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Abstract

FMCW mmWave radar has suitable characteristics to monitor patients at home in an unobtrusive way.
However, difficulties are encountered for 3D point cloud generation due to limited detection performance
for crowded realistic indoor environments such as living rooms. Therefore the detection process needs to
become more robust. This thesis provides a complete overview of the CFAR object detection method,
including the steps and theory behind them. The interdependent relation of computation of the scaling
factor with other steps is also clarified. Additionally, an implementation has been developed from radar
signal to point cloud, including signal processing, object detection, and a proposed informatively im-
proved post-processing step. Furthermore, to demonstrate the performance of the different interference
estimators of the CFAR method for various realistic situations, an experiment has been designed and
conducted.

Keywords: MmWave radar, FMCW, Signal processing, CFAR object detection, 3D point clouds, Scaling
factor.
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transmitter antenna
receiver antenna
intermediate frequency
electromagnetic wave signal
time

time delay

frequency

slope of a chirp

bandwidth of a chirp

time duration of a chirp
phase shift

range

speed of light

wavelength

velocity

azimuth incident angle
elevation incident angle
distance between two aligned antennas

cell under test

training cell

estimated interference level
probability of detection
probability of false alarm
scaling factor

threshold

number of chirps
number of samples
number of guard cells
number of training cells



1 Introduction

In this chapter the motivation for this research is explained in section 1.1, including why there is a need
for monitoring (elderly) patients at home and how mmWave radar is a suitable technology that can be
used. Section 1.2 gives an overview on the current use of mmWave radar and novel research in different
fields. The principles of radar technology including how information is retrieved, is explained in section
1.3, and in section 1.4 are the research goals and objectives formulated. This introductory chapter ends
with section 1.5, with an outline of the entire thesis and an overview of the contributions.

1.1 Motivation

According to the report from December 2022 by the Inspectie Gezondheidszorg en Jeugd (Inspection
Healthcare and Youth) of the Ministry of Health, Welfare and Sports, there is a shortage on the labour
market in the healthcare sector in the Netherlands [31]. Healthcare organisations are encouraged by the
inspection to investigate the possibilities of applying innovative technologies to increase independence of
patients and simultaneously decrease the work pressure for the personnel. MmWave radar is a suitable
technology for this and can be used for monitoring purposes. That is because by processing echo signals
to detect distance, angle and velocity, both large and small movements are detected. This means a person
can be localised and tracked [28, 83], but also activities, gestures and even vital signs can be recognized
[54, 77].

Camera-based motion monitoring systems have been popular for similar purposes, but they require strict
placement settings, lighting, and raise privacy concerns. MmWave radar on the other hand is privacy
preserving because personal features cannot be directly distinguished from the signals. Next to that, the
radar can be located somewhere on the ceiling similar to a fire alarm. Furthermore it does not contain a
camera lens which needs to be placed in direct sight, but antennas that cover at most a few centimeters
of surface and can even be placed behind a cover. This unobtrusive and non-invasive way of monitoring
is beneficial for the patient comfort.
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Figure 1: Possible applications of mmWave radar in the healthcare sector [13]

There are multiple applications for which mmWave radar could serve, that are beneficial for both patients
and caregivers. An overview of possible applications can be seen in Figure 1. First of all, a person’s lifestyle
including daily routines, but also irregular behaviour can be monitored. Knowing if the patient is having
an afternoon nap, or if visitors are present, is useful information for the caregiver to, for instance, change
the route of their rounds. A patient who often forgets dinner can now be effectively reminded by their



caregiver. Likewise, insights in the pattern, activity and quality of the sleep can lead to actions to improve
the patients wellbeing, such as turning a patient in their bed to prevent pressure sores. A clearer and
more complete picture of the patient’s daily routine is provided at distance.

Moreover, safety is increased for particularly the elderly patients. They have an increased risk of falling,
and incidents often result in severe physical and psychological consequences [79]. Falls can be detected
and directly alarm caregivers, which decreases the risk of a patient being in an immobile situation for
quite some time till the next routine check-up. Next to that, monitoring the gait and balance can be
used to assess which patients are at higher risk of falling [76], such that caregivers can keep an extra eye
on these patients to prevent possible incidents.

Additionally, vital signs of patients such as heart and respiratory rate can also be monitored remotely
without the need for physical contact with a device [80, 2]. This can give insight into whether a patient
has been deteriorating rapidly and if adapted care is needed, while no additional action from a caregiver
is required and thus saves time. This can also be helpful for patients who have difficulty with articulating
their stress or need for help.

These examples give a clear view of the advantages of mmWave radar, and which improvements it can
bring for patient monitoring. For the patients this results in, but is not limited to, increased patient
comfort by adjusting the caregiver’s visits to the patient’s daily routines and decreased waiting time for
immediate care. While for the caregiver mmWave radar monitoring can contribute to better insights into
the patients wellbeing and a decrease in number of routine checks and hence decreased travel time. This
may result in an increase in time available for each patient, and thus increasing the quality of the care
provided which is again beneficial for the patient as well.

1.2 Current MmWave Applications

Radar technology in general was originally developed for military purposes, namely to detect enemy
aircrafts during the second world war [50]. Since then research on radar has continued within this field,
resulting into mmWave radar technology now being used in multiple ways for military purposes. For
instance as a seeker in smart weapons, and precision-guided munition to search, detect, classify, and
even guide missiles toward their targets [11]. For these applications the accuracy, reliability, and real-
time signal processing and operation are very important. Additionally, the U.S. Army has implemented
mmWave radar for intruder detection because of its localisation and tracking capabilities [1].

Next to the military field, mmWave radar is widely applied in the automotive industry, because of its
small-size, and weather-independent advantages [34]. For example in adaptive cruise control and collision
avoidance systems to detect nearby vehicles [72, 36, 53]. MmWave is low-cost compared to the expensive
alternative LiDAR sensors, which are also frequently used in this industry [42]. LiDAR technology
determines distance by emitting laser pulses and evaluating their received reflections, this results in more
dense data representations than those of mmWave radar [3]. These data presentations are called point
clouds, and for both sensors are shown in Figure 2. The past years research is performed on increasing
the density of the radar point clouds[46, 3], often interpolation is used to increase the amount of data
points [35, 10].

2 2
E ! E |
0 5 0
N A N
15 15
5 k
y/m 0 x/m y/m 0 ° x/m
(a) LiDAR point cloud (b) Radar point cloud

Figure 2: LiDAR and radar point clouds of a parking lot [10]

Radar is often favoured over optical sensors because the performance does not degrade as much in certain



weather situations such as heavy rain and fog [23]. Even occlusions such as smoke do not form an obstacle
for radar, therefore research is also done on indoor mapping for firefighters to find their way in buildings
when heavy smoke is present [24, 57].

Another research field where mmWave is active, is movement and activity recognition [73, 82]. Including
for instance large movements such as tracking people [83], but also smaller ones such as gesture recognition
for human-computer interaction [52, 54]. MmWave measurements focused on gait patterns of people can
even extract indicators for early stage cognitive disorders [79]. Even smaller movements like the heartbeat
and breathing rate of people can also be detected, which remains difficult for optical sensors [2, 56].

1.3 Background Information

When an mmWave radar has been purchased, it does not mean it can be directly used. The output from
the radar needs to undergo specific steps before it can be used for actual applications. First, the spatial
and velocity information is retrieved by processing the signals, than a point cloud is formed using object
detection algorithms. These steps are shown in Figure 3, and form the basis of radar processing.

Signal Object
processing detection

Radar Application

Figure 3: Information processing flow from radar to applications

1.3.1 Frequency Modulated Continuous Wave Radar

Radar technology uses electromagnetic waves and their reflected echo signal to provide information on the
range between an object and the radar itself. Mmwave radar operates in the frequency range of 30 GHz to
300 GHz, which is a higher frequency range than traditional systems. The frequency of electromagnetic
waves is inversely proportional to its wavelength, which means that the frequency of mmWave radar
sensors corresponds with a short wavelength of in this case 1-10 millimeters [44]. Because of these smaller
wavelengths the size of the radar itself can remain small and accurate range measurements of millimeters
can be reached. This increased accuracy comes at the cost of a decrease in maximum distance, which
for common naval radars is around 400 km [4]. Dependent on the frequency range of the signal and its
transmit power, the maximum detection distance for mmWave radar ranges from a few meters to 200
meters [44].

Radars can be categorized by transmitting their signal as multiple individual pulses, or as a continuous
wave. A subtype of mmWave radar is Frequency Modulated Continuous Wave (FMCW) radar, a contin-
uous wave whose frequency changes during transmitting. Repeatedly the signal increases linearly over a
pre-determined frequency bandwidth, which results in a saw-tooth representation which is called a chirp
and can be seen in figures 4 and 5. Chirps are transmitted by a transmitter antenna Tx and reflected
signals are perceived by receiver antennas Rx. One mmWave radar can have multiple transmitter and
receiver antennas.

t

(a) Frequency as function of time (b) Amplitude as function of time

Figure 4: Chirp signal



The transmitted frequency modulated signal is an electromagnetic wave and represented as [32, 62]

s7a(t) = /7m0, M

with S = Tﬁc the slope of the chirp, for B = fenq — fstart the bandwidth, and T, the time duration of the
chirp . When a reflected signal from a stationary object is received at an antenna, the incoming signal
also has the form of a chirp but arrives with a time delay T,

SRy (t) _ ei‘n’(fst(”.t(t—T)+S(t—T)2). (2)
On the hardware of an mmWave radar is a mixer, which subtracts the received signal from the transmitted

signal. This results in an intermediate frequency (IF) signal, which is then converted to a discrete signal
by an analog to digital converter (ADC). The formula for the IF signal becomes

SIF(t) _ eiﬂ'(fst(”«tT-‘rS(QTt—-rz)) _ e2i7rSTtei7r(fstm.tT—S-,—2) _ €2i7TSTte¢, (3)

where the time-independent term is isolated as a phase shift ¢, for ¢ = in7(fstart — ST). Some mmWave
radars only provide the real part of the IF signal as output, leading to the form

Re(syr(t)) = cos(2n STt + ¢) = cos(2m frrt + @), (4)

where frr = ST denotes the frequency of the IF signal, which is also called the beat frequency [47].

