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FMCW-Based Automotive Radar Communications for Intersection and Real-Traffic
Scenarios
MUSTAFA METE
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Although it comprises a small part of the road, millions of traffic accidents occur
at an intersection every year. This rate is expected to decrease by technological
advancements in autonomous driving since automotive radars provide drivers lo-
cal awareness. In order to get an accurate detection, increasing automotive radars
deployed on a vehicle seems like the most promising solution. However, it is chal-
lenging to coordinate the allocation of available time and frequency resources among
present automotive radars, which leads to an increase in mutual interference among
radars, and a decrease in the performance of automotive radars.

This thesis project aimed at proposing a joint radar communication system pro-
tocol (RadCom) as a solution to mitigate mutual interference mentioned above by
enhancing the existing work on RadCom and implementing it on complex traffic
scenarios. Proposed RadCom protocol was evaluated by using different traffic sce-
narios consisting of four-way intersections with straight, right-left- turn traffic and
straight traffic based on real-time data. The evaluation results were represented by
comparing the simulated performance of RadCom by using different metrics.

The results from the evaluation demonstrated that we achieved enhancing radar
communications by coordinating multiple Frequency Modulated Continuous Wave
(FMCW) radars placed on different parts of a vehicle with the radars placed on other
vehicles in complex traffic scenarios. Moreover, the proposed RadCom managed in
broadcasting a communication packet in acceptable delays.

Keywords: Intersection, VANET, RadCom, joint radar communication, automative
radars, CSMA, FMCW, mutual interference, collision avoidance, vulnerable period.
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1
Introduction

In the last decade, the public expectation for ground transportation systems has
shown a dramatic increase. Owing to the technological advancements in the In-
ternet, computers, analysis, control, and communication technologies, drivers want
their vehicles to support and provide functions such as self-driving and future col-
lision avoidance [4, 5]. Therefore, autonomous driving is attracting more attention,
and it undertakes some responsibilities of drivers so that they might devote much
more time to other things while driving. However, this interest, together with the
increase in the number of vehicles brought along some challenges such as traffic con-
gestion and collision. In order to maximize safety and minimize risks and efficiency
during transportation, both academia and industry carry out many projects rang-
ing from cooperative systems where vehicles communicate with each other and their
environment, such as signalized traffic [6, 7]. Vehicular communication is one of the
promising solutions to these challenges since it provides a vehicle the information of
neighboring vehicles [4].

Automotive radars within human-driven vehicles offer various services ranging from
park assist to collision warning, which also make them one of the vital players in
the automotive industry in terms of safety and efficiency. The advancements in
the automotive radars since their first application have made them an integral part
of vehicular communication systems. Hence, another notable solution to address
the challenges mentioned above is using joint radar communication systems. They
are based on using the same hardware and the same radio spectrum for radar and
communication systems [4, 8, 9]. Radar communication between vehicles mitigates
mutual interference between radar systems, so it has the potential to increase traffic
efficiency and road safety.

1.1 Problem Description
According to the research conducted by The Federal Highway Administration (FHA)
in USA, roughly 2.5 million traffic accidents occur at an intersection every year,
although it comprises a small part of the road [10]. By technological advancements
in autonomous driving, this rate is expected to decrease since automotive radars
provide a driver the local awareness as detection of neighboring vehicles. In order to
get an accurate detection, increasing the amount of automotive radars deployed on
a vehicle seems like the most promising solution [11]. However, it is challenging to
coordinate the allocation of available time and frequency resources among present
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1. Introduction

automotive radars, which leads to an increase in mutual interference among radars.
Mutual interference gives rise to a decrease in the performance of radar [12].

B

A

Figure 1.1: Mutual interference of signals from two cars with front and corner
radars approaching an intersection.

To exemplify mutual interference, Figure 1.1 shows a traffic scenario where two ve-
hicles with identical FMCW radars approach an intersection from different lanes.
They are starting their transmission simultaneously, and radar signals are exposed
to interference. Since the receiver detects only received signal which comprises of
back-scattering signal and interfering signals, it is highly probable that the output
of signal processing steps to resolve the targets result in the wrong detection.

In order to overcome such mutual interference, one particular method that stands
out is RadCom, which is based on using the same hardware and the same radio
spectrum for radar and communication systems [4, 8, 9]. However, previous studies
related to RadCom [12, 9], only deal with simple traffic scenarios such as a single-
hop scenario where all radars see other radars or multihop scenarios with one or two
fleets and exclude complex traffic scenarios including an intersection. Therefore,
this study has three objectives:

• Enhancing the RadCom protocol proposed by [12] so that it can coordinate
multiple FMCW radars placed on different parts of a vehicle with the radars
on other vehicles running in complex traffic scenarios,

• Identifying which types of the FMCW radar were needed and how they would
be deployed,

• Evaluating the performance of the improved RadCom protocol in complex
traffic scenarios including four-way intersection and real-time driving scenarios
by using different performance metrics.

2



1. Introduction

This thesis mainly concerns a RadCom protocol for traffic scenarios including non-
signalized intersections and real-time traffic data with the position traces of vehicles,
and investigates that how RadCom units can be coordinated by cross-layer radar
data.

In order to simplify our design, we assume that

• the number of radars on a vehicle is six so that the Field of View (FOV) of
these radars could form a complete region around the vehicle,

• the dimensions of a Volvo XC90 [13] is used for vehicles’ layout,
• radar and communication signals only propagate through a LOS path in case

one exists, applying a geometry-based deterministic vehicular channel model
by ignoring reflections from the environment (ground, buildings) or other ve-
hicles,

• the most critical source of link blockage is vehicles [44], so we omit the possible
blockage sources except for vehicles and consider only LOS paths between
vehicles,

• vehicles approaching the intersection decelerate, pass the intersection at the
same speed and accelerate again after passing the intersection, so we ignore
vehicular kinematics such as overtaking,

• distributed, non-signalized four-way intersections with straight, right-left- turn
traffic are used on simulated traffic flow, thereby no traffic lights or central
coordination unit exists,

• and real-time driving scenarios are based on the realistic vehicular mobility
traces for varying number of vehicles.

Besides, to evaluate the performance of the improved RadCom protocol, our perfor-
mance metrics are

• the fraction of radar blinds, which is described as the ratio of the number of
interfering RadCom units to the total number of RadCom units,

• the data rate per RadCom unit,
• convergence time that is the required time for all RadCom units in a vehicular

traffic scenario to overcome and reach acceptable mutual interference,
• the time for each vehicle to converge in a fully connected vehicular network,
• and, the delay time for a vehicle to broadcast the communication packet.

1.2 Related Work
The ultimate goal of an intelligent Transportation System (ITS) is to provide collision-
free driving and lighten the driver’s mental load. RadCom emerges as a promising
solution on the way to reach this goal. Since it is a very new research area for both
the industry and academia, there have been different studies, including various tech-
niques on this topic. They all seek the answer “how to make the integration between

3



1. Introduction

radar and communication systems more efficient, practical in intelligent transporta-
tion”. Most studies focus on orthogonal frequency division multiplexing (OFDM) for
radar communication because of its advantages, such as showing high performance
despite propagation through varying conditions [8, 14]. In [15] detection and esti-
mation algorithm based on kernel least mean square (KLMS) is proposed by using
OFDM waveform while [16, 17] estimate detection parameters by using cylix prefixed
OFDM (CP-OFDM). In [4], a distributed medium access control (MAC) protocol
based on OFDM is developed to accomplish the spectrum allocation for radar and
communication systems. The disadvantage of OFDM systems is intercarrier inter-
ference (ICI) caused by the intrapulse Doppler effect [18]. That’s why [19] suggests
a receiving model including the intrapulse and intersubcarrier Doppler effects. In
this approach, a joint radar-range communication system, and Doppler estimation
is accomplished by using the maximum likelihood (ML) method. Even though it
shows better performance compared to the others, some complexity problems still
exist when there are multiple targets. There are also many ongoing RadCom based
on OFDM oriented research studies [20] to increase system performance.

There are other waveforms and channel methods that support Radcom. For instance,
[21] uses the IEEE 802.11ad waveform to predict detection parameters through auto-
correlation while [8] uses Cyclic prefixed single carrier (CP-SC) waveform to design
a detection and estimation algorithm. [14] proposes a dual-functional radar com-
munication (DFRC) technique for predicting vehicle motion parameters while [22]
suggests a joint access channel method to mitigate interference.

To support the development of RadCom, some of the existing studies focus on soft-
ware or hardware design of radar systems. In [23] a software-defined radar (SDR)
system is designed, and it enables real-time radar imaging. In [12, 9] an approach
based on the FMCW waveform is proposed and the small part of radar bandwidth is
allocated for communication system. Besides, they create a virtual traffic scenario,
including identical long-range FMCW radars deployed on the windshields and rear
window. Then, the transmission time is scheduled for facing radars positioned on dif-
ferent vehicles. Their simulation results show that interference among radar signals
is considerably reduced without sacrificing detection performance from an accuracy
viewpoint.

1.3 Contributions
This thesis extends the studies [12, 9] by the incorporation of more complex traffic
scenarios, such as an intersection or real traffic. We have enhanced the RadCom
protocol proposed by [12, 9] to support the coordination of multiple FMCW radars
placed on the same vehicle with the radars on other vehicles by identifying which
types of the FMCW radar were needed and how they would be deployed.

To evaluate the performance of the improved RadCom protocol, we designed virtual
driving scenarios that include a distributed, non-signalized intersection with mul-
tiple vehicles by considering cooperative intersection management methods. These

4
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scenarios enabled an increase in the number of vehicles and acquired different ve-
hicular typologies in which vehicles are randomly or equally distributed among the
lanes.

1.4 Thesis Outline
The organization of the thesis is as follows. Following the introduction, Chapter 2
provides an overview of essential background on intersection management method-
ology, FMCW radar basics, vehicle to vehicle communication, Joint Radar Com-
munication (RadCom) systems and the application of FMCW Radars on Rad-Com.
Chapter 3 explains the details of how a distributed, non-signalized intersection is de-
signed, FMCW radars’ deployment and identification, a wireless propagation chan-
nel by identifying radar and communication links is determined to implement the
enhanced RadCom protocol. Chapter 4 describes the stages of development of the
present RadCom protocol provided by [12, 9]. In Chapter 5, the simulation results
obtained by changing the input parameters are discussed to evaluate the perfor-
mance of RadCom under the varying conditions followed by the conclusion.

5
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2
Background Theory

This chapter provides the theoretical background on intersection management, basic
information related to FMCW radars, vehicular communication, and RadCom with
the applications of FMCW on it.

