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Abstract 
 

 
Radar has emerged as an integral sensor for imaging and scene perception to achieve full 

situational awareness for vehicle automation. The increase in radar penetration rate and a 

limited spectrum availability for automotive uses have given rise to coexistence problems, 

where radars directly or indirectly interfere with each other. Interference causes a degradation 

in the radar performance, particularly an increased noise (interference) floor, making it 

difficult to detect, identify, and classify targets accurately, as well as perceive the vehicle’s 

surroundings which is essential for trajectory estimation and path planning applications. This 

might lead to potential accidents especially in dense road conditions. 

The work presented in this thesis investigates the mutual interference in 77 GHz millimetre-

wave frequency modulated continuous wave radar to develop suitable mitigation strategies 

without a detrimental effect on the performance of the radar. A mathematical model is 

developed to systematically assess and quantify the performance of radars in an interference 

background. Various types of interference expected in automotive scenarios are first classified, 

such as fast-chirp, slow-chirp, synchronous, and asynchronous. The appearance and impact of 

interference are then evaluated at each stage of the victim radar’s signal processing and 

analysed in the time, range, range-Doppler, and range-azimuth profiles.  

The characteristics of interference in each profile are exploited to develop appropriate 

mitigation techniques along with their comparative performance analysis. For pre-detection 

mitigation, waveform randomisation and spectral windowing – inherently used in radar 

processing – are discussed to minimise the impact of interference. Techniques to detect 

interference and estimate the waveform parameters of the interfering radars are developed 
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using the radar data from real-road measurements, which are used for cognitive interference 

mitigation. In the spatial domain, adaptive digital beamforming is discussed to suppress 

interference for various radar configurations and penetration rates. In imaging techniques, 

Doppler beam sharpening is developed to significantly reduce the impact of interference with 

complete removal of interference from the radar’s field of view in some cases. 

A comprehensive statistical evaluation of interference and its comparison with the additive 

white Gaussian noise (AWGN) have demonstrated that most types of interference have statistics 

comparable to those of AWGN. Therefore, the currently existing detection techniques remain 

valid for target detection in an interference background. 

Lastly, an experimentally verified holistic end-to-end system level radar simulator is developed 

to model, evaluate, and optimise radar performance in diverse scenarios with various traffic, 

roadside, and interference density conditions. 
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processing, automotive applications, automotive radar, automotive sensors, autonomous 

vehicles, beamforming, clutter modelling, cognitive interference mitigation, COSMOS, 
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Chapter 1. OVERVIEW 
 

 

 

The next-generation vehicles are being developed with the potential of improved road 

safety, passenger comfort, and economic and environmental benefits. The automotive industry, 

including car manufacturers and tier-1 and tier-2 suppliers, is keen on developing advanced 

driver assistance systems (ADAS) which ultimately will facilitate the development of fully 

autonomous self-driving vehicles [1]. Traditional automotive companies, such as Ford, BMW, 

and new players, such as Tesla, and Google, have an ongoing race to progress towards ‘level 

4’ (deep driver assistance) and ‘level 5’ (fully autonomous) vehicle autonomy. The companies 

that will first present fully connected and autonomous vehicles (CAV) to the mass market will 

gain a significant competitive edge in the industry [2]. 

1.1 Problem Statement 

Road traffic accidents are the main reason for death among all age groups and the leading 

cause of death among 5–29 year olds. Vulnerable road users, such as motorcyclists, cyclists, 

and pedestrians, account for the majority of these fatalities. The leading causes behind these 

accidents are untrained drivers, heavy traffic, using mobile phones while driving, and using 

intoxicants. The resulting injuries result in a substantial financial loss for the victims, their 

families, and the economy [3]. 

The World Health Organization (WHO) estimates that traffic accidents globally result in 

about 1.3 million fatalities per annum. As many as 50 million are wounded yearly, costing an 

average of 3% of the country’s gross domestic product (2021) [4], with one death due to a road 

accident every 24 seconds [5]. The statistics predicted by WHO suggest a rise of about 65% in 

accidents over the upcoming years without improvements made in vehicles and driving 
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conditions. Road traffic accidents, the ninth leading cause of mortality worldwide, will move 

up to the fifth spot by 2030 [6]. Table 1.1 shows the latest death toll according to WHO due to 

road traffic accidents in various regions worldwide (2019) [7]. 

 

Table 1.1: Latest death toll due to road traffic accidents (2019). 

Location Value 

Global 1,282,150 [1,008,400 - 1,554,236] 

Eastern Mediterranean 126,958 [103,682 - 152,610] 

Americas 154,780 [128,107 - 184,289] 

Africa 297,087 [238,813 - 356,057] 

South-East Asia 317,069 [235,964 - 385,698] 

Western Pacific 317,393 [246,835 - 389,964] 

Europe 68,863 [55,000 - 85,619] 

 

Considering the global impact of road traffic accidents, a modern approach is required to deal 

with the problem.  

With the research into autonomous vehicles (AVs) and their implementation worldwide, 

the number of roadside accidents can be reduced drastically, with an estimated 94% reduction 

in traffic-related deaths [8]. The Society of Automotive Engineers has defined 5 levels for 

vehicle automation ranging from level 0 (fully manual) to level 5 (fully autonomous) [9]. The 

description of these levels and required specifications have been summarised in Figure 1.1 [10], 

[11]. With these autonomous functions, a human driver’s control of driving tasks will be 

removed. Instead, it will rely on the system’s ability to perceive and understand the vehicle’s 

surroundings through a complex sensor system to provide capabilities like traffic monitoring, 

navigation, vehicle tracking, path planning, and surveillance.   

The adoption of sensor-based technology in the automobile industry is growing in 

response to the growing concern about passenger and vehicle safety [12]. The sensors are at the 

core of autonomy that, together with artificial intelligence (AI), will not only take the place of 
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Figure 1.1: The levels of autonomous driving. 

 

 

a human’s capacity to ‘see the road’ but, in most circumstances, are expected to outperform it. 

Sensor’s data-processing algorithms are crucial for environment perception, enabling the 

autonomous function control system to adapt to prevailing conditions. As a result, there is a 

growing need for ADAS systems with built-in sensor capabilities. For environment sensing and 

perception, a variety of sensors are utilised, including radio detection and ranging (radar), 
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ultrasound, cameras, and light detection and ranging (lidar) [13]. Most of these sensors transmit 

a signal and process the reflections from various objects to understand and image the scene. 

As CAV shall operate 24/7 in all weather and lighting conditions, radar is the most 

reliable sensor since it uses electromagnetic (EM) waves to sense the environment  [14]–[16] 

which are considerably less impacted by the environment such as adverse weather or time of 

the day [17]. The radar is also capable of estimating the target’s distance, radial speed, and 

spatial position with near-instantaneous precision and a high resolution [18]. Additionally, 

compared to the other sensors, it has a substantially extended detection range [13], [19]. At the 

same time, automotive radar costs are dropping substantially due to the advancements in RF 

CMOS technology, the development of multiple-input, multiple-output (MIMO) radars, and 

improved imaging techniques at 76-77 GHz and 77-81 GHz bands [20]. This is accompanied 

by notable developments in radar capabilities for accurate imaging, target classification, and 

path planning [21]–[26]. Therefore, radar is a key sensing modality for ADAS and complements 

lidar and cameras quite well [27], [28]. According to the current vision, each CAV will be 

equipped with at least a dozen radars overlooking 360-degree vehicle surrounding and seeing 

from a meter to hundreds of meters ahead and around to achieve autonomy [16], [29]. 

As a result of the numerous applications of radar sensors in the automotive industry, it is 

an active research area [19], [30], [31]. Some of the first applications were adaptive cruise 

control (ACC), blind-spot detection (BSD), and collision-warning systems (CWS). Recently, 

other applications have been implemented such as automatic emergency braking (AEB), lane-

change assist (LCA), and vulnerable user detection. Radar-enabled driver assistance systems 

will provide comprehensive information about the vehicle's surroundings and assist drivers in 

anticipating potential hazards. However, the robustness of sensors to detect and evaluate 

dangerous road situations is one of the critical barriers to CAV development. 
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1.2 Challenges and Limitations 

The widespread use of automotive radars to map the environment is a crucial step towards 

vehicle autonomy, with a projected market radar penetration rate (RPR) of 58% by 2035 [32]. 

As the vehicles with radar sensors will share the same road space, the performance evaluation 

of these radars in a coexistence scenario is essential for reliable on-road autonomy. 

A radar continuously transmits a signal, which is reflected by the surrounding cars and 

other objects, such as foliage and crash barriers near the road. These reflections are detected 

and processed by the radar to sense its surroundings. However, the immediate future challenge 

comes from the co-existence of a large number of active radars in a diverse traffic environment. 

When this technology is used by several vehicles on the road, it becomes challenging for a radar 

to distinguish between its desired signal and the signal reflected or transmitted from the radars 

installed on other vehicles. Therefore, introducing a large number of radars to precisely image 

the environment also presents a new problem called ‘Automotive Radar Interference’ [33], [34]. 

 

“In complex traffic, where hundreds of radars may operate in a coexistence 

scenario, the uncoordinated radar parameters will lead to mutual interference 

between them. Each radar will act as a jammer to its neighbours.”  
 

 

The forecast 5 – 18 billion-dollar automotive industry is facing a major issue of radar 

interference making it a current research area [35], [36]. The interference leads to a malfunction 

of sensors and makes the detection of targets, especially the ones with a small radar cross section 

(RCS), such as a pedestrian, cyclist, or even a farther-located vehicle, ambiguous. This impacts 

safety, traffic flow, and driving convenience, especially in high-traffic areas. Therefore, even 

though radar is the most reliable sensor for operation in all weather conditions, its reliability 

could be reduced in an interference background. Furthermore, due to the limited spectrum 

currently available for automotive radars [37], the increased RPR will increase the likelihood 
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that radars may encounter interference, resulting in greater received interference strengths. The 

issue is further compounded due to the lack of waveform standardization in automotive sensors. 

Automated driving systems have to make real-time decisions that are often safety critical. 

Therefore, interference that hinders radar performance and affects its detection capability must 

be mitigated to make roads safer in the automated driving era. 

1.3 Objectives and Contributions 

Understanding and resolving the problem of mutual interference in automotive radar is 

the research topic in the presented work. This research intends to assess the entire interference 

chain, from fundamental concepts of waveform interaction in radar sensors through the impact 

of interference on the signal processing and finally effective mitigation techniques to improve 

radar’s detection performance. The approach undertaken has been presented in Figure 1.2. 

The mitigation techniques discussed in the presented research have been classified into 

temporal, spatial, and imaging-based, and also the fusion of mitigation techniques to optimise 

the radar performance. The following key contributions have been made through this work.  

• A thorough review and assessment of the state-of-the-art (SoA) interference analysis and 

mitigation methods. 

• Characterisation and analysis of radar interference by developing a mathematical model 

that quantifies the system-level performance of frequency-modulated continuous wave 

(FMCW) radar in an interference background. 

• Qualitative and quantitative estimation of the interference power as a function of radar 

hardware and software characteristics and the waveform parameters. 

• The effects of various interference scenarios on the signal to interference plus noise ratio 

(SINR). 
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• A systematic SINR analysis at each stage of the radar processing chain. 

• Statistical characterisation of interference and its effect on the radar’s detector 

performance. 

• Development and comparative analysis of interference mitigation techniques. 

• Evaluation of the interference mitigation techniques after their implementation in the radar 

chipsets. 

• Interference mitigation to suppress interference and at the same time enhance target 

detectability by using Doppler beam sharpening (DBS). 

Figure 1.2: Methodology for analysing and mitigating radar interference. 
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• Validation of the developed analytical model and mitigation techniques. 

• Assessment and the impact of radar interference potential in an actual road scene with 

commercial off-the-shelf (COTS) radar sensors already available in the market. 

• Development of a comprehensive and realistic tool, ‘Automotive radar holistic simulator,’ 

to understand radar-environment interactions and characterise and mitigate interference. 

• Recommendations and guidelines to mitigate radar interference. 

The project has been funded by Innovate UK and undertaken at the University of 

Birmingham (UoB) at the Microwave Integrated System Laboratory (MISL) in collaboration 

with industrial partners Jaguar Land Rover (Industrial lead) and HORIBA MIRA. 

1.4 Automotive Radar and Environment Simulator 

In an automotive scenario, endless situations are possible, such as different hardware 

characteristics, waveform modulations and parameters, antenna radiation patterns, mode of 

signal transmission, beamforming techniques, the geometry of scenarios, and the number of 

simultaneously operating radars. These factors must be considered while analysing the 

performance of radars in a coexistent scenario. However, a comprehensive understanding of 

the radar-environment interaction is logistically impractical using real-world conditions. An 

experimentally verified software tool would facilitate the analysis of complex scenarios and aid 

in identifying the critical situations and configurations that affect the radar performance. 

Therefore, the techniques to mitigate these effects can be implemented before testing in the real 

world. For this, a systematic analysis of potential factors influencing radar performance is 

needed to develop and validate a radar sensor model. 

As part of the presented work, an experimentally verified holistic simulation tool based 

on the specifications of SoA automotive radars has been developed and detailed in Appendix 

12. Radar-environment interactions have been demonstrated for extended targets, clutter, and 
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transmissions from nearby sensors – radar interference. Furthermore, various aspects of sensor 

configuration and signal processing according to the radar hardware and software capabilities 

have been investigated. The tool is a test environment for modelling and performance analysis 

of radars and will act as a guide toward developing robust radar sensors. Furthermore, it will 

provide the ability to bring real-world conditions into the software and facilitate the 

performance analysis of sensors currently expected to be used for ADAS [38]–[40].  

Compared to similar tools [41], [42], the developed simulator provides a comparative 

analysis of various interference mitigation techniques in terms of the SINR improvement, target 

detectability, and possible ambiguity in the target parameter estimation due to interference. 

Moreover, due to the integration of various types of targets, interferers, road types, and 

hardware-specific functionality, the effects of these parameters and configurations can be 

estimated. 

1.5 Glossary 

Various terminologies used in the presented work have been described below: 

• Victim radar (VR) – Radar installed on the host vehicle that receives interference from 

surrounding radars. 

• Host radar (HR) – Radar installed on the test vehicle that is taking radar measurements in 

the absence of interference. It is also called the ego-radar. 

• Interferer radar (IR) – Radar that transmits an interference signal. In most cases, the 

interference received at the VR is expected to be transmitted by an IR, unless stated 

otherwise. 

• Target – Any objects (cars, pedestrians, infrastructure, etc.) in the field of view (FoV) of 

the radar that the radar should detect. 
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• Echo signal – The signal reflected from targets and received by the radar. This is the desired 

signal for the host/ victim radar. 

• Interference floor – Due to possibly higher received interference power, an increase in the 

receiver noise floor is observed, referred to as the interference floor. 

• Fast-chirp interference sequence – Type of interference for which the sweep time of IR is 

less than the sweep time of the VR. 

• Slow-chirp interference sequence – Type of interference for which the sweep time of IR is 

larger than the sweep time of the VR. 

• Pulse repetition interval (PRI) – The time after which each new pulse/ chirp signal is 

transmitted by the radar. 

• Fast-time – Time during each PRI. 

• Slow-time – Time across multiple PRIs. 

• Radar data cube – Radar data is arranged as a 3-dimensional (3D) matrix with fast-time 

samples, slow-time samples, and the number of array channels along each dimension, 

respectively. 

• Range compression – Performed to estimate the range of the targets. In this work, this has 

been done by applying a fast Fourier transform (FFT) across the fast-time samples. 

• Doppler Compression – Performed to extract the relative speed of the targets. In this work, 

it has been done by applying an FFT across the slow-time samples. 

• Spatial compression – Performed across multiple array elements of the radar to estimate 

the spatial position of targets. In the presented work, due to the availability of radar chipsets 

for the measurements, the spatial resolution across elevation was not provided. Therefore, 

spatial compression provides information on the azimuth position of the targets only, 

considering elevation = 0𝑜. 
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• Frequency domain – Analysis and results after range compression, and combined range 

and Doppler compressions. 

• Spatial domain – Analysis and results obtained after spatial compression. 

• Range profile – Obtained after range compression. It indicates the target’s range as a 

function of its received power that is represented in dBm in the presented work, unless 

stated otherwise. 

• Range-Doppler – Analysis and results obtained after range and Doppler compressions, 

plotted as relative speed as a function of range to the targets. 

• Range-azimuth – Analysis and results obtained after range, Doppler, and spatial 

compressions, plotted either as a polar map representing the azimuth angle as a function of 

the slant range to the target or as a Cartesian map representing the range and cross-range 

of the target2,3. 

• CPI – Coherent processing interval over which the Doppler compression is performed. 

• PPI – Plan position indicator plot representing the range and cross-range of the target. 

• Frequency bins – Discrete frequency component after range compression. Each frequency 

bin resolution is sF NFFT , where sF  is the sampling frequency and NFFT  represents 

the number of FFT points. Nth frequency bin can be expressed as: snF NFFT . 

• Range bins – Frequency bins are often converted to range bins to interpret the range to the 

target better. Range bin is estimated as 2 vcf K  in a dual (in-phase/quadrature) channel 

 
2 The range-azimuth map have been plotted showing the range and azimuth values for the maximum Doppler bin. 

3 In some instances (mentioned in the text), range-azimuth map has been generated after only range and spatial 

compressions. 
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receiver and 4 vcf K in a real channel receiver, where c is the speed of signal propagation, 

f  represents the frequency bin, and vK  is the waveform’s sweep rate. 

• Doppler bins: Discrete frequency bins after Doppler compression. The resolution of each 

bin is represented as: 1 CPI . 

• Doppler frame – Formed with chirps received during a coherent processing interval (CPI). 

The Doppler compression has been applied across the Doppler frame. 

• Azimuth frame – Equivalent to Tx RxN N  elements in MIMO mode or RxN  in a phased array 

configuration, TxN  and RxN  are the number of transmit and receive elements, respectively. 

Spatial compression has been applied across the azimuth frame. 

• Time series representation – Augmented range profiles representing time as a function of 

range to the target. 

• Single channel receiver – Radar receiver based on a real-only channel. 

• Dual channel receiver – Radar receiver based on in-phase and quadrature (I/Q) channels. 

• NRMSE – Normalised root mean square error used to compare the interference and 

additive white Gaussian noise (AWGN) statistics. 

• Mutual Interference – The type of interference between the radars installed on different 

vehicles. 

• Self interference – The type of interference between the radars installed on the same 

vehicle. 

1.6 Thesis Organisation 

The presented work addresses the simulation, development, implementation, and 

experimental testing of radars in the presence of interference.  
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Chapter 2 reviews the theoretical background, including the fundamentals of radar, 

modulation schemes used in the contemporary radars, basic signal processing stages in SoA 

automotive radar chipsets, as well as recent advances in interference analysis and mitigation 

techniques. 

Chapter 3 focuses on the analytical analysis of radar interference, discussing various types 

of interference expected in typical automotive scenarios, and interference hotspots where a high 

level of interference is expected depending upon its orientation with respect to the VR and the 

VR and IR parameters. The appearance of interference across various signal processing stages 

of the VR, alongside the effect of each stage on interference, is also discussed.  

Chapter 4 characterises the statistical properties of interference, its comparison to the 

statistical characteristics of AWGN, and the effect of interference on the radar detector. 

Chapter 5 presents various techniques for interference detection, interfering radar 

waveform parameter extraction, and interference mitigation, followed by the effect of different 

mitigation techniques on radar performance.  

Chapter 6 details the mitigation of interference in the spatial domain for different array 

configurations and types of radars. A comparative analysis of the spatial domain mitigation 

with the temporal domain mitigation for various RPRs is also presented.  

Chapter 7 examines the SINR along the radar processing stages using real-road radar data 

gathered for different orientations of the radar sensors.  

Chapter 8 discusses the application of DBS – a resolution enhancement technique – to 

mitigate radar interference. The effectiveness of DBS is evaluated compared to other mitigation 

techniques.  

Chapter 9 presents the research outcomes of the conducted research on radar interference 

alongside the project outlook.
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Chapter 2. TRENDS IN AUTOMOTIVE RADAR 
 

 

 

Radar is an acronym for ‘Radio detection and ranging’ and can operate in harsh conditions 

such as dark, fog, bad weather, bad light, and extreme temperatures. Moreover, it can reliably 

function at long, medium, and short ranges for navigation, target detection, tracking, search and 

surveillance, and high-resolution imaging and mapping of the surroundings. Over the last few 

decades, radar applications in the automotive and industrial space have captured significant 

interest from researchers worldwide. 

A radar sensor illuminates the environment by transmitting EM waves and processing the 

received ‘reflected’ radio waves (echo signals). In the presence of objects within the radar’s 

operational range and FoV, some of the energy that the radar radiates is intercepted and 

reflected by these objects in different directions. The radar receiver then receives a fraction of 

the reflected energy. After signal amplification and processing [43], radar detects and measures 

the characteristics of objects, such as their range, relative speed, and spatial location (azimuth 

and elevation).  

The target range ' 'TR  is determined by estimating the round-trip time of the signal from 

the radar’s transmitter back to its receiver and given as follows: 

 
2

D
T

c
R


=  (2-1) 

where, D  is the signal’s two-way propagation delay from the radar’s transmitter to the target 

and back to the radar receiver, and c is the speed of light. The relative speed between the radar 

and the target is estimated from the Doppler frequency shift ( )Df  across multiple radar pulses 

and calculated as follows:
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2 r

D

v
f


= −  (2-2) 

where, rv  is the radial velocity in the direction of the target, and   is the wavelength of the 

transmitted signal. For an approaching target, due to its decreasing range, 0T
r

dR
v

dt
=  . This 

gives, 0df  . In contrast, for a receding target, the range increases with time with 0TdR

dt
  

consequently, 0df  . The target’s angular position is estimated from the signal’s phase shift 

across multiple antenna elements. The target type can be identified by estimating the micro-

Doppler from the target, where the target’s motion modulates the received signal [44], and using 

the target signature in the classification algorithms [45], [46]. 

In the ground imaging scenario, after the required signal processing, the radar 

accomplishes three essential functions [47]:  

1. Target detection: The presence of a target in the background of noise and interference(s). 

2. Target tracking: Alongside target detection, their respective distances, radial speeds, and 

spatial locations with respect to the radar are estimated with high accuracy. These are then 

used to predict the target trajectory and possibly identify passable and impassable regions 

for the host vehicle. 

3. Imaging: The radar forms a map of a region in the environment showing the respective 

positions of targets in common occupancy grid maps or the world coordinates [48], [49]. 

The imaging maps include the following: 

• Clutter map showing the static environment. 

• Tracks of the moving targets. 

These maps assist in monitoring the details of the vehicle’s surroundings and deciding the 

vehicle’s trajectory accordingly.
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2.1 Brief History of Radar 

The phenomenology of radar goes back to the 1800s when Heinrich Hertz demonstrated 

the radio wave reflection by metallic objects at 455 MHz [50]. Nicola Tesla, in 1900 suggested 

that the reflection of EM waves could be used to detect metallic objects. The first patent on 

radar was acquired in 1904 by Christian Hulsmeyer, who called this ‘Telemobiloskop – A 

remote object viewing device’ for obstacle detection and ship navigation. Hulsmeyer developed 

a prototype device to locate nearby ships in thick fog that were otherwise invisible to the human 

eye. Albert Taylor and Leo C. Young filed a patent in 1922 for a ship detection system using 

radio waves [35]. 

However, the late nineteenth and early twentieth centuries saw the emergence of 

technologies that eventually led to the development of contemporary radar systems. At that 

time, radar applications were primarily focused on military [51], ionosphere sounding [52], and 

commercial use. Modern radar system was rapidly developed during World War II for its use 

in air defence, such as the long-range air surveillance and the short-range low-altitude target 

identification. In 1939, the US Navy created the acronym, ‘RADAR.’ The invention of the 

cavity magnetron by British physicists John Randall and Harry Boot marked a significant 

advancement in the use of radar. Cavity magnetron shortened the radio wave pulse, increased 

the available transmit power, and allowed for the compact radar systems [53].  

In the post-war period, improvements were made in developing continuous wave (CW) 

and pulsed radar systems for military and civilian applications. Notable civilian applications of 

radar were the weather radar and the air-traffic control radar for air traffic safety in airports. 

The radar gun was later developed during the 1950s and 1960s and was used by police officers 

to ensure the speed limits of vehicles.  
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Since the 1970s, digital technology has undergone incredible development, making the 

signal processing requirements for contemporary radar achievable [54]. Significant advances 

were made in the airborne pulse-Doppler radar, which enhanced its ability to detect aircraft 

amid dense ground clutter. Over the next decade, technology further evolved, and radars could 

distinguish between different types of targets. As the computer technology advanced, more 

information about the characteristics of targets and the radar surroundings became possible, 

therefore, paving the way towards modern imaging radars. 

During the 1970s, radar applications in the automotive sector also emerged. At that time, 

radars were used to provide parking assistance, lane change assist and lane departure warning 

[55], and collision warnings to the driver [33], [56]. In the coming years, a rising interest in 

self-driving cars for safe and reliable driving acted as a main driving force toward the 

advancement of the automotive industry. Instead of supporting the driver, modern automotive 

radars can accurately sense and perceive the environment to provide reliable information to the 

vehicle’s control systems for efficient path planning. The chronological flow diagram 

highlighting the development of automotive radar is demonstrated in Figure 2.1. 

 

Figure 2.1: Chronological flowchart of the automotive radar history. 
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The evolution of automotive radar has been thoroughly discussed in [57]. A prototype 

radar for automotive applications operating at 35 GHz was tested in the early 1970s [29], [57]. 

However, due to its large size and high cost, it was not widely integrated into the vehicles. 

Luxury cars since the late 1990s included some form of driver assistance functionality [58]–

[60]. Due to radar’s ability to look through optically opaque environments, Mercedes-Benz S-

class introduced radar in its vehicle as a key component for environment perception [33] in 

1999.  

Since then, radar has undergone advancements in terms of its size and signal-processing 

algorithms. ACC systems based on millimetre wave (mmWave) radar have been under 

development for several decades [61]–[63]. Compact automotive radars can be developed with 

highly integrated and inexpensive mmWave circuit implementation in silicon. This would 

decrease the impact of the deployed sensor on a vehicle’s aerodynamics and appearance. 

The chronological history of radar is summarised in Table 2.1. 

 

Table 2.1: Chronological history of the radar. 

 

Pre-World War II Era (1800s-1930s) 

1887 Heinrich Hertz demonstrated the existence of radio waves. 

1904 Christian Hülsmeyer patented the Telemobiloskop, an early form of radar. 

1922 

 

Albert Taylor and Leo C. Young filed a patent for a ship detection system using 

radio waves. 

 

World War II Era (1930s-1940s) 

1935 

 

Robert Watson-Watt and his team in the UK developed the first practical radar 

system for aircraft detection. 

1939 

 

Sir Robert Watson-Watt presented his research on the radar to the British 

government, leading to the establishment of a chain of radar stations along the UK 

coastline. 

1939 The acronym ‘RADAR’ was proposed by the US Navy. 
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1941 Rapid development and deployment of radar technology by the US. 

1943 

 

The cavity magnetron, a key component of modern radar systems, was developed 

in the UK. 

1944 The first airborne radar system was used, providing vital navigational assistance. 

 

Post-World War II Era (1950s-1970s) 

1950s Development of radar technology continued, with advancements in areas such as 

pulse compression, frequency agility, and phased array antennas. 

1957 

 

The Soviet Union launched the world's first artificial satellite, Sputnik, sparking 

the Space Age and leading to advancements in radar systems for space 

surveillance. 

1960s 

 

The introduction of digital signal processing revolutionized radar technology, 

enabling improved target detection and tracking capabilities. 

1970s 

 

Radar systems became increasingly sophisticated, incorporating computerized 

controls, advanced signal processing techniques, and higher frequencies for 

improved performance. 

 

Modern Era (1980s-Present) 

1980s The development of radar technology expanded into areas such as weather radar, 

synthetic aperture radar, and radar altimetry. 

1990s 

 

Global Positioning System integrated with radar systems, allowing for more 

precise position determination and navigation. 

2000s 

 

Introduction of phased array radar systems, multi-function radar systems, and 

advancements in radar imaging. 

2010s 

 

Research and development on improving radar capabilities for autonomous 

vehicles, collision avoidance systems, and adaptive radar systems. 

Present 

 

Radar technology continues to advance, with ongoing research in areas like 

cognitive radar, mmWave radar, and radar-based remote sensing applications. 

 

2.2 Types of Radar 

Broadly, radar can be classified into two types, as indicated in Figure 2.2. These types 

have been briefly discussed in this section. 
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Figure 2.2: Major types of radars. 

 

2.2.1 Bistatic vs Monostatic radar 

In a bistatic radar, the transmitter and receiver are at separate locations if observed from 

the target’s perspective. Therefore, they can operate simultaneously. In comparison, a 

monostatic radar has a collocated transmitter and receiver. Therefore, the radar can transmit or 

receive at a specific instant of time [64]. The bistatic and monostatic radar configurations have 

been illustrated in Figure 2.3. 

 

          

                           (a)                                                                         (b) 

Figure 2.3: Classification of radar: (a) bistatic configuration, (b) monostatic configuration. 
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2.2.2 Pulse and Continuous Wave Radar 

Pulse radars transmit a short-duration pulse and then switch to the listening mode. During 

this time, they receive and process the echo signal before the new transmission. These radars 

are commonly used for longer ranges. A typical example of pulse radar is airborne radar [65]. 

CW radars operate continuously and therefore can have a lower average power than the 

pulse radars while still providing the same average transmit power. Therefore, they are more 

suitable for comparatively short and medium-range applications. The CW radars are further 

divided into the following: 

1. Unmodulated CW radars: These radars transmit a CW signal of a specific frequency and 

are typically used to measure the speed of the targets. An example is the radar gun used to 

monitor the vehicles’ speed [66]. 

