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Abstract—A single-input and single-output (SISO) frequency-
modulated continuous wave (FMCW) radar architecture is
proposed and in vivo demonstrated for remote 2-D localiza-
tion (range and angular information) and vital signs moni-
toring of multiple subjects. The radar sensor integrates two
frequency scanning antennas which allow angular separation
and enable determining a 2-D map (range versus angle) of
a room environment from which people can be distinguished
from objects and clutter. After technical tests to validate the
functionality of the proposed architecture and data processing
algorithm, a practical setup was successfully demonstrated to
locate human volunteers, at different absolute distances and
orientations, and to retrieve their respiratory and heart rate
information. Experimental results show that this radar sen-
sor can monitor accurately the vital signs of multiple subjects
within typical room settings, reporting maximum mean absolute
errors of 0.747 breaths-per-minute and 2.645 beats-per-minute,
respectively, for respiration rate and heartbeat. Practical applica-
tions arise for Internet of Things (IoT), ambient-assisted living,
healthcare, geriatric and quarantine medicine, automotive, rescue
and security purposes.

Index Terms—2-D localization, angular separation, biomedical
applications, contactless, Doppler, frequency-modulated continu-
ous wave (FMCW), Internet-of-Things (IoT) system architecture,
rampart antenna, remote radar sensing, single-input and single-
output (SISO) radar, vital signs monitoring.

I. INTRODUCTION

RADAR represents an emerging key technology for health-
care and Internet of Things (IoT) to provide benefits for
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diagnosis, long-term monitoring and detection of emergency
situations, as it can remotely measure heartbeat and respira-
tion, speed, and distance of multiple individuals [1]–[3]. Radar
systems can operate at many frequencies, varying from a few
MHz to optical frequencies. However, a major advantage of
radio-frequency (RF) and millimeter waves (mm-wave) archi-
tectures is that they guarantee both the optimal resolution
and sensitivity to remotely monitor human targets in a home
environment, thus representing the most suitable solution for
applications like localization and vital signs monitoring (mea-
sure of heartbeat and respiration rate) [4], [5]. For localization,
and hence to have a proper radar range resolution, it is impor-
tant to transmit signals of a certain bandwidth [6]. The wider
the band is, the finer is the range resolution. Considering the
typical sizes of human individuals, it is normally required a
range resolution of 15–60 cm [7]. This corresponds to band-
widths of 1 and 0.25 GHz, respectively. At RF and mm-wave
frequencies, there are many sufficiently wide bands desig-
nated for unlicensed operation. On the other hand, for vital
signs monitoring, it is fundamental the operating frequency.
The higher it is, the higher is the sensitivity in detecting sub-
millimeter motions as the ones caused by the cardiopulmonary
activity [8]. Sub-10 GHz (i.e., RF) radars have both a sufficient
sensitivity in detecting vital signs and a sufficient bandwidth
for localization [9], [10], therefore they are good candidates
for people monitoring. Moreover, they present lower phase
noise and path loss than the mm-wave solutions. In fact,
they can monitor subjects at long distances (several meters)
even through clothes, blankets, and many barriers (e.g., glass,
doors or walls) [11], [12]. Furthermore, they can also oper-
ate in totally dark environments and in smoke-filled areas.
All these features allow the use of this technology in many
practical applications of strong interest, such as monitoring
people lying on their beds in the hospital, elderly people in
nursing home, people during a meeting in a room, watching
TV or playing videogames, etc., as well as detecting potential
emergency situations such as cardiovascular diseases, lung dis-
eases, sudden infant death syndrome (SIDS), apnea, and fall
incidents [4], [13]–[16]. The monitoring can be performed
continuously while preserving the privacy of the subjects
and without health effects. This paves the way for future
smart long-term monitoring environments by evolving to auto-
mated nurse call solutions [1], allowing achieving the goals of
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remotely monitoring the well being of people, enlarging the
period aged persons can spend in their familiar home environ-
ment, prompt emergencies detection and immediate medical
attention [17]–[19]. The possibility of contactless monitor-
ing is a hot topic especially for those applications where
wearable medical devices cannot be used (e.g., patients with
severe and extensive burn wounds) or create discomfort and
are unpleasant for long-term use (e.g., while sleeping, show-
ering, normal daily activities) [20]. Radar systems are ideal in
situations with risk of infection or pandemics (e.g., COVID-19
crisis) to remotely monitor household members in quarantine
or in hospitals (e.g., departments of infectious diseases) to
reduce contamination risks, but also to detect whether peo-
ple in spaces are respecting social distancing. The range of
applications is even beyond medical. This technology can be
applied in other fields such as ambient light and tempera-
ture smart control, driver monitoring as additional step toward
autonomous vehicles, surveillance or for search and rescue sit-
uations to detect people in smoke-filled areas or underneath
collapsed buildings [11], [12], [21], [22].