2.1 Intersection Management
Autonomous driving technology requires intersection management in terms of traffic
capacity, safety, and collision avoidance, although it comprises the small part of the
road. An intersection is a shared zone that vehicles demand to use simultaneously,
so it needs to be organized and scheduled. A lot of different studies have been
carried out to manage intersection in the research and development of intelligent
transportation. Based on completed and ongoing studies, intersection management
can be investigated under three subheadings as below [2]:

2.1.1 Intersection Modelling
Since we need to consider the performance of our proposed RadCom protocol in
complex traffic scenarios firstly, we need to identify the most common intersection
geometry that can be classified under three categories as below:

2.1.1.1 Space and Time Discretization

The intersection is a shared resource, so the passing order of vehicles can be consid-
ered a discretized resource allocation and optimization problem. Where discretized
time slots and spaces are assigned to vehicles that will enter an intersection. Space
discretization can be done in different ways depending on intersection shape, as
shown in Figure 2.1.

7



2. Background Theory

Figure 2.1: Illustration of intersection discretization: a) four-way intersection with
straight, b) roundabout, c) four-way intersection with straight, right-turn and left-
turn traffic. (Source: Modified from [2])

2.1.1.2 Trajectory Modelling

Intersection is assumed as a well-organized place and vehicles coming up intersection
follow the predefined routes to pass intersection without regarding traffic lights,
control units, etc as shown in Figure 2.2.

Figure 2.2: Trajectory Illustration: a) four-way intersection with straight, b)
roundabout, c) four-way intersection with straight, right-turn and left-turn traffic.
(Source: modified from [2])

The aim of trajectory modelling is to minimize the collision risk and maximize the
efficiency of intersection usage, etc. by identifying safe travel routes for vehicles.
In order to enhance these metrics, vehicle control parameters like velocity, acceler-
ation, braking and throttle, etc., can be taken into account. The constrains on the
modelling thereby can be identified. Based on each vehicle’s trajectory, it can be
determined which vehicle has a potential of colliding with another one in the course
of passing the intersection. The trajectory with no risk of collision is classified as
safe pattern and the vehicle which has it utilize the intersection safely. As shown
in the Figure 2.2(c) some trajectories such as 1 and 4 build a safe pattern while 2
and 6 do not. Trajectory modelling has a wide usage are such as in a traffic flow
analysis systems [24], and for collision avoidance on winding roads [25].

8



2. Background Theory

2.1.1.3 Collision Region Modelling

Assuming that the vehicles entering the intersection follow the predefined routes,
probable collision regions can be established by the help of the two methods men-
tioned above, as shown in Figure 2.3. The complexity in the implementation of
previous two other methods is considerably reduced, as stated in [6], where collision-
free path planning was done by using the combination of integrated scheduling and
path planning.

Figure 2.3: Illustration of potential collision regions on a four way intersection.
(Source: modified from [2])

2.1.2 Cooperative Intersection Management (CIM)
In order to enhance traffic safety and efficiency in Intelligent Transportation, vehicles
and infrastructures are unified by using cooperative vehicular techniques. It can be
used to solve the intersection passing by cooperative communication in vehicular
networks, which is called Cooperative Intersection Management (CIM). Where all
vehicles collaborate with each other, so the passing and traffic on the intersection is
scheduled and coordinated depending on the collected knowledge from cooperative
environment. There are two types of communication in cooperative systems which
are vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I), respectively [26].
CIM can be classified as centralized or distributed depending on whether there is a
central control unit or not.

2.1.2.1 Centralized CIM

Centralized CIM includes a coordination unit that is responsible for collecting and
broadcasting knowledge from the environment to vehicles, as shown in Figure 2.4.
Furthermore, a decision is centrally taken by the coordination unit. According to
the broadcast, a vehicle can decide how and when to pass the intersection safely.

2.1.2.2 Distributed CIM

Distributed CIM has no central control units, and vehicles create a communication
network through Vehicular ad-hoc network (VANET) [27], as shown in Figure 2.5.

9
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In a distributed CIM, decisions are taken locally based on knowledge of the environ-
ment, and then vehicles agree on passing the intersection to minimize the collision
risk. Different methods are combined with CIM, such as in [28], cooperative vehic-
ular network system with the different types of vehicles was exhibited as centralized
and distributed with the possibilities of Cognitive Radio.

Since this thesis focused on radar communication between vehicles forming a VANET,
we utilized distributed CIM in our study.

Figure 2.4: Illustration of centralized CIM. Central control unit manages intersec-
tion passing.(From [1]. Adapted with permission.)
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Figure 2.5: Illustration of distributed CIM. Vehicles make CIM decisions through
VANET.(From [1]. Adapted with permission.)

2.1.3 Traffic Coordination
Depending on the existence of traffic lights or traffic controllers, traffic flow on the
intersection can be coordinated in two ways, which are signalized intersection and
non- signalized intersection.

2.1.3.1 Signalized Intersection

At a signalized intersection, traffic lights are used to coordinate the traffic flow, as
shown in Figure 2.6, and it is a critical component in terms of traffic congestion
and collision. Today signalized intersection management is enhanced by combining
different technical methods such as in [7]; an integrated waiting area was proposed
with the signalized intersection where all lanes were assumed as variables and circu-
larly assigned to different directions on the intersection keeping the traffic flow the
same. They achieved a decrease in delay and an increase in traffic efficiency at the
intersection. Another study [29] combined shock wave analysis and Bayesian Net-
work to predict some traffic variables such as congestion and journey time etc. at a
signalized intersection, and the simulation results showed an encouraging prediction
rate.

2.1.3.2 Non-Signalized Intersection

Contrary to signalized, Non-signalized intersection does not have any traffic con-
trollers like a traffic light or sign, etc. as shown in figure 2.7. Intersection passing is
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Figure 2.6: Illustration of signalized intersection with traffic lights.(From [1].
Adapted with permission.)

managed through eye contact among drivers. It may result in unwanted situations
like traffic accidents, so non-signalized intersection has been evolving with promis-
ing technological progress involving cooperative communication like V2V and V2I,
collision avoiding system and connected vehicles, etc. In [30], a cooperative driving
algorithm for connected and automated vehicles was designed by using model pre-
dictive control. According to simulation results, the developed algorithm enhanced
safety, traffic efficiency at the intersection.

In order to make the virtual traffic scenario more complex, a non signalized inter-
section is a more appropriate way to coordinate traffic flow in our study.
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Figure 2.7: Illustration of non-signalized intersection (From [1]. Adapted with
permission.)

2.2 Radar Basics
Radar is the abridgment of Radio Detection and Ranging System, which uses elec-
tromagnetic waves to acquire the location and distance of an object. It performs
by transmitting signal to and receiving the reflected signal from the target object.
Depending on the application, it operates in the different frequency ranges of the
radio spectrum, such as the mm (millimeter) band of 30–300GHz for automotive,
navigation, high-resolution image processing etc., [31, 11]. Radars can be classified
as primary and secondary depending on whether there is a transponder on the tar-
get. In a primary radar, the antenna transmits a radar pulse to and receives a small
portion of signal reflected back from target and then calculates the range by using
the time delay between transmitted and reflected signals. Current automotive radars
however, in a secondary radar, a longer yet reliable range can be accomplished since
more powerful signal is reflected to a transmitter through a transponder compared
to primary radars [32].

There are several more kinds of radar configuration depending on the application
area and technology in use such as bistatic radar, continuous-wave (CW) radar,
and pulse-Doppler radar[31] For example, in CW radar systems, a continuous wave
signal with the same frequency is transmitted, and it is not possible to acquire
range information since time delay measurement cannot be achieved. However,
it can measure the relative speed of the target by Doppler shift of the receiving
signal, which is a difference in the frequency caused by the movement of one of
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the transmitters, the target, or both. It is often preferred in traffic control and
military applications. In pulsed radar systems, the good range resolution is achieved
by repeating short and powerful pulses. It performs well in resolving the targets
located far away. It requires high power to keep the signal to noise ratio (SNR) at
an acceptable level. In basic radar systems, the range (R) is calculated by using
the round-trip time that transmitted signal takes to and from the target during
propagation, and it can be expressed given formula.

R = c∆t
2 (2.1)

where ∆t is the round-trip time in [s] and c is the speed of light in meters per second.

FMCW is one of the most common types of automotive radars for short-range since
it provides fine range and relative velocity estimation with high accuracy in terms
of cost and efficiency. It transmits frequency modulated continuous ramp signals
generated by a voltage-controlled oscillator (VCO) [31, 33]. FMCW radar systems
support many modulation methods or waveforms based on measurement purposes.
Popular modulation methods are:

• Stepped waveform (Staircase voltage): It transmits consecutive trains of si-
nusoidal signals at different frequencies to targets. By clarifying a convenient
value as step frequency, unambiguous measured range is set to maximum.

• Triangular waveform: A beat frequency is obtained because of target range
and Doppler frequency. The components of beat frequency are combined as
difference from rising and falling edge of signal. The radial velocity and the
target range can be determined by using these components. The disadvantage
for triangle waveform is the ghost detection that is caused by resultant Doppler
frequencies in the existence of a number of reflections.

• Square-wave form (simple frequency-shift keying,FSK): This modulation type
provides an exact distance determination for a short range by making the
comparison of the phases obtained from two reflected signals’ frequencies.
Drawback of this modulation is that it is not possible to distinguish multi-
ple targets since reflected signals from different targets in the radar range are
not distinguishable from each other.

• Sawtooth waveform: It supports the detection in large range and the Doppler
shift on range estimation can be omitted.

In order to realize the proposed RadCom in our study, FMCW radars based on
sawtooth waveform are used as automotive radars that are mounted on vehicles be-
cause of their detection performance for long and short range. Also, they have the
potential to detect very small movements. It transmits a modulated sinusoid signals
[34] that is called chirps whose frequency increases linearly over time as depicted in
Figure 2.8.

There are several performance metrics to evaluate a detection system. These metrics
for an automotive radar are velocity resolution, range resolution, direction estima-
tion, maximum measurable range and maximum measurable velocity [11, 35]. These
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Figure 2.8: Illustration of chirp signal, with frequency as a function of time.

rely on technical properties of the chosen radar such as carrier frequency, sampling
frequency, chirp duration T and bandwidth B as shown in figure 2.8. In a FMCW
radar, sampling rate Fs of analog-to-digital converter (ADC) and the slope of the
modulated chirp signal constraint the ability to detect the maximum range.