2. Modulated CW radars: In these radars, the CW wave is modulated with either frequency 

modulation, termed as FMCW radars, or phase modulation, termed as phase modulated 

continuous wave (PMCW) radars. These radars are used to estimate the targets’ range and 

relative speed. 

 

2.3 Automotive Radars 

Automotive radar has transformed the safety and efficiency of modern vehicles, enabling 

vehicles to sense and perceive their surroundings with precision. These radars employ the 

principles of radio waves and advanced signal processing to detect objects and measure their 

distance, relative velocity, and spatial position. By providing accurate sensing and perception 

of the environment, automotive radar plays a crucial role in vehicle autonomy.  

International Telecommunication Union (ITU) [67] has classified automotive radars as 

the long-range radar (LRR) mainly used for ACC, the medium-range radar (MRR) for broader 

FoV applications, and the short-range radar (SRR) to detect objects closer to the vehicle. 
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Depending upon the application, precise situational awareness could be achieved by using 

either multiple radars mounted next to each other, in different orientations, or by one multi-

modal sensor incorporating sensor fusion [68]. Highly automated and autonomously operating 

vehicles require up to 12 radar sensors to guarantee reliable 360° coverage [69]. To achieve 

this, four SRRs can be deployed at the four corners of the vehicle, two MRRs deployed at both 

the front and rear side, two MRRs deployed at the sides, and two LRR sensors deployed at the 

front [70]. However, as the number of radars operating in the same band increases [18], the 

chances of overlapping bandwidth also increase, resulting in interference between them. This 

has been discussed in detail in the subsequent chapters. The typical radar parameters used in 

automotive radars [64] are mentioned in Table 2.2. 

 

Table 2.2: Typical automotive radar parameters in the 77 GHz band. 

Parameter SRR MRR LRR 

Frequency band (GHz) 77-81 77-81 76-77 

Operational range (m) 0.15-30 1-100 10-250 

Installation location Corner/ Side Front/Rear/Side Front/ Rear 

Azimuth field of view (Degree) 80
o

  40
o

  15
o

  

Elevation field of view (Degree) 10
o

  5
o

  5
o

  

Maximum power (EIRP) 55 dBm -9 dBm/MHz -9 dBm/MHz 

 
Each type of radar has different capabilities and applications [61], [71], [72], which are 

summarised in Table 2.3. The LRRs are typically used for applications with a narrower FoV in 

the azimuth and a higher transmitted power. However, the higher power results in a more 

significant impact of interference from these radars. MRRs have a medium coverage range and 

a broader FoV compared to the LRR and are generally used for features such as cross-traffic 

alerts. SRR has the widest FoV and shortest-range coverage. 
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Table 2.3: Applications of various types of automotive radars. 

Type of 

Radar 

Short Range Radar Medium Range Radar Long Range Radar 

Applications • Emergency braking 

• Pre-Crash sensing 

• Obstacle Detection 

• Pedestrian 

Detection 

• Side impact 

• Parking assistance 

• Blind spot detection 

(BSD) 

• Pedestrian/ Object detection 

• Collision avoidance 

• Autonomous Emergency 

Braking (AEB) 

• Front/ Rear Cross Traffic 

Alert (F/RCTA) 

• Lane change assist (LCA) 

• Blind Spot Detection 

• Stop & Go 

• Adaptive Cruise 

Control 

• Automated 

highway driving 

• Large RCS target 

detection 

• Curve speed 

control 

 
Figure 2.4 presents the pictorial representation of different types of radars and their 

functionality to achieve ADAS [73], [74]. 

 

Figure 2.4: Radar types and functionality to achieve advanced driver assistance system. 
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However, due to the following factors, the 24 GHz band is unattractive for modern automotive 

radar systems. 

• Lack of wider bandwidth and industry requirement for high resolution to improve imagery. 

• High hardware cost and large size of the radar. 

The latest and upcoming radar technologies operate in a 76 – 81 GHz band, which enables 

accurate detection of targets due to shorter wavelengths. Moreover, due to the availability of 

wider bandwidth, a higher range resolution is provided. The 77 GHz band (76 GHz to 77 GHz) 

is preferred for ACC applications, whereas the 79 GHz band (77 – 81 GHz) is a suitable choice 

for environment sensing for short/ medium range radars with an enhanced resolution [71], [79], 

[80]. In this band, radar’s form factor is compact, and antenna size is small, resulting in a larger 

number of antenna elements that can be incorporated in the same size array as compared to the 

24 GHz band. This results in higher angular and cross-range resolutions [29]. As the velocity 

resolution is inversely proportional to the frequency for a specific observation time, the 77 GHz 

band also provides a better velocity resolution. Therefore, imaging and target detection 

capability improve at the higher band. 

Various market solutions taking advantage of the 77 GHz band have been proposed for 

autonomous radar applications [29], [81], [82]. Some of the examples include 77 GHz 

automotive radars from NXP Semiconductors [83]–[85], Infineon [86], [87], Texas Instruments 

(TI) [38], [88], [89], INRAS [90], [91].  

Research into the terahertz band is advancing to enhance the resolution whilst maintaining 

a small form factor [92], [93]. Current automotive radar sensors, however, operate primarily in 

the 77 GHz band and will continue to do so in the future because the ITU has defined this 

section of the spectrum for future automotive radar sensors [94]. 
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2.3.2 Modulation Schemes 

For applications such as ACC, automotive radar systems should be operational at longer 

ranges, while achieving a fine range resolution to distinguish closely spaced targets. High peak 

power is required for a longer range whereas a narrow pulse (hence high bandwidth) is needed 

for a high-range resolution. However, there is a regulation limit on the peak power for 

automotive radars, which is approximately 10 dBm [95]. This makes it challenging to achieve 

the desired unambiguous range of ~ 300 m for ACC. Therefore, automotive radars use pulse 

compression techniques where the transmitted pulse is modulated with a signal of a specific 

bandwidth, and the received echo is compressed by down-converting it.  

Various modulation schemes have been discussed in the literature [96]–[98], which 

typically include FMCW [99], PMCW [100], phase coded – frequency modulated continuous 

wave (PC-FMCW) [101], combined frequency shift keying (FSK), and linear frequency 

modulation (LFM) [102]. FMCW and PMCW modulations, the current competing technologies 

in automotive radars, have been summarised below. 

I. FMCW 

In FMCW modulation, a signal is swept for bandwidth svB  during the duration svT . The 

transmitted FMCW signal with linearly increasing and decreasing frequency is expressed as 

 ( )( )2( ) exp 2 0.5FMCW o cv vS t A j f t K t=   (2-3) 

where, oA  is the amplitude of the signal, v sv sv
K B T=  is the sweep rate, cvf  is the carrier 

frequency, and t represents the fast-time expressed as 0 : :s sv st t T t= − , where st  is the sampling 

interval. At any instant ‘t,’ the instantaneous frequency of the transmitted signal ( )( )'f t  is 

expressed as: 

 
( )( )2

'
2 0.51

( )
2

cv vd f t K t
f t

dt





+
=  (2-4) 



2.3  Automotive Radars                                                                                              Chapter 2 

      

26 | P a g e  

After solving, 

 
'( ) cv vf t f K t= +  (2-5) 

The spectrum of an FMCW signal is then obtained using the following: 

 ( ) ( )
1

( )exp
2

FMCWS W S t jwt dt




−

= −  (2-6) 

The spectrum appears like a pedestal [103] with peaks at the input signal frequencies. The time 

domain plot of the FMCW signal, its short time Fourier transform (STFT), and spectrum have 

been given in Figure 2.5 (a) for svT  = 1 µs, svB  = 50 MHz, and cvf  = 50 MHz. 

II. PMCW 

The concept of PMCW radar has been presented in [104], [105] as an alternative to the 

FMCW radar. In digital PMCW modulation, the LFM signal with a sweep duration of ‘T’ is 

divided into N bits, where the bit duration ( )bT  is expressed as bT T N= . Each bit duration is 

then modulated according to the input code with a length equal to N.  

To ensure signal orthogonality across the transmit elements of radar (critical for MIMO 

radar), the input code is embedded into the LFM signal using phase shift keying (PSK). In the 

discussed example, binary – PSK (BPSK) has been used, and the phase shifts between 0o
 and 

180o
, depending upon the bit sequence. The input code, time domain plot of the PMCW signal, 

and its spectrum have been demonstrated in Figure 2.5 (b). The spectrum contains side lobes 

due to a phase reversal from bit 0 to bit 1 or vice versa. Moreover, a peak at the carrier frequency 

(50 MHz in this case) is observed, followed by peaks at regular intervals. 

To satisfy the requirement of high-range resolution and unambiguous range and velocity, 

the bit duration must be short, and the code length must be large [105], [106]. 
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The research on the suitability of PMCW is being investigated as a replacement to FMCW 

for improved parameter estimation and target detectability, especially in the background of 

interference from other radars [104], [107]. 

   

                                      (a)                                                                      (b) 

Figure 2.5: Automotive radar signal analysis: (a) FMCW with time domain, short-time 

Fourier transform, and spectrum, (b) PMCW with input code, time domain, and spectrum. 

 

FMCW is the widely used modulation scheme in SoA automotive radars [33], [61], [108] 

due to its advantages such as [58], [109]–[112]: 

• Low transmit power. 

• A simple homodyne processing chain. 

• Ability to measure objects at relatively short ranges. 

• Ability to measure the target range and its relative speed simultaneously. 



2.3  Automotive Radars                                                                                              Chapter 2 

      

28 | P a g e  

• Low-frequency signal processing makes the implementation of processing circuits and 

real-time imagery achievable. 

• Effective utilisation of the spectrum with lower frequency sidelobes. 

Therefore, the FMCW modulated signal shall be considered in the presented work. 

 

2.3.3 MIMO Radar 

The key requirement for modern radar sensors is to provide high resolution for precise 

detection and scene reconstruction. This relies on the signal bandwidth, the signal integration 

time, and the antenna’s geometry [113]. An urban environment is inherently congested with 

targets, having different speeds and RCSs. The range-Doppler separation of targets is 

inadequate in this scenario. Therefore, advanced sensing with an image-like resolution, where 

the targets are resolved in azimuth and elevation, is also required to perceive the surroundings 

accurately. The azimuth and elevation resolutions for Level 4 and Level 5 (L4/L5) autonomous 

driving should ideally be less than 1º [30], [114], [115]. For a higher angular resolution, a larger 

antenna aperture is required [116]. However, this would increase the radar size, making its 

integration into the vehicle difficult. 

Early automotive radars used mechanically scanned antennas or several fixed antennas 

for one-dimensional (azimuth) angle-detection capability [19], [61]. The concept of MIMO 

radar was proposed to improve the angular resolution of radar while keeping a small form factor 

and low system cost [117]. MIMO radars became an alternative to the conventional scanning 

radars that had a narrow transmit beam and performed sequential scanning by transmitting the 

phase-shifted version of the same signal. In contrast, a MIMO radar transmits multiple 

independent signals from each transmit element, with a broader beam that covers a large FoV 

[118]–[120]. Due to the waveform diversity provided by these independent transmit beams, 

resolution can be enhanced with more ‘degrees of freedom (DoFs)’ but with fewer sensor 
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elements and without the use of phase shifters. This also allows for simultaneous illumination 

of the targets within the broad FoV of each transmit element. Moreover, a MIMO array may 

operate at a shorter distance, which is physically impossible with a traditional phased array, 

making it suitable for automotive applications. 

The received signals corresponding to each transmit element can be distinguished at the 

receiver due to the orthogonality between transmitted waveforms. Therefore, a large aperture 

array of Tx RxN N  elements with virtual antenna positions is created compared to that created 

by the physical transmit and receive antennas ( )Tx RxN N+  where, TxN  and RxN  represent the 

number of transmit and receive elements in the array, respectively. The equivalent virtual array 

of a large number of elements provides higher resolution than the two-way beam of scanning 

radars with the same number of physical elements, as shown in Figure 2.6 for 4TxN =  and 

16RxN = . 

 

Figure 2.6: Beam pattern of MIMO and scanning radar with , . 

 

I. Signal Orthogonality 

Various techniques can be utilised to achieve orthogonality between transmitted signals 

in MIMO radar. One of these is the time-division multiplexing (TDM). Under TDM-MIMO, a 

series of FMCW chirps are transmitted sequentially from each transmitter. At a specific instant 

4TxN = 16RxN =
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in time, only one transmitter is active. Therefore, it is trivial to associate the received signals 

with their originating transmitter. Other methodologies include frequency division multiplexing 

(FDM) [121], Doppler division multiplexing (DDM) [122], and code-division multiplexing 

[123], [124]. However, they are outside the scope of this work. MIMO radars have been used 

in the presented work, and orthogonality is achieved using TDM [125]–[128]. 

II. Beamforming 

Digital beamforming (DBF) at the receiver gives precise spatial positions of the targets 

within the area illuminated by a wide transmit beam [118], [129], [130]. Therefore, MIMO 

radars provide a cost-effective solution for a larger antenna aperture with enhanced spatial 

resolution [37], [131], [132]. These characteristics make it attractive for applications such as 

precise 2D angle-detection capability across azimuth and elevation, parking aids, collision 

detection, cruise control especially at shorter ranges, pedestrian and object detection and 

parameter estimation, high-resolution target identification, localisation, classification, and 

profile reconstruction. 

 

2.3.4 Signal Processing 

Automotive radars require a baseband processing system to provide the required 

computing power for real-time functionality. The desired lower power used in these systems 

[99] leads to the feasibility of digital-intensive architecture that is relatively fast. A variety of 

signal processing algorithms for different radar types, road scenarios, and traffic density have 

been developed [113], [133]–[137] to estimate the following:  

• Target features, such as a micro-Doppler spectrum of the moving objects [138]–[140].  

• Range–Doppler [141]–[143] and range-azimuth profiles [144] of the surrounding 

environment.  

The algorithms are traditionally based on the following: 
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1. Range compression, Doppler compression, and spatial compression to extract the range, 

relative speed, and azimuth information4. 

2. STFT for the time-frequency decomposition [145]. 

3. Filtering to reduce the sampling requirements at the receiver. 

4. Windowing to suppress the sidelobes [146]. 

5. Beamforming to estimate the direction of the received signal [116]. 

6. Target detection to detect the presence of the target in the background of noise/ clutter. 

For MIMO radars, due to the relative motion of the targets and platform, additional phase shift 

compensation is also required to achieve the maximum beamforming performance [147].  

Techniques based on artificial intelligence and deep neural networks [148]–[153] have 

also been used for target recognition and classification. Different aspects of signal processing 

are discussed below. 

 

I. Transmit Chirp Signal 

Each transmit signal chirp comprises three parts: active time, also called the sweep time 

( )svT , a fly-back time, and an idle time between multiple chirps defined to allow enough reset 

time to the analogue to digital converters (ADCs). The collective time is termed a pulse 

repetition interval (PRI)5, after which each new chirp is transmitted by the radar. The duty cycle 

is defined as v svDC T PRI= .  

A sequence of chirps is transmitted within a coherent processing interval (CPI). The 

corresponding received chirps at each receive channel of the radar are stored as a 2-D matrix 

 
4 In this work, range compression, Doppler compression, and spatial compression have been performed by 

applying an FFT along each dimension of the radar data cube. 

5 Due to the nature of waveform in FMCW radars, some researchers use the term chirp repetition interval instead 

of PRI. 
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with the size N×M, where N is the number of samples in each chirp (fast-time samples) and M 

is the number of chirps transmitted within a CPI (slow-time samples). 

II. Radar Data Cube and Processing 

A typical signal processing chain is demonstrated in Figure 2.7 (a). The signal generated 

by the local oscillator (LO) is used in the transmit chain and also at the receiver to down-convert 

the received signal at a homodyne mixer. The output signal at the mixer is low pass filtered to 

limit its frequency to the maximum expected intermediate (beat) frequency in the radar. The 

low pass filter (LPF) also functions as an anti-aliasing filter (AAF) for digital signal processing 

(DSP). The received signal across multiple receive channels is stored as a 3D matrix typically 

called the ‘radar data cube,’ as illustrated in Figure 2.7 (b). 

 

 

                                           (a)                                                                (b) 

Figure 2.7: Radar data cube: (a) typical signal processing chain, (b) illustration of the 

datacube. 

LO 

Radar data cube 

… 

MIMO Virtual Array Processing 

2D FFT: Range-Doppler 

3D FFT: Digital Beamforming 

Range-Azimuth 
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The first dimension of the radar data cube corresponds to returns across the fast-time – 

the time during one chirp defined by PRI. The second dimension corresponds to the returns 

across the slow-time – the time across multiple radar chirps updated after every PRI. The third 

dimension corresponds to the returns across multiple channels of the radar. It can be equal to 

the receive array size in the case of a full phased array (FPA) or the number of virtual channels 

in the case of MIMO radars. This is followed by the digital signal processing on the radar data 

cube to estimate the target’s range, Doppler, and spatial information.  

Range compression (an FFT across the fast-time) converts the time domain signal into 

the frequency domain. Doppler compression (an FFT across the slow-time) allows energy 

accumulation over the CPI and estimates the relative speed between the radar and the targets. 

The resulting velocity resolution ( )v  and maximum unambiguously resolvable velocity 

( )maxv   are defined as: 

 
2 CPI

v
N PRI


 =  (2-7) 

 max
4 MIMO

v
T


=   (2-8) 

where, MIMO TxT N PRI=  and CPIN  is the number of chirps within a CPI. Beamforming (spatial 

compression6) is performed for a 2D representation of the scene as range and azimuth/ cross–

range. At this stage, the targets are separated into bins by range, azimuth angle, and radial speed. 

 

III. Digital Beamforming in MIMO Radar 

Beamforming adapts an antenna array’s radiation pattern toward a specific direction to 

maximise the response from that direction. This is achieved by altering the signal’s phase and 

 
6 Conditionally an FFT across the array elements of the radar and discussed in the following sub-section. 
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amplitude across different antennas, thereby creating constructive or destructive superpositions 

of the signal. 

With the modern MIMO radars, the beamforming process can be implemented in the 

digital space compared to traditional arrays, where beamforming happens in the physical space. 

Therefore, the whole region of interest can be illuminated with a single transmission and DBF 

at the receiver narrows the beam towards the direction of the target. The received signal at each 

virtual element of MIMO radar is expressed as follows: 

 ( )
2

exp 1 sinnS j n d





 
= − 

 
 (2-9) 

where, 1: Tx Rxn N N= , and   represents the angle of arrival (AoA). If the spacing between 

antenna elements ' 'd  is 2 , the DBF algorithm can be reformulated and applied by FFT 

across signals obtained by multiple antenna elements, efficiently computed in real-time with 

current DSPs [154]. 

DBF has advantages over analogue beamforming approaches in terms of power usage, 

flexibility, and precision [155]. Moreover, digital systems have programmable interfaces 

adding versatility to the system and providing the capability of adaptive nulling, using super-

resolution algorithms [156], [157], array self-calibration, and power and time management of 

the radar [158]. Adaptive digital beamforming (ADBF) can also improve radar performance by 

suppressing any interference, as discussed in Chapter 6. 

 

IV. Windowing 

The beat frequency signal in FMCW radars is a sinusoidal signal with a sinc-shaped 

spectrum [159]. Therefore, sidelobes approximately 13 dB lower than the main lobe are 

observed and the waveform from each target results in multiple signals at different FFT grids. 
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To reduce this spectral leakage, an optimal window is applied to the sampled signal before each 

FFT [146]. This is, however, done at the cost of a reduction in the frequency resolution.  

The window’s main lobe is centred at each frequency content of the signal. Therefore, 

when the main lobe width of the window’s spectrum increases, the frequency resolution and 

the ability to resolve closely spaced targets are reduced [146], [160], [161]. Whereas, as the 

main lobe of the spectrum narrows, the resolution improves, but the signal energy spreads into 

sidelobes, worsening the spectral leakage. Hence, a trade-off is required between the main lobe 

width and sidelobe suppression. 

Table 2.4 lists the characteristics of various windows [162] that have been used in the 

later chapters of the presented work. As windows are multiplied with the signal, they introduce 

a distortion effect which reduces the overall signal amplitude [146]. Therefore, the resulting 

signal is often scaled by the coherent gain of the window. Compared to the sidelobe level 

obtained without windowing, 

 

Table 2.4: Characteristics of the spectral windows used in the presented work. 

Window 3-dB main lobe width 

(bins) 

SLL 

(dB) 

Sidelobe roll-off rate 

(dB/decade) 

Scaling 

factor 

Rectangular 0.88 -13 20 1 

Hann 1.44 -32 60 0.5 

Blackman-Harris 1.62 -71 20 0.42 

 
The Hann window has a reasonable resolution and a lower sidelobe level (SLL) than a 

rectangular window; therefore, it has been used before the Doppler and spatial compressions, 

whereas the Blackman Harris window has a good sidelobe reduction and has been used before 

range compression in the presented work, unless stated otherwise. The effect of applying the 

aforementioned windows on a sinusoidal signal of frequency 50 Hz is shown in Figure 2.8. 
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Figure 2.8: Effect of spectral windowing on the frequency resolution and the side lobe level. 

 

V. Target Detection 

The input signal to the receiver is composed of the radar echo signal, AWGN, and 

received interference. AWGN is spatially incoherent and uncorrelated with the echo signal. 

Similarly, interference in most cases is also incoherent (as discussed in detail in Chapter 4) and 

uncorrelated with the signal.  

Automatic target detection is based on the estimate of the signal to interference plus noise 

ratio (SINR) at the decision-making point of the receiver (typically after the 3D-FFT). In 

modern radar systems, a constant false alarm rate (CFAR) algorithm with an adaptive threshold 

is often used for target detection on the local background noise/interference power [163]. If the 

background against which targets are to be detected is relatively stable with time and has a 

Gaussian distribution, such as AWGN, a fixed threshold can be chosen to achieve the required 

probability of a false alarm ( )FAP . However, in realistic automotive scenarios, an adaptive 

threshold is more suited for target detection due to the presence of clutter and varying 

interference statistics. 
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In the presented work, cell-averaging CFAR (CA-CFAR) has been used for target 

detection. The threshold has been estimated by calculating the average power level within the 

cells around a cell-under-test (CUT), given as: 

 
1

N

i

i

T x
N



=

=   (2-10) 

where, N is the number of adjacent training cells, ix  is the estimated power of each cell, and 

  is a scaling factor. A target is detected when the power level in CUT is greater than the 

average power of adjacent cells. 

 

2.4 Automotive Radar Interference - Introduction 

With a large number of operational radars from different sensor manufacturers and Tier 

1 suppliers, co-existence problems arise. This is especially significant in dense traffic 

conditions, where hundreds of radars may operate simultaneously and lead to mutual 

interference between them. Radar interference is a significantly complex issue and a major 

obstacle to the attainment of full automation and widescale deployment of radars.  

Interference occurs when two or more radar signals access the same portion of the 

frequency spectrum, 76-81 GHz, for contemporary automotive radars [37]. To achieve a broad 

FoV with 360o
 sensing around the vehicle and to obtain high range, speed, and azimuth 

resolutions, industry trends have demonstrated the use of higher bandwidth and higher active 

duty cycles with multiple sensors per vehicle [164]. However, this leads to a higher probability 

of victim and interfering signals overlapping in temporal, frequency, and spatial domains [165]. 

Furthermore, in the absence of regulatory limitations and resource allocation mechanisms, there 

is no coordination between radars to share resources, making interference more likely. 

An example of a typical road scene is demonstrated in Figure 2.9, where the VR will 

receive interfering signals from the radars installed on the nearby vehicles. 
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Figure 2.9: A typical on-road scenario demonstrating interference between radars. 

Vehicles moving in opposite directions, in the same direction, and through crossings can cause 

interference. 

 

2.5 Literature Survey on Automotive Radar Interference 

Due to the requirement for robust and reliable radars, there is a growing activity aimed at 

understanding and addressing the problem of interference between them.  

Mutual interference was initially assessed by Hischke in 1995 using simulations in 

various traffic densities [166]. Although it was concluded that targets closer to the radar were 

detected in the presence of interference, Hischke indicated the importance of developing 

‘interference-free’ radars for target identification. Through real-time measurements, Oprisan 

[167] suggested that interference is not a significant problem in the co-existence of 2 radars. 

However, if the power of an interfering signal is higher (interference located closer to the VR), 

it can degrade the VR’s performance.  

The impact of interference is expected to increase as soon as the number of coexisting 

radars increases. Moreover, the VR might receive interference with different parameters and 

power/ orientation. Based on the analytical estimation, Brooker [168] and Goppelt [169] 

highlighted the degradation in radar performance due to interference. A reduction in sensitivity 
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in ultra-wideband automotive radars has been reported in [170]. The saturation of the VR 

receiver’s front-end components due to high-power interference has been discussed in [171]. 

The probability of interference by considering the spatial, temporal, and frequency 

overlaps has been discussed in [168], where the interference magnitude is estimated with a 

conclusion that the probability of interference is significantly high in a coexistence scenario. 

Moreover, it has been indicated that interference characteristics depend mostly on the temporal 

and frequency characteristics of the interfering waveforms [78], [168]. For the overlapping 

chirps7 of interfering radars, an increase in the noise floor is observed with potentially missed 

targets [78], [168], [169], [172]. In contrast, ghost targets appear in the processed radar data for 

parallel chirps – commonly known as synchronous interference8 [169]. However, this occurs 

with a rare possibility [78].  

Interference by considering various modulation schemes of interfering radars has also 

been investigated, such as interference between FMCW and pulsed radars [78], [168], [169], 

FMCW and FMCW radars [168], [169], [173], PMCW and PMCW radars, FMCW and PMCW 

radars [18], [107]. In each case, an increased interference floor at the VR has been reported. 

Moreover, interference patterns in the FMCW-based VR due to different interfering waveforms 

have also been discussed in [174], demonstrating a unique interference pattern for each 

waveform type. However, the interaction of all these waveforms results in an increased 

interference floor level. A study of interference between FMCW and random pulse sequences 

has been studied in [18], indicating a similar impact to the FMCW – FMCW interference 

scenario.  

 
7 The type of interference where the chirps of VR and IR cross each other. This has been explained in section 3.6. 

8 Discussed in section 3.6.2.I. 
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The impact of interference not only depends on the radar’s waveform parameters but also 

on the road geometry and traffic density. The first model of interference stochastic behaviour 

based on the spatial randomness of the interferer’s position has been presented in [165]. The 

work in [166] provides a statistical study on the interference power levels for various road 

geometry and traffic conditions. Both works highlight an increase in interference probability as 

the number of interferers rises. Consequently, a higher interference power is expected. 

There is limited literature on the analysis of interference within the signal processing 

stages of the VR. Moreover, the analysis is limited to the front-end of radar, such as interference 

power estimates across the VR front-end [175], [176], the influence of traffic flow on the 

received interference power at the radar antenna [177], and the saturation of front-end due to 

high interference power [171]. However, the effect of a wide range of FMCW waveform 

parameters on the interference power and radar functionality is also not adequately presented 

in the literature. It is a subject of discussion in the presented research. 

 

2.5.1 Industry-Led Projects 

There are a few industry-led projects that have undertaken advanced research in the area 

of characterisation and mitigation of interference. The details of all major projects have been 

given in Appendix 1.  

 

2.5.2 Radar Simulators 

Within the frame of research projects, the automotive industry has supported the 

development of system simulators [178]. They are instrumental in investigating the interaction 

between radars as the number of radars on the street can be increased arbitrarily in simulations. 

Therefore meaningful results can be derived [41], [179]. Existing radar simulators have been 

summarised in Appendix 2. 
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2.5.3 Interference Detection and Mitigation 

It is crucial to develop interference detection and mitigation techniques for dynamic road 

scenes that can be applied in real-time with minimal impact on echo signal detection. The 

techniques proposed in the literature are primarily based on the following: 

• Using complex transmit waveforms with different modulation schemes [180]–[187]. The 

aim is to avoid or minimise the probability of the VR and IR signals overlapping. 

• Utilising advanced signal processing at the receiver side, such as interference detection and 

removal in the time domain [173], [188], [189], estimating the impact of interference in the 

frequency domain [190], and digital beamforming [191]–[193]. The aim is to mitigate 

interference and improve target detectability in the background of interference and noise. 

A subset of the techniques discussed in the literature has been summarised in this sub-section. 

 

I. Interference Detection and Parameter Estimation 

An adaptive threshold-based interference detection methodology using high amplitude 

interference pulses in the time domain received signal has been proposed in [194]. The 

technique is based on the assumption that interference power is much stronger than echo signal 

power. Therefore, it is not suitable in the presence of strong echo returns or with a larger number 

of interfered samples. 

As discussed in Appendix 6, in an in-phase quadrature (I/Q) channel receiver, the image 

frequency band only contains contributions from noise or interference. In contrast, the real part 

of the frequency band also contains target returns. Using this distinction, interference detection 

is proposed in [195]. 

Interference detection using image processing after STFT has been proposed in [173], 

where the interference pattern is identified using a maximally stable extremal regions algorithm. 
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A few studies have also been proposed to estimate the modulation characteristics of the 

interference signal [196], [197] using frequency-domain information. The interference signals 

in the frequency domain are split into sub-regions and used as training sets. However, due to 

the huge dataset input to the classifier, the complexity of learning is comparatively high. A 

computationally fast interference identification and classification method based on its 

modulation has also been proposed in [198], where interference features are extracted from the 

time domain signal using a support vector machine for training and validation. 

 

II. Interference Mitigation 

A survey of SoA interference mitigation techniques is presented in Table 2.5. 

Table 2.5. State-of-the-art interference mitigation techniques. 

Ref. Mitigation Technique Limitations 

Pre-Detection 

[181], 

[199]–

[204]  

Scalable waveform parameters are 

used. 

The chirp sweep frequency and 

time are reconfigured for every 

cycle. 

• Noise-like frequency response for 

interference 

• Removes the ghost target. 