In the last two decades, a lot of research was conducted
aiming at long-term health monitoring and in particu-
lar at remote people localization and vital signs sensing.
Continuous wave (CW) radars have been proposed for vital
signs monitoring of a single person with the limitation that any
information about his/her position cannot be provided [23]–[31].
Ultrawideband (UWB) single-input and single-output (SISO)
radars based on stepped-frequency CW (SFCW), frequency-
modulated CW (FMCW), frequency shift keying (FSK), and
UWB impulse-radio (UWB-IR) architectures offer, instead,
the possibility of determining the absolute distances (range
information) and the vital signs parameters of multiple subjects
only if they are in different range bins [7], [32]–[44]. In fact, the
main limitation is that these solutions cannot provide azimuth
information and, hence, they cannot resolve targets in the angu-
lar dimension. In order to tackle that and, therefore, allowing 2-D
localization, namely, providing range and azimuth information,
multiple-input and multiple-output (MIMO) UWB radars have
been proposed [45]–[49]. Obviously, as opposite to SISO
architectures, MIMO radars require an array of radiators and
consequently multiple transmitters and receivers. This involves
higher power consumption, larger silicon’s area, complex design
and control, and higher amount of data to be processed. Similar
drawbacks are experienced by electrical beam-steering radar
sensors which have been also investigated for 2-D localization
and vital signs monitoring [50], [51]. This architecture in fact
requires arrays of antennas and time-delay or phase shifter units
(or a combination of them) to steer the beam in the desired direc-
tion [50]–[52]. In addition, pointing to only one direction per
time (hence covering only a limited area), the beam should scan
quite fast the whole monitored environment to aim at the targets
(which are at different locations) such that their Doppler signals
can be extracted satisfying the Nyquist theorem. Therefore, a
first group of waveforms should be transmitted to point the
beam to one direction, then another group (with different phase
shifts and/or time delays) is sent to steer it to a different one,
and so on to cover the whole environment. This operation
requires hence a short pulse repetition interval (PRI) among

the groups. It should be specified that transmitting multiple
waveforms (as for MIMO and beam-steering radars) involves
a tradeoff between radiated power and PRI in order to sat-
isfy the UWB spectral mask requirements [10]. Since the PRI
cannot be increased too much (to avoid violating the Nyquist
theorem when extracting the Doppler signals), the transmitted
power should be decreased. However, this reduces inevitably the
signal-to-noise ratio (SNR). For example, a 250-Hz sampling
frequency (i.e., a PRI of 4 ms) would provide excellent results
for heart rate variability (HRV) analysis [53], while an SNR
of 20 dB is sufficient to obtain a good detection [54]. A SISO
frequency-modulated continuous wave (FMCW) radar using a
mechanical antenna rotation system was proposed to perform
2-D localization [55]. However, a mechanical scanning system
might not be preferable in some applications, being bulky,
expensive and typically slower than an electronic solution. The
same considerations on the tradeoff between radiated power
and PRI apply also for the mechanical beam-steering SISO
radar because, also in this case, multiple waveforms should be
transmitted to cover the whole environment.

The main contributions of this article are as follows.
1) A SISO UWB FMCW radar sensor integrating two ram-

part line antennas, one for the transmission and one for
the reception, is presented for concurrent 2-D localiza-
tion (range and azimuth) and vital signs motioning of
multiple subjects. This contrasts current state-of-the-art
SISO approaches. Besides requiring only two antennas
and involving lower power consumption, complexity,
and amount of data to be transferred/processed, another
advantage over a MIMO system is in the modality the
angular information is retrieved. In fact, with a MIMO
radar, the information along one specific direction is
reconstructed combining properly signals collected by
low gain omnidirectional radiating sources. With the
proposed system, instead, only one direction a time is
illuminated by the electromagnetic radiation with a high
gain beam. This allows minimizing the influence of other
targets and/or static reflectors present in other directions,
namely, the multipaths. This architecture has advantages
also over standard beam-steering radars because, as it
will be detailed in the next Sections, it requires only
transmitting two waveforms to cover the whole environ-
ment. This allows also relaxing the system design and
the PRI. Moreover, this radar satisfies all the worldwide
indoor UWB spectral mask requirements [10].

2) A data processing algorithm is described to perform con-
current 2-D localization and vital signs monitoring on
multiple subjects and to get rid of static reflectors (i.e.,
clutter, objects, etc.).

3) In vivo demonstration of the proposed radar sensor
by accurately capturing individual heart rates, respira-
tion rates, and 2-D locations of paired volunteers in a
real-world office setting.

The idea of using frequency-scanning antennas in combi-
nation with a radar system was presented also in [55]–[59].
Those works focus on surveillance purposes and on profile
reconstruction of indoor scenarios (e.g., a kitchen entrance
area) or metallic objects (e.g., detection of concealed weapons
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Fig. 1. Operational principle of the rampart line antenna. (a) Scanning principle. (b) Graphical illustration of the division of environment in azimuth-range
cells. (c) Baseband signal resulting from the proposed system. Only few beams invest the target. In the figure, the dotted lines depict the simplified gain
profile of the scanning beam over time.

and buried objects). Moreover, they are mainly based on sim-
ulations, showing limited results based on proof-of-concept
measurements. To our best knowledge, a SISO FMCW radar
sensor integrating two rampart line antennas was never demon-
strated for concurrent localization and vital signs monitoring
of multiple human subjects. Due to nature of the physiolog-
ical parameters, involving very subtle rhythmic changes in
the reflected radar signature, the proposed approach requires
different data processing techniques than the ones reported
in [56]–[60].

