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Introduction

Introduction

In industrial, biomedical and automotive applications, RADAR (Radio Detection and
Ranging) can be considered a disruptive technology. This statement is justified not only by the
possibility of obtaining excellent performance both in terms of accuracy and spatial resolution,
but also by the ability to detect parameters of interest without contact, drastically minimizing
the size of the circuits and with minimal privacy concerns. Among the most relevant applicative
examples in the context of use related to smart cities and industries, and in addition to the well-

known ability of radars to measure distances and speeds of objects, it is possible to mention:

A. Detection of vital parameters, such as respiratory rate, heartbeat and eye blinking.
Radar can also become a very powerful tool in the medical field not only for its
ability to detect, for example, respiratory rate [1] and heartbeat [2] but also for a
series of features that should not be underestimated such as, for example, the
possibility of avoiding contact with the patient in order to make the hospitalization
less invasive or the possibility of monitoring the rooms in which patients are staying
in compliance with current regulations privacy; indeed the radar does not return
images of the surrounding areas as it would happen using a video camera. For
example, one of the key findings of the doctoral work is to enable communication
with patients affected by neurodegenerative disorders by means of a radar system
that detects eye blinking and reformulates them into a request from the patient [3],
[4]. At the same time, healthcare sensing via radar is not only related to clinical
environments, but it can change and help effectively with the daily life of people. For
instance, in [5], the realization of a short-range radar system is presented to be

mounted on a traditional white cane to assist people affected by blindness. Thus, this
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contribution enables autonomous walking of visually impaired patients. Moreover,
a multiple-input-multiple-output (MIMO) radar system, thanks to the presence of
several antennas, would allow to monitor a fairly large environment both in terms of
azimuth and elevation using only one radar. This aspect could be very beneficial for
each mentioned application. For example, in a hospital room with several patients, a
single radar would be enough to monitor the vital signs of each hospitalized person
rather than the use of a radar for each patient; this would lead to the reduction of
costs related to the introduction of this technology within the hospital and clinical
world. In addition, the use of a MIMO radar in similar applications would allow
continuous monitoring of all patients at the same time, even without medical staff
close by.

. Identification of gestures and movements of the human body that can be interpreted
as commands or behaviors of interest. This gives the possibility to monitor the
environment for obtain enhanced security and advanced infotainment systems. The
gesture recognition finds fertile ground in the most diverse and nearly unimaginable
applications. As an instance, in [6], the researchers introduce a human pose
estimation and gesture recognition system with a parallel architecture using
frequency-modulated continuous-wave (FMCW) radar for privacy compliance.
Whereas, in [7], [8], the gesture recognition by radar is declared in two very different
fields, music and metaverse, respectively. In detail, the latest is focused on the
development of the next generation of interactive systems based on radar to support
traditional camera-based sensors to provide an advanced, complete and reliable
interaction among users. Differently, [9] introduces the concept of smart home or

office employing radar to control the air conditioning and ventilation efficiently. At
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the same time, the radar system is also exploited inside the car both to implement
intelligent anti-abandon systems [10] and to develop infotainment control systems
through simple gestures and movements. The latter would allow a clear decrease in
the driver's loss of concentration while driving as well as increase the range of
activities that can be carried out safely inside a means of transport [11], [12]. In this
regard, a micro-Doppler analysis can be carried out that allows to highlight the
simple gestures and movements of every single part of the body of humans. For
example, in [11], micro-Doppler analysis is used to determine specific movements
of the human head that indicate a level of fatigue such that the act of driving is
compromised and dangerous while, in [12], with this analysis it can be observed how
certain gestures detected by the radar can translate into particular functions such as,
for example, increasing or lowering the volume of the radio allowing a more
immediate and safe interaction with the machine. Thus, the importance of developing
inattentive driving behavior detection based on radar sensors is confirmed in [13]
too. Indeed, monitoring driver’s attentiveness is crucial for obtaining higher
transportation safety. Precisely, this contribution places emphasis on how the
combination of radar and machine learning can classify the gestures correctly.

. Automation of some tasks in several applications is very popular nowadays and
radars play an important role like, as an example, in the automotive sector where one
of the main focuses is on autonomous driving. In [14], new ways of radar installation
are investigated with respect to the standards adopted until today by car
manufacturers. Thus, a medium-range radar was designed to be placed on the rear
lamp rather than behind the bumpers or in the car body, ensuring undisturbed view

and better protection from disturbances and accidents. Differently, in [15], the
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feasibility of a short-range ship collision avoidance radar system has been
investigated. Indeed, ships are usually equipped with long-range radars for the open-
see navigation, whereas the in-harbor one relies only on the manual ability of the
captain. Therefore, this contribution paves the way for enabling the concept of
autonomous ship navigation by exploiting radar sensors. Another example of
autonomous task is the implementation of a radar system to be mounted on a satellite
to detect space debris as in [16]. The goal is to assist satellites to approach and collect
debris because space junk has become an emerging issue over the last decade. This

work represents the preliminary work of an on-satellite radar system.

Thus, in recent decades, the number of applications related to radar systems has increased
exponentially due to the high ductility of these systems. From automotive to meteorology, from
military defense to ship traffic control, from industrial security to the medical field, the
applications in which radar becomes the main protagonist of technologically complex and
advanced systems are among the most diverse. Initially, radar systems were used exclusively
to detect objects and their distance, but today, they are also used for their ability to estimate
speed and millimeter displacements relative to the targets of interest for the application.
Moreover, the possibility of using multiple radars, operating at different frequencies, by
combining their data leads to a growing scientific and industrial interest in accurately
monitoring the surrounding scenario.

This philosophiae doctor (PhD) thesis deepens and expands the study of microwave and
millimeter-wave radar for advanced applications of high scientific and industrial/commercial
interest in the fields of vital signs detection, motion analysis and gesture recognition. The use
of radar in space and airport navigation will also be discussed. A large section is dedicated to

enabling communication with patients suffering from neurodegenerative disorders using radar
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systems. In particular, continuous wave (CW) radars that exploit Doppler effect, FMCW and
MIMO techniques will be used, depending on the specific case. First and foremost, the
dissertation aims to provide an overview of advanced and portable radar systems.

Considering the increasing degree of miniaturization and the required advanced performance
of modern electronic devices, the evolution of radar systems is a topic of great scientific interest.
Thus, a study of scientific literature has been carried out in the context of major critical issues
related to radar systems. This is evidenced by the growing demand for radar systems working
at increasingly higher frequencies, given that the size of the components decreases as the
operating frequency increases, and that they have better performance. The latter are strongly
linked to the use of higher bandwidths and the presence of more antennas, both in transmission
and reception, within the radar system. The use of wider bands requires the use of devices
operating at higher and higher frequencies since they are, in part, not yet allocated for other
applications. As a result, it was decided to work with radars working at different frequencies to
identify the most suitable radar for each type of application under consideration. Therefore, in
order to minimize size and improve performance, especially in terms of accuracy and spatial
resolution, microwave (24 GHz) and millimeter-wave (60 GHz - 80 GHz and 110 GHz -130
GHz) front ends are used, operating in different modes such as continuous wave radars or
frequency-modulated radars. In particular, the potential of radars operating in the 110 GHz -
130 GHz frequency range is still little explored given the complexity of these systems and,
moreover, such high frequencies still represent a world that is little explored for the field of
electronics. Using this frequency range increases the complexity of the hardware and makes it
more complicated to analyze the results during processing.

The present thesis aims to improve the performance of these radar systems and, therefore, to

face and overcome the current challenges present in the literature and to develop applications
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of relevance for the territory and for the national and international scene. Initially, the main
critical issues in the radar field will be addressed, such as, for example, in-phase and quadrature
(I/Q) imbalance, phase detection, displacement evaluation during real-time measurement,
advanced micro-Doppler signature elaboration and angle-of-arrival (AOA) estimation in the
field-of-view (FOV) of the selected MIMO radar.

Subsequently, all the radars employed during the doctoral study will be presented to analyze
their characteristics and to compare them before showing all the accomplished results.

In addition, this thesis paves the way for developing a modular 120 GHz MIMO radar
composed of multiple single-input-single-output (SISO) integrated circuits (IC) chips, allowing
the detection of the so-called angle-of-arrival. Several antennas make up the MIMO radar and
their better positioning in transmission and reception areas is the most relevant critical issue
that has been addressed during the doctorate program.

Considering the application areas indicated above, post-processing techniques will be used
to identify the different types of targets and to appropriately process the data according to the
results pertinent to the application under consideration. All the problems emerging from the
study of the results obtained will be analyzed to find new solutions applicable in the elaboration
phase in such a way as to avoid the addition of hardware for solving them. Once the devices to
be used have been identified, we will move on to the manufacture of more complex radar
systems with a particular focus on systems with the ability to detect angle-of-arrival.

The possibility of improving and customizing the processing phase of the data obtained from
the measurements according to the expected results and the individual aspects of greatest
scientific interest for the individual application has not been overlooked. In fact, another
objective is to significantly diversify the entire post-processing phase in order to optimize it for

each specific case.
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After this brief examination, we can assert that although the radar area has seen a very strong
qualitative and quantitative increase in the scientific literature produced, there are numerous
challenges to be overcome both in the technological and signal processing fields. The very
structure of modern radar systems, consisting of microwave and millimeter-wave front ends,
analog signal conditioning sections, conversion and digital processing of the measured data,
underlines the complexity of the research field.

This doctorate thesis fits perfectly into the renewed current and future industrial context
where the development of the related enabling technologies is of fundamental importance for
the evolution of society. Additionally, the highly innovative nature of the technologies covered
by this dissertation encourages entrepreneurial and patent activity.

The present thesis is organized into three chapters. In Chapter 1, the main characteristics of
radar systems are discussed, and an overview of radar topologies is drawn. Chapter 2 makes a
list of the employed radar boards summarizing their features and comparing them to connect
the radar theory with all case studies for short-range applications shown in Chapter 3, in detail.
Finally, the conclusions are drawn and a glance at some future directions and possibilities in
terms of research developments is explored. During the three-year PhD there was the
opportunity to work on different topics beyond microwave and mm-wave radars. The related

results and achievements are reported in the list of publications at the end of the thesis.
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1 Radar systems

As seen in the Introduction, the possible radar applications are numerous, and it is impossible
to comprehend all of them in a simple list. This assertion is enhanced by the continuously
increasing number of new applications throughout different fields. This aspect has allowed a
decrease in the price of radars in the last decades, increasing the radar’s performance
contextually. In this chapter, the main radar operating principles and topologies are discussed,

explaining the basic concepts and going deeper into the most relevant aspects for the PhD work.

1.1 Radar equation and main characteristics

A radar is defined as an electronic system that, through the transmission and reception of
electromagnetic waves, allows the determination of the position at which objects are located
and their speed within a monitored scenario. More accurately, the radar system also allows the
detection of the direction at which the target in question is located, its shape and its size, as well
as giving the possibility of estimating the so-called angle of arrival.

Radar was patented in the early twentieth century and, in particular, England was the first
nation to exploit the radar system as a defense mechanism against air attacks and for the
detection of enemy ships during the Second World War (WWII), as shown in Fig. 1.1(a).

Subsequently, radar was no longer used only for war purposes but also in the meteorological
field to locate atmospheric disturbances and assess their intensity or, for example, for air and
naval traffic control in anti-collision systems up to, today, the automotive and medical sectors

as briefly replicated for example purposes in Fig. 1.1(b) and 1.1(c).
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Fig. 1.1: Radar applications: (a) typical radar employed during WWII in England, (b) long-range radar in navigation systems
and (c) recent application fields of radar.
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Microwave frequencies range from 3 GHz to 300 GHz, between radio and infrared waves.
Radars operate within this same frequency range. All of the radars used in this work are
portable, i.e., their dimensions are relatively small. This is due to their operating frequencies
being very close to and within the mm-waves bandwidth, which is conventionally defined as
30 GHz to 300 GHz [17].

Though the higher frequencies make the design of microwave devices and systems tricky,
as listed hereafter, they bring several advantages which are exploited by short-range radar

applications:

e The gain of the antennas is proportional to their electrical size. Since the higher the
frequency, the smaller the wavelength, at higher frequencies for the same physical size,
the antenna looks electrically bigger, increasing the gain. In other words, the higher the
frequency, the higher the directivity.

e In the upper range of the microwave frequencies, there is more available bandwidth due
to the lack of additional applications [18]. As a consequence, more bandwidth is provided,
and this is beneficial to obtain better performance in radar applications.

e The target radar cross-section (RCS) is proportional to its electrical size. Using an
electromagnetic wave characterized by a smaller wavelength makes the target even more
“detectable”.

e Again, the higher the frequency the smaller the antenna dimensions, thus the more
compact and lightweight systems can be realized which are considered portable as is

shown in Fig. 1.2.
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Fig. 1.2: Antenna dimensions scale as a function of the frequency.

The electromagnetic (EM) spectrum is divided into sub-bands depending on the frequency.
Mnemonic letters are associated with each band to make professional reference to a specific
bandwidth easier, according to the Institute of Electrical and Electronics Engineers (IEEE)

classification reported in Tab. 1.1.

Tab. 1.1: Electromagnetic spectrum sub-bands.

IEEE sub-band mnemonic letters Sub-band frequency range
Medium frequency 300 kHz — 3 MHz
HF 3 MHz - 30 MHz
VHF 30 MHz - 300 MHz
UHF 300 MHz - 1 GHz
L 1 GHz -2 GHz
S 2 GHz-4 GHz
C 4 GHz - 8 GHz
X 8 GHz—- 12 GHz
Ku 12 GHz - 18 GHz
K 18 GHz - 27 GHz

11
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Ka 27 GHz-40 GHz
A% 40 GHz - 75 GHz
W 75 GHz - 110 GHz
F 90 GHz - 140 GHz
D 110 GHz - 170 GHz
Y 325 GHz - 500 GHz

The L band is mainly used for navigation, mobile phones, and military applications. The S
band is used for navigation beacons and wireless networks. The C band is used for long-distance
telecommunications due to its ability to penetrate clouds, dust, and rain. The X band is used for
radar and space communications. The K, band is used for satellite communications. The K band
and K, band are used for satellite communications, astronomical observations, and radar. The
V band is used for high-capacity terrestrial millimeter-wave communication and radar.
Automotive radars currently operate in the K and W bands, around 24 GHz and 77 GHz,
respectively, whereas industrial radars operate at approximately 60 GHz within the V band. The
radars used during the doctorate operate in the three different bands: K, V and D, which will be
discussed later.

Basically, the mode of operation of any radar can be divided into simple steps. Initially, the
radar sends an electromagnetic wave towards the monitored scenario by means of a transmitting
chain that generates and transmits the signal by exploiting an antenna. If a target is present, the
signal bounces off the object and is reflected back to the radar. The reflected electromagnetic
wave is received and converted into a current signal by a receiving antenna and amplified and
filtered by the receiver. Simplifying, the signal can be elaborated to discern the difference, in
terms of magnitude, frequency and phase primarily, between the transmitted signal and the

received one. Exploiting these differences, it is possible to extract the distance and the velocity

12
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of the target, its dimension and angular position with respect to the location of the radar itself.
Therefore, the antennas play an important role because they are considered the eyes of the radar
sensor system. There are two basic antenna configurations of radar systems: monostatic and

bistatic, as illustrated in Fig. 1.3.

Transmitter —Q& %
Receiver —(F ‘(\f\f\’

@
Transmitter
AVAV.
T/R
NVAVAS
Receiver
(b)

Fig. 1.3: Basic radar configurations: (a) bistatic and (b) monostatic.

In a monostatic configuration, one antenna serves as both the transmitter and receiver. In
contrast, bistatic configurations have separate antennas for the transmitting and receiving radar
functions. Nevertheless, the use of two antennas alone does not determine whether a system is
monostatic or bistatic. If the two antennas are very close together, the system is considered to
be monostatic. A system is bistatic only if the two antennas are sufficiently separated such that

the angles or ranges to the target differ significantly.
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The transmitter is a relatively high-power device, whereas the receiver is very sensitive.
High-power EM waves from the transmitter, if introduced directly into the receiver, would
prevent the detection of targets (self-jamming) and could damage the receiver’s components.
Therefore, the receiver should be isolated from the transmitter. A bistatic radar configuration
can provide significant isolation. While most modern radars are monostatic for more practical
design and operations, it is more difficult to provide isolation between the transmitter and
receiver. Consequently, circulators and switches (duplexers) can be used to separate transmit
(TX) and receive (RX) signals.

Moreover, radars can be noncoherent or coherent. Whereas a noncoherent system detects
only the amplitude of the received signal, the coherent system detects both amplitude and phase.
Noncoherent systems are cheaper and often used to provide a two-dimensional display of target
location in a ground map background. The amplitude of the signal at any instant in time will
determine the brightness of the corresponding area of the radar map, as shown in Fig. 1.4, where
the beam indicates where the radar is pointing at a particular moment and the green filled circles

indicate the locations of the detected targets during scanning.

(e
\I¢

Fig. 1.4: Plan position indicator used in navigation systems.

All early radars were noncoherent and target detection depended on the operator's skill to

discern targets from the surrounding environment. In coherent systems, the additional phase
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information provides target motion characteristics and the ability to image a target. Though
there are still applications of noncoherent radars, most modern radars are coherent. Indeed, all
the radars employed during the research activity are coherent systems.

Radar performance dramatically depends on the level of the received echo. However, at the
receiver’s input, in addition to the signal of interest, noise is received likewise. When a signal
is received, the so-called echo, a combination of noise and signal is present. The noise obstacles
the target detection and, in radar field, consists mainly of thermal noise and is due to the random
thermal motion of charged particles. In addition, the receiver section generates its own internal
noise, which usually dominates over the noise from the environment. Noise is not correlated
with the target signal, so the total power is just the sum of the signal power and the noise one.
To properly ensure the detection of the targets, it is fundamental to refer to the signal-to-noise
ratio (SNR); in fact, if this parameter is relatively high, the probability of detecting the target is
higher. Radar system designers use an equation to compute the SNR at the receiver, namely the
radar range equation (RRE), which is a relatively simple equation that considers all the
parameters affecting the power budget. The RRE can also be exploited to determine the
maximum range at which a particular radar can detect a target, but it can also serve as a means
for understanding the factors affecting radar performance and how to select the best radar
components for a particular application.

In Fig. 1.5, there is a sketched representation of the typical radar environment where the
emphasis is placed on the single contributions, in the channel section, that can decrease the

SNR of the entire radar system.
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Fig. 1.5: Schematic illustration of the typical radar environment.

Considering the first line of the schematic illustration, the power at the target Ptg;g: can be

expressed as in Eq. 1.1:

where:

Ptarget = Pry -

e Pry is the transmitted power.

e (, is the transmitting antenna gain.

e Ay, is the free space attenuation.

GtAfs
L

(1.1)

e L. is the sum of atmospheric and multipath loss, i.e., the propagation of a wave from one

point to another by more than one path.

In detail, multipath loss is the process by which a transmitted signal arrives at the receiver

via at least two different paths. These paths are typically the main direct path, and at least one

reflected path. Depending on the phase, the signals may combine constructively or

destructively, resulting in a signal that is either stronger or weaker than the one would be in free

space.
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Regarding the free space attenuation shown in Eq. 1.1, in turn, it can be calculated as
highlighted in Eq. 1.2:

/12

Ars = TmR)y? (1.2)

where:

e R is the target range intended as line-of-sight distance.

e 1isthe wavelength.

When the EM wave hits the target, it is reflected in many directions. The target behaves as
if it were a source of EM waves itself, because the incident EM signal induces time-varying
currents [19]. Consequently, the power reflected and captured by the radar is influenced not
only by the target, but also by the channel again. The target contribution, Gqyget, is inferior to

unity and can be expressed as in Eq. 1.3:

Gtarget = % (1.3)
where g, is the target radar cross-section that is a measure of power scattered in a given spatial
direction when a target is illuminated by an incident wave. The radar cross-section is used to
characterize the target regardless of the transmitter and receiver topology and the distance
between radar and target itself. Indeed, the RCS value is normalized by the power density of
the incident wave at the target, thus, it is independent of the distance. The RCS depends on
several parameters such as the physical size, the geometric shape and the material composition
of the target and it is expressed in square meters m2. It is worth noting that the RCS depends on
the frequency and, thus wavelength, because scattering mechanisms depend on the size of the

scattering body relative to the wavelength. In general, if the target can be approximated to a
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sphere or a cylinder, RCS should be expected to increase with decreasing wavelength up to a
wavelength in the millimeter-wave region. In general, the larger the target physical sizes, the
higher the radar cross-section. Typical values of RCS can span 10~ m? for insects to 107 m?
for large ships. Due to the large dynamic range, a logarithmic power scale is often used with

reference value of osppere = 1 m?2. In Tab. 1.2, some radar cross-section values are reported, by

way of example.

Tab. 1.2: Typical RCS values for several types of targets.

Targets RCS (m?) RCS (dB)
Container ship 10000 40
Jumbo jet 100 20
Small truck 100 20
Jet airliner 20-40 13-16
Cabin cruiser 10 10
Large fighter 6 7.8
Helicopter 3 4.7
Four-passenger jet 2 3
Man 1 0
Stealth jet 0.1-0.01 -10--20
Birds 0.001 -30
Insects 0.00001 -50

Therefore, RCS is quite difficult to estimate, and it is normally determined by measurements.
Indeed, although it equals the target cross-sectional area theoretically, not all reflected energy

is distributed in all directions, and some energy is absorbed.
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Clarifying the three main contributions in the typical radar environment beyond the
transmitting power and considering both A¢s and L; two times due to the round-trip path of the
electromagnetic wave, the previous equations can be combined to obtain the expression of the

power at the radar receiver in Eq. 1.4.

(1.4)

GTX'GRX'AZ'O-t
Prx = Pry -

(4m)3 - R* - L,

where:

e L. are the square losses due to the round-trip path.

e (Grx and Gry are the transmitting and receiving antenna gains respectively.

Therefore, the power received is a function of the system specifications, the type of targets
and channel attenuation. A radar engineer cannot change either the transmit/receive channel, or
the target characteristics. However, a radar engineer can exploit the RRE to select and design
the best radar components to fulfil the desired application. For this purpose, often the RRE is
written in a particular form to highlight the maximum distance detectable by the radar sensor,

considering the so-called minimum discernible signal power, Py ps, as shown in Eq. 1.5.

CAo l (1.5)

4
R = [P, -
max & l(47f)3 * Pyps - Lg

This parameter indicates how sensitive the radar is, in fact, it represents the minimum power
detectable by the radar and its value is generally 3 dB higher than the average noise level as can
be seen from Fig. 1.6. Receiving signals that have power lower than the Pyps cannot be picked
up by radar, eliminating the possibility of detecting a given target because the signal is

immersed in the noise which is mix of thermal noise, receiver noise limited by the receiver
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bandwidth, and might also include air or ground clutter echoes from objects which are of no
interest for the radar application, electromagnetic interference from other non-intentional EM
sources (television stations, cellular telephones), and hostile intentional jamming. The signals
received from these different noise sources are modeled as additive random processes. Thus,
the target echo is entirely deterministic, the combined target-plus-interference signal is a

random process [19].