• An increase in the noise floor is observed. 

• There are possibilities of the existence of another 

interferer in the reconfigured waveform 

parameters. 

• It is difficult to implement in dense automotive 

scenarios with increasing radar penetration rates 

and a requirement for wider bandwidth. 

[205], 

[206] 

Non-overlapping TDM waveforms 

are proposed. 

• Reduces interference probability. 

• Difficult to maintain in the dense automotive 

scenario. 

[207]–

[209] 

Different antenna polarization for 

each radar is proposed. 

• Increased complexity of the antenna design. 

• Only two options (horizontal/ vertical) are 

available. 

• Cannot be implemented without regulations and 

international coordination. 

[210]–

[212]  

Coding Technique • High modulation and demodulation efforts are 

required and increased hardware cost. 
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Post detection 

[168] Interference Zeroing 

• Adaptive threshold based on the 

interference power in each victim 

chirp. 

 

• Higher sidelobes are observed that might mask 

weaker targets. 

• The threshold estimation is ambiguous in the 

presence of strong target reflections. 

• Due to a large dynamic range of radars, threshold 

estimation is difficult in real-world scenarios. 

• Performance degradation is expected if the 

number of interfered samples increases or with 

multiple interference pulses within the VR chirp. 

• The part of the echo signal is also removed. 

• Phase discontinuities are introduced, resulting in 

target-response broadening thus, reducing the 

resolution. 

• Challenging as the number of interferers 

increases. 

• Not practical for narrowband interference or 

when the sweep rate of the VR and IR waveforms 

is similar. 

[195] 

 

Interference estimation using real 

and image frequency bands 

• An additional I/Q mixer is required. 

• Increased system cost. 

[173] 

 

Windowing on interfered data 

Removing distorted samples from 

time domain signals. 

• Precise detection of interfered samples is 

required. 

• Ringing artefacts due to the phase discontinuities. 

• Increased sidelobes are observed. 

[190] Cancelling interference in real 

frequency band based on correlated 

interference in image band. 

• Close-range interference is not mitigated. 

• An additional I-Q mixer is required. 

• Increased system cost. 

[189], 

[213] 

Interference nulling using localised 

windowing. 

 

• Small improvement and computational 

complexity. 

• A small part of the echo signal is also removed. 

• Higher sidelobes due to phase discontinuities. 



2.5  Literature Survey on Automotive Radar Interference                                                                                              Chapter 2 

      

44 | P a g e  

[173], 

[214], 

[215]  

Inverse windowing on detected 

interference regions. 

• Requires smoothing between the signal and 

interference. 

• Signal-to-noise ratio (SNR) loss. 

[154], 

[191]–

[193], 

[216], 

[217]  

Adaptive beamforming to reduce 

power from the direction of the 

interferer. 

• A large array size is needed for effective 

mitigation. 

• Implementation is challenging in a congested 

environment. 

• The angle of arrival of the interferer should be 

known. 

• Reduces the return power from a collocated 

target. 

• High computational complexity. 

[181], 

[218]–

[220] 

Frequency Hopping • The probability of another interferer existing at 

the shifted frequency may be high in dense 

scenarios. 

[149], 

[221]–

[224] 

Deep learning methods • Computational complexity. 

• Generally requires a large volume of the training 

dataset acquired in various situations. 

[163], 

[225], 

[226] 

CFAR-based interference 

mitigation 

• Might mask weaker targets if the threshold is 

increased to suppress interference effects. 

[170] 

 

Interference clipping 

 

• Ringing artefacts due to the discontinuity in the 

frequency band. 

• Increases sidelobes. 

• Threshold estimation is challenging if multiple 

interference pulses are present or there is a short-

range target with a strong echo signal. 

[145], 

[227] 

Signal reconstruction • Threshold estimation is challenging if multiple 

interference pulses are present or there is a short-

range target with a strong echo signal. 

• Increased sidelobes if phase discontinuities are 

introduced between the reconstructed part of the 

signal. 
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[228] Interference reconstruction and 

cancellation 

• Characteristics of the interfering 

signal are estimated and then 

subtracted from the overall signal. 

• High interference power is required for accurate 

reconstruction. 

• High calculation effort is required. 

• The effectiveness of this technique depends on 

the number of interfered samples. 

• Does not work if an interfering signal with 

different parameters overlaps in time or if the 

sweep rate difference between the VR and IR 

waveforms is small. 

 

 

Despite the mentioned research on interference mitigation, there is still a requirement to 

develop robust mitigation techniques that restore the SINR loss after mitigation. For example, 

to avoid ringing artefacts caused by introduced phase discontinuities after interference removal, 

a localised window [173] can be used to smooth echo signal samples next to interfered samples. 

Alternatively, signal interpolation [229] might be used for precise reconstruction. However, 

these methods rely on the accurate detection of interference location and duration. This becomes 

particularly challenging with smaller interference amplitude, multiple interference pulses 

within the VR chirp, or a stronger echo signal. Moreover, computational load is added to the 

radar processor. The techniques based on interference avoidance reduce the available 

bandwidth and FoV for radar operation.  

The limitations of reviewed mitigation techniques have been investigated and analysed in 

this work. Moreover, based on a comparative analysis of different mitigation techniques, 

scenarios have been identified where the developed mitigation techniques can be implemented 

without the VRs’ performance degradation. This will lay a foundation to investigate the 

prospects of combining different mitigation techniques and developing an effective technique, 

practical in automotive scenarios, as discussed in Chapters 5-8. 
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III. Interference Mitigation Based on Sense and Avoid 

Mitigation based on the estimation of interference parameters (amplitude and phase) and 

its removal from the received signal has been discussed in [172], [188]. However, the method 

is computationally complex and requires significant interference amplitude with a large number 

of interfered samples. Interference parameter estimation based on a spectrogram has been 

presented in [230]. However, the accuracy of results degrades for wider bandwidth and longer 

sweep time interference. The practical implementation of these techniques on real-time 

measured data has not been evaluated. 

 

IV. Interference Mitigation Using Scalable Waveform Parameters 

Techniques based on scalable waveform parameters have also been proposed in the 

literature to improve signal detectability in the background of interference and to reduce the 

impact of interference. They include frequency ramp modulation with time [231], quasi-

orthogonal waveforms [232], fast chirps sweep time with alternate chirp directions [201], and 

randomising the VRs’ slope [199], [202], [233], idle time [207], start frequency [234], start 

time [234]–[236]. However, a qualitative and quantitative analysis of introduced randomness 

and its effect on the radar detector and interference statistics is missing in the literature. This 

will be addressed in Chapter 4.  

 

V. Interference Mitigation in the Spatial Domain 

Mitigation in the spatial domain is also not a new radar technology. Adaptive 

beamforming for null steering is one of the efficient methods to suppress interference and 

improve the SINR. The SoA mitigation techniques exploiting spatial information of interfering 

signals are summarised in Table 2.6. 
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Table 2.6: Literature survey on the spatial mitigation techniques. 

No. Methodology Limitations 

[191], 

[192] 

• Interference is detected in the time and 

frequency domain. 

• Beamformed weights associated with the 

receive array are calculated based on the signal 

AoA. 

• The receive antenna pattern is modified with a 

notch towards the direction of interference. 

• The AoA of the interference signal 

is required. 

• Only applicable to IQ mixer. 
 

[216] • Beamforming weights are adaptively estimated. 

• 20-23 dB improvement in the SINR is observed. 

• Computationally complex. 

[217] • Interference is detected across all the array 

elements. 

• Null is placed in the direction of interference 

using digital beamforming. 

• AoA of interference is required. 

• Simulation-based. 

• Requires a large number of 

interference samples. 

[193] • LMS (least mean square) algorithm is used to 

compute weights followed by adaptive 

beamforming. 

• The collocated target is also 

suppressed. 

• Efficient in I/Q receivers. 

[154] • AoA of interference is determined from the 

interfered samples. 

• The adaptive beam steering vector is computed 

with a null towards the interference direction.   

• An autoregressive filter is additionally used to 

improve the angular resolution. 

• Methods to compute weights and 

null are not explained. 

• Computationally complex. 

[237] • Adaptive side lobe suppression. • Efficient for a large number of 

array elements (30 in the paper). 

• Effective for sidelobe interference. 

[164]  • Interference detected in the time domain. 

• Blind adaptive beamforming using mean square 

error estimation is used to minimise interference 

impact. 

• The reference signal and the 

interference signal are required. 

• Applicable to CW interference. 

• The collocated target also 

disappears. 

• High interference power is required 

for better suppression. 
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Other techniques where interference is first detected and then removed from the received 

signal at the VR have also been discussed. However, they either result in loss of echo signal 

samples, for example, when interfered samples are replaced with zeros, require complex 

hardware such as an I/Q channel receiver, or create a blind FoV with higher sidelobes such as 

after adaptive beamforming [238]. Therefore, novel techniques that perform reasonably well in 

all road conditions are required. This has been a focus of the presented work. 

 

2.6 Interference Mitigation in the Temporal Domain 

Before developing advanced mitigation approaches, assessing basic mitigation 

techniques is essential. Three techniques have been discussed in this section based on 

interference zeroing, interference chop-off, and signal reconstruction. 

1. Interference Zeroing: Interfered samples are first detected in the time domain using the 

methodology proposed in section 5.1.1. The interfered samples are then replaced with zeros. 

However, some high-frequency interference samples with an amplitude below the threshold 

remain. These might affect the higher frequency band of the VR. Moreover, this method has 

the disadvantage of losing a part of the signal due to interference zeroing which leaves a 

blank region in the radar data. 

2. Interference chop-off: Any samples of the received signal with an amplitude greater than the 

estimated threshold are clipped and made equal to the threshold level. Clipping does not 

entirely remove the interfered samples. The interfered signal still contains frequency 

components that spread across the frequency spectrum to increase the interference floor. 

However, the mean interference floor is reduced compared to the results before clipping. 

3. Signal reconstruction: The interfered samples are detected in the time domain and replaced 

with the clean ‘interference-free’ signal from the same VR chirp. In this work, the introduced 

phase discontinuities due to reconstruction have been reduced using the following steps: 
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i. The peak closest to the first interfered sample of each interference pulse is identified. This 

is done using an iterative process, summarised in Figure 2.10. The amplitude difference 

between two adjacent signal samples is then compared. When the product of two 

consecutive amplitude differences is less than 0, the sample under consideration is a peak. 

Otherwise, the sample value is iterated to the next value. 

ii. A clean signal of length equal to the estimated interfered samples is copied from the peak 

point, and the mirror version of this signal is placed next to the identified peak. 

 

  

Figure 2.10: Peak estimation for each interference pulse used in signal reconstruction. 

 

The results with and without applying mitigation for techniques discussed above have 

been shown in Figure 2.11. The VR with 100 µs sweep time, 0.5 GHz bandwidth and IR with 

33 µs sweep time, 0.5 GHz bandwidth have been used. The starting frequency of both the VR 

and IR waveforms is 76 GHz. Three targets, with RCS 10 dBsm, have been positioned at 15 m, 

50 m, and 100 m. The target at 50 m is also the source of interference.  

  The first sample of each interference    

  pulse below threshold identified: 

Sample N 

Estimation of Peak 

  S1 = Amplitude(N) - Amplitude(N-1) 

  S2 = Amplitude(N-2) - Amplitude(N-1) 

   if S1*S2<0,  

       Sample N is the  peak.  

       Otherwise, 

       N = N-1 
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                                            (a)                                                                       (b) 

         
                                          (c)                                                                       (d)  

        
                                            (e)                                                                    (f) 

           
                                          (g)                                                                        (h) 
 

Figure 2.11: Radar plots for assessing interference mitigation techniques: (a) time domain - 

no mitigation, (b) frequency domain - no mitigation, (c) time domain - interference zeroing, 

(d) frequency domain - interference zeroing, (e) time domain - interference chop-off, (d) 

frequency domain - interference chop-off, (g) time domain - signal reconstruction, (d) 

frequency domain - signal reconstruction. 

SINR = 20 dB 

Lost two further targets 

SINR ≈ 53 dB 

All three targets can be detected. 

Side lobes appear from the targets. 

 

SINR ≈ 33 dB 

Probability of losing the third target. 

Side lobes appear for each target. 

SINR ≈ 31 dB 

Probability of losing the third target 

Smaller side lobes 
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After removing the interfered samples, discontinuities have been introduced in the 

baseband signal which causes high sidelobes in the frequency domain. The best improvement, 

in the discussed examples, is observed after interference zeroing, where all three targets have 

been detected with a reasonable SINR. As the interfered samples below the threshold remain in 

the received signal after applying chop-off based mitigation, sidelobes are much higher in this 

case. The observations after applying mitigation are summarised in Table 2.7. 

 

Table 2.7. Performance analysis of the time domain mitigation techniques. 

Techniques SINR improvement Drawbacks 

Zeroing 33 dB Wider return from targets with range 

sidelobes 

Chop-off 13 dB Large side lobes from the targets with high 

chances of not detecting the third target 

Reconstruction9 11 dB Smaller side lobes level 

 

The techniques discussed above are based on exploiting the temporal domain. However, 

interference mitigation in the temporal domain becomes particularly challenging when the 

number of interfered samples increases. Furthermore, due to the introduced phase 

discontinuities, higher sidelobes are observed which might affect the detectability of closely 

spaced targets. 

 

2.7 Summary 

This chapter presented an overview of radar systems with a specific focus on automotive 

radars. The operational spectrum, modulation schemes, and array configurations used in the 

radars for environment sensing have been analysed. The suitability of these factors for 

 
9 It is to be noted that signal reconstruction is expected to have an improved side lobe level. However, with the 

applied algorithm, the absolute signal amplitude is reduced, and the noise floor is increased causing a reduction 

in SINR. 
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contemporary radar systems which are moving towards image-like resolution is also assessed. 

The signal processing techniques used in SoA automotive radars are discussed alongside the 

methods to enhance the radar resolution in all the domains (frequency, Doppler, and spatial) 

while maintaining a small form factor to make integration of radar sensors possible in modern 

vehicles.  

An extensive review of SoA automotive radar interference analysis and mitigation is 

presented along with the shortcomings of the proposed techniques. In the literature, interference 

mitigation techniques exploiting various time, frequency, and spatial domains are proposed. 

However, some of these techniques are computationally complex and often become ineffective 

in congested automotive scenarios. Moreover, interference mitigation can often result in a 

detrimental effect on radar performance, as discussed in subsequent chapters.  

Additionally, it has been observed that most of the proposed mitigation techniques are for 

a single target situation. In the case of multiple targets, the scenarios with well-separated targets 

and interferers have been considered. However, in real traffic environments, vehicles are often 

congested, and scenarios with well-separated targets and interferers are rare. These 

circumstances will further be investigated in Chapter 6 where the impact and the mitigation of 

interference has been discussed as a function of the spatial separation between targets and 

interferers. 
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Chapter 3. AUTOMOTIVE RADAR 

INTERFERENCE 
 

 

Mutual interference between radars can affect the performance of the VR, such as 

saturating the receiver front-end due to high interference power, blinding the receiver due to an 

increase in the interference floor [18], [78], [169], degrading dynamic range and sensitivity, 

missing the targets, specifically the ones with a relatively small RCS, or generating ghost (false) 

targets [169], [207]. Therefore, it is essential to understand the impact of mutual interference 

and devise practical schemes to mitigate these impacts. A systematic analysis of how 

interference manifests along the processing stages of the VR is essential to: a) assess the impact 

of each processing stage on interference and, if necessary, optimise that stage, and b) develop 

efficient avoidance and mitigation techniques. 

This chapter explains interference mathematically and its expected types in an automotive 

scenario. The impact and appearance of interference have been analysed in the time, time-

frequency, frequency, and spatial domains. The main contributions are as follows: 

• Analysing interference phenomenology and its mathematical representation. 

• Investigating the effect of the LPF on the appearance of interference and the VR’s detection 

performance. 

• Developing an analytical framework for interference classification and its power 

estimation for various radar parameters. 

• Evaluating the impact of interference in the time, time-frequency, frequency, and spatial 

domains through experimentally verified models. 

• Analysing the effect of interference received from multiple interference sources on the 

VR’s signal processing chain and detection performance. 



3.1  FMCW Radar Overview                                                          Chapter 3 

 

54 | P a g e  

3.1 FMCW Radar Overview 

The basic signal processing chain used in the presented work to analyse the performance 

of FMCW radar in the background of FMCW interference has been shown in Figure 3.1.  

 

 

Figure 3.1: Block diagram of FMCW radar system10,11. 

 
 

The oscillator in the radar transmitter generates an FMCW chirp signal. Multiple chirps 

are transmitted by the radar during a CPI, as a Doppler frame, to provide resolution along speed. 

 
10  Depending upon the radar configuration and environmental conditions, interference detection and mitigation 

can be performed after each signal processing stage. 

11  Spatial compression is a conditional 3rd FFT when the spacing between array elements is half the wavelength. 
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The CPI for typical automotive radars is ~10 ms [239]. The signal is transmitted and received 

by multiple collocated transmit and receive elements, respectively to provide a resolution across 

the spatial direction [116]. In a coexistence scenario, interference signals from nearby radars 

might also be received by the VR. 

At the receiver, the echo signal is first processed at the analogue front end (AFE). The 

signal bandwidth in automotive radars is high, typically in the order of a few GHz, which would 

require a high data rate ADC to sample the signal. Therefore, the signal is first down-converted 

to a lower intermediate frequency ‘beat signal’ at the mixer using the LO signal from the 

transmitter. The LPF is then applied to limit the maximum processing frequency (range) and 

suppress harmonic frequencies generated at the mixer. Depending upon the bandwidth of the 

LPF, interference duration and the energy that goes to subsequent processing stages are also 

limited, as will be discussed later in this chapter. The filtered signal is then sampled and 

digitised at the ADC. The digitised signal is often decimated by an integer value to reduce the 

sampling frequency [240]. It is to be noted that each receiver element will have a dedicated 

AFE and down-conversion module. The detailed study of AFE and its contributions to the 

received signal has been presented in Chapter 7. 

After analogue signal processing, digital signal processing (DSP) has been performed on 

the radar data cube [99] by applying the following: 

1. A short-time Fourier transform (STFT) to the time domain signal to analyse the signal and 

interference in the time-frequency domain (TFD). 

2. Range compression across the fast-time to estimate the range of targets. 

3. Doppler compression across the slow-time to estimate the relative speed of the targets by 

comparing the phase differences across chirps in the Doppler frame [141], [241]. This also 

results in signal integration to improve the SINR. 
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     For interference analysis in the frequency domain, range-Doppler maps have been 

generated after the range and Doppler compressions. 

4. Beamforming across multiple array elements to a) resolve the targets along the azimuth 

direction, and b) provide spatial information of the targets from the signal’s phase shift 

across different array elements (section 3.5). 

       Range-azimuth maps have been generated after the range, Doppler, and spatial 

compressions for interference analysis in the spatial domain, unless stated otherwise12,13. 

This has been elaborated later in Figure 3.11 for MIMO radars. 

The range, Doppler, and spatial compressions have been performed by applying an FFT 

along each dimension of the radar data cube. As the FFT is a linear process, the order of 

applying FFT across each dimension of the radar data cube can be changed. The above sequence 

has been used in this work.  

In the FMCW radars, the waveforms are transmitted continuously. Therefore, the direct 

leakage signal from the radar’s transmitter is also present at its receiver. This high power signal 

might saturate the amplifiers in the AFE [242] or cause high amplitude peaks at the initial few 

range bins, thus, reducing the radar’s dynamic range. Therefore, a high pass filter (HPF) has 

been additionally applied to suppress the leakage signal. 

In this chapter, interference characteristics across analogue and digital signal processing 

stages have been presented. In the presence of interference, it is optionally detected and 

mitigated after each processing stage. Finally, automatic target detection (ATD) detects targets 

in the background of noise and interference. These will be discussed in the subsequent chapters.  

 
12  It is to be noted that in the presented work, due to the availability of radar chipsets for the measurements, the 

spatial resolution across elevation was not provided. Therefore, spatial compression provides information of 

the azimuth position of the targets only, considering elevation = 0𝑜.  

13  The range azimuth maps have been plotted for the maximum Doppler bin. 
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3.2 Analytical Study of Interference 

A simplified processing chain discussed in this chapter has been shown in Figure 3.2. As 

demonstrated, alongside the echo signal, the VR also receives signals from radars installed on 

nearby vehicles. This results in interference if the interfering waveform is within the LPF band 

of the VR. 

 

Figure 3.2: Simplified block-level diagram of an FMCW radar in an interference background. 

 

The chirp signal transmitted by the VR linearly sweeps between frequencies cvF  and 

cv svF B+  during the sweep time svT , where, cvF  is the carrier frequency of the VR and svB  is the 

bandwidth of the VR. The transmit frequency is expressed as follows [243]: 

 ( ) ;         -
2 2

sv sv sv
T cv

sv

B T T
f t F t t

T
= +    (3-1) 

where, sv sv vB T K=  is the chirp slope, and t is the fast-time within a chirp duration. The phase 

( )T t  of the transmitted chirp may be represented as: 

 2

0 0

1
( ) 2 ( ) 2

2

tt

T T cv vt f t dt F t K t  
 

= = + 
 

  (3-2) 

After substituting the limits of the integral, 

Transmit Signal Tx Antenna (Array) 
Target 

Rx Antenna (Array) DSP 

Mixer 

LPF 
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21

( ) 2
2 oT cv v Tt F t K t  

 
= + + 

 
 (3-3) 

 At t = 0, the phase ( ) 0T t = . Therefore, 0
oT = . The chirp signal can be represented as [244]: 

 
21

( ) exp 2
2

Tx o cv vs t A j F t K t
  

=   
  

 (3-4) 

where, 2o tA P=  is the effective transmit power of the VR normalised to a 1 ohm resistor. 

The transmit signal from interferer radar (IR) with chirp duration sintT , bandwidth sintB , 

and centre frequency cintF , is expressed as follows: 

 
int

2

cint int

1
( ) exp 2

2
Tx ois t A j F t K t

  
=   

  
 (3-5) 

where, 2oi iA P=  is the effective transmit power of IR normalised to a 1 ohm resistor, and 

int sint sintK B T=  is the slope of the interfering waveform. 

The received signal is attenuated and time-shifted compared to the transmit signal and 

generally expressed as: 

 ( ) ( )Rx o Txs t A s t =  −  (3-6) 

where,  represents the propagation delay. Using (3-4) and (3-5), the echo signal from the target 

( )
tRxs t  and received interference ( )

iRxs t  at the VR are expressed as follows: 

 ( ) ( ) ( )
21

exp 2
2tRx t cv D v Ds t A j F t K t  

  
=  − + −  

  
 (3-7) 

 ( ) ( ) ( )
2

cint int int int

1
exp 2

2iRx is t A j F t K t  
  

=  − + −  
  

 (3-8) 
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2t RxA P=  and 2
ii RxA P=  are the attenuation factors for the target and interference, 

respectively. These are calculated from the propagation path loss model and discussed in section 

4.3. The received echo signal has a round trip propagation delay D , and interference has a 

propagation delay int , that depends on the distance TR  and IR  between the target and the VR, 

and the interference source and the VR, respectively. 

In the presence of multiple targets ( )TN  and interferers ( )IN , the received echo signal 

and interference can be expressed as follows:  

 

( ) ( ) ( ) ( )( )

( ) ( ) ( ) ( )( )
int int

1

int

1

T

t

I

N

Rx t Tx D

n

N

Rx i Tx

n

s t A n s n t n

s t A n s n t n





=

=

=  −

=  −




 (3-9) 

where, ( )tA n  and ( )iA n  represents the attenuation factors due to path loss of echo signals and 

interference, respectively, ( )D n  and ( )int n  represents the propagation delay of echo signals 

and interference signals, respectively. The received signal is the sum of signals from targets and 

interferers, and is expressed as follows: 

 ( ) ( ) ( )
inttRx Rx Rxs t s t s t= +  (3-10) 

The received signal is down-converted by mixing it with the LO signal generated at the 

transmitter to generate an intermediate frequency signal IFs . This can be expressed as follows: 

 ( ) ( ) ( )
*

IF Tx Rxs t s t s t=   (3-11) 

 ( ) ( ) ( ) ( )( )
int

*

tIF Tx Rx Rxs t s t s t s t=  +  (3-12) 

 
int

* *( ) ( ) ( ) ( ) ( )
tIF Tx Rx Tx Rxs t s t s t s t s t=  +   (3-13) 

The down-converted frequency is typically in the range of kHz to a few MHz for automotive 

radars [13]. In the presence of an echo signal only, 
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 ( ) ( )
tRx Rxs t s t=  (3-14) 

The corresponding down-converted signal is expressed as: 

 

( )

( ) ( ) ( )

*

22

( ) ( )

1 1
exp 2

2 2

tIF t Tx Rx

IF t t cv v cv D v D

s t s t s t

s t A j F t K t F t K t  

−

−

= 

  
=  + − − − −  

  

 (3-15) 

After simplification, 

 ( ) 21
exp 2

2
IF t t cv D v D v Ds t A j F K t K   −

  
=  + −  

  
 (3-16) 

The last term can be neglected because 1D svT . cv DF   represents the number of cycles of 

cvF  during the round-trip propagation time, v DK t  is a linearly increasing term that represents 

the echo signal’s intermediate (beat) frequency. 

The intermediate frequency is generally estimated as follows [245]: 

 ( )( )
1

2
IF

d
f t

dt



=  (3-17) 

Using (3-17), the beat frequency of the echo signal ( )IF Tf −  can be expressed as: 

 21 1
2

2 2
IF T cv D v D v D v D

d
f F K t K K

dt
    


−

  
= + − =  

  
 (3-18) 

From (3-18), the beat frequency of the echo signal is a constant frequency term. The delay D  

is estimated as: 

 
( )2 T

D

R vt

c


+
=  (3-19) 

where, v is the target’s speed, and factor 2 is included due to the two-way propagation delay of 

the echo signal. 

In the background of interference, the second term of (3-13) is estimated as: 
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 (3-20) 

The beat frequency component due to the received interference is expressed as: 

( ) ( ) 2 2

cint int cint int int int int int

1 1 1
2

2 2 2
IF I cv v

d
f F F t K K t F K t K

dt
   


−

  
= − + − + + −  

  
 (3-21) 

After solving (3-21), 

( ) ( )cint int int intIF I cv vf F F K K t K − = − + − +                                  (3-22) 

where, the propagation delay is expressed as:  

 I int
int

R v t

c


+
=  (3-23) 

intv  is the speed of IR and IR  is the distance between the IR and the VR.  

The down-converted signal is then low-pass filtered and discussed in the following 

section. 

 

3.3 Effect of the Low Pass Filter on Interference Characteristics 

One of the main blocks in the FMCW radar receiver is the LPF which has the following 

functionality: 

1. Limiting the receiver bandwidth to the cut-off frequency of the LPF ( )LPFF . 

2. Limiting the maximum detection range – unambiguous range ( )maxR . 

3. Suppressing the harmonics generated after the mixer. 

4. Limiting the interference duration. 

5. Setting the minimum required sampling frequency to avoid aliasing (the Nyquist 

frequency). 

For a dual channel receiver, maxR  after the LPF is defined as [246]: 
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 max
2

LPF

v

cF
R

K
=  (3-24) 

maxR  for a single channel receiver is half that shown in (3-24), discussed in Appendix 6. For 

example, for typical radar parameters with svT  = 102.4 µs, svB  = 500 MHz, LPFF  = 10 MHz 

[91], maxR  = 307.2 m. 

To investigate the impact of the LPF on the interference characteristics, the victim and 

interfering radars' chirp overlap plots have been illustrated in Figure 3.3. 

 

 

                                          (a)                                                                     (b) 

Figure 3.3: FMCW radar chirp overlaps: (a) echo signal, (b) received interference. 

 

Interference appears in the VR’s baseband signal as long as the interfering signal is within the 

receiver bandwidth, that after the LPF is defined by LPFF . The equation (3-22) indicates that 

the spread of interference is defined by the time-dependent term: ( )intvK K t− . As illustrated 

in Figure 3.3, after the LPF, interference duration ( )INTT  is limited by the upper and lower 

bounds of the LPF i.e., LPFF−  and LPFF . Based on these observations, interference duration 

can be estimated as follows: 

 ( )intLPF v LPFF K K t F−  −   (3-25) 
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int

2 LPF
INT

v

F
T

K K
=

−
 (3-26) 

The smaller the difference between the VR and IR waveform slopes, the longer is the 

interference duration. For SoA automotive radars, the LPF bandwidth is typically in the range 

of 3 – 15 MHz [195], [247]. Therefore, due to sintLPFF B , interference has a short duration in 

the time domain with a ‘pulse-like’ appearance. This has been illustrated in Figure 3.4, where 

interference appears like a double-sided LFM pulse with high amplitude due to one-way 

propagation loss [168]. In contrast, the target manifests as a ‘monotonic’ sinusoidal signal. 

 

Figure 3.4: Victim and interference chirps in the time-frequency representation and zoomed 

received signal. 

Additionally, the LPF characteristics such as the filter order, and roll-off also affect .INTT  

These are not included in (3-26), and are discussed next. 
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3.3.1 Low Pass Filter Characteristics 

The influence of the LPF on received interference has been studied from three aspects: 

1. Interference duration, 

2. The appearance of interference, and 

3. Effect of the LPF parameters on the radar’s detector performance. 

To analyse these, the two representative FMCW VRs with different LPF characteristics have 

been used for measurements14 in the background of 76.2 GHz CW interference: 

• The INRAS Radarbook [40] as VR1 with 1LPFF  = 3.5 MHz. 

• The NXP Dolphin [39] as VR2 with 2LPFF  = 10 MHz. 