The remainder of this article is organized as follows. In
Section II, the operation principle of the rampart antenna
together with an FMCW radar sensor is explained. In
Section III, the radar system architecture is presented.
In Section IV, the data processing algorithm is detailed.
Experimental results from human volunteers are shown in
Section VI.

II. OPERATIONAL PRINCIPLE

A rampart line antenna is a microstrip frequency scanning
radiator, realized with a cracked microstrip line (see Fig. 1).
It acts as a 1-D array of radiators, whose elementary sources
are represented by the microstrip bends and the phase shifts
between two consecutive radiators are defined by the intercon-
necting lines whose electrical lengths are frequency dependent.
The antenna is designed to operate in the same frequency range
of the transmitted FMCW signal (called chirp). The scanning
principle can be easily explained with the help of Fig. 1. The
direction of main beam can be modified both by changing the
feeding port, as the antenna is a two-port traveling wave device
(P1 and P2), and by increasing the instantaneous transmitted
frequency. During the normal operation, one port is connected
to the microwave source while the other to a 50 � load. More
precisely, when the antenna is fed from P1 and a matched load
is connected to P2, the main antenna beam points at 0◦ at the
lowest frequency of the chirp and its direction rotates to the
right (i.e., clockwise) while increasing the frequency. Since the
antenna is symmetric, when the load and the feed are inverted,
the main beam points again at 0◦ at the lowest frequency of
the chirp but this time its orientation rotates to the left (i.e.,
counter clockwise) while increasing the frequency. As it will
be detailed in Section IV, this operation corresponds to ideally

divide an environment in azimuth-range cells whose lengths
depend on the radar range resolution (i.e., range bins size) and
the widths on the angular resolution defined by the antenna
beam and by the data processing algorithm (Fig. 1). Therefore,
each azimuth-range cell is characterized by a unique absolute
distance/angular sector combination.

For a generic FMCW radar, the baseband signal a(t) result-
ing from a motionless target at a distance d away from the
antenna can be expressed as

a(t) = A sin

[
2π

(
B

T

2d

c
t + f0

2d

c

)]
(1)

where A is the voltage amplitude, c is the speed of light in free
space, while f0, T , and B are, respectively, the initial frequency,
the duration, and the bandwidth of the chirp. Since the antenna
beam has a certain directivity and it is continuously scanning,
each target is illuminated with sufficient power by the electro-
magnetic radiation only during an interval Ts = t2 −t1 smaller
than T (Fig. 1), therefore the resulting baseband signal s(t)
can be modeled as

s(t) =
{

a(t), when t1 ≤ t ≤ t2
0, elsewhere.

(2)

III. RADAR SENSOR

The block diagram and the photograph of the radar sensor
are shown in Fig. 2. It consists of a radar block and of two
identical rampart line antennas.

A. Radar Architecture

The core element is represented by the imec’s 8-GHz
UWB radar IC (integrated circuit), which is based on a
digital linear discrete FMCW (LD-FMCW) architecture. An
LD-FMCW radar is essentially a linear FMCW with the ben-
efit of the digital implementation [37]. The chip, fabricated in
40 nm CMOS, integrates the LD-FMCW source, a mixer, a
low-noise amplifier (LNA), an active band pass filter (BPF),
and a 9-b analog-to-digital converter (ADC). The output of
the LD-FMCW source is divided in two branches which are
connected, respectively, to the external Mini-Circuits ZX60-
06203LN+ power amplifier (PA) and internally to the mixer’s
local oscillator port [Fig. 2(a)]. Details on the chip are reported
in [38] and [39].
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Fig. 2. Radar sensor. (a) Block diagram. (b) Set-up photograph.

In order to alternatively feed the antennas’ ports to perform
the beam scanning, two SP8T EV1HMC321ALP4E boards
have been used. More precisely, to scan the beam from 0◦
to the right, the SW1 and SW3 switches connect the P1 ports,
respectively, to the PA and the LNA while the SW2 and SW4
switches connect the P2 ports to 50 �. On the other hand, to
scan the beam from 0◦ to the left, the SW1 and SW3 switches
connect the P1 ports to 50 � while the SW2 and SW4 switches
connect the P2 ports, respectively, to the PA and the LNA.
The imec’s 8-GHz UWB radar chip is mounted on a PCB
which is connected through a PicoZed Carrier Card V2 to the
PicoZed7015. The latter configures the chip, reads the data
from the ADC, controls the EV1HMC321ALP4E boards, and
sends the data to the laptop.

