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Abstract— The integration of wireless sensors into the auto-
motive industry is making vehicles increasingly safe and au-
tonomous. At present, vehicles are equipped with external sen-
sors that facilitate maneuverability and braking and internal
sensors that detect presence, seat belt state, and occupant vital
signs. Early detection of dysfunctional breathing patterns can
reduce the risk of accidents caused by drowsiness or fatigue.
In this regard, this work presents a MIMO FMCW Radar System
able to distinguish dysfunctional breathing patterns from human
torso motion. The torso has been divided into six regions, and
the amplitude of the elongation and the frequency of motion
of each region have been measured during breathing. An elon-
gation map is then constructed in order to graphically show
the dysfunctional breathing patterns. The signal processing
includes a peak search algorithm to detect elongation amplitude
and a band pass frequency filter to minimize DC-component,
random driver motion, and vehicle vibration. A torso elongation
emulator phantom has been assembled with materials of skin-
like relative permittivity and DC motors for calibration and validation of basic breathing patterns. Finally, the signal of the
system is compared with that of a commercial respiration belt, and then the system is tested by performing measurements
on people. The MIMO radar system is able to measure, differentiate, and classify patterns associated with dysfunctional
breathing such as hyperventilation syndrome and thoracic dominant breathing.

Index Terms— FMCW radar; Dysfunctional breathing; In-Cabin; MIMO radar; Elongation map; mm-Waves; Breathing
patterns.

I. INTRODUCTION

In the last few years, vital sign monitoring inside of
vehicles has attracted considerable interest of the scientific
community, as well as the automotive industry, because it
represents an important advance in the achievement of a
secure autonomous vehicle [1], [2]. Furthermore, according
to the Global Status Report on Road Safety, launched by the
World Health Organization (WHO) in December 2018 [3], the
eighth cause of death for people of all ages is road traffic
accidents, reaching 1.35 million annual deaths. Additionally,
the report shows that the four leading causes of death are
ischemic heart disease, stroke, chronic obtrusive pulmonary
disease, and lower respiratory infections. Related research
supports the notion that the number of traffic accidents can
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be reduced by early detection of abnormal vital signs [4],
[5]. Vital sign indicators basically include pulse, temperature,
respiration rate, and blood pressure. The human breathing rate
is most sensitive to changes in human health status and is a key
indicator of adverse events like sleepiness, fatigue, or stress
arising from long driving time [6].

In the area of vital sign monitoring research, many efforts
have been made to accurately measure the breathing rate and
heart beat. Some methods rely on wearable contact systems
such as wristbands, chest straps, or compression garments [7]–
[10]. Despite their high precision and ease of assembly,
contact systems may cause discomfort to the subject due to
continuous skin contact. Non-contact vital sign monitoring
systems, by contrast, are a non-invasive technique pioneered
by cameras [11], [12] and powered by recent advances in
wireless sensors, e.g., radars. Regarding radar systems, it is
possible to differentiate between systems tested in rooms or
open spaces [13]–[17] and those tested inside a vehicle [18]–
[20].

In this work, a new contacless method to monitor the
functional breathing of a driver inside a vehicle is proposed.
It is based on continuous selective scanning of six regions
of the frontal torso using a 120GHz FMCW MIMO Radar
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System, making it possible to manufacture small-sized sensors
with low energy consumption and non-intrusive placement
in the vehicle. The proposed radar lensed arrangement may
have higher effectiveness with comparable costs to the optical
camera systems.

Within the framework of this work, the term ”elongation
mode” has been introduced to refer to both the amplitude of
the elongation and the frequency of the motion of six torso
regions during breathing in real-time [21]. The elongation
mode measurements are used to produce an elongation map
of the torso, able to visually show the breathing functional
state of the person inside a vehicle. The elongation maps are
then compared to dysfunctional breathing patterns related to
the emotional and physiological state of the person, which
can have a negative impact on driving, such as hyperventila-
tion syndrome and thoracic dominant breathing, as classified
in [22].