Similar waveform parameters have been used for the VRs: cvF  = 76 GHz, svB  = 500 MHz, and 

svT  = 102.4 µs, with the LPF orders 3 and 6. For calibration, a trihedral corner reflector (CR) 

with a 14 dBsm RCS was placed at 5 m from the VRs. The measurement setup is shown in 

Figure 3.5. 

 

Figure 3.5: Measurement setup to analyse the influence of LPF parameters on interference. 

 
14  In reality, the radar chipsets can have a broad range of LPF characteristics. However, due to the availability of 

the mentioned radar chipsets, this section has been focused in determining their effect on interference. 
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A reasonable agreement has been observed between the modelled and measured results 

after the LPF stage, shown in Figure 3.6.  

          

                                               (a)                                                                        (b) 

        

                                                (c)                                                                       (d) 

Figure 3.6: Received signal in the time domain: a) the modelled VR1 with  = 3.5 MHz, 

(b) the measured VR1 with  = 3.5 MHz, (c) the modelled VR2 with  = 10 MHz, (d) 

the measured VR2 with  = 10 MHz. 

 

Theoretical INTT  for 1LPFF  and 2LPFF  calculated using (3-26) are 1.4 µs and 4.1 µs, 

respectively. To estimate INTT  from the modelled and measured results, the -3 dB and -10 dB 

threshold levels have been defined. INTT  at the higher ‘-3 dB’ threshold are 1.5 µs and 4.5 µs 

for 1LPFF  and 2LPFF , respectively, and the results are comparable for the two filter orders. This 
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indicates a linear relationship between the interference duration and the LPF cut-off frequency, 

which is expected, as interference appears as two-sided LFM waveforms. 

Assessing the relationship between interference duration and LPF order is a complex task. 

As shown in Figure 3.6, at the ‘-3 dB’ threshold level, the filter order does not fundamentally 

change INTT . However, INTT  changes significantly at the lower ‘-10 dB’ threshold level for 

different filter orders. INTT  increases when the filter order for 1LPFF  is increased but decreases 

for 2LPFF  with a high order LPF.  

For performance evaluation, the percentage ratio of interference duration versus the VR’s 

sweep time ( )INT svT T  has been estimated for the used cut-off frequencies, filter orders, and 

threshold levels, and summarised in Table 3.1. A higher percentage indicates a larger number 

of fast-time samples affected by interference with a dominant effect observed at the -10 dB 

threshold level.  

Table 3.1. The ratio of  for different cut-off frequencies and filter order. 

 -3 dB threshold -10 dB threshold 

LPFF  LPFF  

Filter order 3.5 MHz 10 MHz 3.5 MHz 10 MHz 

3 1.4 % 4.4 % 2.6 % 9 % 

6 1.3 % 3.9 % 4.4 % 4.7 % 

As indicated in Table 3.1, after applying the LPF, INTT  depends not only upon the LPFF  

but also on the LPF order. A higher filter order with lower LPFF  results in an apparent ringing 

due to a sharper roll-off of the LPF. Consequently, additional fast-time samples are affected by 

interference thus, increasing INTT . Ringing due to a higher filter order is also observed for 2LPFF  

(10 MHz) but with a much smaller amplitude as compared to 1LPFF . This might affect the 

probability of detection at the VR’s detector stage, analysed in the following sub-section. 

INT svT T
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3.3.2 Probability of Detection 

The probability of detection ( )dP  in the presence of interference is essential to evaluate 

its impact on radar detector performance. As will be discussed in Chapter 4, the statistics of 

interference are not always Gaussian, which is the well-known distribution of AWGN [103]. 

Therefore, we cannot entirely rely on interference power to evaluate dP . In this section, by 

direct modelling, dP  has been estimated in an interference background for various LPF 

parameters. The radar detector and methodology to generate the dP  curves have been discussed 

in detail in Chapter 4. 

The dP  curves as a function of signal to interference ratio (SIR) for the two VRs’ with 

LPFF  values of 3.5 MHz and 10 MHz in the presence of CW interferer have been shown in 

Figure 3.7 (a) and (b), respectively with 10−4 probability of false alarm ( )fa iP − . The results 

have been assessed for different filter orders (3, 6, and 10). For reference, the dP  curve for 

AWGN has also been plotted with a solid line. Any deviation from dP  in the background of 

AWGN can affect the detection and tracking performance of the radar.  

          

                                               (a)                                                                        (b) 

Figure 3.7: Probability of detection for different LPF cut-off frequencies: (a) = 3.5 MHz, 

(b)  = 10 MHz. 
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By examining the results in Figure 3.7, it can be seen that the dP  curve for the VR with a 

higher LPFF  (10 MHz) follows the reference AWGN line very closely (Figure 3.7 (b)). In 

contrast, the result for the same filter order (order 3), but a lower LPFF  (3.5 MHz), shows a more 

significant deviation from the reference line (Figure 3.7 (a)). Therefore, for a higher LPFF  and 

lower filter order, the detection curve in the background of interference is much closer to that 

of AWGN. Interference, in this case, has a less detrimental effect on the detector’s performance. 

A larger deviation from the detection curve of AWGN is observed as the filter order increases, 

especially for a lower LPFF . This can be explained by the steepness of the filters’ roll-off and 

the ringing effect, which is more significant at higher filter orders.  

The results also highlight a trade-off between reduction in INTT  and its effect on the 

radar’s probability of detection. This critical observation should be considered while designing 

robust radar sensors, with extra consideration to the radar chipset’s filter design, particularly 

when they might receive interference. 

After the LPF, the analogue signal is digitised by the ADC and then processed at the 

digital signal processor, which has been discussed in the subsequent sections. 

3.3.3 Effect of Interference Mitigation 

After the ADC, the number of VR samples that are affected by interference is given as: 

 INT INT sN T F=  (3-27) 

where, INTN  is the number of fast-time samples being interfered with, and sF  is the sampling 

frequency. The smaller the number of interfered samples, the better is the performance of 

mitigation technique, specifically the ones applied in time domain. An example is interference 

zeroing, where interfered samples are replaced with zeros as shown in Figure 2.11 [215].  
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As discussed in (3-26), one way to decrease INTT  is to modify the sweep rate of the VR 

signal to have a larger difference between the VR and IR waveforms. This, however, requires 

a knowledge of the interference chirp rate, which is often difficult to estimate [188]. Another 

way to decrease INTT  is by reducing LPFF  however, as discussed, it can often cause ringing 

effects. Therefore, a trade-off is often needed when developing the radar chipsets. 

 

3.4 Interference Analysis in the Frequency Domain 

During digital signal processing, the time domain signal is first converted into the 

frequency domain to enable the signal’s frequency content estimation. In a typical scene, returns 

are expected from multiple targets. Due to a linear superposition of the corresponding beat 

frequencies, they have been separated in the digital domain by compressing the signal along 

each dimension of the radar data cube (section 2.3.4.II).  

Interference, however, appears differently than the echo signal as discussed in the 

preceding section. Therefore, it has a distinct effect in the frequency domain which has been 

analysed in this section. Due to time-limited interference pulse, it spread through the range, and 

the range-Doppler profiles of the received signal which has been assessed in this section. 

3.4.1 Range Profile of Received Signal 

After range compression, the time-limited interference pulses, being frequency 

modulated, spread over multiple frequency bins. Due to possibly higher interference power than 

the echo signal, an increase in the VR’s noise floor is expected, referred to as the ‘interference 

floor.’ The number of interfered resolution cells and the interference power level in each cell 

depends upon the waveform characteristics of the VR and IR, which have been estimated in 

this section. 

The echo signal from each target, being a monochromatic waveform, is concentrated over 

a single frequency bin or a limited number of frequency bins depending upon the FFT 
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resolution. Interference, on the other hand, is a wideband signal that spreads across multiple 

frequency bins. The constant frequency term in (3-22) depends on the term cint int intcvF F K − + , 

and the interference spectrum is centred around this. Additionally, IF If −  also contains a time-

dependent term ( )intvK K t−  due to which interference spreads in the frequency domain. 

Therefore, the number of frequency (range) bins corrupted by interference times the frequency 

resolution ( )1 svT  should be equal to intv svK K T− . The number of interfered bins ( )INTN  in the 

range profile can be estimated as: 

 
2

intINT v svN K K T= −  (3-28) 

As discussed earlier, the LPF limits the interference duration, which would also limit the 

maximum number of interfered bins in the frequency domain, given as:  

 

2 2

int int

2

int

             

                          

INT v sv v sv sv LPF

INT sv LPF v sv sv LPF

N K K T K K T T F

N T F K K T T F

= − − 

=  − 
 (3-29) 

The mean interference power ( )INTP  can then be estimated from INTN  using: 

 
2

INT
INT

INT

V
P

N
=  (3-30) 

where, INTV  represents the interference power level at the VR receiver input. 

To categorise the amount of interference spread based on the waveform parameters, a 

factor K  has been defined, where: 

 int
int 1v v

v

K
K K K K

K
 = − = −  (3-31) 

Depending on the value of K , the interference spectrum may or may not be uniform. Equation 

(3-31) indicates that when the ratio of the victim and interference waveform sweep rates 

int vK K K=  is close to 1, K  is a small value. This results in a reduced, non-uniform spread 
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of interference in the frequency domain, which is the well-known spectrum of the two-sided 

LFM signal [248]. However, the mean interference floor will be higher, as indicated in (3-30). 

As the value of K  deviates from 1, interference components spread across a larger number of 

frequency bins, thus becoming more uniform. However, the mean interference floor will be 

reduced in this case resulting in improved SINR. This has been demonstrated in Figure 3.8 for 

the example cases with different values of K, along with an AWGN floor for comparison. The 

power is normalised to the interference power at the input of the victim receivers’ mixer stage. 

As expected, interference spread increases with a reduction in the K value. However, in all the 

discussed cases, the interference floor is still much higher than the AWGN floor, indicating the 

requirement for appropriate interference mitigation. 

 

Figure 3.8: Interference spectrum for different sweep rates ratio . 

 

 

If the range to the interferer is sufficiently long, such that the received power of interference is 

reduced below the AWGN floor, then no mitigation is required. 

3.4.2 Time-Frequency Analysis of Interference 

Accurately detecting interference is crucial for its mitigation. In the time domain, the echo 

signal is sinusoidal-like, whereas interference is time-limited with high amplitude. In the 

( )int vK K K=
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frequency domain, an echo signal is focused on a single or a limited number of frequency bins, 

whereas interference spreads across a larger number of frequency bins. This characteristic has 

been utilised to separate the echo signal and interference in the time-frequency domain (TFD). 

Based on this, interference can be detected, and its waveform parameters can be estimated, 

which is crucial for interference avoidance/ mitigation, as discussed in 5.1.3.  

In this work, the received signal has been represented in the TFD by generating a 

spectrogram after applying STFT [170], [249]. A STFT can be used to estimate the change in 

the frequency of the received signal over a period of time. This time is equal to the sweep time 

of radar in the discussed case. Firstly, the received signal is divided into sub-regions, each 

having overlapping samples from the previous sub-region, to minimise discontinuities. An 

example has been illustrated in Figure 3.9 for an FMCW waveform with a duration of 5 µs. 

Each sub-region has a duration of 1 µs in this case. 

 

Figure 3.9: Generation of sub-regions for estimation of short-time Fourier transform. 
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Next, a sliding temporal window is applied across each sub-region. This is followed by the 

Fourier transform of each sub-region, given as: 

 ( ) ( ) ( ) ( )1 2, ,..., nX f X f X f X f=     (3-32) 

where, n is the number of sub-regions. Finally, ( )
2

X f  has been used to estimate the STFT of 

each chirp. The echo signal from the target appears as a horizontal line with a distinct frequency 

in the spectrogram. Interference pulses have a chirp-like appearance with an increasing and 

decreasing frequency and appear as a ‘V-shaped’ spectrum at a distinct time. This time 

represents the instantaneous time of occurrence of interference. 

The modelled and measured spectrograms for two scenarios in Figure 3.6 – the VR1 with 

LPFF  = 3.5 MHz and the VR2 with LPFF  = 10 MHz have been shown in Figure 3.10. 

       

                                      (a)                                                               (b) 

            
                                     (c)                                                                 (d) 
 

Figure 3.10: Spectrogram of received interference: (a) the modelled VR1 with  = 3.5 

MHz, (b) the measured VR1 with  = 3.5 MHz, (c) the modelled VR2 with  = 10 

MHz, (d) the measured VR2 with  = 10 MHz. 
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Due to a smaller LPFF  of the VR1, the received interference shows a sharp and narrow 

‘V-shaped’ spectrogram with smaller INTT  (Figure 3.10 (a) and (b)) compared with interference 

received by the VR 2 (Figure 3.10 (c) and (d)). Therefore, TFD can be used to detect the 

presence of interference. 

To get detailed information about interference and its parameters, a wide-band LPF will 

be more useful as it will increase the duration of the interference. However, the cut-off 

frequency of wide-band LPF should be less than half the sampling frequency at the ADC. This 

is discussed in [230], the LPF has been applied in two stages, one for traditional signal 

processing and another with a wide-band LPF to estimate interference waveform parameters. 

 

3.4.3 Range-Doppler Profile of Received Signal 

Understanding how interference manifests in the range-Doppler domain is essential to 

estimate the effect of interference spread on target parameter estimation. The frequency domain 

representation of interference at the output of the 2D-FFT has been summarised in this section 

using range-Doppler radar maps. 

The intermediate frequency of interference from (3-22) can be modified to estimate the 

phase of the down-converted interference ( )IF i −  across the fast-time ' 't  and the slow-time 

' 'st . It is expressed as: 

 ( ) ( ) ( )2 2

int int int int cint int, 2 2 2IF i s s st t Kt K t t Ft K t F   − =  + +  − +  (3-33) 

where, cintcvF F F = − . The intermediate frequency is estimated by the differentiation of phase, 

given as: 

 
1

2

IF i
IF i

d
f

dt




−

−

 
=  

 
 (3-34) 

After simplification, 
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 ( ) ( )int int,IF i s sf t t Kt F K t− =  +  +  (3-35) 

Due to the time dependence of IF if − , a corresponding phase shift ( )int st  is incorporated across 

the slow-time ' 'st . Therefore, with a one-way propagation delay of the received interference, 

the phase difference between the interference and the signal transmitted from the VR ( )( )i st  

becomes: 

 int

2
( ) ( ) ( )i s i s st R t t


 


= − +  (3-36) 

After differentiating and solving (3-36), the Doppler shift of interference across the slow-time 

( )D i sf t−  can be expressed as follows: 

 int
( )

( ) cos( )
s

vr s

D i s SB t

s

v d t
f t

dt




− −
= +  (3-37) 

Due to the time-dependent second term in (3-37), a distinct interference behaviour is observed 

across the slow-time which depends upon the waveform parameters of the interfering radars 

(see (3-35)). Based on this, the example cases for various types of interference have been 

discussed in detail in section 3.6.  

After extracting the range and Doppler information, the signal has been analysed in the 

spatial domain, as discussed next. 

 

3.5 Interference Analysis in the Spatial Domain 

It is crucial to characterise interference in the spatial domain, particularly in terms of its 

angular resolution, as this determines the FoV of the VR that is impacted by interference. Any 

potential targets in this region might be partially or fully masked. 

Currently, the majority of the SoA automotive radar chipsets are MIMO based [39], [40], 

[91], [250], [251], which provide an enhanced angular resolution in a small form factor. Under 
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MIMO beamforming, the radar scene is illuminated by multiple transmit antenna elements. A 

small proportion of the transmitted signal is reflected towards the radar by targets in the scene 

and is received by individual receive antenna elements. By associating the signals transmitted 

from each transmitter with those received by each receiver, a virtual receive array is synthesised 

from a smaller total number of transmitters and receivers than would be required by a 

conventional array. The synthesised virtual array is equivalent to a single transmit element that 

illuminates the whole FoV, and a receive array of Tx RxN N  elements. This maintains a reasonably 

low complexity of the physical antenna elements. Moreover, as the targets are illuminated 

during the entire radar transmission duration, the integration time and Doppler resolution are 

potentially enhanced. 

A simplified signal processing block diagram for MIMO FMCW radar with TxN  = 4 and 

RxN  = 16 based on the INRAS Radarlog configuration has been shown in Figure 3.11, and used 

to generate radar plots in section 3.6. The signal processing is based on a 2D FFT for range-

Doppler, followed by beamforming achieved with a third FFT. 

 

Figure 3.11: MIMO FMCW radar’s simplified signal processing chain. Tx and Rx represent 

the transmit and receive elements, respectively. 
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Each receiving element of the array (Rx) receives the signal with a phase difference 

sinkd   between the signals across consecutive array elements, where 2k  = , d is the 

spacing between the antenna elements and   is the AoA. As the receiving element of the VR 

receives signals corresponding to the transmit elements (Tx) of the same radar, the target’s 

spatial location is based on the resolution provided by the virtual aperture of the radar. In 

contrast to this, the VR receives an interference signal transmitted by multiple transmit elements 

of the interfering source. Therefore, the received interference at the VR cannot be associated 

with the transmit elements of the VR. Consequently, after beamforming, the beam towards 

interference may or may not follow the virtual aperture.  

To understand this, radar data cubes for received echo and interference have been 

illustrated in Figure 3.12 (a) and (b), respectively.  

 

                                                            (a)                                                     (b) 

Figure 3.12: Radar data cubes for = 3 and = 4 element MIMO array: (a) data cube 

for received echo signal with 12 element virtual array, (b) data cube for interference with 4 

element equivalent array according to . Different colours represent signals received 

corresponding to different transmit elements of radar. 

 

For ease of illustration, an array of TxN  = 3 and RxN = 4 have been used. For the echo signal, a 

virtual array of 12 elements is formed due to the phase coherency of the received signal across 

TxN RxN

RxN

Slow-time 

Fast-time 

Antenna Elements 

𝑁𝑅𝑥=4 

Tx1 

Tx2 

Tx3 

𝑁𝑅𝑥=4 



3.6  Interference Classification                                                          Chapter 3 

 

78 | P a g e  

all virtual elements (green square in Figure 3.12 (a)) with a phase difference sinkd   between 

the consecutive virtual elements. In contrast, due to a different source of the interference signal, 

it is coherent with a phase difference sinkd   across the receive elements of the VR only. 

Therefore, beam resolution follows the real aperture of RxN = 4 in this case. 

However, if the IR has waveform parameters that make it coherent across all the virtual 

elements of the VR, similar to an echo signal, a beam towards the interference will have a 

resolution determined by the virtual aperture. The criterion of virtual array formation for 

interference essentially depends upon the waveform characteristics of the interfering radars, 

which have been discussed in section 3.7. 

 

3.6 Interference Classification 

It has been shown in section 3.4 that interference spreads in the frequency domain. The 

number of interfered frequency bins and the interference power in each bin depends upon the 

waveform parameters of the VR and IR. Based on these parameters, interference has been 

classified, such that each type manifests itself differently at the VR. However, for all the types, 

target detectability is affected, which has been characterised by the SINR value. 

For comparison, radar plots without interference have been shown in Figure 3.13 for the 

echo signal only. The modelled results are generated for a target (car) with 10 dBsm RCS 

positioned 50 m from the VR with svT  = 102.4 µs, svB  = 0.3 GHz, and cvF  = 76 GHz. The same 

VR parameters have been used throughout this section. Interference parameters are changed to 

generate different types of interference. The hardware configuration of the VR is based on the 

INRAS Radarlog chipset with a 14 dB noise figure [91]. 
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                         (a)                                            (b)                                               (c) 

Figure 3.13: Received echo: (a) chirp representation, (b) time domain, (c) range profile. 

It is to be noted that, for illustration, the thermal noise has not been included in the time 

domain plot in Figure 3.13 (b). However, it has been considered in the signal processing chain 

and in the range profile (Figure 3.13 (c)). In the absence of interference, the target at 50 m is 

detectable with a reasonable signal to noise ratio (SNR) of 20 dB. 

 

3.6.1 Types of Interference on the Basis of Sweep Time 

Based on the sweep time of the victim and interfering chirps, interference has been 

classified into two types: 

1. Fast chirp sequence with sint 0.5 svT T  

The chirp overlap, time domain, and frequency domain (range profile) representation of 

the fast chirp interference sequence with sint 27μsT =  and the slow chirp interference sequence 

with sint 423μsT =  have been presented in Figure 3.14 and Figure 3.15, respectively for the 

interference sintB  = 0.3 GHz and cintF  = 76 GHz. The results are shown for the five consecutive 

VR chirps. The received signal is composed of an echo signal and interference from a collocated 

target at 50 m. For visualisation, only interference chirps have been shown in the chirp overlap 

plot and ranges from 0 to 200 m have been plotted. 
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                            (a)                                            (b)                                            (c) 

Figure 3.14: Fast chirp interference: (a) chirp plot, (b) time domain, (c) range profile. 

 

For the fast chirp sequence, compared to the results without interference in Figure 3.13 

with 20 dB SNR, the SINR has significantly reduced with a 3 dB mean SINR across the 5 VR 

chirps. The 3 out of 5 VR chirps have a target peak fully masked by the interference floor, 

which might affect target detectability and is discussed in the later chapters. Moreover, 

interference pulses are uncorrelated due to the appearance of multiple pulses within each VR 

chirp and a different instantaneous time of occurrence of each pulse. This results in a uniform 

interference floor across all the range bins.  

2. Slow chirp sequence with sint svT T  

In a slow chirp sequence, each VR chirp has a maximum of one interference pulse. If a 

full double-sided interference pulse appears, e.g., the second, third, and fourth victim chirps in 

Figure 3.15, well-defined periodic peaks and nulls – the scalloping pattern [144] – are observed 

in the interference floor. This is due to phase periodicity between the samples of the interference 

pulse. The SINR is strongly attenuated if the target appears in the nulls of the interference 

scalloping pattern. If a single-sided interference chirp appears, e.g., the first VR chirp in Figure 

3.15, peaks and nulls are observed, but they are not well-defined. In the discussed example, the 

target is fully masked by the interference floor for the initial four VR chirps, whereas the fifth 

VR chirp does not interfere. Consequently, the SNR = SINR = 20 dB across this chirp. 

Target 
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                          (a)                                         (b)                                                (c) 

Figure 3.15: Slow chirp interference: (a) chirp plot, (b) time domain, (c) range profile. 

 

3.6.2 Types of Interference on the Basis of Sweep Rate 

The types of interference classified based on the VR and IR sweep rates have been 

mentioned in Figure 3.16. Detailed analysis of each interference type has been presented in 

Appendix 3, while a summary is included in this section. 

 

Figure 3.16: Classification of radar interference based on the sweep rate difference. 

I. Synchronous Interference 

When two radars with identical waveform parameters interfere such that intvK K= , and 

2 2

LPF LPF
cv ci cv

F F
F F F−   + ,  the interference signal chirp is completely synchronised with the 

VR chirp. If the entire interferer chirp is within the LPF band of the VR, similar to the echo 

signal, after signal processing, a well-defined ghost target appears with similar characteristics 

Target 

Types of Interference: On basis of sweep rate 

Synchronous Interference 

 

Semi-Synchronous Interference 

 

Asynchronous Interference 

 

Periodic 

Semi-periodic 

Aperiodic 
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to the echo signal. The down-converted synchronous interference contribution to the beat signal 

in (3-22) is monotonic and expressed as: 

 
int intIF Synchronousf K − =  (3-38) 

Synchronous interference can also occur if the VR’s signal is received through multipath 

reflections such as in tunnels, highways with guard rails, car parks, etc. Consequently, ghost 

targets appear at arbitrary distances and directions that depend upon the position of reflecting 

surface i.e., the propagation delay between the transmitted and received (multipath) signal. 

II. Semi Synchronous Interference 

The sweep rates of the VR and IR for semi-synchronous interference are similar but not 

identical ( )intvK K . Analogous to synchronous interference, semi-synchronous interference 

is present within the entire duration of the victim’s chirp. However, the time-dependent term in 

(3-22) is non-zero, resulting in interference spread across multiple frequency (range) bins. Two 

types of semi-synchronous interference have been observed based on the IR parameters.  

• When the VR and IR have similar sweep times but a slight bandwidth difference, a chirp-

like interference pattern is observed in the down-converted signal. In this case, interference 

spreads across a fraction of the range bins with a higher power, forming a pedestal-like 

interference floor. 

• For a similar bandwidth of the VR and IR waveforms but a slight difference in sweep time, 

there is an absence of complete coherence between the VR and IR chirps. Therefore, 

interference appears like a ghost target but with a broad peak centred around the frequency 

int intK   rather than a sharp peak observed for the echo signals. 

Synchronous and semi-synchronous interference are unlikely to occur in real-world settings 

because they need perfect synchronisation between the VR and IR waveforms. Nevertheless, 

they cannot be entirely excluded, especially in highway scenarios, where many radars may 
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operate simultaneously and often for extended periods of time. Therefore, even events with low 

probabilities could occur, and simulation models must take this into account. 

III. Asynchronous Interference 

In a typical automotive scenario, radars from various manufacturers, different waveform 

parameters, and configurations will be present. Interference between them gives rise to 

asynchronous interference, a more common type of radar interference. It occurs when the 

waveforms of two interfering radars have different sweep rates such that intvK K . In this case, 

the interference signal lies within the LPF band of the VR at a few locations. Consequently, 

unlike synchronous and semi-synchronous interference that are focused across limited 

frequency (range) bins, asynchronous interference is time-limited (Figure 3.14 and Figure 

3.15). and spreads over a large number of frequency bins with a uniform interference pattern.  

Asynchronous interference has been classified into periodic, semi-periodic, and aperiodic 

interference. For understanding, the instantaneous times of interference occurrence within each 

VR chirp have been defined as a vector, given as follows: 

  int 1 2, ,..., Mt t t t=  (3-39) 

where, M represents the total of interference pulses within each VR chirp. 

1. Periodic Interference: It occurs when the intt  vector across all the VR chirps is similar. 

Therefore, the interference pattern is the same across each VR chirp. 

2. Semi-Periodic Interference: intt  vector for the initial few victim chirps within each CPI is 

different, but then it repeats for the remainder of the chirps so that sint svmT nT=  for an integer 

m ≥ 2.  

3. Aperiodic Interference: The interference sequence is random for all the VR chirps during 

a CPI. Therefore, the vector intt  is unique for each chirp. 
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Synchronous and semi-synchronous interference are also called narrowband interference, 

as they affect a small portion of the frequency spectrum. Asynchronous interference is called 

broadband interference, as it affects a larger portion of the VR’s frequency band. The use cases 

for each interference type in different domains have been discussed next. 

 

3.7 Interference Representation in Each Domain – Use Cases 

A thorough analysis of interference along the signal processing stages is essential to 

develop effective mitigation techniques. This aids to: 

1. Analyse signals in different domains, enabling a range of possible interference detection and 

mitigation algorithms. 

2. Analyse the impact of each processing stage on interference to allow for stage optimisation. 

3. Provide a comparative performance analysis of mitigation techniques in different domains. 

4. Determine the optimal domain for robust interference detection, parameter estimation, and 

avoidance/ mitigation strategies for various road scenes. 

The detailed analysis of each interference type in the range profile, range-Doppler profile, 

and range-azimuth profile has been presented in Appendix 4. A summary is included in Table 

3.2 for the waveform parameters in Table A4.1. 

For different types of interference, periodicity between interference pulses causes a non-

uniform spread of interference along the Doppler axis. Interference is focused across a few 

Doppler bins in this case. Aperiodic interference spreads uniformly across the Doppler axis 

with a lower mean interference power. In terms of the interference spatial characteristics, 

MIMO radar provides maximal virtual array resolution for both target and periodic interference 

cases. Aperiodicity between interference pulses causes broader resolution defined by the 

receive aperture of the radar.  
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Table 3.2. The appearance of various types of interference in frequency and spatial domains. 

Interference Frequency Domain Spatial Domain 

Range Compression Doppler Compression Azimuth 

Compression 

Synchronous 

Figure A4.3 

A ghost target at an 

arbitrary distance. 

A ghost target at an arbitrary 

distance/ Doppler. 

Virtual Aperture 

Semi-synchronous 

Figure A4.4 

Pedestal-like spectrum 

with high power. 

Short interference energy 

spread across range bins and 

focused across Doppler. 

Virtual Aperture 

Periodic 

Figure A4.5 

Fast 

Chirp 

Uniform interference 

floor, random 

peaks/nulls. 

Two distinctive lines with 

random peaks and nulls – 

Single channel Rx. 

Virtual Aperture 

Slow 

Chirp 

Scalloping pattern 

with bows and nulls. 

Two distinctive lines with 

scalloping pattern – Single 

channel Rx. 

Virtual aperture 

Semi-periodic 

Figure A4.6 

Scalloping pattern 

with bows and nulls. 

Interference energy across 

multiple Doppler bins. 

Real aperture 

Aperiodic 

Figure A4.7 

Fast 

Chirp 

Uniform interference 

spread. 

Diagonal ridges that get 

random when the number of 

interference pulses in each 

VR chirp increases. 

Real aperture 

Slow 

Chirp 

Scalloping pattern 

with bows and nulls. 

Diagonal ridges Real aperture 

 

 

The waveform parameters in automotive radars are much wider than the range discussed 

in this study. The main point is to illustrate the high variation of interference effect expected as 

radar waveform parameters of the VR and IR change. 

 

3.8 Self Interference 

As discussed each vehicle will have multiple radars installed on it for 360-degree 

imagery. Therefore, there is also a possibility of self-interference, where radars installed in the 

same platform (vehicle) interference with each other. To evaluate this, measurements were 
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conducted in a controlled laboratory environment using SoA NXP TEF810X radar chipsets as 

the VR and IR. The IR was placed at different orientations with respect to the VR to depict the 

scenario of self-interference and mutual interference (interference between the radars installed 

on different platforms). The test setup for self-interference is shown in Figure 3.17 with the 

corner-looking orientation of the IR wrt. the VR ( )30o
 and 1.1 m separation, which is half the 

width of a typical luxury vehicle [252]. The test setup for mutual interference case is shown in 

Figure 3.18 (b) where the IR was placed in the front (boresight) of the VR at a 3.5 m distance. 

