
Low-Cost Dual Radar System for
Collision Prediction at

Unregulated Intersections

Presented by:

Dayalan Nair

Prepared for:

Dr. M. Y. Abdul Gaffar

Dr. S. Winberg

May 21, 2023

Submitted to the Department of Electrical Engineering at the University of Cape Town in

partial fulfilment of the academic requirements for the degree of MSc(Eng) in Electrical

Engineering.Univ
ers

ity
 of

 C
ap

e T
ow

n



The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Abstract

Automotive collision avoidance has become a key aspect of the automotive design process.

The shift in the automotive market towards reducing road accidents has led to the develop-

ment of many sensor-based collision avoidance systems. The majority of such systems are

limited to high-end vehicles. Statistics indicate road intersections are a common location

for car accidents. In South Africa, right turns at unregulated intersections require drivers to

observe traffic in both directions, which demands substantial attentiveness. This project in-

vestigated the suitability of a low-cost bidirectional radar system for determining the safety

of turning right at unregulated intersections. The focus was on the detection of four-wheeled

vehicles, where frequency-modulated continuous-wave radar facilitated the measurement of

the range and speed thereof. An algorithm was designed for detecting multiple targets on

a two-lane, bidirectional road using the triangle FMCW waveform. MATLAB simulations

ensured selected hardware and processing algorithm met the user requirements. Python

allowed for testing real-time processing performance. A roadside test rig consisting of two

cameras, two radars, a Raspberry Pi, and a power bank was developed for field testing the

proposed system. Performance was validated by comparing radar speed and range estimates

to both video footage and GPS estimates. Findings suggested that the final prototype met

the project requirements, with a few caveats. The system struggled to detect outer-lane

vehicles during peak traffic due to the masking of these vehicles by those travelling on the

inner lane. Placing the left radar at an angle reduced the effect of masking and reduced

returns from cars travelling away from the host vehicle. The speed estimates had a standard

deviation of 8 km/h and 11 km/h for the right side and left side radar, respectively, which

was an order of 10 larger than that of GPS estimates.
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Chapter 1

Introduction

1.1 Introduction

Throughout the world, road vehicles are a common mode of transport for goods and people

alike. Road safety is a concern for both drivers and pedestrians. Consequently, it is an area

of interest for researchers and car manufacturers alike [1].

Today, automotive collision avoidance systems (ACAS) utilise multiple sensors such as

LiDAR [2], cameras [3], sonar [4], and radar [5]. The use of radar for vehicle collision

avoidance began in the 1960s and proved highly effective [5]. Since radar can operate in

poor lighting and weather conditions, it is especially suited to the road environment. The

ability to estimate range, radial velocity, angle of arrival, and reflectivity patterns offers vast

possibilities for target observation and classification. Current applications include blind spot

detection [6], adaptive cruise control [7], and park assist [8].

Lane-crossing turns at road intersections require sound observations and mental calcula-

tions by the driver, as traffic moving in both directions needs to be analysed. Unfortunately,

all intersections cannot be regulated by traffic lights due to feasibility, risk, and through-

put. An example is the intersection of streets and main roads in urban and suburban areas.

In South Africa, where vehicles travel on the left-hand side of the road, right turns from

streets onto main roads require lane crossing. The driver must observe vehicles travelling

in both directions, including pedestrians, bicycles, motorcycles, and cars on the opposite

3
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street (collectively referred to as actors). Poor weather such as rain or fog, low lighting after

sunset in areas of poor street lighting, and visual obstructions further increase the difficulty

of safely navigating this scenario. This project focuses on the development of a system

to assist in performing a right turn at uncontrolled road-street intersections. Figure 1.1

provides a visualisation of the scenario, showing how the radars are arranged.

Left Radar Beam


Right Radar Beam


Host Vehicle

Direction of travel

Figure 1.1: Unregulated intersection showing the radar collision prediction system for the
right-turn scenario

1.2 Background

According to the World Health Organisation (WHO), low- and middle-income countries ac-

count for 93% of road fatalities despite having only 60% of the global number of vehicles [9].

This is due to a multitude of factors, such as road infrastructure and accepted vehicle safety

ratings [9]. Significant risk factors include speeding, driving under the influence, distracted

driving, non-use of seat belts, unsafe road infrastructure, inadequate law enforcement and

traffic laws, and post-crash care [9]. In South Africa, more people die on the roads compared

to the global average: 26 compared to 18 per 100 000 globally [10]. This has been described

as a national crisis by the Automobile Association of South Africa [11].
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The Insurance Institute for Highway Safety (IIHS) in the United States performed sev-

eral studies into ACAS. In March of 2022, a summary of the benefits of ACAS was re-

leased [12], with the most notable statistics being a 78% reduction in reverse crashes, and

a 50% reduction in front-to-rear crashes. A compendium [13] compiled by the Highway

Loss Data Institute (HLDI) in the United States summarises the reduction in insurance

claim frequency. Notably, the front and rear automatic emergency braking (AEB) systems

accounted for roughly a 25% and 28% reduction in claim frequency, respectively [13].

Though many road accidents are due to external/uncontrollable factors, some can be

mitigated using vehicle collision avoidance and prediction technologies. As of 2016, a five-

star rating by the European New Car Assessment Programme (NCAP) requires that at least

one advanced driver-assistance system (ADAS) [3] be installed [14]. Collision avoidance

systems serve to improve driver perception, reducing collision probability. This is achieved

by the optimal placement of sensors and their tolerance to low-visibility conditions.

An unregulated intersection is one where the right-of-way is not dictated by traffic lights,

stop signs or road markings. This is regarded as one of the most complex and hazardous

driving scenarios faced by road users [15]. According to the U.S. Department of Trans-

portation, over 50% of accidents are intersection-related [16]. Additionally, 50% of serious

collisions and 20% of fatal collisions occur at intersections [17]. Ideally, all intersections

should be controlled by traffic lights. However, this is not feasible and is only efficient when

throughput is sufficiently high in all directions. It is simply more efficient to let the driver

identify when it is safe to turn in the low throughput case.

1.3 Problem Statement

Based on the accident statistics presented in Section 1.2, the need for collision avoidance

systems is clear. Without considering driver negligence, navigating certain road scenarios

is inherently risky. A good perception of the scenario and vehicle proportions is required

by drivers to safely navigate complex scenarios without accident. Current technologies and

systems are not without flaws. All sensors are affected by weather, interference, missed

detection or false alarms due to irregularly shaped vehicles or clutter. Such sensors require
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an unobstructed line of sight to work correctly. Generally, radar sensors offer superior

tolerance to weather conditions and can penetrate through non-metallic obstructions. A

holistic approach to collision avoidance requires all vehicles to be fitted with ACAS and

ADAS technologies. In so doing, motorists are assured that they will not be the cause or

the recipient of collisions.

In the IIHS summary of ACAS benefits [12] it was noted that such technologies increase

the cost of post-accident repair since the sensors are located around the exterior of a vehicle.

Generally, advanced ADAS and ACAS technologies are limited to high-end vehicles due to

high development costs.

Most intersection accidents occur during the lane-crossing turn scenario [17]. For this

scenario to be navigated safely, the driver must perform several mental calculations and

observations. Vehicles approaching from all possible directions need to be observed in

addition to pedestrians, bicycles, and motorcycles. The difficulty of the task is increased

by weather and visibility, driver alertness, and human error. Currently, most cross-traffic

alert systems are used at the rear of the vehicle and detect (rather than predict) whether a

nearby car is blocking the direction of travel [18] [19].

In the proposed work, a dual radar system was developed to estimate the time of arrival

(TOA) of vehicles travelling in each direction along a two-lane, bidirectional main road.

The TOA was based on the range and velocity radar estimates of the approaching vehicles

relative to the host vehicle. Based on the TOA of vehicles in each lane, the system notified

the driver when it was safe to turn. The turn safety should be displayed visually, with an

audible warning if the driver attempts to make an unsafe turn. Figure 1.2 shows how the

proposed system could be integrated with existing automotive radar systems. Additionally,

Fig. 1.3 shows how the radar placement allows for superior visibility compared to the driver’s

viewing position.

1.4 Objectives

The main research objective was to investigate whether or not a low-cost dual radar system

could be used to determine right-turn safety at unregulated intersections based on the TOA
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Adaptive 

Cruise 

Control

Emergency Braking


Cross Traffic
Prediction

Cross Traffic Detection

Park Assist
 Cross Traffic 


Prediction

Figure 1.2: Frontal collision avoidance systems incorporating the cross traffic prediction
system

of cars approaching from both perpendicular directions. Specific research objectives were

as follows:

1. Identify user and system requirements following a literature review. These require-

ments are used for hardware selection and system validation.

2. Design simulations of the dual radar system in various intersection scenarios. Design

a signal processing algorithm (to extract target speed and range parameters) and a

data processing algorithm (to determine turn safety), considering the scenario and

radar hardware. Assess the algorithms through simulations.

3. Design a prototype for roadside deployment. This allows for experimentation without

blocking the flow of traffic and simplifies the prototype design process when compared

to a vehicle-mounted system.

4. Collect and process radar data from controlled and uncontrolled experiments offline

and online (in real-time) and analyse the results.
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Radar Beam

Field of Vision

Figure 1.3: Improved perception provided by a perpendicular front-mounted radar

1.5 Scope and Limitations

Limitations of the proposed system were governed by the available time and budget. Specif-

ically, the time equates to 1 200 hours (based on the credit allocation for a partial disser-

tation at the University of Cape Town) and the budget was set to R20 000. The limited

time influenced the project scope, so only core functionality was implemented. The limited

budget had little effect on the system since the system is expected to be low-cost (relative

to equivalent radar systems). The scope was as follows:

1. Only a single lane was observed in each direction. Since the closest vehicle sets the

speed of vehicles behind it, closely spaced vehicles can be considered a single hazard.

Consequently, good range resolution was not important.

2. Only four-wheeled motor vehicles travelling towards the host vehicle on a single lane

in each direction were to be detected.

3. The design of an application-specific circuit was not considered as this forms part of

commercialisation.
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4. Processing was implemented using scripting languages as opposed to a compiled soft-

ware program.

5. A custom radar was not designed. Rather, off-the-shelf hardware was selected. The

effect of various weather conditions on performance was not investigated.

6. Both controlled and uncontrolled scenarios were used for testing and data collection.

Only a hatchback and compact sedan were used for controlled testing.

1.6 Thesis Outline

The remainder of this thesis is organised as follows:

Chapter 2, Literature Review: This chapter presents road accident statistics and re-

views of current ADAS and ACAS methods and technologies. Additionally, a theoretical

framework is presented.

Chapter 3, Methodology: This chapter describes the steps, procedures, and reasoning

employed while designing the proposed system.

Chapter 4, Design: The design and development of algorithms, software and prototypes

are described. Detail is provided on signal processing techniques and prototype design.

Chapter 5, Simulation: The process of simulating the radar hardware for the intersection

scenario using MATLAB is presented.

Chapter 6, Implementation: This chapter describes the implementation of the designed

system. Python scripts for processing and plotting data in real-time and the test rig con-

struction process is presented.

Chapter 7, Results: Experiment results are presented here, along with discussions and

comparisons to GPS estimates and video footage.

Chapter 8, Conclusions: Conclusions are drawn from the results and future work is

presented.
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Chapter 2

Literature Review

This chapter provides context to the work by outlining the problem and discussing existing

solutions. It begins with a brief review of road intersection safety statistics, particularly

those relating to the unregulated intersection right-turn scenario. Various automotive col-

lision systems for intersection safety are presented, focusing on radar-based systems. Stan-

dalone systems, which do not require the sharing of information, are analysed in further

depth, considering the various strengths and shortcomings of the communications-free tech-

nology. A theory section is presented, providing a basis for the concepts and algorithms

applied during the design stage of this work.

2.1 Background and Current Systems

This section presents research on collision statics, particularly those at road intersections,

and the analysis thereof. Current automotive collision avoidance systems (ACAS) are then

presented, focusing on the three main categories: vehicle-to-infrastructure (V2I) communi-

cation, vehicle-to-vehicle (V2V) communication, and standalone systems.

2.1.1 Automotive Collision Statistics

In South Africa, the Road Traffic Management Corporation (RMTC) provides various traffic

reports and statistics, examples of which include the State of Road Safety Report (January
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to December of 2021) and the South African Fatal Crashes in Context (December 2021) [20].

The latter contains information on fatal crashes (FC) and speed infringements (SI) based

on a variety of vehicle parameters and combinations thereof. Light passenger vehicles make

up around 53.8% of fatal crashes and 79.6% of speed infringements. Regarding make and

model, low-cost vehicles make up a significant portion of these statistics, though one should

consider these parameters in relation to the percentage of the total vehicle population being

considered. Public transport minibuses have the highest percentages of FC and SI compared

to their percentage of the total vehicle population. These statistics indicate that low-cost

ACAS systems could improve the vast majority of accidents in South Africa. Though many

useful statistics are presented, an analysis of the road scenarios in which accidents occur

has not been presented.

Research by [21] provides a thorough analysis of the accident statistics at road inter-

sections in the Turkish city Antalya between 2009 and 2010. Geographical Information

Systems (GIS) refer to all the processes relating to traffic data and analysis. The data

originated from traffic accident reports, which contained information such as the accident

type and road conditions at the time of the accident. The large data set was used for a deep

analysis, providing links between previously unrelated data sets. The benefit of GIS is that

it can establish relationships between accident attributes and spatial objects. Essentially, it

can identify if the road design or surroundings are conducive to accidents. The study found

that 99.12% of intersection accidents result in injury. The four-way intersection accounted

for around 60% of all intersection accidents, with around 68% of all intersection accidents

resulting in sideswipes (parallel collision). It was found that unregulated intersections ac-

counted for around 73% of the total accidents at road intersections.

A study on the cause of car accidents at intersections [22] formulated five fault trees

which represent almost all possible road accident causes. Figure 2.1 is one such example.

Fault Tree Analysis is used to determine the relationship of various events within a sys-

tem [22]. Fault trees allowed for the identification and analysis of the dominant events that

lead to accidents at road intersections. Such events reveal where attention should be paid

when designing systems for reducing such accidents.
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Figure 2.1: Top-level fault tree for road collisions [22]

2.1.2 Current Systems and Technologies

There are two categories of collision avoidance systems: collision avoidance warning and

collision avoidance assist systems [23]. Collision avoidance warning systems alert the driver

of possible collisions using lights, sound, or vibration. Examples include forward collision

warning (FCW) [24], blind-spot detection [6], and cross-traffic warning [25]. Since these

technologies have not been perfected, false alarms and other erroneous behaviour cannot be

ruled out. This is understandable when one considers the complexity of the scenarios and

the restrictions on sensor placement and orientation.

Collision avoidance assist systems are connected to the vehicle control mechanisms and

serve to prevent collisions by preventing the driver from performing an action that will

result in a collision. Systems include automatic emergency braking (AEB) [24], adaptive

cruise control [7], electronic stability control, and park assist [8]. Since these systems are far

more complex than warning systems and require rigorous testing, they are often confined

to high-end vehicles such as those offered by Lexus [25].

Currently, systems typically use a variety of sensors (LiDAR, radar, cameras) working

together to determine various surrounding conditions [26]. The integration of different types
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of sensors is referred to as sensor fusion. The efficacy of currently available systems is highly

variable and scenario dependent. An example is the list of conditions provided by Mazda

for its Front Cross Traffic Alert (FCTA) system [27]. A subset of these are false alarms

arising from nearby obstacles, interference from similar systems, and missed detections

during bad weather conditions or for irregularly shaped targets, such as sports cars. Some

companies offer these as standalone systems, such Bosch, Mobileye, and Continental AG.

These companies offer powerful systems, generally combining front collision warning systems

with others such as lane departure warning and cameras. At the time of writing, pricing

could not be found, and specific intersection collision warning systems were not provided.

Another interesting product line is Cohda Wireless’ Vehicle-to-everything (V2X) systems.

Such systems include roadside units and software applications.

Systems such as V2V [28] and V2I [29] communication are promising. Data generated

by the vehicle or roadside infrastructure is shared between nearby vehicles to determine

safety in various road scenarios. These systems are highly complex, requiring a great deal

of surrounding infrastructure. Given that [28], [29], and [30] have been published recently,

these technologies are far from maturity.

2.2 Vehicle-to-Infrastructure Communication

Vehicle-to-Infrastructure (V2I) communication relies on roadside units (RSU) to determine

intersection safety [29]. Components of such systems include communication networks and

protocols, roadside and onboard sensors, and dedicated processing systems. Such systems

can use a combination of communication standards, such as dedicated short-range com-

munications (DSRC), Bluetooth, and WiMAX [31]. Though the reliance on infrastructure

is a major challenge for V2I communication systems, they offer a far higher probability

of accident mitigation compared to onboard, isolated collision avoidance systems. This is

because the sensors and placement thereof are not bound to a host vehicle and can be op-

timally positioned around an intersection. A variety of sensors can be arranged in various

topologies and can be adapted to any road scenario. The flexibility and performance of V2I

communication systems make them an ideal solution for automotive collision avoidance.
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There are, of course, a notable number of downsides to V2I communication infrastruc-

tures. Firstly, the cost of such systems is substantial. Examples of hardware include cloud

servers, sensors, processing units, RSUs, and vehicle-installed onboard units (OBU) [31].

For road intersections, link breakage and message collisions may occur due to vehicles mov-

ing at relatively high speeds [31]. The maintenance and protection of RSUs and OBUs is

yet another factor affecting the suitability of such systems.

2.2.1 Collision Probability at Intersections

Intersection management and collision avoidance algorithms need to be designed to ensure

robust safety estimations and efficient data transfer. These algorithms are often based on

collision probability models. One such model was developed by [32]. This model required

vehicles to share their current position, speed, and turning direction with a roadside unit

(RSU). The RSU determined possible collisions based on the connected vehicles’ dimensions

and predicted trajectories. This was achieved by calculating the time to collision (TTC)

based on the intersection of the predicted tracks of all detected vehicles. No distance or

speed sensing was required: all relevant information is captured and shared by the surround-

ing vehicles. Essentially, the RSU behaves as an external observer. Trajectory prediction is

handled using the Simulation of Urban MObility (SUMO) traffic simulation package [33].

It was found, based on the correlation between the simulation and a Gaussian curve, that a

Gaussian function is well-suited to predicting the trajectory of turning vehicles. Table 2.1

shows the correlation of different functions to various possible intersection manoeuvres.

Table 2.1: Correlation between mathematical functions and intersection manoeuvres [32]

Straight Left turn U-turn Right turn

Gaussian 0.21 0.98 0.97 0.94

Line 0.99 0.32 0.35 0.44
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2.2.2 Communications Architecture

The communications architecture proposed by [34] builds on the V2I communication idea,

focusing on the communication protocol used by such systems. The objective was to es-

tablish the communication link as soon and as early as possible. A Dedicated Short Range

Communication (DSRC) system was proposed, which used seven non-overlapping channels

to share information between nearby vehicles. One channel was dedicated to control op-

erations, with the other six used as service channels for non-safety data. The channels

were used to create two zones: the service channel zone (SCHZ) and the control channel

zone (CCHZ) as shown in Fig. 2.2. An appropriate communication architecture required

fast transmission and low packet loss which is crucial in high-traffic scenarios. This was

especially important since all information was routed through, and processed by, the RSU.

Based on this requirement, three methods were chosen for comparison: shared channel,

dedicated channel, and competition-based [34]. The distance of the vehicle from the in-

tersection determined which channel it was placed in, with farther-away vehicles placed in

the control channel and nearby vehicles placed in the service channel. In [34], it was found

that the dedicated channel method, requiring one RSU for control and another for service,

was most attractive when traffic density was high. Unfortunately, the evaluation of these

methods was left as future work. At the time of writing, no future work relating to this

study [34] could be found.

2.2.3 Wireless Sensor Networks

Wireless sensor networks were used to monitor traffic by [35]. Possible collisions were

detected by a set of sensors and relayed to the relevant drivers. The sensor nodes consisted

of a magnetic sensor, radio transceiver, microcontroller, and batteries. The magnetic sensor

could detect vehicles and measure velocity with high accuracy, using the time difference of

arrival (TDOA) between multiple nodes. Multiple sensors relayed measurements to a base

station, which computed the differential estimation of the velocity and predicted collisions

for vehicles approaching an intersection. It is noted that for such sensor networks to work,

the sensors must be time synchronised and should operate in a deterministic manner to
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Figure 2.2: Illustration of the communications architecture showing the two zones and RSU
placement [34]

optimise accuracy. Figure 2.3 shows the proposed placement of magnetic sensors at road

intersections.

Research by [36] investigated the effects of sensor spacing, the distance of sensors from

the intersection, acceleration variance of vehicles, and measurement noise on intersection

collision avoidance. Only simulations were performed due to the high cost of putting cars

on a collision course. It was concluded that five magnetic sensor nodes spaced ten me-

tres apart offered a collision prediction rate of 96%. The research recommended using six

nodes to account for sensor malfunction and that performance could be improved by using

more sensors. However, it is noted that such a deployment is expensive and that physical

limitations exist. Regarding magnetic sensors, a changing temperature was identified as a
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Figure 2.3: Placement of magnetic sensors as investigated by [35]. Sink nodes determine
vehicle speed based on time difference between two dilemma node detections.

possible cause of errors within the system. It was noted that the requirement for multiple

sensors introduced multiple points of failure within the system.

2.2.4 Automotive Radar with Passive Reflector

An investigation into the use of a passive radar reflector for uncontrolled blind intersections

was undertaken by [14]. Firstly, to optimise performance, the shape and angle of such

a reflector were carefully considered. It was found that a convex reflector of radius 20

meters with a 43.5°offered the best performance [14]. Results indicated that the system had

Dayalan Nair - Electrical Engineering



2.3. VEHICLE-TO-VEHICLE COMMUNICATION 18

Figure 2.4: Illustration of the use of passive reflectors for avoiding collisions at blind inter-
sections [14]

poor clutter rejection due to the many possible propagation paths introduced. Since the

transmitted energy must be reflected three times before it is received, there is an increased

propagation and scattering loss. Consequently, a relatively large amount of transmitted

power was required. The scenario is presented in Fig. 2.4.