Furthermore, this work presents: (i) a novel radar-based
method for detecting dysfunctional breathing patterns by
means of elongation mode measurements of the front of the
human torso of a driver; (ii) numerical simulations to establish
the optimal pointing and focusing angles for six torso regions;
(iii) measurements performed on a torso elongation emulator
phantom based on DC-motors and dielectric characteristics of
human skin; and (iv) real-time experiments for breathing rate
detection and dysfunctional breathing classification. The paper
has been organized as follows. First, an introduction is pre-
sented in section I. Section II, then provides a functional study
of breathing, which includes a review of relevant related works
as well as an examination of the operation of the In-Cabin
MIMO Radar System. Next, an experimental demonstration
of the system is provided in Section III. Finally, Section IV,
summarizes the work and provides conclusions.

II. THEORETICAL BACKGROUND AND SYSTEM
DESCRIPTION

In order to establish the capabilities and limitations of the
proposed system, an in-depth study on the emerging concept
of dysfunctional breathing patterns is presented in this section.
Then, the theoretical basis that supports the conversion of
a physical magnitude to an electromagnetic signal and the
processing of such a signal is also explained.

A. Dysfunctional Breathing Study
During the respiratory process, the variation in lung volume

and thoracic cross-section shows a linear correlation with
displacement of the rib cage and abdomen, as measured
through magnetic resonance imaging in [23]. In [24], the
torso movements during deep and quiet breathing were studied
by spirometry. The average respiratory rate was 14.0 and
7.4 breaths per minute, during quiet and deep breathing,
respectively. In [25], authors found that there is less abdominal
movement in females than in males, except in the supine
position, and that the thoracic displacement is greater than
the abdominal one during quiet and deep breathing in the
sitting position. Measurements were done by means of a 3-
dimentional motion capture system.

Numerous medical issues, such as potential injury or
metabolic disorders, might cause the breathing rate (BR) to
become irregular [26], [27]. Shallow, deep, rapid breathing
patterns along with irregular movement of the torso can all
be signs of dysfunctional breathing. Dysfunctional breathing
is a term used to refer to disorders of breathing patterns
that occur as a physiological response to a disease and can
cause dyspnoea and other symptoms [28], [29]. Dyspnoea
is an uncomfortable sensation of not being able to breathe
properly [30]. According to [22], dysfunctional breathing can
be classified into five different patterns:

1) Hyperventilation syndrome is excessive deep rapid
breathing caused by anxiety, heart diseases, and lung
pathologies [31]–[33].

2) Periodic deep sighs are breaths accompanied by an
irregular respiratory pattern [34], [35].

3) Thoracic dominant breathing may be caused by some
somatic diseases, or in the case of not relying on a
disease that is considered dysfunctional and produces
dyspnea. This type of breathing often occurs in patients
with increasing ventilation [36], [37].

4) Forced abdominal breathing is accompanied by exces-
sive abdominal muscle contraction [38], [39].

5) Thoraco-abdominal asynchrony occurs when there is
a delay between the thoracic and abdominal contrac-
tions, which results in an ineffective breathing mecha-
nism [40], [41].

B. MIMO Radar system operation
The MIMO radar system is composed of three main stages:

the radar signal conditioning, the received signal processing,
and the generated real-time elongation map for dysfunctional
breathing detection. Fig. 1 shows a block diagram of the
system operation.
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Fig. 1: MIMO radar system. The block diagram show the
different phases of the system.

The incident sincij (t) and reflected srefij (t) radar signals are
multiplied to obtain the intermediate frequency (IF) signal
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sIFij (t) at 200MHz. The variable rij(θ, ϕ) represents the initial
position and dij(t) is the positive or negative displacement of
each torso region during breathing with respect to the rest
position, subscripts ij are used to identify each of the torso
regions, as described in Section II-B.2.

1) Radar signal conditioning: In order to have a functional
view of the state of the human torso generated by radar, six
torso regions have been defined, as follows: First, a line is
drawn from the center of the clavicles to the navel; then, a
horizontal line is drawn at the fourth rib level for the left and
right upper thoracic regions (LUTh, RUTh); next, another line
at the ninth rib level defines the left and right lower thoracic
regions (LLTh, RLTh); and finally, a third line at the level of
the navel is traced for the left and right half abdominal regions
(LHAb, RHAb). Figure 1 shows the acronyms of each of the
regions. The right and left sides have been defined from the
radar point of view.

