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Abstract—Patient monitoring of vital signals such as breathing
rhythm and heart beat rate can be done remotely by the use of a
radar system. This approach is advantageous since it does not
require any contact with the patient. Obviously contactless
monitoring results in a more comfortable situation for the patient,
and in occasions it is almost mandatory as in the case of heavy
burnt or newborn patients. Moreover, additional information such
movement patterns are also available. A 120 GHz FMCW radar is
described with special focus on the design, construction and testing
of a specific reflector antenna for the system. The system is based
on a commercial radar chipset that includes its own antennas. The
challenge has been to design the optimum reflector and to build it
and test it in a cost effective way. The reflector has been 3D printed
and a near-field testing technique has been implemented to assess
its performance. The results show that the system is able to
measure the vital signs at distances beyond one meter.

Index Terms—Biomedical Telemetry, FM radar, Millimeter
wave radar, reflector antennas.

I. INTRODUCTION

EMOTE contactless measurement of vital signs such as

breathing rhythm and heart beat rate can improve patient
attention in clinical environments. In [1] a thorough review of
different technology approaches and their performances in
clinical environments is presented. Radar technologies are
appealing, but the reported systems operate at low frequencies.
In general, they are bulky and with high susceptibility to
environmental conditions such as multiple reflections. Early
proposals of remote monitoring systems based in radar
measurements of thorax movements can be found in [2] and [3].
More recently Doppler measurements to monitor vital signs
with continuous wave (CW) radars have been presented at
frequencies of 4, 16 and 34 GHz [4][5][6]. In this work, we
propose a real-time, contactless and non-obstructive system for
heartbeat and breathing rate monitoring operating in the ISM
band of 120 GHz. The system is an FMCW radar that allows
making accurate range measurements and the measurement of
small displacements as the ones produced in the chest by the
heartbeats. The use of an FMCW radar as compared to CW
radars allows to have accurate range positioning of the test
body. In this way it is possible to clearly identify return signals
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coming from the desired target and discard those undesired
returns coming from the uncontrolled environment. Also the
small wavelength of the carrier frequency allows the design of
small electromagnetic wave focusing elements. In this way a
small dimension non-intrusive device can be designed with
high immunity to interferences of co-sited equipment and
robust against unwanted reflections from the uncontrolled
environment. The paper has a system approach and it gives
special attention to the design of the specific antenna system.
The principles of operation of an FMCW radar are also briefly
presented to understand the operation of the system.

The rest of the paper is organized as follows. Section 2
describes the overall architecture of the system. In Section 3 the
design, construction and testing of the reflector used in the
system is explained. In Section 4 the experimental results are
presented. Finally, the conclusions are stated in Section 5.

II. SYSTEM DESCRIPTION

The functionality of the system is shown in Fig. 1. The goal
is to design an FMCW radar system placed at a distance of 1.5
m above a patient and being able to measure breathing rhythm
and heart beat rate from the displacement of the chest. The
system has to be of reduced dimensions, non-invasive and being
able to operate in uncontrolled environments.
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Fig. 1. Mockup of the system configuration.
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The range resolution achieved with the FMCW configuration
combined with the narrow antenna beamwidth provides
excellent spatial selectivity of the patient area of interest with
respect surrounding objects. The basic principles of FMCW
radar can be found in general and specialized radar textbooks
[7],[8], but to introduce notation that will be used later a short
mathematical derivation of FMCW detection is also presented
here. The basic scheme of an FMCW radar is shown in Fig. 2.
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Fig. 2. Basic scheme of an FMCW radar.