2.3 Vehicle-to-Vehicle Communication

Vehicle-to-Vehicle (V2V) communication requires vehicles to share information such as

speed and position, which is then processed onboard to determine if collisions are imminent.

Similar to V2I communication systems, V2V communication does not require line-of-sight
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to determine turn safety. The benefit of these systems over V2I is that less infrastructure

and maintenance are required.

The downsides of these systems are primarily security related. Hacking and interfer-

ence pose a significant threat to the safety and privacy of drivers. Dedicated communica-

tion protocols and security standards are required to ensure these systems become widely

adopted [37]. Examples of possible V2V attacks include message spoofing, replay attack,

integrity attack, and impersonation [37]. Several encryption methods are presented in [37],

with varying degrees of speed vs. security. For V2V systems to operate in real-time, com-

munication needs to be established quickly as latency could result in collisions, especially

during high-speed scenarios. Note that security and communications protocols apply equally

to V2I communication systems.

2.3.1 GPS-based Collision Avoidance

Inter-vehicle communication using a DGPS (Differential Global Positioning System) and

gyroscope was investigated in the year 2000 [38] and was proven to be a successful first step

in preventing collisions at off-sight intersections. It worked as follows: DGPS was used to

determine if the host vehicle was approaching an unregulated intersection. If so, a warning

signal was sent out. If this signal was received by another vehicle, information such as

speed and position was exchanged. Finally, the drivers were issued a warning should they

be on a collision course [38]. DGPS allows for increased accuracy in GPS measurements by

transmitting correction data via a nearby base station. Correction data is proportional to

the difference between the satellite estimation of the base station’s location compared to

its known coordinates. Radar was deemed ineffective in off-sight detection scenarios due to

reflections and attenuation from trees and buildings [38]. The scenario is depicted in Fig. 2.5

which illustrates how a sensor-based system is blinded by a large building. It was found

that the gyroscope accuracy had significant drift, which coupled the system’s accuracy with

the period over which the prediction is made. The system assumes that neither driver will

stop or yield at the intersection. This is highly unlikely, as a driver intending to turn must

slow down and observe the road. A side-looking radar can provide effective visual assistance

when the driver follows the rules of the road.
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Figure 2.5: Blind intersection where the use of DGPS and gyroscopes for collision prediction
was investigated [38]

Another GPS-based system is presented in [39]. A successful warning rate of 81.7% was

produced, though only simulations were carried out. Since simulations are often idealistic

representations, further work is required to determine if this solution is indeed valid.

2.4 Onboard Intersection Collision Avoidance

This section describes systems which solely rely on onboard sensing and processing. These

systems utilise various sensors to enhance driver perception and reduce the reliance on

driver decision-making. Two commercial examples include Lexus’ and Mazda’s front cross

traffic alert (FCTA) systems, presented in Figures 2.6, 2.7a, and 2.7b respectively.
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Figure 2.6: Lexus front cross-traffic alert (FCTA) system

(a) Radar beam pattern (b) User interface

Figure 2.7: Figures showcasing the Mazda front cross-traffic alert (FCTA) system
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(a) High density point cloud (b) Vector map

Figure 2.8: Methods used for blind area traffic prediction [40]

2.4.1 LiDAR and High Definition Maps

Research presented in [40] tackled the issue of occluded lanes in urban areas. It noted that

though simply stopping at each urban intersection seems best, it is not always possible due

to the large number of intersections in urban areas. The system used LiDAR sensors to

determine lane visibility by generating a 3D point cloud. A noteworthy feature is the use

of vector maps. A vector map contains traffic signs, lanes, and signals, which could assist

the collision system in better understanding the scenario being observed.

The high-density point cloud maps were generated using laser scanners, RTK-GPS (Real-

Time Kinetic), and fibre-optic gyroscopes [40]. These point cloud maps were used in con-

junction with vector maps to create a vivid depiction of the scene. The authors [40] referred

to this as a 6D localisation. When the sensors were not able to detect obstacles directly,

it was assumed that nearby vehicles will obey the social and physical rules of the road,

allowing for viable estimations to be made [40]. Such considerations and assumptions are

crucial when designing effective automotive collision detection and prediction systems. The

system [40] could be integrated with the one proposed in this work to enhance performance

at occluded intersections. Figure 2.8 shows an example of a point cloud and a vector map.
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2.4.2 Radar-based Traffic Tracking System

An older work from 1998 [41] presented a method of collision avoidance using a Kalman

filter [42] [43] for tracking approaching vehicles. According to [42], Kalman filters are used

to produce estimates of quantities that cannot be measured directly and can predict the

future state of a system. These filters are vital for radar, where measurements suffer from

reduced accuracy due to noise and other variables. The fixed track of cars travelling along

a road greatly simplified tracking.

The Intersection Collision Avoidance (ICA) system proposed by [41] used the Kalman

filter to track vehicles approaching the intersection based on the position and velocity

measurements as well as the computed acceleration. The updated state vector is used to

compute the time of arrival of the vehicle at the intersection. Additionally, the system used

GIS (described in Section 2.1.1) to provide additional information about the road scenario,

such as the angle of the adjoining roads. Here, the target arrival time is referred to as the

‘gap’ time. The radar is then used to determine whether this gap time is sufficient for the

host vehicle to pass through or turn safely. Tracks are formed as ‘candidate’ tracks which

are later promoted to actual tracks provided they meet certain requirements. A ‘gate’ is

placed around the predicted positions. If a subsequent detection is within the gate, it is

associated with the track. Most gates operate in more than one dimension: speed, position,

and acceleration must all fit into a gate for the detection to be likely a target. Targets

moving away from the host are excluded from tracking, as well as targets moving too fast

or are too far away. Figure 2.9 presents the results of the research [41] and describes how

these results are to be interpreted. The format of these results is likely representative of

most radar-based vehicle tracking systems. There are substantial similarities between the

research performed in [41] and the work proposed in this dissertation. The incorporation

of a map database could prove to be a useful future addition to the work. Unfortunately,

the radar parameters were not provided in the conference paper.
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Figure 2.9: Results and description thereof for a radar tracking system for intersection
collision avoidance [41]

2.5 Critical Review of Current Systems

Though V2I communication systems are generally more robust than the alternative methods

for collision avoidance, these systems require infrastructure (RSUs and OBUs) at both the

intersection and installed on all vehicles passing through. The need for secure, high-speed

communication links between nearby vehicles and road infrastructure further increases the

complexity of such systems. The roadside infrastructure will remain at risk of vandalism,

and one cannot expect all vehicles to be fitted with compatible technology. Latency is

an inherent downside of such a system, as data has to be transmitted, processed, and re-

transmitted to the vehicles well in advance of any probable collisions. The research into

communications architecture [34] indicates how vehicles could be prioritised based on their

distance from the intersection.
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Communication systems appear to be a brute-force solution to the problem of intersec-

tion collision prediction. V2V communication systems reduce the amount of infrastructure

and communications required, though still share some of the V2I communication drawbacks

such as communication latency and security. Additionally, the decryption and computations

based on only relative kinematic information between two vehicles will have an associated

latency. Though the use of onboard standalone sensors eliminates the latency and secu-

rity issues and reduces cost, such systems require accurate sensing and processing of the

scenario from a single, restricted point of observation. These systems have varying degrees

of success. Most commercial systems make use of onboard sensing for driver assistance

in primarily basic scenarios, such as lane-changing and blind spot detection. There is no

reliance on other vehicles being fitted with similar technology. Ideally, a combination of all

the above methods will provide robust mitigation of intersection collisions, and is, in all

probability, the future of intersection collision avoidance.

The use of standalone sensor systems mounted on cars was deemed ineffective by some

works due to the single point of observation, the probability of false alarm (PFA), the

current state of the technology, and because these systems can only reduce collisions by the

host driver. The advantages of a standalone system are the independence of surrounding

infrastructure, low cost, and low maintenance. If these systems are proven to be effective,

they will doubtlessly become the primary method of intersection collision avoidance.

2.6 Automotive Radar Systems

Automotive radar systems are those which use radar technology to identify possible road and

driving hazards [5]. Considerations include the selection of a suitable carrier frequency [44],

mount angle [45], the mitigation of interference [46], and analysis of any degradation due

to vehicle movements and vibrations [47]. These considerations form the cornerstone of the

design of any automotive radar system.
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Figure 2.10: Automotive radar frequency bands [48]

2.6.1 24 GHz versus 77 GHz Radar

Texas Instruments, a company which produces various embedded radar systems, provided

a paper discussing the move from traditional 24 GHz to 77 GHz radar for automotive

systems [48]. The 24 GHz band is referred to as the industrial, scientific, and medical (ISM)

band. The ISM narrowband (NB) frequency range is from 24.0 GHz to 24.25 GHz. A 5 GHz

ultrawideband (UWB) is currently being phased out, leaving only the ISM narrowband

available. The need for higher bandwidth makes the ISM band undesirable for use in

modern radar systems. The 76-77 GHz band is suited to long-range applications as it is

afforded a high equivalent isotropic radiated power (EIRP). The 77-81 GHz band is used for

short-range radar, with the 4 GHz bandwidth allowing for higher range resolution compared

to the 250 MHz ISM band. A graphical representation of these frequency bands is presented

in Fig. 2.10. The higher 77 GHz carrier frequency allows for the use of approximately three

times smaller radar sensors for a given beam width compared to a 24 GHz carrier frequency.

The 24 GHz radar is, however, still relevant. It can obtain a larger maximum range

(for a comparative average transmitted power) and is suited to applications which do not

require fine range resolution. One such example is the single-lane monitoring scenario. A

study on radar target characterisation [44] revealed that the 24 GHz radar sensors were

less sensitive to the orientation of the vehicular targets. This should aid in the detection of

vehicles, though will not work well for the classification thereof. This is expected as the lower

resolution (due to the narrower bandwidth) makes it difficult to identify target features.

Though benefits exist for using 24 GHz radar, it is now classified as legacy technology. A

system designer should aim to use the newer 77 GHz standard for automotive applications.
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2.6.2 Radar Mount Angle Calibration

Research by [45] shows that radar performance can be improved by calibrating the mounting

angle. Since the radar results are relative to the host vehicle, the orientation has a direct

effect on measurement accuracy. All radar measurements are relative to boresight, i.e. the

measured range and velocity are the radial components of the true values, so a change

in orientation will change measurement results. The research [45] provided a method of

automatically calibrating the mounting angle of automotive radar systems. Figure 2.11

illustrates the kinematic considerations for calibrating the radar mount angle.

The first step was to use an inertial measurement unit (IMU) to determine the radar’s

position relative to the vehicle’s centre axis. The next step was to use triangulation by

placing three targets at known relative positions. The method followed to obtain automatic

mount angle calibration was to determine the mounting angle at which the known point

target occupied the fewest grid cells in an occupancy grid map. This required iterating the

mounting angle and selecting the angle at which the detection filled the fewest cells.

2.6.3 Mitigation of Interference

When using the ISM band, mitigation of interference is paramount. In 2018, research by [46]

was undertaken to prove the effectiveness of a novel method for interference mitigation.

The existing method of altering the operating frequency cannot guarantee that the new

operating frequency will be free of interference. Existing techniques focus on reconstructing

the original signal through knowledge of the interference. These methods are implemented

post-detection. The work by [46] proposed a novel solution for mitigating interference

prior to detection. It was achieved by separating the target echo and interference using

morphological component analysis (MCA). The target beat frequency was considered sparse

in the frequency domain while the interference was not. The sparsity was used by the MCA

for the separation of the two components.
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Figure 2.11: Vehicle Kinematics showing radar mount angle [45]

2.6.4 Degradation of Automotive Radar Performance

The effect of motion on radar performance is an important consideration when placing a

radar on a motor vehicle. Such motion includes acceleration, braking, and vehicle vibration.

Nonlinear movements refer to those which occur within one measurement cycle. These

movements influence the PD and accuracy. Vibrations include those generated by the

engine, drag, and road texture. Research conducted by [47] identified road texture as

the leading cause of vehicle vibration. Several models describing nonlinear movements were
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presented [47]. A new equation for noise level estimation was presented, which should prove

helpful when designing automotive radar systems. In this dissertation, since the vehicle is

stationary, nonlinear movements can be safely ignored.

2.7 Theoretical Framework

The theoretical framework lays the foundation for understanding the various technologies,

algorithms, and concepts used in this project. The section begins with an introduction to

Frequency-Modulated Continuous-Wave (FMCW) radar, along with the various modulation

schemes thereof. The section on FMCW technology is a key concept for this project, as

such waveforms allow for the measurement of both position and velocity, which are needed

to estimate the time of arrival. The advantages and disadvantages of each type of waveform

are presented.

Subsequently, signal processing methods are presented: namely signal windowing, the

Fast Fourier Transform (FFT), and Constant False Alarm Rate CFAR detection. These

algorithms facilitate the detection and tracking of vehicles. The selection of an optimal win-

dow function and CFAR algorithm, as well as the tuning thereof, are crucial for optimising

the detection performance of the radars.

2.7.1 Frequency-Modulated Continuous-Wave Radar

Frequency-Modulated Continuous-Wave Radar (FMCW) is a favoured modulation scheme

in the automotive industry as it allows for determining both range and velocity estimates [5].

It was not discovered by a single inventor: various corporations and government bodies

contributed to its discovery. Applications include automotive radar, vital sign monitoring,

concealed weapon detection and imaging radar. FMCW radars transmit a continuous wave

(CW) which is periodically modulated. Modulation is typically linear: two common mod-

ulation schemes include sawtooth and triangle modulation. The linear change in frequency

characterising an FMCW waveform can be described using Eq. 2.1, which represents the

frequency sweep gradient in the time-frequency domain. The variable k represents the ratio

of the signal bandwidth (BW ) to the sweep duration (Tsweep). The range resolution [49]
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given by Eq. 2.2 is common to all linear FMCW waveforms. Equation 2.3 is used for the

conversion of Doppler shift to velocity.

k =
BW

Tsweep

(2.1)

∆R =
c

2 ·BW
(2.2)

v =
λ · fd
2

(2.3)

A typical transmitted period has the time-domain form s(t) = cos (2πf0t+ πkt2) where

k is the time-frequency slope (Eq. 2.1) and f0 is the carrier frequency. This waveform is

referred to as a chirp wave. The received signal is associated with a time delay based on

the two-way propagation distance of the signal from the radar to the target and back again.

A Doppler shift is imparted onto the signal if the target is moving. Figure 2.15 shows

how these frequencies are derived. The time delay is mapped to an intermediate frequency

(referred to as a ‘beat frequency’) coupled with the Doppler shift. An electronic mixer

is used to extract the beat frequency. Radio Frequency (RF) mixing involves multiplying

two signals together, producing signals corresponding to the sum and difference of the two

frequencies. The beat frequency is obtained by low-pass filtering the mixer output so that

only the difference between the two inputs is processed further. Figure 2.13 shows a typical

example of the demodulation. Additionally, the input spectrum is brought to baseband

(bandwidth centred on 0 Hz) since the carrier frequency is cancelled out. This allows for a

minimum sampling rate of twice the maximum beat frequency to avoid aliasing. Figure 2.12

shows the time-frequency plot of the transmitted and received echo of a chirp wave. For

sawtooth FMCW, the transmitted wave is periodic. The relationship between the time

delay (between the transmission and reception of the chirp wave) and the beat frequency is

shown.
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Figure 2.12: Sawtooth FMCW transmitted and received signal showing beat frequency and
Doppler shift

Figure 2.13: Example block diagram of a contemporary radar-on-chip (RoC) solution [50]
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Figure 2.14: Simulated Range-Doppler map with two targets in the received frame

2.7.1.1 Sawtooth Modulation

Sawtooth modulation is common and is preferred due to the use of phase changes for

estimating velocity. It is suited to scenarios in which a large detection range is required,

with targets moving relatively slowly. A significant amount of processing is required. Firstly,

multiple sweeps (periods) must be captured whilst the target occupies a single range bin.

A fast-time FFT is then performed on each of these sweeps (rows), after which a slow-time

FFT is performed along the frequency bins (columns) of the data matrix. The requirement

of a frame of sweeps for target detection as opposed to relying on a single sweep poses a

challenge for most entry-level radar systems. Large computations must be performed in

short bursts to ensure a suitable output update rate.

Typically, the results of the 2D FFT are presented as a range-Doppler map. The fast

and slow time axes are mapped to radial range and velocity, respectively. An example of

such a map is presented in Fig. 2.14.

The benefit of sawtooth modulation is the ability to achieve a finer Doppler resolution
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compared to triangle modulation (Section 2.7.1.2). The drawback compared to triangle

modulation is a reduced maximum unambiguous detectable velocity and range-Doppler

coupling (Eq. 2.8). These concepts are explored in this section.

The phase change ∆ϕ of a received echo between consecutive chirps [51] is given by

Eq. 2.4, where ∆d is the distance traversed by the target and λ0 is the center wavelength.

The target’s speed can then be calculated as shown in Eq. 2.5 where Tc is the time taken

for the target to move ∆d meters at a rate of v meters per second. Since the maximum

unambiguous phase shift is ±π, the maximum unambiguous velocity can be computed using

Eq. 2.6. The slow-time FFT used to resolve the target’s speed operates on the samples in

the same range bin. By increasing the number of samples in each bin, a higher velocity

resolution can be realised. Increasing the frame duration Tf (or coherent processing interval)

can therefore improve velocity resolution [49] as shown in Eq. 2.7.

∆ϕ =
4π ·∆d

λ0

(2.4)

v =
λ0 ·∆ϕ

4π · Tc

(2.5)

vmax =
λ0

4 · Tc

(2.6)

∆v =
1

2 · Tf

(2.7)

Equation 2.6 shows that shorter chirps allow for a larger maximum velocity. Since the

Doppler shift cannot be separated from the beat frequency, it is treated as a measurement

error. The beat frequency after mixing and filtering a positive-ramp chirp is given by

Eq. 2.8, where k is given in Eq. 2.1, fD is the Doppler frequency shift, R is the radial range,

c is the speed of light in the medium, and fu
b is the beat frequency of the received up-chirp

wave. The radial range can be measured using Eq. 2.9 which assumes fD is negligible.

fu
b =

1

2π

dϕIF

dt
=

2kR

c
− fD (2.8)
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Figure 2.15: Single period of triangle FMCW transmit and echo signals where ∆f1 and ∆f2
are the up and down chirp beat frequencies, respectively

R =
c · fb
2 · k

(2.9)

2.7.1.2 Triangle Modulation

The range-Doppler coupling intrinsic to sawtooth modulation is resolved by triangle modu-

lation. Both Doppler and range estimations can be obtained after two sweeps: an up-chirp

followed by a down-chirp. Far less memory and processing is required (compared to saw-

tooth modulation) since a frame of sweeps is not required and simpler processing methods

can be applied. The disadvantage, when compared to sawtooth modulation, is ambiguity

in multi-target scenarios and the possibility for ‘ghost targets’. The fundamental equations

of triangle FMCW are given by Equations 2.10 and 2.11, which is based on Eq. 2.8.

fu
b =

2kR

c
− fD (2.10)
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fd
b =

2kR

c
+ fD (2.11)

fb =
fd
b − fu

b

2
(2.12)

fD =
(fd

b − fu
b )

2
(2.13)

vmax =
(fd

b − fu
b )max · λ
4

(2.14)

Equations 2.10 and 2.11 show how the up-chirp beat frequency (fu
b ) and down-chirp

beat frequency (fd
b ) are related to the radial range (R) and Doppler shift (fD). Subtracting

Eq. 2.10 from Eq. 2.11 equates to 2 · fD while addition equates to 2 · 2kR
c
. Equations 2.15

and 2.16 show how R and fD are calculated when using the triangle FMCW waveform.

Substituting fD from Eq. 2.16 into Eq. 2.3 produces a radial velocity estimate. The triangle

modulation uses the change in the target’s beat frequency between the up and down chirps

to determine its velocity and range, respectively. In contrast, the sawtooth modulation uses

the change in phase between the target echo and reference signal over a frame of sweeps

to determine velocity. Assuming the received echo is sampled at twice the beat frequency

(Eq. 2.17), the frequency bins are spaced ∆f = fs
N

apart, where N is the number of samples

per sweep. Velocity resolution can be represented by substituting frequency resolution ∆f

into Eq. 2.3. Since the frequency resolution ∆f is proportional to the velocity resolution,

increasing N can be used to better resolve targets separated by velocity. Accuracy can

be improved by increasing the length of the time domain signal before performing the

frequency domain transformation. A simple method of increasing the length of the time

domain sequence is zero-padding, discussed in Section 2.7.5.

R =
c(fu

b + fd
b )

4k
(2.15)

fD =
fup
beat + fdown

2
(2.16)
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Figure 2.16: Initial radar signal processing stages

2.7.2 Radar Signal Processing

Digital radar signal processing is the process of extracting information from a sampled

received signal using some form of a processing system. It refers to specific algorithms and

techniques used to optimise processing and results. Several processing techniques which

constituted the custom processing algorithm implemented in this work are discussed. These

algorithms were optimised for the uncontrolled, single-lane intersection monitoring scenario.

Figure 2.16 shows the initial processing stages presented in this section. Concepts explored

in this section were obtained from [52] and.

After the target echo has excited the radar antenna, it is amplified, filtered, and sam-

pled. A low-pass finite impulse response (FIR) filter, referred to as an anti-aliasing filter

in this application, is used to remove unwanted signals from the received signal that would

otherwise produce unwanted artefacts post-downsampling [52]. An FIR filter is used since

it is inherently stable and has a linear phase characteristic, which is favourable for coherent

radar applications. The downside when compared to an infinite impulse response (IIR)

filter is that there is a longer delay when data is moved through the FIR filter. This is due

to more delay lines (taps) required to provide an equivalent response, since the FIR filter

uses only previous inputs, whereas the IIR filter output is based on both previous inputs

and outputs.