Figure 5 shows how the IF signal at frequency ST results from the subtraction of the transmitted and
received chirps. The IF signal only exists during the time period the two signals overlap.
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(a) Transmitted signal (blue), received signal

(orange) (b) IF signal

Figure 5: Frequency representation of mixing two signals to the IF signal
The output of the radar is raw data that consists of the discretised IF signal over N samples. For all
k receiver antennas Rx this information is stored in M chirps, and over L frames. For each frame the

information can be represented as a three-dimensional radar data cube with dimensions (k, M, N) as can
be seen for the example in Figure 6.

Antennas

Chirps

Samples

Figure 6: Radar data cube representation for a single time frame with k =5, M =13, N = 12



1.3.2 Range, Velocity, and Angle of Arrival

The reflected signal of an object at distance R arrives after a time delay 7 = %, where c is the speed

of light. As can also be seen from Figure 5, the IF frequency is equal to the frequency slope S = B/T.

times the time delay T,
2SR 2BR

= 5
c cl, (5)
with bandwidth B, and chirp duration time T,. Rewriting leads to the following formula, which shows
that the range R can be retrieved from the IF frequency by

fir =817 =

cT,

R=_—
2B

frr. (6)
The phase of the IF signal ¢;r can be determined the moment the reflected signal arrives at the receiver
antenna. Given Equation (1), the wavelength representation A = ¢/ fy, and using fo > S7/2 for mmWave
radar systems, the phase can be approximated as [41]

b1r = 21 for + wST? = 21 for = ATR/\. (7)

In Figure 5 the received signal and computed IF frequency are shown for one object. When reflected
signals from multiple objects are received, their individual frequencies can be separated by performing a
Fourier transform. In a similar way, a second Fourier needs to be performed over the chirps to separate
the individual phases.

Multiple chirps of duration 7T, are transmitted after each other. When the object of detection is moving
with velocity v with respect to the sensor, the object will have traveled AR = vT, during one chirp.
Based on Equations (5) and (7) the difference in frequency and chirp between two chirps are

2SAR  25vT,
Af = = , (8)
c c
4rAR  4muT,
A¢ = = <.
o= TR _ AT 0

In practice Af is negligible compared to frr, because T is small. Nevertheless, A¢ can still be detected
even when AR is only a millimeter. This means that from the difference in phase of the IF signal between
multiple chirps the velocity of an object from and towards a receiver antenna can be computed by

MG
YT T

(10)

When multiple receiver antennas are aligned, the angle of arrival can be estimated. The orientation in
which the antennas are positioned determines the angle it can detect. When antennas are placed in an L
format or grid with arrays over both horizontal and vertical direction, both azimuth and elevation angles
can be computed.

Sy
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Figure 7: Angle of arrival estimation



Focusing on a single angular dimension, Figure 7 shows a reflected signal of an object, coming from an
incident angle §. By assumption the range R between the object and antennas is much larger than the
distance d between the two antennas. Therefore the difference of incident angle between the two antennas
is negligible and the incoming signal at both antennas is assumed to be parallel. However, the signal
needs to travel further to the second antenna with the relative delay [41]

. dsin(@). (11)

C

Based on Equations (5) and (7), the differences in frequency and phase of the IF signal for two adjacent
receiver antennas and incident angle 6 are

Af:SAT:Sd%n(H), (12)
Ad = 2nfoAT = w. (13)

Similar as explained for the velocity computation, because d is too small relative to R the difference in
frequency of the IF signal becomes negligible with respect to frr. But A¢ is detectable and thus the
angle of arrival can be computed as

AAP

0= sin_l( 5

). (14)

1.3.3 Object detection

When all spatial and velocity information is derived from the IF signals, it cannot directly be used for
applications. Although mmWave radar has increased accuracy because of its high frequency, it comes with
the disadvantage that clutter of millimeter size also won’t go unnoticed. This means that more interference
is present in the received signals [50]. In order to be able to provide a useful representation for possible
applications, it first needs to be determined which signals belong to actual objects of interest and which
to ignore. The interference may include statistically distributed noise and undesired reflections of for
instance unpredictable multipath reflections [75, 63]. Multipath reflections are indirect reflection paths
which lead to detections at incorrect locations, these incorrect detections are also called ghost targets [8].
Interference in general is thus difficult to characterize, a distribution cannot be simply assumed [17].
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Figure 8: Example of a 3D point cloud

The simplest method to filter signals of interest, is to set a fixed threshold. Only when this threshold is
exceeded, the received signal at that location is identified as an object. Using a fixed threshold does not
result in good performance, object reflections are affected by many factors such as shape, material, range
and size [17]. There may also be large variations in interference, which would require multiple thresholds
to be able to detect all objects. For this reason have adaptive thresholding methods have been developed,



and are used in most modern radars [66]. Adaptive threshold detection methods determine the threshold
by looking into the signals of the local region and are based on the assumption that background noise
and clutter locally follow the same distribution [17]. Constant False Alarm Rate (CFAR) method is an
adaptive thresholding method that is used by most modern radars [71], and results in point clouds as
shown in Figure 8. Chapter 2 discusses the CFAR algorithm and its many variants in detail. Because
interference makes detection a complicated problem, the detection performance is an important evaluation
factor for radar sensors. The CFAR method keeps a constant probability of incorrect detections, and is
therefore widely used.

1.4 Goal and Objectives

There are numerous reasons to integrate mmWave radar in monitoring applications in the healthcare
sector, with (nursing) homes as environment. However, when considering the current applications and
research, applications or tests in realistic living room settings are not included. Complex situations
result in decreased detection performance, which calls for a more robust approach before real industrial
implementations can take place or devices are build. This leads to the following overarching aim for this
thesis:

Make the process of object detection with mmWave radar more robust.

The focus lies on the most common used radar object detection method, the constant false alarm rate
(CFAR) method for setting adaptive thresholds. To genuinely understand the method, means not merely
being able to follow the steps, but really understanding the underlying concepts and reasoning behind
it. In available literature, such a complete overview including the theory is missing and the lack of this
leads to the first research objective.

1 Provide a complete overview of steps including theory of the CFAR object detection method.

Within the CFAR method, the computation of the scaling factor is influenced by other choices and
assumptions made in earlier steps. However, in literature and current research this does not always
become clear. Therefore this thesis elaborates on and clarifies this interdependent relation as the second
objective.

2 Clarify the relation between determination of the scaling factor and detector used.

To be able to actually test and check, the third objective is to develop an implementation for the path
from radar output to object detection. This includes the CFAR method and multiple of its variations,
but also the essential signal processing steps such as computing spatial dimensions of the received signals.

3 Develop an implementation from radar signal to point cloud.

Furthermore, mmWave radar point clouds are sparse compared to point clouds from other sensors. This
is a disadvantage for most applications, and more informative point clouds are preferred. Therefore the
fourth objective is to add a novel post-processing step to the processing path, which improves the point
clouds by using information already gathered.

4 Proposition to informatively improve the generated point clouds.

To bridge the gap between theory and simulations to the real world, the last objective is to develop an
experiment design that demonstrates the capabilities and differences in performance for variations in the
CFAR object detection method, particularly for indoor practical implementations. The focus lies on the
variants in estimators for the interference level, and the effect different environments have on them.

5 Design and conduct an experiment for testing in realistic living rooms.

1.5 Contributions and Thesis Outline

This thesis covers the previously mentioned five research objectives over three separate chapters. Figure
9 shows which objectives are covered in which chapters, and their relation to the general process from
radar to application. Each colour represents a separate chapter.

Chapter 2 goes into depth in the CFAR adaptive threshold detection method and deals with the first two
objectives. Detailed descriptions of the individual steps are provided, and a complete overview of the
method is created. The assumptions and theory on which computations within the method rely are also
elaborated on, which is new for such an overview. For each step within the method, there are multiple



options to be chosen from which lead to many possible variations of the method. Choices regarding certain
steps influence later steps within the method, however this is not always made clear. Therefore specific
attention is given to the interdependent relation between these steps, showing the practical implications
that may result when this relation is not correctly taken into account.

Chapter 3 covers the implementation of the point cloud generation, with simulated radar signals as
input. The spatial information is retrieved during the signal processing step, where not a standard angle
detection method is used. To calculate the angle of arrival for both azimuth and elevation angles at the
same time, the algorithm is adjusted. Variations of the object detection method from Chapter 2 are
included in the implementation, including the effect of incorrect combinations within the method which
are shown according to the simulations. Additionally, the fourth objective is included by implementing a
novel post-processing step, which improves how informative the point clouds are. Using simulated signals,
the results from adding this step are shown.

Chapter 4 addresses the last objective, namely the experiment. An entire experiment has been designed
to demonstrate and test the capabilities of the different CFAR variants for realistic indoor environments.
Experiments for these specific situations have not yet been conducted before, therefore the decisions for
the experiment setup have carefully been thought out. From setting the parameters and determining
which properties and characteristics of the rooms will be analysed, to finding a location and performing
the actual measurements. The acquired mmWave data is processed using the previously mentioned
implementation framework, and thus also includes the adjusted angle detection and informative improved
step.

This thesis ends with a discussion, suggestions, and an outlook on possible future research in Chapter 5.

\

Adjusted angle
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processing detection pointcloud
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(1) Clear overview of steps + theory
\ (2) Clarify relation scaling factor and detector

(3) Develop implementation
(4) Proposed improved informativity step

[(5} Design and conduct indoor experiment J

Figure 9: Overview of the general process from radar to application, and the contributions in relation to
the chapters. Chapter 2 in orange, Chapter 3 in blue, and Chapter 4 in green.