The round-trip (τtrip)time states the length of time between transmitted and received
chirps [34] and for the chirp shown in figure 2.8, it is expressed as

τtrip = 2d
c

(2.2)

where d is distance from the radar to the target.
In addition, maximum measurable range (dmax) [34] is given by

dmax = cfs
2S (2.3)

where S is the slope of chirp signal and it is defined as the ratio of the chirp band-
width to the chirp duration and is given by

S = B

T
(2.4)

The range resolution is essential to automotive radars and it expresses the ability to
resolve two closely positioned targets by considering the minimum distance required
between them [11, 35]. The resolution (∆R) relies only on the ramp chirp bandwidth
B so bigger bandwidth enables to have a better resolution. It can be expressed as

∆R = c

2B (2.5)

Another notable performance metric on automotive radars is velocity resolution (∆v)
(2.6) that the capability to resolve moving targets’ velocities with high accuracy
[11, 34]. As expressed in the equation the longer frame time transmitter in FMCW
radar has, the better velocity resolution is can be obtained on the receiver side.

∆v = λ

2Tf
(2.6)
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where Tf is frame duration that is the sum of chirps’ duration and processing time
and λ represents the wavelength of carrier signal. There are some constraints such
as the carrier frequency and chirp duration for a radar to resolve the radial ve-
locities unambiguously. The maximum measurable relative velocity states that the
maximum, unambiguously detected velocity (vmax) and it is given by

vmax = λ

4T (2.7)

As the equations above suggests, chirp bandwidth and chirp duration are crucial in
selection or design of a radar. For instance, better range resolution and maximum
measurable range require larger bandwidth. Consequently, we need to consider
the trade-off between these two parameters and radar performance metrics when
designing a radar system [11, 34, 35].

2.3 V2V Communication Basics
Vehicular communication is getting notable attention from the point of road safety
and traffic efficiency by critical technological advancements in research and indus-
try area. Taking a more in-depth look at the last two decades, we saw firstly in
the US that 5,9 GHz bandwidth was dedicated to communication between V2V
and then followed by Vehicle to Everything (V2X) [21]. This frequency band also
is named Dedicated Short-Range Communication (DSRC), and it has been allo-
cated to communication channels in tens of megahertz bandwidth [4]. Meanwhile,
the European Telecommunication Standards Institute (ETSI) has defined intelligent
transportation system (ITS)-G5 standards [5]. Both DSRC and (ITS)-G5 standards
are built on the IEEE 802.11p technology, and the maximum data rate is at around
27 Mbps [21]. Vehicular communication based on either one of both standards has
allowed vehicles to broadcast their attributes to their neighbors, as shown in fig-
ure 2.9. However, in a crowded and dynamically changing topology, both can have
difficulties such as packet collision, link blockage caused by another vehicle, and
communication-to-communication interference, etc. since medium accesses control
(MAC) layer in IEEE 802.11p is used for wireless local area networks (WLAN) with
low mobility [36]. Vehicular communication can be considered as a real-time system,
and the essential part of this system is MAC [36, 37].

VANET is designed by a wireless network of vehicles to overcome aforementioned
difficulties. VANET is created by the communication among distributed vehicles
and there is no central control unit for coordination and sharing resources. That’s
why, the allocation of a centralized MAC protocol for a distributed and dynamically
changing topology requires much effort [38].

The IEEE 802.11p MAC protocol with Carrier Sense Multiple Access (CSMA) al-
gorithm and the exponential back-off enables to listen channel activity [38]. In this
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Figure 2.9: Illustration of vehicular communication between two vehicles.

procedure [38, 12], a vehicle which intends to broadcast its communication packet
needs to listen to the channel for some time and then, if the channel is sensed free,
it can broadcast the packet. However, if the channel is sensed busy, the vehicle has
a random back-off value that obtained by an exponential distribution and this value
is getting decreased while listening to the channel. The vehicle continues to listen
to the channel until it gets free again.

2.4 Radar Communications (RadCom)
Radar systems are one of the most prevalent methods to acquire the location infor-
mation of an object. Studies relevant to the specific radar waveform design result in
the enhanced accuracy in the detection and estimation tasks of the object velocity
and range. Thereby, FMCW based automotive radars have been most popular in
terms of driving safety and local awareness in the automotive industry. Despite the
fact that those radars occupy the 77-81 GHz millimeter wave band which is dedi-
cated to 79 GHz, the detection accuracy in automotive radars is not in the aimed
levels [4, 22].

Vehicular Communication is another popular method from the point of view of road
safety and traffic efficiency. 5.9 GHz band has been dedicated to short range com-
munication that starting between V2V and going on with V2X [4, 8]. However, the
rapid increase in user demands from, and advancements on vehicular communication
has triggered the scarcity problem in this band spectrum [4, 8, 9].

In recent years, to be able to cope with such challenges, there has been promising
research done. One particular study that stands out is called Joint Radar Com-
munication (RadCom), which is based on using the same hardware and the same
radio spectrum for radar and communication systems [8, 9]. RadCom not only
provides higher efficiency in terms of spectrum and energy consumption but also
mitigates mutual interference between radar systems and communication systems
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[12, 14]. There are still some difficulties to overcome. If both communication sys-
tem and radar receiver operate simultaneously, strong self-interference occurs in the
radar receiver. The self-interference cancellation between both systems requires full-
duplex operation [14].

There are many ongoing RadCom oriented research studies, and they all seek the
answer to “how to be able to make the integration between radar and communi-
cation systems more efficient, practical in intelligent transportation”. One of them
suggests a joint access channel method to mitigate interference [22]. Another one
proposed by [39] is using the dual-functional radar communication technique for
predicting vehicle motion parameters. The most popular one for RadCom is to use
OFDM waveforms because of its advantages, such as showing high performance de-
spite propagation through varying conditions [8, 14].

2.5 The Application of FMCW Radars on Rad-
Com

A RadCom unit, as illustrated in Figure 2.10, is facilitated by making some modi-
fications on radar hardware, and the input to the transmitter is be altered to radar
and communication. Similarly, on the receiver side, the antenna is shared by radar
and communication modules. Thereby, the transmitter on the RadCom unit can
convey either radar signals or communication signals at different times just like the
receiver can capture receiving radar signals or communication signals at different
times [12, 40].

Target
Received signal

Transmitted signal

Mixer ADCLow pass

FMCWwaveformgenerator

Basebandsignalprocessing

Figure 2.10: Block diagram of a RadCom unit (Source: modified from [3])

A sequence of chirps transmitted by radar, reflections from multiple targets, and
the time is required to process received signals are shown in Figure 2.11. Here, Tf
is frame time that is the sum of chirps’ duration and processing time. The FMCW
radar transmits a sequence of chirps which are frequency modulated continuous
waves and a chirp can be mathematically expressed by

c(t) = exp(j2π(fc + B

T
t)t) (2.8)
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Figure 2.11: Frequency versus time FMCW chirp with reflected chirps from mul-
tiple targets

where fc represents carrier frequency, T is chirp duration, B denotes radar band-
width, and t is time, and the transmitted signal by an FMCW radar is given by

s(t) =
√
Ptx

N∑
n=1

c(t− nT ) (2.9)

where Ptx denotes power transmitted by radar, and N represents the total number
of chirps transmitted in a time frame.

Since we are in antenna far field region, captured power Prx (2.10) by receiver
antenna can be found from free space propagation model [32, 3].

Prx = PtxGtxGrxλ
2d−2

(4π)2 (2.10)

where Gtx and Grx are gains for transmitter and receiver in turn and d denotes the
distance between transmitter and receiver. Since we use identical radars, Gtx and
Grx take the same value in our simulations that is denoted by Gtrx.

If it is assumed that vehicles have the potential of scattering the radar signal in
high power level as depicted in Figure 2.12, then we need to consider the strength
of received signal through back scattering.

If the back scattering is located at a distance d from the transmitter, the received
signal power is attenuated by d−4 since the transmitted signal travels the same
distance twice, and it is given by equation 2.11 which shows us that there is a very
strong dependence on distance compared to the other variables [32, 40].

Prx = PtxGtxGrxσλ
2d−4

(4π)2 (2.11)
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Figure 2.12: Multiple back scattering from a target vehicle towards a receiver

In the given radar equation where σ denotes target cross-section area (RCS) [m2],
and it states the reflectivity of an object in the radar receiver’s direction.

At the receiver side first, the received signal is mixed with a copy of transmitted
chirp by a mixer. The output signal is called intermediate frequency (IF ) signal,
which comprises a signal with harmonics. Next, ADC samples the output signal with
the sampling rate Ts. The sampled signal is ready to be processed by the digital
signal processor (DSP ). After signal processing processes on the sampled signal,
frequencies will be estimated. A sample n, from the sequence of the received signal
sampled by ADC where there is a single scattering target, can be mathematically
expressed by [32, 12, 3]

rn =
√
γPtxd−4 exp

(
j2πB(2d/c− 2τD)

T
nTs

)
+ wn (2.12)

In the given equation τD represents Doppler time shift, τD = Tvfc/Bc that caused
by a time-varying distance, v is the relative speed, wn denotes additive white Gaus-
sian noise and is radar cross section for a target, γ = GtxGrxλ

2/(4π)2.

In the presence of K targets that are located at different distances, the received
signal is the superposition of K backscattered signals. The equation is rewritten
for nth sample as below, and it is also assumed that there is the only line of sights
(LOS) between target and radar [35, 12].

rn =
K∑
i=1

√
γPtxd

−4
i exp

(
j2πB(2di/c− 2τDi)

T
nTs

)
+ wn (2.13)

2.5.1 Mutual Interference Analysis and Modelling
In order to understand the behavior of a radar when it is interfered, an interference
model that covers the mutual interference caused by multiple targets is introduced.
Let us consider a traffic scenario where identical FMCW radars deployed on two ve-
hicles that are approaching the intersection on the opposite lanes. Besides, vehicle
A is assumed to have an ego radar while assuming vehicle B to have an interfering
radar. The distance between two radars is d, and τ is the relative time delay, which
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states how long after interfering radar starts transmission following the ego vehicle’s
starting transmission. Arrival time of interfering signal in the receiver of ego radar
is τ + d/c− τD as shown in Figure 2.13.
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Figure 2.13: Back scattering signals and mutual interference of signals from others
around. Green colored chirps represent transmitted, black ones are back scattering
and red ones represent interfering signals.