The elongation modes of each region have been measured
with a FMCW radar (Silicon Radar, Co., Germany) that
operates at 120GHz with a maximum bandwidth of 6GHz
and adjustable maximum range of 10m with a noise figure
of 8.7 dB. The proposed system is composed of six radars
mounted in an arrangement of 2×3, each one of them targeting
one of the six torso regions.

Dielectric lenses (Silicon Radar, Co., Germany) have been
placed in front of the transmitter and receiver antennas to
increase its directivity. The antenna-lens arrangement has been
analyzed according to two approaches: (i) six single-radar with
single-lens arrangements, and (ii) a single-lens with a six-radar
arrangement. The first method occupies an approximate area
of 8 cm× 12 cm in a 3× 2 arrangement. Fig. 2a presents the
geometry of a single radar with a single lens. In the second
approach, the six pairs of antennas have been placed behind
a single lens, occupying an area of 3.6 cm × 3.6 cm, thus
allowing the lens to be placed, e.g., in the lower left corner
of the rearview mirror of the vehicle, as sketched in Fig. 2b.

The individual dielectric lens is made of polytetrafluo-
roethylene (PTFE), ε∗r = 2.05 + j(5.53 × 10−4) [42]. The
diameter of the lens is llen = 31.8mm, the thickness is
hlen = 15.7mm, and it has been placed at a distance plen =
15.0mm away from the antennas. The single encapsulated
microchip containing the antennas has an area of 0.64 cm2

with λ ≈ 0.25 cm.
The far-field radiation patterns of the lenses have been

simulated by using comprehensive electromagnetic simulation
software, FEKO, in order to analyze the half-power beam
width (HPBW). The simulated HPBW of a single radar
without lens is 46.80o and with lens it reduces to 6.40o, as
shown in Fig. 3.

As a first approach, when the rear-view mirror is manually
adjusted, the directional pointing of the radar adjustment is
done as well. The relative signal levels of each radar can
be compared to assess if the torso is correctly pointed. To
optimally illuminate each torso region, the vector normal to
the radar plane points to the “Xiphoid process” bone [43].
After this global adjustment, each antenna behind the lens has
been moved transversely and longitudinally until the beam
reaches the corresponding region with a scanning ratio of a
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Fig. 2: (a) On the left hand is shown an individual radar and its
respective lens (approach i); on the right hand is the geometry
of the transmitting and receiving antenna. (b) Six radars hidden
behind a single dielectric lens (approach ii), with a sketch of
their location in the rearview mirror.

−3 dB beamwidth per each λ/2 displacement. The variation
in the reflective index in the path between the radar and the
skin due to the multilayer clothing or eventual objects stored
over the thorax, such as in a pocket, has been estimated to
be around 2-4 dB in the amplitude of the received signal
that may be assumed by the existing radar dynamic range.
Eventual reflections towards a different radar may be neglected
by the sequential scanning operation of the six-radar system
arrangement.

The radar spot is reconstructed from the simulated HPBW
for the E- and H-planes of each radar. Table I shows the HPBW
of each radar along with the minor and major radius of the
ellipse illuminating the respective chest region.

2) Received signal processing: In a FMCW radar, the inci-
dent chirp sincij , as shown in (1), is a sinusoidal signal with a
carrier frequency fc, a bandwidth BW , and a period Ts that
is linearly swept in the range fc±BW/2 with a positive slope
BW/Ts. In all the formulation subscripts ij has been used to
identify each of the regions, where i = {1, 2, 3} indicates the
upper, lower, and abdominal regions and j = {1, 2} indicates
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Fig. 3: Radiation pattern of one radar antenna from the six
single-radar with single-lens arrangement with the lens (blue
solid line) and without a lens (red dashed line), placed at a
distance plen.