2 Constant False Alarm Rate Adaptive Threshold Detection

Using a fixed threshold is undesired for object detection, it results in a decreased detection performance
and increased false alarm rate because the background clutter is unlikely to be the same everywhere [16].
Because interference is almost always present in the received radar signals and detection algorithms are
sensitive to interference, it is desired to keep false detections at a constant low to increase reliability [17].
The CFAR method uses an adaptive thresholding technique that resolves this problem by looking into the
regional background and thus taking into account local variations. When interference is present, these
signals will be contained in the surroundings and hence should in some way be included in the threshold.

This chapter focuses on the object detection part and addresses the first and second research objectives,
as shown in Figure 10. It Includes a detailed explanation on the method, covering not only the steps of
the method but also the reasoning and theory behind it. The information on the specific assumptions
and relations between steps has not yet been clearly described in one overview, but was distributed over
many works and had to be gathered and structured. This chapter provides the complete overview in
section 2.1, and explains the most important variations on determining the background interference level
in section 2.2. The interdependent relation of the steps is often scarcely reported, but is explicitly clarified
in section 2.3. Specifically the determination of the scaling factor and why incorrect combinations will
lead to decreased detection performance is elaborated on.
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Radar g :
processing detection

Application

((1) Clear overview of steps + theory
| (2) Clarify relation scaling factor and detector

Figure 10: Relation between this chapter, the first two research objectives, and the general process from
radar to application.

2.1 Basic Method

The CFAR adaptive threshold detection method is carried out over each dimension individually, and
consists of multiple steps which are shown in Figure 11. In this section the path from input data to
presence detection is followed. Section 2.1.1 explains how the background interference level is estimated,
section 2.1.2 elaborates on the details of the scaling factor and how it is computed, and section 2.1.3 goes
into depth on how presence and absence are determined.

X1,...,X% X%ﬂ,...,XN

Inputidata Guard Guard
Detector CcuT

cells cells

Interference level estimator

[ Presence
compamB—
Absence

Scaling factor Threshold

Figure 11: CFAR object detection scheme



2.1.1 Interference Level Estimation

A distinctive feature of the CFAR method is that it uses a sliding window technique, where along one
dimension each cell is individually evaluated for absence or presence of objects with respect to its local
background. The cells directly next to the cell under test (CUT) are called the guard cells and are
excluded from the interference estimation because it may occur that a reflected signal covers multiple
cells. Excluding them prevents signals of the object of detection being treated as background interference.
The local background on which the estimation is based are the reference cells X;,7 =1, ..., N, which form
the reference window and are assumed to be a proper representation of the background interference level.

Before the background interference level is estimated, a detector is applied on the input data. The choice
of detector has influence on both the detection performance and computational costs, and thus the general
performance of the CFAR algorithm [49]. Common detectors are the linear law detector that uses the
original data, and the square law detector that uses the squared data [60]. Thus for original input data
X, the linear law detector gives X; = X;, and the square law detector X; = X2, i =1,...,N.

After a detector has been used over the input data, the interference level is estimated. There are multiple
ways to do this, the easiest way is to take the average over the reference window, this is called Cell
Averaging (CA) CFAR, and the estimated interference level is

1 N
Zoa =4 ;X (15)

2.1.2 Scaling Factor

To maintain a constant false alarm rate, the estimated interference level needs to be scaled with respect
to its probability of false alarms. This scaling factor is dependent on the distribution of interference,
the type of detector, which estimation variant is used, and the size N of the reference window. The
interference distribution usually is unknown and difficult to approximate, but Rayleigh and Weibull are
two distributions that are commonly used [45]. The Rayleigh distribution is the standard for i.i.d. Gaus-
sian noise and suitable to describe meteorological and ground interference for low resolution radar [49].
The Weibull distribution for non-Gaussian noise is the norm for high resolution and weather interference
situations [12, 69].

Detector Distribution CA-CFi:Imator
vl e SOCA/GOCA-CFAR
A OS-CFAR

Scaling factor

Figure 12: Interdependence of detector, background interference distribution and estimator, and the
scaling factor.

For an assumed Gaussian distribution, the probabilities of false alarm can be computed analytically and
their complete derivations can be found in [64]. The probabilities of false alarm for a linear detector and
square law detector with Gaussian distributed interference are [60]

-N
2
P(hn) = 1 + c ’ 16
FACA ( N(% B (% - 1)6_%+1) ( )
S « -N
Pidoa=(3+1) - (17)
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In these equations « is the scaling factor, which can be obtained by rewriting the formulas and when
Pr4 is known . Hence the scaling factor for CA-CFAR with a Rayleigh distribution for both the square
law and linear law detectors are the following [64],

lin ~1/N 4 4
a&J::¢N(PRY —1)<W—(W—1k1N>, (18)

aly) = N(PF, — 1), (19)

For the Weibull distribution no closed form expression for the scaling factor exists, but can be computed
with for instance Monte Carlo simulation [49]. The interference estimator is multiplied with the scaling
factor to come to the adaptive detection threshold [29]

Yea = acalca. (20)

2.1.3 Hypothesis Test and Neyman-Pearson Lemma

Dependent on the background interference estimation and the computed scaling factor, a threshold is
computed which determines whether a received signal is detected as an object or not. The detection is a
binary hypothesis test, with hypotheses

Hjy : Object is absent,
H; : Object is present.

In the hypothesis test, the CUT is compared to the threshold for presence and absence detection according
to the likelihood ratio test (LRT) [51]. If the CUT has a higher value than the threshold +, the null
hypothesis Hj is rejected and presence H; is detected. If the threshold is not passed, the null hypothesis
Hy is accepted,

CUT i1 . (21)

The probability of detection Pp (true positive) and the probability of false alarm Pr,4 (false positive,
type I error) can be written as the probabilities

Pp = P(CUT > ~|Hy) = P(H1|Hy), (22)

The goal of the CFAR method is to maximize the probability of detection Pp, while maintaining a
low constant probability of false alarms Pr 4. This increases the chance of correct identification of true
positives, and is is based on the Neyman-Pearson lemma. The lemma states that to optimize the detection
performance while maintaining a predetermined significance level, the LRT is the most powerful test to
use [51]. To get a better understanding of the lemma this method is based on, the lemma and a proof
adapted from [59] are presented below.

Theorem 2.1 (Neyman-Pearson Lemma). To solve the constrained optimization problem
max Pp s.t. Pra =c,

decide according to the likelihood ratio test (LRT)

Proof. The region where the likelihood ratio test decides H; is

o= e 127} e

Let Rp denote the region where some other test describes H;. For any region R, the probability of z € R
under hypothesis H; is

mmzémmm. (26)
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By assumption both test have Pr4 = c,
¢ = Py(Rnp) = Po(Rr). (27)
Now note that the regions can be rewritten as
Pi(Ryp) = Pi(Ryp N Rr) + Pi(Ryp N RY), (28)
Pi(R7) = Pi(Ryp N Rr) + Py(RS » N Ry). (29)
Hence rewrite Equations (28) and (29) into (27) to see that

Pi(Ryp N RS) = Py(R$p N Rr). (30)

To show that indeed the detection probability of the Neyman-Pearson Likelihood Ratio test is larger than
the probability of detection of any other test, it needs to be shown that

Pl(RNp) > Pl(RT) (31)

Using Equation (30) this holds if P;(Rxp N RS) > Pi(R$ p N Rr). Note that

Py (RypNRY) = / p1(z)dz (by Equation (26)) (32)
RNPﬂRg
> Py/ po(x)dz (by Equation (25)) (33)
RNPI'TR%
= yPy(Ryp N RY) (by Equation (26)) (34)
= vPy(RS p N Rr) (by Equation (30)) (35)
= fy/ po(x)dz (by Equation (26)) (36)
RgPﬁRT
> / p1(z)dz (by Equation (25)) (37)
R%PﬁRT
= Py(R$p N Rr) (by Equation (26)). (38)

Hence it can be concluded that Pi(Ryp N R%) > P (R%P N Rr) and thus P1(Ryxp) > Pi(Rr), which
means that the probability of detection is largest for the likelihood ratio test compared to any other test
for the same probability of false detections. This agrees with the Neyman-Pearson lemma. O

2.2 Interference Estimation Variations

Now that the steps of the basic method and the theory behind it are known, there are also other ways
to estimate the background interference level. In the previous section the method is explained according
to the CA-CFAR interference estimator, but there exist more. They all use arithmetic averaging and the
most important ones are elaborated on in this section.

2.2.1 Smallest/Greatest of Cell Averaging

As explained in section 2.1, the CA-CFAR estimator averages over the entire reference window. Although
this estimation method is easy to implement, has low computational costs, and performs well for homoge-
neous clutter situations, there are difficulties encountered for more realistic environments [29, 16]. When
signals from other objects are in the reference window for another object, it may occur that only one
of them will be detected [40]. The peak signal from another object is then included in the interference
estimation, and therefore the assumption of an independent identical distribution does not hold anymore.
This may result in a too high threshold for the other to be detected, and is called the masking effect.