The radar transmits chirps of duration T = 40.96 μs, initial
frequency f0 = 7.3 GHz and total bandwidth B = 1 GHz,
which results in a range resolution of 15 cm. During this
interval, considering the ADC sampling rate of 12.5 MHz,
512 samples are obtained in the fast time. The chirps are
transmitted with a PRI of 1.3 ms where a chirp is used to
scan the beam to the left while the subsequent to the right.
This involves an effective sampling time ts in slow time of
2.6 ms. With this waveform configuration and with a power of
−6-dBm feeding the PA, the chip consumes a record average
power of only 680 μW [38], [39]. Considering the losses of the
EV1HMC321ALP4E boards and the cables, and the maximum
gain of the transmitting antenna, an external PA is used to set the
effective radiated peak power to 0 dBm. The waveform config-
uration together with the transmitting power allows satisfying
the limits of all the worldwide UWB indoor radio regulations
in terms of both power spectral density (−41.3 dBm/MHz)
and peak power (0 dBm/50 MHz) [10]. Details on the FMCW
working principle and on the radar terms (e.g., fast-slow time,
. . . ,) can be found in [55] and [40].

B. Rampart Line Antenna

For the transmitting and receiving antennas two identi-
cal rampart line antennas [61]–[64] have been designed to
operate in the 7.3–8.3 GHz frequency range. This radiator
topology is a frequency scanning microstrip antenna that has
been preferred over other solutions available in the literature
(i.e., slotted waveguide) due to its compactness, low cost and
easiness of realization. Furthermore, being a traveling wave

antenna, this radiator is intrinsically wideband, representing
an optimal solution for the proposed radar system, whose
fractional bandwidth is of about 13%.

A rampart line antenna appears as a cracked microstrip line
that operates as a 1-D array of radiators. The main source
of radiation is represented by the magnetic currents on the
corner edges. The interconnecting microstrip lines [vertical
and horizontal lines in Fig. 3(a)] act mainly as phase shifters
between two consecutive bends. Since the shift introduced
by the lines is frequency dependent, the main beam direction
varies with frequency. The number of corners, representing
the radiation sources, controls both the antenna gain and the
main lobe angular width (beamwidth). The proposed antenna
consists of a series of 11 equal structures [Fig. 2(b)], for a
total size of 27.3 × 5.3 cm2, and it was designed on a 1.524
mm thick Rogers RO4350B substrate. A narrow beamwidth is
fundamental to guarantee the angular separation necessary to
distinguish multiple targets. The number of periods was chosen
to maximize the gain and minimize the power dissipated in
the matched load. A further increase in the number of periods
would only result in the reduction of the antenna performance,
due to the higher losses in the dielectric and in the metallic
parts, without any further reduction in the antenna beamwidth.
With the proposed design, the antenna efficiency increases from
0.71 to 0.83 within the 7.3–8.3-GHz range.

The antenna geometrical parameters are: d = 5 mm, W =
3.5 mm, and h = 16.5 mm [Fig. 3(a)]. With those values, the
antenna scans an angular range of about 60◦ per direction of
rotation, with a gain varying inside the 12.4–15.8-dB range
and with a 3-dB beamwidth which varies from 8.5◦ at 7.3 GHz
to 17.7◦ at 8.3 GHz [Fig. 3(b)]. Measurement results of both
the Cartesian gain-angle plots [Fig. 3(b)] and the reflection
coefficient S11 [Fig. 3(c)] are in really good agreement with
simulations.

IV. DATA PROCESSING

A. Azimuth-Range Cells Definition

The baseband signals resulting from the chirps are trans-
ferred real-time to a laptop and read using a MATLAB script.
The data is arranged in two matrices, namely, the left matrix
ML and the right matrix MR, depending on whether it contains
information from the left sectors or from the right sectors.
Each matrix consists of Nc = 512 columns, containing the
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Fig. 3. (a) Geometry of the periodic structure of the designed antenna. Simulated and measured (b) radiation patterns and (c) reflection coefficient magnitude.

ADC samples acquired in the fast time each tf = 80 ns, and
of a number of rows Nr which depends both on the sam-
pling time in slow time ts and on the length of the monitoring
interval. Since the pointing direction of the antenna varies with
the frequency, each target is illuminated by the electromag-
netic radiation for a time Ts smaller than the chirp duration
T [Fig. 1(c)]. Consequently, the information of a single target
(range, angle, and vital signs) is encoded only in a submatrix
msub of one of the two matrices (ML and MR), namely, only in
some of the Nc columns. This means that the information of
multiple targets at different angular orientations are encoded
in different submatrices. Therefore, in order to perform angu-
lar separation, the two matrices have to be divided in Nr ×Nw

submatrices, where Nw is the number of columns (or samples
in fast time) expected being influenced by a subject while the
beam is scanned. Moreover, in order to have a fine angular res-
olution, an overlap of sw columns should be considered. For
the targeted application, Nw and sw have been opportunely
chosen considering the size of a human individual and of a
typical room setting. The designed rampart line antenna can
scan a total of 60◦ per chirp, either from 0◦ to −60◦ rotating
to the left or from 0◦ to 60◦ rotating to the right, resulting
in 512 digitized baseband signal samples. Therefore, desir-
ing a size of 15◦ per angular sector, each submatrix should
contain Nw = 128 columns. The overlap among submatrices
sw has been chosen equal to 64 columns, which corresponds
to an angular step of 7.5◦. This results in dividing the room
environment in 14 equal-spaced angular sectors, namely, from
0◦ to ±15◦, from ±7.5◦ to ±22.5◦, from ±15◦ to ±30◦,
from ±22.5◦ to ±37.5◦, from ±30◦ to ±45◦, from ±37.5◦
to ±52.5◦, and from ±45◦ to ±60◦. A target that is detected
in one of those sectors would be oriented in the middle of it,
namely, respectively, at ±7.5◦, ±15◦, ±22.5◦, ±30◦, ±37.5◦,
±45◦, and ±52.5◦.