Sampling is carried out by an analogue-to-digital converter (ADC), which samples signal

echoes at a rate corresponding to the Nyquist criterion given by Eq. 2.17, where fs is the

sampling rate and f is the maximum frequency that can be perfectly reconstructed from the

sampled signal. Bandpass sampling requires a sampling rate commensurate with the signal

bandwidth. Though this appears to violate the Nyquist criterion, the use of both I and Q
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data means that two samples effectively represent each time domain sample. The selection

of a suitable ADC is determined by many factors, one of which is the level of quantisation

noise.

fs > 2 f (2.17)

2.7.3 Signal Windowing

Since the Fourier transform assumes a signal is continuous for all time, the sudden tran-

sitions at the start and end points of a received finite-duration signal result in spectral

leakage, in the frequency domain. Information presented in this section was sourced from

the Principles of Modern Radar [52] textbook. Windowing involves tapering of the received

signal to reduce the power level of these frequency domain side-lobes [52]. After applying a

window function, the ratio of the mainlobe to the sidelobe power is increased which improves

target detection probability for a given PFA. The increase in prominence of the mainlobe

comes at the cost of a broader main lobe, which translates to a reduced frequency resolu-

tion. Common window functions include the Hamming, Hanning, Blackman, and Taylor

windows. A comparison of a subset of window functions is presented in Fig. 4.5. Windowing

can reduce the straddling loss, where the true frequency lies between two frequency bins,

associated with a discrete frequency spectrum [52].

2.7.4 Fast Fourier Transform

The Fourier Transform [52] is an algorithm used to convert a time domain signal into its

corresponding frequency domain representation. This allows for the frequency or spectral

content to be analysed and used in further processing. The Discrete Fourier Transform

(DFT) is used when the input time domain signal has been digitised and consequently is

finite in length. It allows for the computation of the Fourier Transform by a computer

on sampled data. The Fourier Transform is a key algorithm in this project, as it allows

for the extraction of the beat frequencies generated by the FMCW waveform described in

Section 2.7.1. In radar, the Fourier Transform allows for the detection of targets and the
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measurement of range, velocity, and angle of arrival.

An FFT refers to any efficient algorithm which implements the DFT using computer

hardware. Inputs that are powers of two offer significant performance improvements when

using an FFT algorithm. The required number of complex multiplications and additions

is N
2
log2(N) and N log2(N), respectively, when N , the input sequence length, is a power

of two. The FFTW (Fastest Fourier Transform in the West) algorithm is a C subroutine

library which offers superior performance compared to other publicly available algorithms.

This algorithm is used in the MATLAB fft() function but not in the NumPy and SciPy

Python libraries.

2.7.5 Zero Padding

Time-domain zero padding is a form of frequency-domain interpolation. Adding trailing

zeros to a set of time domain samples is defined as zero padding. The primary use is to

obtain a power-of-two sample length for improved FFT performance. Additionally, finer

frequency accuracy is realised since zero-padding results in finer spacing between frequency

bins, allowing for inter-bin frequencies to be better estimated [53] assuming that only a

single frequency lies between the bins. Essentially, zero padding interpolates the frequency

domain signal, smoothing out the curve fitted to the FFT points. The relationship between

frequency bin width and the number of FFT points is given by Eq. 2.18. Note that zero

padding does not improve frequency resolution: since no new information is added, multiple

frequencies occurring between frequency bins cannot be resolved using zero padding. If it is

reasonably certain that only one target is present, the accuracy of the frequency estimation

can be significantly improved via interpolation using zero padding. The process of zero-

padding is a key aspect of this project since a low-cost radar such as the uRAD USB v1.2

generally offers reduced accuracy compared to higher-priced alternatives.

∆f =
fs
N

(2.18)

Similarly, there exist dedicated spectrum interpolation algorithms such as Gaussian

and Parabolic interpolations that offer an increased inter-sample resolution. However, zero
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padding is the simplest to implement, provides interpolation via the FFT algorithm without

requiring an additional algorithm, and is consequently less computationally expensive than

the alternative methods.

2.7.6 Constant False Alarm Rate Detection

The need for constant false alarm rate (CFAR) detectors arose from the variability of the

noise floor and clutter background in many radar applications [52]. A detailed explanation of

CFAR processing is given in Principles of Modern Radar textbook [52]. When using FMCW

radar for observing vehicles, CFAR allows for the extraction of the FMCW beat frequencies

based on the location of signal amplitudes breaching the adaptive CFAR threshold. The

beat frequencies are then used to produce range and velocity estimates. The CFAR detector

can detect targets with low SNR by forming a threshold based on the surrounding cells and

desired PFA.

A constant threshold produces detections when the received echo exceeds a predeter-

mined value, which is effective when strong target echoes are received against a roughly

constant noise and clutter background. The specific value of PFA is user-defined and is

typically selected based on the interference power (which may vary spatially and tempo-

rally), processing methods implemented post-CFAR, and the specific radar application. The

CFAR detector produces detections based on the relative level of one cell, the cell under

test (CUT), to those surrounding it. The key CFAR detection equation is given by Eq. 2.19,

where the detection threshold DT is the product of a threshold factor α and an estimate of

the noise power P 2
n . The downside of CFAR detection is a reduced probability of detection

(PD) compared to a fixed threshold, such as the Neyman-Pearson detector [52]. A larger

input SNR is therefore required for a detection to be made.

DT = α · P 2
n (2.19)

Various algorithms exist for estimating P 2
n . The basic cell averaging CFAR (CA-CFAR)

uses the average of the cells surrounding each CUT and scales this average by a constant.

The constant, α, is calculated based on the desired PFA and the number of training cells
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(Ntrain) as shown in Eq. 2.20. Improvements on the generic CA-CFAR algorithm include

Smallest-Of (SOCA) and Greatest-Of (GOCA) cell averaging CFAR [52]. These compute

the averages on either side of the CUT (the training sets) and use the smaller or larger

average, respectively. GOCA CFAR is used to minimise false alarms due to clutter edges,

whereas SOCA CFAR is used to suppress the masking of mutual targets [52]. Mutual

target masking refers to the presence of one target in the training biasing the noise power

estimation [52]. A more sophisticated method of avoiding mutual target masking is the

Ordered Statistic (OS) CFAR algorithm.

α = Ntrain(PFA
− 1

Ntrain − 1) (2.20)

The ordered statistic CFAR implements a sort operation instead of the averaging op-

eration used by the traditional CA-CFAR variants. According to [54], OS-CFAR is useful

in multi-target automotive applications. The OS-CFAR algorithm was first presented by

Rohling [55] in 1983. The drawback is the significantly higher computational cost due to

the sort operation. Equation 2.21 can be used to calculate the scaling factor α based on

the desired PFA, Ntrain, and rank r. The algorithm is capable of rejecting Ntrain − r

targets in each training set. Choosing r > Ntrain

2
allows for suppression of clutter edge

false alarms [52]. Figure 2.17 provides the general CFAR architecture, where the method

for estimating clutter power is defined by each algorithm variation, such as CA-, GOCA-,

SOCA-, and OS-CFAR. Though only the four fundamental CFAR detection algorithms are

discussed, there exist many variations offering varying degrees of success.

PFA = r

Ntrain

r

 (r − 1)!(α +Ntrain − r)

(α +Ntrain)!
(2.21)

The use of guard cells improves the detection capability of CFAR detectors. Guard cells

define cells surrounding the CUT which are excluded from the averaging or sort operation.

These cells are often part of the target echo and should be excluded to avoid biasing the
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Figure 2.17: Generic one-dimensional CFAR block diagram [56]

noise power estimate. The number of guard cells depends on factors such as the target

being observed and the frequency resolution (especially after time-domain windowing). The

CFAR algorithms are designed to operate on the output of a square law detector, which is

the sum of the squares of the I and Q channels. Fewer computations are required compared

to the linear detector since the square-root operation is excluded while performance is

maintained [57].

2.8 Summary

The need for ACAS systems is clear: based on the presented collision statistics and ACAS

technologies, ACAS systems are effective at reducing road accidents. The road intersection,

especially one which is not regulated by traffic lights, was identified as a common location

of road accidents. Research into predicting collisions at these locations will significantly

reduce the overall number of future road accidents.

Though similar systems to the proposed system are provided as optional extras by several

automotive manufacturers, minimal publicly available research into the effectiveness of these
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systems—particularly low-cost solutions—exists. Such systems require less infrastructure

and dependence on external technologies compared to V2I and V2V communication systems.

However, V2I appear to offer better performance than onboard systems as such systems are

not restricted to a single vantage point and by the number of sensors and other hardware that

can be installed at road intersections. Provided the latency of communicating information

is low, V2V and V2I systems can offer effective prediction and mitigation of unregulated

intersection collisions. Despite the apparent superiority of the communications systems to

onboard systems, the benefit of reduced cost and reduced dependence on infrastructure

motivates research into such technologies.

The ability of radar to measure both speed and position of targets makes it a suitable

technology for onboard collision prediction. Many considerations are required, such as the

radar carrier frequency, mount angle, interference mitigation, and the effects of mounting

a radar to a vehicle. The FMCW radar waveform is required for measuring both the range

and velocity of a target. The design of the waveform includes factors such as the modulation

scheme, ramp bandwidth, and period, which determine the radar metrics. Notable metrics

include the maximum detectable unambiguous range and velocity and the range and velocity

resolutions.

To correctly estimate the range and velocity of a target, radar signal processing is

required. To this end, various signal processing methods are used. Examples include signal

windowing, the FFT, and CFAR algorithms. By tuning the parameters of these algorithms,

the values of PFA and PD can be improved. Improving these metrics will improve the

trustworthiness of the range of velocity estimates produced by the system.
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Chapter 3

Requirements and Methodology

The purpose of this section is to describe the research process carried out in this project.

The process was divided into five phases. Firstly, an investigation was carried out to assess

the current state of the technology. Following this, design tools and requirements were

identified. The design and simulation phases were carried out iteratively, followed by the

implementation, testing, and performance analysis of the final test rig.

An overview of the approach is presented first, followed by descriptions of the methods

used in each project phase. Figure 3.1 shows the five project phases. Additionally, methods

for data collection, analysis, and interpretation are presented.

Phase 1

Phase 2
Research


existing technology
and systems

Design

waveform design, processing

algorithms, simulations


Phase 3
Requirments


Identify and quantify Phase 5

Phase 4
Validation


experiment test plan

Implementation

test rigs, software


Figure 3.1: Overview of project phases
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3.1 Overview of Approach

The first step was to determine if such a system existed commercially or had been pre-

viously researched. Research into automotive collision avoidance was undertaken to gain

an understanding of the functionality, strengths, and weaknesses of such systems. Suitable

hardware and software tools for the proposed system were then identified. Since the design

was primarily software-based, the Agile methodology was adopted [58]. The benefits of this

methodology include flexibility, speed, and continuous improvement as new information

is discovered [58]. Processing algorithms were continuously refined and alternate avenues

were pursued before an appropriate solution was found. Once the requirements outlined

in Section 3.3 were met, a roadside test rig was designed and built. The test rig was used

for controlled and uncontrolled experimentation to evaluate system performance, accuracy,

and whether or not the system met the user requirements described in Section 3.3.

3.2 Phase 1: Research and Investigation

To gain an understanding of the capability of automotive collision avoidance systems, re-

search was performed and collated in Chapter 2. Index terms were used to search for any

relevant research and commercial systems. Once it was determined that a research gap

existed, the research objectives stated in Section 1.4 were devised. These objectives were

summarised as follows:

1. Identify and define the user and technical requirements

2. Identify suitable hardware that meets the technical and user requirements

3. Simulate radar hardware and the designed data and signal processing for the inter-

section scenario

4. Implement processing algorithms and test performance using a suitable test rig

5. Compare results to simulations, Global Positioning System (GPS) data, video record-

ings, and the project requirements
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3.3 Phase 2: Identification of Requirements

The project requirements focused on the required performance of the radar hardware and

processing algorithms. The hardware needed to produce results at a rate faster than the

average driver reaction time, which is in the order of hundreds of milliseconds [59]. Similarly,

the accuracy had to be greater than that of a human estimate [60]. The system needed to

have an appropriate size and weight to be installed in the front bumper of a vehicle. The

false alarm rate, robustness, and output format influence how the system is perceived by

the driver. These high-level requirements are summarised in Tab. 3.1. The ‘user’ refers to

the driver of the vehicle fitted with the proposed system. For UR5 in Tab. 3.1, the scope

limited testing to two variations in vehicle type (hatchback and compact sedan) with no

consideration of weather conditions.

Table 3.1: User Requirements

ID Requirement Description

UR1 Update rate Faster than the rate of driver decision making in
the scenario

UR2 Output format Intuitive and easy to interpret

UR3 Accuracy Better than human estimation in the scenario

UR4 False alarm rate Low enough for the driver to trust the system

UR5 Robustness Reasonable tolerance to scenario variations

The technical requirements were based on the characteristics of the unregulated intersec-

tion monitoring scenario. Characteristics include the maximum expected speed of vehicles,

the observation of a single lane in each direction, and the minimum required resolution

and accuracy. The maximum required range was determined to be proportional to both

the maximum expected velocity of approaching vehicles and the host vehicle’s time-to-turn

(T2T) using the relationship between time, distance, and speed. A longer T2T and/or

faster-approaching vehicles require detection at a further range. Investigation into the aver-

age T2T was out of scope. Similarly, the update rate was based on the assumed maximum

driver decision-making rate of three estimates per second. These technical requirements are
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summarised in Tab. 3.2. The maximum range of 60 m is based on a T2T of 3 seconds and

a maximum expected velocity of 70 km/h. The minimum accuracy needed to be equivalent

to that of a GPS measurement, or at least greater than that of a human estimate.

Table 3.2: System Technical Requirements

ID Requirement Value Description

TR1 range 0 - 60 m Based on the T2T of the
host vehicle and maxi-
mum expected speed of ap-
proaching vehicles

TR2 velocity 0 - 70 km/h Based on the main road
speed limit and the T2T of
the host vehicle

TR3 range resolution <4.3 m Less than the length of a
small car

TR4 angular resolution N/A Single lane is monitored

TR5 velocity resolution N/A Single target is monitored

TR6 range accuracy <±1.4 m At least as accurate as a
GPS measurement

TR7 velocity accuracy <±5 km/h At least as accurate as a
GPS measurement

TR8 hardware output I/Q samples To facilitate development
of a signal processing algo-
rithm

TR9 update rate >3 ests/sec Assumed rate of driver
decision-making in esti-
mates per second

3.4 Phase 3: Design and Simulations

Simulations allowed for measuring the performance of the radar hardware in a variety of

scenarios. The designed processing algorithm was used to process the simulated data, the
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output of which was compared to the ground truth values. The process of designing the

processing algorithm and simulation thereof was iterative. MATLAB and various MAT-

LAB toolboxes were used for both simulation and algorithm design. Simulation results

were compared to the technical requirements as specified in Tab. 3.2. Three FMCW mod-

ulation schemes were investigated: sawtooth, triangle, and dual-rate triangle modulation.

Experiments were performed by altering the bandwidth and ramp duration parameters.

Simulation of the scenario involved modelling the road and car trajectories at road inter-

sections. Firstly, one target and one radar were simulated. Following this, scenarios using

multiple targets with various motion parameters were tested for the intersection scenario

with the dual radar system. Processing algorithms were implemented for each of the three

modulation schemes. These were compared to determine which offered the best performance

for the given application. Computer-Aided Design (CAD) software was used to design the

final test rig. The placement of components, structural integrity and ventilation aspects

were considered. Additionally, suitable peripheral hardware was identified.

3.5 Phase 4: Implementation

Various steps were required to adapt the processing algorithm to run in real time. Once

a suitable script was designed, it was implemented and tested on an embedded platform.

Multi-threaded configurations were implemented to improve performance. Additionally, a

real-time plotting script was implemented to allow for viewing processed radar results in

real-time, at the cost of reduced performance. This was used for debugging purposes only

as the proposed system needed only to report on turn safety.

Three test rigs were designed. The first used a single radar and camera while the

second and third used two cameras and two radars. The test rigs allowed for verifying the

processing algorithm performance during the development cycle. The dual camera system

was implemented for verification of both real-time and offline processing.

The final test rig was designed as a standalone enclosure to be placed on the pavement

next to the main road. It was decided that fitting the system to a car was unnecessary for

the following reasons:
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1. A car-installed test rig would require parking at the intersection for data collection,

obstructing other drivers

2. Fitting the system to a car requires additional work, which would increase the project

duration

3. The system would have to be designed to fit a single vehicle make and model, or a

subset of vehicles with a similar design

4. If the installation is not sound, there will be a risk of damage to the hardware

5. Connecting and supplying power to the hardware will require additional consideration

based on the car battery output

6. Since the goal was to provide proof of the concept, a product-level prototype was not

required

3.6 Phase 5: Testing and Verification

The final project phase involved assessing system performance and performing controlled

and uncontrolled testing. The hardware was tested to verify that the technical requirements

outlined in Tab. 3.2 were met. Initially, testing was performed in a laboratory, after which

the system was deployed at the side of a road. The initial laboratory experiments used office

chairs and a trolley fitted with a corner reflector to replicate cars in the small-scale test

environment. Next, a car was driven past the radar at a known speed with GPS data used to

verify the radar estimates. Finally, the system was deployed alongside a main road. These

experiments were performed for both the single and dual radar test rigs. The experiments

were consolidated into an experiment test plan, summarised in Tab. 7.1. Further analysis

was performed on the road tests as the laboratory tests were used for iterative system

development.

Captured radar data was uploaded to the cloud for both safe storage and access by multi-

ple devices. Data collection took place at several road locations, with controlled experiments

performed on residential roads and uncontrolled experiments on main roads. Collected data
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included low-resolution video footage, cellular GPS data, radar I/Q samples, and the speed,

range, and time of arrival estimates produced by the real-time processing algorithm. The

three data sources facilitated both qualitative (video) and quantitative (GPS data) compar-

isons with the radar estimates. GPS was determined to be the only other technology that

could produce equivalent estimates in the proposed scenario. The speedometer measure-

ments were used to maintain the desired target speed but were not used as ground truths

since speedometers generally over-report speed measurements [61] and cannot be measured

precisely by eye.

3.7 Summary

This chapter presented the methods followed during the five project development stages,

where tasks were completed using the agile methodology. The iterative nature of the project

was apparent in the simulation and design phases as well as the test rig development and

testing stages. The structured approach, software tools, and hardware availability allowed

for rapid development and testing.

Substantial research was performed on the topic of automotive collision avoidance sys-

tems and FMCW theory. The research process continued through the simulation, design,

and implementation processes, ranging from signal processing theory to information on

CAD modelling techniques. MATLAB simulations and processing sub-algorithms allowed

for the rapid development of the final processing algorithm. The final roadside unit test

rig proved to be an exceptional prototype for assessing the performance of the proposed

system.
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Chapter 4

Design

This chapter provides a structured and detailed description of the major project design

stages. The system design is presented first, including a discussion on radar hardware

selection and outlining the tools and methods for configuring the demonstration system.

Sections on the design of the signal processing chain are presented, including topics on

waveform design and descriptions of the various processing stages. Finally, the design of

the roadside test rig is presented, which involved CAD modelling and considerations on the

optimal layout of the various subsystems.

4.1 System Design

The system design section provides a high-level description of the demonstration system.

Various possible radar hardware solutions are identified and discussed. Following this, the

various software tools used during system development are presented. Interfacing methods

for connecting the various subsystems are then described. Figure 4.1 provides a high-level

representation of the implemented prototype, showing the dual radar and dual camera

systems connected to a central processing unit. The processing unit routed power from the

power supply to the various sensors. Each block required a hardware selection process as

described in Section 4.4.2. All interfaces were over USB, with the result streamed using the

Secure Shell (SSH) protocol and written to text files for offline processing.
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Signal and Data Processor

Right Radar

Right Camera

Battery

LED Display

Left Radar

Left Camera

Figure 4.1: High-level system block diagram

4.1.1 Radar Hardware Selection

An investigation into suitable radar hardware was carried out based on the requirements

identified in Tables 3.1 and 3.2. Since automotive radar typically operates in the GHz

region, the size and weight of the radar antennas are expected to meet the respective

requirements. RFbeam Microwave GMBH [62] offered hardware options which were well-

suited to the intersection collision avoidance scenario. The suitability was confirmed by

inspection of the applications list of each radar system. Applications included intersection

surveillance, anti-collision, speed measurement, and counting and classification of vehicles.

Some of the hardware options below were identified by narrowing the search of the RFbeam

Microwave products to intersection surveillance. It was discovered that RFBeam defines

intersection surveillance as an infrastructure-based system. The radar is expected to be

installed at intersections and performs traffic flow analysis, queue detection, and intelligent

traffic signal control [62].

The K-MD2 radar transceiver [63] is a powerful, high-end FMCW radar system. It

offers a maximum detection range of 200 meters for cars, a maximum detectable velocity of

130 km/h with a 1 km/h resolution, and three receiver channels for 3-D position estimation.

The system offers integrated firmware processing to aid with fast development since only

data processing, as opposed to both signal and data processing, would be required. The

downsides were that it was vastly more expensive than the alternatives and was possibly

superfluous for the proposed application. Since two radars were required for the project,

the cost of the K-MD2 radar transceiver was outside the project budget. The inflexibility

of the firmware-based processing reduced the scope for optimising processing for certain
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scenarios. Figure 4.1.1 shows the radar module and block diagram.

(a) Photograph (b) Block Diagram

Figure 4.2: K-MD2 radar and block diagram

The K-MC1 [64] radar transceiver was another potential solution. Radar parameters

such as maximum range and velocity were not presented due to dependence on waveform

design by the user. This radar operated at 24 GHz with a bandwidth of 300 MHz. The

stated maximum range for the detection of vehicles was 150 m. Though the beamwidth in

azimuth of 12◦ seemed to be too narrow, the radar could be rotated such that the specified

elevation beamwidth of 25◦ could be used in the azimuth plane. The relative sidelobe gain of

-40 dB in elevation appeared suboptimal. Unfortunately, this module required the design or

integration of additional circuitry to allow it to interface with other hardware. Essentially,

it is not a fully-formed, off-the-shelf system. The design of low-level circuitry and embedded

software was beyond the scope of this project. Figure 4.1.1 shows the radar module and

block diagram.

The uRAD USB v1.2 by Anteral [65] was selected due to its low cost (3497 ZAR ex-

cluding shipping, duties, and tax), availability, and ease of programming and deployment.