Additionally, the environment may also suddenly change, for instance naval radars encounter the transi-
tion between water and air. When their interference levels are different, this transition is called a clutter
edge [61]. When such a clutter edge is present in the reference window, objects in the lower interference
region may be masked. The other way around, a decreased threshold may also result in false alarms.
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To resolve the difficulties regarding non-homogeneous interference environments such as clutter edges
and multiple objects, Hansen and Swayers [25] proposed two variations of the CA-CFAR interference
estimator. Smallest of (SO) CA-CFAR deals with the multiple target situation, whereas greatest of (GO)
CA-CFAR handles clutter edges. Both variants split the reference window in a leading and lagging part,
and average over them separately. SOCA-CFAR takes the minimum of the two averages as estimator,
whereas GOCA-CFAR takes the maximum of the two,

) N/2 N
Zsoca = Nmin(z Xi, Y, X, (39)
=1 i=N/2+1
) N/2 N
Zacoca = Nmam(z Xi, Y. Xi). (40)

i=1 i=N/2+1

The scaling factors agoca and agoca for Rayleigh distributed interference and the square law detector
can be computed from the false alarm probabilities [68]

N/2-1
N+1—2 1
P =2 . - 41
FA,SOCA ; ( i ) (2 + 2ag00a/N)N/2H (41)
N/2-1 )

1 N+i—2 1
Pracoca =2 -2 ( . ) . 49
(1+ zm%)N ; ! (2+ 2agoca/N)N/2+ 42)

Both variants remain to have difficulties. The SOCA-CFAR estimator has improved performance when
a second object is present in the reference window, but does not perform well when a clutter edge is
present. The GOCA-CFAR estimator is exactly the other way around, it performs well when a clutter
edge is present in the reference window, but degrades in performance in presence of another object. So
when both a clutter edge and another object are present, neither of the two variants performs well.

2.2.2 Ordered Statistic

The ordered statistic (OS) CFAR variant has been developed to be able to deal with both difficulties at
the same time, multiple objects and clutter edges. The idea behind it is that the signals with largest
magnitude do not belong to ordinary interference, and should therefore be discarded from the estimation.
The first step of the OS-CFAR variant is ordering the reference window by increasing magnitude

Xy £ Xg) <. < Xy, (43)

where X(;) denotes the smallest value and Xy the largest [66]. The OS-CFAR method does not use
the entire reference window for its estimation, but takes one value X ),k € 1,2,..., N as an estimate for
the interference level,

Zos = X(k)~ (44)

Where for other variants guard cells need to be excluded from the estimation in case they might contain
the object of detection, OS-CFAR already excludes the highest N — k signals and thus does not require
exclusion of guard cells for the reference window.

The threshold « is computed similar to the CA-CFAR threshold, but with a different estimator and scaling
factor. The scaling factor « for the square law detector and both Rayleigh and Weibull interference, it
can be derived from the probability of false alarm [37]

N (@SN k)

P = 45
FAOS TN =k (a5? + ) 1)

The scaling factor for the linear detector for both Rayleigh and Weibull distributed interference is com-

puted according to [64, 66]
agig) = \/ag‘”. (46)

OS-CFAR has increased performance over CA-CFAR variants when multiple objects and clutter edges are
present [29]. A limitation of the variant is that it requires longer processing time, because the reference
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window needs to be ordered [6]. Dependent on which ordering algorithm is chosen, this can be decreased
but will always have higher computational costs than CA-CFAR estimator variants. Another advantage
is that it is able to detect closely spaced targets, but when a lot of clutter is present and k is chosen
either too large or too small, there will be a lot of difficulties encountered [16].

2.2.3 Others

Where the OS-CFAR interference estimator takes the k-th cell as estimator, the Censored Mean Level
Detector (CMLD) CFAR variant uses the k smallest cells of the reference window [65]. This means the
estimated interference level is computed as

k
1
ZomLp =3 > X (47)

i=1

If there are multiple objects present in the reference window, this method has increased performance.
That is, as long as not more than N — k cells of the reference window contain signals from those objects.
At the same time the performance may decrease for other situations, as the reference window and thus
the amount of information used decreases as well.

The Trimmed Mean (TM) CFAR variant does not only exclude the largest N — k cells from the reference
window, but also the smallest { are neglected [19].

k
1
Zrar = 17— ; X)- (48)

Both CMLD- and TM-CFAR are outlier rejection variants, and have increased performance for nonho-
mogenous situations. A disadvantage of the estimators is that the computation costs is also increased,
the reference window needs to be ordered and then the mean needs to be calculated. Furthermore, in the
ideal situation it would be known a priori how many objects there are to be detected, such that the right
amount of largest cells can be excluded. However, in realistic situations this is never known beforehand.

There are more CFAR interference estimation variants. Most often they are improved versions of the
ones described here, several variants are combined or computational efforts are decreased compared to
the original variants [85, 33]. These improved versions are often developed for naval applications, where
every second matters when detecting rockets and missiles in the air. Similar for the automotive industry,
where time is also of importance for avoiding collisions.

2.3 Determination of Scaling Factor

How the scaling factor should be computed is dependent on multiple factors, as explained in section 2.1.2.
However, in literature not all parts of the CFAR detection method are always elaborated on, which leaves
unclarity about the exact procedure followed. The scaling factor scales with respect to all choices made
within the method, hence when the scaling factor is not accurately matched with another step in the
procedure, this results in decreased performance.

To elaborate on this unclarity, first an overview regarding unclarity in current literature is provided.
Apart from the lack of mentioning all steps of the method, there exist a few cases which suggest that a
theoretically incorrect combination of detector and scaling factor are made. Therefore the importance
of using the correct scaling factor for detection is elaborated on afterwards, according to an example for
this specific situation of incorrect combination.

2.3.1 Literature

Because the scaling factor depends on the detector, assumed distribution, and interference estimator, it
is thus important to know which detector is used. Often the detector is not mentioned at all, but when
the method is used correctly this may also be derived from how the scaling factor is computed.

There is literature that mentions which detector is used [43]. In most cases this is the square law detector,
although explanation on why this detector has been chosen is lacking [25, 29, 15, 61, 39], [50, 5]. However,
[49] compares multiple detectors and shows that the square law detector offers indeed in most cases the
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best performance. In the case of Gaussian noise, the linear law and square law have similar performance,
but even then the square law is still preferred due to its lower computational costs.

Nevertheless, in literature there also exist cases where the step of using a scaling factor is mentioned,
but no further information on which one or how it is calculated is provided [84, 79, 10]. Information on
the detector used is not provided either. When the formula for the scaling factor is given, the detector
used is frequently not mentioned [58] nor included in the elaborate diagrams that are provided [26, 78].
This does not necessarily mean that an incorrect combination has been used, but when there is not more
information available it also cannot be checked.

Sometimes code of the implementation is publicly available, and the exact steps can be traced. There are
cases which suggest that an incorrect scaling factor is used, as the formula for the square law detector
is implemented although the squared data step is missing [14]. Possibly the data is squared during a
pre-processing step that is not included in the implementation, but it can be checked that this is not
included in the data set used either [18].

Even though for some cases the procedure is correctly mentioned in literature [9, 56], the corresponding
available code suggests otherwise. For these specific cases, the square law detector does not seem to have
been applied in the implementation, although the corresponding scaling factor is used. The author has
been informed about it and states that a very good point has been raised and thinks probably a mistake
has been made in the code [55].

2.3.2 Effect and Importance

From the previous subsection it becomes clear that a mistake of using an incorrect combination is easily
made. However, such an incorrect combination may result in a decrease of detection performance. This
section shows the effect of using an incorrect scaling factor can have on the detection performance.

In Figure 13 the sampled signal signals and their correct thresholds are shown for both the linear law
and square law detector. For both detectors the threshold is computed for the CA-CFAR interference
estimator and scaling factors according to Equations (18) and (19). The samples where the signal passes
the threshold are shown in 13d, and for both linear and square law the same samples are detected as
objects.

As can be seen from Figure 13b, applying the square law detector results in a less gradual and more
steep slope and a stronger signal compared to the linear law detector. The scaling factors developed for
both detectors take this difference into account, such that they will result in the same detection as is
shown in Figure 13d. When the scaling factor for the square law detector is used although the detector
has not been applied to the signal samples, the signal will not be detected. The square law scaling factor
takes into account the increased signal strength, which results in a higher threshold. Figure 14 shows
what happens when the scaling factor from Equation (19) is used for both the linear and square law
detector. The linear threshold is set too high and the signal is not detected by the algorithm. Therefore
the scaling factors that belong to the correct detectors should be used, and incorrect combinations result
in undetected signals.
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Figure 14: Incorrect combination, square law scaling factor used on the linear law detector. The new
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3 Implementation

This chapter elaborates on the entire path from reflected signal to generated point cloud, by following the
steps of the developed Python implementation. Radar signals are simulated and used as input. Section
3.1 focuses on the signal processing step, and explains and shows how the velocity and three-dimensional
spatial information are retrieved. To determine the angles of arrival, the Minimum Variance Distortionless
Response (MVDR) method is implemented. This method determines the angle over one dimension, but
has now been adjusted such that both azimuth and elevation angle can be detected at once.

Section 3.2 includes the implementation of the CFAR detection method, and the interference level esti-
mator variations as described in Chapter 2. Their differences and the effects caused by change in sliding
window parameters are shown. Furthermore, to improve how informative the generated point clouds are,
a post-processing step is proposed and its resulting point clouds are included.

How this chapter and covered objectives relate to the general process from radar to application, is shown
in Figure 15.

Adjusted angle
detection N
Si | Object |
Radar |gna. jec_: mprove Application
processing detection point cloud
((3) Develop implementation
U4) Proposed improved informativity step

Figure 15: Relation between this chapter, the two research objectives covered, and the general process
from radar to application.

To validate the computation steps in the signal processing as well as the detection implementation,
simulations have been performed. All individual steps of the signal processing and detection path are
explained along these simulation results. The radar parameters used for the simulation are the same as
for the experimental results in Chapter 4 and are shown in Table 1la.

For the results in this chapter, the reflected signals of three separate objects have been simulated with
various amplitude (A), range from the radar (R), velocity (v), azimuth angle (0), and elevation angle ().
Table 1b shows the values for these object parameters. It should be noted that the simulations do not
include any interference effects, and the objects are distinctly separated from each other in both spatial
and velocity domains.