B. Signal Analysis

From (2) and considering normally breathing subjects, the
digitized data in each submatrix can be fairly expressed as

msub(n, m) =
∑

i

Ai(mts)

× sin

[
2π

(
B

T

2di(mts)

c
ntf + f0

2di(mts)

c

)]

(3)

where i is the index corresponding to the ith target/object,
n = 0, . . . , Nw − 1 and m = 0, . . . , Nr − 1 are, respectively,
the fast time and slow time indexes, and with

di(mts) =
{

d0,i + xi(mts), for human target
d0,i, for clutter/object

(4)

where d0 indicate the nominal target’s absolute distance (this
description considers seated/lying down subjects) and x(mts) is
the vital signs information (i.e., the chest-wall motion caused
by the heartbeat and respiration). The latter can be expressed as

x(mts) = xr(mts) + xh(mts) =
= Xr sin(2π frmts) + Xh sin(2π fhmts) (5)

where xr(mts) and xh(mts), approximated as periodic functions,
indicate, respectively, the mechanical displacements produced
by the respiration and the heart (i.e., cardiopulmonary activity)
on the chest/wall surface, Xr and Xh have typical amplitudes,
respectively, around 4 mm − 12 mm and 0.1 mm − 0.5 mm,
while fr and fh are the vital signs frequencies which, depend-
ing on the subject and on the health condition, are within
the 0.1–3-Hz range [4]. Equation (3) is valid for chirp dura-
tion T sufficiently shorter than the periods of the vital signs
motions (stationary target assumption) [32]. If so, the target
is essentially motionless during T and it can be assumed to be
frozen at d0 + x(mts). If that condition is not ensured, there
will be range/Doppler ambiguities and (3) is no longer valid.
In this work, T = 40.96 μs is almost four orders shorter than
the shortest heartbeat period, which in extreme conditions is
about 0.33 s (corresponding to about 3 Hz). Therefore, the
assumption on stationary target results valid.

For each submatrix, each row (of 128 samples) has been
multiplied by a Hann window w(n) and then padded with
N − Nw = 384 zeros to have the same length of a base-
band signal produced by the proposed radar system but
integrating a nonscanning antenna (i.e., a classic FMCW).
The first step to retrieve the target information is to apply
the fast Fourier transform (FFT) to each submatrix per rows
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(i.e., in fast time), generating 14 new matrices of Nr × 512
complex samples, each can be expressed as

Msub(k, m) = F {ZeroPad[m(n, m) · w(n)]}
=

∑
i

Ai(mts)

2
W

(
k

K
− B

T

2di(mts)

c
tf

)

×e
j
(

4π f0di(mts)
c − π

2

)

+
∑

i

Ai(mts)

2
W

(
k

K
+ B

T

2di(mts)

c
tf

)

×e
j
(

π
2 − 4π f0di(mts)

c

)
(6)

with

W(k) = 1

2
DN(k) + 1

4
DN(k + 1) + 1

4
DN(k − 1) (7)

where F is the FFT operator, w(n) and W(k) are a Fourier
pair, k = 0, . . . , K-1 being the frequency bin index, K = Nc, DN

is the Dirichlet kernel, and the variables B and T are, respec-
tively, the total bandwidth and the chirp duration taking
into account the zero-padding operation. The frequency bins
are then converted in range bins considering only positive
frequencies and remembering that the frequency is propor-
tional to the range through 2B/(cT) [55]. It should be clarified
that the zero-padding operation does not improve the range
resolution but improves the range accuracy, which is limited
by the radar noise. Therefore, if in the same angular sector
there is only one subject or multiple targets which are sep-
arated in range by at least the reduced range resolution, the
target(s) will be located at the range bin(s) as in the case of
a classic FMCW. Obviously, if multiple targets are closer in
range than reduced range resolution, even busting the zero-
padding till the limit set by the radar noise, the system will
never be able to resolve them. The FFT allows also reducing
the amount of data. In fact, assuming that the environment is
6 m long, only the first 41 columns need to be considered,
namely, the first 41 range bins spaced of 15 cm.

C. 2-D Localization and Vital Signs Monitoring

In order to distinguish human beings from static clut-
ter/objects and to perform 2-D localization, the standard
deviation (std) operation is applied to the complex samples
of the 14 Msub matrices per column, namely, to (6) in slow
time. The idea is that the physiological movements involve a
larger std than static objects [55]. For each subject, the maxi-
mum std value corresponds to the range bin nearest to di(mts).
Since x(mts) is several order smaller than radar range resolu-
tion (which is limited by B), the subject’s absolute distance
is determined only by d0 which for seated/lying down tar-
get is constant in slow time. The std operation results in 14
vectors of 41 real value elements. The 2-D localization can be
obtained by arranging the std results into a 41 (i.e., range bins)
× 14 (i.e., angular sectors) matrix. The indexes of the matrix
elements corresponding to the local maxima indicate the tar-
gets’ locations. From this information is possible to determine
the azimuth-range cells, namely, the range bin/angular sector
combinations, where the subjects are.