MDS Level

CURR L LR B4R BGERL Bgidl Dl LR

Mean Noise Level

Fig. 1.6: Comparison of noise and Ppyps levels.

Typical radar values of the Py;ps echo span range from —80 dBm to —113 dBm. Eq. 1.5 is
exploited to calculate the maximum range detectable and, of course, depends on the SNR at the
receiver that, in turn, depends on the characteristics of the receiver itself. In order to increase
the R4y, 1t 1s generally preferable to increase the gain of the antennas or improve the sensitivity
of the receiver section in terms of a lower noise figure, rather than increase the transmitted
power. Indeed, due to the fourth root, e.g., to simply double the maximum range, it is required
to increase the transmitted power by a 16 factor, which is very expensive. Therefore, it is usually
most convenient to increase the antenna gain or decrease the noise figure of the receiver.

All these reasons confirm that the target detection is a very complicated task. Basically, a

target can be detected by setting the threshold at least 3 dB above the noise level and below the
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signal level related to the target itself. Any echoes above the threshold are assumed to be the
targets, instead of signals under the threshold, which are ignored. The thresholding detection
procedure is illustrated in Fig. 1.7. In detail, any signal or each data sample in the digital domain
is compared to a threshold. If the sample overcomes the threshold, it is supposed to be due to
the presence of the target plus the interference, as in sample 50 in Fig. 1.7; otherwise, it is
supposed to be due only to the interference. The choice of words “it is supposed to be” is not
casual, because the assumption can be wrong. Indeed, should a peak due to a strong inference

cross the threshold, this will lead to a false alarm. This is the case of sample 20 in Fig. 1.7.

Target + Interference
© |
. Interference i
@ ©
2 l
ECL} I
< \ Threshold
(9]
o

0O 10 20 30 40 50 60 70 80 90:
Samples

Fig. 1.7: Threshold detection example.

Consequently, increasing the value of the threshold in turn decreases the probability of false
alarm. On the other hand, a sample coming from a weak echo cannot overcome the threshold
and thus it is undetectable. For this reason, a trade-off should be selected according to the
specific application. Indisputably, increasing the SNR by reducing the noise power is a key
point. Another possible solution exploits dynamic thresholds based on different principles
reported in the literature [19], [20], [21]. A very famous example is the cell-average constant
false alarm rate (CA-CFAR) detector, which is based on tracking the main level of interference

to dynamically set the threshold with a fixed probability of false alarm.
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1.2 Doppler radar

The radar transmits an electromagnetic signal and can receive a reflected signal from the
object. Based on the time delay of the received signal, the radar can measure the range of the
object. If the object is moving, the frequency of the received signal will be shifted from the
frequency of the transmitted signal, known as the Doppler effect. The Doppler frequency shift
is determined by the radial velocity of the moving object, that is, the velocity component in the
direction of the radar line of sight (LOS). Based on the Doppler frequency shift of the received
signal, radar can measure the radial velocity of the moving object. If the object or any structural
component of the object has an oscillatory motion in addition to the bulk motion of the object,
the oscillation will induce an additional frequency modulation on the reflected signal and
generate sidebands about the conventional Doppler shifted frequency caused by the
translational motion of the object. The additional Doppler modulation is called the micro-
Doppler effect [22]. The main goal of CW radar is to measure the speed of a target and its
diverse speed components if the target is performing a complex movement. Doppler radars are
not used for range measurement because they lack the timing mark. Considering a monostatic
radar where the transmitter and receiver are at the same location and do not move and supposing
a target is moving in the radar’s FOV with a radial velocity component, v, in the direction of
the radar. The theory of special relativity affirms that the frequency f,. of the received echo will
differ from the transmitted or carrier frequency f. due to the Doppler effect as highlighted in

Eq. 1.6 where c is the speed of light.

1+
f=to| = (16)
Cc
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It is worth noting that if the target is approaching the radar, the received frequency increases;
otherwise, if the target is moving away from the radar, the received frequency decreases. A
parallel can be drawn for the case of sound waves, when the sound from moving ambulance
sirens or train whistles appears distorted for a subject stationary or moving at different speed.
Therefore, Doppler shifts can be exploited in radar systems to detect echoes from moving
targets in the presence of much stronger reflections from stationary clutters and, thus, to
separate moving from stationary targets. The difference f; between the transmitted and
received frequencies is called the Doppler frequency or Doppler shift and can be calculated as

in Eq. 1.7.

fo ==xf (ZTUCOS 0) (1.7)

where 0 is the angle between the velocity vector of the target and the radar LOS, so the cos 8
contribute gives the radial velocity component. Of course, if the target is exactly in the LOS
(6 = 0°), then the radial velocity is simply v. The Doppler shift is zero if the target is stationary
or when the target is crossing orthogonally to the radar boresight (6 = m/2). Therefore, Eq.
1.7 confirms that the Doppler frequency shift is proportional to the emitted frequency f, of the
wave source and the relative velocity v between the source and the observer. A typical block
diagram of a CW radar sensor is illustrated in Fig. 1.8.

Basically, a local oscillator in the transmitting section generates a single-tone frequency
signal that is contemporary divided into two parts: the first half is sent to the receiving section
for future demodulation by means of a splitter and the second half'is radiated by the transmitting

antenna after amplification and filtering.
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Fig. 1.8: Block diagram of a CW radar system architecture.

Later, the reflected signal is captured by the antenna in the receiving section. The first
element of the receiving channel is the low-noise amplifier (LNA) since the echo signal is weak
and, thus, it is essential to increase the noise figure as little as possible. This amplifier category
is characterized by the introduction of very little noise during the amplification phase of the
received signal, therefore, the LNA will be the first element to be inserted in the reception chain
to keep the cascaded system noise figure low [17].

The intention is to measure the displacement of the target and its movement direction. In
Fig. 1.8, the quadrature mixer positioned after the band-pass filter in the receiving, known as
I/Q detector, exploits a two-channel quadrature receiver to split the incoming signal into two
channels, enabling the estimation of target direction in addition to the speed detection. This
concept will be explained better in the following pages. The mixers are 3-port devices with 2
inputs, the transmitted signal generated by local oscillator and the received one, and one output
whose frequency is directly related to the Doppler shift. Neglecting the mixer non-linearities
and considering the low-pass filters at the output of the mixers, the output signal is characterized

by a frequency equal to the difference between the frequencies of the two inputs and a phase
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equal to the phase difference between the phase of the two inputs. The upper channel signal is
mixed with a cosine reference, instead of the lower channel mixed with a sinusoid reference.
The lower oscillator is therefore 90° out of phase with the upper one, a condition referred to as
being in quadrature. They are typically exploited by coherent receivers, to obtain both modules
and phases of the received signals. In mathematical terms, the transmitted signal originated by

the local oscillator can be expressed as in Eq. 1.8:
Sex(t) = A+ cos(2mf.t) (1.8)
where:

e f. is the carrier/operative frequency.

e A is the signal amplitude.

If at least one target is present in the scenario, the transmitted signal will be reflected and

captured by the receiving antenna. The received signal can be expressed as in Eq. 1.9:

(2 (=52 90
Sex(t) =arcos(2mfe |t —— |+ oo (1.9)

c

where:

e «is the received signal amplitude considering the path loss, the radar cross-section of the
target and the circuit gain and loss.
e 2d(t)/c is the time delay due to the target range.

® ¢y is the residual phase that is negligible in a coherent system [23].

Equation 1.9, in other words, is the delayed and scaled version of the transmitted signal. The
delay is due to the range of the target. Considering the delay as the sum of starting distance plus

the distance shift, the received signal can be rearranged as reported in Eq. 1.10:
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4R 4 x(t
srx(t)=a-cos(2nfct+ Aoi /1()+¢0)

(1.10)

where:

e R, is the starting detection distance of the target.

e x(t) is the time-varying distance shift due to the moving target.

Given the quadrature receiver as shown in Fig. 1.10, the received signal is divided into the

in-phase I channel, Eq. 1.11, and quadrature Q channel, Eq. 1.12, components:

4 - x(t)
s,(t)za-cos(AgoiT) (1.11)
so(t) = - sin <A(p J_rém'Tx(t)> (1.12)

in which Ag is the phase component resulting from the round-trip distance R,. Therefore, the
quadrature receiver in Fig. 1.10 allows to exploit the complex nature of the received signal to
detect not only speed and small displacements, but also the target movement direction. In other
words, the quadrature mixer enables understanding of whether the target is moving toward or
away from the radar. The phase variation is estimated through the arctangent operator, as
frequently occurs in the scientific community [24]. Therefore, the arctangent operator is applied

on the in-quadrature part over the in-phase part of raw data as it is expressed in Eq. 1.13.

(1.13)

o(t) = tan~1 (SQ(t)> = Ap + 4mx(t)

s;(t) A
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Since Ag is constant and useless for the instantaneous phase extraction, it is usually removed
by subtracting the average value. The arctangent operator has been chosen to eliminate the
optimum/null detection point problem by combining the I and Q signals [24], [25].

Thus, each measured data (I/Q couple) has a single absolute phase ¢(t) in which the in-
phase signal represents the real part of the corresponding complex signal, instead of the
quadrature signal which represents the imaginary part of the complex signal. To measure the
displacement (or speed, it is considered equivalent), two measured data are needed. If the phase
difference between a phase sample and the subsequent one is greater than zero radians, then the
target is approaching the radar. If the phase difference is lower than zero radians, then the target
is moving away from the radar, as remarked in Fig. 1.9. In other words, the phase difference

suggests the motion direction.

sq(t) so(t)
- >0-x>0 — <0-x<0
Approaching target Moving away target

0 v

Fig. 1.9: Couples of sampled data translated in a target motion approaching and moving away from radar.

The measurement of the displacement is unambiguous only if the phase change between two
consecutive samples (I/Q couples) received from the selected target is less than . It is important
to point out that a phase variation may be equal to or higher than 7, but this would produce an
incorrect result since a target movement towards or away from the radar will generate
ambiguity. Therefore, just to clarify, Fig. 1.10 shows the location of two simulated consecutive
samples on a constellation graph during an ambiguous movement, i.e., when the real phase

variation is larger than .
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Fig. 1.10: Effect of an ambiguous velocity measurement.

Although the correct movement is the one indicated by the green arrow, the unwrap function,
explained soon after Eq. 1.15, returns an angle difference of —141.3°, thus considering the
wrong direction (red arrow). Therefore, the unwrapping operation cannot resolve the ambiguity
due to exceeding phase variation and, thus, the m-limit translates into a maximum measurable
displacement in Eq. 1.14 between two samples:

x(t)max = % (1.14)

This expression directly imposes a maximum measurable velocity that could be trivially
derived from Eq. 1.14, divided by T,,,, which is the time interval between two measurements,
as underlined in Eq. 1.15, and depends on the type of radar system, i.e., CW or FMCW. Indeed,
all these considerations are valid for both radar types, regardless of whether or not modulation
is present. In any case, to accurately track the phase variation of the radar received signal, the
radar transmitter must be driven by a highly stable frequency source to maintain full phase

coherency.
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v(t) = T_ (1.15)

As a consequence, the radar performance must match the maximum velocity of the objects
within the monitored scenario; otherwise, an intrinsic error occurs during the data processing.
On the other hand, the absolute phase can exceed the limit of 7 because of the target motion
in the same direction, i.e., phase accumulation; in other words, when the total phase history is
not enclosed within the interval [—7; 7] as the reported example in Fig. 1.11. A phase variation
of a target moving in the same direction along the entire measurement is shown in Fig. 1.11.
The m threshold is not overtaken by exceeding the speed limit, but due to the natural change of
the phase (displacement), which can increase or decrease without any limit during the
measurement; instead, the phase of a single sample can take a value between —m and m. We

need to “unwrap” the phase.

SQ(t)
(\ z oK!
— 5

Approaching target

Fig. 1.11: Phase variation that follows the approaching path of the target.

This is a different case from that due to velocity ambiguity and can be solved by unwrapping

the phase. Indeed, in these cases, the ambiguity actually does not exist because the target speed
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is under the maximum velocity and the great difference between two consecutive phase values

is due only to the accumulated phase. To summarize, the unwrap function works as follows:

e If'the phase variation is equal to or greater than m, the unwrap function adds multiples of
—2m until the jump is less than 7.
e [f the phase variation is equal to or less than —, the unwrap function adds multiples of

2m until the jump is greater than —.

Consequently, the unwrap function resolves the possible phase ambiguity and permits to
extend the phase history values in order to correctly reconstruct the target motion for extents
larger than the 2w limit. Thus, the unwrapping operation permits to reconstruct the phase

variation in Fig. 1.11 properly, as shown in Fig. 1.12.
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Fig. 1.12: Correction of the phase history by means of unwrapping.
In summary, for two different reasons, an absolute phase jump equal to or greater than @

could be produced:

e The first is due to the speed of the object in case of velocity exceeding the threshold, as

discussed previously. In this case, the unwrap function makes an intrinsic error that cannot
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be prevented because the radar itself cannot detect the target regardless of elaboration
methods.

e The second is due to the phase history related to the target motion during measurement,
i.e., in case of movement in the same direction exceeding the [—; 7] limit. Indeed, the
phase increases or decreases continuously without exceeding the speed limit and the
phase unwrapping algorithm between a reconstructed value produced by phase history

and the new one works properly.

Recalling Eq. 1.11, 1.12 and 1.7 in case of 8 = 0° and considering simply that the velocity
is the displacement by the time, Eq. 1.16 and 1.17 highlight the information about the target

speed within the 1/Q signals.

M) (1.16)

s;(t) = a - cos (A(p + p

4n-v-t>

- (1.17)

so(t) = a-sin (A(p +

The two expressions of I/Q signals are equivalent, indeed, if a target is moving, then it has a
speed v. Moreover, a linear phase variation is translated at a constant speed, which makes sense
by analyzing the phase. In fact, an identical angular phase rotation can correspond to positive
or negative phase shifts involving positive or negative speeds, respectively. A complex-valued

signal can be formed from the I and Q signals as written in Eq. 1.18.

. 41 vt .
55(0) = 5,(0) + jsg (6) = /89277 = gilaganind (1.18)

The frequency content of a time-domain signal is analyzed by calculating its Fourier

transform resulting in a frequency-domain representation, a spectrum, of the time-domain
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signal. The Fourier transform applied to Eq. 1.18 results in a Dirac delta function centered in

the Doppler shift frequency as expressed by Eq. 1.19.

sp(f) = ej(A(p)dD(f - fn) (1.19)

Thus, the Doppler frequency shift is usually measured in the frequency domain by taking
the Fourier transform of the received signal. In the Fourier spectrum, the peak component
indicates the Doppler frequency shift induced by the radial velocity of the object. Contextually,
the speed of the target is proportional to the Doppler frequency shift as already mentioned in
Eq. 1.7. In the processing units, the transform is calculated by discrete Fourier transform (DFT),
which is usually implemented in the form of the fast Fourier transform (FFT). Setting a long
observation time, the speed resolution is improving, which is, of course, related to the frequency
resolution of the FFT.

In terms of displacement and Doppler detection, the phase analysis considers the target to be
either a single point or a parallel plane. However, in many cases, the target should be considered
a rigid or non-rigid body. Each subcomponent moves independently, requiring a different kind
of analysis. A rigid body has a finite size and each subcomponent moves without deformation.
In other words, the distance between any two points on the body remains constant during
movement. A non-rigid body, however, is deformable, thus changing its shape. In fact, treating
the target as a rigid body is an idealization, but it simplifies the analysis compared to the case
of non-rigid bodies [22]. The term micro-Doppler signature refers to a distinctive expression of
the target movement in terms of Doppler components, and it is represented in Doppler domain
by means of a joint time-frequency analysis (JTFA) which is a technique used to analyze how
the frequency content of a signal changes over time. Since it is related to a specific characteristic

of the target, it can be exploited for object identification, movement analysis and similar
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purposes. In fact, the term “micro” refers to a large class of cases such as target oscillations,
vibrations, rotations, swinging and flapping of small extents. The micro-Doppler effect can be
used to determine kinematic properties of an object. For instance, in Eq. 1.20 a relationship is
reported to calculate the maximum Doppler frequency shift if the target is vibrating with a D,

and f,, vibration amplitude and frequency, respectively [22].

max{fp} = %vav (1.20)

It is worth noting that Eq. 1.20 implies that even in systems characterized by both low
vibration rate and amplitude, employing microwave or millimeter-wave radars, thus with very
small wavelength, is very beneficial to detect the Doppler shifts induced by motion. Since the
micro-Doppler effect is sensitive to the product 1/A, a radar engineer could operate at higher
frequencies to observe tiny movements of the target, e.g., vibrations.

As will be discussed in the third chapter, human body movement analysis is an important
topic benefiting from micro-Doppler research. Of course, it is also a complex field due to the
complex human motion, due to the articulation and deformability of the body. Hence, the micro-
Doppler effect observed in the radar received signal from an object can be characterized as its
signature. Thus, the micro-Doppler signature is the distinctive characteristic of the object that
represents the intricate frequency modulation generated from the structural components of the
object and represented in the joint time and Doppler frequency domain. The radar architecture
required to measure the time-varying frequency shift is the same employed for Doppler radars,
but the required signal processing is different. Indeed, even though the Fourier transform is a
great tool to analyze the frequency behavior of the target, it is not suitable for measuring time-
varying frequency features. Hence, FFT is not suitable for this purpose because it lacks time-

dependent frequency information as it is applied to the entire signal.
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On the other hand, the short-time Fourier transform (STFT) is used to compute the
instantaneous frequencies for each harmonic component, thus displaying the spectral density of
time-varying signals with a spectrogram. The spectrogram is calculated by STFT, which is
necessary to estimate how the frequency content of the signal changes over time. It is
represented by the squared magnitude of the STFT, most of the time in decibels. The STFT is
applied on the down-converted signal to recognize the characteristic micro-Doppler signature
resulting from different micromovements [26]. The STFT of a signal is computed by sliding a
window of a fixed length over the signal and by computing the FFT on every single part of the

windowed signal as elucidated in Fig. 1.13.

Xe(n)
xs(n)
xa(n)

x3(n)

‘ | x2(n)
}—v%f%ﬁ{ N R ) x1(n)
N

Segmentation/ '
Windowing

DFT
X0 )t O XaB)F XsF  [Xs(h]

be

:x(f).

f

Fig. 1.13: Detailed application of the STFT to a time-continuous, frequency-varying signal.

Specifically, during the STFT processing, a limited time-window of size M is considered
instead of the entire measuring time as occurs in case of FFT. Thus, the signal is partitioned

into many segments according to the selected window typology and the windowed data are

34



Radar systems

overlapped by an L-quantity at the edges to ensure a better spectrum reconstruction. The
algorithm adds a complex value in a matrix for each windowed signal; thus, each value is
characterized by magnitude and phase for each point in time and frequency. The length of the
window, M, is a key parameter to set both the time and the frequency resolution. The longer
the window size, the finer the frequency resolution but the poorer the time resolution. Instead,
a reduced window is the better choice if the analysis is focused above all on the frequency
variations over time. Therefore, a short window permits to capture the temporal instant in which
the Doppler frequency of the signal has been changed. A radar engineer must find a trade-off
between frequency and time, playing on different parameters like window type, window length,
number of FFT points, overlap length of consecutive windows and so on; it depends on the
purpose of every application. In fact, the third chapter will discuss a deep analysis of micro-

Doppler signatures derived by applying the STFT algorithm properly.

1.3 FMCW radar

The next step is to estimate the distance to the target and its speed by taking advantage of
continuous wave radars and introducing frequency modulation, thus talking about frequency-
modulated continuous wave radars. The range measurement is related to an additional
frequency measurement due to the modulation. In fact, the main difference in the diagram block
with respect to the CW schematic is the presence of a chirp generator instead of a simple local
oscillator, as evidenced by Fig. 1.14. In this basic architecture, there are only some adjustments
for the cutoff frequency of the filters and the VCO input is not a constant voltage as in CW

radar, but it is a sawtooth signal.
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Fig. 1.14: Block diagram of an FMCW radar system architecture.

A frequency-modulated continuous wave radar transmits a series of signals called chirps. A
chirp is a sinusoidal signal whose frequency changes over time. It is possible to employ different
modulation waveforms, which can result in performance changes [27]. The sawtooth waveform
is one of the most frequently used types of modulating signals and it has been used during the
doctorate, as will be discussed in the third chapter. In Fig. 1.15, a signal that is linearly
modulated by a sawtooth waveform is shown in both an amplitude versus time plot and a

frequency versus time plot, which is a convenient way to represent the time evolution of a chirp.
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Fig. 1.15: Amplitude and frequency representation of a chirp over time.
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Given the modulation bandwidth B and time duration 7 -, of the chirp, the slope S of the

chirp, written in Eq. 1.21, is defined as the rate at which it ramps up.

B
S = (1.21)
Tchirp

Thus, the transmitted signal s;, (t) can be expressed as in Eq. 1.22.

Se(t) = A~ cos <27cht + 7 t? + (]f)O) (1.22)

Tchirp
where:

e tis the so-called “fast time”.
e f. is the operative frequency.
® (¢, is the residual phase and is neglected as for the case of Doppler radar.

e Ais the amplitude of the signal.

Simplifying the amplitude as unitary, the instantaneous frequency can be calculated from the

derivative of the cosine argument in Eq. 1.22 and expressed as in Eq. 1.23.

fr@®) =fc + t (1.23)

Tchirp

If at least one target is present in the scenario, even if stationary, the transmitted signal will
be reflected and captured by the receiving antenna. The received signal can be expressed as in

Eq. 1.24.

Sy (t) = a - cos <2 Tfi(t—ty)+ m (t— td)2> (1.24)

Tchirp
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in which a is the amplitude factor considering the path loss, the radar cross-section of the target
and the circuit gain/loss that it will be neglected later. Therefore, the received signal is the

delayed and scaled version of the transmitted one and can be rearranged as in Eq. 1.25.

S (t) = cos<27t t-ty + 27rfctd> (1.25)

Tchirp

in which t, is the round-trip time that can be separated into two terms as shown in Eq. 1.26.

_ 2(R+x(@) (1.26)

t
d c

Thus, the value of t; depends on the distance of the target R and the time-varying distance
shift x(r) which has been extensively discussed in the paragraph dedicated to CW radar.
However, from this point forward, the symbol R will indicate the entire distance between the
target and the radar. The transmitted/received signal pairs are graphically shown in Fig. 1.16,

where a single stationary target is represented.