A sample r̃n that is taken from the sequence of the received signal sampled by ADC
can be expressed in Equation 2.14 two ways depending on the relation between τ
and vulnerable period Vper [12].

r̃n (2.14)

=

rn τ /∈ Vper
rn +

√
γPtxd−2 exp

(
j2πB(τ+d/c−τD)

T
nTs

)
τ ∈ Vper

The vulnerable period is defined as the set of τ values in which the ego radar is
interfered by another. When τ is not within Vper, the received signal is not exposed to
interference, and for this reason, it is expressed by 2.12. However, if τ is within Vper
it received signal is exposed to interference, and it takes the signal form expressed in
Equation 2.14. In the presence of K targets that are located at different distances,
the received signal is the superposition of the back scattered signals and interfering
signals. Equation is rewritten for nth sample as below

r̃n = rn +
∑

τi∈Vper

√
γPtxdi

−2 exp
(
j2πB(τi + di/c− τDi)

T
nTs

)
(2.15)

If the radars, which can cause interference, perform at out of Vper, the received sig-
nal is not exposed to interference and, for this reason, expressed by Equation 2.13.
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Otherwise, it has a total of back scattering and interfering signals.

As understood from Equations (2.14, 2.15), an interfering signal has a factor by d−2

and it has very strong impact on the back scattering signal. Hence, an interfering
signal causes performance loss in detecting systems such as mis-detection or ghost
target detection.
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This chapter introduces the technology being used in designing traffic scenarios based
on complex virtual traffic and real-time traffic data, selecting and placing automotive
radars, identifying vehicular LOS paths, and selecting wireless propagation channel.

3.1 Distributed, Non-Signalized Intersection De-
sign

The design and coordination methods explained in Chapter 2 comprised a basis for
our distributed, non-signalized intersection design that was used on simulated traf-
fic flow, thereby no traffic lights or central coordination unit existed. We defined
a cooperative schedule algorithm based on trajectory and collision region modeling
where vehicles follow predefined routes [41]. First, all the possible routes that a ve-
hicle follows while approaching, passing and leaving an intersection were described
by considering traffic rules. Then, potential collision regions and safe trajectories
were established depending on vehicles’ directions. A safe trajectory here represents
a route being collision free. Next, it was assumed that vehicles with safe trajecto-
ries were scheduled to pass the intersection at one and the same time.To visualize
this, let’s consider a four-way intersection with straight, left-turn and right-turn as
depicted in Figure 3.1 and assume that vehicle A moves on lane 3 and vehicle B
moves on lane 7.

According to this assumption only four collision free driving scenarios exists, and
vehicles can pass intersection at the same time,

1. Vehicle A moves from lane 3 to lane 4, while vehicle B moves from lane 7 to
lane 8.

2. Vehicle A moves from lane 3 to lane 6, while vehicle B moves from lane 7 to
lane 8.

3. Vehicle A moves from lane 3 to lane 4, while vehicle B moves from lane 7 to
lane 2.

4. Vehicle A moves from lane 3 to lane 6, while vehicle B moves from lane 7 to
lane 2.
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Figure 3.1: Illustration of four-way intersection with safe trajectories.

A collision is the one of inevitable facts of traffic and it may usually occur as de-
picted in figure 3.2, when

• two vehicles move along the same lane (A,B),
• two vehicles from different lanes pass the same junction area simultaneously

(A,C).

Figure 3.2: Illustration of four-way intersection with collision risk.

In order to guarantee healthy traffic flow, we need to minimize the collision risk.
Minimizing was achieved as shown in Figure 3.3 by
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1. identifying trajectory profile of each vehicle one by one,
2. defining initial position of a vehicle according to previous one’s trajectory,
3. calculating approximate time difference (t) when previous vehicle enters and

leaves the intersection and then converting this time into distance (t.v),
4. calculating next vehicle’s initial position (xb), by adding the calculated dis-

tance together with safety gap between two consecutive vehicles into the pre-
vious one’s initial position (xa).

As a result of minimizing, non-safe trajectories were converted into the safe ones.

Figure 3.3: Illustration of minimizing process’s application.

Where,
• xA: The initial position of Vehicle A (m)
• xB: Computed initial position for Vehicle B (m)
• t: Travel time of Vehicle A to pass the intersection

We finally have designed a driving scenario including a distributed, non-signalized
intersection with multiple vehicles and it was simulated by Matlab’s (R2019-A)
Autonomous Driving Scenario Toolbox functions [42]. As shown in Figure 3.4, our
design enabled us to increase the number of vehicles and acquire different topologies
in which vehicles are randomly or equally distributed among the lanes depending on
scenario choice. In Scenario -I, vehicles randomly are distributed among lanes while
in Scenario-II, vehicles equally are distributed among lanes. In every run of each
scenario, vehicles have different routes since our design algorithms randomly create
vehicle trajectories. Besides, vehicles approaching intersection decelerate, pass the
intersection at the same speed and accelerate again after passing the intersection.
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Figure 3.4: Design of distributed, non-signalized intersection. a) four-way inter-
section with randomly distributed vehicles (Scenario-I) b) four-way intersection with
equally distributed vehicles (Scenario-II)

3.2 Radar Deployment on a Vehicle
The most popular vehicular automotive radar type is FMCW radars, and they can be
classified according to their range measurement capability and field of view (FOV).
They are long-range radar (LRR), medium-range radar (MRR), and short-range
radar (SRR) respectively [43]. They have different functional responsibilities, and
their common technical properties along with their applications are listed in Table
3.1 [43, 44].

Radar Type Long-Range Medimum-Range Short-Range
(LRR) (MRR) (SRR)

Range(m) 10− 250 1− 100 0.15− 30
Azimuth FoV(deg) ±15 ±75 ±80
Elevation FoV(deg) ±5 ±5 ±10

Applications Automotive blind-spot obstacle
cruise control detection detection

Table 3.1: Classification of Automotive Radars Based on Range Measurement
Capability.

To increase the local awareness by automotive radars, we mounted six radars on a
vehicle. Of these six radars, two LRR and four MRR were selected by considering
their range capabilities and FOVs. LRR was chosen for front and back radars, while
MRR was chosen for front and back corner radars. We used the dimensions of a
Volvo XC90 [13], assuming that LRR was placed above the windshields and rear
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window, while MRR placed above the right and left corners of the front and rear
bumper as depicted in Figure 3.5. Their technical details were listed in the Table
3.2.

Location Front Back Front Front Back Back
Right Left Right Left

Type (LRR) (LRR) (MRR) (MRR) (MRR) (MRR)
Range(m) 10− 200 10− 200 1− 80 1− 80 1− 80 1− 80
Azimuth ±10 ±10 ±75 ±75 ±75 ±75
FOV(deg)
Elevation ±5 ±5 ±5 ±5 ±5 ±5
FOV(deg)

Yaw 0 −180 −60 60 −120 120
Angle(deg)

Table 3.2: Technical Details of Automotive Radars Used in Our Design.
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Figure 3.5: Illustration of the radars’ placement on a vehicle

The radar placements and the FOV covered were simulated by the Matlab’s au-
tonomous driving scenario toolbox functions. By this placement, a circular coverage
area was created around the vehicle. In addition, two adjacent automotive radars
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were assigned different frequency bands in order to avoid adjacent radar interference,
whereas the same frequency band was used for opposite radars, since their FOVs
did not intercept each other.

Yaw angle represents the instant deviation of a vehicle from a straight route as
depicted in the Figure 3.6 and the x-axis denotes the straight route. It takes positive
values in the anti-clockwise direction.

y y

x x

a) b)

yaw=0
yaw

Figure 3.6: Illustration of the yaw angle’s variation

3.3 Identifying LOS Paths between Vehicles
In order to identify possible V2V LOS paths that cause interference, we partially
used Geometry-Based Propagation Modelling. For this modeling, vehicle locations
and the outline of obstacles such as vehicles and buildings are used to distinguish
two types of links, which are LOS, non-LOS. According to studies done, one of the
most critical sources of link blockage is vehicles [45], so we omit the possible blockage
sources except for vehicles and considered only LOS paths between vehicles during
our study. The methodology we followed comprises of two basic computational
geometry concepts based on the vehicle location information.

3.3.1 The Calculation of Instantaneous Radar’s Location
Matlab’s Driving scenario tool enables us to read vehicle location information instan-
taneously. However, it does not provide the information of existing LOS propagation
paths. Vehicle information includes a vehicle’s position in cartesian coordinates, ve-
locity, and yaw angle, which are:

• x0: Vehicle’s position in x axis on the coordinate plane (m)
• y0: Vehicle’s position in y axis on the coordinate plane (m)
• θyaw: Vehicle’s yaw angle in degrees
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Reading x0 and y0 correspond to back radar’s position information (xb,yb), while
θyaw gives front radar’s yaw angle θyaw−f (3.1) and the position information for
each radar can be calculated by using these reading values along with geometric
equations.

θyaw−f = θyaw (3.1)

3.3.1.1 Front Radar

Let us assume that a vehicle is located on the coordinate plane, as depicted in the
Figure 3.7. The position information (xf, yf) of the front radar mounted on a ve-
hicle can be calculated by writing some geometric equations from Figure 3.7.
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Figure 3.7: Geometric relation between (xf , yf ) and (xb, yb)

xf = d · cos(θyaw−f ) + x0 (3.2)

Where d is the distance between front and back radars.

yf = d · sin(θyaw−f ) + y0 (3.3)

3.3.1.2 Back Radar

As aforementioned before, back radar’s position information (xb,yb) is given by Mat-
lab and yaw angle θyaw−b can be calculated by Equations given in 3.4 depending on
the sign of θyaw.

θyaw−b =

θyaw + 180 if (−180 ≤ θyaw < 0 )
θyaw − 180 if (0 ≤ θyaw ≤ 180 )

(3.4)

29



3. System Modelling

3.3.1.3 Front Right Corner Radar

The geometric relation between the front right corner and the back radars can be
depicted on the coordinate plane as shown in Figure 3.8. Let’s assume that the
position information of the front right corner radar mounted on a vehicle to be as
(xfr,yfr). It can be calculated by using these geometric relations:

yaw

small

small

yaw90-

yaw+90-

yaw90-

y y
fr b

(y x )
fr fr

w

d2

y
fr

,

(y x )
b b
,

x

y

=x

=y

x

0

0

b

b

fr

y

x

x x
fr b

Figure 3.8: Geometric relation between (xfr, yfr) and (xb, yb)

θsmall = arcsin w

(2 · d2) (3.5)

θyaw′ = θsmall − θyawreal (3.6)
xfr = d2 · cosθyaw′+ x0 (3.7)
yfr = d2 · sinθyaw′+ y0 (3.8)

where d2 is the distance between front and front right radars, w is the distance
between front right and front left radar pair. Depending on vehicle’s direction, a
relative yaw angel value θyaw−fr can be calculated as given in Equation 3.9.