Based on the datasheet, the system appeared to meet the minimum application require-

ments, making it well-suited to this project. The Python Software Development Kit (SDK)

simplified development, as opposed to the C-based SDK offered by most of the alternatives.
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(a) Photograph (b) Block Diagram

Figure 4.3: K-MC1 radar and block diagram

For a proof-of-concept, the benefit of a C-based implementation, namely increased perfor-

mance, remained out of scope. Though uRAD offered an automotive radar solution, this

was not used for several reasons. Since the automotive uRAD was capable of 3-D position-

ing, it was slightly over-specified for the single-lane application. Raw I/Q data could not

be produced by the module, which was a project requirement (TR8, Tab. 3.2). Finally, the

cost of 4393 ZAR (excluding shipping, duties, and tax) led to the selection of the cheaper

uRAD USB v1.2 as it was hypothesised that the lower-specification hardware would work

for the project application. Figure 4.4 shows the front, back, and side views of the uRAD

radar.

Figure 4.4: uRAD USB v1.2 Radar
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4.1.2 The uRAD USB v1.2 Radar

Table 4.1: uRAD USB v1.2 Radar Parameters

Parameter Min Typ. Max Unit

Frequency band 24.005 - 24.245 GHz

Output power 16 18 20 dBm

Antenna gain - 16.6 - dB

Field of view - 30x30 - deg

Sidelobe levels -19.8 - -21.3 dB

The uRAD radar was suited to the project application as it provided FMCW waveforms

(Section 2.7.1) which allowed for the estimation of the range and velocity of a target.

The device specifications are presented in Tab. 4.1. The device could perform all signal

processing onboard, producing range, velocity, and SNR measurements for up to five targets.

Only an interface to an external system for retrieval, storage, and data processing was

required. The uRAD radar could only estimate both distance and velocity using the triangle

and dual-rate waveforms, with only distance produced from the sawtooth waveform (no

sawtooth FMCW range-Doppler processing). A Graphical User Interface (GUI) option was

also available, where processing was performed by the host PC. Though the uRAD GUI

program allowed for some degree of tuning, it could not be customised for the scenario since

code for the proprietary processing stages was hidden in pre-compiled shared object (.so)

files. The .so files had to be requested from Anteral for the specific Linux OS on which the

GUI program was to be executed. Fortunately, the device could be configured to bypass

the onboard processing and output I/Q data. The I/Q data could then be processed offline

on a computer using custom algorithms. Though the exact hardware schematic could not

be acquired since it was proprietary, a generic design structure is presented in Fig. 2.13,

which likely resembles that which is implemented on the uRAD USB v1.2.
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4.1.3 Software Tools

MATLAB was chosen as the tool to perform simulations and develop the signal processing

algorithms since it allowed for the rapid design of simulations, signal processing algorithms,

performance testing, and the plotting and analysis of results. Specifically, the Phased Array

Toolbox, Automated Driving Toolbox, Radar Toolbox, and Statistics Toolbox were used.

Python was selected as the language for configuring the uRAD USB v1.2 radars and

performing real-time signal processing (Section 4.3). The implementation of the processing

algorithm in Python is presented in Section 6.2. The radar hardware included a Python

Software Development Kit (SDK) for radar configuration and data acquisition. Libraries

such as NumPy, SciPy, and Matplotlib simplified the process of converting the processing

algorithm from MATLAB to Python. NumPy was used for performing array operations on

received radar sweeps, SciPy provided certain processing operations, and Matplotlib was

used to plot graphs, such as frequency spectra and camera outputs, in real time.

Git was used for source code version control and to provide a shared code base to be

accessed by the relevant computing systems. A link to the GitHub repository can be found

in Appendix B. Controlling and transferring data to and from the Raspberry Pi was carried

out over SSH using Visual Studio Code. An Android SSH application, Termius, allowed for

controlling the test rig without the need for a PC.

4.1.4 Interface Methods

Serial communication (USB) between the radar module and the processing system was

used to configure the radar and receive I/Q data. In the Windows operating system (OS),

the device ID was found using the Device Manager program, where it appeared under the

communication (COM) port menu. On Ubuntu and Raspbian, the USB device ID was

prefixed by ‘ttyACM’. The term ‘ACM’ stands for Abstract Control Model and ‘tty’ stands

for teletypewriter. The radars were connected to ports ttyACM0 and ttyACM1 by default.

Communication between the remote computing platform and a host PC used the SSH

protocol. The use of SSH required the remote platform and PC to be connected to the

same network using either WiFi or Ethernet. The protocol was also used for transferring
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data from the remote platform to the host PC.

The Python OpenCV library was used to record camera data, which took place over a

serial communication link. Fortunately, the Raspberry Pi Model 4B had four USB ports,

simplifying communication between the processing and sensor subsystems. Alternatively, a

USB converter that would connect to the Raspberry PI’s 40-pin header would be required.

4.2 Waveform Selection

Since waveform design had a direct impact on detection performance, various waveform

modulations were analysed to determine the optimal solution for the single lane-monitoring

application. This section describes the investigation into, and analysis of, each suitable

waveform available on the uRAD USB v1.2 radar module.

4.2.1 Triangle Modulation

Firstly, the triangle FMCW waveform (Section 2.7.1.2) was evaluated as it offered both ra-

dial velocity measurements and radial range measurements within two sweeps. Additionally,

this waveform allowed the target’s Doppler shift to be decoupled from the beat frequency,

which is not possible when using sawtooth modulation (Section 2.7.1.1). Targets with neg-

ative or zero Doppler shifts (targets moving away from the radar and stationary targets,

respectively) were filtered out by excluding them from further processing since they are of

no interest when monitoring turn safety. The first method was to pair the beat frequencies

associated with the largest SNR in the up and down chirp spectra. Though only the nearest

target was of interest, a larger second target producing a similar or greater SNR resulted in

frequent incorrect pairing of beat frequencies. It was hypothesised that the nearest target

would always have the largest SNR. It was found that the SNR fluctuated for moving cars,

so the devised method of selecting the largest SNR in each sweep was deemed unsuitable

for a multi-target scenario: the presence of multiple beat frequencies with fluctuating SNRs

resulted in ambiguity in associating the up-chirp beat frequencies with the down-chirp beat

frequencies.

Since velocity was estimated using the change in beat frequency (Eq. 2.14) instead of a
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phase change (Eq. 2.5), the maximum unambiguous velocity was much larger than that of

the sawtooth modulation. This difference is clear when inspecting Equations 2.6 and 2.14

Though the accuracy of the velocity measurements could be improved with interpolation

(Section 4.3.4), the coarse velocity resolution, related to the frequency resolution, could not

be improved due to hardware limitations. For triangle modulation, the coherent processing

interval is determined by the period of the waveform. A longer period has more samples per

sweep, resulting in a finer frequency resolution post-FFT. The range resolution (Eq. 2.2)

and frequency spacing (Eq. 2.18) calculations for the uRAD USB v1.2 with fs = 200 kHz

are shown below. The minimum Doppler shift was calculated by subtracting Eq. 2.10

from Eq. 2.11. These calculations were then compared to the datasheet values. The stated

distance resolution of 1.5 m is believed to be due to signal windowing (Section 4.3.1) applied

by the uRAD firmware processing. The velocity resolution of 1.5 m is half of the calculated

value. In practice, the velocity resolution was found to be the calculated value of 3.1 m/s

without interpolation. This was expected as the accuracy was limited by the frequency

spacing ∆fD.

∆R =
c

2B
=

3 · 108

2 · 240 · 106
= 0.625m (4.1)

∆f =
fs
N

=
200 · 103

200
= 1 kHz (4.2)

∆fD = (
fd
b − fu

b

2
) =

∆f

2
= 500Hz (4.3)

∆v =
∆fD · λ

2
= 3.125m/s (4.4)

4.2.2 Sawtooth Modulation

Section 2.7.1.1 identified sawtooth modulation as better suited to a multi-target scenario

than triangle modulation. Though the range-Doppler coupling was present, it could be

safely ignored provided the targets had sufficiently low velocity relative to the chirp rate.

If a frame of chirps could be obtained while the target remained in a single range bin,
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the changing phase of the return signal could be used to measure its velocity. A two-

dimensional FFT and two-dimensional CFAR detector were required, after which detections

would need to be clustered. The centroid of the clusters would represent the velocity and

range measurement. The waveform had to be designed such that the maximum range and

velocity were sufficient for the vehicle-monitoring application.

Rmax =
c

2 ·BW
· fs
2
· Tc (4.5)

Rmax =
c

2 ·BW
· fs
2
· Tc (4.6)

Starting with the FMCW range equation presented in Eq. 2.8 and assuming (fD) is

negligible, the maximum range is related to the ADC sampling rate following the Nyquist

criterion (Eq. 2.17) and is presented in Eq. 4.5. Alternatively, if I/Q sampling is used, the

maximum range is given by 4.6. For the uRAD USB v1.2 radar, it was found that the

former was used in the provided GUI program. The number of ADC samples in a sweep

could be represented as the product of the sampling frequency and the duration of the

sweep (Eq. 4.7). Substituting for Tc in Eq. 4.5 allowed for the calculation of the maximum

unambiguous range based on the number of ADC samples received (Eq. 4.8). Substituting

for Tc in Eq. 2.6 allowed for the calculation of the maximum unambiguous velocity based

on the number of ADC samples received (Eq. 4.9).

Ns = fs · Tc (4.7)

Rmax =
c ·Ns

4 ·BW
(4.8)

vmax =
λ · fs
4 ·Ns

(4.9)

It was then found that the uRAD USB v1.2 was not capable of meeting the required

waveform parameters: a minimum of 50 samples per sweep was allowable using the provided

firmware as stated in the uRAD SDK v1.1 user manual [65]. Additionally, the capture of
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multiple back-to-back sweeps was not possible: samples were transferred as single sweeps

per request with no option to capture a frame of sweeps. Using Eq. 2.6, 32 samples per sweep

would be required to achieve a maximum unambiguous speed of 70 km/h. However, the

maximum unambiguous range would become 20 m provided the bandwidth is not reduced

(Eq. 4.8). Sawtooth modulation using the uRAD USB v1.2 failed to meet the technical

requirements regarding maximum detection range and measurable velocity.

4.2.3 Dual-rate Triangle Modulation

Dual-rate triangle modulation is used to eliminate the incorrect pairing of up and down

chirp beat frequencies in multi-target scenarios. The incorrect pairing of beat frequencies

resulted in ‘ghost targets’. A solution to this was to use two cycles with different slopes—

two time-frequency chirp rates. True targets are those found to be in the same position

(same beat frequency and Doppler shift) in both the first and second waves [66].

The downsides of this method are as follows: firstly, it takes four sweeps before detection

can be made. The processing time increases compared to that of the regular triangle FMCW

waveform as four sweeps must be processed simultaneously. Secondly, it requires there to

be no missed detections in any of the sweeps for an overall detection to be made. For

each period, all possible up and down beat frequency pairings must be made, and each

pairing must be compared between the up and down chirps to determine which is present

in both [66]. Due to these challenges, this method was not pursued further.

4.2.4 CW and FMCW Hybrid

An interesting approach involving alternating between the continuous wave (CW) and

FMCW radar modes was investigated. The CW mode measured only radial velocity, while

the FMCW mode was configured to obtain only range estimates using the sawtooth mod-

ulation. The CW operated at the base frequency of 24 GHz and the FMCW occupied the

rest of the bandwidth. Since the target’s Doppler shift would not exceed the kHz range

(based on the radar parameters and expected target speed), the CW wave only required

a fraction of the available bandwidth. This method could work if one assumes the lead
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vehicle in the lane dominates the detected speed measurements: the largest SNR was asso-

ciated with the closest target. It was determined that using the sawtooth modulation for

obtaining only range estimates would not indicate whether the closest detection in range

was associated with the speed measured during the CW cycle. Triangle modulation was

then used to determine if the target was moving, though the same ghosting issues in the

multi-target scenario were observed. This could be resolved by using the CW measurement

to identify incorrect beat frequency pairings by the FMCW radar: range and speed esti-

mates, calculated using all possible beat frequency pairings, are compared to the CW speed

measurements. A single uRAD USB v1.2 was found to be able to efficiently switch modes.

However, the method of switching between CW and FMCW was deemed computationally

inefficient, since both waveforms need to be processed separately and range and velocity

estimates must be computed for all beat frequency pairings. It was found that the pres-

ence of clutter, interference, false alarms, and certain targets producing multiple detections

would result in a great deal of unnecessary processing.

4.2.5 Selection, Motivation, and Considerations

The triangle waveform was selected, as it was found that the pairing of beat frequencies

between the up and down ramps could be achieved with sufficient accuracy based on the

single-lane monitoring scenario. This waveform provided sufficient maximum unambiguous

range and velocity and was not as processing-intensive as the alternative methods (sawtooth,

dual-rate, and CW/FCMW hybrid). Section 4.3 describes the further processing based on

the triangle FMCW waveform and the method presented in Section 4.3.6. Though the

waveform parameters must be chosen to provide a suitable maximum unambiguous range

(theoretical), the achievable maximum range—the range at which cars can be detected—is

limited by factors such as the transmit power (Pt), antenna gain (GTX and GRX for the

transmitter and receiver, respectively), and target RCS (σ) at the maximum range. The

radar equation, Eq. 4.10, incorporates various radar parameters to provide an estimate of

the SNR for a specific target at a specific range [49] [52]. In Eq. 4.10, F is the receiver noise

figure, k is the Boltzman constant, T is the receiver temperature in Kelvin, R is the range to

the target, λ is the wavelength of the carrier frequency, and tmeas is the total measurement
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time. For a specific value of PFA, the higher the target’s SNR, the greater the desired

probability of detection.

SNR =
σ PtGTX GRXλ

2tmeas

(4π)3R4 k T F
(4.10)

4.3 Processing Algorithm Design

This section discusses the design of the processing sub-algorithms, with the final process-

ing method presented in Section 4.3.6. These algorithms were designed to operate on

the triangle FMCW waveform discussed in Section 2.7.1.2. The selection of a suitable

window function, FFT interpolation length, filtration of DC components, and detection

algorithms are presented. The high-level diagram presented in Fig. 2.16 shows the various

pre-processing stages. The section concludes with a summary of the key processing aspects

and optimisations thereof.

4.3.1 Signal Windowing

The process of signal windowing, discussed in Section 2.7.3, was the first stage of the pro-

cessing algorithm, following the DC cancellation (subtraction of the mean) as shown in

Listing 1. DC cancellation was required to remove any DC offsets and reduce the trans-

mitter feed-through (caused by the proximity and constant transmission of the FMCW

waveform). Multiple window functions were tested to determine which offered the best

detection probability without degrading the range resolution beyond the minimum require-

ment. This was narrowed down to the Kaiser, Blackman, Hanning, and Taylor windows.

Initially, the Taylor window was selected as it allowed for ensuring the narrowest mainlobe

width for a given sidelobe level. Figure 4.5 shows a comparison of several window functions

for a real car target, highlighting the information presented in this section. The Taylor

window was selected as it allowed for tuning of the maximum sidelobe level (SLL) relative

to the mainlobe peak as well as the number of nearly-constant sidelobes n̄.
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Listing 1 Python I/Q DC cancellation by subtraction of the mean voltage
max_voltage = 3.3

ADC_bits = 12

ADC_intervals = 2**ADC_bits

numVoltageLevels = max_voltage/ADC_intervals

i_u_scaled = np.multiply(i_u, numVoltageLevels)

i_u = np.subtract(i_u_scaled, np.mean(i_u_scaled))

Figure 4.5: Comparison of normalised beat frequency spectra for several window functions
on a peak generated by a car target using triangle FMCW modulation

4.3.2 Detection Algorithms

The process of radar detection involves declaring whether a target is present or absent in

each range bin. The index of the detection—the sample number at which the detection

occurred—was mapped to a frequency value for use in the triangle FMCW range and

velocity calculation. The set of frequency values corresponding to each index was generated

as an array of multiples of the frequency spacing ∆f using Eq. 2.18. Two algorithms for

detecting beat frequencies were compared to determine which was most suitable based on

detection performance and computational cost.

The MATLAB findpeaks() function allowed for identifying the indices of peaks in a
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data set based on known characteristics of the peak, such as width and relative height

(prominence). Though it could be applied to radar data for identifying beat frequencies, it

required the characteristics of the peaks (such as SNR and width) to be constant, and so

was not robust to changes in the environment, target fluctuations, and differently-shaped

targets. An equivalent function is freely available as part of the Python SciPy library [67],

so it could be implemented on the lower-level Raspberry Pi hardware if needed.

It was found that CFAR algorithms were possibly better-suited for ideintifying beat

frequencies compared to the MATLAB findpeaks() algorithm. CFAR detection was

first implemented using the MATLAB CFARDetector System Object for triangle and the

CFARDetector2D System Object for sawtooth range-Doppler processing. Four variations

of this algorithm were tested: CA (Cell Averaging), GOCA (Greatest-Of Cell Averaging),

SOCA (Smallest-Of Cell Averaging) and OS (Ordered Statistic) CFAR. Initially, OS-CFAR

was selected as it was determined by [68] to be effective in automotive applications. Since

the PFA and the number of training cells Ntrain are used to derive the CFAR threshold

scaling factor (Equations 2.20 and 2.21), both could be tuned based on the target, scenario,

surroundings, and processing method. Additionally, the rank parameter r of OS-CFAR is

another independent parameter that may be tuned. In addition to tuning PFA, Ntrain, and

r, the number of guard cells—cells surrounding the cell under test to be excluded from the

training set—could be tuned (literature discussed in Section 2.7.6). Research by [55] was

used for selecting the optimal OS CFAR parameters. It was recommended to use a training

set of between Ntrain = 24...32 cells. The rank r is based on the size of the training window

Ntrain, the size of the minimum suppressible clutter L, and the maximum expected target

width in range. For N = 32, Ntrain

2
< r < 3Ntrain

4
.

4.3.3 Angle Correction

Since the radar system estimated radial distance and radial velocity, adjustments to the

results based on the angle of arrival (AoA) were needed to improve the radar measurement

accuracy. The need for angle correction can be seen in Fig. 5.5, which shows that the

velocity estimate deviates from the true speed of the vehicle. Range correction is not

required, as nearby targets in the deviation region are classified as a hazard regardless
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of the measurement accuracy as long as they are associated with a closing speed. Since

the uRAD USB v1.2 radar module was not capable of measuring AoA, an estimate was

obtained based on the uniform single-lane monitoring scenario by assuming the main road

was of standard width. Figure 4.6 shows the relationship between the radar measurement

and the true value. As the target approaches the host vehicle, the AoA (θ) between the

true value and the radar measurement increases. The proposed solution assumes a width

W of the two-lane road. The side w of the triangle shown in Fig. 4.6a can be estimated as

one-quarter of the road width for the right-side oncoming lane. The angle θ was calculated

using Eq. 4.13. The true speed could then be estimated since θ is common to both triangles

in Fig. 4.6. Equation 4.12 shows how the target’s speed (Vdesired) is calculated based on the

angle of arrival (θ), which is derived from the range estimate (Rest) and the road width (w)

as shown in Eq. 4.11.

θ = arcsin (
w

Rest

) (4.11)

Vdesired =
Vest

cos (θ)
(4.12)

Angle correction was implemented for the opposite lane by setting w = 3W
4
. The lane

width W was assumed to be four meters. Since the car width and the reflections from

various points on the front bumper would influence the range measurement, an exact value

of w was not required. Additionally, the angle correction assumed the peak SNR would be

originate from the midpoint of the front bumper, which may not hold true in practice.

It was found that adjusting the angle (ϕ) of the left-side radar, depicted in Fig. 4.7,

allowed for cars on the outer lane to be detected. When the radar is parallel to the road,

all of the cars on the inner lane lie on the radar boresight line where the antenna gain is

greatest. Rotating the beam towards the opposite lane shifts energy from the inner to the

outer lane, reducing the SNR for cars travelling away from the system and increasing the

SNR for cars approaching along the outer lane.

After adjusting ϕ to improve outer-lane detection and attenuate the returns of inner-

lane vehicles, the following condition was added: if the range estimate was greater than the
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(a) Range trigonometry

 

(b) Velocity trigonometry

Figure 4.6: Diagram showing the angle of arrival estimation, where the angle of arrival
obtained using the range estimate and assumed road width is used to calculate the target’s
speed

minimum boresight range Rboresight, the subtraction of θ from the offset ϕ yielded the AoA

(β). This is different to the right-side case, where θ is the AoA with respect to both perpen-

dicular to the host vehicle and to the radar boresight. For the left-side case, β represents

the AoA with respect to the radar and θ represents the AoA relative to perpendicular to the

host vehicle. The geometry of the scenario is illustrated in Fig. 4.7, with Eq. 4.13 showing

the relationship between the various angles. When the range is less than the boresight

range, the AoA is relative to the opposite side of boresight. Since this detection range is to

be observed by collision warning sensors, this case was not handled.

β = ϕ− θ (4.13)

The angle ϕ was calculated by finding the maximum angle that would allow vehicles to

be detected at the maximum range of 60 meters. It was decided that the edge of the beam,

-15◦ from boresight (for the 30◦ beamwidth), should be used to detect cars at 60 meters

while minimising the portion of the beam covering the inner lane. The minimum boresight

offset was calculated assuming a road width of 4 meters and summed with half the beam

width as shown below:
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boresight

Figure 4.7: Angle correction for left radar with an offset from parallel to the road

ϕ = arcsin
3
4
4

60
+ 15◦ = 2.9◦ + 15◦ = 17.9◦

4.3.4 Fourier Transform and Interpolation

Experimentation into improving the velocity measurement accuracy of the uRAD USB v1.2

was undertaken. Since the triangle modulation was used, the Doppler frequency accuracy

was equal to half the beat frequency accuracy (Section 4.2.1). Though this accuracy was

sufficient for range estimation, it resulted in a course Doppler accuracy. The difference in

velocity and range resolutions is presented in Section 4.2.1, where the velocity resolution

was calculated as 3.125 m/s. In the case where interpolation was not used, the velocity

resolution and accuracy were equal. Interpolation was used to obtain a finer accuracy

but since no information is added, multiple targets in a single frequency bin will not be

better-resolved post interpolation.