Region HPBW
H-Plane (o)

HPBW
E-Plane (o)

Minor axis
(cm)

Major axis
(cm)

LUTh 5.42 5.86 6.75 6.23
RUTh 6.54 5.83 6.72 7.34
LLTh 6.37 5.92 6.73 7.21
RLTh 7.44 5.92 6.72 8.43
LA 11.84 6.17 6.92 13.41
RA 11.55 6.13 6.94 13.44

TABLE I: Simulated HPBW and spot size.

the left and right side of the torso, respectively.

sincij (t) = At exp (j(2πfct+ π
BW

Ts
t2 +Φinc

ij (t))), (1)

where, At represents the transmitted signal amplitude, Φinc
ij

is the initial phase, and t is the measuring time. The positive or
negative displacement dij(t) of each region during breathing,
causes a delay tdelij =

2(rij(θ,ϕ)+dij(t))
c on the transmitted

signal, where rij(θ, ϕ) is the initial position of each region,
and the factor of 2 represents the round-trip time of the radar
reflected wave. Thus, the received signal Sref

ij is

srefij (t) = Ar exp(j(2πfc(t− tdelij ) + π
BW

Ts
(t− tdelij )2

+Φinc
ij (t− tdelij ))) (2)

The beat signal is the product of sincij (t) and srefij (t) passed
through a low-pass filter (LPF). The intermediate frequency
(IF) at the output of the LPF, can be directly written according
to [44]–[48], as:

sIFij (t) = A exp(j(4π
BW

Ts

rij(θ, ϕ, t)

c
t+Φij(t))) (3)

where,

Φij(t) = 4π
rij(θ, ϕ, t)

λ
(4)

represents the phase change caused by torso motion.
The frequency spectrum of (3) is obtained by implementing

the Fast Fourier Transform (FFT). The frequency value with
maximum power determines the instantaneous elongation of
each single region. These FFT ranges are aggregated in a slow-
span time matrix in order to have a spectrogram. The variation
of the torso elongation amplitude is proportional to the change
in phase that arrives at the receiving antenna. A peak search
algorithm [49] enables obtaining the maximum elongation of
every single region by examining the effect of changes in the
width and height of peaks over time. The envelope of the
output after the peak search algorithm contains the breathing
rate signal, heart beat information, random person movements,
car vibration, and a DC component. Normal and dysfunctional
breathing patterns can range from 0.2 to ≈ 0.4Hz, whereas
the normal and dysfunctional heart rate can be in the range
of 1Hz to even more than 2Hz. Random movements in the
driver (e.g., passing an arm in front of the chest, bending
down, or turning the body) occur at very low frequencies, less
than 0.1Hz. Therefore, in order to contain the breathing and
heart information, a bandpass filter with cut-off frequencies
of 0.1 and 2Hz has been implemented by using a cascading
high-pass filter with a low-pass filter based on the biquadratic
approach. Filtering also allows to eliminate the DC-component
and to reduce noise in the frequency bandwidth. The stop-band
attenuation of the filters is 60 dB and has been implemented
by software using Matlab.

3) Elongation maps determination: By processing individu-
ally the information of each of the 6 regions, it is possible
to construct a map of torso elongation that allows to visually
control the displacement of each region over time. Elongation
maps are constructed by superimposing a surface plot with
elongation measurements over a torso diagram. In a real
system running inside a car, this elongation map would be
presented on a screen along with measured data, statistics, and
possible alerts to the driver. Figure 4 shows the temporal se-
quence of three instantaneous elongation maps for abdominal
breathing.

Time

Fig. 4: Real-time captured elongation maps.

The elongation amplitude and movement frequency infor-
mation associated with each of the regions are classified ac-
cording to hyperventilation syndrome and thoraco-abdominal
asynchrony by statistical analysis.

III. EXPERIMENTAL RESULTS
The feasibility of the system was analyzed through several

experiments and statistical studies of the results. This exper-
imental section is structured as follows: (i) Calibration and
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sensitivity measurements using a torso elongation emulator
phantom, (ii) real-time breathing measurements on people, and
(iii) detection and classification of dysfunctional breathing.

A. Torso elongation emulator phantom
A phantom of the torso was manufactured to emulate

the elongation amplitude and frequency of six torso region
movements. The phantom was used to calibrate the radars
and measure the system sensitivity, leaving out the effect of
vibrations and random movement of the human body. The
mechanical part is composed of six DC motors, whose travel
and speed are regulated via a programmable microcontroller.
At the moving end of each DC motor, a square-shaped piece
of plasticized PVC with relative permittivity similar to that of
human skin at 120 GHz (5.60− j7.09) [50] has been placed.
Radars are located 65 cm from the phantom, with each radar
pointing to the corresponding region. The pointing angles of
each radar are achieved by varying the position of the antennas
behind the lenses using a two-axis millimetric positioner. In
Fig. 5, a graphical representation of the emulator phantom is
presented.