θyaw−fr =

θyaw + 300 if(−180 ≤ θyaw < −120)
θyaw − 60 if (−120 ≤ θyaw ≤ 180 )

(3.9)

3.3.1.4 Front Left Corner Radar

If it is assumed that a vehicles is located on the coordinate plane as depicted in
Figure 3.9, the position information (xfl,yfl) of the front left radar can be found by
using the geometric relation with the position information (xfr,yfr) for front right
radar.

xfl = −w · sinθyaw + xfr (3.10)
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yfl = w · cosθyaw + yfr (3.11)

Relative yaw angel value θyaw−fl can be calculated as given in Equation 3.12.

θyaw−fl =

θyaw + 60 if(−180 ≤ θyaw < 120)
θyaw − 300 if (120 ≤ θyaw ≤ 180 )

(3.12)

3.3.1.5 Back Right Corner Radar

The geometric relation between the back right corner and the back radar pair on
the vehicle can be illustrated on the coordinate plane as shown in Figure 3.10. If we
assume that the position information of back corner radar to be as (xbr,ybr), it can
be calculated by following equations.

θsmall = arcsin w

(2 · d3) (3.13)

θyaw′ = θsmall + θyawreal (3.14)

xbr = −d3 · cosθyaw′+ xb (3.15)

yfr = −d3 · sinθyaw′+ yb (3.16)

Where d3 is the distance between back and back right radars. Relative yaw angel
value θyaw−br can be calculated by Equation 3.17.

θyaw−br =

θyaw + 240 if(−180 ≤ θyaw < −60)
θyaw − 120 if (−60 ≤ θyaw ≤ 180 )

(3.17)
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3.3.1.6 Back Left Corner Radar

The position information (xbl,ybl) of the back left radar can be calculated by using
the geometric relation with xbr,ybr shown in Figure 3.11.
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Figure 3.11: Geometric relation between (xbr, ybr) and (xbl, ybl)

xfl = −w · sinθyaw + xfr (3.18)

yfl = w · cosθyaw + yfr (3.19)

32



3. System Modelling

Relative yaw angel value θyaw−bl can be calculated by Equation 3.20.

θyaw−br =

θyaw + 120 if(−180 ≤ θyaw < 60)
θyaw − 240 if (60 ≤ θyaw ≤ 180 )

(3.20)

3.3.2 Link Blockage Check
We consider an intersection where radars mounted on the different vehicles are
interacting with each other. Since there are no obstacles between the Tx radar on
vehicle A and Rx radar on vehicle B, they establish LOS with each other as depicted
in Figure 3.12(a). However, when another vehicle C drives to the intersection, it
blocks the LOS, as illustrated in Figure 3.12(b). As a result, the detection loss
happens in Rx radar.

A B A C B

a) b)

Figure 3.12: Illustration of link blockage between vehicles: a) no blockage b)
blockage between vehicles

In our design firstly, we assume that if radar pairs are in each other’s FOVs and
there are no obstacles and a direct LOS is established as shown in Figure 3.12(a).
Then, in order to identify blockage between radars, the outline of the vehicle is used
as expressed in [45, 46] where if the transmitted signal from a radar intersects the
outline points of the another vehicle between two facing radars, the link is considered
non-LOS as shown in Figure 3.12(b) Finally, the set of LOS for each radar is obtained
to be used in our study’s next steps.

3.4 Wireless Channel Propagation Model
We chose simplified layer models to obtain feasible high-layer network simulations
even though advanced channel propagation models are more commonly used to
model all scatterers and reflectors in a vehicular environment. Having developed a
network through joint radar communications in the mmWave band, we used ray-
tracing models to model the channel. Consequently, our assumption was based
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on the theory that both radar and communication signals only propagate through
a LOS path in case one exists, applying a geometry-based deterministic vehicular
channel model. For simplification’s sake, we ignored signals reflecting from the en-
vironment (ground, buildings) or other vehicles.

This simplified approach made it possible to receive three signals received by Rad-
Com unit ri from another rj : the communication signal, the radar return, and the
radar interference. We assumed that there was free space propagation conditions.
With help of Equation 2.10, we calculated SNR captured by ri for these there signals
severally hereinbelow:

SNRr = PrGtrxλ
2
rσGp

Nr(4π)3d4
r
, (3.21)

SNRint = PrGtrxλ
2
rGp

Nr(4π)2d2
int
, (3.22)

SNRc = PcGtrxλ
2
c

Nc(4π)2d2
c
, (3.23)

Where σ denotes target’s radar cross-section, Gtrx is transmitter and receiver an-
tenna gains (assuming that they are equal for all LOS), Gp states the radar pro-
cessing gain. Since we work on both communication and radars systems, we have
the separate wavelengths that are λr for radar signals, λc for communication signals
respectively. Moreover, dr, dint and dc stand for the sensing range for radar, the LOS
interference range and the LOS communication range in turn. Nr and Nc are the
noise powers caused by radar and communication systems’ receivers and they are
given by

Nr = BrkTF (3.24)
Nc = BckTF (3.25)

Where Br is radar bandwidth, k denotes Boltzman’s constant, Bc is the commu-
nication bandwidth , F is the receiver’s noise figure, and T in Kelvins is receiver
temperature.

3.5 Enhancing VANET simulation with realistic
Vehicular Mobility Traces

Simulation is the most effective way to evaluate the performance of a system in
terms of time and cost. However, the results attained by simulation may not be reli-
able, depending on the vehicular topology designed. In the current simulation tools
such as Matlab, SUMO, vehicular traffic scenario where vehicles move, is created
by using a mobility model. A mobility model provides vehicle position information
instantaneously, and a vehicular topology based on this information is unrealistically
designed [47]. The obtained topology may give rise to unreliable results. Hence, it is
crucial to acquire reliable results when evaluating the performance of the VANET.
One particular method that stands out is to use real-time traffic data that includes
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vehicles’ positions over time [47, 48]. Since the traffic data is taken at the certain
time intervals, we need to fill the gaps between measurements. The movement of a
vehicle, including its position information, can be described as a continuous function
and the gaps can be filled by sampling the data. However, it is possible to lose a
part of the data because of the low sampling rate. There are some ongoing stud-
ies to rebuild the vehicle’s movement-based sampled trajectories by completing the
lost data points. In [49] sampled signal is filtered to eliminate redundant points by
keeping the essential ones and then pair each trajectory with a similar projection.
Another study to rebuild a vehicle’s trajectory is the interpolation method based
on sequential records. For instance, the linear interpolation method is applied and
elaborated in [50]. However, the linear interpolation method does not perform well
in the trajectories, including curved paths. In [51], the proposed methodology con-
tains two elements, which are reference system acquired by anchor points and a
calibration method based on the reference system to acquire the missing points, re-
spectively. [48] uses a clustering algorithm to complete the missing real data points
in a vehicle trajectory. As a result of their studies, the Cologne trace provides the
most comprehensive vehicular traces.

To evaluate the performance of our proposed RadCom approach, we used the ve-
hicular mobility data set that [48] obtained as the result of their study. This study
included the synthetic trace of vehicular traffic in Cologne at intervals of a minute
for a total of 24 hours. We interpolated the data set by assuming the movement of
a vehicle as a continuous function since RadCom units scan around at intervals of
10 µs. Then we simulated a realistic vehicular scenario, which is called Scenario-III,
for the number of vehicles increasing from 4 to 12 at the steps of 4. Scenario-III
included straight traffic without intersection where vehicles move straight and do
not take any left or right. Hence, we had more straightforward traffic compared to
Scenario-I and Scenario-II. The non-specific content and the massive size of the orig-
inal data set constrained us from extracting more complex traffic situations. This
problem was noted as an issue to deal with in future studies.
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4
Enhanced RadCom Protocol for

Mitigating Interference

The idea of increasing the amount of radars automotive radars deployed on a vehicle
has been expected to result in a decrease in the detection performance since more
interference occurs on the received signal. The real reason behind that is not to
able to regulate the automotive radars present on a vehicle with the ones on the
other vehicles appropriately. Therefore, this leads to not only an increase in mutual
interference among radars but also to misdetection and ghost detection [4]. One
solution to address mutual interference is RadCom. In this project, we utilized the
RadCom protocol of [12, 9] to support the coordination of multiple FMCW radars
placed on different parts of a vehicle, so that the field of view of these radars cover
the whole region around the vehicle.

RadCom is supported by a MAC protocol to organize the channel usage with the
different channel access method [12]. The resource allocation for radar and com-
munication systems, the multiplexing scheme of radar signals, and channel usage
schedule for vehicles are critical in designing a RadCom system [22]. We have used
six radars for each vehicle and designed the resource allocation differently. Our Rad-
Com protocol mainly consists of three parts, which are multiplexing, radar medium
access control and communication medium access control.

4.1 Multiplexing
ADC in radar hardware has restraint on the choice of the waveform, and we use the
same hardware for radar and communications systems. We need to pay attention
to which waveform to use. For instance, joint waveform usage is not appropriate
for RadCom because of ADC’s limited performance. Besides, the usage of FMCW
signals results in a quite low communication data rate [9]. Hence, in order to compen-
sate for the limitation in ADC capabilities, we use multiplexing where the available
frequency resource is allocated for two systems.

We selected FMCW as the waveform. Multiplexing in the frequency domain makes
the system gain spectral efficiency and adaptability. Thereby, we split present radar
hardware bandwidth B into four parts. The bandwidth for the communication unit(
Bc ) is 15 MHz. Also, we considered Bc < 1/2Ts the relation between the sampling
interval and the communication bandwidth. BLRR and BMRR are the bandwidths of
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long and medium-range radar units, and they are 800MHz, 250 MHz, respectively.

4.2 Radar Medium Access Control
If there are multiple vehicles equipped with the same type of radars transmitting
simultaneously, or within a vulnerable period, then the effect of mutual interference
on the radars’ signal increases inevitably. That is why the dedicated channel needs
to be appropriately shared among FMCW radars. The technique to achieve this is
called radar time division multiple access (rTDMA) where radars are organized by
alloting each a different rTDMA slots. We keep the bandwidth and carrier frequency
values consistent during the transmission in order to reduce receiver complexity.

Figure 4.1: Illustration of frequency-time resources for the proposed RadCom.
Scheduled radars by RadCom transmit within T3

.

Let us consider a given Figure 4.1, which depicts how frequency and time division
are achieved in our system. We split a radar frame Tf into 1/U time slots which are
5 [T1, T2,...T5] in our design. Here, U as the modified radar duty cycle (Equation
4.1) is given by

U = (N + 1) · T/Tf (4.1)
Where (N + 1) · T denotes the duration of a one-time slot (Equation 4.2), and it
equals to the sum of the duration of N chirps and one idle chirp time to prevent the
chirps from overlapping. Also, by adding one idle chirp time, we can fit more than
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one chirp sequence for the radars on different vehicles into the same time slot. This
slotted time is defined to get non-overlapping chirp sequences within a radar frame.
As a result, mutual interference can be canceled or reduced to an acceptable level.
N is the chirp sequence that radar will transmit, and it is 129 for LRR and MRR in
our design. Ti and T are the duration of one-time slot and chirp duration in turn.