            

                                                (a)                                                                        (b) 

Figure 3.17: Measurement setup to estimate the impact of interference. (a) Test setup for self-

interference. (c) Test setup for mutual interference from front-looking radar.  

The corresponding radar parameters have been given in Table 3.3. 

Table 3.3. Radar parameters for the analysis and comparison of self and mutual interference. 

Parameter Value 

Victim Radar Sweep Time 204.8 µs 

Victim Radar Bandwidth 0.5 GHz 

Interference Radar Sweep Time 25.6 µs 

Interference Radar Bandwidth 1 GHz 

The measured results for the two cases have been presented in Figure 3.18. As expected, 

due to the orientation of the VR and front-looking IR, interference with a higher amplitude is 

1.1 m 

Victim 

Radar 

Self Interfering 

Radar 3.5 m 

Victim 

Radar 

Front-Looking 

Interfering 

Radar 
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observed in the time domain profile, consequently a higher interference to noise ratio (INR) 

after range compression (15 dB in the discussed case), shown in Figure 3.18 (c). Interference is 

also received from the corner-looking radar (self-interference case), however, with a 

significantly smaller amplitude (Figure 3.18 ©). Consequently, the INR, in this case, is 

comparable to the thermal noise floor of the VR after range compression. 

 

                         (a)                                               (b)                                             (c) 

 

                                                                           (d) 

Figure 3.18: Measured results for self-interference and front-looking interference. (a) Time 

domain profile in the absence of interference. (b) Time domain profile in the background of 

interference from front-looking interfering radar (mutual-interference case). (c) Time domain 

profile in the background of interference from corner-looking interfering radar (self-

interference case). (d) Range profile. 

Interference Pulses 
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Therefore, it can be concluded that although the radars installed on the same vehicle will 

interfere with each other (if they are operating in the same band), however with a much smaller 

amplitude. With a smart frequency allocation mechanism on the radars installed on the same 

platform, their probability of interfering can be significantly reduced [187], [253]. The impact 

of radar orientation on the SINR has been discussed in detail in Chapter 7. 

 

3.9 Multiple Interference Sources 

The results presented earlier correspond to interference received from a single source. 

However, in a typical road scene, there is a high probability of receiving interference from 

multiple radars at a time.  

The modelled example of a scenario where multiple interferers are transmitting in the 

FoV of the VR has been shown in Figure 3.19. Five target vehicles, each with a 10 dBsm RCS, 

drive in the FoV of the VR. The radar installed on each vehicle also transmits an interfering 

signal toward the VR. The position and speed of the targets are given in Table 3.4. For reference, 

plan position indicator (PPI), range-Doppler, and range-azimuth plots after signal processing at 

the host vehicle radar have been shown in Figure 3.19 (a), (b) and (c), respectively. SNR of all 

the targets has been stated in Table 3.4. All the targets are detected with a reasonable SNR. 

    

                   (a)                                                 (b)                                             (c) 

Figure 3.19: Radar plots for multiple targets in the absence of interference: (a) PPI plot, (b) 

range-Doppler map, (c) range-azimuth map. 

Target 1 

Target 2 

Target 3 

Target 5 

Target 4 
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The same scenario with active interference from the radars on each vehicle has been 

shown as range-Doppler and range-azimuth maps for a single channel receiver (Appendix 6) in 

Figure 3.20 (a) and (b), respectively.  

     

                               (a)                                                                         (b) 

Figure 3.20: Radar plots at the background of interference from multiple interfering sources: 

(a) range-Doppler map, (b) range-azimuth map. 

IRs can have a wide range of waveform parameters; however, for modelling, the set of 

waveform parameters for each IR have been stated in Table 3.4. The extracted SINR values of 

the targets at the background of interference have also been mentioned in Table 3.4. Table 3.4 

shows a significant degradation in the SINR values in the background of interference from 

multiple sources, which affects target detectability. Furthermore, due to signal reception from 

multiple interfering radars, their signals are uncorrelated. Therefore, the interference pattern in 

the frequency domain is closer to aperiodic interference with diagonal ridges in the range-

Doppler plot. Moreover, after beamforming, a larger FoV of the VR would be affected by 

interference, especially in the single (real) channel receiver. 

Interference appearance along the radar processing stages is a complex phenomenon, with 

a unique interrelationship between the radar parameters, road scenarios, and effect on target 

detectability. This indicates the importance of developing an appropriate simulator to study 

interference effects and has been discussed in Appendix 12. 
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Table 3.4. Target and interferer position, SNR, and SINR values to analyse the impact of 

multiple interference sources. 

 

 

Target 1/ 

Interferer 1 

Target 2/ 

Interferer 2 

Target 3/ 

Interferer 3 

Target 4/ 

Interferer 4 

Target 5/ 

Interferer 5 

Position (Range, 

Angle,  

Speed) 

10 m,  

24𝑜,  

1 m/s 

24 m,  

−50.1𝑜, 

-2.5 m/s  

32 m, 

 34𝑜,  

-2 m/s 

50.1 m, 

0𝑜, 

4 m/s 

50.4 m, 

54𝑜, 

0 m/s 

Interferer 

parameters 

(Sweep time, 

bandwidth,  

start frequency) 

10 µs,  

0.5 GHz,  

76 GHz 

 

10.3 µs,  

0.5 GHz,  

76 GHz 

423 µs,  

0.5 GHz,  

76 GHz 

150 µs,  

0.5 GHz, 

76 GHz 

CW,  

76.2 GHz 

SNR/ SINR 

No Interference 

(SNR) 

74 dB 59 dB 56 dB 41 dB 43 dB 

Multiple 

Interference: 

Range-Doppler 

(SINR) 

30 dB 23 dB 20 dB Masked by 

interference 

floor 

Masked by 

interference 

floor 

Multiple 

Interference: 

Range-Azimuth 

(SINR) 

32 dB 17 dB 14 dB Masked by 

interference 

floor 

2 dB 

 

3.10 Summary 

Due to an increase in the radar penetration rate, the mutual interference between radars is 

expected in a coexistence environment. The likelihood that the signals from these radars may 

overlap in the time and frequency domains is high due to: a) the use of a higher duty cycle to 

achieve a longer unambiguous range, and b) the increase in bandwidth to achieve a high range 

resolution. Furthermore, a close spatial separation between the vehicles, as expected in 
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automotive conditions, also increases the likelihood of spatial domain overlap of the interfering 

signals. 

 The analytical understanding of radar interference has been established in this chapter. 

Firstly, interference has been mathematically represented, followed by a systematic analysis of 

interference power and its impact on target detectability. It has been shown that for the specific 

radar configuration, due to one-way propagation of received interference, interference power 

in many cases could be much higher than the echo signal power. Consequently, an increase in 

noise floor is observed which causes degradation of the VR’s performance and reduces the 

SINR. 

Additionally, the effect of the LPF has been assessed by evaluating interference duration 

for various filters used in the SoA radar chipsets. A lower cut-off frequency and higher filter 

order reduce interference duration. However, this results in a steeper roll-off of the LPF with a 

ringing effect, causing a larger deviation from the probability of detection in the background of 

AWGN. 

At the output of the LPF, the interference pulse has a double-sided chirp-like modulation 

that spreads over multiple frequency bins. The number of interfered resolution cells and the 

interference power in each cell depends upon the waveform parameters of the VR and IR. A 

scalloping pattern with well-defined arches and nulls is observed for a slower interference chirp 

sequence. In contrast, random peaks and nulls with a uniform pattern appear for the fast chirp 

interference sequences.  

In a typical automotive scenario, the majority of the interference is asynchronous and 

aperiodic. However, as interference fundamentally appears as a stochastic process, all kinds of 

interference have been investigated in this work. Nevertheless, as a wide range of waveform 

parameters can be used by automotive radars, it has been shown that the interaction of these 

waveforms with the VR is always unique. Based on this, interference has been classified into 
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synchronous and semi-synchronous interference cases with a comparatively low probability of 

occurrence and asynchronous interference that can be expected in a typical road scene.  

Different interference manifests itself distinctly in the range-Doppler and range-azimuth 

domains. In the range-Doppler domain, the energy from interferers can either cluster in specific 

Doppler bins with a higher power or spread across a large number of Doppler bins with 

comparatively lower power when the interfering signal exhibits a slight asynchrony. A detailed 

discussion of the effect of interference Doppler frequency on the processing stages of the VR 

has been presented in Chapter 8. After beamforming, periodic interference pulses have a finer 

angular resolution due to the synthesised virtual array of the VR. In contrast, aperiodic pulses 

have a broader angular resolution according to the receive array of the VR. This has been 

analysed in detail in Chapter 6. The interference effect on the VR detector primarily depends 

upon the interference statistics discussed in the following chapter.
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Chapter 4. POWER AND STATISTICAL 

ANALYSIS OF INTERFERENCE 
 

 

Most COTS automotive radars have been designed and optimised under the assumption 

of signal reception in the background of AWGN, which is always present in the receiver. 

However, as shown in Chapter 3, interference is expected to have much higher power than 

AWGN. Therefore, the radar’s noise floor will be defined by interference – interference floor.  

To understand the impact of interference on radar detectors’ performance and target 

detectability, one of the foremost requirements is the characterisation of interference power, the 

statistics of interference, and their similarity to that of AWGN. Interference pulses are LFM 

sinusoidal waveforms at the output of the LPF. As they are independent of the echo signal 

received at the VR, they appear as random stochastic processes [254]. Therefore, based on IR 

waveform parameters, interference statistics might change, which has been analysed in this 

chapter by determining the following: 

• Interference power across the radar processing stages. 

• Correlation between the interference pulses. 

• Interference distribution. 

• Probability of detection in an interference background. 

If these characteristics are similar to those of AWGN, then classical well‐established 

detection techniques [255] remain optimal. In the opposing case, a loss in detection 

performance is expected, and traditional techniques (matched filtering) will not be optimal 

anymore. For these two scenarios, interference parameters have been identified and analysed in 

this chapter. The performance evaluation has been carried out by Monte Carlo simulations, and 

the results are presented as receiver operating characteristic (ROC) curves. 



4.1  State of the Art  Chapter 4 

94 | P a g e  

An initial input to this analysis comes from the fact that during signal integration, 

interference normalisation can be expected if the Central Limit Theorem (CLT) [256] 

requirements are satisfied i.e., 

1. The interference pulses have a similar statistical distribution to each other,  

2. Interference pulses are independent, and  

3. The number of interference pulses averaged is large enough. 

These conditions have been assessed for various waveform parameters.  

The main contributions of this chapter are as follows: 

• Interference power budget analysis and its comparison to the power of the echo signal. 

• Qualitative and quantitative comparison of the level of degradation due to interference 

along the signal processing stages of the VR. 

• Statistical analysis of radar interference by determining: 

i. The correlation between interference pulses received at the VR. 

ii. The probability density function (PDF) of the interference. 

• Investigating interference statistics and their similarity with AWGN for various waveform 

parameters. 

• Identifying the critical waveform parameters that cause a deviation of interference statistics 

from Gaussian noise statistics. 

• Analysing the effect of interference on radar detection performance. 

 

4.1 State of the Art 

Limited literature is available on interference statistics in automotive scenarios, with 

generally broad conclusions. The work in [166] and [177] provides statistical modelling of 

interference power for different road geometry and traffic conditions. Stochastic behaviour of 

the interference based on the interferers’ position has been modelled in [165], concluding that 
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interfering radars generate random noise-like interference. Authors in [181], [199], [232], 

[257], [258] have predicted the behaviour of frequency-modulated (FM) interference as a 

random process that raises the noise floor. An argument discussed in [168] states that in a 

practical road scenario, the cross-correlation between interference pulses from the same 

interfering source is small, resulting in a random behaviour similar to noise. However, a 

generalised conclusion in [174] states that interference from other radars cannot be considered 

random noise. Furthermore, it is discussed in [259] that interference from other radars cannot 

be considered white noise and that different types of interfering waveforms lead to a different 

shaping of the frequency domain data. However, a detailed analysis and the conditions under 

which interference can be considered noise have not been mentioned. 

The observed discrepancies and a lack of statistical analysis of radar interference is the 

motivation behind this chapter. The primary goal is to understand if target detectability and 

tracking are possible in the background of interference using well-defined ROC curves for 

signal detection against AWGN [255], [260], [261]. 

 

4.2 Radar Model for Statistical Analysis  

A simplified block-level representation used for the statistical analysis of interference is 

shown in Figure 4.1. Signal processing has been detailed in section 3.1, and a summary is 

included in the subsequent paragraphs.  

 

Figure 4.1: FMCW radar block level representation for interference statistical analysis. 
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The received signal contains target echo(s) and interference signals from the nearby 

radars. The mixer down-converts the received signal, the LPF limits maxR  and interference 

duration, and the ADC converts the analogue signal to a digital one. The modelled time domain 

representation of a single victim chirp at the output of the ADC with three occurrences of 

interference pulses has been shown in Figure 4.2 (a). The received echo signal appears as a 

continuous sinusoidal waveform (Figure 4.2 (b)). In contrast, each interfering pulse appears as 

a two-sided LFM waveform, shown in Figure 4.2 (c). 

 

                                             (b)                                                    (c) 

Figure 4.2: Time domain representation of received signal: (a) signal with echo and 

interference pulses, (b) sinusoidal echo, (c) zoomed interference pulse. 

 

As discussed in Chapter 3, the amount of interference spread in the frequency domain 

depends upon the VR and IR’s waveform parameters. For similar waveform parameters, 

interference spread is non-uniform across limited frequency bins. In contrast, the interference 

spreads uniformly when the waveform parameters differ (Figure 3.8). The interference 

spectrum can be expected to be much wider than the range and Doppler resolution cells in both 

 

 
 

(a) 

𝝆𝟐𝟑 𝝆𝟏𝟐 

𝝆𝟏𝟑 
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cases. At the output of the Doppler compression, echo and interference are further averaged 

over a CPI.  

The next step in the processing chain is target detection against background noise and 

interference. In this chapter, the energy detection method [261], summarised in Figure 4.3, has 

been used to evaluate the detector’s performance where y(j) represents interference samples at 

the decision-making point ‘D.’ A detailed analysis has been presented in section 4.5. 

 

Figure 4.3: Radar detector processing chain. y(j) represents the interference samples at the 

decision-making point ‘D.’ 

 

4.3 Power Budget Analysis of Interference 

Along with interference statistics, a precise estimate of its power and power variation 

along the signal processing stages is also essential to analyse the interference impact at the 

detector. To evaluate this, a roadside scenario in Figure 4.4 with one target and interferer in the 

VR’s FoV has been analysed considering a free-space propagation model. However, the 

presented analysis is equally valid for other propagation models. 

 

Figure 4.4: Road scenario with target and interferer in the FoV of victim radar. 
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The radar transmitter transmits a signal of power TP  (typically 10 mW in SoA automotive 

radars [168]) through the transmit antenna with gain TG . The echo signal power received by 

radar with receive antenna gain rG  can be expressed as follows: 

 
( )
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where, RTP  is the received power from a target, 
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target, T  is the RCS of a target, 
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
 represents reflected power from the target, and eA  is 

the effective antenna aperture estimated as 
2

4

RG 


. 

For one-way interference propagation, received interference power can be expressed as: 
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where, RIP  represents received interference power, TIP  and TIG  represents the interferer 

transmit power and transmit antenna gain, respectively, and i  is the interfering signal’s 

wavelength. Assuming that the transmit power, transmit and receive gains, and wavelength of 

the VR and IR are similar, the following expressions have been obtained: 
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The echo signal attenuates by the fourth power of range (two-way propagation), while the 

interference signal attenuates with the square of range (one-way propagation). Consequently, 

interference power from other radars will likely exceed the echo signal power. This can often 

saturate amplifiers at the VR receiver and in some instances mask targets, especially weak 

echoes from targets with small RCS or the ones at a longer range. Moreover, received 
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interference power can be significant for interferers having a higher radiated power, such as the 

LRR or the traffic control radar. 

An example of the received power from the scene with collocated target and interferer at 

50 m with TP  = 10 dBm, G =  14 dBi,   = 5 dBsm, and cvF  = 76.5 GHz has been given in 

Figure 4.5. The VR and IR have similar transmit power and antenna gains. It can be seen from 

Figure 4.5 that the interference power is approximately 41 dB stronger than the echo power. 

 
Figure 4.5: Received power from collocated target and interference as a function of range. 

 

Although the LPF limits interference duration, the remaining interference power is still 

greater than the system noise floor in most cases. After the  LPF, only a fraction of the received 

interference is processed by the VR. The mean interference power after the LPF can be 

expressed as [262]: 

 
( )

2

2
4

T T R
RI

I

P G G
P

R





=   (4-5) 

where, ψ is the fraction of the interfering power in the VR chirp after the LPF. Its value ranges 

from 0 to 1, where 1 means all the interference power remains after the LPF, and 0 means there 

is no interference after the LPF. 

In this work, the SINR and interference to noise ratio (INR) have been used as metrics to 

estimate the interference impact and the VR’s susceptibility to interference. For similar output 
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power and antenna gains of the VR and IR, the SINR at the input of the receiver has been 

estimated as follows: 

 
2

44

RT I

RI T

P R
SINR

P R




= =  (4-6) 

In the frequency domain, interference spreads across multiple frequency bins. Its impact and 

statistical features after each signal processing stage have been discussed next. 

 

4.4 Statistical Characteristics of Interference 

This section focuses on the study of statistical characteristics of interference and its 

comparison with that of white Gaussian noise at the decision-making point ‘D’ in Figure 4.3.  

Firstly, different types of FMCW interference (section 3.6) received by the VR have been 

characterised in terms of the correlation between interference pulses. This has been done by 

estimating the correlation coefficient ' 'ab , where a and b represent the interference pulse 

number. An example is shown in Figure 4.2 (a) where 12  represents the correlation between 

interference pulse with a = 1 and b = 2, and so on. Next, a comparison of the interference 

probability density function ( )intPDF  and a corresponding best fit Gaussian distribution 

( )bfPDF  has been performed to identify waveform parameters with statistical characteristics 

similar to random noise and the critical parameters that show a deviation from it.  

It has been assumed that the VR receives interference from a single interferer with 

cintcvF F=  and the duty cycles of both the VR and IR are 100%. This results in the maximum 

overlap between the two radars and corresponds to a worst-case interference scenario – where 

interference power will be maximum at the input of the detector. The results will change with 

a change in the waveform parameters, discussed in section 4.4.4. 
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4.4.1 Types of Interference 

Statistical characteristics depend upon the type of interference, previously classified as 

synchronous, semi-synchronous, and asynchronous. Asynchronous interference has been 

further divided into periodic, semi-periodic, and aperiodic interference. Examples of each type 

have been shown in Table 4.1, where sints svT T T=  and s v INTBW BW BW= . These parameters 

are used in this section to estimate the correlation coefficient between interference pulses. 

 

Table 4.1. Interference parameters to analyse the correlation between interference pulses. 

Interference Type Example Parameters 

Synchronous 1, 1
s s

T BW= =  

Semi-synchronous 1, 0.99
s s

T BW= =  

Periodic 2, 1
s s

T BW= =  

Semi-periodic 0.8, 1
s s

T BW= =  

Aperiodic 0.21, 1
s s

T BW= =  

 

For illustration purpose, the VR and IR signals chirp overlap plot has been shown in Figure 4.6 

for CPIN = 10, where CPIN  is the number of the VR chirps within a CPI. 

 

Figure 4.6: Chirp overlap plots of interference examples for the correlation analysis between 

interference pulses. 
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4.4.2 Interference Correlation 

To estimate the correlation between interference pulses, a correlation coefficient matrix 

has been generated using the Pearson correlation coefficient [263]. The matrix shows the 

correlation between each interference pair within a CPI. 

 

11 1

1

Correlation Matrix

N

M MN

 

 

 
 

=
 
  

 (4-7) 

where, 1 1MN−    represent the correlation coefficient between interference pulses ‘M’ and 

‘N,’ and its value depends on the interference parameters. An average Pearson correlation 

coefficient av s CPIN =  has then been estimated, where s  is the sum of correlation 

coefficients across the interference pulses across the VR chirps during a CPI. The values of av  

for different types of interference with parameters in Table 4.1 are shown in Figure 4.7.  

 

Figure 4.7: Average correlation  for different types of interference. 

 

The results show 1av  for synchronous and periodic interference throughout the whole 

integration time (CPI) due to their periodicity across the VR chirps. A rapid decrease in 

correlation value has been observed for a semi-periodic interference at the start of the CPI, 

where the interference pulses are aperiodic. Later, as the interference sequence becomes 

periodic, the average correlation increases and stays closer to 1 during the remainder of the CPI. 

' 'av
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In the semi-periodic interference example, the interference sequence becomes periodic after the 

5 VR chirps. Therefore, semi-periodic interference is partially coherent. The average correlation 

value for aperiodic interference stays close to 0. In some instances, 0av  . This indicates a 

negative correlation between the interference pulses. The measured value of average correlation 

between interference pulses for an example of aperiodic interference with 0.21sT =  is also 

shown in Figure 4.7 which validates an average correlation close to 0 for the aperiodic 

interference. As expected, the highest correlation has been observed due to the periodicity of 

interference pulses. In contrast, the absence of periodicity reduces av  with a value close to 0, 

similar to that expected for random noise. 

In a practical automotive scenario, due to the parameters such as radar’s LO phase noise, 

its frequency stability, ADC starting time jitter, fly-back, idle time between chirps and frames 

[264], and transmit frequency offset [265], the phase between synchronous, periodic or semi-

periodic interference pulses changes, which reduces the correlation value. Though periodicity 

between the VR and IR signals may be rare they cannot be entirely excluded. For example, 

several vehicles may surround the VR for a relatively long time, particularly in a motorway 

scenario. Therefore, such relatively low-probability events may occur and must be considered 

in simulation models. 

 

4.4.3 Interference Power Along Processing Stages 

The multiple VR chirps are integrated over the CPI to improve the SINR. If the echo 

signal remains coherent across these chirps, its power increases by 2

CPIN  times. In contrast, the 

thermal noise power increases by CPIN  times as noise is uncorrelated across the chirps. 

The impact of interference on radar detector depends on the SINR value during a CPI. 

This has been estimated using two metrics: 
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1. Interference correlation during CPI, 

2. Interference power level after integration. 

The modelled results are presented in Figure 4.8 with the waveform parameters in Table A4.1. 

   
                                     (a)                                                                         (b) 
 

Figure 4.8: Effect of integration on interference power: (a) normalised interference power 

level, (b) average correlation coefficient during the CPI. 

 
In Figure 4.8 (a), the interference power level as a function of the number of integrated chirps, 

normalised to interference power at the first VR chirp, is shown for asynchronous interference. 

• The highest power increase is observed for periodic interference, where interference pulses 

are correlated across the VR chirps during the CPI. The interference level increases by 

( )20log CPIN  after integration. 

• Aperiodic interference has uncorrelated pulses across the VR chirps within the CPI. 

Therefore, non-coherent gain is expected with the interference power level increasing by 

( )10 log CPIN . 

• Semi-periodic interference is partially coherent. Interference power also increases by 

( )10 log CPIN  for aperiodic interference pulses (non-coherent gain at the start of CPI) and by 

( )20log CPIN  where the interference sequence repeats periodically. 
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• Synchronous and semi-synchronous interference are similar to the periodic interference 

where interference pulses are correlated with the coherent integration gain ( )20log CPIN . 

Incoherent interference might affect the detection probability of low RCS targets 

(pedestrians, cyclists) over a significant proportion of the range and Doppler bins. On the other 

hand, coherent interference being concentrated across the limited range and Doppler bins 

(Appendix 4), with a higher power, might even mask high RCS targets (such as vehicles). The 

signal to interference ratio (SIR) for the periodic and aperiodic interference examples is 

summarised in Table 4.2. A represents signal power and 2

int  represents the interference power.  

Table 4.2. SIR for periodic and aperiodic interference. 

Description Periodic Interference Aperiodic Interference 

Process Deterministic Random 

Interference power after integration 2 2

intCPIN   
2

intCPIN   

SIR 2

2 2

intCPI

A

N 
 

2

2

intCPI

A

N 
 

SIR gain (dB) 0 ( )10 log CPIN  

 

In a dynamic scenario, the interference power level at the VR will vary depending upon 

the relative position of the VR and IR, the orientation of interfering radars, their aspect-

dependent gains, and the waveform parameters of the radars. This has been discussed in Chapter 

7, along with the interference power and the SINR evaluation across the VR processing stages. 

4.4.4 Interference Statistical Distribution 

Interference pulses are LFM sinusoidal waveforms (Figure 4.2), and independent of the 

VR echo signal. Therefore, after being sampled at the VR, interference appears as a random 

process [254] with the following two distributions: 

1. Sinusoidal distribution due to high correlation and periodicity between interference pulses. 

2. Gaussian distribution for uncorrelated interference pulses across the VR chirps. 
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The Gaussian distribution is the well-known distribution of AWGN. Therefore, its 

similarity to the interference distribution ( )intPDF  has been used as a metric to assess the 

intPDF . For comparison, a normalised root mean square error (NRMSE) [266] has been 

determined between the intPDF  and a corresponding Gaussian best fit ( )bfPDF , estimated as 

follows: 

 

( )
2

int bf

n=1

int

n=1

(n) (n)
N

N

PDF - PDF

N
NRMSE =

PDF (n)

N




 (4-8) 

where, N is the total number of samples over which the intPDF  has been estimated. To classify 

the intPDF  into Gaussian or sinusoidal distributions, a threshold of NRMSE = 0.3 (-5 dB) has 

been used, which is determined by averaging the NRMSE values of the following cases:  

1. Cases with lower interference power (due to a lower number of the VR and IR signals 

overlap) but having a deviation from Gaussian.  

2. Cases with a higher NRMSE value and a power greater than ( )10 log CPIN  after integration. 

The cases with high interference power (due to a specific relationship between the VR and 

IR parameters [230]) but with a distribution matching well with a Gaussian have not been 

considered. 

Based on the NRMSE threshold, two cases have been defined: 

1. Non-critical cases: The intPDF  of these cases with NRMSE ≤ 0.3 (- 5 dB) have a reasonable 

Gaussian approximation ( )bfPDF . 
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2. Critical cases: intPDF  with NRMSE > 0.3 shows a deviation from Gaussian approximation 

( )bfPDF . For these cases, intPDF  may or may not be approximated by a sinusoidal 

distribution which has been discussed in the subsequence paragraphs. 

The NRMSE heatmap plot as a function of sBW  and sT  for cint cvF F= , svT  = 100 µs, and 

vBW  = 0.3 GHz has been shown in Figure 4.9 (a), with a CPI = 1 ms. Interference parameters 

have been varied to generate the NRMSE heatmap. For better visualization, the NRMSE 

contour map for the critical region (NRMSE > 0.3) has been presented in Figure 4.9 (b). The 

results are plotted in the logarithmic scale.  

The critical cases in Figure 4.9 (b) with NRMSE > -5 dB primarily arise for the reasons 

stated below. Their example cases are discussed later in this section. 

1. Synchronous interference: Highest NRMSE value, which appears along the diagonal of 

Figure 4.9. A sinusoidal PDF can approximate this interference distribution due to its 

deterministic and periodic behaviour across the VR chirps. 

2. Semi-synchronous interference: NRMSE in the critical region and a sinusoidal-like 

distribution (the diagonal region in Figure 4.9) as the interference is within the VR receiver 

bandwidth for its entire sweep time and appears across all the VR chirps during the CPI. 

3. Periodic/ semi-periodic interference: Periodicity between interference pulses causes a 

deviation from a random process, resulting in a high NRMSE value. When 1sBW  , due to 

the increased spectral width of the interference, the intPDF  can be approximated by a 

sinusoidal distribution. In contrast, when 1sBW  , the intPDF  falls between sinusoidal and 

Gaussian distributions. However, the NRMSE value for both cases is greater than the 

threshold. 
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(a) 

 

(b) 

 

Figure 4.9: NRMSE as a function of  and : (a) NRMSE 

heatmap, (b) NRMSE contour plot of the critical cases. VBW  and intBW  represents the 

bandwidth of VR and IR, respectively and svT  and sintT  represents the sweep time of VR and 

IR, respectively. 

ints vBW BW BW= sints svT T T=
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4. Reduced overlaps between victim and interference signals during the CPI: When only 30% 

or fewer VR chirps within the CPI have an interference pulse appearance, the conditions of 

CLT have been violated. Interference integration does not approximate to a random process. 

This results in a high NRMSE value (> -5 dB). 

5. 1sT  and 1sBW : Small intBW  and sintT  results in the following:  

• Less than 30% of the VR and IR chirps overlap during a CPI, and  

• Interference appearance at a similar instantaneous frequency across each VR chirp. 

Therefore, regions with high NRMSE have been observed. 

For the latter 2 cases, the intPDF  falls between sinusoidal and Gaussian distributions, as 

discussed later.  

For all the other waveform parameters, the NRMSE’s value is in the non-critical region 

(NRMSE < -5 dB). Therefore, a close match between interference and AWGN statistics is 

expected at the detector’s input. For this interference, the pre-existing radar detection 

characteristics for target detection hold valid. 

 

4.4.5 Interference Mean and Standard Deviation 

Along with interference distribution, its mean ( )int  and standard deviation ( )int  are 

also essential to evaluate statistics.  

As discussed, the majority of interference pulses at the output of the LPF are double-sided 

symmetric (with respect to the mid-point of each interference pulse) LFM waveforms (Figure 

4.2 (c)). This results in int 0  . 

The normalised standard deviation int int int
/ A =  has been evaluated at the input of the 

detector and compared with that of thermal noise. int
  as a function of sT  for 1sBW =  and 

cint cvF F=  = 78 GHz is given in Figure 4.10. For most cases, int
1  , showing a similarity 
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between interference and AWGN standard deviations. However, certain cases labelled as: A 

(semi-periodic interference), B (synchronous interference), and C (periodic interference) show 

a deviation from 
int

  = 1. For these cases, their distributions are in the critical region, with 

maximum value for synchronous interference. 