The transmitted signal changes its frequency linearly with
time as shown in Fig. 3 and it can be represented as a complex
exponential as in (1). Where o=2xf, being f the starting
frequency, and a is the chirp rate defined in (2).

i a2
ss=e j(wt+5t%) (1)
a = 21(fend—fstart) =2 B (2)
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If a target is at a distance R, the radar will receive the echo
signal with a round trip delay 7 as in (3). Where c is the speed
of light, and the received signal can be represented as in (4).
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As shown in Fig. 2, in a FMCW radar the detected signal is

the result of the beating between the transmitted and received

signal. Its time variation can be expressed as:

s(t) = cos (art + wt — aTTz) ®)

From (5) the detected signal corresponding to a target at a
distance R will have a frequency shown in (6), corresponding
to the first term of (5), and a linear phase term shown in (7),
corresponding to the second term in (5).

fR) =% ©)
@(R) = wr =22R = 4n§ )

The third term in (5) is a quadratic phase term, also

depending on the distance that for short distances can be
neglected in front of the linear phase term. The linear phase
term shows that for changes in range of the target of half a
wavelength the phase term will change 2m. Therefore, the
knowledge of the frequency of the detected signal provides a
measure of range of the target, while the signal phase evolution
along time shows the target radial motion with sub-millimeter
precision as evidenced in civil engineering applications of
FMCW radar [9]. As long as the small movements produced on
the chest due, for example, to the heartbeat, are significant in
terms of the wavelength that will cause phase changes on the
detected signal that can be measured.

f
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Fig. 3. Ranging with an FMCW radar

The front-end of the radar used for the prototype is based on
a compact sensor developed by Silicon Radar [10]. The chip
includes both the transmitting and receiving antennas and the
rest of the high frequency electronics. The radar is able to
operate at a center frequency of 122 GHz with a bandwidth of
up to 7 GHz. The nominal output power is -3 dBm. Since the
antennas on the chip do not provide the collimated beam
required for the desired application it is necessary to design an
optimum parabolic reflector that can be easily integrated. In
section IIT a detailed description of the design, construction and
testing of a parabolic reflector is presented.
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Fig. 4. Block diagram of the FMCW radar system.

Apart from the radar front-end, and the reflector antenna the
system requires additional elements to operate. The radar front
end has an internal VCO that provides a sample of the transmit
frequency divided by 64. Therefore, it is necessary to externally
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include the necessary elements to produce the chirp signal.
Below are described the rest of the parts of the system as shown
in Fig. 4: 1) DDS/PLL. It generates a triangular ramp signal
together with the necessary time references to synchronize the
system (trigger and sampling clock), it controls the VCO in the
RF frond end and closes the PLL to have an accurate frequency
control. The PLL has been designed to minimize the ramp
nonlinearities. 2) Signal Conditioning: It amplifies and filters
the I/Q signals received by the radar front-end using low-noise
amplifiers 3) ADC: It samples the signals to be able to be
processed by the computer, 4) CPU/Processing of the signal
based on Fourier Transform to obtain range resolution and
extraction of the vital signals of interest.

Despite the large signal bandwidth, the radar range resolution
is not sufficient to detect the small displacements of the
detected object (i.e respiration chest movement or heartbeat
chest deformation). However, the phase of the range cell peak
corresponding to the patient sensed spot provides the body
surface radial motion with a sensitivity of 3.47 um/° at 120 GHz
which is enough to monitor respiratory and cardiac functions.
In this way, the processing includes the following steps: A) Fast
Fourier Transform (FFT) of the received signal to obtain range
resolution, B) Peak detection in a preselected range interval to
locate the sample corresponding to the patient observed spot,
this allows target tracking in the event the patient moves and to
discard unwanted reflections coming from objects at other
distances C) Obtain the echo phase from the target peak
complex sample. D) Phase-Unwraping to avoid +/- n phase
jumps and phase to range conversion according to (7). E) Low-
Pass and Band-Pass filtering of unwrapped phase signal to
separate respiration and heart contributions to observed motion.
F) Calculation and display of respiration and heart beat
frequencies and trigger alarms in case of apnea, tachycardia,
cardiac arrest and other abnormalities.