Np, 1 fo 60 GHz A(V) R(m) v(m/s) 6(°) «(°)
Npz 3 B 3 GHz A 1 3 0 -10 3
N¢e 128 | S 4 MHz/us B 0.7 5 -1.2 5 8
Ng 512 | T, 750 u's (@ 0.5 4 0.7 10 10

(a) Radar parameters (b) Object parameters

Table 1: Simulation parameter values

3.1 Signal Processing

This section describes how four-dimensional (range, azimuth, elevation, velocity) data representations are
formed from the raw radar output (antenna, frame, chirp, sample). Range and velocity can be retrieved
from mmWave radar signals by performing Fourier transforms, and is shown according to simulations
in section 3.1.1. The azimuth and elevation angle are retrieved according to the MVDR method, which
is explained in section 3.1.2. The method is meant for angle detection over only one dimension, but is
adjusted such that both angles can be detected simultaneously.
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3.1.1 Range and Velocity

Three objects are simulated according to the parameters in Table 1. All three objects result in a reflected
signal with the frequency dependent on their range from the radar. The IF signal measured at the receiver
antenna is a linear combination of all three waves, shown in Figure 16a. From this combined signal the
independent frequencies cannot be directly determined, but a Fourier transform first needs to be applied
which results in peaks at the separate frequencies and is shown in Figure 16b.
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Figure 16: Fourier transform of IF signal

The IF signal is sampled in 512 data points over one chirp. Although one chirp is only less than a
millisecond, change in movement can be detected. Figure 17a shows the range of the three objects over
the duration of one chirp. The objects A, B, and C have traveled 0 m, -0.9 mm, and 0.5 mm respectively.

Chirps are stacked one after another as a frame of 128 successive chirps. Looking at the change in range
over these chirps, the velocity can be detected be performing another Fourier transform. Figure 17b
shows the range and velocity for the three objects.

Object A has a higher amplitude and does not change position. Object B and C both already have a less
strong signal and move from or towards the radar. This causes the spread and less bright signal seen in
the figure, because the objects covers more range whereas object A remains at a constant location.
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Figure 17: Computing the velocity for three simulated objects

3.1.2 Azimuth and Elevation Angle

The mmWave radar board that is used for the experiment described in Chapter 4, and has three receiver
antennas. These antennas are shaped in an L-format, which means that for the detection of azimuth
angle there are two antennas to use, for the elevation angle likewise.

The time delay and corresponding phase difference for a two antenna receiver array for a signal incoming
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at incident angle 6 is
_ dsin(0)
Ar= o, En@], (49)

Ap= o, ZemO], (50)

for d the spacing between the antennas, c the speed of light, and A its wavelength. The angle of arrival
can be determined by performing another Fourier transform, now over the aligned antennas. When there
are not that many antennas in one array, the angle estimation is not very accurate and hence other
methods are preferred [74]. There are multiple methods to determine the angle of arrival for only two
aligned antennas. Most of them rely on angle vectors and the spatial covariance matrix, from which the
respective signal strength is determined.

Suppose M antennas receive signals from L separate sources, than the received signal at antenna k € M

of source | € L is _ _
—i27rdksin(0)

Se(t) = si(t)e™ > =s(t)ar(6)), (51)
where s;(t) for I = 0,1,...L — 1 denotes the the signal coming from the lth source signal, and a(0) =
e~ s the angle vector. Then the combined received signal from all L sources for antenna k is

L-1
Se(t) = > si(t)a(fr). (52)
1=0

This results in the matrix representation
z(t) = [a(6o) a(fr) ... a(0p-1)]s(t) + n(t) = As(t) + n(t), (53)

for A the Mx L angle matrix, s(t) the received signal vector, and n(¢) the noise. Note that for the case
of the simulation and the experiment M = 2 for both angles and thus the angle matrix is of the form

1 1 1
A= i2mdsin(61) i27dsin(6) i2wdsin(6;) | . (54)
e X e Y .. e X

Suppose that the noise n(t) has zero mean, covariance matrix 0?1 and is uncorrelated to s(¢). Then the
spatial correlation matrix is

R = E[z(t)z(t)"]
= E[(As(t) +n(1))(As(t) +n(1))"]
= AE[s(t)s(t) "] AT + E[n(t)b(t)"]
= ARAT 1+ %1

The most common angle estimation methods can be divided over two categories: extrema search, and ma-
trix shifts. The delay-and-sum (DS) method [22], the minimum variance distortionless response (MVDR)
method [27] and multiple signal classifier (MUSIC) method [70] are extrema searching techniques. Estima-
tion of signal parameters via rotational invariance techniques (ESPRIT) is a well-known matrix-shifting
technique [67]. The MUSIC and ESPRIT methods have cubic complexity, whereas the DS and MVDR
method have quadratic complexity and are therefore preferred [21]. Because MVDR has higher resolution
than DS, the MVDR method is chosen as angle detection method.

The MVDR method is based on beamforming, and computes the signal strength for all possible directions.
Beamforming means that a set of weights w optimizes a specific parameter, here maximizing the signal
from the angle of interest. Hence consider the weighted signal

y(t) = wx(t). (59)

The goal of this method is to minimize the signal power belonging to other angles, while setting the
response for an individual angle to 1. Thus for each possible angle 8, the signal power is minimized w.r.t.
a single constraint,

min,, w? Rw (60)

s.t. wfa() = 1. (61)

19



Using Lagrangian multipliers, the signal power at angle 0 is computed as [38, 81]
1

a(@)HR~1a(6)’

R=E[S(H)7S(t)]. (63)

P0) = (62)

For the three simulated objects as described in the previous section, the azimuth angle is computed and
shown as angle with respect to the range in Figure 18a, and in polar coordinates in Figure 18b. Figures
18¢ and 18d also show the elevation angle of the three objects in both domains.
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Figure 18: Range w.r.t. azimuth and elevation angle of three simulated objects

For both angle dimensions the angles are known corresponding to their range. Because the three objects
have distinct ranges, the azimuth and elevation angles can be matched to the correct object and is called
pair-matching [48|. However, it is not always the case that all objects have separate range distances.
Therefore a method where both angular dimensions are measured simultaneously is preferred. Combined-
angle method implementations exist for MUSIC and ESPRIT [20]. The procedure of this extension to
combined angle estimation is used and adjusted for the MVDR method.

The concept of the method stays the same, but computations need to be adjusted. Consider the angle
matrix Ay for the azimuth angle 6, and A, for the elevation angle for A according to Equation (54).
Then for two angle dimension at the same time the angle matrix is computed as the Kronecker product

Apy = Ag @ Ay. (64)
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Both angle matrices are of dimension (2-n), for n the number of angular segments over which the signals
are estimated. The dimension of the combined angular matrix now becomes (22 -n?), which also increases
the computational complexity. Figure 19 shows the combined angles for each of the simulated objects
from Table 1b separately. It can be seen that the strength of the signals is indeed in descending order.
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Figure 19: Azimuth and elevation angles for three simulated objects

To show that the method also works for more challenging situations than three independent signals, a
spatial complex but stationary object is simulated and shown in Figure 20. The spatial dimensions of
the object vary but are close to each other, which makes the angles more difficult to detect. Both angle
dimensions are estimated for the incoming signal by using the combined-angle version of the MVDR
method. Figure 21 shows both angles for the object over variation in range. The shape of the object
can be clearly seen in these angular plots. Next to that, although the entire object is simulated at equal
strength, it can be seen that the signal strength degrades as the range increases. This is in line with the
expectation, because signal strength in general degrades when it has to travel further.
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Figure 20: Visualization of more complex simulated object
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Figure 21: Azimuth and elevation angle over increasing range

3.2 Point Cloud Generation

The CFAR detection algorithm is performed on the three dimensions range, azimuth angle, and elevation
angle separately. Only when all three thresholds are passed, presence is detected and that point is
included in the cloud. Section 3.2.1 shows and discusses generated point clouds for the different CFAR
interference estimators and varying parameters. Also the situation described in section 2.3 of incorrect
combination of detector and scaling factor, is shown for the simulated signal. Next to that, section 3.2.2
proposes to add a post-processing step to improve point clouds in an informative way.

3.2.1 CFAR Detection

Figure 22 shows the generated point clouds for the three simulated objects from Table 1b, for CA-,
SOCA-, GOCA-, and OS-CFAR. The number of guard cells ng varies over the values 2, 4, and 8, while
the number of training cells remains ny = 16. The values ng and np are the amount of guard and
training cells on one side of the CUT, meaning that the entire reference and training windows consist out
of 2(ng + nr) and 2nr cells respectively.

The CA-CFAR plots of Figure 22 clearly show that when the number of guard cells is increased, the
region of detection for each object is also increased. When there is a large amount of guard cells, a cell
which lies in the weakening gradient of the actual signal can pass the threshold because the actual signal
cells are excluded from the interference estimation. A higher amount of guard cells thus results in a
larger region of detection as shown in Figure 22b, but may also result in masked objects. This is shown
in Figure 22c, where object C is not detected. If the amount of guard cells increases, the entire reference
window also enlarges. The azimuth angles of object B and C are close to each other, hence when the
other object is covered in the reference window it will be included in the interference estimation. Because
object B has a larger signal strength than object C, object C is masked by object B and will thus not be
detected.

Where CA-CFAR detected three separate objects, for SOCA-CFAR and ng = 2 in Figure 22d the signals
of object B and C are merged into one larger region. Object B and C are closely situated, therefore the
signals that lie in the weakening gradient regions of either of the two objects are detected as presence
for SOCA-CFAR. The region detected for object A is also increased when looking at the azimuth angle,
but due to its zero velocity not for the range dimension. Objects B and C have nonzero velocity, and
their signal thus changes over range whereas object A is stationary. When the amount of guard cells is
increased to 4 in Figure 22e, both object B and C are masked because the weakening of the strong signal
of object A is included in the estimation.