 

Figure 4.10: Normalised standard deviation  as a function of , =1. 

 

The example cases with their parameters and NRMSE values have been stated in Table 4.3. 

 

Table 4.3. Types of interference demonstrating a deviation from = 1. 

Cases Type of Interference 
s

T  NRMSE 

A Semi periodic Interference 
s

T  = 0.8 

s
T  = 1.33 

s
T  = 2.86 

0.37 

0.31 

0.32 

B Synchronous Interference 
s

T  = 1 3 

C Periodic Interference 
s

T  = 6.67 

s
T  = 4 

0.33 

0.5 

 

4.4.6 Case Studies 

For the analysis of interference distributions, sT  and sBW  cuts have been obtained from 

Figure 4.9 (a), and shown in Figure 4.11.  The NRMSE as a function of sT  for sBW  = 0.33 has 

 
( )int


sintsvT T sBW

int

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been presented in Figure 4.11 (a) whereas the NRMSE as a function of sBW  for sT  = 1, which 

is a typical example of periodic interference, has been presented in Figure 4.11 (b). The green 

highlighted region shows non-critical cases. 

  

                                        (a)                                                                       (b) 

Figure 4.11: NRMSE maps for the defined use cases: (a) NRMSE as a function of 

 and  = 0.33, (b) NRMSE as a function of  and  = 1. 

 

The description of points A-D and conditions where deviation from Gaussian distribution 

is significant have been given in Table 4.4. 

 

Table 4.4. Conditions for interference deviation from Gaussian behaviour for defined cases. 

Label Description Figure 4.11 (a) 

0.33sBW =  

Figure 4.11 (b) 

1sT =  

Example case 
int

  Example case 
int

  

A Periodic interference 1sT =  < 1 2sBW =  1  

B Lesser interference and 

victim chirp overlaps – 

CLT conditions violated 

0.4sT =  1    

C Synchronous interference 0.33sT =  >1 1sBW =  > 1 

D Semi-periodic interference 8.33sT =  1    

 

 

sints svT T T= sBW ints vBW BW BW= sT
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Next, two example cases with parameters in Table 4.5 have been assessed, corresponding 

to a close case and poor case Gaussian approximation. 

 

Table 4.5. Examples of the close case and poor case Gaussian approximations. 

Case Description Parameters NRMSE 

1 Close Approximation 

(Aperiodic Interference) 

0.33sBW = , 0.73sT =  0.05 

2 Poor Approximation 

(Periodic Interference) 

2sBW = , 1sT =  0.5 

 

The PDF of the cases in Table 4.5, along with best fit Gaussian and sinusoidal 

distributions, have been shown in Figure 4.12. As expected, the distribution of the close case 

matches well with a Gaussian. However, the distribution for the poor case is closer to a 

sinusoidal distribution in this case. 

 

Figure 4.12: PDF of close ,  and poor ,  

approximation cases. 
 

The following observations have been made from the results in Figure 4.12: 

1. Interference pulses are independent with a Gaussian distribution when they appear randomly 

in the victim chirps. Integration improves SIR and interference power increase by 2

int .CPIN   

( 0.33sBW = 0.73)sT = ( 2sBW = 1)sT =
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2. Due to a high correlation and periodicity between interference pulses, a sinusoidal 

distribution has been observed and 2

int  increases in a similar manner to a deterministic 

process with 2 2

intCPIN   power increase. 

3. For specific waveform parameters such as semi-periodic interference, the distribution falls 

between sinusoidal and Gaussian distributions. Interference pulses are independent for the 

few VR chirps; however, the interference sequence becomes deterministic for the remaining 

chirps. The interference power is between 2

intCPIN   and 2 2

intCPIN  . 

In the background of interference from multiple sources, there is a low correlation 

between interference signals. Therefore, a low NRMSE value with a close to Gaussian 

distribution is observed at the input of the detector. The effect of the CPI on interference 

normalisation at the input of the VR detector has been analysed in the subsequent section. 

 

4.4.7 Effect of Coherent Processing Interval 

Signal normalisation at the input of the detector is more pronounced for a longer CPI as 

it reduces the periodicity between interference pulses. NRMSE values as a function of sint svT T  

for 1sBW =  with a CPI = 1 ms and 10 ms have been shown in Figure 4.13.  

As the CPI increases, a lower NRMSE value has been observed. For both CPIs, the 

highest NRMSE occurs when sint svT T  = 1 (synchronous interference). NRMSE, for this case, 

does not significantly change with a change in the CPI as interference remains synchronised 

with the VR chirps throughout the CPI. When the value of sint svT T  is close to 1, there are fewer 

overlaps between the VR and IR waveform chirps. These regions are marked as ‘A’ in Figure 

4.13. For these cases, a Gaussian approximation is more pronounced with a longer CPI as the 

number of interference pulses to be averaged increases, and the CLT conditions are well-met.  
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Figure 4.13: NRMSE value for difference coherent processing intervals. Insert shows the 

zoomed region for higher NRMSE values. 
 

An example case to illustrate the effect of CPI of interference normalisation has been 

shown in Figure 4.14 for sT  = 1.23 and sBW = 10. Blue histograms represent the Gaussian best 

fit for each case, and the interference distribution is shown in red. 

 

Figure 4.14: Effect of the CPI on interference distribution. 

 

As the number of integrated VR chirps increases, the NRMSE value reduces, and after 

integrating 6 VR chirps in the considered example, a NRMSE < 0.3 has been achieved. 
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4.5 Detection in an Interference Background 

Lastly, the detector’s performance has been analysed for the identified cases by estimating 

the probability of detection ( )dP  and illustrated using the ROC curves for the identified cases. 

These curves are typically based on the assumption of an underlying Gaussian PDF for the 

background thermal noise. Any deviation from AWGN detection curves indicates a 

requirement for non-linear matched filtering and an appropriate detection technique [267]. 

The signal detection process in a background of interference has been modelled as a 

hypothesis testing problem, given as: 

 int

,intint

( )
       

( ) ( )

int

sv

HS t
S(t)

HS t S t


= 

+
 (4-9)                

where, ( )S t  is the received signal, ( )vS t  and ( )intS t  are the received echo and interference, 

respectively. The hypothesis intH  represents the case when the received signal has only 

interference, and ,intsH  represents the case when the received signal has an echo signal plus 

interference. The interference power intP  at the detector input has been used to estimate the 

detection threshold TV  [268]. A probability of false alarm ( )FAP
410−
 has been used.  

 int
log( )T FAV P P= −  (4-10) 

Using the estimated TV , dP  has been estimated in the background of interference. The results 

are then compared with a theoretical dP  for a non-fluctuating target in the background Gaussian 

noise, computed using [25]: 

 ( )( )11
2

2
d FAP erfc erfc P SIR−= −  (4-11) 

As discussed earlier, a slight change in interference parameters results in entirely different 

statistics and, consequently, different effects on the detector performance. To assess this, 
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detection curves for two points, M (periodic interference, 2, 1s sT BW= = ) and N (aperiodic 

interference, 2.2, 1s sT BW= = ) identified from Figure 4.9 (a), have been shown in Figure 4.15. 

SIR has been determined at the input of the detector. For periodic interference, the SIR required 

to achieve the same dP  as the aperiodic interference is ( )10log CPIN  times greater.  

 

Figure 4.15: Probability of detection  vs. SIR for periodic  and 

aperiodic interference . 

 

The detection curve of AWGN has a close correspondence to the aperiodic interference 

curve. However, it deviates significantly from the periodic interference curve. For better 

visualisation and comparison between the detection curves for various types of interference, the 

detection curves of periodic interference cases appearing after Figure 4.15 have been scaled by 

( )10 log CPIN . 

ROC curves for the cases in Table 4.5, close case ( )0.73, 0.33s sT BW= = , and poor case 

( )1, 2s sT BW= =  Gaussian approximations have been given in Figure 4.16, along with the ROC 

( )dP ( )2, 1s sT BW= =

( )2.2, 1s sT BW= =
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curve for AWGN. The detection process has been based on Monte Carlo analysis with 106 trials, 

after which the results converge with a statistical accuracy of 10%15. 

 

Figure 4.16: Detection curves for close  and poor  

Gaussian case approximations. 

 

The detection curves for a close case Gaussian approximation coincide well with the AWGN 

curve but indicate poor performance in the sinusoidal distribution case. 

The distributions of two examples from Figure 4.16 have been analysed at 7 dB SIR and 

are shown in Figure 4.17 with the best-fit Rayleigh and Rician distributions for comparison. 

For a close approximation case in Figure 4.17 (a), under the hypothesis intH , interference 

amplitude ( )
2

sR y j=  follows a Rayleigh distribution [269], where y(j) represents 

interference samples at the decision-making point. Whereas, under the hypothesis ,intsH , sR  

follows a Rician distribution and y(j) represents samples of the echo signal plus interference at 

the decision-making point. 

 
15 For a 10−4 probability of false alarm (1 false alarm in 104 measurements), at least two order more measurements     

(106) are required for reliable results. Therefore, 100 independent measurements will give 
1

√100
= 10%  

statistical accuracy. 

( )0.73, 0.33s sT BW= = ( )1, 2s sT BW= =
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                                       (a)                                                                      (b) 

Figure 4.17: Interference amplitude distributions at the radar detector under hypothesis  

(red) and  (blue). (a) Close case approximation ( )0.73,  0.33s sT BW= = , (b) Poor case 

approximation ( )1,  2s sT BW= = . 
 

A deviation from the Rayleigh and Rician distribution has been observed for the poor 

approximation case, shown in Figure 4.17 (b). The experimental validation of the discussed 

examples has been presented in Appendix 7. 

 

4.6 Summary 

The statistical characteristics and radar detection performance in the background of 

various types of interference have been analysed in this chapter. This has been done by 

estimating interference power, the correlation between interference pulses, and the statistical 

distribution of interference at the detector’s input. NRMSE heatmaps have been developed to 

facilitate the analysis of a wide range of VR and IR waveform parameters. For the majority of 

the waveform parameters, it is identified that: 

• There is a low correlation between the interference pulses received at the VR, and 

• Interference follows the statistical characteristics similar to AWGN at the output of the 

coherent integrator. Therefore, an increased interference floor according to ( )10 log CPIN  is 

expected. For these cases, the well-established detection techniques for AWGN hold valid 

for target detection in the background of interference. 

 

 intH

,intsH
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Nevertheless, for some waveform parameters, a high correlation has been observed between 

interference pulses. The interference statistical distribution essentially deviates from AWGN 

statistics for these cases, with distribution closer to sinusoidal, consequently, a degradation in 

detector performance occurs. Therefore, non-linear matched filtering along with the 

appropriate detection techniques might be required. For these cases, interference power 

increases between ( )10 log CPIN  with a maximum value of ( )20log CPIN  at the output of the 

integrator.  

The statistical characteristics of various types of interference have been summarised in 

Table 4.6. 

Table 4.6. Statistical characteristics of various radar interference. 

Interference Condition Correlation Distribution Interference Power 

Synchronous 
sint sint,sv svT T B B= =  ~1 Sinusoidal-like 2 2

intCPI
N   

Periodic 
sint svmT T= , 

 

m = 2,3, … 

sint svT T  

sint 0.5 svT T  

~1 

Between 

Gaussian and 

sinusoidal 

2 2

intCPI
N   

sint 0.5 svT T  
~1 

Gaussian-like 2 2

intCPI
N   

Semi-

periodic 

sint svmT nT=  

m = 2,3, …, 

n = 2,3, … 

sint 0.5 svT T  
~0 to ~1 

Sinusoidal if 

sint svT T  

2

intCPI
N  <

INT
P <

2 2

intCPI
N   

sint 0.5 svT T  ~0 Gaussian-like 2

intCPI
N  <

INT
P <

2 2

intCPI
N   

Aperiodic 
sint svmT nT , 

For any integer m and n 
~0 

Gaussian-like 2

intCPI
N   

 

The interference statistics and its power along the processing stages are crucial for 

interference detection and mitigation. An optimal strategy for interference mitigation based on 

waveform randomisation using scalable waveform parameters has been discussed in the 

following chapter for the critical cases. 
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Chapter 5. MITIGATION OF RADAR 

INTERFERENCE 
 

 

 

Automotive radars have been developed by various manufacturers with different 

waveform parameters and hardware configurations. Therefore, the interaction of their 

waveforms is always unique, as discussed in Chapter 3 and Chapter 4. For the interoperability 

of radars with reliable performance, especially in dynamic road conditions where the relative 

position of the radars changes rapidly, it is essential to devise interference detection and 

mitigation strategies that can be implemented in real time without a detrimental effect on the 

echo signal detection.  

The most intuitive way to avoid interference is using a different frequency band for each 

radar. However, this is difficult to apply considering the wide bandwidth of radar signal and the 

limited spectrum availability (76 GHz – 81 GHz). Therefore, effective countermeasures must 

be introduced to minimise interference, especially in high traffic densities (e.g., large cities). 

Although the LPF limits the interference duration and hence its average power, the remaining 

interference power is often higher than the noise floor (section 4.4.3). Consequently, targets 

with low RCS, such as pedestrians or cyclists, are most vulnerable to mutual interference 

because even a slight increase in noise floor may affect their detection.  

Interference mitigation is, however, a significant challenge for automotive manufacturers 

and Tier 1 suppliers. Several interference countermeasures have been proposed in the recent 

years (section 2.5.3). However, due to their limitations, there is still a requirement to develop a 

robust mitigation strategy that shows an acceptable performance in all driving scenarios. As a 

result,  exploring  interference  mitigation  in  each  domain  is  essential.  This  will  enable  the 
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identification of a suitable domain/ radar configuration where interference can be efficiently 

detected and mitigated without any detrimental effect on the radar performance. Furthermore, 

this will enable the possibility of combining various mitigation techniques to achieve the 

desired performance. 

Interference mitigation techniques have been broadly classified into pre-detection and 

post-detection. The former uses various methodologies at the radar transmitter, whereas the 

latter are implemented at the receiver side once interference has been detected. These 

techniques are summarised in Figure 5.1 and discussed in Chapter 5 - Chapter 8. 

 

 

Figure 5.1: Pre-detection and post-detection interference mitigation techniques. 
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The main contributions of this chapter are as follows: 

• Investigating pre-detection and post-detection mitigation strategies and their suitability for 

SoA automotive radars and different road scenarios. 

• Methodology of detecting interference and extracting its waveform parameters. 

• Analysing interference mitigation techniques in the time domain. 

• Characterising the effect of windowing on the interference level. 

• Implementing waveform randomisation using scalable waveform parameters to improve 

radar performance in an interference background. 

• Developing a methodology to cognitively adapt the VR’s waveform parameters to mitigate 

interference. 

5.1 Interference Detection 

Accurately detecting interference is a crucial step for its effective mitigation. Interference 

detection is often suited to the time domain, as interference appears as time-limited pulses 

within the VR chirp (section 3.3). Whereas after subsequent processing stages, interference 

spreads across multiple frequency bins, discussed in section 3.4. This makes its detection 

difficult, especially in the case of high SINR, where the interference floor is comparable to the 

thermal noise floor.  

Three techniques based on time-domain interference detection have been proposed in this 

section. 

5.1.1 Power Detection 

When the echo signal power is comparable to or larger than the interference power in the 

time domain, interference detection becomes difficult with the traditional power detection 

methodology. This sub-section presents an interference detection methodology based on 

adaptive thresholding which is effective in detecting even low-power interference. 
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The received signal (after down-conversion and low pass filtering) has first been high 

pass filtered. The HPF removes strong reflections from the nearby clutter and also the echo 

signals at closer ranges, which might make threshold-based detection of weaker interference 

ambiguous. As interference is a wide-band LFM pulse, most interfered samples are retained 

after the HPF.  

After the HPF, interference detection is carried out using an envelope detector across each 

VR chirp. The threshold INTTh  to estimate interfered samples has been estimated in three stages: 

1. Firstly, a trailing moving mean filter [270], given as follows, has been applied to the received 

signal to estimate the received signal’s envelope. 

 
1

1
( ) ( ) ( 1) ... ( )

s

sN

is

A x x i x i x i N
N =

= + − + + −  (5-1) 

where, x represents the fast-time samples and sN  represents the number of trailing samples 

before each fast-time sample under consideration.  

2. The mean amplitude has then been estimated as follows: 

 
1

1
( )

N

x

A A x
N =

=   (5-2) 

where, N is the total number of fast-time samples.  

3. Lastly, the threshold to detect interference is estimated using the following: 

 INTTh A=  (5-3) 

where,   is a scaling factor. When the amplitude of the received signal’s envelope exceeds 

INTTh , it indicates the presence of interference. 

The interference detection results have been demonstrated in Figure 5.2 for the VR with 

svT  =  204.8 µs, svB  = 1 GHz, and IR with sintT  = 250 µs, and sintB  = 0.95 GHz. The HPF with 

a cut-off frequency of 488 kHz has been applied, equivalent to a 15 m cut-off range in this case. 
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This attenuates the echo signal power in the demonstrated results. The threshold value has been 

estimated for   = 1.2 and sN  = 150 samples. Figure 5.2 (a) and (b) show the high pass filtered 

time domain reference signal (in the absence of interference) and the signal with interference, 

respectively. The estimated envelope and threshold for the two cases have been demonstrated 

in Figure 5.2 (c) and (d), respectively. The interfered samples are precisely detected using the 

proposed methodology. 

     

                                   (a)                                                                        (b) 

  

                                     (c)                                                                        (d) 

Figure 5.2: Interference detection: (a) reference, no interference in the time domain. (b) time-

domain signal with interference, (c) envelope of the reference signal, (d) envelope of the 

signal with interference. 
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The proposed methodology is suitable as it removes strong echo returns before 

performing interference detection. Thereby making the detection of weaker interference pulses 

unambiguous. This methodology has been later used to detect interference for its parameter 

estimation, as discussed in section 5.2. 

 

5.1.2 Radar in Listening Mode 

In the second technique, a ‘sense and avoid’ approach has been proposed to detect and 

avoid interference. This methodology has been used in Chapter 6 to detect the presence of 

interference in the spatial domain. 

The VR transmitters are switched off for a frame duration while receivers are kept 

active16. This turns the radar into a listening mode. In the absence of transmissions from the 

nearby radar sensors (interference signals), ADC data in the time domain shows only the 

thermal noise floor. However, any high-amplitude signal received at the VR corresponds to the 

presence of interference during this duration. Therefore, this period can conditionally be called 

the radar training period and is used to estimate the parameters/ temporal location of the 

received interfering signals. This has been illustrated in Figure 5.3. 

 

Figure 5.3: Interference detection using victim radar in the listening mode. 

 

 
16  As this is a homodyne process [271], the chirp signal is still generated in the transmitter section and used to 

down-convert the received signal even though the signal is not radiated. 

Transmission Time 
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This technique is additionally instrumental in adapting the VR parameters based on the 

estimated interference parameters during the radar training period. 

 

5.1.3 Short Time Fourier Transform 

The spectrogram generated after applying a STFT is another effective technique to detect 

and estimate interference parameters [230]. In the time-frequency domain (TFD), a horizontal 

line along a specific frequency bin corresponds to the echo signal. In contrast, each interference 

pulse appears ‘V-shaped’ with oblique lines and spread along the frequency spectrum, as 

discussed in section 3.4.2.  

Based on the STFT, 

• The exact location of interference in time can be estimated, and 

• Weak interference can be detected and separated from the thermal noise floor and the 

strong echo returns. 

An example has been demonstrated in Figure 5.4. Figure 5.4 (a) shows the received signal 

at the VR with a weak interference pulse centred at 40 µs. The interference power is comparable 

to the thermal noise power at the VR receiver. Based on the traditional power detection method, 

interference cannot be accurately separated from the thermal noise floor or the echo signal. This 

would make interference detection ambiguous. However, using the characteristic of 

interference in the TFD, interference has been identified and separated from the noise, as shown 

in Figure 5.4 (b). 

It is essential to detect the weak interference and adapt the VR accordingly because often 

this can be a case when the source of interference is located at a larger distance (hence lower 

power) and the VR can adapt well before the interferer will come close to it, resulting in stronger 

interference power. 
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                                       (a)                                                               (b) 

Figure 5.4: Interference detection using STFT: (a) weak interference pulse with power 

comparable to noise. (b) Short-time Fourier transform to separate interference from 

background noise. 

 

5.2 Interference Parameter Estimation 

In this section, a post-detection, ‘sense and avoid’ approach has been developed to 

estimate the waveform parameters of an unknown interferer based on its amplitude and spectral 

characteristics. The parameters have been estimated using the radar data from real-road 

measurements. Once the parameters are estimated, the VR transmitter can use them to 

cognitively adapt its waveform parameters, such as idle time, start frequency, bandwidth, or 

sweep time to avoid interference, as discussed in the subsequent section.  

The proposed methodology is equally accurate for weak amplitude, fast-chirp 

(interference sweep time is less than the VR sweep time), or slow-chirp (interference sweep 

time is larger than the VR sweep time) interference sequences. 

 

5.2.1 Methodology 

The methodology to estimate interference parameters has been summarised in Figure 5.5.  
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Figure 5.5: Block-level representation of interference detection methodology. 

 

 

Various stages of interference parameter estimation have been described as follows: 

1. The received signal is organised as the time series representation generated from the 

augmented range profiles of the VR chirps during the radar frame duration.  

2. The amplitude and spectral characteristics of the interference are then assessed.  

3. Based on this, interference is detected using the power detection method in section 5.1.1. 

If interference is detected, its parameters are estimated next and used to adapt the waveform 

parameters of the VR to avoid or suppress the impact of interference. Otherwise, traditional 

signal processing is performed for target detection using the received down-converted raw data. 

I. Measurement Setup 

The example cases from real-time measured data have been presented in this sub-section. 

In the measurement, ‘unknown interference of opportunity’ sequences of fast and slow chirps 

from commercial automotive radars installed on one of the vehicles sharing the road with the 
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host vehicle (carrying the measurement sensor suite) have been detected and analysed. For 

convenience, based on the following, 

• Scene assessment during measurements,  

• Received interference amplitude, and  

• Estimated interference parameters (as shown later),  

the terms ‘forward-looking,’ ‘corner-looking,’ and ‘side-looking’ have been used for the 

interfering radars. The direction of interference estimation has been discussed in Chapter 6.  

In the measurement sensor suite, the VR was a forward-looking INRAS Radarlog RDL-

77G-TX4RX16-D02 with 4 transmit and 16 receive elements [91], operating in TDM - MIMO 

mode. cvF  = 76 GHz, svB  = 1 GHz, svT  = 204.8 µs, and VRPRI  = 230 µs. Each VR frame of 

128 ms has been generated with 512 chirps, transmitted sequentially from 4 transmit elements 

of Radarlog.  

The test setup has been shown in Figure 5.6 (a) for presumably forward-looking and 

corner-looking interference. This is a close representation of a scenario that can be expected in 

a real road scene.  

            

                               (a)                                                                                (b) 

Figure 5.6: Test setup: (a) forward and corner-looking radars, (b) side-looking radar. 

In this setup, the vehicle with the VR drove towards the interfering vehicle. In the discussed 

radar frame, the IR has been positioned at 14 m from the VR in the adjacent lane (3.6 m lane 
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width). The test scene for presumably side-looking interference has been shown in Figure 5.6 

(b). The interfering vehicle in the adjacent lane of the static VR drove past it at 2.8 m/s. The 

detailed data collection methodology has been discussed in Appendix 11.  

For forward-looking interference, two sets of parameters have been used, whereas one set 

has been used for side-looking interference, mentioned as follows: 

1. Case 1: Fast chirp interference sequence – forward-looking and side-looking interference, 

2. Case 2: Slow chirp interference sequence – forward-looking interference, 

3. Case 3: Fast chirp interference sequence – side-looking interference. 

In Case 1, interference from two different sources has been received at the discussed radar 

frame, shown later in this section, whereas interference from a single source has been received 

for Cases 2 and 3. 

In the scenario of two vehicles facing each other, as shown in Figure 5.6 (a), the VR will 

receive interference from both forward and corner-looking radars. The corresponding radar 

frame has been shown in Figure 5.7. In contrast, in the test setup of Figure 5.6 (b), as the 

vehicles pass each other, interference is to be predominantly received from the side-looking 

radar due to the sensor orientations. The corresponding radar frame has been shown in Figure 

5.8 (c). 

The presented work in this section has been focused on the methodology to estimate 

interference parameters using the context-based information. Firstly, amplitude characteristics 

of interference have been assessed, as discussed in the subsequence paragraphs. 

 

II. Interference Amplitude Characteristics 

Interference amplitude characteristics have been estimated in two representations, as 

discussed below.  
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• Time domain profile of received victim chirps for the duration ‘T’ corresponding to each 

VR frame of 128 ms in this case. This has been shown in Figure 5.7 (a), and 

• Augmented range profiles, generated after an FFT across the fast-time, within the same 

time ‘T’ for a single receive element. This is shown in Figure 5.7 (b). 

The results in Figure 5.7 are for the test scene in Figure 5.6 (a), where the VR will receive 

interference from both forward and corner-looking radars. 

      

                                     (a)                                                                 (b) 

Figure 5.7: Interference amplitude characteristics for fast chirp sequence in the test scene 

of Figure 5.6 (a) presented in: (a) time domain, (b) augmented range profiles. IF represents 

the interference frame. 

 

Based on the amplitude characteristics, interference frames (IFs) corresponding to each 

source of interference have been identified. Because amplitude and, as shown later, waveform 

parameters of interference within frame duration 0 – 27 ms are similar to that from 64 – 83 ms, 

they are assumed to be coming from the same source of interference, ‘IF1’ in Figure 5.7. Based 

on the amplitude difference, ‘IF2’ is received from presumably corner-looking radar. The 

amplitude of ‘IF2’ is significantly lower than ‘IF1’ and also the echo signal. This might reduce 

the accuracy of interference detection, which later affects its parameter estimation. Therefore, 

a HPF with a cut-off frequency of 488 kHz, corresponding to a 15 m range, has been applied to 

suppress the strong echo return from the vehicle at 14 m. The corresponding filtered results 
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have been shown in Figure 5.8 (a) and (b) for interference Case 1, and Figure 5.8 (c) and (d) 

for interference Case 2 for the scene in Figure 5.6 (a). Figure 5.8 (e) and (f) show similar results 

for Case 3, corresponding to the scene in Figure 5.6 (b). 

       

                                     (a)                                                                  (b) 

      
                                        (c)                                                                (d) 

     

                                        (e)                                                               (f) 
 

Figure 5.8: Amplitude characteristics of interference after HPF: (a) time domain – Case 1, 

(b) augmented range profiles – Case 1, (c) time domain – Case 2, (d) augmented range 

profiles – Case 2, (e) time domain – Case 3, (f) augmented range profiles – Case 3. 

IF 2 IF 1 
IF 1 

IF 1 IF 1 

IF 2 

High pass filtered region 

IF 3 

IF 3 

Sparse 

interference 

IF 4 IF 4 

IF 4 IF 4 

Localised 

interference 



5.2  Interference Parameter Estimation  Chapter 5 

133 | P a g e  

The time domain and augmented range profiles of the slow chirp interference sequence 

in Figure 5.8 (c) and (d) show a sparse interference appearance across the entire VR frame. For 

other cases (fast-chirp), interference is localised within a subset of chirps in the VR frame. 

a) Interference Detector 

After organising the received data as the time series representation, interference detection 

has been performed using an envelope detector across each victim chirp, as discussed in section 

5.1.1. If interference is detected, the next step is to estimate its impact and the interfering 

signal’s waveform parameters. 

b) Number of Interfering Sources 

From the envelope of interference, adaptive thresholding based on maximum and 

minimum interference amplitude has been used to categorise the interference pulses according 

to their amplitude. The amplitude difference is then used to identify the number of interfering 

sources in the FoV of the VR. This has been demonstrated in Figure 5.9 for the road scene in 

Figure 5.6 (a), case 1 (fast chirp interference sequence). 

 

Figure 5.9: Amplitude-based estimation of the number of interference sources. 

An assumption has been made here that the interference pulses from the same source will have 

comparable amplitude. 
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Due to a different propagation delay from different interfering sources and flexibility in 

the choice of waveform parameters of the radar signals [265], there is a high chance that signals 

from multiple sources of interference interfere with a different set of victim chirps, i.e., are 

separated in the time series. However, considering the receiver linearity, even if some victim 

chirps have interference pulses from multiple sources with an amplitude difference, the number 

of interference sources can be estimated. 

III. Interference Parameters 

After identifying the number of interference sources, the waveform parameters of 

interference including sweep time, bandwidth, start frequency, and PRI, have been estimated 

by analysing each identified IF separately.  

The extracted IFs from the VR frame for each case discussed above have been shown in 

Figure 5.10 (a) – Figure 5.13 (a). From each IF, the VR MIMO frame of 4 victim chirps 

corresponding to each transmit channel of the Radarlog has been extracted and shown in Figure 

5.10 (b) – Figure 5.13 (b). A MIMO frame has been used to estimate parameters because it 

corresponds to 4 consecutive transmissions of the VR (TDM-MIMO mode). Therefore, it is a 

better representation of the time progression. Figure 5.10 (c) – Figure 5.13 (c) show each sweep 

time slot of Radarlog (204.8 µs) with overlapping received victim chirps corresponding to 4 

transmit channels (Txs). All results have been shown for a single receive element of Radarlog. 

 
                          (a)                                               (b)                                             (c) 

Figure 5.10: Time domain representation of interference frame ‘IF1.’ (a) Extracted IF1, 

(b) subset of the VR MIMO sequence, (c) interference in the short time. 
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For IF1, as observed from Figure 5.10 (c), interference pulses in the received chirp 

corresponding to Tx1 and Tx3 overlap in time, and Tx2 and Tx4 overlap in time. 