Frequency

Fig. 1.16: Sequence of transmitted (black curves) and received (blue curves) frequency pairs in the case of a stationary target.
The beat frequency is the difference between them.
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In fact, typical FMCW configuration consists of a sequence of chirps followed by idle time,
which is the difference between measurement time and chirp duration. In turn, chirp sequences
are often packaged into groups called frames. The data samples are elaborated in these frames
to reduce the computational load. It is interesting to observe that the beat frequency f;, is
obtained as the frequency difference between the frequency of the transmitted signal by that of
the received one.

Moving the received signal right is equivalent to having a more distant target, whereas
moving the blue curve left is equivalent to having a nearer target. In other words, for an FMCW
radar, measuring the range is equivalent to measuring the frequency difference f;,, because fj,

is directly proportional to the target range according to Eq. 1.27.

2R'B C " Tchirp® fo

)= —— >R =

1.27
TChiT‘p C 2B ( )

Multiple objects in front of the radar involve multiple reflected chirps at the RX antenna. A
frequency spectrum of the beat signal, typically performed by means of an FFT, will reveal
multiple tones. The frequency of each tone is proportional to the distance of the corresponding
object from the radar.

A graphical view of this case is shown in Fig. 1.17 where the frequency vs. time and the
spectrum of the beat signals are represented. Figure 1.17 recalls that multiple targets can be
present in the same scenario and their range separation will be required. The output of the mixer
is characterized by beat signals from the time the first echo is received until the current chirp is

transmitted.
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Fig. 1.17: Transmitted (black curve), received (black curves) and difference between transmitted and received frequency (red

curves) for the case of multiple targets and (b) power-frequency spectrum of the related beat signals.
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The range resolution is the radar ability to separate two targets in the same scenario which
are closely spaced. Analyzing the range resolution is very important to understand what the
minimum distance between two targets is to allow their separation, i.e., the two targets are not

detected as a single target. The range resolution expression is in Eq. 1.28.
Sp = — (1.28)

Clearly, higher bandwidth means better resolution. Thus, increasing bandwidth is very
beneficial for radar engineers. Recalling the concepts expressed in the introduction, it is evident
the necessity to move to higher operative frequencies for having a larger bandwidth. If the range
resolution is not good enough, two single targets are detected as a single target.

On the other hand, the range accuracy is the radar capability to measure the correct range of

the target. According to [28], the radar accuracy can be calculated by exploiting Eq. 1.29.

Cc

Op =
R~ 36B- 32SNR

(1.29)

Comparing Eq. 1.28 and 1.29, it is worth noting that accuracy is a fraction of the range
resolution and, for a fixed range resolution, it can be improved by increasing the SNR. If the
accuracy is not good enough, the difference between measured and true range value is
excessive.

For FMCW short range radars, the maximum detectable range may be imposed not by the
radar range equation, but by the radar parameters themselves such as the modulation bandwidth,
chirp duration and the sampling frequency set during the conversion of the beat signal through
the analog-to-digital converter (ADC) located after the gain amplifiers in the radar architecture,
as in Fig. 1.14. This is a direct consequence of digitally analyzing radar returns, which are

usually acquired using an ADC. Since the range detection relies on a frequency measurement,
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the maximum detectable range Ry 4, in turn, depends on the maximum detectable frequency
fopax» Which is limited by the sampling frequency f; in a digital system according to the
Shannon-Nyquist theorem, i.e., fp,, ,, < fs/2.

Thus, Eq. 1.27 can be elaborated in Eq. 1.30 to highlight the relation between maximum

detectable distance and the radar parameters.

fs *C Tchirp

R = 1.30
wax = g (1.30)

Thus, the maximum unambiguous range is finally defined by the maximum beat frequency
that the receiver system can measure.
Reformulating the previous equations, the in-phase and quadrature components are derived

here too in Eq. 1.31 and 1.32.

s;(t) = cos (27bet + w>

(1.31)

At f. - x (1)
f> (1.32)

So(t) = sin <2nfbt +

The first term of both equations is the beat frequency, which is used to extract the distance
of the target as already indicated and illustrated, in Eq. 1.27 and Fig. 1.16, respectively. The
same considerations made in the previous section for the phase analysis are drawn for the
second term. As for the case of Doppler radars, the phase of the received signal can be exploited
to extract the target displacement x(7), i.e., the distance traveled by the target within the time
duration between two consecutive transmit chirps. The only important difference is that T, is

the time interval between two measurements including, this time, the duration of the chirp T¢p;rp

and the inter-chirp time. In detail, the term T}, is usually called pulse repetition time (PRT) and
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indicates the inter-chirp period, i.e., the time between the start of two consecutive chirps and its
inverse, the so-called pulse repetition frequency (PRF), indicates the chirp rate. This aspect
imposes a more restricted limitation on the maximum detectable velocity because Tp,, in case
of CW radar, is only the sampling time ideally.

Whereas in FMCW radars, the speed detection is based on the effective temporal distance
between consecutive chirps, so the higher the time between chirps, the lower the maximum
detectable target speed. This is one of the main disadvantages of CW radar with or without
modulation. Besides, the measurement is unambiguous only if the phase change between two
chirps of the selected target is less than m, like in Doppler radar. As a consequence, the
maximum calculable displacement is a quarter of a wavelength as in CW radar; instead the
maximum detectable velocity is expressed in Eq. 1.33.

A

VMAX = ZppT (1.33)

It is worth noting that, according to Eq. 1.30, increasing the chirp duration increases the radar
maximum range, but from Eq. 1.33 it decreases the maximum speed. For an FMCW radar,
evaluating speed resolution is very important. Indeed, if multiple targets with the same range
but different speeds are present in the scenario, they can be resolved only if the speed resolution
0y 1s enough as written in Eq. 1.34 assuming the idle time as null.

A

o, = —
v 2IVI":chirp

(1.34)

in which M is the number of chirps in a frame. As for the case of the range accuracy, the speed
accuracy is a fraction of the velocity resolution and depends on the SNR as can be observed in

Eq. 1.35.
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C
 3.6MTcpip - V2SNR

Or (1.35)

The more the number of chirps within a frame, the better the speed resolution and accuracy.
From a computational point of view, the range throughout the time is calculated by applying
the FFT on each chirp and the result is subsequently stored in a row/column of a matrix. The
time domain within a chirp is usually referred to as fast time. In fact, the term “fast” refers to
the short duration of a single chirp compared to the time interval between measurements, which
is usually equal to the PRT. Sequences of chirps fill a data matrix and the time domain across
multiple chirps is referred to as slow time because the PRF is much lower than the sampling
rate in range. The data matrix is the so-called range profile.

Again, another frequency domain analysis can be performed to highlight the frequency peaks
corresponding to the target speed. Therefore, a second FFT is applied on the range profile, that
is one FFT for each column/row of the matrix. In other words, the second FFT is applied to the
opposite dimension from the first. The first FFT reveals the distances of the targets and the
second, performed across different chirps, reveals their velocities, obtaining the so-called
range-Doppler map. Thus, a 2D FFT can be directly implemented to obtain range and Doppler
information within milliseconds, which is an essential requirement for real-time applications
that require a high update rate and low latency.

In summary, fast FMCW radars can detect the range of objects by measuring the frequency
shift of a single received chirp. If the target is moving, the beat frequency will change slightly,
but this shift is too small to be noticed in the frequency spectrum. By analyzing the phase of the
received signal, the range shift of the target and, consequently, its speed can be obtained.

In conclusion, the FMCW radar enables the estimation of both the range and the velocity of

target beyond the phase history reconstruction. The application of the first FFT inside every
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chirp serves for the calculation of the range. The second FFT is applied within the frames, i.e.,
among the chirps, to track phase variations between them. This exploits the radar's sensitivity
to calculate velocity and range shifts/displacements. Therefore, FMCW provides more
information about the targets, but has a lower maximum detectable speed than Doppler radar.
As always, a trade-off is necessary, and the most suitable radar depends on the application and

monitored environment.

1.4 MIMO radar

Even though FMCW radars enable the possibility to a more detailed description of the targets
in the examined scenario than Doppler radars, only the MIMO radars can estimate the target
precise location thanks to their capability of measuring the AOA, i.e., angle of arrival, of the
received echoes in the azimuth and elevation planes. The main additional characteristics of
MIMO radars rely on peculiar hardware architectures that, as the acronym suggests, involve
multiple transmitting and receiving sections, transmitting orthogonal waveforms. Other options
for measuring the AOA include mechanically scanning the antenna or electronically scanning
the antennas. These differ from the MIMO radar in that the direction of the main lobe of the
radiation pattern is fixed. A typical architecture of a MIMO radar equipped with two
transmitters and four receivers is sketched in Fig. 1.18. Each transmitting channel requires
frequency multiplication and amplification stages, as well as the corresponding antenna.
Different receiving stages are responsible for amplifying and down converting the received
signal. The processing unit is typically responsible for generating the required transmitted
waveform and processing the down-converted signals. The reason for using multiple

transmitters and receivers will become clearer.

45



Radar systems

T

: I
| ./ I
: ’ HPA j’:
I P "
: Frequency I
| ||multiplication :
: 1
Digital 1 "
rocessin . ﬂeier_erE = — — — JIransmitter)
P : 8 frequency
unit it .
I X ;
1 i/ |
— [NA |e r I
—1 L ﬁ/'
o 1 P
< ¢ I
- Frequency " |
: multiplication :
, I
: 1
, I
; 1

Fig. 1.18: Typical 2TX x 4RX MIMO radar architecture [29].

In addition to the angle estimation, MIMO radars exhibit improved SNR compared to SISO
systems due to the higher number of transmission and receiving sections. The theoretical
description of the MIMO radar implies that certain hypotheses are true [30]. In order to ensure
constant propagation properties relative to the AOA of the received signal, the transmission
medium must be isotropic and linear. This allows treating the received signals as a linear
superposition of the signal wave fronts generated by the targets. If the target is in the far-field
region, the received signals can be considered parallel to each other. It is usually a reasonable
assumption if the distance between the targets and the radar is much larger than the dimension
of the antenna array. A rule of thumb to check the subsistence of the far-field condition can be

found in [31] and expressed in Eq. 1.36 hereafter.
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2
Rpp > 2— (1.36)

where:

® Rpp is the minimum range to ensure the far-field condition.

e D is the maximum antenna dimension.

Moreover, the assumption of an additive white Gaussian noise (AWGN) channel ensures
that the noise is uncorrelated, and the narrowband assumption guarantees that the characteristics
of the received signals do not vary with the frequency, i.e., received signals are grouped around
the carrier frequency.

The simplest architecture for detecting the angle of arrival consists of a single transmitting
antenna and multiple receiving antennas. This is known as a single-input-multiple-output
(SIMO) radar system. A signal, in the form of Eq. 1.22 if a sawtooth modulation has been
chosen, is radiated by a transmitting antenna and, if a target is present in the scenario, the signal

1s captured by each antenna present in the receiving section as illustrated in Fig. 1.19.

0 0 \\\\
o>
L.
\ oo
4 S 2. N7 . N7

Y Y1 1 Y

TX RX, o RX,,

Fig. 1.19: Angle estimation with a simple SIMO radar.
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The target is positioned at an angle 6 to the radar and the antenna array is composed by
Ngrrqy TeCeiving antennas, each separated to each other by a distance d. In other words, the

presence of TX and RX antennas at a defined distance is the main requirement to evaluate the
spatial position of the target across the room around the radar itself. Assuming 6 as the angle
that must be estimated, at least one transmitting antenna and two receiving antennas are
necessary. Indeed, the task is to calculate the extra distance d sin 6 that the received echo related
to a subsequent antenna travels compared to the received echo of the previous one. Thus, the

AOA can be calculated as in Eq. 1.37:

2
9 = sin1 (;T—'d) (1.37)

where ¢ is the phase shift, i.e., the phase difference as seen in the previous paragraphs,
between two received echoes of consecutive received antennas due to the extra distance. Thus,
estimating the angle of arrival of an object requires at least two RX antennas. As for the case
of Doppler and FMCW radars, an FFT can be applied to the different receiving elements to
isolate the target angular position. Indeed, after range and Doppler processing, the remaining
phase of the received signal is directly related to the angular location of the target with respect
to the radar position, assuming zero phase noise.

Two important merit criteria in the MIMO field are the field-of-view and the angular
resolution. It is worth noticing that the unambiguous FOV is defined as the angular volume in
which the radar is able to detect a target, and the angular resolution is the minimum detectable
angular difference between two different targets at the same range and speed. The m-limit, to
warrant an unambiguous measurement, affects the FOV of MIMO radar system and it can be

expressed as in Eq. 1.38 by, thus, replacing ¢ with 7.
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A
FoOV = i SiI’l_1 (ﬁ) (138)

Normally, the inter-antennas distance is restricted to A/2 to limit the presence of grating
lobes in the spectrum. It follows, generally, that the FOV is the maximum and equal to value
range from —90° to +90°. Whereas the angular resolution can be defined in degrees as in Eq.

1.39.

_ 180° A

res —

T Ngprray - d-cosf (1.39)

where Ngrrqy 1s the number of elements in the array; this expression can be made easier by

means of two assumptions: the inter-antennas distance equal to 1/2 and cos 6 = 1 in case of a
boresight view, i.e., 8 = 0. In this way, the angular resolution is dependent on the number of
elements exclusively and a good resolution is necessary to discriminate more targets within the
scenario. These equations are valid in the case of uniform array; otherwise, different
considerations should be drawn. To deeply understand how to improve these performance
parameters, the concept of virtual array must be introduced. In summary, each transmitted
signal will be captured by every antenna in the receiving section. As can be trivially noticed in
Eq. 1.39, the higher the number of receiving elements the better the resolution. At first glance,
increasing the number of antennas in the receive section could be a good choice as highlighted
in Fig. 1.20.

In this case, physical and virtual arrays coincide, and this aspect will become clearer shortly.
Thus, each subsequent RX antenna experiences an additional phase shift relative to the

preceding one.
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Physu:al array

Fig. 1.20: Example of physical array.

Consequently, a linear progression of phase occurs with reference to the first receiving
antenna and across the entire array. The corresponding phase differences are
[0, 0, 2¢,3¢p,4¢,5¢, 6¢,7¢], the so-called steering vector. The phase can be estimated by
sampling every echo signal from each antenna and performing an FFT on this phase sequence,
known as the angle-FFT, between the range-Doppler matrix of every transmitter/receiver pair
that is across the channels. The elaboration steps create a 3D matrix in this way. Unfortunately,
the increasing number of elements has a huge impact on size, cost and complexity of the
receiver due to the increasing number of low-noise-amplifiers (LNAs), mixers, filters and
analog-digital-converters (ADCs) for each receiving channel. In fact, for each RX antenna the
entire receive channel must be replicated. Until this point, the radar system is still SIMO-type.
Consequently, the best solution is to increase the number of transmitting antennas too by
defining a real MIMO radar system as illustrated in Fig. 1.21.

In this manner, the physical array in Fig. 1.21(a) consists of two transmission antennas and
four receiving antennas. The transmission from the first antenna results in four received signals,
each ¢ out of phase from the previous one. The second transmission antenna is placed at 4d

from the first one, thus any signal from TX> travels an additional path of length 4d sin 8 respect
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to the path due to TX;i. The signal phase of the first receiving antenna due to the second
transmission is 4¢, but only ¢ more than the phase of the last echo generated from the first
transmission because of the d distance between the last antenna of the first transmission and
the first antenna of the second one. Concatenating the phase sequences from the first transmitter
[0, @, 2¢, 3¢] and from the second one [4¢, 5¢, 6¢, 7¢], the same sequence of the SIMO radar
is produced [0, @, 29, 3¢, 49, 5¢, 6¢, 7¢]. In fact, Fig. 1.21(b) shows the virtual array that has

been created with the identical structure and characteristics of the physical array in Fig. 1.20.

e
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Fig. 1.21: Physical array (a) and corresponding virtual array (b).
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Thus, the number of physical receiving antennas is four, but the addition of a second
transmitting antenna permits to simulate the presence of four different receiving antennas if
they are placed in the array properly. By this way, the angle resolution capability can be
enhanced by adding virtual antennas and keeping relatively low the hardware complexity, in
fact, the system in Fig. 1.20 presents nine path channels (one transmitting and eight receiving),
three more than the other introduced by means of the addition of a second transmission antenna.

If the first array were composed of only four receiving antennas instead of eight, the angle
resolution of the virtual array would have been better than the physical one. Trivially, the
aperture of the virtual array would have been larger than the physical size of the real array.

This affirmation instills the idea that the angular resolution can be thought of as depending
on the size of the array, instead of its number of elements. This finds confirmation considering
that the increasing number of array elements leads to an extension of the array size.

Therefore, according to [32], [33], the Rayleigh criterion can be used to determine the virtual

array length and, thus, the angular resolution as in Eq. 1.40.

180° A
HRayleigh—resz T 1.22 dvirtual (1.40)

where d,;tyq 1 the array total aperture and it can be calculated by summing the distances
among each element of the virtual array or the addition of the position of the last physical
transmitter plus the last physical receiver’s one minus the position of the first physical receiver.
This expression is valid for both the uniform array and the non-uniform one. Generally, a larger
antenna aperture must be designed to achieve a better angular resolution, and, for instance, this
can be achieved using element spacings of A instead of the conventional A1/2 at the cost of a
reduced FOV. In summary, virtual antennas behave like additional physical antennas, keeping

hardware complexity to a minimum, thus providing a cost-effective way to enhance the angle
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resolution capabilities. The same virtual array can be realized by combining different distances
between the TX and RX antennas. Therefore, the final choice may depend on how easily the
array can be arranged on the radar board. Moreover, a multidimensional array can be realized
by placing TX or RX antennas on different levels, enabling the detection of AOA in the

elevation plane too and not only in the azimuthal one, as illustrated in Fig. 1.22.
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Fig. 1.22: Example of a two-dimensional MIMO array.

Thus, in the multidimensional array, the array elements are arranged both horizontally and
vertically, creating a two-dimensional array to estimate azimuth and elevation angle at the price
of a higher complexity in the AOA processing.

However, to properly estimate the AOAs, the received signals should be separated
depending on the transmitter, thus involving orthogonality between the transmitting channels.
The scientific literature has investigated several approaches, including those based on time

division multiplexing (TDM), frequency division multiplexing (FDM), and binary phase

modulation (BPM) [27], [34].
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2 Radar board and data acquisition

This chapter lists the employed radar systems, highlighting their main features and
differences. The increasing number of new applications in different fields demands radar
sensors be adapted to each application. It has been considered valuable to have experience with
radar produced by various companies such as Infineon, Texas Instruments and Indie
Semiconductor, formerly Silicon Radar. After a brief description of each radar system, the final

paragraph includes a comparison table.

2.1 Radar by Infineon

The BGT24MTRI11 is a silicon germanium (SiGe) monolithic microwave integrated circuit
(MMIC) used for signal generation and reception. It operates from 24 GHz to 26 GHz (K-
Band). It is based on a 24 GHz fundamental voltage-controlled oscillator. It includes switchable
frequency pre-scalers with output frequencies of 1.5 GHz and 23 kHz to monitor the frequency
of oscillation. The main radio frequency (RF) output delivers a typical signal power of 11 dBm
to feed an antenna according to the ISM regulations. An auxiliary local oscillator (LO) provides
an LO signal to separate receiver components. An LNA provides a low noise figure (12 dB),
and an RC polyphase filter (PPF) is used for LO quadrature phase generation of the homodyne
quadrature down conversion mixer. The intermediate frequency (IF) frequency range is from 0
Hz to 10 MHz. Output power sensors, as well as a temperature sensor, are implemented for
monitoring purposes. The device is controlled via SPI and the MMIC is packaged in a 32-pin

leadless RoHS compliant VQFN package. The MMIC transceiver is depicted in Fig. 2.1 below.
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Fig. 2.1: The internal block diagram of BGT24MTR11 [35].

The operating temperature ranges from —40 °C to 105 °C and the supply current and voltage
are 150 mA and 3.3 V, respectively. This transceiver has been designed to be used in monostatic
radars. These radars are only capable of detecting a target’s distance and speed, but not the
angle of the target’s position relative to the antenna because they are composed only of one
transmitter and one receiver with I/Q outputs. Anyway, it is possible to detect the AOA using
additional external RX antennas and receiver chains picking up the local signal from
BGT24MTR11’s LO output. This chipset is inserted into the Sense2GO2 board, which is one
of the radar systems used during the doctorate course. Moreover, it is equipped with the 32-bit
ARM® Cortex "-M4 based on XMC4200 microcontroller and microstrip patch antennas for the

transmitter and receiver. The module is powered via micro-USB connector, when used with a
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PC, through a low noise voltage regulator. The board is ideal for implementing radar
applications such as motion detection and direction of movement analysis using Doppler radar,
as well as distance measurement using the FMCW technique. Thus, the Sense2Go2 module is
split into an RF part, an analog amplifier part and a digital part. The analog amplifiers provide
the interface between RF and digital part of the board and their gains are configurable. The I/Q
signals, i.e., the outputs of the BGT24MTRI11 chipset, are differential and usually their
amplitude is low, so it is necessary to amplify them. Besides, the IF amplification stage can be
configured via setting resistor and capacitor values. The digital part consists of the mentioned
microcontroller to sample and process the analog data from the RF frontend and to configure
the BGT24MTRI11 chip too. Its CPU frequency is 80 MHz, contains 256 kB flash and 40 kB
RAM memories, two ADC and one DAC with 12-bit resolution are present. The block diagram
of the entire system is in Fig. 2.2(a) and an overview of the components on the demo board is

given in Fig. 2.2(b).
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Fig. 2.2: Block diagram (a) and location of different building blocks on Sense2Go2 demo board (b) [36].

As previously mentioned, the board has integrated microstrip patch antennas as illustrated
in Fig. 2.2(b), and a Wilkinson combiner is used to combine the differential transmitter output
power from the radar IC before feeding it to the antenna. Instead, the receiver channel is
connected to a dual analog amplifier stage located in the middle of the board. In the default
setting, the demo is configured for a continuous wave operation and filters with low cut-off
frequency are recommended for this mode. In any case, the value of the low-pass filters can be
changed according to other modulation requirements.

The BGT24MTRI11 chipset has not only been used in the form just shown. Another
configuration is presented in Fig. 2.3. The transceiver is characterized by different transmitting
and receiving antennas consisting of four patch elements each one to increase the gain, which

are realized on the Rogers RO4350B substrate.
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Fig. 2.3: Picture of the in-house realized radar system.

This system has a higher total gain than the previous one, thanks also to the ad-hoc two-stage
differential alternating current (AC)-coupled baseband amplifier that was developed using
internal laboratory facilities, i.e., an S103 Protomat high-precision milling machine by LPKF
Laser & Electronics SE. The baseband board mount INA827AIDGKR instrumentation
amplifier [37]. In addition, a custom ADC interface has been developed by exploiting a
microcontroller unit (MCU) board based on the Infineon XMC4500 ARM® Cortex" -M4F
microcontroller [38] to drive the front-end board, acquire signals and send the raw data to a
personal computer. With the current system setup, it is possible to measure target maximum
speeds up to 31 m/s which is higher than the previous system setup.