The use of Gaussian and Parabolic interpolation was explored [69], though it was decided

not to implement these methods. A finer velocity resolution was not necessary: the system

needed only to provide a measurement greater than that of a human estimate. Concerning

range resolution, only a single lane was monitored on each side, and closely-spaced vehicles

were considered a single hazard. The computational cost and difficulty of implementing such
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algorithms provided further grounds for the exclusion thereof. Consequently, zero-padding

(Section 2.7.5) the time domain signal was used. The computational burden was minimal

and allowed for an efficient power-of-two sample size for optimising the performance of

the FFT algorithm. The input I and Q sequences were zero-padded from a length of 200

samples to 1024 samples before performing the FFT. Though 1024 seems large, the uRAD

GUI program performed a 4096-point FFT, which was deemed excessive. The resulting

value of the frequency bin spacing was calculated as 195.3 Hz:

∆f =
fs
N

=
200 · 103

1024
= 195.3125Hz

Range resolution (Eq. 2.2) is based solely on the bandwidth of the transmitted signal

and not on the frequency spacing. Increasing the sampling rate results in an increase in

the number of samples over a given period, corresponding to an increased maximum beat

frequency and consequently an increased maximum unambiguous range. However, the ratio

fs
N

remains constant. The uRAD USB v1.2 used a sampling rate of 200 kHz as found in

the provided GUI application source code. This was likely chosen based on the maximum

range that the radar could detect targets (Eq. 4.10) constrained by parameters such as the

transmit power and antenna gain. The maximum chirp duration of 1 ms (N = 200) limited

the maximum frequency resolution to 1 kHz when Eq. 2.18 is applied. The maximum beat

frequency was initially believed to be equal to the sampling rate, since IQ sampling was used.

However, the uRAD GUI program used the Nyquist sampling rate of 100 kHz, calculated

using Eq. 2.17 instead. After testing, it was found that the maximum beat frequency was

indeed 100 kHz.

Lastly, it was found that the FFT output must be divided by N to normalise the

total energy in the signal. The effect of this was a scaling of the frequency amplitude

spectrum. Since only the beat frequency was of importance (not the target’s SNR) in the

lane monitoring application, this division was not implemented.
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Figure 4.8: Decoupled beat and Doppler frequencies obtained using triangle FMCW mod-
ulation from the flipped negative down-chirp spectrum (top) and the positive up-chirp
spectrum (bottom)

4.3.5 Spectrum Division Method

The spectrum division method was formulated based on the linear track of vehicles trav-

elling along a single-lane road. Firstly, cars travelling along a single lane have a known

trajectory. All cars passing through an intersection can occupy a finite number of positions

(or range bins) within a given period. The lead car sets the speed of any cars behind it,

so a range resolution of under 10 meters was deemed unnecessary: closely spaced cars can

be considered a single target in this application. Additionally, the lead car masks most of

the car behind it, as radio frequency (RF) signals cannot penetrate the metal. For a radar

facing a single lane, the closest car of interest generally has the largest SNR and a closing

velocity. Additionally, vehicles have limited acceleration capabilities. Based on these lim-

itations, a certain maximum frequency shift exists between the up and down ramps when

observing cars on a main road.

The proposed method was to split the spectrum into wider bins—bins comprising a group

of frequency bins—and compute the local maxima of the detection magnitudes in each bin.

This method simplified processing, allowed for multiple target detections at various ranges,

and increased the probability of correctly associating beat frequencies of the up and down

ramps with the correct target. A 1024-point FFT was performed on each received sweep
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(Section 4.3.4).

Based on the triangle FMCW waveform diagram (Fig. 2.15), the difference between the

up chirp reference and the echo—which equates to the beat frequency—is always positive.

when fb > fD. Conversely, the difference is always negative for the down chirp. Con-

sequently, negative and positive halves of the up and down chirp spectra were discarded,

respectively. For beat frequencies to occur in those regions, the time delay ∆t (Fig. 2.15)

would have to be negative, which is impossible. The down-sweep negative half was flipped

about the y-axis to allow for using a set of only positive frequency values. Since the FFT

algorithm placed the negative half-spectrum in the second half of its output, the magnitude

of the negative frequencies increases from right to left, opposite to the positive half of the

spectrum. Flipping the negative half-spectrum about the y-axis simplified processing by

ensuring both the up- and down-chirp spectra were in the same format. Figure 4.8 shows

how the decoupled beat frequency and Doppler frequency were obtained based on Equations

2.15, 2.16, and 2.3. The up and down chirp half-spectra were then passed to the CFAR

detector, the output of which was divided into 512
32

= 16 bin groups containing 32 samples

each. The bin width of 16 samples was selected as follows:

vmax = 70 km/h (4.14)

fmax
D =

2vmax

λ
=

2 · 70
3.6

0.0125
= 3.11 kHz (4.15)

(fd
b − fu

b )max = 2fmax
D = 6.22 kHz (4.16)

∆f =
fs

NFFT

=
200 · 103

1024
= 195.3125Hz (4.17)

Ngate =
(fd

b − fu
b )max

∆f
=

6222.22

195.31
= 31.86 ≈ 32 samples (4.18)

Using the frequency gate width of 6.22 kHz and the frequency bin spacing of 195.31 Hz,

we need a gate width of at least 32 bins. A benefit of this bin width is that it is a power

of two, which is favourable for computations using computers. Additionally, this bin width

corresponds to a range of 3.9 meters using Eq. 2.9 where fb = 32 ·∆f , which is roughly the

diagonal length of a car (as it would be seen by the radar). Choosing a wider bin group

would reduce the range resolution: if two targets are in a bin, the target with the larger SNR
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Figure 4.9: Illustration of the spectrum division method for triangle FMCW modulation
showing the mirrored negative half of the down-chirp spectrum (top) and the positive half
of the up-chirp spectrum (bottom). The case where the beat frequencies do not lie in the
same bin (a missed detection) is shown in red. The blue lines indicate the bin boundaries.

is detected. The current width is the narrowest allowable width that meets the maximum

detectable velocity requirement. Note that the maximum speed of 70 km/h refers to the

target’s radial velocity: the maximum detectable velocity will be slightly below this value

and is based on the angle between the car and the radar as discussed in Section 4.3.3.

The largest value in each bin of the up and down chirp was then paired and used to

obtain range and velocity estimates using Equations 2.15, 2.16, and 2.3. The largest value

in each bin was required as multiple points could breach the CFAR threshold. Only if

detections were made in the down chirp would the corresponding bin in the up chirp be

examined. If a peak was then found in the up-chirp bin, the two frequencies were assumed

to be caused by the same target. This assumed a single target was detected in the bin,

which is likely if the radar beam and CFAR threshold are configured to attenuate cars

travelling away from the radar (those on the adjacent lane). Figure 4.9 shows the method

of spectrum division, including the case of missed detection (shown in red) when the beat

frequencies occupy different bins. This occurs periodically as the target moves between the

wider bins.
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4.3.6 Spectrum Gate Method

The spectrum gate method was conceived to address the periodically missed detections

observed when using the spectrum division method. For each detection in one ramp of

the triangle modulation, a gate starting at the beat frequency index and extending to the

furthest index that the beat frequency could shift to in the second ramp was formed. The

gate corresponded to the maximum expected Doppler shift for cars travelling along a main

road and was used to limit the search range in the opposite chirp. The gate width was

set to the spectrum division bin width calculated in Section 4.3.5. The down chirp was

selected for the initial detection since for positive Doppler shifts, the beat frequency of the

down chirp is larger than that of the up chirp (Fig. 2.15). The spectrum gate improved

robustness since false alarms needed to occur in both sweeps within the specified frequency

gate. Additionally, the gate was used to filter out negative Doppler targets (targets moving

away from the radar) and stationary targets. The spectrum division method formed the

basis of this method, offering the same benefits discussed in Section 4.3.5. The method of

spectrum gating addressed the missed detections resulting from bin straddling when using

the spectrum division method (Fig. 4.9).

After receiving the triangle FMCW wave, each of the 16 bins of 32 samples each (Section

4.3.5) was iterated over. After a detection in the down-chirp was made, the spectrum gate

algorithm was used to limit the search in the up-chirp. A detection is depicted in Fig. 4.10

where a detection in the up-chirp lies in the gate spanning 32 bins from the down-chirp

beat frequency. If the beat frequency occurred on a bin edge, it could result in detections

in two adjacent bins since the local maxima of each bin would be the result of the main-

or sidelobes of the target. Though this could cause detections in two adjacent bins, the

measurement of range and velocity would be similar. Additionally, fluctuating static targets

could result in detections with very small velocities, which were filtered out by setting a

minimum expected velocity. It was found that the paper on tracking technology for onboard

collision warning [41] presented a similar concept, referred to as “association” logic. A gate

was placed around predicted positions and logic was used to determine if the detection was

within the gate. It mentions the possible inaccuracies when multiple targets lie within the

same gate. Section 2.4.2 provides further information on this literature. Figure 4.11 shows
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Spectrum gate

(a) Negative half of the down-chirp beat frequency spectrum mirrored about 0 Hz

Spectrum gate

(b) Positive half of the up-chirp beat frequency spectrum

Figure 4.10: Graphs showing the formation of the spectrum gate (applied to the up-chirp
spectrum) extending from the down-chirp detection

a flowchart of the final processing algorithm. A key difference between this work and the

work presented by [41] is that a Kalman filter was not implemented. Though a Kalman

filter would improve measurement accuracy, it remained out of scope for this project.

4.3.7 Summary

Based on the presented algorithms, the following set of parameters was tuned for the inter-

section monitoring scenario:

1. Window function type (trade-off between resolution and SNR)

2. CFAR training cells, guard cells, and scaling factor (related to PFA)

3. Interpolation type and length
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Figure 4.11: Flowchart of the implemented signal processing algorithm. Green blocks indi-
cate preprocessing stages, blue represents processing stages, orange represents conditional
statements, and purple indicates data processing stages
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4. Gate width and spectrum division width

An effective solution was designed for observing each lane of traffic at a two-lane, unreg-

ulated intersection. The true PFA was reduced using the spectrum gate method by limiting

the search area for pairing beat frequencies when using the triangle FMCW waveform. Op-

timisations include processing only the relative spectrum halves of the up and down chirps,

spectrum division for multi-vehicle detection, and the spectrum gate method for tracking.

These optimisations made it possible to use a low-cost radar module for collision prediction

at road intersections.

4.4 Test Rig Design

This section describes the various test rigs created during the project development cycle.

As the system evolved, more sophisticated test rigs were needed. The intermediate test

rigs were used to verify specific radar and processing operations, while the final system

was used to perform roadside system testing. The section begins with descriptions of the

intermediate test rig designs. The selection of the peripheral hardware used in the final

prototype is then presented. Finally, the roadside prototype system design is discussed.

4.4.1 Intermediate Test Rig Designs

Two intermediate test rigs were designed: the cellphone camera and uRAD USB v1.1 test rig

and the system-in-a-tub test rig. The former was used to develop the processing algorithm

and the latter was used to verify that the dual radar and dual camera system could work.

Additionally, the tub system was used to develop the Python real-time plotting scripts in

a laboratory.

The phone camera and uRAD USB v1.2 required fixing the uRAD to the back of a

cellphone. The phone camera would be set to record continuously while the uRAD recording

process was handled by a PC. The burst raw data captures were compared to the video,

where voice indicators were used to indicate the portion of the video during which radar

data was captured. The design is presented in Fig. 4.12a which shows how the uRAD was
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(b) System-in-a-tub test rig

Figure 4.12: Diagrams of the two intermediate test rigs

mounted to the phone via standoffs and a plastic phone cover. This system was then placed

in a rectangular cardboard box which would hold the radar and camera in place.

The system-in-a-tub test rig required fitting all the components into an existing enclosure

to be tested in a laboratory. This rig was used for optimising the real-time plotting update

rate (Section 6.3) and to ensure the system could operate with four sensors connected.

Additionally, it was used to prove that a 3 ampere power supply was required: the Pi

reported an under-voltage warning when the system was run on a standard cellphone power

adapter. Figure 4.12b shows how the various components were arranged in the plastic tub.

The radars were fixed to a cardboard box while the cameras were attached to the lip of the

plastic tub. A photograph of the implemented system is shown in Fig. 6.6.

4.4.2 Peripheral Hardware Selection

Since this was an initial investigation into the problem, a custom low-level embedded radar

system was not designed. Rather, a general-purpose computing system and radar module

were used (Section 4.1.1). A personal computer was used for real-time processing at first,
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with the final prototype running on a Raspberry Pi Model 4B. The Raspberry Pi computer

simplified deployment and proved that the system could operate on lower-level hardware

by meeting the update rate requirement (UR1, Tab. 3.1). It was selected as it allowed for

quick deployment and for interfacing with multiple sensors via USB.

Considerations regarding camera selection included frame rate, the communication in-

terface, and the form factor. Initially, the Raspberry Pi Camera was considered. It was

found that only a single Pi Camera could be connected at a time using the dedicated con-

nector. USB cameras were then chosen, which required the processing platform to have a

minimum of four USB ports (for each radar and camera). Two Logitech C270 HD Webcams

were available at the University of Cape Town and these met the required camera specifi-

cations: a minimum update rate of 30 frames per second, a USB interface, and a minimum

resolution of 320x240 pixels.

The power supply was chosen to match the Raspberry Pi’s 5.1 V/3 A requirement.

Initially, a Samsung Super Fast Charge power adaptor providing 5 V/3 A was used to

prevent the under-voltage warning caused by running the full system. A Samsung Super

Fast Charge power bank was used to power the test rig for roadside deployment. At the time

of research, no other power banks could be found that could supply the required 5 V/ 3 A.

This was attributed to the high current of 3 A which required sophisticated hardware and

thicker USB cables. An alternative was to use a mini-UPS (Uninterruptible Power Supply)

and a custom voltage regulator. This would require additional design time and the design

of power electronics was outside the scope of the project. The implemented system block

diagram is shown in Figure 6.4, showing the various interfaces between the peripherals and

the Raspberry Pi processing system. The various peripherals can be seen in the final test

rig pictures presented in Fig. 6.7.

4.4.3 Roadside Unit Test Rig

Though multiple intermediate test rigs were used, only the final roadside unit test rig fol-

lowed a design process. A 3D-printed enclosure was deemed to be unsuitable: aside from

not having access to a large enough printer, it was deemed too costly and would take many

hours, if not days, to print. Consequently, a custom acrylic enclosure was designed. The
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enclosure was modelled in CAD using Autodesk Fusion 360. Modelling involved design-

ing internal structural components for housing the various system peripherals, with CAD

renderings of the various peripherals obtained online. An interlocking structure using box

joints was used to produce a rigid system. The final CAD model is presented in Fig. 4.13a.

The radars and cameras were placed as close to the top front corners as possible, to

ensure an optimal view of the scene. The camera holder was designed to be removable so

that the radar hardware could be easily removed. Additionally, wing nuts were chosen to

simplify the installation and removal of the uRAD devices. Four legs were added to ensure

the radar was at the correct height (as it would be when installed on a vehicle) which had

adjustable feet to account for the pavement unevenness. The Raspberry Pi was placed on

a raised platform to ensure the nuts did not protrude out the bottom of the device. Lock

nuts, standoffs and screws were used to fasten components to the enclosure. A circular

pattern was cut into the sides for ventilation and aesthetics. Additional cooling from fans

was not necessary as the Pi CPU temperature did not exceed 60◦C. This temperature

was below the processor’s maximum tolerance of 85◦C [70]. Finally, an angle adjustment

wedge was designed to shift the left radar main beam to focus on the outer lane (Section

4.3.3). Figure 4.13b shows the CAD model of the angle adjustment component. Section

6.4.3 describes the construction of the test rig, with photos from various angles presented

in Fig. 6.7.
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(a) Oblique view of the system

(b) Radar angle adjustment component

Figure 4.13: CAD models for the roadside unit test rig
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Chapter 5

Simulation

Simulations were performed to understand how the system would perform in various sce-

narios and determine whether the hardware met the minimum requirements. The section

begins with descriptions of the various simulated scenarios. Following this, the various

MATLAB simulation tools are described. Finally, the simulation results are presented and

discussed.

5.1 Simulation Configurations

This section describes how the simulations were implemented in MATLAB. The simulated

scenarios are discussed first to provide a high-level understanding of how the system was

expected to work. Then, two MATLAB radar simulation tools—the Automated Driving

Toolbox (ADT) and the Phased Array System Toolbox (PAST)—are presented along with

the use thereof to simulate the radar hardware and scenarios.

5.1.1 Simulation Models and Scenarios

A simulation of the radar system in the road intersection scenario was required to assess

whether the uRAD USB v1.2 system could meet the minimum user and technical require-

ments (Tables 3.1 and 3.2). The uRAD simulation model was tested in the scenarios

described in Tab. 5.1. Scenario D was of most interest as it was the most complex scenario
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to correctly resolve. Figure 5.4 illustrates scenario D, showing how only the inner-lane

vehicle is detected despite the presence of an outer-lane vehicle in the radar beam.

The ADT was used for the initial simulations. Though it provided little control over the

radar modelling and signal processing, the GUI allowed for rapid simulation configuration.

Following this, the PAST was used for modelling the radar hardware. The radar model was

then tested in the defined scenarios using the proposed processing algorithm discussed in

Section 4.3.6.

Table 5.1: Simulation Scenarios

Scenario Description

A One or more cars approaching from the right side of the host vehicle

B One or more cars approaching from the left side of the host vehicle

C One or more cars approaching from each direction

D One car approaching from the left side being masked (obscured) by
one or more cars travelling on the inner lane

5.1.2 Automated Driving Toolbox Simulation

The ADT was first experimented with as it was a logical starting point for a MATLAB-based

simulation. The toolbox allowed for simulating complex road scenarios for cars fitted with

numerous sensors such as cameras, LiDAR, and radars. The simulation could be designed

using a GUI application, the Driving Scenario Designer, or a MATLAB script. A script was

created to extract the range and velocity detection data from each sensor, correctly assign

the detections to specific targets (when a target passes the host vehicle, data from that

target is present on the other sensor), and compare them to the actual position and velocity

of the simulated targets. The data was then saved and exported to an Excel spreadsheet

for analysis, which is presented in Section 5.2.1. Figure 5.1 shows the graphical outputs

provided by the MATLAB ADT application. The ADT was of limited use as did not

produce I/Q data—the measurements were based on the radar datasheet metrics such as

accuracy, resolution, and PFA. Consequently, the PAST was used for further simulation,
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including the simulation of the custom processing algorithm.

Host (Ego) vehicle

Outer-lane vehicles

Inner-lane vehicle

(a) Birdseye Point Cloud

Host (Ego) vehicle

Outer-lane vehicle 1 Inner-lane vehicleOuter-lane vehicle 2

(b) Egocentric mesh models

Figure 5.1: Automated Driving Toolbox Simulation Visualisations

5.1.3 Phased Array System Toolbox Simulation

The PAST was used to build the simulation and generate graphical representations of the

scenario. This process required a lower-level design compared to the ADT simulation and

provided greater control and flexibility. Additionally, custom processing could be added to

the simulation loop. Figure 5.2 shows how the simulation loop was designed in MATLAB.

The targets’ positions were updated (based on a time increment and the targets’ defined

speed), after which the wave was transmitted, propagated through space, and reflected off

of the targets before the resultant I/Q samples were stored as rows in a matrix. Signal

processing was applied post-capture to each captured sweep. The signal processing block

(Fig. 4.11) represents the proposed processing algorithm, presented in Section 4.3, which

produced the range and speed measurements of the simulated targets. Figure 5.3 presents a

snapshot of a scene rendered using the MATLAB phased.ScenarioViewer System Object.
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No

Yes

Last step?

Step targets No

Yes

Last sweep? Transmit wave

Propagate wave

Reflect of targets

Receive waveDechirp

ADC sampling

Update plots
Start

Signal processing
Store results

Store data

Stop

Configuration

Figure 5.2: Simulation flow diagram of MATLAB Phased Array System Toolbox simulation
where data is processed as a matrix as opposed to sweep-by-sweep

The trails behind each target were used to indicate the distance the target has moved from

the starting point.

The radar hardware was modelled using the data sheet parameters presented in Tab. 4.1.

These parameters were used to instantiate PAST transmitter and receiver objects from

the MATLAB PAST [71]. The desired waveform was created using the FMCWWaveform

System Object using the specified bandwidth, ramp period, and sample rate. The uRAD

ADC sampling rate of 200 kHz set the maximum unambiguous range according to the

Nyquist criterion (Eq. 2.17): f = 100 kHz is the maximum detectable beat frequency. This

frequency corresponds to a maximum unambiguous range of 62.5 m (Eq. 2.9). The antenna

was configured using the antenna gain presented in Tab. 4.1. The transmitter and receiver

preamplifier were then modelled based on peak power and gain parameters. The noise figure

was set to 10 dB as is typical for a modern receiver [72].

Initially, the simulation assumed isotropic transmit and receive antennas and the same

gain was applied to both the transmitter and receiver [73]. This approach allowed for
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Outer-lane vehicles

Inner-lane vehicles

Dual radar system

Figure 5.3: Phased Array System Toolbox graphical representation of the intersection sce-
nario

the simulation and testing of the processing algorithm. However, it was not effective for

simulating the dual radar scenario since targets on both sides of the antenna were present

in the received signal of each antenna. The simulation was adapted to incorporate the beam

pattern of the uRAD USB v1.2 patch antenna.

Though the PAST monostatic radar transceiver object abstracted most of the simulation

processes, debugging the erroneous output spectra became challenging. The difficulty was

due to the complexity of low-level MATLAB, MATLAB being a closed-source package,

and a lack of antenna simulation knowledge. It was decided that testing the processing

algorithm on real radar data would be more time-efficient than getting a working patch

antenna simulation since the hardware was already available at the University of Cape

Town. Further efforts to improve simulations were deemed unnecessary. The effect of not

simulating the antenna correctly would not affect the processing algorithm design, as it

would only affect the SNR measurement at the edges of the radar beam. The SNR did not

drop off as the target moved out of the radar beam. As shown in Fig. 5.1a, only the nearest

ranges are not illuminated by the beam. Since this area is to be monitored by short-range,

collision warning sensors, correct radar simulation in the region is not required.
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5.2 Simulation Outputs and Analysis

This section presents and analyses the results obtained from the ADT and PAST MAT-

LAB simulations. The range and velocity measurements were compared to ground truth

values. The average deviation between the ground truths and radar measurements was

used to assess the radar measurement accuracy. Both the ADT and PAST simulation mea-

surements were plotted using scatter plots with lines representing the ground truth values.