Due to the limited resolution of the FFT and since x(mts) is
very small, the frequency information retrieved from (6) can-
not be used to monitor the vital signs. The latter operation
however can be performed looking at the phase information
in slow time (i.e., Doppler signal) as the received chirps are
significantly phase modulated by the chest motion (Doppler
effect) [40], [55]. The vital signs information is obtained
after performing 2-D localization and reading the complex
samples in slow time from the azimuth-range cell(s) where
the subject(s) is(are) localized. The next step is to extract
the phase information from the complex samples. However,
the stationary reflectors (i.e., clutter, objects, and static body
parts) present in the azimuth-range cells cause a distortion
of the Doppler signal [23], [24], which can jeopardize the
vital signs extraction. To tackle this issue, and hence to iso-
late only the contribution of the cardiopulmonary activity, a
phase optimization procedure is used. The complex samples
from each subject are arranged in a Nr×2 matrix M defined as

M = [
real(v) imag(v)

]
(8)

where v is a vector containing the complex samples after mean
removal. Then, the covariance matrix C of M is determined
from which its eigenvectors are calculated. The final step is to
determine the matrix S containing the principal components

S = ETMT (9)

where E is a matrix whose columns are the eigenvectors of
C and the superscript T indicates the transpose operator. The
first principal component is the optimized Doppler signal si

containing only the variable information

si(m) ≈ 4π f0
c

xi(mts). (10)

The data processing description might mislead the reader
that the proposed system has an issue in detecting a target
at 0◦. In fact, it should be approximated either at 7.5◦ or at
−7.5◦, giving an angular error equal to 7.5◦ while in all the
other sectors the maximum error would be of 3.75◦ (i.e., half
of the angular step). However, as it will be demonstrated in the
experimental results section, this can be easily solved looking
separately at the local maxima from the 0◦ to ±15◦ sectors. In
fact, a target a 0◦ would produce two mirrored local maxima,
namely, at the same absolute distance but at opposite angu-
lar orientations (±7.5◦). The same vital signs information is
obtained from the Doppler signals extracted from those two
local maxima, by which it is possible to state that there is only
one subject at 0◦.

V. SIMULATIONS

Simulations have been performed to prove theoretically the
proposed system and data processing algorithm. Four different
scenarios have been considered where there are always present
two persons. The parameters of Subject 1 are: Xr = 4 mm,
Xh = 0.2 mm, fr = 0.2 Hz, and fh = 1 Hz; while for Subject 2
are: Xr = 5 mm, Xh = 0.4 mm, fr = 0.3 Hz, and fh = 1.2 Hz.
The simulations also took into account the parameters (i.e.,
receiver’s noise figure, transmitter’s phase noise profile,. . . ,)
of the imec’s 8-GHz UWB radar IC [38], [39].
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Fig. 4. Simulation results. (a)–(c) Subject 1 at 3 m and -30◦ and Subject 2 at 3 m and 30◦. (a) 2-D localization. (b) Extracted Doppler signal from Subject 1
and resulting spectrum. (c) Extracted Doppler signal from Subject 2 and resulting spectrum. (d)–(f) Subject 1 at 3 m and −30◦ and Subject 2 at 3.8 m and
−30◦. (d) 2-D localization. (e) Extracted Doppler signal from Subject 1 and resulting spectrum. (f) Extracted Doppler signal from Subject 2 and resulting
spectrum. (g)–(i) Subject 1 at 3 m and −30◦ and Subject 2 at 3 m and −45◦. (g) 2-D localization. (h) Extracted Doppler signal from Subject 1 and resulting
spectrum. (i) Extracted Doppler signal from Subject 2 and resulting spectrum. (j)–(l) Subject 1 at 3 m and −30◦ and Subject 2 at 3 m and −37.5◦. (j) 2-D
localization. (k) Extracted Doppler signal from Subject 1 and resulting spectrum. (l) Extracted Doppler signal from Subject 2 and resulting spectrum. In the
spectra, the highest and the smallest peaks correspond, respectively, to the respiration and heartbeat fundamentals.

Fig. 4(a)–(c) shows the simulation results with two subjects
in the same range bin at 3 m but at opposite angular orien-
tations at ±30◦. The two targets have been correctly resolved
and the vital signs properly extracted.