When the amount of guard cells and thus also the reference window is increased even further as shown in
Figure 22f, the regions of detection also increase. For a larger reference window, cells with a lower signal
strength resulting from the weakening gradient of the objects are more likely to be detected as presence
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Figure 22: CFAR point clouds for various interference estimators and varying number of guard cells ng,
for three simulated objects from Table 1b.

when there are no other objects nearby. The interference estimation is based on cells that lie further
from the object, which results in a lower threshold and thus a higher chance of being detected. The two
stripe-like detected regions are typical for SOCA-CFAR detection. Although there is no object simulated
for these ranges, the low signal strength resulting from the other objects are detected as presence. There
is a region where no presence is detected in the middle, because both halves of the reference window now

contain stronger signals from the same region. For the detected stripes, one half contained low signals
ans thus resulted in a low threshold.

As expected, GOCA-CFAR results in smaller detected regions than for the other two cell-averaging
variants. When the amount of guard cells is increased to ng = 4 in Figure 22h, objects B and C are
masked because similar to the SOCA-CFAR variant in Figure 22e signals from other objects are included
in the training window and thus the background interference estimation. Figure 22i shows that when
there is a larger number of guard cells, cells nearby the objects are detected as presence because now the
strong signals from the object are excluded and the threshold is lowered.
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For the OS-CFAR generated point clouds for the three objects, the value k of three quarters of the training
window is chosen. The different ranges of the three simulated objects are clearly detected in Figure 22j.
When the amount of guard cells is increased for the OS-CFAR estimator variant as shown in Figure 22k,
object A is not detected. Because object A has a stronger amplitude than the other two objects and
does not change or range because it has zero velocity, its strong signal is centered at one location. Where
object B and C have a lower amplitude which is also spread over a larger range, this leads to significantly
lower signal strengths. The OS-CFAR estimator bases its statistically derived threshold on the weaker
objects’ signals, resulting in the strong signals from object A not being detected. In Figure 221 it is shown
that when the amount of guard cells is increased even further, the region of detection increases because
the training cells contain lower signal strength compared to the previous situation.

In section 2.3 the incorrect use of the linear law detector in combination with the scaling factor that
belongs to the square law detector is covered. To show the differences in detection performance, the
detection for the same simulated objects and sliding window parameters are shown in figures 23d, 23e,
and 23f. When the square law detector is applied, the difference between weak and strong signals becomes
larger and the edge is less gradual compared to the linear law. As can also be seen in Figure 23, more
cells will be detected as presence, compared to the linear law.
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Figure 23: Detection for increase in number of guard cells, CA-CFAR. Correct use of square law detector
in (a), (b) and (c), linear law detector in combination with incorrect scaling factor in (d), (e), and (f).

For the more complex simulated object from Figure 20, the point clouds for the CA-, SOCA-, GOCA-,
and OS-CFAR interference estimators have also been generated for an increase in guard cells in Figure
24. The object of detection is not a signal coming from a single location, but covers a larger region over
both range and azimuth dimension. Therefore having enough guard cells becomes of greater importance
for correct detection. The CA-CFAR point clouds show that masking of itself takes place for a small
amount of guard cells. In contrast to the three individual objects, more guard cells now do not result in
masking because there are no other strong signals from for example other objects.

The SOCA-CFAR estimator results in similar but slightly larger point clouds, the region nearby the object
is also detected. For a small amount of guard cells, the interference estimation always includes signals
from the object itself. For the GOCA-CFAR estimator and ng = 2 in Figure 24g, only the cell belonging
to the strongest signal is detected. Increasing the number of guard cells to ng = 4 leads to increased
detection performance, whereas too many guard cells lead to the same false detection phenomena as
explained for Figure 22f and 22i.

The OS-CFAR interference estimator has been designed for combined clutter-edge and multiple object
situations, however this simulated situation contains neither of the two. Hence for this easy situation but
with a more complex object, using the OS-CFAR estimator does not result in good detection performance.
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Figure 24: CFAR point clouds for various interference estimators and varying number of guard cells ng,
for more complex simulated object from Figure 20.

For this specific situation having k& = % is too low, and results in the region surrounding the simulated
object in being detected. The centre of the object is not detected because the k for those cells include
signals from the object itself. When the amount of guard cells is further increased, the outer borders of

the detected band get wider because the value of the kth signal is lower. At the same time the undetected
band in the middle also increases.
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Figure 25: 3D figures for CFAR detection with ng = 4,np = 16, for three simulated objects in Figures
25a, 25b, and 25c, and a more complex simulated object in Figures 25d, 25e, and 25f.

Until now the generated point clouds have been shown as two-dimensional representations, however they
can easily be computed over three dimensions as well. Figure 25 shows the three dimensional generated
point clouds for both the three separate object simulation and the more complex object situation. It can
be seen that for both simulations the point clouds generated with the GOCA-CFAR estimator result in
fewer points, whereas usage of the SOCA-CFAR estimator results in a larger amount of points detected.
The point clouds generated for the OS-CFAR estimator result in zero detections, and are therefore not
included in the figure.

3.2.2 Informatively Improved Point Clouds

As shown in section 1.2 and Figure 2, mmWave radar point clouds are sparse compared to LiDAR point
clouds [46]. Radar sensors deal with specular reflections from surfaces, in contrast to light waves which
scatter in every direction and are thus also reflected back to the sensor [3]. The point clouds are usually
too sparse for classification and recognition applications in the automotive industry [34]. In fact, radar
point clouds are in general not good at capturing a detailed shape of an object [3]. A trivial approach to
increase the density is interpolation [35]. Current research focuses on more informative ways to improve
the generated mmWave point clouds, by increasing the number of points and the accuracy [81].

This gives reason to propose to include an extra step in the general detection procedure, which eventually
results in more informative point clouds. What features are of added information, is dependent on the
application the point cloud will be used for. However, there are more informative ways than interpolation
to include extra information in the point cloud, by actually using the data already gathered and com-
putations made. Next to the number of points and density of the clouds, there are other possibilities to
informatively improve point clouds. The reflected signal strength of the detected points seems obvious as
added information, but might also give a distorted picture. The signal strength is dependent on a com-
bination of many different factors, for instance the object’s material, range, orientation, and multipath
effects caused by itself and other objects [50].

A possible way to store more information in point clouds, is to include the CFAR results over each
dimension separately. In the ordinary procedure only the points which are detected over the range,
azimuth, and elevation dimension are included in the point cloud. Situations where the threshold of
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only one dimension has not been passed may include useful information on the shape of the object to

be detected. To analyse the effects of this proposed added informative step, it has been included in the
implementation.
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(a) Detection over both dimensions (b) Detection over azimuth (orange) and range

(blue) separately, and both (green).
Figure 26: CA-CFAR detection over the 2D range-azimuth plane for three simulated objects

Figure 26 shows the ordinary generated point cloud in the range-azimuth plane in 26a, and the proposed

informatively improved version in 26b. The proposed point cloud does not directly seem to add useful
extra information.
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Figure 27: CA-CFAR for the simulated situations in 3D
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Figure 27a shows the 3D generated point cloud for the three simulated objects and its proposed infor-
matively improved point cloud in Figure 27b. It includes the individual point clouds for when either
the azimuth or elevation angular dimension have been excluded from the detection. Figures 27c and 27d
show the original 3D point cloud and its informatively improved version for the more complex simulated
object from Figure 20. For the three simulated objects, if only the improved point cloud were provided it
would not become directly clear where the regions of the original detected point cloud are. Parts of the
green point cloud are hidden by the other two. For the simulation of the more complex object this does
not form a problem, but this could not have been known beforehand. Therefore it is advised to not solely
rely on the point cloud resulting from this proposed post-processing step, but to view it as an addition
to the ordinary point cloud output.
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4 Experiment

This chapter discusses the experiment, from the design in section 4.1 to the results and analysis of the
conducted measurements in section 4.2. To test the performance of the different CFAR interference level
estimators in realistic living rooms, a novel experiment had to be set up. The variables and choices
made regarding which properties to focus on and which to minimize the influence of, are elaborated on
in section 4.1.1. The set-up is described in section 4.1.2, including the radar sensor board that is used as
well as the layout of the rooms the experiment is performed in.

The weight of this chapter lies with the obtained results, for which the data processing framework as
described in chapter 4 for the simulations is used. Hence the same angle detection method is used,
and the CFAR interference level estimators that are included are CA-, SOCA-, GOCA-, and OS-CFAR.
The reflected signal strengths are shown for different situations and rooms in section 4.2.1. Section
4.2.2 includes and discusses the point clouds generated for the different rooms, situations, and different
interference level estimators. Furthermore, the informatively improved point clouds proposed in section
3.2.2 have been generated for the experimental data as well and are shown and elaborated on in section
4.2.3. How this chapter and covered objective relates to the general process from radar to application, is
shown in Figure 28.
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Figure 28: Relation between this chapter, the covered research objective covered, and the general
process from radar to application.

4.1 Experiment Design

The background for indoor situations is different than outdoors, the ratio of objects compared to back-
ground is very large. Therefore it is not certain if performance of CFAR interference level estimators
remain the same for this different kind of environment. The expectation is that estimators which have
degraded performance in multi-object situations will also not perform very well in realistic living rooms,
but this has not yet been looked into. Therefore a systematical procedure is created and performed, which
focuses on the detection performance of the different CFAR background interference level estimators in
a realistic living room environment.

4.1.1 Variables

Living rooms are completely different from each other, they may vary with respect to many characteristics
and properties. Certain properties are likely to effect the reflection of signals and thus may also influence
the detection performance. For instance the shape, size, and building materials pf the room directly
relate to multipath effects. To limit this variation, the experiment is conducted in rooms of the same
shape and size and in the same buildings. The measurements are performed at van Boeijen, which is an
organisation for people with intellectual disabilities. Their location in Assen includes several buildings
with similar rooms, where residents have their own studio.

Just like ordinary living rooms, the interior of these studios differ a lot. The two properties with respect
to the interior that are focused on during this experiment, are how filled the room is and the amount
of strong reflectors. A highly occupied room may cause for more complex situations regarding multiple
objects. Whereas a high amount of strong reflectors may cause difficulties by masking other objects.
Both properties are evaluated objectively for each room, by letting three individuals fill out a small
questionnaire categorizing all rooms.

