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Marı́a-José López∗, César Palacios∗, Jordi Romeu∗, Luis Jofre-Roca∗

∗Dept. Signal Theory and Communications, Technical University of Catalonia, Barcelona, Spain
corresponding author: maria.jose.lopez.montero@upc.edu

Abstract—The vital sign measurement systems inside vehicles
have taken great or impulse in recent years, and the technologies
that have been most welcomed are based on wireless measure-
ments that do not interrupt driving and are imperceptible to the
driver. There are disorders in breathing patterns, which include
the movement of different regions of the human thorax mainly.
In this sense, the objective of this paper is to determine the
dimensions of a lens-based antenna system and the pointing
angles of the radiation main lobe of the six antenna-elements
to measure the elongation of six regions of the human torso and
determine breathing patterns. The pointing angle is controlled by
the position of the antenna behind the lens, and the beamwidth of
the lobe depends on the directivity achieved by the antenna. An
electronic system to simulate torso elongation is also presented
to calibrate and test the sensitivity of the system.

Index Terms—antennas, electromagnetics, propagation, mea-
surements.

I. INTRODUCTION

In recent years, many efforts have been devoted to the
development of vital signal control systems within vehicles
that seek to meet two essential characteristics: they should
not be intrusive while driving and they should be sensitive
enough. The detection and measurement of breathing rate has
been studied using contact [1]–[4] and non-contact [5]–[9]
systems, both in indoor and outdoor environments. Within
closed environments there are also investigations that deal with
the detection of vital signs inside vehicles [10]–[12] . Wireless
based systems has been well received for In-Cabin monitoring.

Breathing pattern disorders are patterns of over or under
breathing, where depth and breathing are excessive or insuf-
ficient to the needs of the body, they are usually erratic and
are detectable after a long period of time. Several of these
patterns include movement of the thoracic and abdominal
parts, and may be caused by anxiety problems, drowsiness,
tiredness, cardiovascular problems, etc. [13]. Torso elongation
due to breathing pattern disorders may be synchronized or
paradoxical, and also asymetrical between the left and right
side. As presented in literature, when a person performs the
breathing process some section of the torso moves up to about
30.0 mm [14]–[16] in some cases. This displacement cause a
time delay in the received signal that is prone to be measured
using appropriate antenna systems [17]–[19]. The space inside
the vehicle is limited, for this reason, to determine the ideal
monitoring conditions, an optimal beamwidth and lens size are

of fundamental importance, since it directly provides a correct
illumination for torso regions elongation measurement.

This paper is the first phase of the development of a system
to measure the elongation of six torso regions in order to
identify breathing pattern disorders in a driver or passenger
of a vehicle. This first phase consists of presenting a system
of antennas capable of pointing and covering each of the
six regions and measuring their elongation. The study is
focused on controlling the pointing angle and beamwidth of
the radiation pattern of six radar antennas.

Therefore, the objectives of this work are: (i) to deploy
a brief state-of-the-art on breathing pattern disorders mea-
surements; (ii) to develop a system of antennas to aim and
adequately cover six regions of the human torso; and (iii) to
present a torso movement emulator system for calibration and
sensitivity measurements. Theoretical analysis and numerical
simulations have been conducted to determine the optimal lens
dimensions and position that provides the proper pointing and
focusing angles of the radiation pattern.

The paper has been organized as follows: Section I shows
the introduction of the work. Section II presents the theoretical
background for the determination of the lens dimensions and
the variance of the pointing angle with respect to the antenna
position behind the lens. Section III shows the methods and
systems used. Section IV focuses on presenting results, and
Section V closes the work with the conclusions.

II. THEORETICAL BACKGROUND

In a FMCW radar, the incident chirp is a sinusoidal signal
with amplitude At ant initial phase Φinc along the time t, rep-
resented as sinc(t) = At exp (j(2πfct+ πBW

Ts
t2 +Φinc(t))),

whit a carrier frequency fc, a bandwidth BW , and a period Ts

that is linearly swept in the range fc ± BW/2. The positive
or negative displacement dts(t) of each torso region during
breathing, causes a delay tdel =

2(riat(θ,ϕ)+dts(t))
c on the

transmitted signal, where riat is the initial distance between
the antenna and the respective region i, and the factor of 2
represents the round-trip time of the reflected wave. Fig.1
depicts the and artist-view of the scenario. The beat signal
produced by the product of the incident and reflected signal
[17]–[21], can be written as:

sIF (t) = A exp(j(4π
BW

Ts

riat
c
t+Φ(t))) (1)
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where,

Φ(t) = 4π
riat
λ

(2)

represents the phase change caused by torso motion. Finally,
by applying the Fast Fourier Transform (FFT), frequency value
in the x-axis is proportional to the target distance, and the peak
value corresponds to the power of the received signal.Then, by
applying an algorithm for finding peak-maximum along the
time, the breathing signal can be determined.