Custom MATLAB scripts were developed and used to properly process the raw data from

the ADC. The work performed using this radar system will be presented in the next chapter.
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2.2 Radar by Texas Instruments

The IWR6843 is a highly integrated single-chip mm-wave sensor based on FMCW radar
technology and with the possibility to sense the AOA too. Its frequency coverage ranges from
60 GHz to 64 GHz (V-Band) generated from a 40 MHz input reference crystal oscillator. The
IWR6843 includes the entire mm-wave blocks and an analog baseband signal chain for three
transmitters and four receivers, as well as a customer-programmable MCU and a digital signal
processor (DSP). This device is applicable as a radar-on-a-chip in use-cases with modest
requirements for memory, processing capacity and application code size. At the same time, the
IWR6843 device could be paired with a low-end external MCU to address more complex
applications that might require additional memory for faster interfaces.

The RF section contains four parallel receive channels and three parallel transmit chains as

sketched in Fig. 2.4.
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Fig. 2.4: Functional block diagram [39].

Each transmitter has an independent phase and amplitude control, and the device supports

6-bit linear phase modulation for MIMO radar. The transmitters can be simultaneously used,
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and the ramp rate is equal to 250 MHz/ps. The transmission power is equal to 12 dBm, and the
noise figure is 12 dB. The maximum intermediate frequency is 10 MHz. The device contains
six ADCs with a maximum sampling rate for complex signals equal to 12.5 Msps and a
resolution of 12 bits. The maximum current consumption and supply voltage are 2000 mA and
3.3 V respectively, and the average power consumption depends on the numbers of enabled
transmitters and receivers and can reach the value of 2 W. The digital part has more CPUs, flash
memories and RAMs to manage a complex system. The operating temperature is from —40 °C
to 105 °C and the entire transceiver is encapsulated in a flip-chip ball grid array (FCBGA)
package.

In any case, during the Ph.D. program, the IWR6843 was paired with the mmWavelCBoost,
which is an add-on board used with the millimeter wave sensor. The mmWavelCBoost provides
additional interfaces that enable configuration of the radar device and PC connectivity to the
sensor. Thus, the entire system, used in the research activity, takes the name of IWR68431SK-
ODS. This radar system is characterized by an azimuth and elevation FOV of +60° and an
angular resolution of 29° in both directions. The system is furnished with onboard-etched short

range wide field of view antennas, and the virtual array is shown in Fig. 2.5.
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Fig. 2.5: PCB antennas and virtual array.
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The IWR6843ISK-ODS has a printed circuit board (PCB) antenna gain of about 5 dBi. The
disposition of the antennas in the virtual array confirms what was stated before, i.e., the system
is characterized by equal angular resolution both in azimuth and elevation directions. The radar
system was used during the research activity to gain initial experience with MIMO radar. It was
used in modular mode to monitor the environment with the demo visualizer. The antenna
module, visualized in Fig. 2.5, has been stacked on top of the mmWavelCBoost board as

illustrated in Fig. 2.6 hereafter.
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Fig. 2.6: Integration of the mmWavelCBoost and the antenna module with IWR6843 chip [40].
The Texas Instruments (TI) app [41], i.e., the demo visualizer browser-based app, was used

for configuring the mm-wave sensor and visualizing the information obtained by elaborating

the raw data. The sensor configuration permits, for instance, to set range and radial velocity
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resolution, maximum unambiguous range and radial velocity and so on. Moreover, the demo
permits to select the desired plots to be seen, such as range profile, range-Doppler map, scatter
plot or range azimuth heat map. The work performed using this radar system will be presented

in the third chapter.

2.3 Radar by Indie Semiconductor

The last sensor employed during the PhD program is the TRA 120 002 [42] by Indie
Semiconductor, formerly Silicon Radar GmbH. Its frequency coverage ranges from 117.8 GHz
to 127.3 GHz (D-Band). In detail, the TRA 120 002 is a highly integrated I/Q transceiver with
antennas on-chip in SiGe technology. The radar front end (RFE), sketched in Fig. 2.7(a),
includes an LNA, quadrature mixers, a poly-phase filter, a voltage-controlled oscillator (VCO)
and transmit and receive dipole antennas. All these components are encapsulated ina 5 x 5 mm?

QFN32 leadless plastic package. The dipole arrangement is visualized in Fig. 2.7(b).
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Fig. 2.7: Block diagram (a) and location of the on-chip dipole antennas (b) [43].

The 120-GHz LO has four analog tuning inputs with different tuning ranges and tuning
slopes. These inputs can be combined to achieve a broad tuning frequency range. Together with
the integrated frequency divider and external fractional-N phase-locked loop (PLL), the analog
tuning inputs can be used for FMCW radar operation. Alternatively, with a fixed oscillator
frequency, it can be used in CW mode. Other modulation schemes are also possible by utilizing
the analog tuning inputs. The main field of application for this RFE is in super-short range radar
systems. By using dielectric lenses, the range can be increased considerably.

The operating ambient temperature is from —40 °C to 85 °C, the supply voltage is 3.3 V and
the supply current consumption is about 130 mA. The measured transmitter output power
without antennas can reach the value of 1 dBm, and the receiver gain and the noise figure are
10 dB and 8.7 dB, respectively. The IF frequency ranges from 0 Hz to 200 MHz and the
simulated gain of the dipole antennas can reach 10 dBi at an angle of 30°.

For a quick and easy start into the use of this radar system the SiRad Easy® evaluation kit
[44], developed by Indie Semiconductor, can be used. It is an evaluation board system that

provides a complete design environment which can be configured via a browser-based graphical
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user interface and a communication protocol turned into enhanced development projects. The
kit consists of an evaluation baseband board and an ST Microelectronics Nucleo-64
microcontroller board [45], and the entire system can be powered by a standard 5 V supply. All

the stacked boards with lens assembled for a more directional beam are visualized in Fig. 2.8.

Fig. 2.8: Modular evaluation kit.

The whole system can be operated via an optimized graphical user interface on the web or
through a terminal program, such as RealTerm, to configure the radar sensor and acquire the
ADC raw data frame in the form of tab-separated values (TSV) to import them into third party
software, for instance MATLAB.

In any case, to achieve a higher total gain, the ad-hoc two-stage baseband amplifier
introduced in the first paragraph of this chapter was used. In addition, a custom analog-to-digital
converter (ADC) interface has been developed using the DE10-Lite hardware design platform,
which is built around the Altera MAX 10 field-programmable gate array (FPGA) [46]. This
interface drives the front-end board, acquires signals, and sends data to a PC ensuring superior
maximum detectable speeds for CW mode applications with respect to the system of Fig. 2.8.
Thus, the TRA 120 002 has been employed as represented in the configuration shown in Fig.

2.9.
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Fig. 2.9: A different radar system: the RFE board on the left, the FPGA and baseband amplifier on the right.

Of course, custom MATLAB scripts were developed to acquire data and optimize the
elaboration steps also for real-time measurements. As will be shown in several paragraphs of
the subsequent chapter, this new system has been used for different purposes. Finally, new
TRA 120 002 chips were needed for a specific research activity which will be discussed in the
second paragraph of the Chapter 3 detailly. Consequently, the updated version, TRA 120 045
[47], was purchased. This up-to-date transceiver version is characterized by a very large
frequency bandwidth, from 111.5 GHz up to 137.2 GHz (D-band). Two tuning inputs with
different tuning ranges and slopes allow the bandwidth to be extended to the full tuning range.
The supply voltage is 3.3 V, and the current consumption is approximately 170 mA. Without
antennas, the measured transmitter output power can reach a maximum value of 3.5 dBm. The
receiver gain and noise figure are 11.5 dB and 9 dB, respectively. The IF frequency ranges from
0 Hz to 200 MHz just like the previous version. All these new characteristics have increased
power consumption up to 560 mW with respect to 380 mW of the other transceiver, albeit

manageable via controlling the duty cycle.
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2.4 Comparison of listed radars

In the previous paragraphs of the current chapter, a variety of radar sensor systems have been
introduced. For the sake of clarity, the main characteristics of each radar system are listed
hereafter, Tab. 2.1, to highlight the necessary information for leading to a choice regarding the

appropriate radar for every application of interest.

Tab. 2.1: Main features of the radar sensor systems used during the PhD activity.

Radar by Infineon Radar by TI Radar by Indie

Operative frequency | 24 GHz 26 GHz | 60 GHz—64GHz | 11 Gz~ 137
Bandwidth K-band V-band D-band
Intermediate frequency 0 Hz— 10 MHz 0 Hz— 10 MHz 0 Hz — 200 MHz
Number of transmitters 1 3 1
Number of receivers 1 4 1
Type of antennas Patch Patch Dipole on-chip
CW mode v X v
FMCW mode v v v
MIMO X v X

In short, radar with higher operating frequencies has been favored for micro-motion
detection because it is more sensitive to phase variations, which are, in turn, caused by micro-
displacements of the target. Instead, bandwidth is important if range accuracy and resolution
should be enhanced. A higher IF frequency is crucial to extend the maximum detectable range.
The number of antennas in the transmitting and receiving sections is fundamental to estimate
the AOA and improve the angular resolution. The type of antenna is not a discriminating factor

because all of the radars used have antennas with a relatively low gain. Finally, the CW mode
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is crucial if elevated speed must be estimated because the FMCW mode limits the maximum
speed due to the higher time measurements.
All these aspects have been considered in order to make an informed decision about which

radar is appropriate for each application as will be discussed in the final chapter.
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3 Case studies

Following the discussion of radar theory and the radar systems used during the research
activity, this chapter will present all case studies for short-range applications. A variety of topics
will be addressed, ranging from CW to frequency-modulated radar and the initial design steps
for a MIMO radar with single radar front ends. Transitioning from space and navigation to
safety car interiors, all the way to the detection of vital signs and eyelid movement to help the
communication of patients with neurodegenerative disorders.

In Chapter 3.1, the need to detect and track the position of small boats and space debris is
discussed, suggesting the use of FMCW radars. On the other hand, Chapter 3.2 explores cutting-
edge solutions in the D-band spectrum, offering an innovative approach to MIMO radar
designing. During Chapter 3.3, there will be some key moments to delve into the details of how
to improve I/Q data elaboration and exploit it to give prominence to particular features. All
improvements to signal processing will be used in Chapter 3.4 to estimate rapid speed variations
for gesture recognition and, in Chapter 3.5, enable meticulous real-time reconstruction of chest
displacement during normal respiratory activity by means of different CW radars. Finally,
Chapter 3.6 avails of every progress presented in previous chapters to recognize eye blinking
and discern eye closing and opening, aimed at permitting people with paralyzed body parts to
communicate comfortably and with privacy-preserving by means of radar. Furthermore, the
eyelid movements will be calculated by taking advantage of the superior displacement detection
sensitivity in case of radar operating at very high frequencies.

Therefore, the remainder of this dissertation wants also to underscore that radar is becoming
a ubiquitous tool for advanced, reliable and comfortable motion detection, as demonstrated by

practical and tangible case studies.
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3.1 Space and navigation

This paragraph focuses on research activities involving FMCW radar systems. In detail, two
main applications will be discussed: maritime in-harbor navigation [15] and debris detection in
the spatial environment [16].

The former investigated the feasibility of a short-range ship collision avoidance system. This
system, which uses microwave and mm-wave radars, aims to accurately detect possible
obstacles and their distances inside the harbor. While ships are usually equipped with long-
range radars for open-sea navigation, in-harbor navigation relies solely on the captain's manual
ability. An accurate model of the real scenario was proposed by considering obstacles of
interest, such as small ships and shore structures. Different operating frequencies were
considered and evaluated to develop a reliable system that can effectively assist with navigation.
This work paves the way for autonomous ship navigation by exploiting advanced sensing
technologies.

The latter describes a preliminary project for a radar system designed to detect space debris.
Unlike conventional debris detection systems, which rely on ground-based radar or optical
instruments, the proposed radar would be mounted on a satellite. Due to the peculiarities of the
space environment, several technical constraints arise in addition to the classic target detection
requirements. The technical characteristics of the radar payload together with the expected
performance will be discussed later.

The interest of commercial and military ship owners, nowadays, is directed towards
increasing the security of in-harbor navigation [48], [49]. Due to globalization, the number and
size of shipping vessels, as well as the density of navigation within ports, are dramatically
increasing [50]. Higher traffic volumes increase the risk of collisions, which are mainly due to

human error or the absence of assistance systems [51]. A great effort was devoted by the
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scientific community to address this concern, trying to increase the automation level during
ship handling [52], [53], [54]. One of the main issues is represented by the collisions with other
objects including shore structures [55]. This situation is particularly delicate in near-coastal
areas, e.g., during berthing operations. The presence of vessels moored in the harbor and other
small boats such as pencil-ducks and ski-boats is a frequent cause of collision and all the related
dynamics deserve to be investigated.

One possible approach is to calculate the safest and best trajectories for the ship before it
enters the port. In [56], a two-step optimization-based motion planner for the autonomous
maneuvering of ships in the harbor was proposed and validated in a simulated model of the
Cape Town harbor. However, this method has the great limitation of being static, since it does
not take into account the unexpected presence of small ships. In [57], a collision avoidance
dynamic critical area (CADCA) was introduced for the case of ship allision. The CADCA
geometrically delimits the required maneuvering space of a ship. It is dynamic in the sense that
the shape of the maneuvering space depends on the main characteristics of the ship, i.e., rudder
angle, and initial forward speed.

Another approach is to equip the ship with sensors aimed at assisting the navigation. This
concept is not novel, indeed radars, for example, represent the standard sensor used in marine
navigation environments. However, they are employed for long-range detection and regulations
dictate that radar systems must be turned off in the harbor [58].

In [59], a navigation system based on laser technology was described and tested in inland
navigation scenarios. Different targets of interest were detected and tracked, thus showing
promising results. However, laser technology has a limited minimum detectable distance and
requires good light conditions. In addition, performance falls down in snow, fog, rain, and dusty

weather conditions [60].
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In this scenario, although the beneficial features of radar technology were demonstrated in
different areas of interest, they were not adequately investigated for short-range ship navigation
systems [61], [62], [63], [64]. Radars ensure excellent performance in terms of spatial resolution
and immunity to different lighting and temperature conditions. Due the low required
computational resources and the absence of privacy concerns they can be exploited as
monitoring systems in a wide range of scenarios [65], [66].

In [67], a preliminary study on radar-based navigation systems was reported. It is based on
a 24 GHz commercial radar and shows encouraging results concerning the radar capability to
detect targets in such a kind of scenario. Therefore, the intention was to demonstrate the
beneficial features of radar technology for navigation assistance. The FMCW operating mode
has been selected for the premium spatial resolution with limited operating bandwidth. The
cost-effectiveness of the system has been considered as a key element for designing a successful
navigation aid. Therefore, the operating frequencies were selected based on commercially
available radars, from the industrial to automotive sectors. Real operating scenarios were
investigated to ensure reliable detection of small ships and shore structures. The entire radar
system was modeled by reproducing the channel behavior, including both the targets and the
sea clutter. As extensively discussed in Chapter 1.3, the output of the range processing step is
typically displayed as a power spectrum graph extracted by applying the FFT. To demonstrate
the feasibility of the system, a real scenario will be simulated using a computer-aided design
platform, i.e., National Instruments AWR Design Environment®. Three radar operating

frequencies were considered among commercially available devices, in detail:

e 24.00 GHz - 24.25 GHz;
e 60.00 GHz - 64.00 GHz;

e 77.00 GHz - 81.00 GHz.
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Consequently, three different simulations, each with specific parameters depending on the
hardware characteristic of commercial devices, have been set. The block diagram of the
simulated scenario is reported in Fig. 3.1. It includes the transmitting and receiving sections of

the radar, as well as the channel model.
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Fig. 3.1: Block diagram of the simulated scenario, including radar and channel models.

The entire transceiver section retraces the one sketched in Fig. 1.14. The same antenna
parameters are used for both the TX and RX chains. The gains of both the power amplifier and
the antenna have been set by fixing their values according to the effective isotropic radiated
power (EIRP) defined by the ISM regulations. A low radar duty cycle was considered to save
power by reducing the time when the transmitter sends a signal. Keeping the duty cycle low
means the radar uses less power on average. The RRE, Eq. 1.4, was used to estimate the
received signal power and compare it with the simulated results. The channel considers both
the possible presence of targets and the clutter introduced by the sea. The target presence was
modeled by using a delay block for reproducing the time-delay due to the round-trip signal.
Moreover, a block that takes into account the target RCS has been used. Since the goal of this

contribution is to detect small boats, such as pencil-ducks, and the dock distance, typical RCS
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values have been considered. Specifically, RCS values of 1 m? and 316 m? were used for the
pencil-ducks and docking structures, respectively [68], [69]. Finally, the presence of the sea has
been simulated by considering an average RCS of 0.032 m? distributed throughout [68].

Considering the maximum range resulting from the maximum available EIRP for the
different operating frequencies, the 24 GHz system has only been tested for very short ranges,
i.e., a few tens of meters. The aim of this radar, operating in the microwave range, will be the
detection of docking structures. On the other hand, radars operating in the mm-wave range have
been tested for long-range scenarios within the harbor, up to 200 m. In this scenario, the targets
of interest are small boats, like pencil-ducks or ski-boats. The design choice to use different
radar frequencies for short and long-range detection is also due to the different location of the
radars aboard the vessel. In detail, long-range radars will be mounted on top-edge of the ship,
whereas short-range radars will be mounted a few meters above sea level on the hull. Their only
task is to detect docks.

The first simulation involves the 24 GHz radar, whereby the presence of a concrete dock at

6 m has been considered. The spectrum of the beat signal is shown in Fig. 3.2.
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Fig. 3.2: Spectrum of the beat signal for the 24 GHz radar.

By observing Fig. 3.2 there is a peak at a frequency of 10 kHz, which is characterized by a

power level of approximately —50 dBm. Despite the sea clutter, the dock has been properly
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detected, and the peak frequency corresponds to the expected distance of 6 m according to Eq.

1.27. Long-range simulations were performed using mm-wave radars to detect small boats in

the harbor. The result for the 60 GHz industrial radar is reported in Fig. 3.3.
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Fig. 3.3: Spectrum of the beat signal for the 60 GHz radar.
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The presence of two pencil-ducks at different ranges has been simulated. In Fig. 3.3, there

are two power peaks, centered at the frequencies of 5.33 MHz and 6.67 MHz. They correspond

to the pencil-ducks at 200 m and 250 m, respectively. Of course, the power peak of the latter is

lower due to the higher simulated attenuation. Despite the presence of sea clutter, which

generates additional small power peaks, the two ships are successfully detected. Similar results

can be obtained by investigating the case of the 77 GHz radar case, as highlighted in Fig. 3.4.
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Fig. 3.4: Spectrum of the beat signal for the 77 GHz radar.
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Also in this case, the detection of pencil-ducks is feasible. Only the operating wavelength
was modified in the simulation, thus affecting both the free-space attenuation and target gain
values. Thus, the use of an industrial radar or automotive radar is almost indifferent to
successfully detecting objects of interest.

Therefore, a radar-based sensing system for ship collision avoidance has been tailored for
in-harbor scenarios. Operating frequencies ranging from the microwave to the mm-wave have
been investigated by analyzing the feasibility of the different solutions. A real scenario has been
simulated by considering different boats and shore structures. The simulated results
demonstrated the effectiveness of the proposed system.

As mentioned at the beginning of the first paragraph of the current chapter, another research
activity involving FMCW radar systems and related to space applications is presented in this
thesis.

The number of new space missions and satellite launches is continuously growing to address
the very high demand for satellite-based services and applications, e.g., communication, deep
space exploration and Earth observation. Concurrently, the amount of space debris is also
increasing. Space debris refers to both natural meteoroids and artificial orbital debris. Artificial
debris include abandoned launch vehicle stages, obsolete satellites, and fragmentation debris.
Currently, more than 129 million objects with dimensions starting from a few millimeters are
orbiting around the Earth. Despite their small size, anything traveling at speeds slightly lower
than 60,000 km/h in an orbit around Earth is potentially dangerous. One of the most considered
problems concerns the possibility of collision with operating satellites. Although some recent
missions require de-orbiting procedures to prevent an increase of space debris, particular

attention is now paid to remove existing debris, especially the larger ones [70].
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The European Space Agency (ESA) is planning to launch the first mission in the world to
remove space debris. ClearSpace-1, which is the name of the mission, is planned for launch in
2025 [71], but at this moment it has been postponed. The purpose of the mission is to
rendezvous, capture and allow for the reentry of the upper part of the Vega secondary payload
adapter (VESPA). It is a part of the rocket launched in 2013 that weighs more than 100 kg.
ClearSpace-1 will capture the VESPA by exploiting a robotic arm and will finally carry out a
controlled atmospheric reentry. Among the different involved aspects, the debris detection
approach varies depending on the sensing system location, i.e., the novel on-satellite or classic
ground-based systems. The trajectories of debris in low-Earth orbit (LEO) can be predicted to
some extent, but they are not usually stable over long periods of time. Therefore, their precise
positions require continuous updating. Ground-based radars and optical measurement systems
are among the most used space debris detection technologies from the Earth [72], [73]. Of
course, the a-priori debris trajectory information is exploited to point the main beam of the radar
to a predetermined coarse position. Optical-based systems, such as telescopes, are mainly used
for higher-altitude observations, e.g., targets in geostationary orbits (GEOs). On the other hand,
on satellite systems are raising a continuously growing interest [74], [75], [76], [77]. In the
scientific literature, the typical detection distance may be as low as 500 m because the radar has
the task to detect the debris without enabling a satellite to rendezvous. In contrast, the radar
presented in these pages should be able to effectively detect the VESPA target from a very short
range of a few meters to one kilometer.

The goal of the project is to detect space debris such as the VESPA. Particular attention is
paid to the constraints arising from the target of interest. Moreover, the system is designed for
a specific type of miniaturized satellite: CubeSats. This is an important consideration because,

although CubeSats are characterized by several advantages that have made them popular, they
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have more demanding requirements, particularly with regard to size, weight, and power
consumption [78], [79]. The schematic representation of the scenario, just described, is

illustrated in Fig. 3.5.

RADAR SATELLITE

VESPA

Fig. 3.5: Satellite approaching the VESPA with the help of the radar.

In detail, the radar is mounted aboard the satellite, pointing towards the VESPA target. A-
priori information concerning the debris and the VESPA trajectory allows launching the radar
satellite directly in the same orbit as the VESPA. This configuration reduces the issues related
to the high speed of the target because, by rotating in the same orbit, the relative speed between
target and radar will be near-zero. Consequently, the velocity requirements will only be related

to the rendezvous speed. In Tab. 3.1, the system technical specifications are reported.

