,
the proposed model shows an accuracy of 100% imstef
heartbeat rate while it shows a mean relative esf@.12%
in terms of HRV.

——Measured heartbeat signal
—Modeling heartbeat signal
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Fig. 3. Phase variations due to heartbeats detatte® GHz Vs the
modelin¢ heartbeat sign:

step, different processing techniques were useskbparate
and to compute the heartbeat rate and the HRV. fif$ie
method used to determine the mean value of thetbiesar
rate is based on the fast Fourier transform (FFhg second
gthod used to determine the heartbeat rate islbas¢he
etection of the signal’'s peaks. On the other hémel heart
ate variability requires peak-to-peak detectionug, a Peak
Detection Method (PDM) is applied to the signalhisT
technique is based on tracking the maximum value in
sliding window. The size of the window is 2 secoads the
minimum and maximum durations between two conseeuti
peaks are 0.5 and 1.5 seconds respectively. Thelsesv
correspond to a heartbeat rate between 30 and d#8 per
minute. Two filtering techniques are used in order
eliminate the respiration signals: the first teclus is to
apply a high-pass type-1 order-4 Chebyshev filtgh 0.6
Hz cut-off frequency. The second technique is t@hap
wavelet filter. The wavelet transform with Daubeshi
wavelets order-4 (db4) is used. The wavelet decaitipn
of the signal is obtained at level 8, and then detail
coefficients are reconstructed in order to obth@teartbeat
signal. The FFT is applied to the modeled cardimaunary
signal, to the Chebyshev filtered signal and to waelet
filtered signal. However, the PDM is applied to thavelet
filtered signal.

IV. RESULTS HEARTBEAT RATE AND HEART RATE
VARIABILITY

Wavelet transformation has been applied in differen
applications in biomedical signal processing [16]. Due to
its capability of providing a multilevel analysthe wavelet
transform shows better performance over classittat< in

the separation of the heartbeat signal from the



cardiopulmonary signals. The use of wavelet tramsfovith  rate with high accuracy even at -20 dB SNR. Howgver

4" order Daubechies wavelets shows the possibility tcassic filters lack in providing accurate HRV exdtion. On

extract the HRV from the heartbeat signal at very ENR. the other hand, wavelet filters show high accul@®8%) in
The extraction of the mean of the heartbeat ratenupextracting both the heartbeat rate and the heae ra

applying the FFT to the original signal and to fiiered variability.

signal shows an average error less than 1% ovethall  Our future work will focus on generalizing the posed

simulations between 0 and -20 dB. The extractiorthef model by performing measurements with differentjects

heartbeat rate upon applying the PDM to the Chebyshand under different breathing circumstances.

filtered signal shows a mean relative error abolit%®
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