 

 

                         (a)                                             (b)                                               (c) 

Figure 5.11: Time domain representation of interference frame ‘IF2.’ (a) Extracted IF 2, 

(b) subset of the VR MIMO sequence, (c) interference in the short time. 
 

 

For IF2, all the interference pulses in the MIMO frame are separated in time, as observed in 

Figure 5.11 (b) and (c). 

 

 

                        (a)                                             (b)                                                (c) 

Figure 5.12: Time domain representation of interference frame ‘IF3.’ (a) Extracted IF 3, 

(b) subset of the VR MIMO sequence, (c) interference in the short time. 
 

 

Due to interference being a slow chirp sequence, only two out of the four VR chirps in a MIMO 

frame are interfered with for IF3, as shown in Figure 5.12 (b) and (c). 
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                         (a)                                              (b)                                              (c) 

Figure 5.13: Time domain representation of interference frame ‘IF4.’ (a) Extracted IF 4, 

(b) subset of the VR MIMO sequence, (c) interference in the short time. 
 

 

The interference pulses for IF4 also overlap in time across the VR MIMO frame.  

All the VR chirps in the extracted IF interfere in the fast chirp sequence. However, this is 

not true for a slow chirp sequence such as IF3 in Figure 5.12 (b). 

For each IF, depending upon the waveform parameters, a different number of interference 

pulses have been observed within each VR chirp, as shown in Figure 5.10 – Figure 5.13. Based 

on this feature, interference parameters have been estimated for each IF. The stages to estimate 

interference parameters have been presented in Figure 5.14. 

 

 

Figure 5.14: Steps used to estimate interference waveform parameters. 
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where, LPFF  = 10 MHz is the cut-off frequency of the VR’s LPF in the used sensor suite. 

Interference pulse-to-pulse distance ( )PPI  is estimated from the time series plot of the MIMO 

frame, as shown in Figure 5.15 (a) and (b) for fast chirp and slow chirp interference sequences, 

respectively. 

        

                                (a)                                                                          (b) 

Figure 5.15: Interference pulse to pulse distance : (a) fast chirp, (b) slow chirp. 

 

Using this, the PRI of interference ( )INTPRI  has been estimated next. 

 
Rx FPA Tx MIMO Rx MIMO

N N N
− − −

=   (5-5) 

The sweep time of interference ( )sintT  is then estimated using the following: 

 sint INT IdleT PRI T= −  (5-6) 

where, idleT  is the idle time between chirps equal to 8 𝜇𝑠 [265]. The bandwidth of interference 

has been estimated from: 

 sint sintINTB K T=  (5-7) 

The interference chirp sequence has been reconstructed using the estimated sweep time 

and bandwidth to estimate the start frequency of the interference. The start frequency of the 

interference is varied between the following ranges through an iterative process: 

( )PPI

𝐼𝑃𝑃 𝐼𝑃𝑃 
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 cint sint sint to cv cvF F B F B= − +  (5-8) 

For each value of cintF , 

• The instantaneous time of interference occurrence, which indicates the temporal position of 

interference ( )INT xP − , has been estimated using the mid-value of the envelope of each 

interference pulse. 

• INT xP −  has been compared with the measured interference temporal position ( )INT MP − .  

• The error has been estimated between the two, given as: 

 INT M INT XE P P− −= −  (5-9) 

The value for which E is minimum has been used as cintF . 

Based on the discussed methodology, the estimated interference parameters have been 

mentioned in Table 5.1. 

 

Table 5.1. Estimated interference parameters from various interfering sources17. 

Parameter IF1 IF2 IF3 IF4 

Interference Duration (µs) 2.8 1.1 16.7 1 

Estimated Interference Slope (MHz/µs) 2.26 13.3 3.7 15.1 

Pulse repetition interval (µs) 228 30.8 256 24.4 

Sweep Time (µs) 220 22.8 248 16.4 

Sweep Bandwidth (MHz) 500 300 920 250 

Start frequency (GHz) 76.5 76.65 76 76.5 

Victim chirps with interference VIntN  – Estimated from 

the time series of each IF 

115 62 512 60 

Interference frame duration ( )VInt VRN PRI  (ms) 26.45 14.26 118 13.8 

 

 

 
17  The estimated waveform parameters of unknown sources of interference have been verified using the developed 

simulator, discussed in Appendix 12. 
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Along with estimating the interference waveform parameters, i.e., bandwidth and sweep 

time, the INTPRI  and interference frame duration has also been estimated using the presented 

methodology. This provides greater degrees of freedom for interference avoidance/ suppression 

using cognitive mitigation described in the following section. 

 

5.3 Cognitive Interference Avoidance/ Mitigation 

With the estimated parameters of interfering waveforms from different sources and 

potentially different orientations such as forward-looking, corner-looking, and side-looking, 

cognitive interference mitigation has been performed to either avoid interference or reduce the 

impact of interference. 

5.3.1 Impact of Interference 

It is essential to estimate the impact of interference before its mitigation. For example, if 

the impact of interference is inconsiderable, no mitigation would be required, or it can be 

assigned a lower priority compared to the case when interference impact is high.  

After detecting interference and representing it as the augmented range profile, the 

following have been estimated: 

1. Mean interference power (floor) across the interfered VR chirps for each extracted IF. 

2. Interference to noise ratio (INR) for each IF. 

As an example, based on the test scenes in Figure 5.6 and results in Figure 5.8, the mean 

interference power and the INR have been mentioned in Table 5.2. 

Table 5.2. Mean interference power and interference to noise ratio (INR). IF represents 

interference frames, identified in Figure 5.8. 

Parameter IF1 IF2 IF3 IF4 

Mean interference power (dBm) -71 -79 -73 -78 

INR (dB) 22 14 20 15 
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The IFs have been prioritised using the estimated power level and the INR. Next, the 

impact of each IF has been determined using the INR heatmap discussed in detail in section 

8.3.2 and shown in Figure 5.16. The INR heatmap shows the INR as a function of waveform 

parameters of the VR and IR at the input of the radar detector after the 3D-FFT. When the INR 

is high, interference will significantly affect target detection due to its higher power.  

 

Figure 5.16: Interference to noise ratio (INR) heatmap to estimate interference impact. 

 

If interference appears in the ‘low impact region’ (right side of the INR heatmap), the 

interference floor is close to the receiver thermal noise floor after signal processing. In this case, 

cognitive mitigation has not been performed. For IFs with substantial impacts, such as 

appearing on the top side of the INR heatmap, the VR waveform parameters have been changed 

to avoid or suppress interference.  

For the cases where interference avoidance is not possible, especially in the background 

of interference from multiple sources or a higher interference frame duration, the VR 

parameters have been changed so that the INR is shifted to the ‘low impact region’ of the 

heatmap with a reduced interference floor. 
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5.3.2 Methodology 

The bandwidth and sweep time of the VR directly affects its performance, such as the 

range resolution and the unambiguous range. Therefore, for cognitive avoidance/ mitigation, 

the variation in idle time between chirps and the start frequency of the VR has been the preferred 

option in the simulator.  

An example of interference avoidance has been shown in Figure 5.17 for IF1, where the 

idle time variation between the VR chirps has been used to eliminate the chirp signal overlaps 

between the VR and IR.  

      

                                         (a)                                                                     (b) 

Figure 5.17: Cognitive interference avoidance using idle time variation. The red highlighted 

region indicates victim and interference chirp overlap. 
 

 

The proposed methodology can be used to detect and avoid interference signals with a 

comparatively weaker amplitude, such as in the case where the source of interference is located 

at a larger distance from the VR. Therefore, the optimum VR parameters can be estimated to 

avoid interference beforehand during approaches closer to the VR where a greater impact is 

expected. 

Next, the two pre-detection interference mitigation techniques based on windowing and 

waveform randomisation have been discussed. 
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5.4 Windowing for Interference Mitigation18 

In traditional radar processing, an appropriate window is applied to the signal before each 

FFT to minimise the spectral leakage that appears as sidelobes in other frequency bins (section 

2.3.4.IV) [146]. The use of window can be extended to suppress interference in the time domain 

and has been discussed in this section19. 

In the time domain, interference appears as high-amplitude pulses. Depending upon the 

instantaneous occurrence time of interference pulse within each VR chirp, some amount of 

interference can be suppressed due to the applied window before range compression. 

As an example, a VR operating in TDM-MIMO mode with svT  = 100 µs, svB  =  0.5 GHz, 

and cvF  = 76 GHz, based on the INRAS Radarlog configuration with 4 transmit and 16 receive 

elements has been used. The VR interferes with a periodic CW interference with 76.05 GHz, 

76.15 GHz, and 76.25 GHz. This results in different temporal locations of the interference pulse 

within the VR chirp. A reference target with an RCS of 10 dBsm has been positioned at 50 m, 

0o
 from the VR, with collocated interference. For the Doppler compression, 64 VR chirps have 

been integrated. 

The overlayed time domain plot for different frequencies of CW interference is shown in 

Figure 5.18 alongside the responses of the Blackman Harris, Hann, and Kaiser windows for 

comparison. For illustration purposes, the window response has been normalised to the 

maximum interference amplitude. 

 
18  Windowing is a signal processing step inherently used while processing the signal. This section presents an 

analysis of how windowing affects the radar performance in an interference background.   

19  It needs to be noted that the windowing function also widens the effective resolution in each frequency bin, 

with a commensurate increase in the thermal noise floor. 
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Figure 5.18: Time domain response for different interference temporal locations with 

different spectral windows. 

 

As the temporal location of interference approaches the start (or the end) of the VR chirp, 

the amount of attenuation due to the applied window increases. This is true for all the windows 

in Figure 5.18. In contrast, minimum attenuation is expected when an interference pulse appears 

in the centre of the victim’s chirp. Moreover, by comparing the response of different windows, 

the Blackman-Harris window has the best interference suppression due to a sharper roll-off 

[159]. Therefore, it has been used before range compression in the subsequent results.  

The Blackman Harris window has been generated using the following: 

 ( )
2 4
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n n
w n

L L

    
= − +   

− −   
 (5-10) 

where, L is the length of the window, and 

 

0 : 1,  

M         L is even
2

1
M     L is odd

2

n M

L

L

= −

=

+
=

 (5-11) 

The corresponding modelled radar plots in the time domain, range profile, range-Doppler, 

and range-azimuth for no interference case, and unmodulated CW interference at 76.05 GHz, 
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76.15 GHz, and 76.25 GHz have been shown in Figure 5.19 (a), (b) and (c), respectively. The 

Hann window has been applied before the Doppler and spatial compression.  

 

 

(a) 

 

(b) 

   

(c) 

    

(d) 

Figure 5.19: Modelled radar plots after interference mitigation due to windowing applied 

before FFT across the fast-time: (a) no interference, (b) CW interference at 76.05 GHz, (c) 

CW interference at 76.15 GHz, (d) CW interference at 76.25 GHz. The blue plot in the time 

domain is the received signal after the window. 
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As expected, minimum attenuation has been observed when the interference pulse 

appears at the centre of the VR chirp (Figure 5.19 (d)). Due to higher interference power, target 

detectability in range-Doppler and range-azimuth domains might be affected. As the temporal 

interference location is away from the centre of the victim chirp, the attenuation due to the 

applied window increases. Consequently, the SINR improvement has been observed and 

summarised in Table 5.3 for the discussed examples. 

The SINR gain ( )SINRG  after range compression due to the applied fast-time window has 

been estimated as: 

 
1020log Windowed

SINR

No Window

V
G

V −

 
  

 
 (5-12) 

where, No WindowV −  and WindowedV  are the mean interference amplitude in the time domain before 

and after applying the window, respectively. Due to the inherent characteristics of the window, 

the echo signal power has also been reduced by ~ 4 dB after the Blackman-Harris window 

[146]. Therefore, an SINR loss of 4 dB has also been observed. 

 

Table 5.3. The SINR after range compression and the SINR improvement due to the applied 

spectral window. 

Condition SINR SINR Improvement 

(Compared to no window case) 

No Interference 23 dB NA 

After Applying Blackman Harris Window 

Case A: CW Interference: 76.05 GHz 17 dB 15 dB 

Case B: CW Interference: 76.15 GHz 10 dB 6 dB 

Case C: CW Interference: 76.25 GHz 3 dB 0 dB 

 

As the unmodulated CW interference is periodic, after the Doppler and spatial compression, no 

SINR gain has been observed due to a similar increase in the interference power and the echo 

signal power (section 4.4.3). 
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The frequency characteristics of the window have a continuous spectrum with a main 

lobe and several sidelobes. The main lobe of the window is centred at each frequency content 

of the echo signal, which is focused on a single or a limited number of the frequency bins. In 

contrast, as interference spreads across the multiple frequency bins (section 3.4), additional 

interference suppression has not been observed due to the window applied before the Doppler 

and spatial compression. 

 

5.5 Randomisation for Interference Reduction 

It has been shown in Chapter 4 that aperiodic interference – the most common type of 

interference – exhibits statistical characteristics similar to AWGN. Therefore, existing coherent 

integration and detection techniques [272] can be used for target detection in the background 

of aperiodic interference. In contrast, synchronous, semi-synchronous, and periodic 

interference identified as the critical cases from the NRMSE heatmap in Figure 4.9 (b) have a 

high correlation between interference pulses. Consequently, they show a deviation from 

Gaussian statistics, and an increase in the power is comparable to the echo signal’s power after 

signal processing across the VR (section 4.4.3).  

In this section, randomisation of the VR waveform parameters, a pre-detection mitigation 

technique, has been proposed to decorrelate interference pulses for the identified critical cases 

to make their statistics comparable to AWGN with an improvement in the SINR. 

5.5.1 Randomisation Parameters  

An FMCW radar transmits a sequence of chirps as a frame during the CPI, as 

demonstrated in Figure 5.20. Each frame has a succeeding off time before the radar can begin 

with the transmission of a new frame. This time has been called the inter-frame off-time. 

Moreover, the consecutive chirps have an inherent idle time between them to allow enough 

time for the ADCs and oscillators to reset [265]. 



5.5  Randomisation for Interference Reduction  Chapter 5 

147 | P a g e  

 

Figure 5.20: FMCW chirp sequence with scalable parameters for chirp randomisation. 

 

As indicated in Figure 5.20, the waveform parameters that can potentially be randomised 

without affecting radar performance are the start frequency, the initial phase of the VR chirps, 

and the idle time between radar chirps ( )j . In modern automotive radars, these parameters 

are often configurable within the software [265] and have been used as scalable waveform 

parameters in this section. As a result of scalable waveform parameters of the VR chirps, the 

received interference pulses across these chirps are randomised. This reduces the correlation 

between them, eliminating the probability of synchronous, asynchronous, or periodic 

interference, and has been assessed in the subsequent section. 

 

5.5.2 Effect of Randomisation on Interference Statistics  

For the identified critical cases in Chapter 4, randomisation in the VR has been applied 

using the parameters stated below. For each case, radar performance has been evaluated. 

1. The idle time between the VR chirps is uniformly distributed from 1 – 10 µs. 

2. The start frequency of the VR chirps is varied between cv jF F  . Uniformly distributed 

jF  values have been used in the range of 1 – 50 MHz. 

3. The initial phase of the VR chirps ( )j  has been randomly selected from the set 

0 ,45 ,90 ,180o o o o   .  
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NRMSE contour maps for the critical cases with NRMSE > -5 dB before and after 

applying the idle-time randomisation have been presented in Figure 5.21 (a) and (b), 

respectively. 

  

                                  (a)                                                                         (b) 

Figure 5.21: NRMSE contour maps; (a) No randomisation, (b) Idle time randomisation. 

 

For most of the cases, the NRMSE value has been reduced after randomisation. These cases 

mainly belong to the periodic and semi-periodic interference. The remaining critical values 

correspond to some synchronous and semi-synchronous interference, where interference chirps 

remain within the VR receiver bandwidth after randomisation.  

This has been explained by the range-Doppler maps in Figure 5.22 (a) and (b) before and 

after applying idle-time randomisation, respectively. No target has been considered, and one IR 

with the same waveform parameters as the VR had been positioned at 50 m from the VR. As 

expected, a ghost target appears in Figure 5.22 (a) at 25 m (half the true range of interferer due 

to one-way propagation) due to synchronous interference.  
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                                (a)                                                                        (b) 

Figure 5.22: Range-Doppler map of synchronous interference: (a) before randomisation, (b) 

after idle-time randomisation. 

 

 

After idle time randomisation, each VR chirp will have a different delay with respect to 

the interference chirp. However, depending upon the value of the idle time, in some of the VR 

chirps, interference remains within the VRs’ LPF band and is still synchronised with the victim 

chirps. Due to applied randomisation, the phase difference between the IR and VR chirps 

randomly walks within each CPI. This leads to the ghost target appearance across multiple 

range bins. Moreover, a broad Doppler shift has been observed due to a random phase shift of 

the interference across the multiple VR chirps. Consequently, a single ghost target before 

randomisation has been replaced with multiple smaller amplitude targets with energy spread 

along range-Doppler axes (Figure 5.22 (b)). A similar trend has been observed for semi-

synchronous interference, where the interference pedestal spreads along the Doppler axis after 

idle time randomisation. 

5.5.3 Performance Analysis  

The performance analysis of randomisation techniques has been based on the following 

two parameters:  

1. Mean NRMSE ( )NRMSE  of the critical cases estimated using the following: 
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     where CN  is the total number of critical cases and, 

2. Parameter ‘P,’ which is the ratio of the number of critical cases and total cases under 

consideration and presented as a percent ratio.  

The estimated NRMSE  and P %  values for different randomisation techniques have been given 

in Table 5.4. Idle time and start frequency randomisation have similar reductions. Nevertheless, 

no further improvement has been achieved by combining randomisation techniques as 

interference pulses are already decorrelated. 

Table 5.4. Performance comparison of randomisation techniques,  value is in dB. 

Randomisation Technique P(%) NRMSE  Randomisation Technique P(%) NRMSE  

No Randomisation 14.7 -1    

Idle Time 5.9 -6 Idle time + start frequency 8.1 -5 

Start Frequency  8.6 -5 Idle time + initial phase 9.8 -5.6 

Initial Phase  12.8 0.9 Start frequency + initial 

phase 

11.2 -5 

For most cases, randomisation is an effective technique to decorrelate interference pulses 

and reduce NRMSE . Idle time randomisation is the most efficient yet technically simple 

solution to reduce the number of critical cases. In contrast, initial phase randomisation does not 

significantly reduce the number of critical cases due to the limited phase values available. 

Therefore, idle time and start frequency randomisations have been discussed in the remainder 

of this section. 

For further analysis, a) average correlation coefficient ( )av  discussed in section 4.4.2 

and b) interference level trend during the CPI have been estimated and presented in Figure 5.23 

(a) and (b), respectively, for different types of interference, before and after applying 

NRMSE
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randomisation. A VR with svB  = 0.3 GHz, and svT  = 100 µs has been used. For the interfering 

radar, sintB = 0.15 GHz, and sintT  = 100 µs, 150 µs, and 151 µs, to generate periodic, semi-

periodic, and aperiodic interference, respectively. The average interference level within the 

unambiguous range of the VR was obtained for each chirp during a CPI and then normalised to 

the interference level at the first VR chirp.  

    

                                      (a)                                                                      (b) 

Figure 5.23: Effect of randomisation on different interference cases: (a) average correlation, 

(b) normalised interference level. 

 

After applying idle time randomisation, the value of av  for the periodic interference has 

been significantly reduced. Consequently, the interference level reduces with ( )10 log CPIN  

improvement in SIR. For semi-periodic interference, ( )10 log CPIN  SIR improvement has 

been achieved. As it is inherently uncorrelated, no difference has been observed for aperiodic 

interference. The start frequency randomisation has a similar trend to the idle time 

randomisation but is less efficient in terms of statistical characteristics (Table 5.4). 

The effect of idle time randomisation on the echo signal and the range of idle time values 

on radar performance have been discussed in Appendix 8 and Appendix 9, respectively. 

Next, the effect of randomisation on radar detector has been analysed for discussed cases. 

10 log NCPI 
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5.5.4 Detection Characteristics  

The distribution characteristics and detection curves for periodic CW interference before 

and after applying randomisation using parameters in Table A7.1 and the measurement scenario 

in Appendix 7 are given in Figure 5.24. Start frequency randomisation has been used due to the 

flexibility of the available radar chipset in setting the start frequencies of each VR chirp. 

The start frequency of the VR (AWR1243EVM [38]) has been changed within the range 

of 1 kHz – 100 kHz. After applying randomisation, a close Gaussian approximation has been 

observed with detection characteristics close to that of AWGN. 

 
                             (a)                                                                        (b) 

 
                             (c)                                                                       (d) 

Figure 5.24: Validation of statistical and detection characteristics of periodic continuous 

wave (CW) interference: (a) distribution before randomisation, (b) probability of detection vs. 

SIR before randomisation, (c) distribution after randomisation, (d) probability of detection vs. 

SIR after randomisation. 
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Randomisation decorrelates interference pulses and ensures that pre-existing detection 

techniques remain optimal for target detection in an interference background. It also reduces 

the interference floor for the periodic and semi-periodic interference, the critical interference 

cases. 

 

5.6 Summary 

Various pre-detection and post-detection techniques to mitigate radar interference have 

been discussed in this chapter. Firstly, methodologies to detect the presence of interference in 

the time and time-frequency domains have been investigated. The proposed techniques can 

identify interference in the presence of short-range targets, that have a comparatively stronger 

return, or the cases where the interference power is less. These techniques play a crucial role in 

interference mitigation, as discussed in this chapter and the subsequent chapters. 

The methodology to estimate the waveform parameters of a-priori unknown interference 

signals has been presented based on the amplitude and spectral characteristics of the 

interference. These parameters have been used to cognitively avoid or suppress the impact of 

interference by changing the waveform parameters of the VR. The methodology has been 

validated by measurements performed in various real-road scenarios with slow and fast chirp 

interference sequences and weaker amplitude interference. 

Interference mitigation using windowing, which is inherently included in the radar 

processing chain to minimise spectral leakage, has also been discussed. Depending upon the 

instantaneous position of the interference pulse, the SINR improvement of up to 15 dB has been 

achieved. Additionally, the VR waveform parameters randomisation has been evaluated to 

decorrelate interference pulses with an SINR improvement up to ( )10 log CPIN . Moreover, this 

reduces the deviation between the statistics of critical interference cases and random Gaussian 
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noise and improves the detector's performance. Nevertheless, as randomisation does not require 

costly hardware upgrades, it can easily be integrated into modern automotive radars. However, 

it only applies to cases exhibiting a high correlation between interference pulses. 

Randomisation can therefore be used in conjunction with other mitigation techniques. 

The current mitigation techniques might be suitable for contemporary road scenarios. 

However, with an increase in the RPR, robust mitigation would be required either by itself or 

in combination with other mitigation techniques. This has been investigated in the subsequent 

chapters. 

 



  Chapter 6 

 

155 | P a g e  

Chapter 6. MITIGATION IN THE 

SPATIAL DOMAIN 
 

 

 

For the interoperability of radars with robust performance, interference mitigation 

techniques have been proposed in the temporal [227], spectral [274], and spatial domains [191]. 

Mitigation in the temporal and spectral domains is well-presented in literature [145], [173], 

[188], [190], [229].  

Mitigation in the spatial domain is also not a new area of radar technology. Adaptive 

beamforming for null steering is one of the proposed methodologies to suppress energy from 

the direction of interference. This is particularly useful because it does not rely on the waveform 

parameters, as discussed in Chapter 5, or the signal’s modulation schemes. Instead, it depends 

upon the hardware characteristics of the radar with specialised signal processing to direct an 

adaptive null towards the source of the interference.  

However, as discussed in Table 2.6, the applicability of spatial domain mitigation, 

especially in an automotive scenario, is accompanied by various limitations and drawbacks. 

The presented literature has been focused on a limited number of interferers and well-separated 

targets and interferers [164], [192], [193], [216]. Moreover, the analysis of interference and its 

mitigation in MIMO and full phased array (FPA) – the two main modes of signal transmission 

in SoA automotive sensors – has not been discussed in the literature.  

This chapter focuses on the effectiveness of spatial domain mitigation in congested 

automotive scenarios for various road conditions and radar configurations. The significant 

contributions of this chapter include the following: 
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• The severity of radar interference and the motivation behind investigating interference 

mitigation in the spatial domain. 

• Analysis and mitigation of radar interference in the spatial domain. 

• Comparative analysis of blind and trained spatial mitigation techniques. 

• Performance evaluation of spatial domain mitigation by computing the peak to highest side 

lobe levels (PHSLLs) and the SINR as performance metrics. These parameters have been 

estimated for various road scenarios and radar configurations as a function of spatial 

separation between the target and the interferer. 

• Qualitative and quantitative comparison of adaptive beamformers performance in MIMO 

and traditional FPA based radars. 

• Comparative analysis of spatial and temporal domain mitigation. 

• SoA sensor limitations for spatial domain interference mitigation. 

 

6.1 Interference in the Spatial Domain 

The VR can receive interference from a variety of possible angles within its FoV. An 

example of a typical road scenario has been illustrated in Figure 6.1 (a), with 4 vehicles 

travelling in close proximity. The radar installed on the vehicle shown in blue is the VR. The 

VR in this example has been configured based on TI AWR1243 [250] automotive chipset with 

3 transmit and 4 receive elements. The remaining three vehicles (red) have IRs. For ease of 

illustration, only the forward-looking radars have been considered. Figure 6.1 (b) shows the 

modelled MIMO beamformed range-cross range plot in the absence of interference. Each of 

the three echoes from the nearby vehicles has a reasonable SNR. However, a large part of the 

VR’s FoV has been masked due to interference from these vehicles, shown in Figure 6.1 (c). 

This leaves the targets undetectable.  
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(a) 

 

(b) 

 
(c) 

 

Figure 6.1: Severity of radar interference: (a) typical roadside scenario, (b) modelled 

azimuth response without interference, (c) modelled azimuth response with interference from 

radars on the nearby vehicles. 

 

Furthermore, as the linear cross-range resolution degrades with an increase in the range 

[92], the targets at a larger range from the VR might be masked even if they have a reasonable 

angular separation from the source of interference. In the absence of mitigation, this can lead 

to losing substantial information about targets and potentially fatal accidents, especially when 

interfering sources are closer to the VR and transmit a higher power. 
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6.2 Mathematical Model 

The block-level representation of the processing chain used to analyse and mitigate 

interference in the spatial domain has been demonstrated in Figure 6.2. 

 

Figure 6.2: The victim receiver’s signal processing chain for interference mitigation in the 

spatial domain. 

 

The signals received across the consecutive array elements have a phase difference 

( )sin AoAkd =  between them where AoA  is the AoA of the received signal. The steering 

vector (SV) across each target or interferer direction ( )AoASV   can be expressed as follows: 

 ( ) ( )j -1j 21 e  e  ... e Rx
T

Nj
AoASV

   =
   (6-1) 

where, T represents the transpose operation. The received signal ( )X t  can therefore be 

expressed as follows: 

 ( ) ( ) ( ) ( ) ( ) ( )
1 1

l m

L M
l m

RxT AoA RxI AoA
l m

X t S t SV S t SV n t 
= =

=  +  +   (6-2) 

where, L and M are the number of targets and interferers, respectively, ( )l

RxTS t  and ( )m

RxIS t  are 

the signals received from the lth target and mth interferer, respectively, 
lAoA  and 

mAoA  are the 

AoA from lth target and mth interferer, respectively, and ( )n t  is the VR receiver’s thermal noise. 
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6.2.1 Echo Signal Reception 

In a MIMO radar, the echo signal at the receiving elements of the VR corresponds to the 

signal transmitted by the same radar. After appropriate signal processing, a beam according to 

the virtual aperture is formed in the direction of the target (section 3.5). 

The echo signal from target ‘l’ ( )l

RxTS  across the virtual elements of the VR ( )Tx RxN N  

is expressed as: 

 
1,1 1,2 1, ,1 ,2 ,

       
Rx Tx Tx Tx Rx

l l l l l l l

RxT N N N N N
S S S S S S S =

 
 (6-3) 

where the first and second indices of the subscript with S represent the transmit and receive 

element of the VR, respectively. The steering vector for the echo signal from target ‘l’, 

represented as ( )
lAoASV  , can be expressed as follows: 

 ( ) ( )   

 

j sin j2 sin j 1 sin
1 e  e  ... eAoA AoA Rx Tx AoAl l l

l

T
kd kd kd N N

AoASV
  


 − =

 
 (6-4) 

 

6.2.2 Interference Reception 

As discussed in section 3.5, the angular resolution of interference depends upon the 

waveform parameters of the VR and IR.  

Synchronous and asynchronous periodic interference are quasi-coherent with the VR’s 

transmit signal [144]. Therefore, the antenna pattern is formed according to the virtual aperture, 

and this interference follows a resolution similar to the echo signal. The received interference 

from the ‘mth’ interferer ( )m

RxI CohS −  and the corresponding steering vector ( )
mAoASV  , for these 

interference can be estimated as follows: 

 
1,1 1,2 1, ,1 ,2 ,

        
Rx Tx Tx Tx Rx

m m m m m m m

RxI Coh N N N N N
S S S S S S S

−
 =
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 (6-5) 

 ( ) ( )   m
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An unmodulated CW signal has been used at the experimental stage as an example of quasi-

coherent (periodic) interference in the following discussion. 

For non-coherent interference pulses, after beamforming, the array pattern with a real 

aperture of RxN  elements has been formed for this interference. The received interference 

( )
RxI NonCoh

mS
−

, in this case, is expressed as follows: 

 
1 2

[    ]
Rx

m m m m

RxI NonCoh N
S S S S

−
=  (6-7) 

whereas the corresponding steering vector ( )
mAoASV   is expressed as: 

 ( ) ( )   m
j sin j2 sin j 1 sin
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By comparing (6-6) and (6-8), the steering vector (SV) of aperiodic interference depends upon 

the receive array only. Therefore, the angular resolution is broader in contrast to the periodic 

interference cases. 