Tab. 3.1: Technical requirements.

Requirements Numerical value
Central operating frequency 9.55 GHz
Minimum target range 5.00 m
Maximum target range 1.00 km
Maximum unambiguous speed 3.00 m/s
Minimum speed resolution 0.10 m/s
Measurement data rate 5Hz
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The minimum target range has been fixed to the minimum distance required to capture the
target by exploiting the robotic arms. By exploiting the known VESPA trajectory information,
it is possible to place the radar in the same orbit of the VESPA with a maximum distance less
than 1.00 km. The maximum unambiguous speed is limited to the maximum rendezvous speed,
whereas the measurement data rate of 5 Hz is required to allow comfortable satellite
maneuvering. The block diagram of the proposed radar payload is reported in Fig. 3.6. The
FMCW radar payload, employing sawtooth modulation, mainly embeds the following sections:

e A microwave receiver designed at 9.55 GHz including I/Q mixer, LNA, filtering sections
and ADC.

e A microwave transmitter with MMIC waveform generator, the VCO in PLL
configuration and the power amplification stage.

e FPGA and processor to extract target information.

e TX and RX antenna array.
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Fig. 3.6: Radar payload block diagram.
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Commercial off-the-shelf (COTS) MMIC is exploited to reduce the unit dimension. This is
a key requirement for every space system, even more for CubeSat payloads. The co-design of
the mixed-signal transceiver with the FPGA-based digital signal processing represents a trade-
off between the radar performance and its implementation complexity. The PLL is required to
control the VCO frequency output with the task of achieving the accurate frequency modulation
of the transmitted signal around 9.55 GHz. Therefore, the typical non-linearity of the free VCO
might be reduced to a further extent. The presence of a preamplifier is beneficial to adjust the
carrier level to obtain the desired output power level according to the link budget defined later
on. The quadrature mixer allows to improve the received SNR and detect the target direction.
The amplified down-converted signal is converted to digital domain and processed by the
FPGA. The range and speed extractions require implementing a 2D FFT as already discussed
in Chapter 1.3.

The first step to designing a radar system with such constraints consists of fixing the
modulation bandwidth. This has a great impact on the range resolution, which however is not
considered a key requirement due to the probable presence of only a single target. Anyway,
according to Eq. 1.28, the bandwidth B is fixed to 500 MHz, thus resulting in a range resolution
of 30 cm. The maximum unambiguous speed Vp,qy, In turn, fixes the chirp duration Tcp;p
assuming a null idle time. According to Eq. 1.33, the speed requirement of 3 m/s sets the
maximum chirp duration to 2.62 ms. From Eq. 1.27, it is worth noting that increasing the chirp
duration decreases also the maximum expected beat frequency with the target range remaining
equal. This is of course beneficial because decreasing the beat frequency, in turn, lowers
f; relaxing the ADC requirements and improving the digital SNR. Indeed, the digital SNR is
strictly related to the digital resolution that improves by decreasing the sampling frequency, for

the same number of samples [80], [81], [82].
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Moreover, the product M - Ty, With M as chirp-per-frame must be constant and higher

than 157 ms to provide the required speed resolution §,, of 0.1 m/s according to Eq. 1.34.
However, increasing this product is not beneficial, indeed, it is worth noting that for obtaining
speed information, it is necessary to wait for the full frame time. Thus, the higher the frame
time, the slower the measurement time. Due to the data rate requirement of 5 Hz, the maximum
total processing time might be equal to 200 ms. Therefore, the 7.4, and M have been set equal
to 2.6 ms and 64, respectively, to achieve a suitable measurement time. If required by
technological constraints, shorter time duration can be considered, e.g., a chirp duration of 1.3
ms with 128 chirps-per-frame or 0.65 ms with 256 chirps-per-frame. Of course, increasing the
number of chirps-per-frame increases the number of data to elaborate for each frame, thus
increasing the computational load. Since the total resulting transmission time is 166.4 ms, the
maximum remaining time required to perform the signal processing is 33.6 ms.

Upon fixing the bandwidth and 7.p;p, the f; has been set according to Eq. 1.30. To obtain
an Ry4x of 1 km, a minimum f; of 2.56 MHz is required. The number of samples-per-chirp is
the result of the already set parameters and should be carefully chosen to preserve the theoretical
range resolution of 30 cm. Indeed, the fast-time FFT should have a resolution at least
corresponding to the minimum radar &;. Therefore, the number of samples-per-chirp, set equal
to the number of fast-time FFT bins, has been fixed to the value of 4096. The calculated radar

payload parameters are summarized in Tab. 3.2.

Tab. 3.2: Radar payload parameters.

Payload Parameters Calculated values
Modulation type Sawtooth
B 500 MHz
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Tchirp 2.6 ms
Samples-per-chirp 4096
M 64
Total transmission time 166.4 ms
fs 2.56 MHz

Case studies

The next step consists of estimating the link budget and the related dynamic range required

to detect a target from 5 m to 1 km. The equivalent noise bandwidth of the receiving filter to

compute the input noise floor and the minimum detectable signal (MDS) is, in first

approximation, the noise enclosed in the single FFT bin [80], [81], [82].

Therefore, the equivalent noise bandwidth B,, to compute the input noise floor is equal to

half the f; divided by the number of samples-per-chirp, i.e., 313 Hz or 25 dB. Considering the

characteristics of up-to-date low noise components, the total receiver noise figure (NF) can be

set to a reasonable value of 4 dB [19]. Because the antenna beam is oriented towards space, the

antenna noise temperature T, can be considered about 100 K. The same value can be used for

the reference receiver temperature, Ty.r. According to Eq. 3.1, the noise temperature of the

receiver chain Ty 1s 151 K.

The total system temperature T can be, thus, computed from Eq. 3.2.

NF
Tg = Tyes (1010 - 1)

T,=Tp+ T, = 251K

3.1)

(3.2)

Finally, it is possible to calculate the input noise power, Py,ise as shown in Eq. 3.3 where k

is the Boltzmann constant.
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Pyoise = 101ogyo kTs + 101logyo Beq = — 149.7 dBm (3.3)

Considering 6 dB of additional losses from misalignment between the antennas and targets,
plus 2 dB from cables, mismatch, and connectors before the LNA, the total additional losses
equal 8 dB. With a target at 1 km, TX and RX antenna gains of 20 dBi, and a TX power of 25
dBm, the received signal level will be —136 dBm, assuming a worst-case target RCS of 0.1 m?.
Consequently, the SNR will be 13.7 dB.

As Fig. 3.7 shows, the SNR value permits to obtain a probability of detection by to 90%,
even in the worst-case scenario. It is worth noting that the relationship between the probability
of detection and the signal-to-noise ratio is linear only in some parts of the reported graph, not
at every point. Additionally, in terms of power consumption a low duty cycle was considered

to save power since the transmitter is only active for a very short period of time.
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Fig. 3.7: SNR versus detection probability [19].
Summarizing, a preliminary work on an on-satellite radar system designed to detect space
debris, such as VESPA, has been described. The technical details of the radar design have been

presented, including the system parameters and resulting link budget. This work is part of an
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ongoing project. Further activities concerning the design of the complete system, behavioral

simulation and measurement will be performed.

3.2 Design of a 120 GHz MIMO radar by combining SISO ICs

This paragraph focuses on research activities involving MIMO radar systems. Initially, the
60 GHz MIMO radar by TI, presented in Chapter 2.2, was used. However, the actual intention
was to design a MIMO radar that would fully optimize angular resolution. The next pages will
therefore illustrate the main aspects of designing a modular 120 GHz MIMO radar composed
of multiple SISO ICs [83]. Indeed, although the scientific literature reports on 120 GHz
integrated circuit prototypes, until now, there are no commercial MIMO radars composed of
multiple commercial SISO operating in the D-band spectrum. The design involves many
challenges, indeed, the necessity to combine multiple chips with fixed dimensions and the
presence of transmitting and receiving antennas on chips adds many constraints for the antenna
placement and, consequently, for the virtual array design. As an example, the minimum distance
between the antennas must obviously be at least equal to the chip width, which is in turn higher
than half'a wavelength, thus raising many concerns to fix the optimum inter-chip distance. Thus,
this work can be considered as pioneering, being focused on the emerging concept of designing
D-band MIMO radars by exploiting a modular approach.

As already discussed in many points of the thesis, the angle estimation capability paves the
way to an in-depth and accurate analysis of the surrounding area, both on the azimuthal plane
and the elevation one thanks to the presence of multiple antennas. Moreover, MIMO radars
provide information on the target in a single snapshot, thus overcoming typical cons like waiting

time and processing effort to carry out a complete scan in case of synthetic aperture radar [84].
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Of course, the use of MIMO radar is restricted to analyzing relatively limited areas in short-
range applications, whereas SAR is employed to create large-scale maps of regions on Earth
for several different applications [85], [86]. Besides, the higher frequencies allow the
miniaturization of antennas, which can be realized on-chip or in-package, thus enabling the
implementation of highly integrated and cost-effective MIMO radar systems too.

All these aspects are continuously increasing the interest of the scientific community in the
MIMO radar field. In [87], the researchers put efforts into designing an entire MMIC chipset
oriented to MIMO radar application, instead, in [88] the authors worked hard to design a
multichannel D-band receiver for MIMO radar with an optimized LO distribution. When
designing a MIMO radar, one of the most critical sections is the antenna design, especially at
higher frequencies. The [89] presents the design of a planar antenna array through a method
based on the definition of element array position by a genetic algorithm and the analysis of the
ambiguity function associated with the array itself. This work was carried out for a radar system
with a center frequency of 76.5 GHz, enabling both the azimuth and elevation environment
monitoring. Once again, the scientific interest is also confirmed by several research groups who
focused on realizing new microstrip antennas tailored for millimeter-wave automotive MIMO
radar sensors, as in [90]. Another example is present in [91] where RF front-end was realized
in a modular way, considering 24 transmitters and 24 receivers.

This work wants to formalize the initial considerations and steps necessary to make a
modular millimeter wave MIMO radar. This is the first project of a modular MIMO radar
operating at 120 GHz and composed of multiple cooperating integrated circuits. Indeed, most
commercial MIMO radars work within the industrial and automotive bandwidths around 60 and
77 GHz, respectively. A crucial aspect is to investigate how MIMO radar performance changes

in relation to the presence of on-chip antennas and how the restriction due to the antenna
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position can be exploited to enhance the radar performance. Last but not least, the willingness
to use multiple SISO radar ICs will drastically decrease the design and future realization costs.

Typically, researchers design new array topologies by optimizing the position of each
element to improve array performance. Different algorithms can be used [92], [93] and the
research community is continuously developing new algorithms aimed at optimizing some
particular aspects of arrays or exploiting sidelobes and grating lobes in novel ways, respectively
[94], [95]. However, this work is not focused on designing an array by means of a new
algorithm. Whereas it follows a different approach trying to elude the physical dimensions of
the chips and to optimize any performance parameters in the MIMO radar field.

Keeping in mind the MIMO radar theory discussed in Chapter 1.4 and using the chip
TRA 120 045 [47] introduced in Chapter 2.3, two main integrated circuits configurations to
determine their best position to optimize the performance have been analyzed. The presence of
on-chip antennas eliminates the need for bond wires at this very high operating frequency. The
bond wires are practical for frequencies superior to 100 GHz, but the optimum length of the
bond wire does not correspond to the optimum radiation pattern as presented in [96]. Therefore,
the size of the transceiver has a significant impact on the positioning of the antennas because
they are within the chip itself; indeed, FOV and angular resolution are affected by their spatial
position. The ideal case is to have the maximum possible FOV and the minimum angular
resolution in order to detect more targets in a very wide angular space. Unfortunately, this is
not a trivial achievement since the higher the distance among antennas, the better the angular
resolution, but the worse the field-of-view.

Thus, the main critical point is the size of every chip because the minimum distance between
the antennas, d, must be at least equal to the chip width, i.e., to 21 in case of 5 x 5 mm?

integrated circuit. So, the main constraint is the minimum antenna distance due to chip
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dimensions. Indeed, the antenna position is fixed inside the transceiver. This physical and more
stringent limit does not permit the application of either two methods proposed in [97] where a
two-step synthesis procedure is used to determine antenna array sparsity via convex
optimization. The physical limitation makes it difficult to use the stochastic search method to
find a very good nonuniform distribution for the array elements as presented in [98] where the
goal is to find the distribution and weighting values of the array elements to minimize the
sidelobe level.

Generally, the 8,5 can be improved by increasing the number of elements in the array, as
previously seen in Eq. 1.39, while keeping the /2 element gap unchanged. In this contribution,
the idea is to exploit the 24 constraint to achieve a superior angular resolution; however, at the
cost of a reduced FOV. In Tab. 3.3, the variation of merit criteria has been reported at varying

distances.

Tab. 3.3: Effect of the distance variation on field-of-view and angular resolution.

d Fov Ores
21 +14.48° 5.73°
31 +9.59° 3.82°
42 +7.18° 2.86°
51 +5.74° 2.29°

In detail, Tab. 3.3 highlights clearly that the FOV drastically decreases by increasing the
distance, instead, the resolution improves but not as clearly. The resolution at 24 distance is
already very good. Therefore, the idea is to maximize target recognition by spacing three
integrated circuits of 24 apart. The choice of three ICs was dictated by the willingness to lower

the project complexity and to develop a MIMO radar operating along the azimuth plane at this
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first stage exclusively. A preliminary configuration is shown in Fig. 3.8 in which the antennas

are illustrated nearly as point-like in a uniform arrangement.

5mm =241
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TX, RX, RX, TX; RX,
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@ @ @ O ®
TX,RX, TX,RX, TX,RX,/TX;RX, TX,RX, TX,RX,

Fig. 3.8: Chips placement and its virtual array. The green squares are the transmitting antennas, the red circles identify the
receiving ones. On the top left the tiny representation of the selected chip.

The green square shapes represent transmitting antennas, and the red circles identify the
receiving ones. Every shape couple can be assimilated with the antennas inside each chip, which
is represented with a gold hatching in Fig. 3.8. The distance between the transmitting antenna
and the receiving one within a single transceiver is 2/3 A, that is, this value is the distance
between the 1/4 elements of the half wave dipole. In this configuration, there are only two
transmitting antennas to avoid overlapping elements in the virtual array. If the second
transmitter were used to radiate the signal, the generated virtual elements would be useless
because they would present element duplication. Moreover, an energy part is saved by disabling
one transmitter. Therefore, the position of each virtual element remains unchanged, the number
of overlapped elements has been reduced solely. It is worth pointing out that it will be necessary
to increase the distance d a little bit more than 24 to avoid rubbing the chips. Nevertheless, d
is considered equal to double wavelength to simplify calculations and analysis. Therefore, it

results a 24 distance among virtual elements starting from the first element at position 0 to the
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last one at position 81. The 24 corresponding FOV and 6,.,; are present in Tab. 3.3, whereas
the angle resolution is 8.74° by applying Eq. 1.40. The angular resolution checking will be done
in the next section by simulating the array pattern. Another possibility is to investigate a chip
arrangement characterized by the alternating 180° rotation of the chips themselves, as shown
in Fig. 3.9. The alternating chip 180° rotation changes the inter-antennas distance between odd
and even chips but maintains constant the distance between the elements of the virtual array,
i.e., the arrangement seems non-uniform only apparently. The position of every virtual element
with respect to the first one is reported hereafter: 0, 24 — 2/3 A, 24+ 2/3 A, 44, 64 —2/3 A,
64 + 2/3 A, 8. Thus, the virtual inter-antennas distance is equal to 4/3 A and the array is still
uniform. It is curious to underline that the corresponding virtual array of each transmitting
antenna is non-uniform, but all their combination generates an equally spaced array. In other
words, it seems as if each singular non-uniform array would cover the non-uniformity of the

others, making the entire virtual array uniform.
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Fig. 3.9: Chips placement and its virtual array in case of the second chip rotation. The green squares are the transmitting
antennas, the red circles identify the receiving ones.

It is immediately noticeable that the number of overlapped antennas is less than in the

previous arrangement, if the second transmitter is not disabled. This is due to the different

spacing between the transmitting and receiving antennas. Therefore, in this configuration the
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second transmitter is used because it adds active elements that improve the array performance
significantly. For this reason, in the first configuration it is useful to disable one transmitter for
saving energy at least, while activating each transmitter to improve performance in the second
configuration.

The rotation of the chip changes only the internal arrangement of the elements, but not the
total aperture size, which remains equal to 84, as in the previous case. According to Eq. 1.40,
it is expected to have an identical angular resolution. The resolution is 6.14° by calculating with
Eq. 1.39. Notwithstanding the minor virtual element distance, the resolution is very similar to
that of the previous antenna disposition, thanks to the increasing number of elements in the
virtual array, which partially counteracts the resolution deterioration. According to Eq. 1.38,
the FOV is £22.02° which is 50% higher than the first array disposition due to closer antennas.

Therefore, the negligible worsening of angular resolution is acceptable because it implies a
significant improvement in field of view, even though it is still relatively small. Hence, a list of

main points is reported below:

e Minimum distance among chips equal to 21 in case of TRA_ 120 45 transceiver.

e The higher the inter-chip distance, the worse the FOV, but the better the angular
resolution.

e There is very little difference in terms of resolution between the two different array
topologies.

e A 50% FOV improvement by rotating the second integrated circuit.

A simulation of the array factor is crucial to confirm the calculated angular resolution and
estimate the angular position of the grating lobes. Indeed, the angular resolution can also be
defined as the 3 dB beamwidth of the array main lobe. It is also correlated with the ratio between

wavelength and array dimensions [99].
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The element spacing among the antennas directly impacts the presence and location of

grating lobes [100], [101]. The expected location of the first grating lobe can be calculated by

means of Eq. 3.4.

A
g, ~ sin! (E) (3.4)

Thus, the first arrangement presented in this contribution will have the top grating lobe at

approximately 30°, whereas the 180°-rotation solution will be characterized by a first grating

lobe in 48.59° angular location.

The results are corroborated by means of the simulation, and the array factor comparison is

shown in Fig. 3.10.
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Fig. 3.10: Main lobe width, grating lobes and side lobe level of both uniform arrays.

The red dotted line represents the array factor generated by the two activated transmitters
and three receivers illustrated in Fig. 3.8, whereas the blue solid line is related to the solution
obtained after the 180°-rotation, where the second chip is rotated with respect to the other two

as highlighted in Fig. 3.9. Regarding the side lobe level, the second array exhibits a slightly
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lower level, especially near the main lobe. In addition, the blue array factor has a higher gain
due to its superior number of virtual elements. Specifically, the red array presents a gain factor
equal to 14 dB, instead of 17 dB for the blue array. Thus, even though the sidelobes of the blue
array are slightly superior to the red ones, the total sidelobe level is favorable in the case of the
blue array by a small margin. It is also characterized by fewer grating lobes that are farther
away from the main lobe than the red one. This last aspect is corroborated by the larger the
inter-antennas space, the higher the number of grating lobes; indeed, the inter-distance is 4/3 4
for the blue array and 24 for the red one. Besides, the simulation confirms the angular location
of the first grating lobe for both array factors, as mentioned just above. Hence, the blue sidelobe
section is larger than the red one, which ensures that the grating lobes are more distant with
respect to the main lobe in the blue array factor. Furthermore, the red array factor does not have
a grating lobe at an angular location of 90°. Instead, the blue array factor does not have another
pronounced grating lobe after the first one. Of course, the same considerations can be drawn
for the specular sections of both array factors. Depending on the application, grating lobes could
be desirable and useful such as in radio astronomy for radio interferometry. For instance, a
massive presence of extremely narrow grating lobes allows very small angular resolution of
radio sources in the sky.

The angular resolution can be extracted by simulation considering the half-power beamwidth
(HPBW) as highlighted in Fig. 3.10. The red beamwidth is 5.18°, the blue one is 5.44°. These
widths validate the ones calculated with Eq. 1.39, 5.73° and 6.14°, respectively. At first glance,
the Eq. 1.40 does not fit very well with the simulated results. The simulation reinforces the idea
that the larger inter-distance of the first solution ensures marginally better angular resolution.
Indeed, the higher element number of the second solution covers, partially, the resolution

worsening due to the minor inter-antenna span. Therefore, the angular resolution cannot be
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considered as a discriminating factor to make a choice between the two factors. To conclude,

the best solution involves the second type of arrangement for the following reasons:

e lower side lobe level;
e less cumbersome presence of grating lobes;
e angular resolution comparable to the other presented solution;

e significant increase in terms of FOV.

It can be asserted that the 180° rotation is a smart solution to widen FOV without
complicating the project. The next step was designing the board layout. The RO3010 substrate
was chosen [102], and the layout was drawn in KiCad, which is the electronic design
automation software used for this project. The SISO ICs were placed based on all the
considerations made in the previous chapter. Above all, attention was given to the microwave
section and the placement of headers and coaxial connectors to ensure mechanical stability. The

design layout is sketched in Fig. 3.11.

Chips 1,2 and 3
distanced by 4/3 A

— an’l

Fig. 3.11: First prototype layout of the MIMO radar system.
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Specifically, the board has a length and a width of 10 cm to incorporate the chips and
headers, which are not illustrated in their 3D models to only represent the key information in
Fig. 3.11. The presence of three vias next to the transceivers highlights the necessity of using
the bottom layer to trace a few paths. There are six microwave paths, two for every chip on the
board, to make the divider outputs available for each transceiver. These outputs can be exploited
to check that every transceiver is working properly when the radar board is realized, for
example, using a spectrum analyzer. It is expected that the divider output frequency ranges from
1.73 GHz to 2.15 GHz, as confirmed in [47]. A capacitor is present in every microwave section
because an external decoupling capacitor is required, as can be noted in the datasheet.
Consequently, these brief microstrip paths were designed by using the AWR Design
Environment Platform by Cadence, ensuring a 50 QQ impedance as much as possible along each
microwave path to obtain an input reflection coefficient below the value of —10 dB [17]. In
fact, the track dimensions of the microwave section were properly selected. Additionally, the
microwave connectors were arranged with that orientation to guarantee mechanical stability of
the board. The chips were placed in the center to have more space around them to facilitate the
paths of each signal. For the sake of brevity, the simulation of the microwave section has not
been reported.

Despite being a different contribution, this work and [89] try to design an array for MIMO
applications with a different approach and tasks. It is worth noting that this contribution aims
at designing a 120 GHz MIMO radar, which is more challenging compared to 76.5 GHz
operative frequency in [89] due to the small wavelength that complicates the array design.
Moreover, the estimated angular resolution in the azimuth plane is 15.15°, quite higher than
6.14° of this project. Our solution is characterized by a lower side lobe level, around 6 dB vs

12 dB in absolute value. In any case, in [89], the researchers applied a genetic algorithm that is

93



Case studies

specialized for a 2D MIMO radar optimization, in which a gene represents the antenna element
position on the plane. All the genes represent a single full 2D MIMO array configuration, the
so-called chromosome. Consequently, they set some constraints in the algorithm to optimize
the performance. Once again, the comparison cannot be deepened further because this
contribution focuses on exploiting the physical dimensions of each chip as an advantage to cut
design costs rather than designing an array using a new algorithm.