Fig. 4(d)–(f) regard two targets in the same angular sector
at −30◦. Subject 1 was at 3 m while Subject 2 at 3.8 m. Since
in this work, and hence also in these simulations, the subma-
trices of Nw = 128 columns are obtained from the ML and MR

matrices of Nc = 512 columns, the proposed system has a total
bandwidth 4 times smaller than the one that would have a clas-
sic FMCW. This involves a range resolution of 60 cm. Since
the two targets are separated in range by a distance which

is larger than the range resolution, they have been properly
monitored. It can be noticed from the 2-D map that Subject 1
presents the strongest contribution although his/her simulated
cardiopulmonary activity involves smaller motions than the
ones of Subject 2. This is because the simulation includes
also the effect of the path loss. Nevertheless, the Doppler sig-
nals are properly extracted, showing in the Doppler profiles the
correct difference between the amplitudes of the physiological
motions of the two targets. This simulation demonstrates the
concept stated in Section IV-B regarding the improvement of
the range accuracy due to the zero padding. Subject 2 was in
fact located at 3.75 m which is a integer multiple of 15 cm (as
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Fig. 5. Experimental environment and set-up. (a) Subject 1 was sat on chair in left sector while Subject 2 in right sector. (b) Subject 1 and Subject 2 close
each other in two adjacent angular sectors.

Fig. 6. Experimental results with Subject 1 at 2 m and -30◦ and Subject 2 at 2 m and 30◦. (a) 2-D localization. (b) Extracted Doppler signal from Subject 1
and resulting spectrum. (c) Extracted Doppler signal from Subject 2 and resulting spectrum.

for a classic FMCW). Without zero padding, the target would
have been located at 3.6 m which is an integer multiple of
60 cm (i.e., the reduced range resolution). This simulation
considers a scenario where the subjects are one behind the
other. During real experiments, this is a very challenging sit-
uation for monitoring. In fact, the closest person will obstruct
the transmitted waveform to reach the farther target, therefore
its reflection will be strongly attenuated to not fall within the
receiver’s dynamic range. Moreover, the multipath generated
by Subject 1 will inevitably interact with the direct reflection
of Subject 2, generating nonlinear combinations of the Doppler
signals and therefore jeopardizing the localization and the vital
signs extraction.

Fig. 4(g)–(i) show an example with the two subjects at the
same absolute distance of 3 m but separated by one angu-
lar sector (in this work is 15◦). More precisely, Subject 1 is
at −30◦ and Subject 2 at −45◦. In this case, the subjects
were correctly monitored. However, this represents a limit sit-
uation. If the two targets, at the same absolute distance, get
closer in angular dimension by less than one angular sector
(i.e., less than 15◦), they could not be correctly monitored.
This is demonstrated in Fig. 4(j)–(l), representing a scenario
with Subjects 1 and 2 both at 3 m but at −30◦ and −37.5◦,
respectively. From Fig. 4(j) it is possible to notice two sig-
nificant peaks, one at 3 m and −30◦ and the other at 3 m
and −37.5◦. However, they are not both local maxima. The
only local maximum is at 3 m and −37.5◦. This is because
Subject 2 has a stronger simulated cardiopulmonary activity.
The same outcome is experienced while extracting the vital

signs [Fig. 4(k)–(l)]. In fact, although there is some small
unwanted harmonics, Subject 2 have been properly monitored
while for Subject 1 only the respiration rate was correctly
retrieved (the respiration involves a stronger motion than the
heartbeat). Since the two target are closer than one angular sec-
tor, the nonlinear interaction of their Doppler signals becomes
no longer negligible.

VI. EXPERIMENTAL RESULTS

Experimental evaluations have been conducted monitoring
two subjects at the same time who were invited to breath nor-
mally (Fig. 5). The sensor was put on a desk at about 1 m of
height. The g.USBamp device (CE certified and FDA cleared
medical device, safety class: II, conformity class: IIa, type of
applied part: CF), integrating two photoplethysmogram (PPG)
finger sensors and a two respiration belts, was used as gold
standard reference for heartbeat and respiration. Traces were
marked with tape on the floor to indicate the absolute distances
and the angular sectors.

A. 2-D Localization and Vital Signs Monitoring

Fig. 6 shows the results of a measurement of 30 s with
Subject 1 at 2 m and −30◦ and Subject 2 at 2 m and 30◦.
Fig. 6(a) shows the obtained 2-D map (range versus angle) by
which the two local maxima indicate correctly the position of
the two volunteers. The resulting vital signs signals and the
corresponding spectra are shown in Fig. 6(b) and (c) in which
it is possible to observe perfect matches with the references
(PPGs and belts). The same considerations can be also made
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Fig. 7. Experimental results with Subject 1 at 3 m and −45◦ and Subject 2 at 3 m and 45◦. (a) 2-D localization. (b) Extracted Doppler signal from Subject 1
and resulting spectrum. (c) Extracted Doppler signal from Subject 2 and resulting spectrum.

Fig. 8. Experimental results with Subject 1 at 4 m and −30◦ and Subject 2 at 4 m and 30◦. (a) 2-D localization. (b) Extracted Doppler signal from Subject 1
and resulting spectrum. (c) Extracted Doppler signal from Subject 2 and resulting spectrum.

Fig. 9. Experimental results with Subject 1 at 3 m and −45◦ and Subject 2 at 3 m and −30◦. (a) 2-D localization. (b) Extracted Doppler signal from
Subject 1 and resulting spectrum. (c) Extracted Doppler signal from Subject 2 and resulting spectrum.