(N + 1) · T ≤ Ti (4.2)
The maximum number of radars that can transmits in the same time slot without
interfering each other is Br/((1 + αd) ·Bc). Where αd denotes a constant value to
take a direct link into account, which may lead to interference. It takes two separate
values for LRR and MRR which are roughly 10 and 6, in turn.

To be able to take advantage of non-overlapping chirp sequences provided by rT-
DMA slots, it is required to determine the maximum size of (Mmax) which represents
how many vehicles can be fitted into available disjoint time- radar frequency source
for mutual interference-free in a vehicular network [9]. Mmax is given by [12]

Mmax ≤
Br

(1 + αd) ·Bc · U
(4.3)

The value of M is 25 and 95 respectively for LRR and MRR, and it means that we
can schedule the radars of 25 vehicles without overlapping for LRR while schedule
the radars of 95 vehicles without overlapping for MRR in a radar frame. Moreover,
we used space-division multiple access (SDMA) to prevent two neighboring medium-
range radars on the same vehicle from conflicting.

4.3 Communication Medium Access Control (cC-
SMA)

The communication system in a RadCom unit has a significant impact on dealing
with mutual interference because we use it to designate different time slots to radars
seeing each other. A different frequency band is allocated for vehicular communica-
tion, and CSMA is responsible for organizing access to the shared communication
channel. Since the topology in VANET updates dynamically, FDMA and TDMA
are inadequate to control, and they require a central unit, as explained in Chapter
2. However, VANET does not support central units, so CSMA is the right choice
for channel access control [38].

Every vehicle that intends to transmit their radar signals broadcast their control
communication packets over a dedicated communication channel with CSMA with
a random binary exponential backoff (BEB). Control communication packets are
defined as broadcast messages, which do not require acknowledgment by RadCom
units. It is a key player in mitigating interference.

We assume that all RadCom units on the same vehicle send the same control commu-
nication packet. Let us assume that vehicle i (Vi) has a chirp sequence transmission
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by using RadCom units through T3 in Tf , broadcast a control communication packet
(purple coloured rectangle) in T2, which received by another vehicle j (Vj) as shown
in Figure 4.1. A control packet has an identity (ID), Slot Index (SI), and the id-List,
respectively. ID provides us information on the time reference [12]. All RadCom
units on the same vehicle get the same ID, SI and id-List. SI denotes a randomly
selected rTDMA slot index while the id-List keeps the list of vehicles having the
same ID. Once a RadCom unit acquires the control communication packets from
the neighboring vehicles, then redefines ID, SI, and id-List for its vehicle accord-
ing to theirs without acknowledgement message. If Vj intends to transmit its chirp
sequences in T3, it declares by broadcasting its own control communication packet
(orange coloured rectangle) in T2. Note that its transmission is scheduled to a differ-
ent and non-overlapping SI. Hence, Vj can transmit by using non-overlapping Vper
after these arrangements by RadCom.

RadCom protocol enables a transmission schedule for the set of RadCom units of
every vehicle, and it includes a distinct and compatible SI. If any clash of control
packets occurs, it is solved in another radar frame with the help of [9]. Also, digital
clock synchronization, which provides coordination among the vehicles, is done by
GPS systems.

40



5
Results

The performance of the proposed radar communications protocol described in Chap-
ter 4 for autonomous driving is evaluated in this chapter. In the following two sec-
tions, we explain the assumptions and simulation parameters; and then we discuss
the acquired simulation results.

5.1 Simulation Parameters
To evaluate the performance of our proposed RadCom approach, firstly, we used
our intersection designs in which vehicles were randomly (Scenario-I) and equally
(Scenario-II) distributed among lanes. In every run of the first two scenarios, differ-
ent vehicle topologies occur since our intersection design algorithms randomly create
vehicle trajectories. Besides, vehicles approaching the intersection decelerate, they
pass the intersection at v = 30 km/h and after passing the intersection they increase
their speeds to v = 50 km/h again. After considering our virtual traffic scenarios,
Scenario-III based on real-time traffic data, was used to examining the performance
of proposed RadCom. A total of 10 Monte Carlo simulations of 6 s duration with the
determined radar and communication parameters in Tables 5.1- 5.3 were done for all
three scenarios, where the number of vehicles increasing from 4 to 16 at the steps of 4.

Table 5.1: Radar Simulation Parameters

Parameter Value
LRR bandwidth (BLRR) 800 MHz
MRR bandwidth (BMRR) 250 MHz
ADC bandwidth (BADC) 15 MHz
Carrier frequency (fLRR) 79.415 GHz
Carrier frequency (fMRR) 80.165 GHz
Modified duty cycle (U) 1/5
Vehicle radar cross section (σ) 10 dBsm
Radar transmitter power (Ptx) 10 dBm
Radar processing gain (Gp) 53.76 dB
Radar signal to noise ratio threshold (γr) 3 dB
Chirp duration (T ) 77.51 µs
Frame duration (Tf ) 50 ms
Number of chirps per frame (N) 129
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Table 5.2: Communication Simulation Parameters

Parameter Value
Communication bandwidth Bc 15 MHz
Communication carrier frequency (fc) 79.02 GHz
Packet size (Npkt) 100 Bytes
Modulation 16-QAM
Communication transmitter power (Pc) 23 dBm
Slot Time (δ) 10 µs
Maximum contention window size (W0) 48
Maximum backoff stage (B) 3

Table 5.3: Joint Simulation Parameters for Both Radar and Communication

Parameter Value
Maximum range of LoS interference for LRR and MRR 4-1 km (αd =10-6)
Thermal noise temperature T0 290 K
Receiver’s noise figure F 10 dB
Antenna gain (Gtrx) 30-13 dBi
Antenna FOV for LRR ±10◦ (azimuth)

±5◦ (elevation)
Antenna FOV for MRR ±75◦(azimuth)

±5◦ (elevation)

The dimensions of a Volvo XC90 [13] were chosen for vehicles’ layout by assuming
six RadCom units were mounted on a vehicle. LRR ones that use the same FMCW
sawtooth radar waveform were placed above the windshields and rear window. In
contrast, MRR ones that use the same FMCW sawtooth radar waveform placed
above the right and left corners of the front and rear bumper. The values of eleva-
tion and the azimuth angels for front and rear RadCom units are ±5◦ and ±10◦,
respectively, whereas for the units on the corners are ±5◦ and ±75◦ in turn.

In our study, we selected ray-tracing models to model the channel. Both radar
and communication signals are assumed only to propagate through a LOS path in
case one exists for simplification, applying a geometry-based deterministic vehicular
channel model. We ignored the signal reflected by the environment. The values of
SNR received at RadCom units were calculated through Equation 2.10.

We formed the chirp sequence to satisfy the parameters of the detection system,
which were introduced in Chapter 2.2. Maximum detectable range dmax takes dis-
tinct values for long and medium-range radars which are 200 m and 100 m re-
spectively. Maximum unambiguously detected velocity vmax is 100 km/h. Range
resolution is less than 1, and velocity resolution 0.5 severally. Also, we assigned two
separate values to αd, which states the existence of direct interferer since the pro-
posed RadCom supports using both long and medium-range radars. It is possible to
get a direct interference within 4 km for RadCom units with long-range functionality
while within 1 km for ones with medium-range functionality.
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Regarding the communication system, we assumed that communication links occur
over AWGN for 16-QAM signals if the bit error rate (BER) were less or equal to
10−5, in which case the achievable data rate was 2Bc based on the previous study
[9].

5.2 Simulation Results and Discussions
This section elaborates on how the performance of the simulated RadCom for var-
ious inputs the number of vehicles, virtual and real traffic scenarios introduced in
Chapter 3 by using different metrics.

5.2.1 The evaluation of Virtual Traffic Scenarios
To evaluate the performance of the RadCom protocol on traffic scenarios-I and II,
we used different performance metrics.

One of the performance metrics is the fraction of radar blinds, which is described
in [52] and given by Equation 5.1

Fb = the number of interfering RadCom units
the total number of RadCom units (5.1)

Figure 5.1 shows a comparison of the fraction of blinds for the number of vehicles
(Nv) increasing from 4 to 16 at the steps of 4, for a total of 10 Monte Carlo simu-
lations of 6 s simulation duration for Scenario-I and Scenario-II, and for the cases
where RadCom was applied (RC) or not (NoRC). Note that, without RadCom,
around 10 % of automotive radars are blinded by interference for the number of ve-
hicles 4 in both scenarios. However, the ratio of blinded automotive radars increases
proportionally by the number of vehicles. It fluctuates around 35% until 4.1 s, and
then decreases for Nv=16 in Scenario-I. On the other side, it fluctuates around 41%
until 2.6 s for Nv=16 in Scenario-II and then decreases. The reason for the decrease
in interfering radars for both RC and NoRC is that vehicles are moving away from
each other so the radars are not in each other’s FOV.

When RadCom is applied, non-overlapping time slots are allocated for every Rad-
Com unit in the system, and mutual interference can be canceled or reduced to
an acceptable level. As a result, the fraction of radar blinds starts decreasing and
reaches zero at different times, depending on the convergence time of the RadCom
algorithm. The convergence time states the time for all RadCom units in a vehicu-
lar traffic scenario to reach negligible mutual interference. As shown in Figure 5.1,
none of the RadCom units remains blinded for Nv= 4 and Nv=8 after their Rad-
Com converged at different times, which are 38 ms and 60 ms in the Scenario-I. In
comparison, they converged at 22 ms and 42 ms in the Scenario-II.
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Figure 5.1: Comparison of the fraction of blinds with and without RadCom for
Nv = 4, 8, 12, 16 a) Scenario-I and b) Scenario-II.

It takes a longer time to make all of the radars unblinded when Nv increases to 12,
then to 16 in both scenarios. The reason behind it is that the RadCom algorithm
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keeps resolving the conflict and the interference occurred because of varying vehic-
ular topology and the increased number of radars due to the increased number of
vehicles. Hence, as soon as the proposed RadCom is initiated, the ratios of blinded
automotive radars for varying vehicular topologies have considerably reduced com-
pared to the ones without RadCom. As Figure 5.1 reveals, the fractions of blinds
for Nv 16 in both scenarios remain below 10 percent until 4.6 s and 5 s in turn.
Then, in both scenarios, the fractions reach zero eventually. Comparing both sce-
narios for the varying number of vehicles, the proposed RadCom shows a bit better
performance for Scenario-II in terms of the fraction of radar blinds.