To detect abnormal breathing patterns during driving, six
regions of the torso have been defined as follows: from the
clavicle to the height of the armpit (4Rib) the left and right
upper thoracic (LUTh, RUTh) regions; then, from the armpit
(4Rib) to the (9Rib), the left-right lower thoracic (LLTh,
RLTh) regions, has been defined; and, in the abdominal section
of the torso the left-right abdominal (LHAb, RHAb) regions.
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Fig. 1: Artist-view of the proposed scenario. The diagram
shows only the Left side regions of the human torso.

When a lens is placed in front of an antenna, the radiation
pattern becomes focused and directivity increases [22]. Using
the geometry of Fig. 1, the regions on the torso has been
initially defined to be 10.0 cm × 10.0 cm, so for each one of
them, an equation is defined to estimate the lens diameter from
the directivity of the antenna, to cover effectively the surface
of a single region.

The calculation of the antenna directivity depends on the
integration of the power pattern over a spherical surface, which
results in a complex computation. In most practical cases,
simpler expressions can be used for approximate and fast
calculations according to the lobe shape. For antennas with
a narrow major lobe, the directivity Dln after the lens can be
estimated using the approximation of Cardama [22] as,

Dln =
4π

∆θE−3 dB∆θH−3 dB

=
4π(riat)

2

lotwot
(3)

where ∆θE−3 dB and ∆θH−3 dB are the half power bandwidth
(HPBW) of two orthogonal planes, riat is the distance between
the antenna and the region, and lot and wot, are the width and
height of the sinlge region. The effective area of the lens with
a diameter dln can be expressed as;

Aln
ef ≈ 0.8Aln ≈ 0.8π

(
dln
2

)2

, (4)

and the directivity in terms of the effective area would be,

Dln =
4πAln

ef

λ2
(5)

where λ is the wavelength at the frequency of operation. After
that, by clearing the equation to find the lens diameter, it is
equal to

dln = 1.25
λriat√

lotwot (0.5π)
(6)

The position of the antenna behind the lens determines the
pointing angle at which the radiation lobe reaches the torso.
Eventually, the distance pal between the antenna and the lens
may adjust its final beamwidth. As shown in the lower right of
Fig. 1, a longitudinal variation (x-axis) or transverse (y-axis)
of the antenna corresponds to a variation in the pointing angle
in two orthogonal planes of the radiation lobe. The scan angles
θEscn and θHscn, defined as the angle variation in the E-plane
and H-plane, respectively, has been estimated in terms of the
antenna displacement, as

θEscn
∼=

xoff∆θE−3 dB

λ/2
, (7)

and

θHscn
∼=

yoff∆θH−3 dB

λ/2
. (8)

III. METHODS AND SYSTEM DESCRIPTION

This section describes the elements of the system and
presents the methods applied to meet the objectives of the
paper. This study has been developed in two parts. The first
part consists on to deploy numerical simulations to estimate
the spot generated from the beamwidth of the radiation pattern
of the antennas when reach the torso region. And, the second
part of the study focuses on the construction of a torso
elongation emulator phantom that allows probing the necessary
signal sensitivity and spatial resolution on the antennas that
enables torso elongation measurements.

A. Radar Antenna system

Chest and abdominal movements were measured with a
commercial experimental radar operating at the 122GHz ISM
band with a 6GHz frequency bandwidth, a noise figure of
8.7 dB, and based on a set of four microstrip patch antennas
for each one of the beams, resulting into a range resolution
of 10.0m. The radar front-end (RFE) uses chirp signal with a
frequency-modulated continuous-wave (FMCW). The received
data is packaged in the form of frames, that are transmitted by



a serial communication bus to a host computer to be analyzed
and plotted using Matlab. The antennas are placed in a 3x2
array, each pointing to the respective torso region. The distance
between the torso and the radars is 65.0 cm. To measure
the elongation of each region, a spectrogram is constructed
from the instantaneous elongation measured over slow time,
as shown in Fig. 2a. Then, by applying an algorithm for finding
peak-maximum, the breathing signal can be extracted from the
spectrum, as show in Fig. 2b. The breathing exercise consisted
of 10 seconds of breathing simulation at 20 breath/min then 20
seconds of apnea and continue at the same rate until complete
60 seconds.

(a) (b)

Fig. 2: Breathing detection spectrum (a) and time signal (b).
Both plots correspond to the same breathing exercise.