Fig. 10. Experimental results with subject at 3 m and 0◦. (a) 2-D localization. (b) Doppler signals and (c) resulting spectra obtained from the 3 m/−7.5◦
(top plots) and 3 m/7.5◦ (bottom plots) azimuth-range cells.

for the experiment shown in Fig. 7, where Subject 1 was at
3 m and −45◦ and Subject 2 at 3 m and 45◦, and for the
experiment shown in Fig. 8, where Subject 1 was at 4 m and
−30◦ and Subject 2 at 4 m and 30◦. It can be noticed that in

some measurements, it was possible to retrieve not only the
first harmonic of the heartbeat but also the second one. This is
fundamental for applications where it is necessary to determine
accurate HRV, namely, the variance in time between the beats.
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TABLE I
PERFORMANCE FOR DIFFERENT ABSOLUTE DISTANCES AND ORIENTATIONS

TABLE II
COMPARISON OF THIS WORK WITH ALTERNATIVE STATE-OF-THE-ART APPROACHES

This time domain information is very hard to retrieve using
only the heartbeat fundamental [53].

In the aforementioned measurements, the two subjects were
placed at the same range bin but at opposite angular sectors.
Those tests proved that the proposed radar sensor can resolve
targets in the same range bins. However, the volunteers were
separated each other by few meters. Fig. 9 shows an exper-
iment where the subjects were at the same range bin but
separated by one angular sector (i.e., 15◦). More precisely,
Subject 1 was at 3 m and −45◦ and Subject 2 at 3 m and
−30◦ [Fig. 5(b)]. Also in this case, the radar sensor was able to
properly locate the two volunteers showing high capability is
resolving close targets [Fig. 9(a)]. This is also confirmed by the
extracted vital signs signals and by the corresponding spectra
which perfectly match the references [Fig. 9(b) and (c)].

Finally, Fig. 10 shows an example of a subject at 3 m and 0◦.
Looking at the 2-D map in Fig. 10(a) and considering sepa-
rately the left and right sectors, there are two local maxima
corresponding to the −7.5◦/3 m and 7.5◦/3 m azimuth-range
cells. From the Doppler signals extracted from those two posi-
tions [Fig. 10(b)], which present obviously similar trends but
different initial phases, the same vital signs rates are obtained
which are also in agreement with the references [Fig. 10(c)].
Therefore, it is possible to conclude that there is only one
target at 3 m and 0◦.

B. Impact of Distance and Orientation

In order to evaluate the effects of the distance and orienta-
tion on the system, 16 experiments have been performed on
five subjects, four males and one female, differing in height
(160–190 cm), in weight, and in age (24–35 years), invited to
randomly chose a seat and to breathe normally. Eight different
scenarios have been selected, namely, a single subject at 2 m
and 0◦, at 3 m and 0◦, and at 4 m and 0◦, and two subjects
(i.e., Subject 1 and Subject 2) at 2 m and ±30◦, at 2 m and
±45◦, at 3 m and ±30◦, at 3 m and ±45◦, and at 4 m and
±30◦. For each scenario and subject, two measurements of 60
s have been collected. The vital signs signals, extracted using

the technique described in Section IV-C, have been processed
using sliding windows of 20 s with overlaps of 19 s. The res-
piration and heartbeat signals have been retrieved from the
vital signs signals using the Wavelet decomposition and the
corresponding rates have been estimated using the FFT. Each
signal window has been zero padded by 5-time the window’s
size. The extracted respirations rates and heartbeats have been
compared with the values obtained using the medical reference
device in order to calculate the mean absolute errors (MAEs).

The results of this study have been reported in Table I,
where the MAEs are expressed in terms of BPM which
stands, respectively, for breaths-per-minute and beats-per-
minute whether it refers to respiration rate (RRs) and heart
rates (HRs). This experimental validation demonstrated that
the proposed system is capable of properly monitoring subjects
within practical indoor room settings. The maximum reported
MAE for respiration rate is 0.747 BPM (subject at 4 m and
30◦) while for heartbeat is 2.645 BPM (subject at 3 m and
45◦). An error less than 3 BPM while estimating the heart
rate is considered clinically acceptable [65].

The proposed radar sensor has been also compared with
alternative state-of-the-art approaches. The results, reported in
Table II, show that this work achieves better performance than
the compared solutions. This is also due to the fact that the
used method optimizes the phase extraction reducing the dis-
tortion caused by stationary reflectors (i.e., clutter, objects,
and static body parts). Moreover, the achieved results confirm
the benefit of using sub-10 GHz radars to monitor subjects in
typical room settings as the SNR degrades with the distance
slower than mm-wave solutions.

VII. CONCLUSION

In this work, a SISO FMCW radar integrating two rampart
line antennas and a data processing algorithm were described
and experimentally demonstrated for concurrent 2-D localiza-
tion (range and azimuth information) and vital sign monitoring
of multiple subjects. The frequency scanning nature of the
transmitting and receiving antennas allows performing angular
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separation, contrasting standard SISO systems. Compared to
alternative solutions, this architecture involves lower power
consumption, smaller silicon’s area, simpler design and con-
trol, and a lower amount of data to be processed. This radar can
be considered a useful sensor technology for the development
of future smart long-term health monitoring environments.
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