The presented results focus on the outer-lane masking scenario—Scenario D in Tab. 5.1. In

addition, scenes rendered using both toolboxes are presented.

5.2.1 Automated Driving Toolbox Results

For scenarios A, B, and C in Tab. 5.1, the simulation outputs were as expected and met the

project requirements described in Tab. 3.2. Figures 5.5 and 5.6 show the effect of an inner-

lane vehicle (Car 1) masking the detection of a vehicle travelling along the outer lane (Car

2). A birdseye plot of the scenario is shown in Fig. 5.4. Masking is due to the inability of the

radar wave to penetrate a metal car target. The straight lines are the ground truth values.

The scatter points are due to cars being distributed targets—as opposed to the ideal point

target—and the radar measurement accuracy. It is believed that multiple points per time

instance were due to the use of the theoretical range resolution of ∆R = 3·108
2·240·106 = 0.625

meters being less than the length of a car.

As shown in Fig. 5.5, the velocity measurement deviated from the ground truth as

the range to the target decreased. This is due to an increase in the angle of arrival (the

angle between radar boresight and the target) since the radar is offset from the centre of

the road (Fig. 4.6). A larger angle between the actual and radial velocities results in a

larger difference between the two values. The proposed trigonometrical correction to this

measurement error was presented in Section 4.3.3.

The average absolute difference, referred to as the average deviation, provided a measure

of the accuracy in range and velocity. The range accuracy of 0.609 m was higher than the

datasheet minimum accuracy of 0.04 m. The velocity accuracy improved after correction

based on the angle of arrival (Section 4.3.3). The uncorrected measurement gave an average
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Detections

Inner-lane vehicle

Outer-lane vehicle

Host vehicle

Figure 5.4: Birdseye view of the inner-lane car masking the outer-lane car

Figure 5.5: ADT simulation results showing radial velocity measurements vs. time for the
scenario where the inner-lane vehicle (Car 1) masks the outer-lane vehicle (Car 2)
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Figure 5.6: ADT simulation results showing radial range measurements vs. time for the
scenario where the inner-lane vehicle (Car 1) masks the outer-lane vehicle (Car 2). The
deviation due to angle-of-arrival is indicated

deviation of 0.26 m/s which was close to the datasheet value of 0.25 m/s. These values meet

the respective requirements defined in Tab. 3.2. Unfortunately, the MATLAB processing

algorithms used to obtain these results were not publicly available.

5.2.2 Phased Array System Toolbox Results

The proposed processing algorithm, presented in Section 4.3.6, was used to process the

simulated data. The scenarios listed in Tab. 5.1 were simulated using vehicles travelling on

either lane, the outer (left to right) and inner (right to left) lanes, at various speeds. Results

showed that cars could be detected at the maximum expected range and when travelling

at the maximum expected velocity. The accuracy of the measurements for various speeds

Dayalan Nair - Electrical Engineering



5.2. SIMULATION OUTPUTS AND ANALYSIS 87

and ranges was found to be within the technical requirements (Tab. 3.2) of the project.

Scenario D in Tab. 5.1 was explored further as it was found to be the scenario in which

system performance would be most impeded.

Figure 5.8 provides a reference point for the detection of the outer-lane vehicle when

no inner-lane vehicles were present. Comparing Figures 5.7a and 5.7b, it is clear that a

smaller offset of the target from radar boresight results in a lower deviation in the velocity

measurement. Additionally, the increase in angle of arrival as the target’s range decreases

has less of an effect on the resulting measurement. Figure 5.9 shows the case where three

inner-lane cars mask the outer-lane vehicle. The results indicate that the inner-lane vehicles

have been filtered out as expected. Though there are more missed detections of the outer-

lane vehicle compared to when there was no masking (Fig. 5.8), there remain sufficient

detections for producing a stable time of arrival estimation of said vehicle.

Figure 5.10 is the same case as Fig. 5.9 but two of the inner-lane vehicles are travel-

ling such that they lie within the range gate generated by the processing algorithm (Sec-

tion 4.3.6). This resulted in a false track as shown in Fig. 5.10a. Since the false track has

an increasing range (target moving away), it can simply be filtered out. The number of

detections were sufficient for tracking the outer-lane vehicle.

(a) Left radar, target offset 3.3 m from boresight (b) Right radar, target offset 1.1 m from boresight

Figure 5.7: Plots showing the actual, measured, and angle-corrected simulation speed mea-
surements vs. time obtained by the left and right radars for a target approaching at 60
km/h parallel to radar boresight
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(a) Actual and measured range vs. time (b) Actual and measured speed vs. time

Figure 5.8: Plots showing radar measurements by the left radar for an outer-lane target
approaching at 60 km/h offset 3.3 m from radar boresight

(a) Actual and measured range vs. time (b) Actual and measured speed vs. time

Figure 5.9: Plots showing radar measurements by the left radar for an outer-lane target
approaching at 60 km/h offset 3.3 m from radar boresight where three inner-lane cars inhibit
detection thereof
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(a) Actual and measured range vs. time (b) Actual and measured speed vs. time

Figure 5.10: Plots showing radar measurements by the left radar for an outer-lane target
approaching at 60 km/h offset 3.3 m from radar boresight where three inner-lane cars inhibit
detection thereof and two of the inner-lane cars lie within the same range gate

The average deviation between the measured and actual range using the PAST simula-

tion was 0.8 m, meeting the accuracy requirement. The expected accuracy, based on the

FFT spacing ∆f = 195.3 Hz, was 0.12 m. Since the car target was not an ideal point

target, a larger average deviation was expected compared to the theoretical value. A slight

improvement in velocity estimation was obtained when accounting for the angle of arrival,

with the average deviation being 1.87 m/s as opposed to the 2.40 m/s before angle correc-

tion. The datasheet accuracy values are far off from the simulated ones, which more closely

resemble the resolution values instead. To date, no explanation was provided by uRAD as

to how the datasheet accuracy values were obtained.

5.2.3 Summary of Simulation Results

The simulation results indicate that the system was effective for intersection collision pre-

diction. The uRAD USB v1.2 radar model was capable of detecting cars at a sufficient

range, with an acceptable level of accuracy in measuring both range and velocity. Based

on the plotted results, the PFA was low enough that false tracks were only produced when
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targets were closely spaced. As shown in Fig. 5.10, the track has an opening range and

can therefore be filtered out. Though the masking scenario hampered the system’s ability

to determine turn safety, the PAST simulations indicate that this scenario did not have a

significant impact on the detection of outer-lane vehicles. The simulations provided a solid

basis for further work using a dual uRAD USB v1.2 radar system for low-cost intersection

collision prediction.
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Chapter 6

Implementation

This chapter discusses the implementation of the roadside unit test rig and the Python

scripts for data capture, real-time processing, and prototype configuration and control.

It begins with a discussion of the acceptance tests and the results thereof. Scripts for

acquiring and processing data are then described, followed by the integration of the camera

system for verification of radar measurements post-capture. The implemented real-time

processing script is presented along with verification by way of real-time plotting. Finally,

the construction and implementation of the three test rig iterations are discussed.

6.1 Acceptance Testing

Acceptance testing was performed to assess the system’s ability to meet the respective

requirements summarised in Tab. 3.2. The hardware test plan, summarised in Tab. 6.1,

was used to assess whether the hardware could meet the specifications provided in the

uRAD USB v1.2 datasheet [65]. Additionally, the processing algorithm was assessed to

ensure the user requirements shown in Tab. 3.1 could be met.

6.1.1 Hardware Acceptance Testing

This section presents the outcomes of the hardware test procedures presented in Tab. 6.1.

For testing the maximum detectable range (HT1, Tab. 6.1), it was found that cars were
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Table 6.1: Hardware Test Plan

ID Requirement Description

HT1 maximum range Place target at the maximum range and verify
radar detection

HT2 maximum velocity Drive a car at the maximum velocity rating and
compare to radar estimate

HT3 update rate Measure rate at which radar produces data

HT4 range accuracy Place target at known ranges and compare to
radar estimate

HT5 velocity accuracy Move target at known speeds and compare to
radar estimate

detected at the expected range of 62.5 meters (based on the FMCW waveform design). In

the uRAD USB v1.2 datasheet, the maximum range for the detection of cars is 75 m, which

suggests the power output is sufficient for maintaining a high PD at 62.5 m. Unfortunately,

the datasheet did not provide values for PFA and PD. Since these probabilities depend

on the target’s RCS, they would vary for cars of different shapes and sizes. As a result,

these values were not calculated. Testing maximum detectable velocity (HT2, Tab. 6.1)

was performed by driving a vehicle at 70 km/h—the maximum speed expected by the

processing algorithm (Section 4.3.6) past the radar placed parallel to the road. Results

from the controlled experiment, discussed in Section 7.1.4, indicate that requirement HT2

was met.

For test HT3 in Tab. 6.1, it was discovered that raw data was captured at an average

rate of 93.4 sweeps (both up and down chirps) per second for the triangle modulation mode.

Section 6.2.1 describes the code used to obtain the update rate. The required update rate

(UR1, Tab. 3.1) was calculated by requiring a detection to be made in each frequency

division, following the processing described in Section 4.3.5. Using the maximum range of

62.5 m and the maximum velocity of 70 km/h, the time of arrival of such a target would

be around 3.2 seconds. Since there are 16 bins, the required update rate is 16
3.2

= 5 sweeps

per second.
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Given that the period of the triangle FMCW was 2 ms and the update period was

roughly 10 ms, the radar hardware effectively decimated the number of received sweeps by

a factor of five. It was hypothesised that the reduced raw data update rate was due to

delays in the front-end circuitry such as the FIR filter N-tap delay, and operations by the

onboard microcontroller such as capturing and forwarding data from the radar module to

the host PC. Since hardware schematics were not available due to being company property,

a holistic analysis was not possible.

For test HT4 (Tab. 6.1) a calibration experiment was performed by placing a sheet of

aluminium 3 meters from the radar. The details of this experiment are presented in Sec-

tion 7.1.1 along with experimentation using increasing amounts of zero padding. Increasing

the amount of zero padding allowed for an improved range measurement accuracy of a

single target at the cost of an increased FFT processing latency. Thereafter, a calibration

factor was calculated as shown in Eq. 7.1 after performing a range calibration experiment,

discussed in Section 7.2. The calibration factor was used to adjust all beat frequency mea-

surements, based on the direct proportionality of the beat frequency and the range given

by Eq. 2.9. Based on the results of the controlled experiments (Section 7.2.2) the accuracy

met the respective user and technical requirements—TR6 and UR3 from Tables 3.2 and

3.1, respectively.

6.1.2 System Acceptance Testing

System acceptance tests relate to assessing if the proposed system met the technical re-

quirements (Tab. 3.2). The various resolutions (range, velocity, azimuth, elevation) were

not tested directly, as these varied for different targets and scenarios.

It was initially thought that a range resolution worse than 4 m would not adversely affect

the results, as cars travelling close together travel at the same speed and cannot pass the

‘lead’ car when travelling along a single lane. If an overtake scenario occurred, the overtaking

vehicle became the target of interest. It was found that the spectral division algorithm,

described in Section 4.3.5, benefited from a finer resolution than 3.9 m as the narrower

return echo would not bleed into adjacent frequency bins. Results from uncontrolled testing,

presented in Section 7.2.4, show that relatively closely-spaced vehicles—vehicles that are
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roughly 3.9 meters apart as required by the processing algorithm (Section 4.3.5)—were

resolved in range (Section 7.2.1) by the proposed processing algorithm to meet the defined

requirement. Range accuracy (TR6, Tab. 3.2) is discussed in Section 6.1.1.

The velocity accuracy (TR7, Tab. 3.2) was set by the frequency spacing based on the

amount of zero-padding applied (Section 2.7.5). Using the frequency spacing of ∆f =

195.3125 Hz and substituting into Eq. 2.16 for fup
beat + fdown, we obtain the minimum de-

tectable Doppler shift fD = 97.67 Hz. Using Eqn. 2.3, the velocity measurement accuracy

is vacc = 0.61 m/s. The velocity resolution (TR5, Tab. 3.2) and angular resolution (TR4,

Tab. 3.2) were not assessed as these do not apply to the monitoring of a single lane of traffic.

Since the uRAD USB v1.2 radar was not capable of beamforming, no angular resolutions

are presented in the datasheet.

6.2 Software Integration

This section begins with a description of the various scripts developed for experimenta-

tion and testing. Several methods for integrating Python data acquisition and MATLAB

signal processing were explored. Thereafter, a Python-based solution was implemented,

which provided independence from the MATLAB closed-source algorithms contained in the

Phased Array System Toolbox. Dual cameras and dual radars were integrated following

the implementation of signal processing in Python. Finally, processing optimisations such

as multi-threading were added and real-time plotting scripts were developed to provide a

visual means for system debugging.

6.2.1 Raw Data Acquisition

Both the provided SDK and the example raw data capture script were optimised to realise

the maximum update rate of the radar module. In this context, the update rate refers

to the sweeps captured per second. Portions of the SDK were removed such that only

I/Q data could be produced and only the triangle FMCW waveform was available. This

reduced the number of evaluated conditional statements when data was requested from the

hardware. It was found that this optimisation did not affect the update rate. This was due
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Figure 6.1: Raw data packet structure

to the hardware capture rate being the limiting factor when no processing was performed

in software.

The raw data capture script was used to write uRAD I/Q data to a text file. Received

sweeps were appended to a Python list, after which the list was written to a text file

and transferred to a computer over SSH for analysis and offline processing. This offered

a higher average update rate of 92.4 sweeps/second compared to the 85 sweeps/second

obtained using the example script, which wrote sweeps as strings to a text file as soon as

they were received. For the triangle FMCW waveform capture, the data packet structure

followed Fig. 6.1. Listing 5 shows the code used for obtaining the average update rate.

6.2.2 MATLAB-Python Integration

The MATLAB Support Package for Raspberry Pi Hardware [74] allowed for the execution

of MATLAB code on the Raspberry Pi. Effectively, the Pi became a sensor node connected

to a PC running MATLAB by installing certain packages or converting to the MathWorks

Raspbian operating system (OS). Unfortunately, the OS could not be configured to connect

to the internet which prevented the installation of the required processing packages. In

addition, this option was suboptimal as it made the system dependent on MATLAB and

therefore a PC. Consequently, no further work on this approach was undertaken.

The MATLAB API Engine for Python allowed for calling MATLAB functions inside

the Python script used for interfacing with the radar module. Naturally, this required a
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1. Connect and
configure uRADs

2. Configure
processing objects

3. Capture data

5. Display results

MATLAB binary file (.mat)

4. Signal
processing

MATLAB script file (.m)

Python script (.py)

Figure 6.2: Block diagram of MATLAB Python API Engine usage for real-time processing

PC with MATLAB installed or the MATLAB Online application to be accessed via an

internet browser. Initially, a Python script was designed to pass parameters to MATLAB

functions which would generate the required objects, such as the CFAR object. The radar

data was inserted into the MATLAB workspace, in the form of a Python dictionary, before

a MATLAB processing script was run on this data. This method was improved by creating

a MATLAB script to generate all the required processing variables and objects, which were

then stored as a .mat file. This shortened the initialisation time, though parameters and

objects were not configurable from within the Python script. Figure 6.2 shows how the

MATLAB and Python scripts were integrated: Python was used for interfacing with the

radar hardware as well as plotting or storing results while MATLAB was used for processing.

After the radars were configured, the pre-instantiated MATLAB objects, such as the CFAR

detector, were loaded into the MATLAB workspace. Radar data was then captured and

passed to the MATLAB processing script. The results were passed back to Python for

display.

For the final system, it was decided that combining MATLAB and Python was not suit-

able for several reasons. Firstly, the dependence on MATLAB prevented the system from

being freely usable and forced the processing to be executed on a PC. Though MATLAB is

generally faster than Python, Python is superior at parallel processing [75]. Since MATLAB

required a PC for data acquisition, a laptop with four USB ports was needed to capture

the data from both radars and cameras used in the prototype system (Section 4.4.3). Most
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importantly, MATLAB is an expensive tool that would hamper the commercialisation of

the system. In contrast, Python is a free-to-use language with many free-to-use libraries.

A Python implementation allowed for the use of a Raspberry Pi Model 4 operating inde-

pendently of a PC.

6.2.3 Pure Python Implementation

Fortunately, most of the signal processing sub-algorithms were found in existing Python

libraries. Specifically, matrix and array operations were carried out using the NumPy library

and the SciPy library was used for generating the Taylor window function coefficients.

Unfortunately, the four CFAR algorithms available in MATLAB could not be sourced in

Python, so a custom Python library was developed.

The custom CFAR library was placed in a public GitHub repository (Appendix B).

Considerable effort was expended in handling edge samples—samples near the beginning

and end of a sweep with insufficient training cells on a particular side. Initially, only

samples with sufficient training and guard cells on either side were considered, allowing for

verification of the CFAR algorithms. Subsequently, the edge case was handled. Listing

6 shows how this was achieved. Whenever insufficient training cells were available on a

particular side of the cell under test (CUT), cells adjacent to the training set on the opposite

side were used to fill the remaining positions. Figure 6.3 shows how the left-hand side edge

cases were handled. As the CUT is moved from left to right, fewer samples to the right of

the right-hand side training set were used to fill the left-hand side training set.

Code for the CA-, GOCA-, SOCA-, and OS-CFAR algorithm was developed. A perfor-

mance comparison of these algorithms is presented in Section 7.1.2). Finally, the remainder

of the MATLAB processing algorithm was converted to Python code. predominantly re-

quired converting matrix operations to operations on single sweeps, allowing computations

to be performed in real time.
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Guard cells

CUT

Samples

Figure 6.3: Edge case handling for CFAR detection: when the number of training cells on
the left side is insufficient, cells are selected from the right of the right side training cells

6.2.4 Software Thread Variations

The frame synchronous version allowed for storing synchronised frames from each of the

four sensors. It involved polling each sensor sequentially and storing data in arrays. Once

the desired number of sweeps was captured, the data was written to text files. Since an

equal number of frames was captured from each device, offline plotting was straightforward:

a frame from each sensor was plotted in a grid layout for a specified duration before moving

to the next frame. Initially, the update rate was limited to that of the slowest sensor—the

uRAD Raspberry Pi v1.1—which averaged 50.4 I/Q sweeps per second. It was hypothesised

that a multi-threaded approach, where one or more sensors were run on a separate thread,

would improve the update rate. The difficulty in synchronising the offline plotting of the

different sensor types and models when multi-threading made the single-threaded approach

preferred for performance validation. It was later uncovered that when running the multi-

threaded program with two uRAD USB v1.2 radars, the radars acquired approximately

three times as many sweeps per video frame. The video frames and radar sweeps were then

synchronised by plotting three radar sweeps per video frame.

The four-thread configuration was believed to offer the best performance for raw data

capture when running all sensors simultaneously on a single Raspberry Pi 4B. The Pi 4B has

a quad-core processor, so each of the four sensors was expected to run on a separate core.
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However, it was found that Python was not capable of such parallelism [76]. Nevertheless,

there were gains to be made by implementing threaded operations that involved communi-

cation with sensors [76]. It was found that running each thread for a specific duration—as

opposed to specifying a set number of loop iterations—prevented certain threads from fin-

ishing before others. Rather, certain sensors would obtain more data within the specified

period. Implementation involved a while loop in each thread gated by the maximum time

the loop should run. It was found that the real-time plotting of the video from each camera

could not be threaded, so a three-thread variation was created. The cameras were run on

a single thread when real-time plotting was required.

6.3 Real-Time Plotting

Real-time plotting offered a visual representation of the data and allowed for easy identifi-

cation of any erroneous behaviour. Specifically, the computed frequency spectra and CFAR

threshold were plotted and compared to the observed scene. Real-time plotting had the

disadvantage of a severely reduced update rate, which was caused by the added computa-

tional burden of rendering and streaming the graphs. The final version was stripped of all

graphical elements and simply printed the real-time results to the CLI.

Python offered two plotting libraries: Matplotlib and Pyqtgraph. The former was sim-

pler to use, whereas the latter offered increased performance. After difficulties in plotting

data from multiple sensors in a suitable layout using PyQtGraph, it was decided that Mat-

plotlib was sufficient. Since real-time plotting was used for qualitative verification and

debugging of the Python-implemented processing algorithm, optimising performance was

not crucial. However, certain optimisations were required to make the Matplotlib plotting

program usable for verification purposes. Listing 2 shows the code used to speed up the

Matplotlib real-time plotting of data from multiple sensors. The use of blit (Block Transfer)

allowed for further optimisations in plotting. All graphic elements that did not change from

the previous frame were rendered into a background image, reducing the amount of data

being drawn. Only elements that changed were updated [77].

The frequency spectra of the up and down chirps of each radar were plotted in a grid
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Listing 2 Matplotlib optimisations for faster plotting
import matplotlib as mpl

mpl.rcParams['path.simplify'] = True

mpl.rcParams['path.simplify_threshold'] = 1.0

mpl.rcParams['toolbar'] = 'None'

import matplotlib.style as mplstyle

mplstyle.use(['dark_background', 'ggplot', 'fast'])

layout. In a separate figure, video footage from each camera was displayed, which allowed

for a comparison to the radar data in real time. Many options for streaming generated plots

to a PC were attempted: firstly, streaming using SSH X forwarding was implemented, which

streamed only the plot window. This was found to severely reduce the plot update rate and

was deemed unusable—the update rate was below one sweep per second, failing to meet the

requirement of 5 sweeps per second (calculated in Section 6.1.1). The next method involved

saving data to image files (.jpeg) after each capture which were viewed over SSH through

Microsoft Visual Studio Code by clicking on the .jpeg file and observing the changing

image. This method offered much better performance, though the update rate of under two

sweeps per second remained suboptimal. The final method was to use a remote desktop

connection between the Pi and the PC. This was achieved using a VNC (Virtual Network

Computing) viewer, RealVNC, which streamed data between two network devices via the

Remote Frame Buffer protocol [78]. TightVNC was used to further improve the update rate,

as it allowed for efficient encoding of streamed data and for scaling the streamed desktop

size [79]. Combining the TightVNC software with the plotting optimisations mentioned

above resulted in a sufficient update rate for real-time visualisation of the CFAR operation

and received signal spectra.