Similar considerations can be drawn comparing this contribution to [98], [101]. In [98], the
nonuniform distribution of the array elements was optimized by means of a stochastic search
method. The goal was to find the distribution and weighting values of the array to obtain the
minimal sidelobe level with some constraints for the main lobe location and width.

In [101], a similar MIMO radar is designed. Even here, the researchers positioned the array
elements freely, without any physical constraints. Consequently, their work is different from
this approach, which addresses the possibility of using already existing transceivers on the
market.

In any case, continuous research is conducted to find a balance among several parameters,
limitations due to the application and those imposed by the recommended solution. This
comparison highlights that the results of this contribution are comparable to the previous
research merely in spite of very strict physical limitations and by employing commercial
transceivers. Thus, no additional RF design efforts were necessary.

Finally, the large available bandwidth of the transceiver could be exploited to suppress
aliases caused by grating lobes, i.e., the use of different sub-bands can allow to distinguish
targets due to the main lobe with respect to the ones generated by grating lobes [103] mitigating

their effect on this project too.
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Therefore, the current paragraph outlines the main steps required to realize a MIMO radar
composed of ready-to-use SISO integrated circuits. This work did not follow an existing
algorithm for designing the array due to the physical dimensions of the chip and the position of
the antennas within the package itself. This different approach permits to cut the costs of
designing a MIMO array that operates in the D-band spectrum. Of course, several other aspects
must be considered in the next phases of the design like chip synchronization, the design of a
suitable base-band board and the acquisition and management of the data samples via a
microcontroller or FPGA. Besides, it will be essential to apply a calibration technique to the
sparse array in order to compensate for the amplitude and phase offsets among the signals

received by each antenna.

3.3 Enhanced phase detection

One of the main issues that arose during the PhD program was to improve the phase detection
to make the target displacement reconstruction more reliable. This topic acquires more
relevance in the case of AC-coupled CW radars. If measuring the motion extent of a single
moving target can be considered a quite acknowledged task [104], [105], the automatic motion
detection of a target alternating between stationary and moving intervals gives rise to some
concerns. For AC-coupled Doppler radars, the level of the direct current (DC) signal is usually
reduced to a fixed bias voltage by means of a high-pass filter stage. Due to the presence of
thermal noise fluctuations and the resulting uncorrelated phases, the extracted phase history
will evolve randomly. So, a null-Doppler frequency results in a very poor SNR which leads to
an incorrect evaluation of the displacement target [106], [107]. In addition, during real-time

measurement, the estimation of target displacement is not a trivial task [108], even as the target
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is in constant motion as discussed in the last part of the current paragraph. This task has been
widely discussed in the literature, but many articles do not deal with the possible incorrect
displacement estimation when offline algorithms are applied to real-time measurements,
involving inappropriate unwrapping. This generates wrong displacement detection and phase
drift that are often solved with post-processing algorithms and erroneously attributed to
accumulated noise and hardware imperfections. This contribution aims to investigate the origin
of possible errors and give a simple but effective solution to correctly estimate the target
displacement. The reported algorithm can be applied to both FMCW and Doppler radars.
Therefore, this section provides a thorough analysis of these problems in the trickiest case of
portable Doppler radars and offers potential solutions.

The foremost studies are focused on the challenge of phase detection if the target alternates
between stationary and moving time intervals. Indeed, the uncorrelated phases, which might be
confused with the real target displacement, can be avoided by keeping the radar continuously
moving [106], thus exploiting what is usually considered a negative state. Secondly, this
problem has been resolved with a new algorithm that recognizes when the target is moving and
when it is not, reconstructing the object displacement properly [107].

In [106], the mixing between the LO and the received signal will always be different from
zero, except in the unlikely case that the target has exactly the same speed as the radar but in
the opposite direction. In the scientific literature, radar motion is often considered a negative
state, e.g., for the task of vital sign detection while the radar is mounted on a moving platform,
such as an unmanned aerial vehicle [109], [110]. Indeed, when the radar moves, the relative
range detection is often many orders of magnitude larger than the desired signal and needs to
be corrected. This often requires implementing techniques to obtain the movement of the radar

itself which in turn can be subtracted from measured data [111]. On the other hand, a small
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number of works deal with intentionally leveraging the radar movement like in [112]. As an
example, in [24], the authors take advantage of the radar movement to find the target direction
with a single-input single-output Doppler radar. To clarify, the induced Doppler shift involves
different Doppler returns from echoes at different angles, which can, in turn, be exploited to
obtain angle detection capabilities with small aperture antennas.

Before presenting the two solutions, a simulation was performed to illustrate the negative
impact of noise fluctuations on displacement reconstruction. Thus, when the target is stationary,
the null-Doppler shift results in a DC level present at the outputs of the mixer. Although
theoretically this would result in a flat phase history, the noise fluctuations will generate
uncorrelated phases, leading to incorrect displacement detection. The simulation involved a
target placed 15 cm from the radar. Initially the target is still, then it starts moving 16 cm away
from the radar and, thereafter, 12 cm towards the radar. A radar operating within the 24 GHz
ISM bandwidth was simulated, and the SNR was chosen to reproduce a real-life scenario. The
extracted phase history, in the case of absence of thermal noise, is reported in Fig. 3.12(a). It is
worth noting that in this ideal case, the phase history can be properly detected by applying the

arctangent demodulation.
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Fig. 3.12: Simulated target displacement (a) without and (b) with noise.

On the other hand, the introduction of thermal noise leads to an incorrect evaluation as
illustrated in Fig. 3.12(b). When the target moves, i.e., between 4 s and 8 s, the relative
displacement is properly calculated. Nevertheless, the thermal noise fluctuations generate a
wrong and random estimation of the displacement, which instead should be equal to zero when
the target is steady. In Fig. 3.13, the I/Q data during non-consecutive stationary and moving

intervals are both reported in the constellation graph.
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Fig. 3.13: Simulated I and Q channels during movement (blue) and stationary (red) intervals. In the inset, the enlarged detail
of the stationary interval.
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During the motion interval, the blue samples exhibit noise fluctuations around the ideal
value. However, their amplitude is greater than the noise level, so it does not overwhelm the
useful signal not corrupting phase information. Whereas the red data during the stationary time,
highlighted in the inset, show a random phase. Moreover, a shift of the initial phase is also
introduced, thus leading to a wrong final relative position of the target.

After this brief analysis, the first approach was to examine the effect of radar motion during
the measurement of small displacements. For this purpose, the TRA 120 002 in Chapter 2.3 is
intentionally moved by means of a controlled mini-actuator in CW operation mode, while
measuring the target displacement. Thus, the first possible solution is to solve the problem by
moving the radar during the measurement.

In this way, recalling Eq. 1.11 and 1.12, the I/Q signal expressions change as reported in Eq.

3.5and 3.6.
Sl(t), = a - cos <AQD i 41 AX(t) i 41 Ar(t)> (35)
so(t)' = a - sin (Ago LA f(t) L2 ';(t)> (3.6)

where r(t) is the displacement introduced by the continuous radar motion. The presence of the
term r(t) imposes an ever-present signal at the output of the mixers, involving the correct
measured phase histories. Of course, the radar motion affects the displacement detection by
adding an additional apparent target movement which needs to be corrected.

The system, composed of radar, mini-actuator and metallic target, is photographed in Fig.
3.14. The Doppler radar, shown in the inset on the right side, has been mounted on an actuator

moving at a constant speed of 10 mm/s for a total measurement time of 5 s.
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Fig. 3.14: Picture of the experimental setup.

The target is a 20 cm x 20 cm metallic plate. The small dimensions of the radar, due to the
high working frequency, are very beneficial for reducing the weight of the system, thus
minimizing possible unwanted vibrations during the motion periods.

Due to the presence of the wavelength in Eq. 3.5 and 3.6, it is worth analyzing the
performance dependence on the frequency stability. The output frequency of the TRA 120 002
can be controlled by four VCO tuning inputs. The stability of the frequency depends on the
supply voltage and temperature. The dependence on the supply voltage can be neglected.
Indeed, the supply voltage is the output of a stable voltage regulator, and the chip exhibits an
average output frequency shift lower than 100 MHz for a 0.3 V voltage drift, which is of course
an overestimate value for a voltage regulator. On the other hand, the temperature dependence
is usually considered a critical factor for the output frequency stability. The chip exhibits a 1
GHz average shift for quite a wide temperature range, i.e., from 10 °C to 90 °C. This seriously
affects the performance of FMCW radars, but it can be also considered negligible in this
scenario [113], [114], [115]. According to the component datasheet, the frequency shift is
around 15 MHz for each 1 °C of temperature drift. For instance, by considering an excessively

negative scenario, i.e., 1 °C drift per second, since the data are acquired every 10 ms, the
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frequency shift will be approximately 150 kHz per measurement. Consequently, the wavelength
shift will be approximately 3 nm per measurement. Given the A/4 maximum displacement
discussed in Chapter 1.2, the resulting displacement error is about 0.76 nm per measurement,
which is a negligible value in this context.

The controlled radar movement is measured from the echo of a stationary target and
subtracted from the next measurements, thus removing the effect of the radar motion on the
displacement and correcting the desired data. Figure 3.15(a) shows two different measurements,
performed on a stationary target, to test the procedure effectiveness and repeatability.
According to the previous analysis, since the radar is moving for the first 5 s and stationary
during the next 3 s, different results on the phase extraction are expected.

To clarify, during the radar movement, i.e., up to 5.2 s, the correct zero-displacement can be
extracted after the displacement removal due to the radar motion itself. Instead, when the radar
is stationary, i.e., from 5.2 s, both measurements show random and uncorrelated phase histories,

resulting in incorrect displacement detection, as evidenced in the final part of Fig. 3.15(b).
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Fig. 3.15: (a) First (blue solid line) and second (red dotted line) displacement from a stationary target and (b) difference
between the two measurements.

Thereafter, the system was tested with a metallic plate moving 1.2 cm back and forth. Due
to the continuous radar motion throughout the entire measurement, a down-converted signal
with a non-zero Doppler frequency is always present. Consequently, the phase history
extraction with the arctangent demodulation always makes sense, as highlighted in Fig. 3.16.
After removing the radar motion effect from the data, the desired results are obtained and the

markers in Fig. 3.16 highlight the maximum distance covered by the plate.
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Fig. 3.16: (a) Reference signal (red dotted line) and measured displacements from an alternating moving target (blue solid
line) and (b) difference between the two measurements.

Thus, the intentional radar motion is exploited to extract the real target displacement. Indeed,
a noisy contribution is usually present at the output of the receiver for AC-coupled Doppler
radars when echoes from stationary targets are received. This leads to incorrect displacement
detections, but this negative effect is suppressed by keeping the radar continuously moving,
thus positively exploiting what is usually considered a negative condition.

This solution can be very useful because it enhances the phase detection. At the same time,
it can be uncomfortable because it requires an actuator or something similar. Sometimes, the
radar is placed in an impractical location such as in automotive field for in-cabin detection
applications [11], [12], in industrial and civilian applications [82], or on goggles as will be seen
in Chapter 3.6 [3], [4]. From this point comes the need to find a more practical solution. In
[107], a simple and cost-effective solution is proposed to automatically highlight only the real
target movements thus discarding the random phase evolution when the target is stationary.
First, this issue is investigated by simulating a possible scenario. Then, the effectiveness of the
solution is tested in a real case. Reconnecting to what is shown in Fig. 3.12 and 3.13 via

simulation, a solution is proposed with a twofold task:
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1. Avoiding wrong phase detections when the target is stationary as shown in Fig. 3.17(a).

2. Realign the initial phase when the target starts to move as illustrated in Fig. 3.17(b).

One limitation of the classical phase analysis is that the phase itself does not include any
information concerning the intensity of the received signal. This makes it impossible every

attempt to discriminate between the stationary and the moving intervals based on the signal

intensity.

Displacement (cm)

Displacement (cm)

Fig. 3.17: (a) Elimination of incorrect displacement evaluation during stationary moments and (b) realignment of the entire
motion.
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The proposed algorithm is based on the idea of creating a new data matrix that includes
displacement data and signal intensity information over time. Specifically, the displacement
data will be proportional to the absolute values of the I/Q data. This change transforms the
phase history vector into a phase history matrix because the signal intensity is now
automatically associated with the phase history. Obviously, steady target intervals are
characterized by low-level I/Q signals compared to those of moving targets as highlighted in

Fig. 3.18, which is a 3D plot for the displacement albeit visualized in a 2D format.
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Fig. 3.18: Simulated displacement evaluation after the first part of the algorithm.

Therefore, the output of this step is a matrix whose rows always contain zero except for the
rows corresponding to the measured phase history which include the absolute value of the I/Q
signals versus time. Up to 4 s and after approximately 8 s, the detected phase history is not
reliable due to the lower signal intensity. This first step has the great feature to be fully
automatic and independent of a specific application, thus minimizing the computation costs and
mistakes due to a wrong selection of the algorithm parameters. Therefore, the difference in
signal intensity will be exploited as the key to separate moving moments from stationary ones.

In fact, the second step of the algorithm identifies the correct starting point of the phase

history. Contrary to the first step, it requires the definition of a threshold to separate moving
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from stationary intervals, which was made easier by the first step of the algorithm. Thus, the
optimum threshold is related to the absolute value of the signal allowing to apply one of the
many thresholding algorithms available in the literature [116]. At the beginning of the
measurement, the first correct phase value is set to zero. Then, the algorithm checks if the next
phase intensity overcomes the threshold. If not, the algorithm realigns the data according to the
last reallocated element, thus discarding the phase estimation resulting from noise. Indeed, these
data have been corrupted by the noise and do not represent the real displacement of the target.
Conversely, the data above the threshold are considered correct values because they represent
the actual movement of the target and are maintained. These data are realigned with respect to
the motion of the target. In Fig. 3.19, the displacement obtained by applying the algorithm is

compared with the initial displacement pre-algorithm of Fig. 3.12.

. . 0(dB)
£
£ 8
c =
(0] Q
£ £ -25
0] (]
&) Q
] ©
oS- S
7] i)
] =)

40" -50

0 2 4 6 8 10
Time (s) Time (s)

Fig. 3.19: Displacement evaluation after the second step of the algorithm in the simulated scenario.

As discussed previously, the optimum threshold might be selected depending on the case
study and the algorithm fits very well with short-range applications. It is worth noting that the
negative effects of the thermal noise are limited without altering the information.

Afterwards, the algorithm is applied to a real-world scenario employing the radar by Infineon
presented in Chapter 2.1. Its 24 GHz operating frequency is consistent with the simulations. As

shown in Fig. 3.20, the displacement estimation is incorrect except when the target is moving,
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i.e., approximately from 4 s to 8 s. The user has reproduced a movement like the simulated one
moving a hand in front of the radar. Thus, it is characterized by an initial motion away from the

radar and, after, towards the radar as sketched on the right side of Fig. 3.20.
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Fig. 3.20: Target displacement in the real-world scenario.

Then, the algorithm is applied to the raw data. In Fig. 3.21, the 3D-displacement obtained

after applying the algorithm is compared to the pre-algorithm displacement shown in Fig. 3.20.
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Fig. 3.21: Hand displacement after the application of the algorithm in the real scenario.

Therefore, the algorithm corrects the motion of the target and preserves the undesired
random movement and stationary intervals as well. Indeed, in the first part of the measurement
there is a tiny but real motion that is detected and maintained because it overcame the threshold.
It was probably due to a vibration of the hand. The subsequent elements are reallocated in

function of this unexpected small displacement which, in turn, shifts all the successive elements
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slightly. As a consequence, the desired hand motion does not start exactly from zero. Besides,
the target motion is also characterized by the presence of short stationary time intervals, which
are automatically kept unchanged. This algorithm will be reapplied in Chapter 3.6 for eye
blinking detection, providing a further example of its validation.

In order to complete the overview of improvements to phase detection, the aspect related to
real-time measurements must be analyzed. The next pages will provide some insights on how
the target motion can be properly elaborated during real-time measurement [108]. Generally,
the elaboration of radar raw data is performed offline to facilitate the measurement process and
execute a custom elaboration with relaxed timing requirements; quite the contrary, estimating
displacement during a real-time measurement involves possible information loss about the
phase of the raw data. In detail, errors can arise if the unwrapping algorithms are applied as in
offline measurements. Mistakes lead to the displacement drift, causing a wrong evaluation of
the target motion. Although displacement reconstruction is necessary in several different
applications [3], [4], [11], [12], its implementation during real-time measurement is not a trivial
task. Researchers have extensively investigated displacement estimation, but mainly through
offline elaborations. This represents a great lack in literature because many commercial present
and future applications related to healthcare sensing are based on real-time and not offline
measurements.

As already discussed in Chapter 1, the received and down-converted data are frequently
reorganized into data sequences. For instance, in the context of FMCW radar, data is separated
into chirps and frames; similarly, in Doppler radar, data is packed to be properly transferred
and processed, thus extracting the target phase history. However, phase histories from different
frames must be linked to provide the correct and continuous visualization. Arctangent, Eq. 1.13,

is often used to extract the phase history but, although the phase is limited between the interval
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[—m; ], the phase history is not; this requires employing the unwrapping function as detailly
analyzed in Chapter 1.2. Data division and union may give rise to an incorrect application of
the unwrap function: in a nutshell, the phase history of the data may be lost despite every single
part of the data being elaborated correctly.

The final part of this chapter aims to investigate the aspect of preserving the phase
relationship between the different data blocks. It is worth noting that this error can be relevant
or small depending on the case. This can be very detrimental because subtle errors are very
difficult to unmask but nevertheless capable of affecting the accuracy of the radar measurement,
particularly for micrometer motion sensing [117]. In [118], [119], [120], the authors use an
FMCW radar for real-time measurements and try to estimate the displacement due to the small
movements of the targets, but their contribution is often confined to the representation of the in-
phase and quadrature amplitude over time. In addition, these articles highlight the presence of
unknown phase drifts eliminated by using the phase difference procedure, which replaces the
outliers with some interpolated values. Outwardly, these works can be affected by the
aforementioned errors that the authors corrected with post-processing algorithms, without
investigating their origin.

On the other hand, some contributions have already investigated and clearly explained the
processing steps required to evaluate the displacement both offline and in real-time, but no
examples highlight the importance of maintaining the correct phase relations between different
chirp blocks. For instance, [121] presents detailed offline and real-time data processing methods
without paying attention to the possible errors arising from an incorrect application of the
unwrap function originating from the wrong raw data combination during real-time
measurement. In addition, the contribution aims to give a deep description of how the unwrap

function works and how it can be applied. The application of the unwrapping steps for offline
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detection is considered a consolidated task, but there is a lack of details and precautions to
accomplish the different demands of real-time applications, i.e., how it works and how to
prevent the possible incorrect displacement estimation.

Therefore, the purposes of this work and its main contributions to scientific literature are:

e Highlighting the difference and particular care required when dealing with real-time
sensing compared to offline detection.

e Real-time applications require continuous data stream from packed data. Subtle and hard-
to-find errors can arise if the unwrapping step is not properly applied between different
sequences. This step is carefully analyzed, and the correct rigorous procedure is

described.

The proposed solution allows for displacement reconstruction by avoiding the manipulation
or interpolation of phase content, thus preserving the actual information from the radar system
towards the elaboration unit. Since this issue does not depend on the radar sensor type, e.g.,
Doppler or FMCW, in this contribution, it has been investigated for the case of CW radar, to
analyze a general case and for the sake of clarity.

Even though the phase/displacement reconstruction steps outlined in Chapter 1.2 are
effective during offline processing, additional care is required when applying the unwrapping
algorithm during real-time measurement. First of all, the raw data are usually collected and

elaborated in blocks for both Doppler and FMCW radar sensors, as illustrated in Fig. 3.22.
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Fig. 3.22: Phase samples collected in data blocks.
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After pre-processing the real-time raw data to obtain the phase of each sample, the
unwrapping operation is carried out on the first data block. Presuming the absence of speed
ambiguities, the phase extraction of the first data block is always correct. Subsequently, the
unwrapping operation is carried out exclusively on the second data block without taking into
account that the first sample phase of the current data block must be unwrapped with the last
unwrapped element of the previous block. Therefore, applying this offline procedure to real-
time data, the phase relationship between two consecutive data blocks is lost because, basically,
the unwrap function has been applied only on the phase elements inside every block. To

highlight the error, an ad-hoc simulation was performed, as shown in Fig. 3.23.
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Fig. 3.23: Wrong (blue solid line) and correct (red dotted line) displacement reconstruction.

The simulation is characterized by a generic target motion in front of the radar depicting the
comparison between offline and real-time elaboration. The target is initially stationary and later
it moves, changing the motion direction multiple times during the simulated time, as illustrated
with the red dotted line in Fig. 3.23. This line represents the target motion extracted by means
of an offline measurement and the subsequent elaboration. Instead, the blue solid line is the

estimated displacement applying the offline algorithm to real-time measurement raw data, i.e.,
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block by block. In this simulation, a frame is a collection of phase samples with a duration of
0.5 s, as highlighted by green arrows. The simulation includes different situations: stationary
period, approaching target, receding target, direction change and speed variation. The blue solid
line is wrong, as can be noticed trivially. Beginning with the first frame couple, the error is null
because the target is stationary and, in this case, the phase difference between the last
unwrapped element of the first frame and the first element of the second frame is zero or,
anyway, minor than . As mentioned above, the unwrap function is not applied between the
frames, but in this first instance, the error is absent because the phase difference is minor than
the absolute value of m, regardless of the type of measurement, i.e., offline or real-time. The
situation is completely different between the next two frames. Due to the same movement of
the target, the phase is continuously increasing and, as a result, the phase difference between
the last unwrapped element of the previous frame and the first element of the subsequent frame
is higher than the absolute value of 7.

When the unwrap is applied on the last frame, the phase relationship with the previous one
is lost: the phase of the first sample is calculated as a value between —m and m, and the
displacement is scaled appropriately. Its value appears to be zero, but it is always different
according to the calculated phase value. This sensation is reinforced by the very high operating
frequency of the radar sensor in the simulation, i.e., 122 GHz. This frequency has been chosen
as the optimum one to highlight the impact of elaboration errors in the displacement evaluation.
In fact, the m-limit corresponds to a quarter wavelength and the higher the frequency, the
smaller the wavelength itself.

The rest of the displacement extraction is affected by mistakes every time a frame transition
occurs and if the phase change is higher than the absolute value of m, and it is completely

independent of the target movement typology, as highlighted in Fig. 3.23. It is worth remarking
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that the mistake committed is not negligible, indeed, there could be both sensible
underestimation and overestimation of the displacement.