II. REFLECTOR DESIGN AND CONSTRUCTION

For the detection of small chest movements, it is required to
have a collimated beam of about 10 cm diameter for distances
of the order of 1.5 m. As said before, the radar is based on an
integrated 120 GHz transceiver made by Silicon Radar model
TRX 120 001 [10]. The transceiver includes an integrated set
of transmitting and receiving antennas. As shown in Fig. 5 each
set of antennas is a 2 by 2 array of microstrip patch antennas.
Assuming a uniform excitation of the elements of the array, a
straightforward analysis shows that the resulting radiation
pattern has approximately 45° half-power beam widths in both
planes. This wide radiation pattern results in unwanted radar
interferences created by other objects around the patient and
low Signal-to-Noise ratio. Thus the radar patient observation
has been substantially improved with the design of a specific
beam-collimating element that is minimally intrusive with the
radar operation.

1.3 mm

Fig. 5. Antennas of the radar transceiver. One array is the transmitter and the
other the receiver.

Two simple collimating elements are possible, a lens or a
parabolic reflector. The choice of the lens is discarded because
of the losses that would be introduced, both in the dielectric
material of the lens and also due to the mismatch in the lens-air
interfaces. In consequence, the parabolic reflector option is
preferred. To avoid blocking losses and simplify the assembling
procedure of the set-up a 90 degrees offset reflector geometry
is chosen. The first step is to assess the footprint that a 10 cm
diameter aperture would produce on the target. At a frequency
of 120 GHz (A= 2.5 mm) the Fraunhofer or far-field distance of
a 10 cm aperture diameter reflector is at 8 m. Therefore, our
zone of interest is within the near-field region of the reflector.
Before proceeding with any further electromagnetic analysis
and in order to assess the footprint that a 10 cm diameter
reflector produces on a target at a distance of 1.5 m a Gaussian
beam propagation approach can be used to estimate the
collimating effect of the reflector. The aperture has 40
wavelengths of diameter and it is assumed a Gaussian field
distribution on the aperture of the type:

r 2
U= e_(W_o) (8)
where r is the radial distance from the aperture center and wo is
the waist radius of the field distribution on the aperture. The
waist radius w of the field distribution as a function of the
distance z from the aperture is given in eq. (9) and z: is the
Rayleigh range given by (10) [11].

28 = [T+ @/z,)? ©)
z =" (10)

Where A is the wavelength. Finally, for a given taper 7 in the
aperture field distribution expressed in dB as positive number
the field waist in the aperture can be approximated as:

w2 =" 20log(e) (11)
where ra is the radius of the aperture. Fig. 6 shows the waist
radius as a function of the distance to the aperture for different
values of the aperture field taper. It is observed that at a distance
of 1.5 m the waist radius is for all the cases of the order of 5 cm,
which is the design goal.
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Fig. 6. Waist radius as a function of the distance to the aperture.

Once it has been shown that a reflector with an aperture of
10 cm diameter produces the desired illuminating spot on a
target at 1.5 m, the main challenge is to design and build an
optimum reflector for the radar system. The geometry of the
antenna system is shown in Fig. 7. The reflector is a 90 degrees
offset reflector. The reason is to avoid blocking effects from the
radar system. Notice that as shown in detail in Fig. 5 there are
two sets of antennas, one for transmission and the other one for
reception. It is clear that the arrays cannot be placed on the
focus of the parabola and they are not contained on the focal
plane. Notice that the focal plane of the reflector is in the xy
plane and the feeding antennas are displaced on the xz plane.

In Fig. 8 the geometry of the parabola is shown. The focus is
at the origin of the coordinate system and the parabolic curve is
described in a parametric form as a function of the angle a as:

)

y = 2ftan (%) (13)

Where f'is the focal length. The offset reflector is constructed
by intersecting the symmetric parabolic surface by a shifted
cylinder with its axis parallel to the parabola symmetry axis.
The diameter of the cylinder determines the aperture diameter.
For a 90 degrees offset reflector yoffset is twice the focal length.
For this application the parameter to optimize is the focal length
of the reflector, since for the operational conditions the aperture
diameter is set to 10 cm and to avoid the blockage produced by
the radar a 90 degrees offset is desired. For a focus fed reflector
the optimization of the focal length to maximize the antenna
directivity is straightforward. In our case as it has been
explained before the feeding gl,}e&nas are not in focus.

(12)

Fig. 7. Geometry of the antenna system.