6.4 Test Rig Implementation

This section describes the implementation of the three test rigs proposed in Section 4.4.

Firstly, the integration of the various peripherals is discussed. The implementation of the

intermediate test rigs is then presented. The roadside prototype test rig is presented last,
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Raspberry Pi 4B
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Webcam

PC

Control system, display turn safety, TightVNC Viewer (real time plot), Transfer captured data (offline plot)

Figure 6.4: Block diagram of the implemented system

including a bill of materials (BOM) shown in Tab. 6.2.

6.4.1 Peripheral Hardware Integration

The OpenCV Python library was used to record video footage from two Logitech C270

webcams. The frame dimensions were selected to minimise processing and storage require-

ments while ensuring video quality was sufficient for visual inspection. An investigation into

the correct combination of codec and container formats was conducted. It was found that

certain hardware combinations required specific codec-container pairs. After testing many

combinations, it was found that the H264 encoding and the AVI (Audio Video Interleave)

container worked for the Raspberry Pi 4B and Logitech C270 webcams. Another finding

was that the second camera was referenced by index two despite the first camera being

referenced by index zero. This was noteworthy since the error message simply stated that

the camera could not be detected. Listing 3 presents the code used to configure the cameras

for video capture.

Initially, only a uRAD Raspberry Pi v1.1 and uRAD USB v1.2 was made available by

the University of Cape Town. The older uRAD Pi model required the use of the older uRAD

SDK and communication took place over SPI. It was found that the uRAD Raspberry Pi

v1.1 had a drastically slower update rate of approximately 30 sweeps/second, around three

times slower than the 93 sweeps/second produced by the uRAD USB v1.2. The reduced

performance was attributed to the older hardware and SDK. Though uRAD did not provide

the list of components due to intellectual property, the improved hardware can be identified
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Listing 3 Code for configuring video capture for two cameras using the Python OpenCV
library
# Open capture device for each camera

cap1 = cv2.VideoCapture(0)

cap2 = cv2.VideoCapture(2)

# set image dimensions

cap1.set(3, 320)

cap1.set(4, 240)

cap2.set(3, 320)

cap2.set(4, 240)

# create VideoWriter object with file name, codec,

# Frame rate and frame dimensions

fourcc = cv2.VideoWriter_fourcc(*'X264')

out1 = cv2.VideoWriter('rhs_vid_'+now+'.avi',fourcc,20.0,(320,240))

out2 = cv2.VideoWriter('lhs_vid_'+now+'.avi',fourcc,20.0,(320,240))

by inspection of the circuitry: the larger microcontroller present on the board likely operated

at a higher clock frequency. The newer SDK performed fundamentally differently, as can

be seen in Listing 4 which contrasts the methods for acquiring data using uRAD SDK

v1.0 and v1.1. The reduced performance along with the lack of mounting holes on the

uRAD Raspberry Pi v1.1 provided strong motivation for the purchase of a second uRAD

USB v1.2. All of the scripts were then modified to initiate two serial communication links,

one for each uRAD, and were updated from SDK v1.0 to SDK v1.1 for the second radar.

Configuration of the serial links between the uRADs and the various processing systems

is presented in Section 4.1.4. Each uRAD radar was then run using the script variations

outlined in Section 6.2.4. A ‘turn unsafe’ result from either radar would be conveyed to the

driver as per requirement UR2 (Tab. 3.1). The associated circuitry (LEDs, buzzers, etc.)

was not implemented since the test rigs were controlled via CLI (command-line interface),

which was used to display outputs. Since the user interface falls under product design as

opposed to research and development, it was not implemented.
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Listing 4 Code for data acquisition using uRAD SDK v1.1 compared to SDK v1.0
# SDK 11 data acquisition:

return_code, results, raw_results = uRAD_USB_SDK11.detection(ser)

I_sdk11 = raw_results[0]

Q_sdk11 = raw_results[1]

# SDK 10 data acquisition:

uRAD_RP_SDK10.detection(0, 0, 0, I_sdk10, Q_sdk10, 0)

Figure 6.5: Photograph of the uRAD USB v1.2 and phone camera test rig

6.4.2 Intermediate Test Rigs

The phone camera and uRAD USB v1.2 rig involved fastening the radar to a plastic phone

cover. Figure 4.12a shows a diagram of the phone and uRAD test rig, where the uRAD was

fixed to the plastic phone cover as shown in Fig. 6.5.

The radars were installed on the sides of a cardboard box, which was then placed inside

a plastic tub. For the uRAD Raspberry Pi v1.0, both the Pi and the radar had to be

mounted to the side of the inner cardboard container. The cameras were placed on the left

and right rims of the tub and the battery was placed inside. A birds-eye photograph of the

intermediate test rig is shown in Fig. 6.6.
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Figure 6.6: System-in-a-tub laboratory test rig using the uRAD Raspberry Pi v1.0

6.4.3 Roadside Unit Test Rig

Once the design was completed, PDF files of each part were generated and used to laser cut

perspex sheets. The process of laser cutting required formatting and placing of components

optimally such that the minimum amount of acrylic was needed. The laser speed and power

had to be configured to ensure a clean cut without melting the acrylic. Symmetry allowed

for time-saving by printing duplicates of certain parts. Clear glue was used to secure all

the box joints. The legs were attached using lock nuts, with standoffs connecting the 3-

D printed Raspberry Pi base enclosure to the inner acrylic plate. The radars were then

installed using long screws, plastic spacers, nuts, and wingnuts. The cameras were placed

on the holder and the central support beam was fitted and glued. A camera support beam

was used to ensure the cameras were held in place while allowing for easy removal. For

the left radar, the 3-D printed angle adjustment was installed. The battery pack and the
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Table 6.2: Bill of materials for the roadside unit test rig

ITEM PART PRICE (R) QTY COST (R)

1 uRAD USB v1.2 3 496.93 2 6 993.86

2 Logitech C270 Webcam 497.00 2 994.00

3 Samsung Battery Pack 699.00 1 699.00

4 Raspberry Pi Model 4B 1 039.00 1 1 039.00

5 Plexiglass 3x500x375 mm 179.00 4 716.00

6 Legs 150x25 mm 55.00 4 220.00

7 Screws, nuts, bolts 7.00 3 21.00

8 USB cable 59.00 3 177.00

TOTAL 10 859.86

peripherals were connected to the Raspberry Pi via USB cables and placed in the enclosure.

Finally, a layer of foil was installed between the two radars to prevent them from interfering

with each other. The Pi was configured to connect to a mobile hotspot on boot, enabling

access via the Termius Android application. Figure 6.7 shows three photographic views of

the roadside unit test rig.
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(a) Front view (b) Side view

(c) Top view (d) Oblique view

Figure 6.7: Roadside unit test rig photographs, left radar offset 25◦ from parallel
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Chapter 7

Results

This chapter describes the experiments used to assess the system’s performance. The ex-

periments were performed according to the experiment test plan outlined in Section 3.6

and can be divided into three categories: processing performance, controlled scenario radar

performance, and uncontrolled scenario radar performance. The results are used to assess

if the technical requirements of the project were met. Comparisons are drawn between

range and speed estimates of moving vehicle(s) using GPS data, video footage, and radar

estimates. Both controlled and uncontrolled experiments were performed.

Table 7.1 outlines the experiments performed. For the controlled experiments, only ET5

is discussed. The laboratory and single radar experiments (ET1 to ET4) were performed

during the development process and are not representative of the final system configuration

and processing algorithm. Similarly, only ET6 is presented for uncontrolled testing.

7.1 Experiments

Experiments were carried out to quantify system performance and to determine if the

project requirements were met. After the acceptance testing described in section 6.1 was

performed, it was found that the hardware and processing algorithm satisfied the respective

requirements. The radar calibration experiment for ensuring accurate range estimation is

presented first. An analysis of the effect of zero-padding on accuracy was performed on the
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Experiment Test Plan

Lab tests

Controlled Uncontrolled

Road tests

ET1 ET4 ET2 ET3 ET6ET5

Figure 7.1: Experiment test plan hierarchy, experiments defined in Tab. 7.1

results of this experiment. Next, the four CFAR algorithms were applied to the radar data

and their performance was compared. The performance of multithreaded software varia-

tions was quantified, followed by a discussion on the controlled and uncontrolled roadside

experiments.

Experiments requiring a configuration process were collated into the experiment test

plan, summarised in Tab. 7.1. Only ET5 and ET6 from Tab. 7.1 are presented, as exper-

iments ET1 to ET4 were used for iterative project development. Offline processing refers

to the capture of raw data and processing at a later stage. Conversely, real-time processing

refers to processing data as soon as it is received from the radar sensor. Figure 7.1 illustrates

the experiment process where the numbers indicate the order in which the experiments were

performed.

7.1.1 Radar Range Calibration

Calibration was required to ensure the radar’s range estimates were accurate. This was

achieved by comparing the uncalibrated radar estimates to ground truth values. Since

the speed estimate was based on the difference in beat frequencies of the up and down

chirps, only the beat frequency estimate required calibration. A flat metal plate target was

used so that the distance between the plate and the radar could be accurately measured
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Table 7.1: Experiment tests for the single and dual radar test rigs

ID Requirement Description

ET1 Single radar: laboratory test Verify processing algorithm using
a trolley and office chairs

ET2 Single radar: controlled test Vehicle driven past system at pre-
determined speeds

ET3 Single radar: uncontrolled test Place system at the main road and
record vehicles passing by

ET4 Dual radar: laboratory test Same setup as ET1, offline and
real-time processing

ET5 Dual radar: controlled test Same setup as ET3, offline process-
ing only

ET6 Dual radar: uncontrolled test Same setup as ET2, real-time pro-
cessing only

using a tape measure. The radar I/Q data capture script was run for 30-second bursts.

Thereafter, the radar estimates were processed offline and a comparison was made with

the actual distance. The ratio of the true distance obtained using a tape measure and the

radar’s range estimate was used to calibrate the radar by multiplying the ratio with the

beat frequency of each sweep. This calibration approach was valid since the beat frequency

is directly proportional to the range estimate (Eq. 2.9). The final test rig (Section 6.4.3)

was used during the calibration process to ensure the estimates were based on the prototype

used in further testing. Figure 7.3 shows the calibration setup, with the aluminium sheet

placed parallel to the radar at a distance of 3 meters. The indoor multipath effect did not

affect the estimate: the flat plate had a large SNR and removing it from the scene caused

the beat frequency at the 3 m range to disappear. Though it would be beneficial to test

calibration for further ranges, it was decided that the comparison to GPS range estimates

during the final experimentation would highlight whether further calibration was needed.

Figure 7.2 shows the radar accuracy results for several zero-padding lengths (Section 2.7.5)

for the metal plate target placed 3 meters away. By increasing the amount of zero-padding,
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Figure 7.2: Calibration test of the relationship between the length of zero-padding for 200
input samples and the range estimate accuracy for a metal plate target placed three meters
from the radar

the estimate accuracy improved up to a certain point. The lengths were chosen as powers-

of-two only since these lengths result in optimum FFT performance (Section 2.7.4). A

sequence of 256 samples underestimated the target’s position while a length of 512 resulted

in overestimation. The 1024-point FFT was selected as it provided sufficient accuracy and

did not notably increase the processing latency. Though the deviation for larger FFT lengths

could have resulted from an incorrect tape measure estimate, this cause was deemed un-

likely based on the calculated tape measure uncertainty of 1
2
√
6
= 0.2mm. Nevertheless, the

range estimate accuracy met the requirement of <1.4 m (TR6, Tab. 3.2). The calibration

factor ζ was calculated as shown in Eq. 7.1 and implemented as discussed in Section 6.1.1

for the range accuracy acceptance test.

tape measurement

radar estimate
=

3

3.0496
= 0.9837 (7.1)
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Figure 7.3: Calibration test setup

7.1.2 CFAR Algorithm Comparison

Single and multi-target scenarios were recorded using the radar hardware. Both the CFAR

threshold and received spectrum were overlaid and plotted sweep by sweep. The threshold

was then observed as the target moved along the spectrum. When the target’s beat fre-

quency amplitude resulted in a threshold breach, a detection was made. Thereafter, the

detection results of the SOCA-, GOCA-, CA-, and OS-CFAR algorithms were compared.

After testing each algorithm using the MATLAB simulation presented in Section 5.2.2,

OS-CFAR produced the fewest missed detections. The superior performance of OS-CFAR

was expected based on the literature [55]. It was later found that larger vehicles produced

two peaks as opposed to a single peak in the beat frequency spectra. It was observed that

the sharp drop in the OS-CFAR threshold fell between the peaks, resulting in a missed de-

tection. Next, the SOCA-CFAR was then evaluated in more depth since it was hypothesised
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that the use of the smaller average of the two training sets would allow for the detection

of wider, multi-peak targets. After inspecting simultaneous video and frequency spectra

playback, and the final detection results, SOCA-CFAR was found, on average, to offer a

higher probability of detection when real radar data was used. Additionally, the processing

requirements could be reduced as the sort operation used in OS-CFAR was not needed. Af-

ter testing GOCA and CA-CFAR, it was found the CA-CFAR offered the most consistent

performance of the four options. The other three were found to perform better in certain

scenarios than others, whereas CA-CFAR offered similar detection performance over a wide

range of scenarios.

Table 7.2: Table of the implemented CA-CFAR parameter values

Parameter Value

Number of guard cells 14

Number of training cells 16

Probability of false alarm 0.004

7.1.3 Software Performance Experiments

One aspect of quantifying system performance required measuring the update rate of the

multithreaded variations of the Python processing pipeline. The raw data update rate was

found to average around 92.4 sweeps/second as discussed in Section 6.2.1. The update rate

of the multithreaded variations described in Section 6.2.4 was then measured. This involved

recording the processing period for each sweep before calculating the average period. This

experiment was run on the Raspberry Pi 4B computer.

7.1.4 Controlled Scenario Experiments

Experiments involving a single controlled car target were performed. Initially, the car

travelled at various speeds between 20 and 70 km/h. The test rig was placed as close to the

curb as possible. The scenario resembled the simulated scenario depicted in Fig. 5.1a. Raw
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I/Q data from the uRAD USB v1.2 radar was recorded and saved on a laptop connected

to the test rig. The radar estimates were compared to the speed of the vehicle as seen on

the speedometer, despite the inaccuracy thereof [61], to provide a qualitative gauge of the

radar’s performance. Synchronisation of the video with the radar data required using voice

indicators, recorded by the cellphone’s microphone, marking the start and stop times of the

radar recording. The video sections were then extracted and paired with the correct radar

data set.

Experimentation using the roadside unit test rig pictured in Fig. 6.7 involved placing the

unit close to the road edge and driving a vehicle past the system. Both the inner and outer

lanes were used. I/Q data was recorded on the Raspberry Pi and transferred to a PC for

processing. Real-time processing was not tested in this experiment since the purpose was

to assess the range and speed metrics such as accuracy and maximum detectable values.

Three speeds were used: 45 km/h, 60 km/h and 70 km/h, as these cover the expected

range of speeds for vehicles travelling on a main road. The radar was placed at ‘car bumper

level’—28 cm above the ground. A compact sedan and a hatchback were used for controlled

experimentation. GPS data such as speed, coordinates, and accuracy were collected using a

cellphone placed inside the test vehicle. The GPS coordinates of the radar and test vehicle

allowed for calculating the distance between them. Using Google Earth, the road width (for

estimating the angle of arrival) was found to be 7 m. The GPS data and radar estimates

were plotted and comparisons were drawn as presented in Section 7.2.2. Since the road was

a flat surface, the accuracy of the Google Earth measurement was sufficient. The inner

lane masking the outer lane scenario and the effect of closely-spaced vehicles on detection

performance were investigated in these experiments. The right-side radar was tested using

a Hyundai i20, while a Toyota Corolla (2005 model) was used to test the left-side radar.

7.1.5 Uncontrolled Scenario Experiments

This experiment involved placing the test rig on the pavement next to a main road and ob-

taining 30-second burst captures. The scenario resembled the simulated scenario depicted

in Fig. 5.1a. Only real-time processed radar data (processed as soon as the radar sensor

captured a sweep of I/Q data) was captured. Accuracy and maximum range metrics were
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assessed using the I/Q data obtained during the controlled experiments and were conse-

quently not evaluated in the uncontrolled experiment. Using Google Earth, the road width

(for estimating the angle of arrival) was found to be 9 m.

Two uncontrolled experiments are presented in this section. Experiment A involved

adjusting the left radar by 25◦ and placing the radar at two heights. First, the radar was

placed at ‘car bumper level’. Next, the radar was placed at ‘car roof height’—approximately

133 cm above the ground—and 1 m from the road edge. The goal of Experiment A was

to assess whether raising the radar would reduce the effect of the outer lane being masked

by the inner lane and to assess if the outer-lane SNR could be improved by changing the

angle of the left-side radar. Experiment B used the calculated 18◦ angle, presented in

Section 4.3.3, for maximising the left side range and detection of the outer-lane vehicles.

7.2 Analysis and Discussion

This section reviews the results obtained from the various experiments and presents an

analysis thereof. The system performance results are analysed first, followed by the results

of the controlled experiments. Finally, the uncontrolled scenario results are described.

7.2.1 Software Performance Results

Table 7.3 compares the update rate for various threaded implementations. Based on re-

quirement TR9 in Tab. 3.2, all of the variations produced a qualitatively sufficient update

rate. The update rates in Tab. 7.3 were obtained by averaging the difference between time

stamps of the estimates (times at which estimates were produced by the processing algo-

rithm) over 30-second capture intervals obtained using a Raspberry Pi 4B. It was found

that using a preallocated array for recording time stamps caused the occasional failure of

one of the cameras. Consequently, a Python list was used instead.
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in same range gate


(a) Speed vs. Time vs. Range
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(b) Video frame

Figure 7.4: Waterfall plot and video frame obtained by the right-side radar for a hatchback
car driven past the system at 60 km/h on the inner lane
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Table 7.3: Performance comparison of thread configurations for raw and real-time processed
data capture on a Raspberry Pi 4B

Type Threads Average up-
date rate

Description

Raw data
acquisition
(sweeps/sec)

2 30 single camera and uRAD in same
thread

4 92 Each peripheral on separate thread

Real-time
processing
(estimates/sec)

1 8.3 All peripherals in single thread

2 8.4 single camera and uRAD in same
thread

4 7.5 Each peripheral on separate thread

7.2.2 Controlled Scenario Results

The radar’s speed and range estimates satisfied the accuracy and maximum detectable value

requirements when tested for speeds 45 km/h, 60 km/h, and 70 km/h. In this section, only

the 60 km/h test is analysed. Results of the other tests are presented in Appendix A.

Figure 7.4a shows that targets could be detected when at the furthest required range of

60 m. Similarly, the maximum expected speed was tested and is presented in Fig. A.1 in

Appendix A.

The unwanted detections caused by the outer-lane vehicles, pictured in Fig. 7.4b, are

highlighted. This scenario was found to be uncommon. The main road width of 9 m

compared to the 7 m width of the road used in the controlled experiment eliminated the

unwanted detection of outer-lane targets by the right-side radar.

As shown in Fig. 7.5a, the radar range estimates corresponded to the GPS range es-

timates. The GPS range estimates had a maximum accuracy of 1.4 m and are indicated

by the error bars in Figures 7.5a and 7.5b. Each GPS estimate, obtained using the An-

droid GPS Logger application, included an accuracy value associated with that estimate.

The radar estimates met the required range accuracy as defined in Tab. 3.2. Figure 7.5b

shows that the speed estimates lacked precision: the estimates appear to ramp up as the

target moves through the range divisions. Despite this, the estimates cluster around the
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unwanted detections 

caused by two 

outer-lane vehicles 

in same range gate


(a) Range vs. time plot of radar and GPS estimates

(b) Speed vs. time plot of radar and GPS estimates

Figure 7.5: Range and speed estimates, obtained by the right-side radar, compared to
cellular GPS estimates for a hatchback car driven past the system at 60 km/h on the inner
lane
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Table 7.4: Statistics of the right-side radar controlled speed tests

Experiment 45 km/h 60 km/h 70 km/h

Source Radar GPS Radar GPS Radar GPS

Mean (km/h) 43.27 42.49 53.84 53.12 58.02 59.66

Median (km/h) 41.23 42.48 54.45 53.28 59.7 59.85

σ (km/h) 7.9 0.95 8.33 0.89 7.47 1.8

true value and lie within the accuracy error bars of the GPS speed estimates. Essentially,

the average speed estimate was within the required accuracy. Despite this, Fig. 7.6 shows

that the time of arrival (TOA) calculation—the ratio of distance and speed—was accurate

when compared to the GPS estimate. This was due to computing the TOA for each of the

16 large bins and using the smallest value to represent turn safety. This method effectively

rejected incorrect estimates of range and/or speed. However, false high-speed detections at

far ranges can result in an ‘unsafe turn’ being reported since the TOA of such a detection is

small. Using the data tip in Fig. 7.6, summing the value of X and Y gives a TOA estimate

of approximately 5 seconds. Observing the x-axis time of the final estimate in Fig. 7.6, it

was observed that the target arrived around the 5-second mark. This calculation can be

applied to any TOA estimate and used to determine its validity.

Additionally, it was determined that the closer the target was, the less dependent the

safety estimate was on the speed estimate compared to the distance estimate. When targets

were further away, an accurate speed estimate ensured a better TOA prediction. When a

target was nearby, a wider range of speeds resulted in an unsafe prediction.