Next to the interior of the room, is the situation and occupancy by people also of interest. Therefore
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five variations in movement activity are tested in each room, from zero movement to multiple movements
close to each other. The five movement situations are described as the following:

1. No movement: No person present.

2. Large scale movement: Person walks through the room (> 1m).
3. Small scale movement A: Vertical arm movement (< 1m).

4. Small scale movement B: Horizontal hand movement (< 0.3m).
5

. Small scale movements combined: Small scale movements A and B in front of each other.

‘. ‘Y [ [ ‘Y.

s s

Figure 29: Movement situations 3 (L), 4 (M), and 5 (R).

During the recording of the room without anyone present, the background signals are measured which
themselves also belong to objects. From this it can be evaluated whether the furniture can be clearly
detected. Additionally, evaluation of the large scale movement of a person walking through the room
may provide insights regarding the detection performance at different locations within the room.

The small scale movements 3, 4, and 5 are visualized in Figure 29. Movement situation 3 varies over
the azimuth and elevation angle, the range movement is limited. Movement situation 4 varies over the
range, whereas movement over both angles is limited. By including these different movement situations,
difference in performance caused by movements over different spatial dimensions may also be observed.
By including the combined movement situation 5, movements which cross paths can be evaluated.

4.1.2 Set-up
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Figure 30: Infineon BGT60TR13C radar sensor [30], and details of the antenna positions

For this experiment an Infineon BGT60TR13C XENSIV 60GHz radar sensor has been used. Figure 30
shows the mmWave radar, in the red square. The rest of the board is required such that the information
can be read via a USBC connection. Next to it is a zoomed in representation of the antennas on the
mmWave radar. When the radar board is oriented as in the figure, the maximum azimuth angular range
is 80°, and the elevation angle has a maximum range of 50°. The region of interest for this experiment is

30



more focused on the centre and close to the floor, than towards the ceiling. Therefore this orientation of
the radar is preferred. However, when the focus lies on the entire elevation angle and the azimuth plane
is limited, the radar should be rotated resulting in exchanged elevation and horizontal-planes.

For reference a depth camera has been mounted on top of the mmWave radar, the Intel Realsense D455
has been used for this. As can be seen from Figure 31, it does not capture colour as an ordinary camera,
but the distance. Both sensors together are placed on a tripod at a height of 1.5m in the corner of each
room, located at the green marker in Figure 32. The tripod is directed into the room such that most of
the room is included in the 80° azimuth angle.

(a) Movement situation 1, no presence. (b) Movement situation 5, combined movements.

Figure 31: Depth camera images of Intel Realsense D455

The movement situations happen at the same location within one room. As mentioned before, multipath
effects can be caused by the walls, hence the positioning with respect to them matters. Not every room
has an empty spot in the exact same location, therefore the location of movement activities differs per
room and is noted. Similar to the positioning within the room, characteristics of the person performing
the movements may also be of influence. Therefore it is noted who performs each movement including

their features of interest with respect to reflecting signals, such as wearing a large watch or a belt with a
big buckle.

e A 7 7 e e e v o o e B A

Figure 32: Map of a building at Van Boeijen [7], including the sensor setup location marked in green
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4.2 Results and Analysis

The radar parameters from Table la are used, which are the same as used for the simulations in the
previous Chapter. This leads to a maximum range of 6.5m, therefore the figures include only results
up till this distance. The maximum angles are defined as twice the half-power beam widths, and are
dependent on the antenna design and their beam patterns. For this sensor this leads to the maximum
detection angles 6,, = 80°, and 6. = 50° for the azimuth and elevation angles respectively.

4.2.1 Detected Signal Strengths

Figure 33 shows the difference signal strength polar plots of the range and azimuth angle. The signal
strength of the no presence situation is higher for the room with a fuller interior in Figure 33b, than
for the almost empty room in Figure 33a. The objects in the more crowded room lead as expected to
detected strong reflections at closer ranges compared to the room with less furniture. Figure 33c shows
the detected signal strengths for one person present in the almost empty room, and shows a clearer signal
at a range of 3.5m which was not there before. When two people are present, as shown in Figure 33e,
this can also be clearly detected from the stronger reflections detected within the range of 3.5 to 4m. For
the room with a lot of furniture and objects, Figures 33d and 33f also show the situation of respectively
one and two persons present. Presence and absence of people is visible from the plots, but the difference
is less large because the ratio of number of reflections changes less compared to the room with an almost
empty interior.

Additional plots of the detected signal strengths, including plots for the elevation angle and other rooms,
can be found in Appendix A.1.
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Figure 33: Range-azimuth plots for different presence situations for a room with an empty interior and
almost no strong-reflecting materials, and for a room with a full interior and a lot of strong-reflecting
materials.
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4.2.2 Point Clouds for Variations of Interference Estimators

Point clouds have been generated for each of the five movement situations in all of the thirteen individual
rooms, using the CA-, GOCA-, SOCA-, and OS-CFAR interference estimators. The most interesting
figures are discussed and included in this section, additional figures may be found in Appendix A.2. The
point clouds have been generated for ng = 4 guard cells and np = 16 training cells on each side.

Figures 34, 35, and 36 show the generated point clouds for the three background interference level
estimators CA-, GOCA, and SOCA-CFAR for three consecutive frames in. Focus lies on the differences
and comparisons of the three small scale movement situations, the arm and hand movements and their
combination. The interval between two frames is equal to the chirp repetition time 7, of 750 p s, which
is less than a millisecond. Although there is only a small period of time between the consecutive frames,
the point clouds differ per frame for every estimator variant used. The OS-CFAR estimator point clouds
have also been generated, but lead to empty point clouds and are therefore not included in the figures.
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Figure 34: Point clouds for CA-, GOCA, and SOCA-CFAR for the same three consecutive frames. One
person present in the room, small scale arm movement, almost empty interior and minimal
strong-reflecting materials.
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The small scale arm movement is shown in Figure 34, and the differences between the interference
estimator variants is shown. The SOCA-CFAR estimator leads as expected to more points than the
other two. The CA- and GOCA-CFAR estimators lead to smaller but similar point clouds, where the
GOCA-CFAR point clouds have a smaller number of points than the CA-CFAR point clouds. Where the
SOCA-CFAR point cloud changes a lot over the frames, one part is consistently detected at the same
location. This is the larger cloud in Figure 34i, which also corresponds to the location of the point clouds
of the other estimators. For both CA- and GOCA-CFAR, in the first frame points are detected nearby
the sensor which, belong to something else than the person making the movement.
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Figure 35: Point clouds for CA-, GOCA, and SOCA-CFAR for the same three consecutive frames. One
person present in the room, small scale hand movement, almost empty interior and minimal
strong-reflecting materials.

Comparing the hand movement point clouds in Figure 35 to the arm movement point clouds of Figure
34, it can be seen that the smaller hand movement lead to a smaller number of points. Furthermore,
where the arm movement had a constant part in the point clouds over the different frames and estimator
variants, this is not the case for the hand movement situation. The point clouds over each frame are very
different. The location of the CA-CFAR cloud in Figure 35a is not included in the other two frames, and
only one of the three sub-clouds of Figure 35b is included in the cloud of Figure 35c.
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Figure 36: Point clouds for CA-, GOCA, and SOCA-CFAR for the same three consecutive frames. Two
people present in the room, small scale arm and hand movements combined, almost empty interior and
minimal strong-reflecting materials.

Figure 36 shows the generated point clouds for the two small scale movements combined, and thus two
people present. However, when comparing the point clouds to Figures 34 and 35, it does not necessarily
become clear that the amount of people present has increased. Nonetheless, from the point clouds in
Figures 36¢ and 36f, the shape of a human body could be deduced. Furthermore, for all three estimator
variants, the point clouds change quite a bit over the frames. For the CA- and SOCA-CFAR estimators
there is again a part of the point cloud which remains constant over the frames. However, this is not the
case for the GOCA-CFAR estimator generated clouds.
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Figure 37: Point clouds for CA-, GOCA, and SOCA-CFAR for the same three consecutive frames. One
person present in the room, small scale arm movement, full interior and many strong-reflecting
materials.

Figure 37 shows the generated point clouds for the small scale arm movement, in a room with a full
interior and a lot of strong-reflecting materials. The point clouds are similar to the ones generated for the
same situation but in a more empty room, although these point clouds suggest the presence of a second
object. This might be caused by any of the objects present in the room.
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Figure 38: Point clouds for CA-, GOCA, and SOCA-CFAR for the same three consecutive frames. One
person present in the room, small scale hand movement, full interior and many strong-reflecting
materials.

Figure 38 shows the point clouds for the small scale hand movement, and leads again to less points
compared to the arm movement situation in Figure 37 of the same room. This is similar to the relation
that was seen between the same movement situations, but for the room with a more empty interior. When
compared to this other room, measurements in the more crowded room lead to less points detected. This
may be the result of furniture blocking the view between the sensor and the person. Another also quite
likely possibility is that more signals from other objects are included in the reference window and thus
result in a raised threshold.
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Figure 39: Point clouds for CA-, GOCA, and SOCA-CFAR for the same three consecutive frames. Two
people present in the room, small scale arm and hand movement combined, full interior and many
strong-reflecting materials.

Looking at the point clouds generated for two people and the combined small scale movements as shown
in Figure 39, the shape of the point clouds do not suggest an increase in presence when compared to
Figures 37 and 38. The point clouds are similar to the two previously shown situations. Where the CA-
CFAR plots of the similar situation but in the more empty room suggested a second location of presence
in the room, this does not become clear from any of the estimator variations plots for this more crowded
room.