Referring to the coordinate system that describes the reflector
geometry of Fig. 7, the feeding antennas will be displaced 1.3
mm along the x axis and 0.6 mm along the z axis. This
displacement will result in the maximum of the radiation pattern
not pointing towards the broadside direction, the z axis, and a
distortion on the radiation pattern. The consequence is that the
maximum of radiation pattern for the transmitting and receiving
antenna are not in the same direction. In [12] a detailed analysis
of the effects of displacing the feed of the focus can be found.
In the present design the only free parameter is the focal length
of the reflector. A PO analysis of the reflector has been done. It
is assumed that the reflector is in the far field of the feeds and
the aperture fields on the reflector are numerically computed.
The feed radiation pattern has been simulated assuming a
uniformly fed 2 by 2 microstrip patch array with the dimensions
shown in Fig. 5. From the aperture fields the radiation pattern
is found.

Fig. 9 shows the evolution of the maximum directivity of the
10 cm 90 degrees offset reflector with the feeder out of the focus
and displaced 1.3 mm along the x axis and 0.6 mm along the z
axis. One curve shows the value of the maximum directivity
that does not occur at the broadside direction, which is achieved
with a focal length of 40 mm. Nevertheless, the goal is not to
maximize the maximum directivity, but the value of the
directivity on the broadside direction, that is 6=0. In this case,
the optimum focal length is 60 mm. For this focal length the
beams of the transmitting and receiving antennas overlap in the
broadside direction with a directivity of 36.5 dB.
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Fig. 8.  Geometry of the 90 degrees offset reflector.
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Fig. 9. Evolution of the 10cm 90° offset reflector directivity as a function of the
focal length.

For the focal length of 60 mm the reflector has a spill over
efficiency of 0.56, an illumination efficiency of 0.91 and a
polarization efficiency of 0.9, so the overall efficiency is 0.46
or 3.14 dB. Fig. 10 shows the simulated field distribution
produced at distance z=1.5 m by the reflector when it is
illuminated by each one of the feed antennas. In the figures the
field has been normalized to the maximum and the
circumference circumscribes the area that contains 90% of the
energy. It is observed that the maximum of the field is not in the
boresight direction and the diameter of the illuminated area is
approximately 10 cm. In Fig. 11 the product of the field
produced by the transmitting and receiving antennas at a
distance of 1.5 m is shown. It must be observed that as result of
the design process when the combined transmitting and
receiving performance is observed the maximum is at the
broadside direction. Although the results are shown for a
distance of 1.5 m, the operation of the system can be extended
to longer ranges. Fig. 12 shows the percentage of power
contained in a circumference of 10 cm of diameter centered in
the broadside direction as a function of the distance. It must be
noticed, that the system is not focused in the near range at a
given distance, but it is focused on the far field. Fig. 12 shows
that extending the range of operation to 2 or 2.5 m results in a
beam spreading of the collimated beam, but the system can still
be operated.

In order to manufacture the reflector in a cost effective way
it has been 3D printed. The reflector has been printed on a
SIGMA 3D printer manufactured by BCN3D and the process is
described in [13]. It involves the printing of the reflector on a
plastic material and afterwards the metallization of the surface
by electroplating. The result can be seen in Fig. 7.

In order to assess the correct operation of the reflector
antenna the set-up of Fig. 13 has been implemented. In the
figure the radar with the reflector can be seen and at a distance
of 1.5 m a two axis motorized linear system has been placed
vertically. A low reflectivity Styrofoam support has been used
to hold a 1 cm diameter pushpin acting as a target. The target
has been scanned on a planar surface and the received signal by
the radar has been recorded for each position. The measured
signal is directly related with the field distributions on the
measurement plane.
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Fig. 10. Field distribution produced at distance z=1.5 m by each one of the feed
antennas: TX Antenna and RX Antenna.
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Fig. 11. Product of the normalized field distribution produced by the
transmitting and receiving feed antennas at a distance of 1.5 m.
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Fig. 14 shows the measured results of the field distribution
and they are compared with the theoretical ones. The
theoretical ones correspond to the horizontal and vertical cut of
the results shown in Fig. 11.
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Fig. 12. Percentage of power contained in a circumference of 10 cm of diameter
centered in the broadside direction as a function of the distance.