20 cm

20 cm

r ij

skin phantom
DC motor e' = 5,6@120 GHzr 

Lens

Radar

Holder

10.8 cm

7.2 cm

Fig. 5: Torso elongation emulator phantom.

The variation in amplitude elongation and frequency rate has
been measured for four basic breathing patterns that are not
associated with any specific region of the torso, such as those
of dysfunctional breathing. These patterns are: Eupnea at 12
breath per minute (bpm), Tachypnea at 23 bpm, Bradypnea at
7 bpm, and Hypernea that is deep breath at 12 bpm, generated
by the torso elongation emulator phantom. The instantaneous
elongation amplitude is stored in an array over time to create a
spectrogram of the elongation, and the peak search algorithm
enables plotting the elongation amplitude variation over time.
A sinusoidal curve fitting has been drawn together with
measured breathing signal of each basic pattern, as depicted
in Fig. 6. The torso elongation emulator phantom allowed
determining the sensitivity of the system from the minimum
step of the DC motor, which is 0.1mm. The calibration was
done taking into account the maximum radar range of 3.0m
over N= 1024 that are the samples used for the FFT.

In order to calculate the sensitivity of the system the radar
cross section (RCS) of a single region has been calculated at
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Fig. 6: ’Emulated breathing patterns’ In blue, the signal from
the emulator phantom, and in red, a software-generated signal.

a distance of 65 cm. At a frequency of 120GHz the RCS of
a flat plasticized PVC surface of 10 cm × 10 cm is σmax =
35dBsm. To calculate the signal-to-noise ratio (SNR) several
simulations of the elongation variation were performed, then
the average value s̄ and variance σ2 was extracted to apply
SNR= |s̄|2/σ2. For a set of 1000 measurements and without
averaging, the calculated SNR is 15.2 dB. The limited SNR
of the system can cause error in the measured elongation. The
Cramér-Rao lower bound for range error variance due to SNR
can be calculated as

var(R) ≥ λ2

4π2N(SNR)
. (5)

If N= 1024 samples and SNR= 15.2 dB, the standard error of
range has a bound of 4.6 µm. Adding the system imperfections
as in [51], the range error can be in the order of 50 µm, which
is one order of magnitude less than the amplitude of elongation
measured.

B. Real-time breathing measurements
Prior to the detection of dysfunctional patterns, experiments

have been carried out to measure cardiac and respiratory
rhythms of an individual subject. The test subject was a 33-
year-old adult male who was in good health and had no history
of previous respiratory conditions. He signed an informed
consent form, where the information about the measurement
protocol and the study objectives were provided.

The subject was seated at a distance of 65.0 cm with the
radars pointing at the level of the Xiphoid process, as presented
in Fig. 7a. Then, it was instructed to simulate deep and shallow
breaths without taking into account the respiratory rhythm. The
measured signal of each radar was compared to the signal of a
commercial breathing measuring belt (Vernier, Germany) that
measures the respiration effort and respiration rate from the
force [N] exerted on the strap by the chest during breathing,
with a resolution of 0.01N, and a response time of 50.0ms.

The breathing signal was always observed at the expected
rate compared to the belt signal. The measured time and
frequency-domain signals of a single radar and belt are plotted
in Fig. 7b and Fig. 7c, respectively. The measured frequency is
0.24Hz, that correspond to 14.4bpm, for both radar and belt
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Fig. 7: a) Breathing rate measurement set-up, b) Measured
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(Radar signal - blue solid line, Belt signal - red dashed line).

and the maximum measured elongation was ≈ 2.5 cm. The
magnitude of the force measured with the belt has been drawn
versus the instantaneous elongation amplitude measured with
the radar, both signals show a positive correlation, as plotted
in Fig. 8.