Another performance metric is the data rate per RadCom unit. Since the vehicu-
lar network topology varies continuously for both scenarios, the achieved data rate
changes through time. That’s why we evaluated the communication capability of
the proposed RadCom, which is described as the function of time for varying Nv.

Figure 5.2 shows the data rate per node for a total of 10 Monte Carlo simulations of
6 s simulation duration of Scenario-I and Scenario-II. Since the main task of Rad-
Com is to coordinate radar interference by assigning non-overlapping time slots to
radars when it is initiated, RadCom protocol uses the most of available resource to
perform this task. This process takes minimum and maximum about 5 ms-3 s in
Scenario-I and 2.3 ms-0.5 s in Scenario-II respectively as Nv increases from 4 to 16.
Hence, the data rate starts low and then increases. The maximum achieved data
rate increases from approximate 13 Mbps to 17 Mbps at 51ms in scenario-I while
it increases from approximate 13 Mbps to 21 Mbps at 51ms for Nv from 4 to 8. In
Scenario-II the data rate for Nv=4 becomes zero at 4.2 s since vehicles are moving
away from each other so RadCom units are no longer in each other’s communication
FOV. When it comes to Nv=12, the data rate per node starts increasing at 41ms-
50ms and then takes the maximum approximate value 21 and 22 Mbps at 4.8 s- 4.7
s in turn in both scenarios. However, the achieved data rate for Nv=16 turns out
to be 10 Mbps at 3.7 s in Scenario-I ,and 17 Mbps at 4.75 s in Scenario-II.

As seen from the data rate curves in the Figure 5.2, the maximum achieved data rate
values for Nv from 4 to 12 are almost the same, but the time to reach the maximum
one is a few ms shorter in Scenario-II than Scenario-I. In comparison, the maximum
achieved data rate for Nv=16 is lower than the ones for Nv=8-12 ,and it is 17 Mbps
in Scenario-II. The reason behind that is the dynamic of vehicular topology. Since
Scenario-II consists of vehicles equally distributed on the lanes of the four-way inter-
section, it gets easier to coordinate the radar interference. Comparing both scenarios
for the varying number of vehicles, we can say that the proposed RadCom shows
a bit better and steady performance for Scenario-II from the viewpoint of the data
rates per RadCom unit.
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Figure 5.2: Communication data rate per RadCom unit for Nv = 4, 8, 12, 16 a)
Scenario-I and b) Scenario-II.

As explained before, convergence time is the required time for all RadCom units in
a vehicular traffic scenario to overcome and reach acceptable mutual interference.
When all RadCom units converge, we get a fully connected, distributed, and ve-
hicular network. Hence, convergence time tfinal is a useful metric to evaluate the
influence of varying vehicular topology with varying Nv on the proposed RadCom
protocol.
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Figure 5.3: Maximum, mean and minimum time to reach negligible mutual inter-
ference for Nv = 4, 8, 12, 16 a) Scenario-I and b) Scenario-II.

Figure 5.3 shows the maximum, mean, and minimum values, which tfinal takes for
a total of 10 Monte Carlo simulations of 6 s simulation duration of Scenario-I and
Scenario-II. As seen from the Figure 5.3, Max, Mean, andMin increase for varying
Nv from 4 to 12 at the steps of 4 in both scenarios. For instance, in Scenario- I for
Nv =12, they turn out to be 4.6 s, 1.8 s and 40 ms while are 4.7 s, 1.24 s and 25 ms
in Scenario-II. However when Nv=16, Max, Mean and Min decrease in Scenario-I.
In contrast, Max, remains constant, Mean increases slightly, and Min decreases in
Scenario-II. The reason for this difference between the two scenarios is diversifying
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vehicular topology. In Scenario-I, it is highly possible to have complex traffic in
which vehicles located in separate groups because of randomly distributed vehicles,
whereas Scenario-II provides more regular traffic by equal distribution. Hence, it
gets harder to achieve a fully connected vehicular network since it takes a longer time
for RadCom protocol to coordinate all units in Scenario-I compared to Scenario-II.
The simulations supports this claim. When we consider the output of the simulations
for Nv =16, out of 50 % of ten simulations, we observe that RadCom protocol could
not form a connected network for 6 s simulation duration, and tfinal becomes zero.
This means that, RadCom protocol can not converge and form a fully connected
vehicular network. Scenario-II could form a fully connected vehicular network in 80
% of ten simulations resulting with non-zero tfinal. Also, this observation explains
the reason for unsteady changes on the values of Max, Mean and Min for Nv =16.
As the comments on the simulations’ output and the given Figure 5.3 reveal, the
proposed RadCom shows better performance in smaller vehicular topologies.

The proposed RadCom protocol allows us to see separately how long time it takes
for each vehicle to converge in a fully connected vehicular network, and it is de-
noted by tFinalEach. Figure 5.4 shows the maximum, mean, and minimum values,
which tFinalEach takes for a total of 10 Monte Carlo simulations of 6 s duration for
Scenario-I and Scenario-II, where Nv increasing from 4 to 12 at the steps of 4. Also,
we separately discussed below tFinalEach for Nv =16, in order to resolve Nv easier for
below 16. As seen in Figure 5.4 (a), Max, Mean, Min are increasing for Nv from 4
to 12 in Scenario-I. They turn out to be 740, 435, and 23 ms for Nv=12 in turn. As
seen in Figure 5.4 (b) in Scenario-II,Min is decreasing from 21 to 17 ms for Nv from
4 to 12. Whereas Max and Mean are increasing for Nv from 4 to 12 and turn out
to be 31 and 27 ms, respectively. For Nv=12, they are remarkably shorter compared
to the ones in Scenario-I. Since RadCom protocol could not form a fully connected
network in some of the simulations, the obtained values are not reliable enough in
both scenarios where Nv=16. The observed maximum, mean and minimum values
for Nv from 4 to 12, state the impact of dynamically changing topology on the time
when all RadCom units on each vehicle to converge in a fully connected vehicu-
lar network. Besides, comparing both scenarios, it can be said that the proposed
RadCom shows a better performance for Scenario-II in terms of tFinalEach, since it
provides a traffic scenario where the vehicles are distributed equally.

After RadCom protocol of every vehicle resolves interference by assigning non-
overlapping time slots to the radars, each vehicle broadcasts a communication packet
includes vehicle trajectory information. Hence, vehicles can communicate with each
other, and two vehicles that don’t have contact with each other can have the tra-
jectory information by a third one. For instance, in a scenario where three vehicles
move on the same lane, vehicle 1 and vehicle 3 could have each other’s trajectory
information by vehicle 2, which moves in between the other two vehicles.
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Figure 5.4: Maximum, mean and minimum values of tFinalEach for Nv = 4, 8, 12 a)
Scenario-I and b) Scenario-II.

The delay time tBcast is how long time it takes to receive the communication packet
broadcasted by a vehicle, which is a metric to evaluate the performance of RadCom
protocol. Figure 5.5 shows the averaged values of tBcast and tTFinalEach take for a
total of 10 Monte Carlo simulations of 6 s duration of Scenario I and Scenario-II,
where Nv increasing from 4 to 12 at the steps of 4. We plotted them together since
every vehicle broadcasts after converging in a fully connected network. Also, we
excluded those simulation results for Nv =16 because of the reason explained below.
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Figure 5.5: Averaged values of tBcast and tTFinalEach for Nv = 4, 8, 12 a) Scenario-I
and b) Scenario-II.

In both scenarios, averaged tTFinalEach remains below averaged tBcast, and it means
that each vehicle can reliably broadcast a communication packet after resolving in-
terference. In Scenario-I, a vehicle broadcasts a communication packet, on average,
68 ms, but tBcast decreases to 57 ms for Nv from 4 to 8. In Scenario-II, tBcast de-
creases from 64 ms to 55 ms for Nv from 4 to 8. However, for Nv =12 tBcast increases
to 460 ms in Scenario-I, while to 60 ms in Scenario-II. Also, for Nv =12 the aver-
aged values of tBcast tTFinalEach is much smaller compared to the ones in scenario I.
We determined an upper bound value (100 ms) to evaluate whether tBcast is at an
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acceptable level depending on scenario choice and the number of vehicles. If tBcast
is higher than 100 ms, it means our proposed RadCom protocol based on the allo-
cation of available resources, is inadequate to broadcast in acceptable delays. That
is why we did not take the result from Nv =16 into account. However, we noted it
as a future work to consider. As the observed values reveal, in Scenario-I, RadCom
protocol could not manage to broadcast in acceptable delay for Nv =12 and 16 while
in Scenario-II only for Nv =16. Besides, comparing both scenarios, it can be said
that the proposed RadCom shows a better performance for Scenario-II in terms of
tBcast, since it provides a traffic scenario, which is not sophisticated.

5.2.2 The evaluation of Realistic Traffic Scenario
The performance of the proposed RadCom based on the realistic vehicular mobility
traces that was introduced in Chapter 3.5 to enhance VANET simulations is a
critical metric to evaluate it. Hence, we followed the same steps in Scenario-I and
Scenario-II for Scenario-III based on real-time traffic data. Scenario-III included
straight traffic without intersection, where vehicles move straight and do not take
any left or right as explained in Chapter 3.5. Hence, we had more simple traffic
compared to Scenario-I and Scenario-II.
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Figure 5.6: Comparison of the fraction of blinds with and without RadCom for
Nv = 4, 8, 12 in Scenario-III.

Figure 5.6 shows a comparison of the fraction of blinds for the number of vehicles
(Nv) increasing from 4 to 12 at the steps of 4, for a total of 10 Monte Carlo simula-
tions of 6 s duration of Scenario-III and for the cases where RadCom was applied or
not. Note that, without RadCom, the ratio of blinded automotive radars increases
proportionally by the number of vehicles, and it varies between around 5 percent

51



5. Results

and 10 percent for the varying Nv 4 and 8. On the other side, for Nv=12 it fluctuates
around 15 percent until 1.9 s, then becomes zero. The reason for the decrease in
interfering radars in both cases is that vehicles are moving away from each other,
so they do not interfere with each other, as explained in consideration of Scenario-I
and Scenario-II. When RadCom is applied, the fraction of radar blinds starts de-
creasing and reaches zero at different times, depending on the convergence time of
the RadCom algorithm. As shown in Figure 5.6, none of the RadCom units remains
blinded for varying Nv after their RadCom converged at different times, which are
11.4 ms, 15 ms and 45.5 ms in turn. When comparing these values with the ones
obtained in virtual scenarios, they are approximately three times shorter than the
ones in Scenario-I. In contrast, they are twice as low as the ones in Scenario-II. The
reason behind this is that the vehicles in Scenario-III drive straight, and the change
in topology is much smaller compared to Scenario-I and Scenario-II.
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Figure 5.7: Communication data rate per RadCom unit for Nv = 4, 8, 12 in
Scenario-III.