The results show the good performance of the reflector as
compared to the simulated results, also the Gaussian beam
behavior is clearly shown. In the vertical cut some deviations
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are observed from the theoretical values. Due to the large
spillover losses of the reflector, one of the causes of this
behavior can be a reflection in the supporting structure of the
reflector.

X-y positioner

pushpin

Fig. 13. Set-up in order to assess the correct operation of the reflector system,
with the x-y positioner frontal absorbing material removed.
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Fig. 14. Measured results of the field distribution for the set-up in Fig. 13
compared with the theoretical ones. (a) horizontal cut, (b) vertical cut.

IV. SYSTEM RESULTS

Once the antenna system and the radar have been integrated
it is necessary to perform a system evaluation. The first point is
to assess potential health hazards. The nominal transmitted
power is Pt=-3 dBm with a reflector spillover efficiency of -2.5
dB. As shown theoretically and in the measurements, the
surface where the radiated power is concentrated can be
approximated by a circle of 10 cm diameter. Therefore, the
incident power density is 0.036 W/m?. The ICNIRP reference
levels for general public exposure in the frequency range
between 2 and 300 GHz is 10 W/m?[13]. The exposure level is
more than 100 times below the reference level.
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Fig 15. Range profiles obtained with a calibration sphere of -34 dBsm of RCS
at different ranges.

The chip manufacturer does not provide nominal values for
the receiver noise figure. In order to obtain the system
sensitivity, the radar cross section (RCS) of a metal sphere of
radius a=11 mm has been measured at a distance of 1, 1.25, 1.5,
1.75 and 2 m. At a frequency of 120 GHz the monostatic RCS
of the sphere is 6=-34 dBsm. Fig. 15 shows the overlap of the
measured signal with the calibration sphere at the five
measurement distances. The result confirms the simulated beam
collimation results shown in Fig. 12, as there is a certain
reduction in the received signal due to the beam spreading, but
much less as it would be expected in a far field condition. In
order to estimate the signal to noise ratio (SNR) for the sphere
at the position of 1.5 m, 1000 measurements have been taken to
estimate the average, §and the variance, 02 of the received
signal. The SNR can be estimated as

1512

SNR == (14)

The measurements have shown a SNR of 34.7,43.5 and 53.2
dB with averaging factors of 1, 10 and 100. These results show
a consistent behavior of an improvement of 10 dB in SNR when
the averaging factor is increased by a factor of 10, and they give
an estimation of the system sensitivity. It can be expected that
for a desired SNR of 10 dB and no averaging the sensitivity of
the system is of the order of -58 dBsm at 1.5 m.

It is also necessary to have an estimation of the RCS of a
human torso. Fig. 16 shows the comparison of the
measurements of the same dressed human torso at normal
incidence and with an angle of 30°, compared to the -34 dBsm
sphere. It can be observed that for normal incidence the
received signal is about 10 dB above the one produced by the
reference sphere. Further measurements should be done with
different body types and incidence angles to have a more
complete knowledge of value ranges of the expected received
signal with the designed system. Nevertheless, with the
measurements conducted so far a SNR better that 10 dB is
clearly achievable at measurement ranges up to 2 m.
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Fig. 16. Measurement of a human torso compared to the reference sphere of -
34 dBsm.

To complete the assessment of the system it is necessary to
evaluate its sensitivity to measure chest movements due to the
heartbeat. In [15] chest movements between 0.5 and 1 mm due
to heart beating are reported. Considering that the carrier
frequency is 120 GHz and the wavelength is 2.5 mm, chest
movements due to heart beating should produce measurable
phase changes in the detected signal according to (7).
Nevertheless, the limited signal to noise ratio in the
measurements will cause errors in the estimation of the
frequency and phase of the received signal and these errors will
translate in range measurement errors. In [13] it is shown that
the Cramer-Rao bound (CRB) for the variance of the range error
due to a limited signal to noise ratio is:

12
r R > start
va ( ) — (2m)2N-SNR

(15)

Where Astart is the wavelength at the starting frequency and N
is the number of samples used to do the frequency and phase
estimation through the FFT. For N=2048 samples and SNR of
10 the standard error of range has a lower bound of 2.7 um. In
[16] it is shown that in practice the standard error can be 6 or 7
times larger due to system imperfections. In any case even with
a limited SNR of 10 the range error can be of the order of 30
pm, which is one order of magnitude below the displacements
that need to be measured.