To summarize the differences and comparisons regarding the point clouds generated for the different
interference level estimators CA-, GOCA-, SOCA-, and OS-CFAR, it can be said that the CA- and
GOCA-CFAR estimators result in comparable point clouds for almost every situation. The GOCA-CFAR
estimator’s point clouds generally include a fewer number of points than for the CA-CFAR estimator, but
not in the same order of difference compared to the SOCA-CFAR estimator generated point clouds. The
SOCA-CFAR estimated point clouds contain many points which also change over the different frames, and
thus probably do not belong to the presence of an actual object. Therefore it can be said that although
the SOCA-CFAR estimator has been developed to deal with detection in multiple target situations, it is
not preferred in this setting.
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Although the OS-CFAR estimator generated point clouds have not been included, their detection perfor-
mance should not be forgotten. A highly possible reason why the OS-CFAR generated point clouds result
in the detection of zero points, because inside a living room there are many reflected signals received by

the sensor, setting k to % may result in a too high threshold.

Furthermore, for the more empty room with almost no strong-reflecting materials present from Figures
34, 35, and 36, the combined movement situation resulted in larger point clouds. For the room with a
more full interior and many strong-reflecting materials from Figures 37, 38, and 39, this is the other way
around and the combined movement situation results in smaller point clouds.

4.2.3 Proposed Informative Improvement

R 4 X
“n9e (m) 6  -40 \6‘&
o
(c) Full interior, original point cloud (d) Full interior, improved point cloud

Figure 40: Original point clouds and their informative improved versions for CA-CFAR estimator
detection, small scale hand movement. (Top: Almost empty interior and minimal strong-reflecting
materials, bottom: full interior and many strong-reflecting materials.)

Figure 40 shows the original and informatively improved point clouds as described in section 3.2.2, for the
small scale hand movement and two different room situations. From the original point cloud in Figure
40a, the shape of a human body is difficult to derive. However, the improved point cloud in Figure 40b
does suggest the shape of a body and thus provides more information to the original point cloud.

Figure 40d also provides more information to the original point cloud of Figure 40c. The improved point
cloud suggests that the two pair of dots at same azimuth angle and range but different elevation angle,
belongs to the same object. This object is the person standing in the room, nevertheless this would have
been hard to determine from the original point cloud. Furthermore, Figure 40 clearly shows that rooms
with a more full interior lead to less points detected in their point clouds, compared to the larger number
of points included for more empty rooms.

Figure 41 shows the original and improved point clouds for the same situation of the combined small
scale hand and arm movements, in a room with almost empty interior and minimal strong-reflecting
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(c) GOCA-CFAR, original point cloud (d) GOCA-CFAR, improved point cloud

Figure 41: Original point clouds and their informative improved versions for small scale hand and arm
movements combined in an almost empty interior and minimal strong-reflecting materials. (Top:
CA-CFAR estimator, bottom: GOCA-CFAR estimator. )

materials present. The differences between the CA-CFAR and GOCA-CFAR estimator can be seen, for
both estimators the improved point clouds provide additional information to the original point clouds.
Figure 41d suggests the location of the second person in orange, which is at the same azimuth angle
and range as the separate part of the point cloud in Figure 41a and 41b. Although the second person
in the room is not directly apparent from the original point clouds or the individual improved point
clouds, combining the information from the improved point clouds for different interference estimators
may provide an even more complete picture of the actual situation in the room.
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5 Discussion and Future Research

Current mmWave point clouds have their limitations, and indoor detection results in multiple difficulties.
Hence before mmWave radar sensors can be used in an actual device for monitoring patients, the detection
process needs to become more robust. With this in mind, the five research objectives of this thesis had
been determined. This chapter discusses these objectives, draws conclusions and makes suggestions for
future research regarding the specific topics.

Using adaptive thresholds from the CFAR method for object detection is the most common procedure
to generate point clouds from radar signals. However, a complete overview including all steps and their
variations, their interdependent relations, or assumptions the computations are based on is missing. The
information is spread over multiple articles, papers, and educational books. By gathering and structuring
all this information, this thesis provides a clear and complete overview of the CFAR object detection
method.

Not only the steps and their computations are included, but also the theory behind the method. The
detector operated over the data influences computations in following steps, similar for whether a Gaussian
or non-Gaussian distribution of the background interference is assumed. Together with the choice of
interference estimator used, these three factors determine how the probability of false alarm should be
computed to maintain a constant false alarm while optimizing the probability of detection. From this
false alarm rate a scaling factor is computed that is incorporated in the hypothesis test. The detection
by hypothesis test relies on the Neyman-Pearson Lemma, which is explained and its proof is provided.

The scaling factor is directly related to the probability of false alarm, and thus also dependent on the
detector, assumed interference distribution, and estimator used. Due to lack of information on the
interdependent relations of these steps, combinations of detector and incorrect corresponding scaling
factor might happen. Such a mismatch can result in decreased detection performance, which is undesired.
The determination of the scaling factor, including its relation to other steps of the method, are clarified.
Specific attention is given to incorrect interchanging of the linear law and square law detectors, possible
effects are also shown.

How the probability of false alarm, and thus also the scaling factor, are calculated is strongly dependent
on the assumed background interference distribution. This distribution determines a large part of the
threshold. However, no distribution can give an accurate representation of a realistic living room setting.
Therefore other computations which don’t rely that heavily on the assumed interference distribution,
might provide better scaling factors that result in an increased detection performance. Developing a new
method to calculate the scaling factor, dependent on other factors than in the original CFAR method,
will take a lot of work but can result in better point clouds. It is suggested to look into different ways of
including the background interference in the scaling factor determination.

From the generated point clouds it has also become clear that the shape of the object of detection
cannot always be easily derived. Including additional information in the point cloud be the proposed
post-processing step may in some cases improve the point cloud. However it does not always provide a
better picture of the actual situation. Setting a threshold is perhaps not the best method when more
information on the object is preferred. Instead of using CFAR detection methods, it is suggested for
further research to focus on alternative ways to determine presence and absence. Starting from the signal
strength information computed over the different dimensions, a possibility is to look into the shapes of
those signal figures and recognizing patterns over the frames.

An implementation has been developed and tested for both simulations and acquired mmWave radar data.
The range and velocity are retrieved according to standard Fourier transform procedures. For determining
the angle or arrival, there are multiple methods that can be considered. The angular resolution is highly
dependent on the amount of antennas on the sensor, but the choice of angle detection method also has
influence on this. The MVDR method was chosen for this implementation, because it has the highest
angular resolution of the angle detection methods with lower complexity.

The method computes the angle of arrival over one angular dimension at a time. An extension to compute
both azimuth and elevation angles at the same time has not yet been provided. However, the method
is adjusted according to the steps of other two-dimensional angle detection methods and included in
this implementation. Although the MVDR method is characterized as having low complexity and thus
lower computational costs compared to other angle detection methods, the computational costs increase
quadratically for the extension to two angle dimensions at the same time.
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Other angle detection methods were not implemented in this thesis, however it is suggested to also look in
the effect different angle detection methods. Improving this part of the signal processing may beneficially
influence the eventual generated point clouds. More accurate information can result in more accurate
detection. Additionally, the angular detection can also be improved by using different mmWave sensors.
Having an array of two receiver antennas is the bare minimum to be able to detect the angle of arrival.
The accuracy of detection and resolution increase when more receiver antennas are aligned. When the
amount of antennas cannot be increased due to limited costs or physical limitations for the sensor or
device, virtual antennas can also be included. This results in increased angular resolution, but comes at
the cost of higher computational complexity.

Furthermore, an experiment has been developed and conducted for realistic living rooms, to demonstrate
and compare the performance of different interference level estimators for the CFAR detection method.
Living room situations are not similar to ordinary experimental environments in the radar research
field, such as military or automotive situations. Therefore it is not surprising that the performance of
the different interference estimators does not match the performance for these other situations, which
was the exact reason to look into this new situation. The estimators CA- and GOCA-CFAR perform
better over other estimators SOCA- and OS-CFAR, although the performance is still not at a desired
level. However, the performance of these estimators over the same data may vary when different signal
processing steps are implemented.

The data acquired in this research is limited. It is advised to gather data on multi-scale level in order to
get a comprehensive reliable radar data set. Such a large amount of data would be useful in order to train
the point cloud generator which points are of interest and which are not, instead of focusing on using a
threshold. A possibility is to label signals belonging to furniture like wardrobes and couches, which can
then be viewed as clutter and ignored during the rest of the detection process. However, it is dependent
on the eventual application whether these objects are also of interest and thus should be included in the
point cloud.
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A Supplementary Figures
A.1 Signal Strength Polar Plots
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Figure 42: Range-angle plot, empty interior and almost no strong-reflecting materials in the room.
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Figure 43: Range-angle plots, empty interior and almost no strong-reflecting materials in the room.
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Figure 44: Range-angle plots, empty interior and almost no strong-reflecting materials in the room.
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Figure 45: Range-angle plots, full interior and a lot of strong reflecting materials in the room.
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Figure 46: Range-angle plots, full interior and an average amount of strong-reflecting materials in the

room.
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Figure 47: Range-angle plots, average coverage of interior and a lot of strong-reflecting materials in the
room.
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A.2 3D Point Clouds
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Figure 48: Point clouds for CA-CFAR for six consecutive frames. One person present, small scale hand
movement, empty interior and almost no strong-reflecting materials.
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Figure 49: Point clouds for GOCA-CFAR for six consecutive frames. One person present, small scale
hand movement, empty interior and almost no strong-reflecting materials.
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Figure 50: Point clouds for SOCA-CFAR for six consecutive frames. One person present, small scale
hand movement, empty interior and almost no strong-reflecting materials.
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Figure 51: Point clouds for CA-CFAR for six consecutive frames. Two people present, small scale arm
and hand movement combined, empty interior and almost no strong-reflecting materials.
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Figure 52: Point clouds for GOCA-CFAR for six consecutive frames. Two people present, small scale
arm and hand movement combined, empty interior and almost no strong-reflecting materials.
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Figure 53: Point clouds for SOCA-CFAR for six consecutive frames. Two people present, small scale
arm and hand movement combined, empty interior and almost no strong-reflecting materials.
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