Table 7.4 presents the statistics of the speed estimates obtained when monitoring an

inner-lane vehicle during the right-side radar, controlled speed experiment. Based on the

mean and median of each experiment, the radar and GPS speed estimates are highly cor-

related. As expected, the speedometer measurements deviated substantially from both the

radar and GPS estimates [61], with the deviation increasing for higher speeds. The poor

standard deviation (σ) of around 8 km/h for the radar estimates, which can be seen in

Fig. 7.5b, indicates that either the processing algorithm or the radar hardware did not
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Figure 7.6: Time of arrival vs. time plot of radar and GPS estimates obtained by the right-
side radar for a hatchback car driven past the system at 60 km/h on the inner lane. A data
tip of the first reliable detection is shown.

perform as expected.

For targets travelling on the outer lane observed by the left-side radar, similar results

were obtained as those from the right-side radar. However, the maximum achievable range

for a compact sedan was 45 m as seen in Fig. 7.7a, failing to meet the required detection

range of 60 m. This was due to manual steering of the radar beam by 18◦ for detection of

vehicles on the outer lane. The gain of the radar beam at 15◦ from radar boresight was

insufficient for detecting cars at 60 m. It was noted that the 18◦ offset was based on a 4 m

road width. Using the equations presented in Section 4.3.3, a 21.7◦ would be needed for

the 7 m-wide road. However, by offsetting the radar by 18◦, targets at the furthest range

would be closer to boresight, hence it is believed that increasing the offset angle would be

detrimental to the maximum detection range.

Figures 7.7a and 7.8a show the reduced range for a target travelling at 60 km/h along the

outer lane of a 7 m wide road. Additionally, the masking of the outer-lane vehicle, pictured
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Two inner-lane 

vehicles masking 

target vehicle

(a) Speed vs. Time vs. Range

Two inner-lane vehicles 

masking the target vehicle

Target vehicle

(b) Video frame

Figure 7.7: Waterfall plot and video frame obtained by the left-side radar (offset 18◦ from
parallel to the road) for a hatchback car driven past the system at 60 km/h on the outer
lane with two inner-lane cars masking the detection thereof
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Table 7.5: Statistics of the left-side radar controlled speed tests

Experiment 45 km/h 60 km/h 70 km/h

Source Radar GPS Radar GPS Radar GPS

Mean (km/h) 46.91 47.54 52.54 57.12 54.34 64.99

Median (km/h) 45.09 47.56 53.76 57.08 58.07 64.86

σ (km/h) 9.47 0.84 9.25 0.38 11.02 2.6

in Fig. 7.7b, did not completely prevent the detection of the outer-lane target vehicle:

Fig. 7.7a shows that some detections were made when the target vehicle was obscured by

the two inner-lane vehicles. However, some of the speed estimates appear to deviate from

the actual values in this region.

The radar speed estimate deviated from the GPS estimate for close ranges despite the

application of angle correction, though the estimates clustered within the GPS accuracy

of 3 m. The deviation was anticipated based on the simulation results shown in Fig. 5.7a,

where the angle correction improved but did not solve the deviation. The assumption of the

largest SNR being returned by the midpoint of the car’s front bumper was likely incorrect.

The difference in GPS accuracy compared to the right-side experiment was attributed

to the use of a different satellite. The TOA vs. time shown in Fig. 7.9 produced accurate

estimates, with gaps due to the vehicles in the inner lane masking the target vehicle in the

outer lane. Summing the X and Y value of the data tip in Fig. 7.9 gives approximately

4.7 seconds, corresponding to the x-axis time of the final radar estimate. This test can be

applied to any point that is not an outlier in Fig. 7.9.

Table 7.5 presents the statistics of the speed estimates obtained when monitoring an

outer-lane vehicle during the left-side radar, controlled speed experiment. Based on the

mean and median of each experiment, the radar and GPS speed estimates are correlated,

though not as well as those of the right-side radar experiments presented in Tab. 7.4. The

deviation due to the change in angle of arrival as the target’s range reduced, despite angle

correction, was deemed the cause of the decreased correlation. The poor standard deviation

(σ) of around 10 km/h the radar estimates was worse than the 8 km/h for the right side
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(a) Range vs. time plot of radar and GPS estimates

(b) Speed vs. time plot of radar and GPS estimates

Figure 7.8: Plots comparing estimates by the left-side radar (offset 18◦ from parallel to the
road) and by cellular GPS for a Hyundai i20 travelling at 60 km/h on the outer lane
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Figure 7.9: Time of arrival vs. time plot of radar and GPS estimates obtained by the left-
side radar (offset 18◦ from parallel to the road) for a hatchback car driven past the system
at 60 km/h on the inner lane with two inner-lane cars masking the detection thereof. A
data tip of the first reliable detection is shown.

radar. The poor standard deviation was attributed to measurement and process noise [42],

which could be drastically improved by implementing a tracking algorithm such as the

Kalman filter [42] [43].

7.2.3 Uncontrolled Scenario: Experiment A

Comparing Figures 7.10a and 7.10b, placing the radar on the roof of a vehicle resulted

in more detection discontinuities (gaps in the detection range-time lines). This reduction

was primarily due to the offset of 1 m from the road edge. This offset resulted in cars

being observed at an angle further from radar boresight compared to placement at the edge

of the road. Figures 7.10c shows the frame where three vehicles are spaced in range and

correspond to the three uniformly spaced detection sets in Figures 7.10a in the 15-20 second
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(a) Radar data, car roof height (b) Radar data, car bumper height

(c) Video frame, car roof height (d) Video frame, car bumper height

Figure 7.10: Right-side radar speed vs. time vs. range plots and video frames captured at
a 9 m wide main road

interval. Figure 7.10d shows the truck that generated the set of detections ending at the

15-second mark of Fig. 7.10b.

The effect of placing the radar at car roof height severely reduced the detection of outer-

lane vehicles. This is shown in Fig. 7.11a where the detection sets are vague compared to

the detection sets shown in Fig. 7.11b. The video frames pictured in 7.11c and 7.11d show

the difference in the observed scene between the car bumper height and car roof height

placements. This experiment proved that raising the height of the system would not reduce

masking.

Figure 7.11b shows that when there is no masking, the outer-lane vehicles are sufficiently

detected, aside from the reduced maximum range of 50 m. In the event of masking (lower

half of Fig. 7.11b), no detections are made aside from two ‘faint’ false detection sets. Inter-

ference of unknown origin is shown in Fig. 7.11b. The interference speed estimates ranged
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(a) Radar data, car roof height

no 

masking

masking

Interference in 

same bin

(b) Radar data, car bumper height

(c) Video frame, car roof height (d) Video frame, car bumper height, no masking

(e) Video frame, car bumper height, masking

Figure 7.11: Left-side radar speed vs. time vs. range plots and video frames captured at a
9 m wide main road with the radar at 25◦ from parallel to the road

Dayalan Nair - Electrical Engineering



7.2. ANALYSIS AND DISCUSSION 126

from 66 km/h to 70 km/h. This interference could be filtered out with additional processing

due to its regular nature. Alternatively, a more rigorous approach could be followed such as

the approach presented in Section 2.6.3. The video frame in Fig. 7.11e shows the severity

of the masking from the radar’s point of view. Both the plots and video frames prove that

the radar system cannot function in high-traffic scenarios.

7.2.4 Uncontrolled Scenario: Experiment B

Figures 7.12 and 7.13 show the results obtained by the roadside unit test rig pictured

in Fig. 6.7. The detected speeds were limited to a maximum of 60 km/h due to false

alarms being reported for speeds greater than 60 km/h (dark blue bars in the figure),

predominantly for the left-side radar. Interference was attributed as the cause of these false

alarms. Figure 7.13a shows that the left radar is capable of detecting vehicles at 50 m

consistently and 55 m occasionally. Observing the video footage, it was found that the

detection at 55 m was of a Toyota Quantum minibus.

The estimates indicate that the left radar obtained far more false alarms than the right

radar. This was due to the significant amount of masking that occurred when the road was

busy. The periods where no masking occurred are clear: detection sets can be seen in the

left radar results. Looking at the right-side radar results in Fig. 7.12 and 7.13, the system

performs optimally: there are minimal false alarms and only one region of discontinuity,

attributed to interference in those range bins. The results shown in Fig. 7.12 and 7.13,

particularly those for the right side radar, indicate that PFA = 0.004 (used to set the

CFAR threshold) was tuned sufficiently.

The reduced update rate of 8.4 sweeps/second due to real-time processing in Experiment

B compared to the offline processing update rate of 93 sweeps/second in Experiment A did

not have a notable effect on the system performance. Comparing Figures 7.10b and 7.12d,

no visible differences between the processing methods are discernible.
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(a) Left radar, 18◦ offset (b) Right radar

(c) Left radar, 18◦ offset (d) Right radar

Figure 7.12: Two captures represented as Speed vs. Time vs. Range plots where the system
was placed at a 9 m wide main road at car bumper height and data was processed in real
time
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(a) Left radar, 18◦ offset (b) Right radar

Figure 7.13: Additional capture represented as Speed vs. Time vs. Range plots where the
system was placed at a 9 m wide main road at car bumper height and data was processed
in real time

7.3 Summary

Thorough experimentation was performed to assess the suitability of the low-cost dual radar

system for predicting turn safety at unregulated intersections. The performance of the pro-

cessing algorithm, processing hardware, and radar hardware met the technical requirements

summarised in Tab. 3.2. Though the update rates of all multithreaded variations met the

minimum requirement, the two-threaded implementation was selected as it offered the high-

est update rate of around 8.4 estimates/second when real-time processing was performed.

As shown by the controlled experiments, the system was able to predict the TOA of an

approaching vehicle accurately when compared to GPS estimates—the measurements were

within the GPS accuracy range of ±1.5 m. The speed estimates had a standard devia-

tion of around five to ten times the GPS estimates, reducing the reliability of the system.

Presently, the cause of this deviation is unknown. Despite the deviation, the mean and

median values of the radar estimates correlated closely with the GPS estimates as shown in

Tab. 7.4. In addition, it was found that angle correction only improved the speed estimate

but did not fully resolve the deviation due to the angle of arrival of targets observed by

the left-side radar. For the uncontrolled tests, the processing algorithm was able to detect
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multiple vehicles on a single lane using the triangle FMCW waveform. These tests high-

lighted the weakness of onboard collision prediction: poor detection of outer-lane vehicles

when inner-lane vehicles are present.

The suboptimal performance of the left radar in detecting outer-lane vehicles indicated

that the system failed to meet the goal of accurately determining turn safety at unregulated

intersections. Comparing the left radar estimates to those of the right radar presented

in Fig. 7.12 and 7.13 shows that the left radar had an increased number of false alarms

due to the masking of the outer lane targets by the inner lane cars. In addition, the

detection sets (lines of constant gradient) for each vehicle had more fluctuations in the

speed estimates—a standard deviation above 8 km/h—and more discontinuities which can

be seen in Figures 7.12a, 7.12c, and 7.13a. It was hypothesized that a tracking algorithm

such as the Kalman filter [42] [43] would improve both the masking and poor precision of

the speed estimates.

Dayalan Nair - Electrical Engineering



Chapter 8

Conclusions

8.1 Conclusion

This project investigated the suitability of a dual, low-cost radar system for determining

turn safety at uncontrolled road intersections. The proposed system warns the driver of

potential collisions if a turn is made. Specifically, the right-turn scenario was investigated

as this turn requires the driver to cross one or more lanes of traffic (in regions where vehicles

travel on the left side of the road). Observation of vehicles travelling in both directions is

required to determine right-turn safety. A processing algorithm was designed based on the

two-lane scenario. An elegant solution for estimating the angle of arrival of an approaching

vehicle, based on a given road width, was conceived to improve the accuracy of the speed

estimates. A roadside prototype was then designed using CAD, constructed, and used for

experimentation.

The average raw data update rate of 92.4 sweeps/second provided enough headroom

for real-time processing. When processing data in real time, a maximum average update

rate of 8.4 estimates/second was realised, meeting the requirement of being higher than the

average rate of driver decision-making in the intersection scenario.

A comparison of the radar estimates with video recordings and GPS estimates showed

that the system met the project requirements regarding maximum range, maximum speed,

accuracy, and update rate. The accuracy of range estimates compared to GPS estimates was
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approximately 1 m, surpassing the requirement thereof. Statistical analysis was performed

on the speed estimates, showing that the mean value of the GPS and radar speed estimates

were highly correlated (differing by no more than 2 km/h).

Several limitations were uncovered. High traffic scenarios resulted in the masking of

vehicles in the outer lane by vehicles in the inner lane. Raising the radar to car roof height,

as opposed to car bumper height, did not improve the outer-lane detection in the masking

scenario. Additionally, the detection range was reduced from 60 m to 50 m: since the radar

hardware was incapable of beamforming, the beam had to be steered by adjusting the angle

between the radar boresight and the edge of the road. The reduced power of the radar

beam off of boresight reduced the maximum detection range.

The precision of the radar’s speed estimates was suboptimal: the standard deviation

of 8 km/h for the right-side radar and 10 km/h for the left-side radar was approximately

ten times that of the GPS estimates. Since it did not markedly affect the time of arrival

estimation, further investigation was not undertaken. A tracking algorithm, such as the

Kalman filter [42] [43], would potentially improve the radar speed estimate precision and

reduce the effect of detection gaps due to masking.

Despite the poor detection of the outer-lane vehicle and suboptimal speed estimate preci-

sion, positive research outputs were identified. Inner-lane vehicles were detected consistently

at the required maximum range. Furthermore, estimates were produced at a sufficient rate

and with sufficient accuracy. The roadside unit test rig allows for further research avenues to

be pursued using the uRAD USB v1.2 radar. Overall, the project was a successful demon-

stration of the capabilities of a low-cost onboard radar solution for intersection collision

prediction.

8.2 Future Work

Based on the identified shortcomings, a hybrid system consisting of a roadside unit and

an onboard system would be more effective than the proposed system. The roadside

unit monitors the outer lane vehicles and communicates with the host vehicle (vehicle-to-

infrastructure communication [29]). The inner lane should be monitored using the proposed
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system installed in the bumper of the host vehicle. This solution reduces the infrastructure

cost and ensures the host vehicle can, at minimum, predict collisions from a single side at

road intersections.

Though the uRAD USB v1.2 was selected, it is recommended that the offerings by

RFbeam Microwave be considered as these radar modules offer superior performance and

flexibility. The limitation uncovered by this project is the missed detection of outer-lane

vehicles when they are masked by those on the inner lane. Emphasis should be placed on

acquiring a radar capable of beamforming a sufficiently narrow beamwidth. An alternative

to using a new radar system is to request a custom uRAD radar based on the required

improvements. The benefit of this approach is that the developed Python software and

scripts will not require modification.

An interesting avenue is to use the radars and cameras of the roadside test rig for target

classification. The machine-learning application may prove to be an interesting study, as

the classification could be based on both radar and camera data. Finally, a vehicle-to-

infrastructure communication system could be developed. A roadside test rig could be

installed on each side of the road, observing each lane independently. Alternatively, a single

unit could be installed on the opposite side of the road for observing the outer-lane vehicles

and providing a visual warning to the driver. The inner lane could then be observed by

the onboard system, reducing the required infrastructure and meeting the goal of low-cost

collision prediction at unregulated intersections.
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Appendix A

Additional Results

(a) Target travelling at 45 km/h, PFA = 0.004 (b) Target travelling at 70 km/h, PFA = 0.004

Figure A.1: Speed vs. Time vs. Range plots obtained by the right-side radar during
controlled testing on a 7 m wide road using a Hyundai i20
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(a) Target travelling at 48 km/h, PFA = 0.004,
masked by bakkie

(b) Target travelling at 70 km/h, PFA = 0.004, no
masking

Figure A.2: Speed vs. Time vs. Range plots obtained by the left-side radar observing the
outer lane during controlled testing on a 7 m wide road using a Hyundai i20

Inner-lane bakkie

masking the target vehicle Target vehicle

Figure A.3: Video frame of the target masking during the 48 km/h controlled test
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(a) Target travelling at 48 km/h, PFA = 0.012,
masked by bakkie

(b) Target travelling at 70 km/h, PFA = 0.012, no
masking

Figure A.4: Speed vs. Time vs. Range plots obtained by the left-side radar observing the
outer lane during controlled testing on a 7 m wide road using a Hyundai i20 where a higher
false alarm probability was used to set the CA-CFAR threshold
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Appendix B

Code

B.1 Repository links

The code repository is available on GitHub here:

https://github.com/dayalannair/RCWS

The Python implementation of the custom processing algorithm can be found at this loca-

tion: RCWS/python dsp/custom modules/pyDSPv2.py

The final Python and MATLAB scripts for running the system and plotting the data and

results can be found in this directory: RCWS/python dsp/dual urad usb

MATLAB simulations can be found in this directory: RCWS/matlab sim

145

https://github.com/dayalannair/RCWS


B.2. PYTHON CODE SNIPPETS 146

B.2 Python Code Snippets

Listing 5 Code for obtaining the maximum update rate of the uRAD USB v1.2 radar
module

for i in range(sweeps):

return_code, raw_results = uRAD_USB_SDK11_v2.detection(ser)

t_i.append(time())

periods.append(t_i[i]-t_i[i-1])

elapsed = t_i[len(t_i)-1] - t_0

time_arr = np.array(t_i)

print("Elapsed time: ", str(elapsed))

print("Average period: ", str(np.average(periods)))

print("Average update rate: ", str(1/np.average(periods)))

uRAD_USB_SDK11_v2.turnOFF(ser)
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Listing 6 Handling of the edge cells for CFAR detection
# if no training cells on the left of the CUT

if (cutidx <= half_guard):

rhs_train = data[cutidx+half_guard:cutidx+lead]

lhs_train = data[cutidx+lead:cutidx+lead+half_train]

# If some LHS cells, use these and take the remainder from RHS

elif (cutidx < lead):

rhs_train = data[cutidx+half_guard:cutidx+lead]

lhs_train = data[0:cutidx-half_guard]

lhs_fill = half_train-len(lhs_train)

lhs_train = np.append(lhs_train, \

data[cutidx+lead:cutidx+lead+lhs_fill])

# If enough train cells on either side of CUT

elif (lead < cutidx < lag):

lhs_train = data[cutidx-lead:cutidx-half_guard]

rhs_train = data[cutidx+half_guard:cutidx+lead]

# If some RHS cells, use these and take the remainder from LHS

elif (cutidx >= (ns-lead)):

lhs_train = data[cutidx-lead:cutidx-half_guard]

rhs_train = data[cutidx+half_guard:]

rhs_fill = half_train-len(rhs_train)

rhs_train = np.append(rhs_train, \

data[cutidx-lead-rhs_fill:cutidx-lead])

# if no training cells on the right of the CUT

elif (cutidx >= (ns-half_guard)):

lhs_train = data[cutidx-lead:cutidx-half_guard]

rhs_train = data[cutidx-lead-half_train:cutidx-lead]

Dayalan Nair - Electrical Engineering


	Abstract
	Acknowledgments
	Plagiarism Declaration
	Table of Contents
	List of Figures
	List of Tables
	Abbreviations
	Introduction
	Introduction
	Background
	Problem Statement
	Objectives
	Scope and Limitations
	Outline

	Literature Review
	Background and Current Systems
	Automotive Collision Statistics
	Current Systems and Technologies

	Vehicle-to-Infrastructure Communication
	Collision Probability at Intersections
	Communications Architecture
	Wireless Sensor Networks
	Automotive Radar with Passive Reflector

	Vehicle-to-Vehicle Communication
	GPS-based Collision Avoidance

	Onboard Intersection Collision Avoidance
	LiDAR and High Definition Maps
	Radar-based Traffic Tracking System

	Critical Review of Current Systems
	Automotive Radar Systems
	24 GHz versus 77 GHz Radar
	Radar Mount Angle Calibration
	Mitigation of Interference
	Degradation of Automotive Radar Performance

	Theoretical Framework
	Frequency-Modulated Continuous-Wave Radar
	Sawtooth Modulation
	Triangle Modulation

	Radar Signal Processing
	Signal Windowing
	Fast Fourier Transform
	Zero Padding
	Constant False Alarm Rate Detection

	Summary

	Requirements and Methodology
	Overview of Approach
	Phase 1: Research and Investigation
	Phase 2: Identification of Requirements
	Phase 3: Design and Simulations
	Phase 4: Implementation
	Phase 5: Testing and Verification
	Summary

	Design
	System Design
	Radar Hardware Selection
	The uRAD USB v1.2 Radar
	Software Tools
	Interface Methods

	Waveform Selection
	Triangle Modulation
	Sawtooth Modulation
	Dual-rate Triangle Modulation
	CW and FMCW Hybrid
	Selection, Motivation, and Considerations

	Processing Algorithm Design
	Signal Windowing
	Detection Algorithms
	Angle Correction
	Fourier Transform and Interpolation
	Spectrum Division Method
	Spectrum Gate Method
	Summary

	Test Rig Design
	Intermediate Test Rig Designs
	Peripheral Hardware Selection
	Roadside Unit Test Rig


	Simulation
	Simulation Configurations
	Simulation Models and Scenarios
	Automated Driving Toolbox Simulation
	Phased Array System Toolbox Simulation

	Simulation Outputs and Analysis
	Automated Driving Toolbox Results
	Phased Array System Toolbox Results
	Summary of Simulation Results


	Implementation
	Acceptance Testing
	Hardware Acceptance Testing
	System Acceptance Testing

	Software Integration
	Raw Data Acquisition
	MATLAB-Python Integration
	Pure Python Implementation
	Software Thread Variations

	Real-Time Plotting
	Test Rig Implementation
	Peripheral Hardware Integration
	Intermediate Test Rigs
	Roadside Unit Test Rig


	Results
	Experiments
	Radar Range Calibration
	CFAR Algorithm Comparison
	Software Performance Experiments
	Controlled Scenario Experiments
	Uncontrolled Scenario Experiments

	Analysis and Discussion
	Software Performance Results
	Controlled Scenario Results
	Uncontrolled Scenario: Experiment A
	Uncontrolled Scenario: Experiment B

	Summary

	Conclusions
	Conclusion
	Future Work

	Bibliography
	Additional Results
	Code
	Repository links
	Python Code Snippets