The crucial point of the real-time displacement elaboration is the unwrapping between the
first element of every frame compared to the last element of the previous frame. Thus, the
solution focuses on this aspect, and its key parts can be summarized as follows: a) saving the
last unwrapped phase of the previous frame; b) unwrapping only the first element of the

consecutive frame with the saved one. This is graphically described in Fig. 3.24.
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Fig. 3.24: First step of the proposed algorithm (a) and the related second step (b).
Thereafter, the new unwrapped element is the first element of the current frame and the
unwrapping function is applied to the remaining elements as usually performed during the

classic offline elaboration, as highlighted in Fig. 3.24(b). This solution must be applied to each
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block of data, while being computationally light. This is very important, particularly during
real-time measurements that require high-speed calculus capabilities. Therefore, this new
solution extends the unwrap function also among the frames, tracking their phase relation.

Furthermore, the suggested algorithm does not require any manipulation of the data or
change in phase content as occurs, whereas, in [118], [119], [120]. Of course, the methods used
in these contributions are valid, but they produce interpolated phase values to rebuild the target
displacement rather than preserving the original information, as the just-illustrated new
algorithm does. Naturally, the phase content can be distorted by several defects in the circuit
and due to disparate motivations [122], [123]. Therefore, the intention is to remove one possible
alteration of the phase content and, in turn, target motion.

To verify the effectiveness of the proposed method, the previous ad-hoc simulation is
proposed again, now with the unwrap correctly applied. The results are illustrated in Fig. 3.25.
The algorithm links the phase information between the data blocks; indeed, the green dashed
line obtained by the new method follows the red line perfectly, without any errors.
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Fig. 3.25: The displacement reconstruction by means of: offline measurement and elaboration (red dotted line), real-time
measurement and offline procedure (blue solid line) and by real-time measurement and its ad-hoc processing algorithm
(green dashed line).
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Therefore, applying the offline procedure to real-time data is like not applying the
unwrapping operation between data blocks. As a consequence, the mathematical error will be
proportional to the extent of the target movement at the end of the data block itself. The
verification of the proposed solution was carried out by applying the algorithm during real-time
measurement, but this topic is discussed further in Chapter 3.5 regarding displacement
reconstruction during respiratory activity. The algorithm is applicable in any elaboration
machine due to its minimum impact in terms of memory and processing requirements. The new
elaboration steps are not affected by possible mistakes because they do not alter the radar raw
data and phase information, thus ensuring the algorithm robustness is absolute.

Throughout this chapter, new improvements to the displacement elaboration have been
presented. Combined with the micro-Doppler signature tool discussed in Chapter 1.2, these new

features greatly enhance the detection capabilities of radar sensor systems.

3.4 Gesture recognition

Portable radars are having a disruptive impact on different fields related to contactless
sensing. For example, the automotive field is interesting not only for autonomous driving, but
for in-cabin detection applications too [11], [12]. Gesture recognition is a key aspect to enable
users to interact with objects. Moreover, the accurate tracking of hand gestures is fundamental
to enabling interactions in virtual environments [8]. As previously mentioned, combining a
micro-Doppler signature with phase history paves the way to a better classification, for
example, of gestures. The current paragraph aims to describe their recognition both to increase

security in-cabin environment and enable touchless smart interactions with other objects.
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The first case study concerns the topic of in-cabin detection. Since the production of the first
car, the world has seen an exponential increase in electronic devices within the vehicle aimed
at enhancing passenger safety and comfort. In recent years, the concept of the autonomous
vehicle has revolutionized the next-generation car mobility, including the driver role. The
increased level of automation is not only limited to outside of the car, i.e., the feature of
autonomously and safely moving from the starting point to the destination by detecting possible
obstacles [124]. Indeed, the interior of the car is equipped with a highly advanced set of sensors
aimed at improving the comfort and the safety of the passengers [125], [126]. In this scenario,
radars represent the ultimate technology for enabling premium performance with small space
occupation and limited privacy concerns [127]. Among the main advantages, radar-based
sensing exhibits compact dimensions and consequently high level of integration with the car,
together with high spatial resolution, immunity to different light conditions and limited privacy
concerns [4], particularly for radars working in the mm-wave range.

Modern cars are equipped with advanced driver-assistance systems (ADAS) to help the
driver and the passengers in many activities related to both the safety and the infotainment
sphere. The next pages give an insight into the future challenges for the next generation of in-
cabin detection systems. The researchers related to the in-cabin detection topic can be divided
into three different areas of interest: a) passenger presence detection, b) inattentive driver
behavior identification and c¢) touch-free infotainment system control.

The case a) is one of the most researched in the literature. The simplest systems rely on the
radar capability to detect the range differences due to the body presence. Two examples based
on 60 GHz and 77 GHz industrial and automotive radars, are reported in [66], [128],
respectively. Best performance can be achieved by measuring the very small displacement due

to the tiny chest motion associated with the breathing or heartbeat activities. In [129], the
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passenger presence detection within the car was demonstrated during the vehicle motion. This
is a challenging condition because the car motion generates unwanted phase modulations due
to factors such as engine vibrations, road conditions and strong wind gusts, which overlap the
signal of interest. The authors proposed a denoising technique based on additional sensors, i.e.,
accelerometers to separate the car motion.

Monitoring circumstances belonging to case b) is crucial for transportation safety, although
it can be considered less important for the autonomous driving field. In any case, there are
various situations in which the driver must supervise the car and regain control of it. As shown
in [13], [130] common approach consists of considering the head motion that could be
associated with real driver behaviors, analyzing the related micro-Doppler effects and
classifying the different subject’s behaviors. The identification of inattentive driver behaviors
is crucial for the driver and passenger safety. Certain head movements can indicate inattention.
Different researchers have tried to identify these movements using radar systems. This method
does not involve any contact or discomfort for the user and can activate emergency procedures
to avoid danger, as proposed in [13]. The challenge is to properly classify the different
behaviors in a very cluttered car environment and in the presence of noise generated by car
vibrations or other passengers’ movement.

Case c) addresses a very sensitive topic. Indeed, the car has plenty of conventional and touch-
based buttons that might distract the driver while the car is moving with catastrophic effects. A
radar-based, touch-free infotainment control interface might provide a valid alternative to
increase the passengers’ safety. In [131], this task was accomplished using radar range
measurements and convolutional neural networks to recognize specific gestures.

One way to enhance detection effectiveness is to measure the micro-Doppler effect

associated with different hand gestures. This approach is adopted in this study. Several
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challenges should be faced, from the clutter generated by such confined environments to
determining the optimal location of the radar sensor. The chance to control the car infotainment
system without any contacts is an advanced feature with great potential for various applications.

As analyzed in Chapters 1.2 and 3.3, from the phase of the reconstructed complex
demodulated signal, it is possible to accurately extract the displacement of the target.
Furthermore, the STFT can be exploited to have a representation of the Doppler components
over time, as widely discussed in the final section of Chapter 1.2. These two radar features
enable gesture recognition and, consequently, contactless control of the infotainment system.
For this study, the Infineon radar system operating at 24 GHz, which was presented in Chapter
2.1, was used in the homemade version.

The radar capability to detect the passenger presence was tested inside a car. The radar
system was placed on the inner roof of the car pointing towards the rear seats where a person
was sitting. The key element to recognize the human presence is detecting vital signs. The
breathing rate can be determined by observing the alternating positive and negative strips in the

micro-Doppler signature, as shown in Fig. 3.26.

0(dB)
0.2
© 0.1
E
- 0 -5
0]
8 E 100
m _O.] § -Breathing
: ”m/\/\\/\f\’
-0.2 s
0100 3 & ¢ 12 15 18
-03 Time (s) _10
0 2 4 6 8 10 12 14 16 18

Time (s)

Fig. 3.26: Micro-Doppler signature and related chest displacement of a passenger on the rear seat.
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Combining this output with the associated phase history shown in the inset of Fig. 3.26 can
make the detection more robust. In this figure, physiological activity is evident.

Next, the radar system was pointed toward the front seat where the driver was sitting.
Inattentive driver behaviors can be detected by noticing unexpected movements of the driver’s
body. For this reason, great attention is devoted to monitoring the driver’s head. If the driver's
head moves forward and backward, it could mean that the attention is decreasing because he is
falling asleep. If the monitoring system detects this, the driver must be alerted immediately.

In Fig. 3.27, the micro-Doppler signature of two consecutive movements forward-backward
of the head is shown. It can be classified through a machine learning algorithm thus being

properly recognized.
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Fig. 3.27: Micro-Doppler signature of a driver falling asleep at the wheel.

The last scenario of interest concerns the touchless infotainment system control. This is
probably the most futuristic topic. In the next generation of cars, passengers will be able to
control the infotainment system comfortably and without touching anything. In Fig. 3.28., the
micro-Doppler signatures related to an example of sound system control is shown. There are
four pairs of “next-song”/“previous-song” commands associated with swipe-up and swipe-

down hand gestures, respectively. They are characterized by alternating positive and negative
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strips as if the user wanted to skip to the next song and then, immediately return to the previous
one. This is an example of sound system control, i.e., changing songs, which enables touch-free

control of the car infotainment system.
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Fig. 3.28: Micro-Doppler signature concerning four couples of “next-song”/“previous-song” gestures.

It is worth noting the differences in the micro-Doppler signatures between the previous two
examples and the last one, which are characterized by different speeds and timings.

In these micro-Doppler gesture illustrations, it is worth noting that some artifacts follow the
real signature of the movement, that is the I/Q imbalance is present. Another case study was
analyzed to investigate enabling touch-free control of the car audio level system control by
removing the I/Q imbalance mirroring effect. In detail, the feasibility of the accurate volume
adjustment was tested by extracting the micro-Doppler signature associated with finger
movements, i.e., extending/reducing the distance between fingers proportionally to the desired
audio level. Unfortunately, all quadrature direct-conversion receivers are affected by the signal
deterioration due to the in-phase/quadrature mismatch, which generates mirrored signals and
destroys the orthogonality of the demodulated data [117]. Therefore, the phase and amplitude

imbalance between the two channels was estimated and corrected.
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Specifically, the first step is to recognize the gesture, associated with the audio level
regulation, via micro-Doppler analysis and, subsequently, to extract the desired volume level
from the finger aperture via displacement estimation. For the sake of clarity, the movement is

illustrated in Fig. 3.29.

Fig. 3.29: Movement of fingers associated with the audio level.

The characteristic micro-Doppler signature of the gesture is reported in Fig. 3.30(a). In
detail, the positive Doppler strips are due to the index finger approaching the radar and the
distance between the two decreasing. In the same way, negative Doppler strips represent the
index finger moving away from the radar.

However, mirrored signals appear near the Doppler strips of interest, thus making the
detection more challenging. As anticipated, this is due to the signal orthogonality deterioration
because of the I/Q mismatch.

To improve detection quality, phase and amplitude imbalance between the two channels was
estimated by computing the equation of the ellipse associated with every pair of sampled data,
and corrected by employing the Gram-Schmidt transformation [132], [133]. The results of the
I/Q imbalance correction on the micro-Doppler are shown in Fig. 3.30(b), where the positive

and negative strips are clearly visible.
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Fig. 3.30: Measured micro-Doppler signature (a) before and (b) after the I/Q imbalance correction in case of sound level
adjustment.

After the first step of gesture recognition, the next goal consisted in measuring the
displacement due to the finger motion by extracting the phase of the signal. Figure 3.31(a)
shows the displacement related to the total aperture of the fingers, which can be associated with
an increase in the audio level of up to 100%. Then, three consecutive movements were tested
in order to verify the radar capability to regulate the audio level. In Fig. 3.31(b), a total aperture

of the fingers, a partial contraction to 20% and finally a 100% aperture are shown.
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Fig. 3.31: Displacements measured related to different finger apertures: a) 0% to 100%, b) 0% to 100% to 20% to 100%.

By associating the extension of the fingers with the percentage of the audio level, it will be
possible to control the audio system accordingly. However, even though the displacement
measurement is correct, the precise measurement of the 100% level at the end of the
measurement in Fig. 3.30(b) is not properly accomplished because of the random relative
movement between the hand and the radar. An error of 12.75% was estimated for the second

100% level measurement. It is possible to assert that this movement enables accurate volume
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adjustment by recognizing the gesture depicted in Fig. 3.29. Thus, measuring different hand
apertures allows for volume control. Nevertheless, avoiding the effects of random body motion
is one of the main challenges to be faced to enable the next generation of advanced autonomous
car management where the driver and passengers will comfortably control different
infotainment systems.

The second and final case study, about gesture recognition, focuses on and demonstrates the
potential of highly integrated mm-wave radars in the framework of metaverse applications. An
impressive growth of the metaverse market is expected in the coming years, which is estimated
to rise to $ 800 billion by 2025 [134]. Gaming, social experience, education, and healthcare are
among the main technical applications [135]. This work focuses on sensing systems that enable
users to interact with virtual objects and environments. Metaverse glasses are designed to
provide a collaborative virtual space in which the real and digital worlds converge. Accurate
tracking of hand gestures is fundamental to enabling natural interactions with the virtual
environment, providing a seamless experience. This is typically achieved using high-quality
cameras.

However, cameras have well-known limitations related to the capability of detecting the
radial range of the objects and a strong dependence on the light conditions [82]. To overcome
these limitations, the 122 GHz radar by Indie Semiconductor and introduced in Chapter 2.3,
was mounted on the glass frame to detect hand gestures, as shown in Fig. 3.32. For the reasons
discussed in Chapter 1, exploiting radars that operate at very high frequencies ensures their
effective integration with the glasses. As an example, in [3], a 24 GHz radar was used to detect
eye blinking and head movement. However, it would be difficult to integrate it into the glass

frames without affecting the user’s comfort because its operating frequency is relatively low.
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Fig. 3.32: Picture of the demo glasses equipped with the mm-wave radar.

The radar was strategically placed on the left side of the glasses in order to better focus the
antenna radiation beam on the left arm. However, different positioning and the simultaneous
detection of both hands might be possible by exploiting MIMO radars.

Once again, the combination of extracted displacement and STFT is necessary to recognize
the characteristic micro-Doppler signatures resulting from different gestures.

In detail, Fig. 3.33(a) highlights the displacement of about 12 cm resulting from the halt
command depicted in the inset figure on the right side, whereas Fig. 3.33(b) shows the relative

micro-Doppler signature for this command.

T 20}

—
o o

Displacement (c
o

)
o

o -
N
N
w
EN
a

125



Case studies

Fig. 3.33: Halt command: (a) displacement and (b) micro-Doppler signature.

The main speed contribution is due to the arm stretching, resulting in moving away from the
radar and thus in a negative strip. The first section of the arm stretching is characterized by
acceleration because of the speed increase. Instead, a slowing down and movement in the
opposite direction distinguish the last part of the movement. On the other hand, the invite-to-
move closer gesture is shown in Fig. 3.34(a). It resembles an oscillating motion due to the
continuous movement of the hand fingers. Consequently, the relative micro-Doppler signature

presents an alternation of negative and positive speed components as highlighted in Fig. 3.34(b).
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Fig. 3.34: Invite-to-move closer gesture: (a) displacement and (b) micro-Doppler signature.

Thanks to I/Q imbalance compensation, both two gestures have been properly recognized,
thus demonstrating the effectiveness of the proposed solution and its potential to support the
camera-based systems for metaverse applications. The next step could be the performance
analysis in the presence of a moving subject, as well as the recognition of more gestures with
both hands.

To conclude the paragraph, two different radar systems were used to calculate the micro-
Doppler signature and phase variation in order to recognize the different movements of a human
target. Particular attention was paid to describing the current status of the technology and
challenges involved. This work paves the way for the next generation of interactive systems in
the metaverse environment and car equipment whereby radar technology can be exploited
alongside traditional sensors to provide users with advanced, complete, and reliable

interactions.
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3.5 Breathing activity detection in real-time

Generally, state-of-the-art papers describe radar raw data processing that occurs offline, i.e.,
after the measurement. Even though this is reasonable for research purposes and facilitates
processing constraints, real-life applications require real-time motion pattern measurements
with particular precautions, e.g., in the case of breathing activity monitoring as sketched in Fig.

3.35.

Fig. 3.35: Real-time chest displacement estimation during inhale/exhale activity.

Specifically, the task of this paragraph is to estimate chest displacement during normal
respiratory activity as accurately as possible. This was accomplished by applying the algorithm
presented in the final section of Chapter 3.3. Concurrently, this type of measurement also
corroborates the proposed algorithm, enabling a refined displacement reconstruction during
real-time estimation.

Considering the operating frequency of 122 GHz as in the simulated scenario of Chapter 3.3,

the TRA 120 002 transceiver [42] was used in CW operation mode. It was combined with a
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two-stage differential AC-coupled baseband and DE10-Lite FPGA board, as seen in Chapter
2.3. This aspect underscores the importance of preventing this error in view of the universal
trend to exploit higher frequency spectrum in new applications, not just in the field of radar

sensors. The entire system is shown in the insets of Fig. 3.36.

Fig. 3.36: Radar system and experiment setup.

Hence, breathing activity detection was chosen as a proper real-scenario test bench to
evaluate the effectiveness of the algorithm proposed in Chapter 3.3. In the state-of-the-art, most
articles focus on the in-phase and quadrature signals representation, neglecting the precise
tracking of the target movement.

Measuring the breathing activity requires a high-sensitivity radar sensor with a linear

receiver. Before assessing the effectiveness of the proposed solution, the radar sensor linearity
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has been evaluated. It can be tested by producing an ideal sinusoidal motion using a simple
pendulum [136] and measuring its oscillation frequency. A simple pendulum consists of a ball
hanging from a wire of length L, which oscillates around a fixed point with a single-frequency
periodic behavior. According to [137], the pendulum behaves as a linear harmonic oscillator
when the swing angle (), shown in Fig. 3.37, is smaller than the threshold angle equal to 0.1

radians, i.e., 5.73°.

//
“x(t)

Fig. 3.37: Sketch of a simple pendulum.

Under this condition, the oscillation frequency does not depend on the pendulum mass but

on its length L and local gravity acceleration g, as can be noted in Eq. 3.7.

1 g
foscillation = E Z (3.7)

The simple pendulum was positioned 16 cm away from the radar inside an anechoic and
shielded chamber [138], as shown in Fig. 3.36. The bearing structure of the pendulum has been
upholstered with anechoic material to drastically reduce the reflection from the metal structure of

the pendulum itself. Since the wavelength is 2.5 mm, the far-field condition is guaranteed from
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only 1.3 mm because of the extremely reduced dimensions of the dipoles on-chip. The greatest
section of the dipole antenna is, in fact, just 1.25 mm. The steel ball diameter is 1.5 cm, and it is
suspended by a 30 cm-long thin string. The reported length keeps track of the fulcrum position
and ball size; indeed, the center of the ball is considered the endpoint of the string and the fulcrum
as the starting point. The radar sensor was mounted on a holder placed inside the anechoic
chamber. According to Eq. 3.7 and considering g equal to 9.81 m/s> at sea level, the simple
pendulum frequency oscillation is calculated as 0.91 Hz.

The radar linearity test was performed offline, thus in a controlled environment. Detailly, Fig.
3.38(a) shows a segment of around 30 s of pendulum swinging. The pendulum amplitude is
approximately 18 mm, and the initial angular position of the pendulum corresponds to 3.44°, thus
smaller than the 5.73° threshold. In view of the initial angular position threshold, the simple
pendulum swing can be considered a pure harmonic motion as confirmed in Fig. 3.38(b). The
estimated pendulum oscillation frequency is 0.89 Hz, which matches the calculated one and
confirms the high linearity of the system. The error between the detected and calculated value
stems from some approximations and amounts to 2.2%. Indeed, the Eq. 3.7 was derived
considering a mass-point equivalence rather than the 1.5 cm ball diameter, an approximated string
length and the absence of air friction.

The pure shape of the signal suggests the lack of harmonics. Indeed, Fig. 3.38(b) displays the
spectrum of the corresponding pendulum swing measurement, confirming a single pure frequency
component without the presence of any harmonics. The absence of harmonics in the spectrum

demonstrates the high radar sensor linearity.
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Fig. 3.38: Displacement (a) and frequency spectra (b) to evaluate the linearity of the system.
Next, to test the sensor sensitivity, the string was shortened to 6.5 cm in order to intentionally
increase the pendulum frequency to around 2 Hz. In this manner the oscillation decays rapidly
and the sensitivity is evaluable quickly because the swing amplitude decreases rapidly. The

reconstructed displacement and its corresponding spectrum in Fig. 3.39 confirm the high radar

sensitivity.
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Fig. 3.39: Displacement (a) and frequency spectra (b) to evaluate the sensitivity of the system.

A 10 dB SNR threshold was chosen as the minimum value making reliable displacement
estimation. The swing amplitude is easily distinguishable from the noise floor up to 450 um where
the calculated SNR is equal to 10.8 dB, slightly above the selected threshold. As a result, the
linearity and sensitivity tests, enhanced by the use of the anechoic chamber, acted as a ground
truth and validated the goodness of this radar system. Hence, considering the pendulum

oscillation as ground truth, this radar sensor can be deemed a reliable and accurate system. This
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aspect is confirmed by the results illustrated in Fig. 3.38 and 3.39 where the oscillation frequency
and the displacement are very close to the calculated results, with a percentage error of 3.3%.

Thus, the radar used allows the expected 1 cm respiratory extent to be detected with
confidence, and the measured SNR value ensures that the measurement is performed correctly.
After the linearity and sensitivity tests, the radar system was located half a meter from the user,
and the measurement was carried out when the user breathed normally. This is just an example
to underline the impact of this algorithm in the real-world scenario. It is worth noting that the
preliminary characterization with the pendulum in a controlled scenario was performed to
quantitatively assess the expected performance. The theoretical foundation of the proposed
method is independent of the real scenario, which can be affected by countless parameters and
different conditions. However, breathing activity displacement reconstruction is an up-to-date
topic in the field of radar contactless sensing of physiological parameters.

The measurement was performed outside the anechoic chamber. The user breathed normally
while sitting at a classic workstation. Thus, the respiratory activity was monitored during the
daily work. The optimized algorithm for real-time measurements has been applied and the result

is shown in Fig. 3.40, in which measurement and frame last 20 s and 1 s, respectively.
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Fig. 3.40: Wrong (blue dashed line) and correct (red solid line) displacement reconstruction after the application of the
optimized algorithm during a real-time measurement.
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Displacement dynamics of about 10 mm are typical during inhalation and exhalation for a
person with healthy breathing activity, when the radar sensor is pointed toward the
diaphragmatic area. The discontinuities in the blue dashed line, obtained by applying the
algorithm optimized for the offline case, confirm the necessity to use a different algorithm for
real-time measurements. Indeed, the new algorithm produces the red solid line that follows the
diaphragmatic movement accurately. Nevertheless, the breathing pace of the blue line follows
the red one as a result of the cyclic nature of correct breathing. In addition, it is interesting to
observe that the offline algorithm does not produce errors for displacements around 0 mm at
—1s, —10 s and —12 s, confirming the considerations of Chapter 3.3. Indeed, the unwrapped
phase is equal to zero or less than m because during these transitions, the phase difference does
not exceed the m-limit. Hence, no error occurs because unwrapping is not actually required.