The final test has been to measure the heart rate and the
breathing rhythm using the radar. Fig.17 shows on the top the
experimental set-up. The test subject is sitting at approximately
1.5 m of the radar that is pointing at the upper part of the torso.
The measurements have been conducted in a lab environment
without any particular arrangement in order to reduce
background reflections. In order to validate the measurement, a
BIOPAC data logger equipped with a respiration belt
transducer and photoplethysmogram (PPG) transducer able to
measure respiration rate and heart beat rate has been used
simultaneously with the radar acquisition.

Repeated trials observing the vital signs of a group of 8
volunteer students of both genders with ages between 22 to 24
years have been carried out to assess the robustness of the
technique. Several data takes were acquired lying in supine

(face up) position in 3 different breathing conditions: apnea,
normal breathing, and forced abnormally deep and fast
breathing. Radar observations were carried out from vertical or
oblique directions with similar performance if the radar
incidence is approximately perpendicular to the observed spot
of the thorax. The respiratory signal was always observed and
the associated frequency successfully obtained due to its large
amplitude. In contrast the heart rate detection was found to be
affected by the larger respiratory component. In apnea
condition the heart rate was correctly detected in all 100% tests,
in normal breathing condition the heart rate was correctly
measured in 88% of the cases and in forced deep/fast breathing
the heart rate was correctly detected in 50% of the tests
indicating insufficient separation between respiratory and heart
components of the measured motion

PPG transducer

respiration belt transducer

4 T T T T T
— Radar {11.5
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Fig. 17. Measurement set-up (top) and breathing rhythm measurement results
(bottom).

Figure 17 (bottom) shows the chest displacements due to
breathing measured with the radar and obtained from the phase
term of (5). It is compared with the signal measured by the
respiration belt transducer. Around the 15 second mark an
apnea has been simulated and it is clearly seen the agreement
between the recordings done with both sensors. The 2 mm chest
movements due to the breathing are clearly measured. Since the
movements due to the heartbeat are much smaller it is necessary
to apply a band pass filter to remove the low frequency
components associated to the breathing rhythm. Fig. 18 shows
the results of a measurement when a band pass filter from 0.4
to 2 Hz is applied to the measured signal of Fig. 17. Chest
movements of 0.2 mm are clearly measured and the
correspondence with the registered signal by the PPG
transducer is clearly shown. Notice that for a better comparison
the two signals of Fig. 18 have been time aligned, as there is a
delay from chest movements and readings by the PPG
transducer on the finger.
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Fig. 18. Comparison of a heart beat measurement between the radar and PPG
transducer.

V. . CONCLUSIONS

In this paper we have presented a non-contact and non-
obstructive system for vital sign monitoring using a 120 GHz
FMCW radar. The results show that heart beat and breathing
rate can be extracted accurately. The system can be operated in
a clinical scenario due to its immunity to unwanted reflections.
It has also been shown the necessary sensitivity to measure at
distances of 1.5 m. The availability of chipsets working at this
frequency and the 3D printing of the parabolic reflector allows
a relatively low-cost integration of a reduced dimensions
system.

Once the sensitivity of the system has been demonstrated
future work will encompass thorough clinical tests to assess the
performance and accuracy when used in patients of different
ages, gender and body types. Further work on the motion signal
post-processing is required to improve the respiratory and
cardiac component separation of the observed compound
motion. In addition, the possibility to detect distinct anomalies
such as: bradycardia and tachycardia or apnea and
hyperventilation detection must be further investigated.
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