Figure 5.7 shows the data rate per RadCom unit (node) for a total of 10 Monte
Carlo simulations of 6 s duration of Scenario-III. As explained before, it takes a
slightly longer time to coordinate radar interference by assigning non-overlapping
time slots to radars by RadCom protocol. This process takes a minimum of 0.6 ms
and a maximum of 50 ms, respectively, for Nv increasing from 4 to 8, then to 12.
Hence, the data rate starts low and then increases as occurred in the virtual scenar-
ios. The maximum achieved data rate fluctuates at approximate 10 Mbps, 20 Mbps,
and 30 Mbps for the vehicular groups of 4, 8, and 12. The maximum data rate
values achieved in Scenario-III are slightly higher, and the times to reach it takes
a much shorter time than the ones in Scenario-I and Scenario-II. RadCom shows
a slenderly better and steady performance compared to the virtual scenarios from
the viewpoint of the data rates per RadCom unit since the allocation of available
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resources requires less effort because of the topological advantage of Scenario-III.

Figure 5.8 shows the maximum, mean, and minimum values, which tfinal takes for
a total of 10 Monte Carlo simulations of 6 s duration of Scenario-III. As seen from
the Figure 5.8, Max andMean, decrease from 46.17 ms and 14.5 ms to 13.9 ms and
6.4 ms respectively for varying Nv from 4 to 8 at the steps of 4. However when Nv

reaches 12, Max and Mean increase to 42 ms and 23 ms in turn. In contrast, Min,
remains constant during the simulation. These values are much less than the ones
obtained in Scenario-I and Scenario-II. In Scenario-III, we have less complicated
traffic where vehicles move on a straight path compared to virtual scenarios. Hence,
it gets easier to achieve a fully connected vehicular network since RadCom protocol
coordinates all units in a shorter time.
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Figure 5.8: Maximum, mean and minimum time to reach negligible mutual inter-
ference for Nv = 4, 8, 12 in Scenario-III.

As we mentioned before, tFinalEach shows how long time it takes for all RadCom
units on each vehicle to converge in a fully connected network, and it can be ob-
tained by the output of RadCom protocol. Figure 5.9 shows the maximum, mean,
and minimum values, which tFinal−Each takes for a total of 10 Monte Carlo simula-
tions of 6 s duration of Scenario-III, where Nv increasing from 4 to 12 at the steps
of 4. As seen in Figure 5.9, Max, Mean, and Min for Nv=4 are 12 ms each. When
Nv is 8, they decrease to 6, 5.7, and 4.4 ms in turn. However, when it comes to Nv

=12, they increase to 8, 7.9, and 5.7 ms, respectively. We also investigated vehicle
positions to understand the reason why those values were maximum for Nv =4, even
though there was no complex traffic. The reason behind this is that most of the
radars do not see each other due to the vehicles’ direction. Besides, the observed
values are smaller than the ones obtained in Scenario-I and Scenario-II. Comparing
all scenarios, it can be said that the proposed RadCom shows a better performance
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for Scenario-III in terms of tFinalEach.
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Figure 5.9: Maximum, mean and minimum values of tFinalEach for Nv = 4, 8, 12 in
Scenario-III.

We explained in the previous section that the delay time tBcast is a critical metric
to evaluate the performance of RadCom protocol. Figure 5.10 shows the averaged
values of tBcast and tTFinalEach take for a total of 10 Monte Carlo simulations of 6 s
duration of Scenario-III, where Nv increases from 4 to 12 at the steps of 4.
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Figure 5.10: Averaged values of tBcast and tTFinal−Each forNv = 4, 8, 12 in Scenario-
III.
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The averaged tTFinal−Each remains below averaged tBcast, and each vehicle can re-
liably broadcast its communication packet after resolving interference. As seen in
Figure 5.10, the averaged values of tBcast and tTFinalEach vary by increasing Nv.
tBcast and tTFinalEach are 70 ms and 12 ms in turn for Nv=4. When Nv is increased
to 8, they decrease to 55 ms and 5.7 ms, respectively. When it comes to Nv=12
tBcast remains almost the same, while tTFinalEach increases to 7.9 ms. The reason
behind that tBcast becomes maximum even though Nv becomes Nv=4 is that the ve-
hicular topology. Also, LRR and MRR have different communication ranges, which
shorter compared to the ones for radar ranges. Hence, most of RadCom units are
not in each other’s communication FOV due to the vehicles’ direction and position
in Nv=4 As the given figure reveals, our proposed RadCom protocol based on the
allocation of available resources managed to broadcast in acceptable delays since
all of the observed tBcast are smaller than 100 ms.Besides, comparing the observed
results from scenario-I and scenario-II, it can be said that the proposed RadCom
shows a better performance for Scenario-III in terms of tBcast since its topology does
not dramatically.
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6
Conclusion

This chapter summarizes the thesis and discusses the societal, ethical, ecological
aspects, and the future works that weren’t considered in the project.

6.1 Summary
We have proposed a distributed radar communication system for automotive ap-
plications in complex traffic scenarios. We modeled traffic scenarios including non-
signalized intersections and real-time traffic data with the position traces of vehicles.
The RadCom protocol of [12, 9] was extended so as to support the coordination of
multiple FMCW radars placed on different parts of a vehicle so that the field of view
of these radars form a whole region around the vehicle.

Firstly, we investigated the performance of our proposed RadCom protocol in dy-
namically varying traffic based on complex traffic scenarios. They consisted of four-
way intersections with straight, right-left- turn traffic, where vehicles were randomly
distributed (Scenario-I) and equally distributed (Scenario-II) among lanes. The eval-
uation results were represented by comparing the simulated performance of RadCom
by using various metrics. RadCom protocol converged in less than 4.7 s, the achieved
data rates increased with the number of vehicles Nv from 4 to 12. The maximum
achieved data rates in Scenario-I and Scenario-II were 21 Mbps and 22 Mbps in
turn for Nv=12. In comparison, the achieved data rates decreased to 10 Mbps in
Scenario-I and 17 Mbps in Scenario-II, respectively, for Nv=16. The fraction of
blind radars became zero in less than 60ms for Nv = 4, 8 while this time increased
with varying Nv from 12 to 16. However, it took a long time to make the radars
unblinded; the ratios of unblinded radars with RadCom were very low compared to
the ones without RadCom for Nv from 12 to 16 in both scenarios.

Moreover, the proposed RadCom protocol allowed us to see separately how long time
it took for each vehicle to converge in a fully connected vehicular network. This time
increased depending on the number of vehicles and vehicular topology in scenarios.
It was between, on average, 20 ms and 435 ms in Scenario-I while 20 ms and 27
ms in Scenario-II. Besides, we considered the delay in the time of every vehicle to
broadcast a communication packet. This delay varied depending on the complexity
of vehicular topology. RadCom protocol was able to achieve broadcasting the com-
munication packet between in 68 ms and 57 ms for Nv=4,8 in Scenario-I, whereas
between 64 ms and 60 ms for Nv=4,12 in Scenario-II. However, it was observed from
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corresponding simulations that the delay time of the communication packet was not
at the acceptable level for the case where Nv=12,16 in Scenario-I while Nv=16 in
Scenario-II. The reason behind the long delay times was that the proposed RadCom
protocol based on the allocation of available time and frequency resources was so
sensitive to the changes in the complexity of vehicular topology. Thereby, it could
not broadcast within the acceptable delay.

Additionally, when we applied the RadCom protocol to real-time traffic (Scenario-
III) based on real-time traffic data set, the obtained results from the simulations
were found to be better than the ones for Scenario-I and Scenario-II. The maximum
data rate per RadCom unit was 30 Mbps, and the ratio of blinded radars reached
zero in 45.5 ms for Nv=12. Besides, the RadCom protocol converged in less than a
maximum of 42 ms. Moreover, the averaged delay time of communication packets
was very close to the ones in Scenario-II for Nv varying from 4 to 12.

Scenario-I and Scenario-II were based on virtual mobility models as described Chap-
ter 3.1 and provided complex traffic scenarios based on dynamically changing ve-
hicular topologies. These topologies were considerably complicated since they cov-
ered going straight, left, and right-turning vehicles on the intersection. In contrast,
the ones in scenario-III went straight without turning on the road, as described in
Chapter 3.5. The resource consisting of well-organized realistic traffic data was not
satisfactory, and it took much time to extract reliable data sets and interpolate by
tiny time intervals from the existing data sets. Hence, Scenario-I and Scenario-II,
compared to Scenario-III, provided realistic results that we could encounter in real
highway traffics.

6.2 The Societal, Ethical, Ecological Aspects of
The Thesis Project

This thesis aimed to improve an existing RadCom protocol to be used for mitigat-
ing mutual interference in complex virtual and real-time traffic scenarios. Since the
same radar hardware is used for V2V communication too, this does reduce not only
hardware cost but also provides efficiency in the usage and allocation of available
time and frequency resources.

The proposed RadCom protocol achieved mitigating mutual interference among
faced radars in complex traffic scenarios. So, vehicles and drivers would be ex-
pected to benefit from it in terms of autonomous driving, traffic coordination, and
collision avoidance.

Also, the results of this thesis were discussed in terms of public health and the envi-
ronment. According to the World Health Organization (WHO), there is no concrete
evidence regarding the negative impact of exposure to RF signals on human health,
at or below the upper limit by international standards [53]. Nevertheless, WHO
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states that in order to provide more specific data, more research should be carried
out.

Autonomous driving is getting more attention since it undertakes some responsibil-
ities of drivers so that they might devote much more time to do other things during
traveling. However, some cases can require the driver’s sudden control and quick
decision. In this thesis, vehicles are still under the control of drivers, and RadCom
is responsible for nothing related to maneuvering the vehicle. Also, neighboring
vehicles are aware of each other’s movements, thanks to RadCom, which reduces
the possibility of traffic congestion and collision, but increases traffic safety and
efficiency.

6.3 Further Work
Future work shall consider channel modeling based on a ray-tracing model, includ-
ing reflections from the environment, more realistic vehicular kinematics such as
acceleration and deceleration. Also, it is vital to decrease communication delays to
acceptable levels by adapting the RadCom protocol to changing conditions.
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