B. Dielectric lens description

A dielectric lens of polylactic acid (PLA) with a relative
dielectric permittivity εln = 3.1 has been placed at pal =
15.0mm from the chip antennas, to enhance directivity and
reach the desired beamwidth. The lens system consists of a
square base plate of wbp = 36.0mm on which a 30.0mm-
diameter lens dln has been situated. The overall thickness of
the lens is 15.7mm. To aim each of the regions the pointing
angle is controlled according to the position of the antenna
behind the lenses. The distance to the target is 65.0 cm, and
by default the antenna is pointing the Xiphoid process between
the upper and lower thoracic regions. As depicted in Fig. 3.
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Fig. 3: Size of elongation modes and defocus angle for each
region

C. Simulation process

The beamwidth of the antennas has been simulated, in
terms of its longitudinal and transversal resolution, in order to
reconstruct the elliptical spot. The simulations are carried out

by using comprehensive electromagnetic simulation software,
FEKO which uses the MoMFEM (method of moment/finite
element method). In order to compute the size of the spot, the
length of the major and minor radius of the ellipse must be
calculated. The antenna has been designed and simulated along
with the dielectric lens, which transforms the HPBW at −3 dB
from 46.8o to 6.4o. The human torso is simulated using a plate
of 10.0 cm × 10.0 cm with a layer of skin-like (εsk = 5.6,
σsk = 39, 4 S/m), and muscle-like (εms = 8.6, σms = 62.5
S/m) [23], located at a distance of 65.0 cm from the lens, as
depict in Fig. 4.
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Fig. 4: Equivalent system for elongation modes measurements

D. Breathing simulator phantom

Because testing breathing pattern disorders on one person
would involve long days of experimentation that would be too
strenuous, to test the system an emulator of torso elongation
has been designed and fabricated. The phantom is based on
a mechanical system that displaces plates of real relative
permittivity similar to that of the skin, εsk. To fine-vary the
pointing angle, the antennas, as shown in Fig. 5, have been
mounted on two-axis positioners, which allow them to be
moved both horizontally and vertically.

The movement of each of the engines is commanded
by a microcontroller, which has been programmed with the
elongation information of each individual region according to
breathing patterns.

IV. RESULTS

The lens in front of the antennas improves the directivity
of the antenna by 30 dB, the results of the half power beam
width (HPBW) are shown in Fig. 6. Considering, the geometry
shown in Fig. 4, with rat = 65.0 cm, the height lot and
the width wot of the single region equal to 10.0 cm, and
λ = 2.4×−3 m; the estimated diameter of the lens should be
around dln = 3.0 cm. Acording to equation 6, a commercial
lens of diameter 3.0cm has been used for focusing. An individ-
ual antenna behind the lens has been moved transversally and
longitudinally, for pointing in the E- and H- planes. As show
the Fig. 3, the upper thoracic region is reached by moving the
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Fig. 5: The mechanical part of the simulator is controlled with
DC motors, and the position of the antennas is varied with
optomechanical parts.
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Fig. 6: HPBW without lens is 46.8o and with lens 6.4o degrees.

antenna λfs/2 in the negative x-axis direction, that is an angle
θut=2.1o; for the lower thoracic region the pointing angle is
θlt=-2.3o and the antenna was displaced λfs/2 in the positive
x-axis direction; and for the abdominal region, θab=5.4o, and
the antenna position is λfs in the positive x-axis from the
center. In the H-plane the left and right sides have been reached
by moving antennas 3/2λfs in the negative and positive y-axis
to form an angle of θrl=8.2o from the center of the torso.

Once the aiming angles have been defined, it is necessary
to perform a simulation and an experimental estimation of
the spot created by each radiation lobe. To reconstruct the
major and minor axes of the elliptic spot footprint to illuminate
each of the regions, the HPWB at −3 dB of the beam in the

E- and H-planes has been used. Using Matlab the ellipse is
reconstructed, as plotted in Fig. 7, for each of the regions,
the average effective covered area of the six antenna radars is
50%. The beamwidth for each region and the size of the spot
has been summarized on table I.

Region HPBW
H-Plane (o)

HPBW
E-Plane (o)

Minor axis
(cm)

Major axis
(cm)

LUTh 5.4 5.8 6.7 6.2
RUTh 6.5 5.8 6.7 7.3
LLTh 6.3 5.9 6.7 7.2
RLTh 7.4 5.9 6.7 8.4
LA 11.8 6.1 6.9 13.4
RA 11.5 6.1 6.9 13.4

TABLE I: Beamwidth angles from FEKO and computed minor
and major diameter of the spot using Matlab
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Fig. 7: Each region corresponds to one of the elongation
modes.

To verify the aim and focus of each antenna, an experiment
was carried out that consisted of putting the six radars into
operation and activating each of the regions of the elongation
simulator individually. Then the signal from the six radars
was measured in order to determine the added noise in
the deactivated regions. The measured breathing rate for six
different time periods where only one region was active at
once is shown in Fig. 8.

V. CONCLUSIONS

An antenna system capable of accurately wirelesly illumi-
nating six individual regions of the human torso has been
analyzed. Pointing to each of the regions is controlled by
varying the position of the antennas behind a lens. And
the focus is calculated from the effective illuminated area
according to the beamwidth of the radiation lobe in the E
and H plane.

The displacement of the antennas to get the proper pointing
angles is of the order of a few λ units, while the lens is 120
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Fig. 8: The Upper thoracic region has been activated in the
elongation simulator meanwhile the others are immobile.

times larger. This means that all six antennas could eventually
be placed on the same lens.
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