0 0.6 1.2 1.8 3.02.4

6

12

0

Inst. Elong. (Radar) [cm]

E
ff
or

t 
(B

el
t)

 [
N

]

30

18

24

kx+b

Fig. 8: Measured Effort from belt and instantaneous elongation
from radar, of a person performing a normal deep abdominal
breathing pattern. The trend shows a positive linear relation
with k = 9.3 and b = 0.

C. Detection and classification of dysfunctional breathing

The elongation amplitude and frequency measurements
associated with each region analyzed over time allow the
identification of patterns in which the dysfunctionality of the
breathing process can be evidenced. Experiments to detect the
type of dysfunctional breathing pattern involved a volunteer
who was asked to act out hyperventilation syndrome and
thoracic dominant breathing several times in one day, letting
the MIMO radar system measure, classify, and show the
resulting one.

1) Thoracic dominant breathing: The movement occurs at
the thoracic region. Results show that during this pattern the
upper and lower thoracic region move around 20.0± 0.5 mm
and abdominal 10.0 ± 0.1 mm at an average frequency of
0.25Hz.

2) Hyperventilation syndrome: The greatest movement oc-
curs in the abdomen. The measured elongation in the upper
and lower thoracic region move 10.0±0.1 mm and abdominal
30.0± 0.5 mm at an average frequency of 0.33Hz.

3) Heartbeat detection: When breathing is thoracic, a new
frequency component is evident at ≈ 1.2Hz due to heartbeat,
mainly in the LUTh and LLTh regions. When breathing is
abdominal, although the range of elongation in RHAb and
LHAb is greater than in the other four regions, the cardiac
rhythm is slightly more difficult to detect, as presented in
Fig. 9.
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Fig. 9: Frequency response of the six torso regions during
thoracic dominant breathing (blue-color) and hyperventilation
syndrome (red-color).

The collected data from the two patterns has been plotted
in Fig. 10 using a 3-coordinate axis that relates each of
the regions to elongation and frequency. The dysfunctional
breathing patterns analysed in this study can be correctly
distinguished in 98% of the measurements. If the breathing
is thoracic dominant, the heart beat is detected in the 81%
of the measurements and can be seen in the LUTH and LLTh
regions, mainly. When hyperventilation syndrome is occurring,
the heart beat is detected in 60% of measurements.

IV. CONCLUSIONS AND FUTURE WORK

A new method for monitoring the physiological breathing
status of a person inside a vehicle has been presented. The
method is based on a MIMO radar dysfunctional breathing de-
tection of the elongation maps of the human torso. The results
show the feasibility of using the system for the differentiation
and classification of hyperventilation syndrome and thoracic
dominant breathing, with results consistent with data available
in the literature.
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Fig. 10: Dysfunctional breathing detection. The triangles
correspond to the number of experiments performed for tho-
racic dominant breathing and the circles for hyperventilation
syndrome. Blue and red colors has been used to distinguish
left and right side of the torso, respectively.

The proposed six-radar system increases the robustness
of the acquired information and allows the determination
of dysfunctional patterns that depend on the heart rhythm
and paradoxical movements (asynchronous movement between
chest and abdomen) in the thorax, as in the case of the thoracic
dominant breathing pattern. The consideration of just three
regions would make it possible to distinguish between the
hyperventilation syndrome and dominant thoracic respiration,
but the division of the torso into left and right sides creating a
six regions topology enables the addition of the cardiac rhythm
as a criterion of classification, increasing the possibility and
reliability of the system to diagnose the state of the person.

The fact that the radars operate at millimeter waves means
small antennas and devices that do not cause distraction or
interfere with the vehicle’s operation. The system can be used
preventively so that the driver of the vehicle can be alerted in
a timely manner about changes in breathing patterns caused
by anxiety, stress, tiredness, etc. that cause dysfunctional
breathing.

The viability of the six-radar system has been determined
through testing with a single volunteer; however, future re-
search will include more participants in a sitting position, in
order to draw general conclusions from measurements that are
not subject-specific. The data processing can be extended by
adding artificial intelligence algorithms, increasing the number
of dysfunctional patterns detected, and taking detection a step
further by providing passenger feedback capable of influencing
their emotional and physiological status.
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