As can be seen in Fig. 3.40, the new algorithm is crucial for accurately detecting the breathing
activity at any moment and providing a complete and correct view of the movement throughout the
entire measurement. The slight drift of the entire movement originates only from the user’s natural
micro-movements during the measurement. Therefore, this analysis offers a simple solution
applicable to any real scenario, as confirmed by the theoretical investigation and measurements
in both controlled and realistic scenarios. Therefore, the displacement estimation is now possible
in real-life and real-time applications with elevated accuracy and precision.

In a nutshell, a state-of-the-art study revealed a lack of scientific coverage on phase
reconstruction during real-time measurements. Although the offline measurement technique is
well established within the scientific community, the elaboration steps of the target
displacement are not clearly explained during real-time measurements. The proposed algorithm
refines displacement reconstruction tailored for real-time estimation by avoiding manipulation

of the phase difference between consecutive samples. Hence, the new elaboration steps do not
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alter the raw data and phase information, thus ensuring absolute robustness of the algorithm.
Thus, the new accurate estimation of chest displacement paves the way for future commercial
applications of radar sensors, whereby the peculiarity of real-time sensing needs to be properly

addressed.

3.6 Eye-blinking detection

The last paragraph debates one of the most significant achievements of the entire research
activity. In fact, the intention to detect eye blinking arose during the PhD program [3], [4]. The
idea was to take advantage of the enhanced phase detection and customized micro-Doppler
analysis via STFT application to accomplish this task.

This aim was motivated by the fact that one of the most felt and serious problems in our
society involves the lack of facilitated communication for people affected by neurodegenerative
pathologies. Inability to communicate, as a consequence of patient paralysis, is one of the main
detrimental effects of these diseases. Since the head is the last affected part of the body, an
accepted solution is to interpret intentional eye blinking as messages or commands. This work
demonstrates the effectiveness of radar-based solutions as assistive systems for enabling
patients to express their basic needs [3]. A mm-wave Doppler radar is devoted to this purpose
with advantages in terms of size, computational cost, privacy concerns, and immunity to
different light conditions, compared with competing optical image-based technologies. After
analyzing the performance dependence on different radar positions, the radar was integrated
into a glass frame. This mitigates the effects of random body motion resulting from the
movements due to both physiological activity and external factors. Therefore, the purpose of

this final paragraph is to demonstrate the effectiveness of radar as an assistive system that
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enables patient communication [4]. The World Health Organization (WHO) estimates that the
number of people affected by neurodegenerative disorders has grown rapidly in recent decades,
probably due to the increase in life expectancy. The number of people affected by dementia
was approximately 55 million in 2019. Dementia is the primary symptom of neurodegenerative
pathologies and can manifest memory loss and difficulties with thinking, problem-solving, or
language. Furthermore, the number is expected to increase to 139 million by 2050, according
to the last WHO report [139].

Serious physical, psychological, social and economic consequences arise, not only for the
subject affected by the pathology but also for relatives, friends, and caregivers [140], [141].
Since the body undergoes neuron death and progressive paralysis, the subject loses the ability
to speak. This disability goes beyond the limitation of social activities because the capability to
communicate basic needs, such as the sense of thirst or hunger, is also impaired compromising
health status and life quality. This scenario has not left the scientific community indifferent,
which has put a great effort to find new technological solutions that enable subjects to
communicate in an alternative way [142]. Even though a limited number of aids are already
available, a great scientific effort is still required to provide an effective solution.

Known solutions rely on the detection of brain signals by means of electrooculography
(EOG) and electroencephalography (EEG) [143], [144]. They are often aimed at tracking eye
movements to select a predefined message. Indeed, many systems are equipped with a display
that slowly browses images depicting basic needs or simple words. Once the desired image
appears on the display, the subject can select it with an intentional movement, like an eye
blinking. Intentional movements must be distinguished from unintentional ones; thus, they are
typically coded. For example, an intentional command can be represented by two or three

consecutive eye blinking, which can be easily discerned from one. Systems based on EOG or
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EEG recognize the ocular movement by directly analyzing the brain signals. However, they
require contact electrodes to be placed on the subject’s head. This issue is common with all
contact-based sensors affecting user comfort.

Another commonly used technology for assisting people affected by neurodegenerative
pathologies relies on optical sensors, i.e., cameras. Once again, intentional eye blinking can be
used to communicate a specific command. However, also the task of analyzing images with
cameras is not exempt from errors. The low immunity of cameras to various light conditions
seriously affects system performance and increases the probability of error [12], [82], [145],
[146]. Moreover, cameras raise privacy concerns making this technology barely appealing for
private environments.

In this scenario, there is a massive growth of radar systems employed for biomedical
applications [147], [148], [149], [150], [151]. Once again, this trend is driven by many
advantages over optical sensors, such as the ability to accurately measure radial sub-millimeter
motions and define micro-Doppler signatures for gestures, the preservation of user privacy and
the robust operation in any lighting conditions [152]. Nevertheless, a limited number of
examples are available within the scientific literature, whereby radars are employed to
recognize eye blinking and head movements [147], [148], [149], [150], [151], [152], [153],
[154]. A context of interest for such a kind of detections concerns the automotive industry,
where head motion and eye blinking can identify inattentive driving behaviors [153], [154].

This paragraph represents the first contribution that provides a complete analysis of the
problem. It not only analyzes ideal scenarios, but also investigates real circumstances that affect
measurement effectiveness, such as the effects of random body motion. Indeed, physiological
activity is often characterized by incorrect breathing, i.e., costal breathing, which also involves

the movement of the shoulders and, consequently, of the head. This could seriously affect the
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measurement. However, it should be observed that the costal and diaphragmatic muscles can
be tightly coupled during voluntary breathing [161]. Some examples include breathing while
singing or playing wind instruments. Furthermore, the breathing patterns depend on the
frequency and the individual. To enhance the system immunity to external movements, the
radar has been integrated on the glasses frame for the first time in this demonstration. This
expedient mitigates the effects of random body motion as a measurement campaign will
confirm in the following pages. Using electromagnetic signals allows the radar to be placed
behind the lens, ensuring integration with existing glasses and facilitating distribution. Finally,
using a radar that works at a very high frequency is a critical step to decreasing the total system
size, which facilitates further integration with glasses.

Having already become familiar with the CW radar theory in terms of phase detection and
micro-Doppler signature, the first step is to define the eyelid anatomy and the expected eye-
blinking micro-Doppler signature via simulation.

The typical eyelid thickness might be considered to be 500 um, indeed, according to [162],
the thickest part of the upper eyelid is just below the eyebrow, i.e., 1127 + 238 um, whereas

the thinnest one is near the ciliary margin, i.e., 320 + 49 pum as highlighted in Fig. 3.41.

Fig. 3.41: Thickness of some parts of the eyelid.
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However, the presence of the eyelashes and the different orientations of the radar in relation
to the eye may result in a larger measured displacement of around 1 — 1.5 mm. It is worth noting
that, in principle, the detection of the eyeball rotation could be used to enable patients to
communicate. Nevertheless, no effects were observed as a consequence of the eyeball rotation
during the experimental campaign. Indeed, although the eyelid thickness may be similar to the
difference between the actual radius of the eye and the radius of the eye considered as a perfect
sphere, the eye blinking is accentuated by the presence of the eyelashes. Furthermore, when the
radar is very close to the eye, the entire eye still falls within the radar FOV due to the radiation
beam aperture. This makes the radar insensitive to eyeball movement, i.e., there is no range
migration for the eyeball. Moreover, due to the wide dimension of the iris compared to the
entire sclera, a very evident and unnatural movement of the eyeball would be required to create
a noticeable difference in terms of range.

To test the feasibility of the solution and provide a preliminary scenario description, a
possible case study has been simulated by analytically reproducing the down-converted signals.
In detail, a possible eyelid movement has been simulated and is shown in Fig. 3.42(a). The
simulation considers the presence of eyelashes resulting in a typical maximum displacement of

1.48 mm. The eyelid closes and subsequently opens within a time frame of 200 ms.
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Fig. 3.42: Simulated displacement (a) and micro-Doppler signature (b) due to the eye blinking.

The STFT, applied to the down-converted signals, is fundamental to recognizing the
characteristic micro-Doppler signature due to the eyelid blinking, as shown in Fig. 3.42(b),
where the speed variation is plotted over time. The signature of a single blink is characterized by

two distinctive moments:

e The eyelid closing reduces the distance between the radar and the eye, generating a tiny strip
of positive velocity (the eyelid is drawing near the radar).
e The eyelid opening increases the distance between the radar and the eye, producing a

subsequent stocky section of negative velocity (the eyelid is moving away from the radar).

Thus, it is possible to detect not only eye blinking, but also to discriminate between the two
phases of the motion. As physiologically expected for a defense mechanism, the closing phase is
faster than the opening one. It is worth noting that both measurements make it possible to
recognize when eye blinking occurs. However, the simulated case is a simplified scenario.
Indeed, although the target is mostly a paralyzed subject, the effect of random body motion
cannot be neglected. An additional target movement can easily overcome the tiny eye-blinking

extent, thus making the detection very challenging.
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One of the main aspects to be considered concerns the head motions resulting from the
subject’s physiological activity [3]. To this purpose, the respiratory activity of a subject can be
divided into two categories: diaphragmatic and costal breathing. Diaphragmatic breathing is the
normal respiratory act of a healthy subject. Because of the diaphragm contraction and
relaxation, the air is passively expelled from the lungs and the upper side of the body is not
subject to any related movement. Since the body motion is confined to the chest area, the head
can also be considered a stationary target.

On the other hand, a healthy individual may also exhibit costal breathing. In this case,
relaxation of intercostal muscles causes the air to leave the lungs resulting in movement of the
head. As investigated in [3], costal breathing seriously impacts the measurement. In many cases,
eye-blinking detection by means of the displacement analysis becomes impossible. This can be
inferred from Fig. 3.43(a), where the extent of breathing activity is much greater than the eyelid
one, which prevents the detection of eye blinking because they cannot be recognized. For these
measurements, the radar was placed on a holder 3 cm from the healthy subject’s face, in order

to reproduce the same distance for the cases described in the following pages.
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Fig. 3.43: Displacement (a) and micro-Doppler signature (b) due to the eye blinking during costal breathing. Whereas from
(a) it is not possible to notice the eye blinking, it is clearly highlighted in (b).

The subject blinked normally, neither over- nor under-stress the movement. On the other
hand, it is interesting to observe that, despite the thin eyelid, the eye movement is characterized
by Doppler strips that are longer than those related to the costal breathing activity. Thus, the
eye blinking is separable from the breathing activity by means of the micro-Doppler analysis.
This demonstrates that the micro-Doppler signature can be considered a reliable tool to detect
tiny movements, even in the presence of disturbing motions.

This issue is particularly relevant for people affected by neck and upper limb
musculoskeletal disorders. They can lose the natural supporting function of the neck, making
the effect of breathing activity on the head more evident.

However, respiratory activity is not the only detrimental body motion effect to be taken into
account. People with neurodegenerative disorders exhibit an additional movement-related
clinical symptom called myoclonus, which is characterized by involuntary movements caused
by muscular contractions or inhibitions [163]. Since myoclonus can make the head move, it

must be carefully taken into account in the present analysis to ensure reliable eye-blinking
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detection. Moreover, head motion may also be a consequence of external factors. For instance,
a subject might be pushed while sitting in a wheelchair. Vibrations, shakes, and changes in
velocity can hugely impact the measurement. In order to mitigate the effects of the random

body motion, an ad hoc tailored mm-wave radar system is introduced in Fig. 3.44.

Fig. 3.44: Photograph of the glasses equipped with the mm-wave radar.

The idea is to make the radar move with the head as a whole. Hence, any movement of the
head will result in the same movement of the radar, resulting in a net zero-Doppler speed
between the two. Of course, the TRA 120 002 is the transceiver suitable for this task. As
explained in Chapter 2.3, the entire board is very compact, with dimensions of 2.5 x 2 cm, and
it is mounted on demo glasses, as can be observed in Fig. 3.44. In fact, the radar used in [3] is
not adequate to be integrated into the goggles frames without significantly affecting the user’s
comfort.

A preliminary study was conducted in order to investigate performance dependence on radar
position and to suggest a suitable location for the radar on the glass frame. In detail, the eye
blinking was measured at the following radar positions on the glass front frame: center, top,
bottom, right, left, and lateral. These different tested radar positions are graphically depicted in

Fig. 3.45.
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Fig. 3.45: Radar test positions.

Of course, the center position is less attractive from a practical point of view, but it is
considered a good reference point. A quantitative analysis of the performance was provided by
selecting the distance between the 0 m/s axis, in the micro-Doppler graph, and the maximum
point of the micro-Doppler strip due to the eye blinking as a figure of merit. This choice is
corroborated by the idea that the higher the micro-Doppler strip, the clearer the eye-blinking
detection. Consequently, an estimate of the micro-Doppler shift is a good parameter to quantify
the detection effectiveness as illustrated in Fig. 3.46(a). As shown in the inset of Fig. 3.46(a),
eye closure is physiologically faster than the opening, even in the measurements. The average

micro-Doppler shift values measured at various radar positions are illustrated in Fig. 3.46(b).
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Fig. 3.46: Micro-Doppler shift evaluation (a) and average of different measured micro-Doppler shifts for different radar
positions (b).

Although the measurements are repeatable, the average value was considered to avoid
differences related to each single eye-blinking act and not to different positions. It is worth
noting that the system performance barely depends on the radar position because the eye
blinking can always be detected, with a slight improvement by using the top/bottom positions.
This permits radar position selection based solely on design or mechanical considerations while
maintaining the performance unchanged.

Even though the radar is very compact, the performance has also been tested when it is
placed in the lateral position so that leaving the subject’s field of view empty. The variance of
the measured micro-Doppler shift for the lateral position is 0.04 mm/s, whereas the average
value is 76.4 mm/s. Since the results highlighted that this position represents a good trade-off
between measurement effectiveness and user comfort, it was maintained for the next
measurements.

After defining the radar placement onto the glasses frame, some case examples are reported
below. It begins with the eye-blinking detection during the costal breathing case as highlighted

in Fig. 3.47.
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It is important to note that the displacement representation in Fig. 3.47(b) was obtained by
applying the algorithm discussed in Chapter 3.3, which resolves the uncertainty pertinent to the
displacement calculations during the target stationary moment. It is worth remembering that
this algorithm fits very well with very short-range applications like this one. Besides, all the
micro-Doppler signatures are the product of a customized elaboration that keeps in mind all the

considerations drawn throughout the entire PhD thesis.
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Fig. 3.47: 1/Q signal (a), displacement (b) and micro-Doppler signature (c) due to the eye blinking during costal breathing.
The measurement is performed with the radar placed on the glasses frame.

It is interesting to compare these results with those reported in Fig. 3.43. Indeed, both the
displacement and micro-Doppler signature reveal that the detrimental effect of the random body
motion has been suppressed, even maintaining the same radar-eye distance of 3 cm. The four
eye blinking can be straightforwardly identified from both the displacement and the micro-
Doppler signature.

The next step was to test the technique in the presence of more intense and irregular
movements such as those associated with clinical symptoms, e.g., myoclonus. The subject

performed random horizontal, vertical and rotating head movements, as sketched in Fig. 3.48.

Fig. 3.48: Head movements during eye blinking.
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As a matter of fact, these are intense movements, so they can be considered the worst-case

scenario in this article. As shown in Fig. 3.49, eye blinking is once again detected.

0(dB)

-10

Time (s)

Fig. 3.49: Eye-blinking micro-Doppler signature during random head movements.

The characteristic micro-Doppler signature was exploited as a key indicator of different eye
blinking. To test the reliability of the measurements, the experiment was repeated 50 times,
achieving a 100% success rate in eye-blinking detection. It is worth underlining that the ability
to properly classify and recognize the movement is usually attributed to detection algorithms,
which were not the focus of the PhD program. However, the success rate of detection algorithm
is strictly related to the SNR of the eye-blinking points compared to the others. The SNR of the
results reported in Fig. 3.49 and 3.50 is 10 dB. Of course, this is not the case of a radar mounted
on a fixed platform as in [3], which is greatly affected by random body motion that can lead to
misclassification and misdetection of eye blinks.

As previously mentioned, the head may also move because of external factors. Therefore,
the eye-blinking detection was tested with the subject seated on a moving chair in order to
reproduce the motion of a wheelchair. As in the previous case, the eye blinking is properly

detected and shown in Fig. 3.50.
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Fig. 3.50: Eye-blinking micro-Doppler signature during random wheelchair movements.

Once again, despite the movement of the entire body, the system isolates and recognizes the
eyelid displacement due to the net radial motion between the radar and the eyes.

The goodness assessment of the proposed solution must be confirmed through a brief
performance discussion in relation to the rest of scientific literature, in which some research
groups have attempted to address the problem of detecting eye blinking using radar.

In [154], only preliminary results were reported concerning a radar system capable of
detecting the eye blinking and rotation in a laboratory environment. Compared with the present
contribution, only a few measurements in a static scenario have been reported, without any
attempt to suppress the random body motion effect.

Also in [155], an FMCW mm-wave radar was tested to detect the eye blinking. However, it
required complex postprocessing techniques and only a simple case has been studied with the
subject’s face and eyes kept very stable in front of the radar. On the other hand, the present
work analyzes eye-blinking detection during different respiration patterns, head motions and

external factors.
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Yang et al. [156] propose a compact sensor based on spoof localized surface plasmons aimed
at detecting eye blinking and heartbeats by pointing the sensor toward the temporal region of
the subject’s head, thus exploiting the motions of the skin. Once again, the tests were performed
on a stationary subject, without focusing on a more realistic scenario.

In [159], a 5 GHz radar was exploited for the same purpose. However, the detected signals
were affected by low-frequency noise that, in turn, made the detection challenging. The issue
was addressed by applying complex processing techniques to distinguish the desired eye
movement. The systems proposed in [153] and [160] were devoted to detect drowsy driving
and they suffered from the in-cabin clutter. This issue was solved by applying different
processing algorithms. Compared with [153], [159] and [160], the present contribution resolves
the random body motion issue without applying any complex signal processing algorithms.

The preliminary analyses, reported in [3], [158], focused on detecting of eye blinking under
very stable measurement conditions and by testing only the effect of respiration, respectively.
Due to the higher operating frequencies, this paragraph described the radar integration on the
glass frames and analyzed the system performance for various radar board positions. This
configuration suppresses the effects of random body motion, making this system appropriate
and reliable in real-world scenarios. Therefore, the distinctive contributions of this work rely
on the thoroughness of the reported analysis despite the very low maturity level of the current
technology due to the elevated frequencies but exploiting board compactness.

In addition, the proposed study addressed practical issues related to the peculiar condition of
subjects affected by neurodegenerative pathologies. Furthermore, the displacement and micro-
Doppler signature of the eye blinking have not required any additional processing steps that

could have increased the computational cost.
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An analytical comparison between the present results and those reported in the literature is
not feasible because this is the first work that takes all aspects of this application into
consideration. Hence, this mm-wave radar system was employed with the aim to enable
nonverbal communication for subjects affected by neurogenerative pathologies. Now,
intentional eye blinking can be interpreted as messages or commands for an assistive device or
person via radar. This allows paralyzed subjects lying in bed to turn the lights on and off, to
control the electric shutters remotely or to ask for help. Anyway, this solution is not confined
only to healthcare services. In fact, the applicative field of this system can also be extended to
other human-computer interaction applications in which radar-based systems compete with

camera-based devices.
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Conclusions

This thesis addresses current topics of interest in microwave and mm-wave radar
applications. A comprehensive study of state-of-the-art and a thorough presentation of radar
theory are the foundations for employing portable radars in new fields. As the applications and
demands of modern radar systems grow, more advanced radars and signal processing
approaches will be essential for meeting the requirements of each application field. All things
considered, a primary purpose of this dissertation is to demonstrate that radar is becoming a
ubiquitous tool for advanced, reliable and comfortable motion detection.

New algorithms were developed during the PhD program to ensure the correct and accurate
estimation of the target displacement, from millimeters to micrometers. Customized micro-
Doppler elaborations were implemented to stand out each frequency component of micro- and
multi-motions of multiple targets. By studying how the radar should be positioned to mitigate
the effects of random body motions, the thesis improves the recognition of the movement of a
single part of the body, from the arm to the hand, from the head to the eyelid.

This work is beneficial for a variety of applications, including in-cabin automotive systems,
metaverse environments and healthcare sensing. These fields are important for improving
human interaction with objects and people via gesture recognition, enhancing security and
enabling communication for paralyzed individuals. Therefore, all the improvements to real-
time displacement reconstruction and micro-Doppler analysis are fundamental to the use of
customized and refined algorithms for tasks such as gesture recognition during daily activities
like driving or working.

Concurrently, design approaches were developed to pave the way for portable radars to play

a new role even in navigation and space. Future developments will include implementing the
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designed radar systems to test their effectiveness in the related environments, such as the short-
range ship collision avoidance systems on ships. Furthermore, this thesis establishes the
theoretical basis to design and realize the first MIMO radar composed of multiple already
existing SISO ICs operating in the D-band spectrum. Of course, the next advancement is to
complete the radar system to thoroughly monitor short-range scenarios, thereby enhancing
security in industrial and automotive fields and supervising simultaneously patients’ vital signs.

The transversal use of the radar system states that this topology of sensor can work and
cooperate with other sensors or, in some cases, even replace them totally due to lots of
advantages, e.g., contactless monitoring, compact size and light weight, the possibility to be
covered by a radome to protect the radar against weather conditions, immunity to light
conditions, and limited privacy concerns.

At the same time, portable radars are a relatively new technology with respect to the others
and continuous research activity is indispensable to cut costs and eradicate end users’ personal
biases against “radiation”, since portable radars do not emit ionizing radiation and their
transmitted power levels are limited by the ISM regulations. Of course, the perfect sensor does
not exist and the best solution depends on the sought-after features. The best result may lie in
the use of multiple technologies simultaneously.

In conclusion, the radar provides a complete analysis of real-world scenarios by collecting
information on multiple targets of interest contemporarily with a low computational load.
Range, velocity, displacement and angular position are the basic parameters used to describe
the surrounding environment. Combining all these features, the radar becomes a very powerful
tool for overall and emerging applications. Since the history of radar systems for such cutting-
edge applications, topologies, and frequency ranges is relatively new and short, many research

topics are still open and a great effort will be required by the research community.
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