To assess the angular resolution of different types of interference relative to the echo 

signal resolution, the ratio of angular resolutions of the echo signal and quasi-coherent 

interference ( )Coh  and non-coherent interference ( )NonCoh  have been estimated and given as: 

 1t Tx Rx
Coh

i Tx Rx

N N

N N







= = =
 

 (6-9) 

 t Tx Rx
TxNonCoh

i Rx

N N
N

N







= = =


 (6-10) 

Therefore, Coh Tx NonCohN =  indicating that the resolution of non-coherent interference is TxN  

times worse than the echo signal and hence the quasi-coherent interference.  

Measurements have been performed in an anechoic chamber to validate the appearance 

of different types of interference. The details have been presented in Appendix 10. 
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For the majority of the practical automotive scenarios, due to a low correlation between 

the interference pulses [247], interference resolution in MIMO radars will be much lower in 

comparison to the target’s resolution. Therefore, a larger FoV of the VR will be affected by 

interference. This makes the problem of interference mitigation even more critical. 

 

6.3 Interference in Single Channel and Dual Channel Receivers 

SoA automotive sensors have been developed with either a single (real) channel receiver, 

such as the INRAS Radarbook [40], or with an optional dual (in phase-quadrature) channel 

receiver, such as TI AWR1243 [250]. The receiver configurations have been discussed in detail 

in Appendix 6. In both the receiver configurations, the target can be efficiently detected. 

However, the radar’s receiver structure has an essential effect on the appearance and mitigation 

of interference. Furthermore, as discussed in Appendix 4, the receiver configuration affects all 

types of asynchronous interference, including coherent (periodic), partially coherent (semi-

periodic), and non-coherent (aperiodic) interference. 

In a single channel receiver, each interferer corresponds to two AoA: one towards its 

actual direction ( )AoA , and one towards AoA−  due to the image frequency components 

(Appendix 4). However, a dual ‘I/Q’ channels receiver filters the image frequency after the LPF 

(see Figure 6.2), resulting in only one actual AoA after beamforming. Figure 6.3 (a) and (b) 

show the modelled range-azimuth plots for a single channel and dual channels receiver, 

respectively. The simulator was set based on the TI AWR1243 chipset [250] (that has both 

single and dual channel capability) with TxN  = 3, and RxN  = 4. svT  = 51.2 µs, svB  = 0.5 GHz. 

An FMCW interference with sintT  = 1000 µs, sintB  = 0.3 GHz has been used. The target (RCS 

10 dBsm) has been positioned at 20 m, 0o
 from the VR, whereas interference has been 

positioned in the first side lobe of the target at 20 m, 16o− . Two AoAs at 16o  have been 
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observed in a single channel receiver that masks a larger portion of the VR’s FoV compared to 

the I/Q channels receiver. 

    

                                 (a)                                                                       (b)     

Figure 6.3: Range-azimuth plots for different receiver configurations: (a) single channel, (b) 

dual ‘I/Q’ channels. 

 

Due to a wider region of the VR’s FoV masked by interference, spatial mitigation in a 

single channel receiver becomes even more challenging, investigated in section 6.5. 

 

6.4 Interference in MIMO and Full Phased Array 

There is a modern trend of using MIMO technology in automotive radars [116]. These 

radars gained importance as an alternative to conventional FPA radars [238]. However, as 

shown in this section, in the background of interference, the performance of MIMO radar 

degrades compared to a FPA with the same angular resolution.  

For MIMO and FPA performance evaluation, the echo signal’s angular resolution, side 

lobe level (SLL), and available DoF have been considered to define the respective array sizes. 

The array sizes have been chosen to obtain a similar two-way echo signal’s angular resolution 

and SLL in both the arrays. To achieve this, an FPA with a single transmit element and receive 

array equivalent to the number of virtual elements of the corresponding MIMO array has been 

True Angle 

Image Frequency 

Angle 

28.6𝑜 
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used, unless stated otherwise. This results in normalised SLL ~ -13 dB for both arrays, and 

angular resolution of 2 N  radians, where N represents the number of virtual channels in the 

MIMO array.  

The ratio of angular resolutions of the MIMO array ( )MIMO  and the FPA ( )FPA  for 

target ( )T  and interference ( )I  can be estimated as follows: 

 MIMO T Rx FPA
T

FPA T Tx MIMO Rx MIMO

N

N N





− −

− − −


= =
 

 (6-11) 

 MIMO I Rx FPA
I

FPA I Rx MIMO

N

N





− −

− −


= =


 (6-12) 

Subscripts T and I represent target and interferer, respectively, Tx MIMON −  and Rx MIMON −  represent 

the number of transmit and receive elements in the MIMO array, and Rx FPAN −  represent the 

number of receive elements in the FPA. According to the defined criterion, ,MIMO T FPA T − − =   

which gives T  = 1. Using (6-11), to achieve this, the following array size would be required 

for the FPA: 

 
Rx FPA Tx MIMO Rx MIMO

N N N
− − −

=   (6-13) 

Using this in (6-12), 

 MIMO I Tx MIMO FPA IN − − − =   (6-14) 

Therefore, after beamforming, the MIMO array will form a beam towards the direction of 

interference with a lower resolution compared to the FPA counterpart, where the beam will be 

formed with a larger receive array and a better resolution. Consequently, interference will affect 

a larger FoV of the MIMO VR. 

A TDM-MIMO radar [6] with Tx MIMON −  = 3, Rx MIMON −  = 4 and a FPA with Tx FPAN −  = 1, 

Rx FPAN −  = 12 have been modelled. The respective array sizes result in 3I =  and 
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3MIMO I FPA I − − =  . A VR with svT  = 204.8 µs, svB  = 2 GHz, and an interfering source with 

sintT  = 150 µs and sintB  = 1.9 GHz have been used, corresponding to the asynchronous aperiodic 

interference case. The modelled scenario is demonstrated in Figure 6.4 with a target and 

interfering source in adjacent lanes in front of the VR. After beamforming in the MIMO array, 

the AoA of the interfering source appears in the first sidelobe of the target.  

 

Figure 6.4: An automotive scenario with a close spatial separation between the target and the 

interferer. 

 

The corresponding signal processing results have been demonstrated in Figure 6.5. The 

target at 40 m is fully masked by the interference floor in the modelled range profile in Figure 

6.5 (a). The beamformed range-azimuth plots for MIMO and FPA in the absence of interference 

have been shown in Figure 6.5 (b). Due to similar resolution and SLL, the target appears similar 

in both arrays. Modelled range-azimuth plots in the background of interference for MIMO and 

FPA have been presented in Figure 6.5 (c) and (d), respectively, for dual (‘I/Q’) channels 

receiver. For the target, the antenna pattern in the MIMO and FPA coincides with a 9.5o
 angular 

resolution and a 13 dB SLL. For the defined configuration, I  = 3, 9.5o

FPA I − =  and 

28o

MIMO I − = . Therefore, interference in the MIMO array has a broader beam than in the 

FPA. However, a narrow interference beam has been observed in the FPA case. Therefore, a 

virtual MIMO aperture does not give any additional advantage in the background of 

interference as it does for the echo signal. 

20m 

3.6m 

40m 
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                                     (a)                                                                (b) 

      

                                   (c)                                                                   (d) 

Figure 6.5: Modelled results for the example scenario in Figure 6.4: (a) range profile with 

and without interference, (b) range-azimuth plot for the MIMO array and FPA without 

interference, (c) range-azimuth plot for the MIMO array with interference, (d) range-azimuth 

plot for the full phased array with interference. 

 

For effective target detection, appropriate interference suppression is required in both 

cases. Even if a large MIMO array is used, the interference beam would still be much broader 

than the target beam and would have a detrimental effect on the VR’s FoV and performance. 

Periodic or synchronous interference is quasi-coherent across the VR’s transmit elements 

[144], resulting in T I = . However, aperiodic interference is more common in practical 

automotive scenarios [247] and has been discussed in this chapter. 

Target 

𝐓𝐚𝐫𝐠𝐞𝐭 

Interference 

𝟐𝟖. 𝟔𝒐 

Target 

Interference 

𝟗. 𝟓𝒐 



6.5  Spatial Mitigation of Interference                                                            Chapter 6 

 

 

166 | P a g e  

6.5 Spatial Mitigation of Interference 

One of the solutions to the mutual interference problem is adaptive digital beamforming 

(ADBF) [191], [192]. ADBF exploits an antenna array to receive maximum signal power from 

a specified direction while rejecting signals from other directions. This is achieved by varying 

the weights of array elements ( )*

iw , as illustrated in Figure 6.6. The received signal is 

multiplied by a complex weight vector, due to which the resulting antenna pattern has a notch 

in the interferer’s direction, suppressing the interfering signal’s energy at the output of the 

adaptive beamformer. 

 

Figure 6.6: The methodology of adaptive digital beamforming. 

 

In the background of multiple targets and interfering sources, the objective function of an 

adaptive beamformer ( )( )AdaptiveSV   has been defined as: 

 
 

1 1

( ) ( ) ( )
l m

L M

Adaptive AoA AoA
l m

SV SV SV  
= =

= −   (6-15) 

where, ( )
lAoASV   represents the SV for the received echo from target ‘l’, ( )

mAoASV   represents 

the SV for interferer ‘m,’ and N and M represent the number of targets and interferers, 

respectively. The equivalent array pattern ( )AdaptiveE   has then been estimated as: 

 ( ) ( )
1

*

0

K

Adaptive n Adaptive

n

E w SV 
−

=

=  (6-16) 

where, K represents the number of array elements, and the weight vector is expressed as: 

𝒘1
∗  

𝑥1(𝑡) 

𝒘2
∗  

𝑥2(𝑡) 

𝒘𝑁
∗  

𝑥𝑁(𝑡) 

Σ 
Output 𝒚(𝑡) 
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 1 1[ ]o K   −=w w w w  (6-17) 

One of the challenging aspects is the precise estimation of these adaptive weights, which meets 

the defined objective function. For this, various techniques have been discussed next. 

6.5.1 Types of Mitigation Techniques 

The two major categories of adaptive mitigation techniques discussed in the literature are 

the trained and blind adaptive algorithms [275]. Trained adaptive algorithms use a training, 

interference-free, signal to update the adaptive weight vector. In contrast, the blind algorithms 

do not require any training sequence [276] and entirely depend upon the received signal’s 

characteristics to estimate the adaptive weight vector. However, to achieve the desired response, 

the convergence factor of blind mitigation techniques is susceptible to the type of interference 

[247] and its power. Various trained and blind mitigation techniques have been summarised in 

Figure 6.7, which were initially investigated and assessed to select the appropriate mitigation 

methodology in the discussed work. 

 

Figure 6.7: Types of adaptive digital beamforming techniques assessed for the spatial domain 

mitigation of interference. 
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The comparison of blind and trained mitigation has been performed using SLL as the 

performance metric for the following scenarios: 

1. Well-separated target and interferer, and  

2. Closely spaced target and interferer. 

The investigated techniques include least mean square (LMS) [193], normalized-LMS 

(N-LMS) [216], constant modulus algorithm (CMA) [277], mean square error (MSE) [164], 

minimum variance distortion-less response (MVDR) [278], and linearly constrained minimum 

variance (LCMV) [279], [280] beamformers. With a different base algorithm, all the techniques 

maximize the SINR by minimizing the error between the desired signal (interference-free 

signal) and the received signal with interference. ADBF with LMS (trained) and CMA (blind) 

techniques have been summarised in Figure 6.8 (a) and (b), respectively. 

 

             

                               (a)                                                                          (b) 

Figure 6.8: Examples of adaptive mitigation techniques: (a) least mean square, (b) constant 

modulus algorithm. 
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In the CMA algorithm, the error ‘err’ has been estimated as follows: 

 Out
Out

Out

ADBF
err ADBF

ADBF
= −


 (6-18) 

where, OutADBF  represents the beamformers output signal after applying estimate weights 

during each iteration. After each iteration, the adaptive process minimises the beamformer’s 

output error (err). For each iteration, the updated weight vector has been estimated as follows: 

 ( ) ( ) ( )1 Rxk k err k+ = +  w w Sig  (6-19) 

where, k represents the number of fast-time samples, RxSig  is the received signal, and 1 = . 

First, a simplified case is considered where a single Tx element VR with svT  = 102.4 µs, 

svB = 0.5 GHz illuminates the radar FoV. The echo signal is received by a full Rx array of 4 

elements having a single (real only) channel receiver configuration. The target has been 

positioned at 40 m, 0o
 from the VR. For the well-separated case, interference has been 

positioned at 40 m, 27o
 from the VR (within the side lobe of the target). In contrast, for the 

closely spaced case, interference has been positioned at 40 m, 14o  (within the main lobe of the 

target). The adaptive array response for the aforementioned mitigation techniques has been 

shown in Figure 6.9 (a). The beamformed range-azimuth plot with LCMV-based adaptive 

weights (used for the detailed analysis in the presented work) for the well-separated case before 

and after spatial mitigation has been presented in Figure 6.9 (b) and (c), respectively. The array 

response after applying adaptive weights in the case of closely spaced target and interferer has 

been shown in Figure 6.10 (a). The range-azimuth plot after MSE and LCMV techniques have 

been shown in Figure 6.10 (b) and (c), respectively. 
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                            (a)                                           (b)                                               (c) 

Figure 6.9: Spatial mitigation results for a well-separated target and interferer: (a) array 

response using adaptive weight, (b) range-azimuth plot before mitigation, (c) range-azimuth 

plot with LCMV-based adaptive weights. 

 

    

                         (a)                                          (b)                                              (c) 

Figure 6.10: Spatial mitigation for closely spaced target and interferer: (a) array response 

using adaptive weights, (b) range-azimuth plot with MSE-based adaptive weights, (c) range-

azimuth plot with LCMV-based adaptive weights. 

 

For the two discussed scenarios, the SLL after applying each spatial mitigation technique 

has been presented in Table 6.1. SLL has been estimated using the following:  

 (dB) (dB) (dB)Echo SideLobeSLL P P= −  (6-20) 

where, EchoP  represents the power of the main lobe in the target’s direction, and SideLobeP  

represents the power of the highest sidelobe. In this context, a negative SLL indicates a sidelobe 

level greater than the main lobe towards the target. 
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Table 6.1: Side lobe level (SLL) for well-separated and closely spaced target and interferer. 

Technique SLL (dB) 

 Well-separated target and interferer Closely spaced target and interferer 

LMS 10 -6.4 dB 

NLMS 8 9.8 dB 

CMA 10 -6.1 dB 

MSE 11 14 dB 

MVDR 7.9 -6.4 dB 

LCMV 9.8 -6 dB 

 

For well-separated case, applied techniques suppress interference with a reasonable SLL, 

as shown in Table 6.1. In the case when the target and interferer have a small spatial separation 

between them, the following observations have been made from Figure 6.10 and results 

presented in Table 6.1:  

• A few techniques, such as NLMS and MSE, show reasonably high SLL because the 

adaptive weights could not fully converge after the iterative process. Therefore, the null 

could not be placed in the direction of the interferer to suppress its power while maximising 

the SINR. This has been shown in Figure 6.10 (b) for the MSE algorithm. Consequently, 

the reliability of these techniques in a congested dynamic scenario would be questionable 

due to rapidly changing interferer position and a high possibility of adaptive beamformers 

not converging in this short time span. 

• The techniques that place a null in the direction of interference result in higher sidelobes, 

often stronger than the main lobe towards the target. An example after the LCMV 

beamformer has been shown in Figure 6.10 (c), where interferer energy spreads in the 

sidelobes. This results in a significant reduction in the SINR and makes target detection 

ambiguous. 



6.5  Spatial Mitigation of Interference                                                            Chapter 6 

 

 

172 | P a g e  

Therefore, spatial domain mitigation is particularly challenging, especially in a congested 

scenario with closely spaced targets and interferers. This has been further investigated in the 

subsequent sections. 

Further in this chapter, without loss of generality, the LCMV beamformer has been used 

for the detailed analysis due to the following:  

1. Better SINR while achieving comparatively lower sidelobes. 

2. Trained mitigation technique, which provides the capability of using additional constraints 

to maximise power from the echo signal’s direction and minimise power reception along 

the direction of the interferer.  

The LCMV beamformer minimises the interfering signal, keeping the echo signal undistorted. 

Furthermore, by imposing several linear constraints to minimise the output variance, the LCMV 

beamformer offers improved robustness against inaccurate AoA estimates [281]. 

6.5.2 LCMV Beamformer 

The LCMV beamformer uses the AoA of the target(s) and interferer(s) as constraints to 

compute the adaptive weights. After applying these weights to the received signal, the received 

power from potential targets is preserved, whereas the interference power and variance are 

minimised by directing nulls toward these directions. Each constrained direction   has a 

corresponding SV SV . The array response to SV  can be defined as: 

 
H

 =r SV w  (6-21) 

where, w represents the complex array weights, and H is the Hermitian operation. With k 

constraints, the response vector is expressed as: 

 1 2[ ]k  =R r  r r  (6-22) 



6.5  Spatial Mitigation of Interference                                                            Chapter 6 

 

 

173 | P a g e  

The echo signal power is maximised by equating the response from its direction to unity, 

whereas the interference power is minimised by equating the response from its direction to zero. 

Adaptive weights are then computed using the following: 

 ( )
1

1 1H

xx xxR R
−

− −=w SV SV SV R  (6-23) 

where, xxR  is the spatial correlation matrix of the received signal [282], and 

 1 2  ... k  
 =  SV SV SV SV  (6-24) 

If the received signal for chirp ‘j’ is represented by jx , the beamformed signal has been 

estimated using: 

 ( ), H

ji j = y w x  (6-25) 

where, 1 1[ ]o M   −=w w w w , and M is the number of virtual array elements for the MIMO 

array and receive elements for the FPA. After applying adaptive weights, the output variance 

( )b  calculated as follows is minimised. 

 H

b xxR = w w  (6-26) 

This results in the suppression of signal from the constrained direction (direction of interference 

in the considered case).  

The methodology to estimate adaptive weights using an LCMV beamformer has been 

summarised in Figure 6.11. 
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Figure 6.11: Adaptive weight estimation using LCMV beamformer. 

 

To estimate the constraints for LCMV beamformer (AoA of targets and interferers), 

interference has first been detected using the power detector, discussed in section 5.1.1, 

followed by the estimation of AoA of the target(s) and interferer(s). 

I. AoA of Targets 

To determine the AoA of the target(s) (constrained to maximise response), firstly, 

interference-free samples are detected using power detection methodology in section 5.1.1. 

Based on this, two techniques have been developed. 

1. If the interference-free samples include more than 20% of the total fast-time samples, they 

are extracted from the received signal across all the antenna elements (samples with 

amplitude less than the estimated threshold (see section 5.1.1). This is followed by range 

compression and beamforming (section 2.3.4.III). Finally, a CA-CFAR (section 2.3.4.V) 

has been applied to estimate the target’s AoA. 

Received Signal 
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2. If the interference-free samples include fewer than 20% of the total fast-time samples, the 

beamformer does not give reliable results due to limited samples. In this case, 256 chirps 

are transmitted in a frame, and an interference-free chirp is collected across all the antenna 

elements. Considering the probability of interference in the VR [205] and the results 

presented in Figure 5.8, there is a good chance of interference-free chirps within a frame 

of the VR. This is followed by the range compression and beamforming, and finally, CA-

CFAR to estimate the target’s AoA. This case might occur if a) multiple interference pulses 

appear within each VR chirp (such as fast chirp interference sequence), or b) interference 

is semi-synchronous, occupying the most samples of the received signal. 

II. AoA of Interferers 

Depending upon the number of interferers in the VR’s FoV and interference power 

relative to the echo signal power, the AoA of the interference (constrained to minimise 

response) has been estimated using the following two techniques: 

1. If a single interference pulse appears in the VR chirp with sufficient interfered samples 

( )20% , the samples are identified across the VR’s antenna elements. This is followed by 

high-pass filtering to attenuate the response from the echo signal. The range compression, 

beamforming, and CA-CFAR are then used to estimate AoA of interferer. 

2. In the case of multiple interference pulses within the VR chirp or when interference power 

is not dominant (left undetected in threshold estimation), the VR is configured to operate 

in passive ‘listening’ mode for a duration of one frame, as discussed in section 5.1.2. Any 

signal received during this period corresponds to interference(s). The range compression, 

beamforming, and CA-CFAR are then used to estimate the AoA of the interferer. This 

method also helps to estimate interference power relative to the echo power when the radar 

is switched back to active mode. 
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III. Range-Azimuth after Adaptive Beamformer 

The following steps have been used to generate the range-azimuth plot with adaptive 

weights: 

1. Normalised array response ( )R θ  has been estimated for azimuth angles ( )  within the VR 

FoV using the following: 

 ( ) ( )( )
( )sin

exp 2 0 1j d M
M


 



 
= − − − 

 
R  (6-27) 

     where, M is the number of array elements, 

2. The beamformed response ( )'
R θ  has then been determined by: 

 ( ) ( )' * =R w R  (6-28) 

3. The beamformed signal ( ), ,i jSB  has been estimated using: 

 ( ) ( ) ( )', , ,SB x Ri j i j =  (6-29) 

where, 𝑥 represents the received signal, and i and j represent the fast-time and the slow-time 

samples, respectively. 

Range compression on ( ), ,i jSB  across the fast-time samples ‘i’ has been performed to 

generate the adaptive beamformed range-azimuth plots presented later in the chapter. 

 

6.6 Mitigation in Congested Environment 

An automotive environment is inherently congested with multiple targets and interferers 

having a small angular separation. Moreover, due to the limited DoF in the SoA sensors to 

suppress interference completely while ensuring the maximum SINR, spatial mitigation is often 

ambiguous and a subject of discussion in this section.  
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An example demonstrating array response with LCMV-based adaptive weights has been 

shown in Figure 6.12. The VR with dual channels receiver and array sizes of 4 and 12 elements 

have been considered with four interfering sources at 10o
, 25o

, 20o−  and 35o− , with a target 

at 0o
. 

 

Figure 6.12: Spatial mitigation using LCMV weights showing limited degrees for freedom to 

suppress all interferers. 

 

In the 12-element array, with potentially 11 DoF, nulls have been placed in the directions of all 

interferers. However, the interferer at 10o
 has not been suppressed in a 4-element array due to 

limited DoF (3 in this example). Moreover, the SLL is greater than the main lobe, which affects 

target detectability. 

Figure 6.13 (a) gives the PHSLL and SINR as a function of the number of interferers after 

spatial mitigation. The interferers were randomly positioned in the FoV of the VR. In all the 

cases, a single target has been positioned at 20 m, 0o
 from the VR. A MIMO-based VR with a 

single channel receiver, 3TxN = , 4RxN = , 100svT s= , svB = 0.5 GHz, and IR with 

sint 27T s= , and sintB  = 0.5 GHz have been used. The array responses after beamforming with 

adaptive weights for 1, 3, and 5 interferers are demonstrated in Figure 6.13 (b). The black dotted 
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line at 0o
 shows the target direction, while the remaining dotted lines show the additional 

direction of nulls for each case, e.g., with 5 interferers, a total of 10 nulls are required for 

interference suppression. 

       

                          (a)                                                                         (b) 

Figure 6.13: Interference mitigation in the spatial domain for different numbers of interferers. 

(a) The PHSLL and SINR as a function of the number of interferers. The PHSLL and SINR 

values are in dB. (b) Array response after beamforming using adaptive weights for a different 

number of interferers. 

 

The SINR and PHSLL reduce as the number of interferers increases until a point at which 

the target at 0o
 is no longer detectable. Considering a SINR value of 10 dB for effective target 

detection, in the demonstrated example, the system performance is dramatically reduced for the 

number of interferers > 2. Moreover, a large number of nulls leaves an essential portion of the 

VR’s FoV unusable for target detection ( 20o  to 10o  in this case). 

To validate the developed model, spatial suppression has been performed in an outdoor 

scenario with multiple targets and interferers in the VR’s FoV and presented in Appendix 14. 

As discussed, spatial mitigation effectiveness degraded in the presence of multiple interferers 

in the FoV of the VR, thus, deteriorating the radar performance. 
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6.7 Spatial Mitigation in MIMO and FPA Radar 

As discussed earlier, interference in a MIMO array follows the real aperture and spreads 

over a large FoV. Therefore, a virtual MIMO aperture does not give any additional advantage 

in the background of interference, as it does for the echo signal where resolution is enhanced.  

Interference suppression using LCMV adaptive weights for the case and parameters in 

section 6.4 has been performed in this section. The primary focus has been on the comparative 

analysis of adaptive beamformers’ performance in MIMO and FPA for which the peak to 

highest SLL (PHSLL) and SINR have been considered as the evaluation metrics.  

Interference suppression in a MIMO radar with well-separated target and interferer has 

been presented in [192], [216] demonstrating a reasonable performance. However, due to the 

MIMO array’s inherent peculiarity, i.e., a smaller number of RxN  compared to a FPA (with the 

same angular resolution) and one-way antennas SLL, the performance of an adaptive 

beamformer for spatial interference suppression becomes less effective. This is especially 

significant in the scenario with a small spatial separation between the targets and interferers 

and, at the same time, less investigated. 

An example scenario discussed in this section has been demonstrated in Figure 6.4. For a 

3 transmit and 4 receive element MIMO radar (used in a specific automotive chipset [39]) with 

the virtual angular resolution of 9.5o
, the AoA of the interfering source will be in the first 

sidelobe of the target after beamforming. Placing an adaptive spatial null for interference 

suppression will be accompanied by various limitations in a MIMO array, which have been 

evaluated and compared to that of a FPA counterpart. 

6.7.1 Dual (I/Q) Channel Receiver 

In the I/Q channel receiver, each interferer corresponds to one AoA after beamforming. 

This configuration is used in a number of COTS chipsets [38].  
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The radar plots after spatial suppression in the I/Q channels receiver have been presented 

in Figure 6.14. The AoA normalized by the peak power after beamforming before and after 

interference suppression for MIMO and FPA has been shown in Figure 6.14 (a) and (b), 

respectively. Figure 6.14 (c) and (d) show the range-azimuth plot for MIMO and FPA after 

interference spatial suppression, respectively.  

    

                                       (a)                                                                     (b) 

      

                                   (c)                                                                       (d) 

Figure 6.14: Interference suppression using LCMV weights for I/Q channel receiver. The red 

highlighted region shows MIMO sidelobes greater than FPA sidelobes: (a) AoA for the 

MIMO array, (b) AoA for the full phase array, (c) range-azimuth plot after spatial 

suppression for the MIMO array, (d) range-azimuth plot after spatial suppression for the full 

phased array. 
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As interference follows the real aperture in the MIMO array, a broader null is directed toward 

the direction of the interference resulting in higher sidelobes (to conserve the total power 

distribution) with PHSLL = 0 dB. This makes target detection at 0o
 ambiguous. In contrast, the 

FPA with PHSLL = 7 dB outperforms the MIMO counterpart. The target at 0o
 is detectable 

after suppression. However, a ghost target at 30o
 (due to a high SLL) appears in the MIMO 

array (Figure 6.14 (c)). In comparison, the FPA (Figure 6.14 (d)) has a clear target at 0o
 with a 

reasonable SINR of 7 dB. 

Compared to Figure 6.5 (c) and (d), adaptive beamforming by spatial nulls in the 

interference direction reduces interference by ~40 dB with the suppressed interference floor 

comparable to the receiver thermal noise floor. 

6.7.2 Single (Real only) Channel Receiver 

In a single (real) channel receiver, which is also used in a number of COTS chipsets [39], 

interference corresponds to two AoA’s: one towards its true direction, and another one towards 

the image direction (Appendix 4). This requires two nulls to suppress each interference 

completely.  

Radar plots for this case have been presented in Figure 6.15. Normalized AoA before and 

after suppression for the MIMO and FPA radars have been given in Figure 6.15 (a) and (b), 

respectively. In the MIMO array, due to broader interference beams at  , a further increase 

in the VR’s FoV masked by interference is observed as compared to the I/Q channels receiver 

case (see Figure 6.15 (c)). Figure 6.15 (c) and (d) shows range-azimuth plots for MIMO and 

FPA. For the MIMO array, the target at 0o
 has been sandwiched between the adjacent wide 

nulls and suffers a degradation in target echo power after spatial suppression. Interference 

energy appears in the sidelobes for the MIMO array case and does not reduce to the level of 

thermal noise floor after mitigation (Figure 6.15 (c)).  
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Furthermore, due to multiple wide nulls to suppress interference, SLL is even higher in 

amplitude than the target at 0o
, resulting in ghost targets in the range-azimuth plot at 40 m 

(Figure 6.15 (c)). However, in the FPA, due to finer FPA I − , lower sidelobes are observed after 

suppression, and the target is detectable after beamforming with SINR = 12 dB (Figure 6.15 

(d), see colour bar). Interference is suppressed to the thermal noise floor in this case. 

    

                                  (a)                                                                  (b) 

 

                                     (c)                                                                 (d) 

Figure 6.15: Interference suppression using LCMV spatial weights for a single channel victim 

receiver. Red highlighted region shows MIMO sidelobes greater than FPA sidelobes: (a) AoA 

for MIMO array, (b) AoA for full phased array (FPA), (c) range-azimuth plot after spatial 

suppression in MIMO array, (d) range-azimuth plot after spatial suppression in FPA. 
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6.7.3 The PHSLL and SINR after Spatial Mitigation 

As observed in the preceding sub-section, placing a null closer to the target’s angular 

position in a MIMO array results in higher sidelobes (Figure 6.14 (c) and Figure 6.15 (c)) 

compared to the FPA (Figure 6.14 (d) and Figure 6.15 (d)). Depending upon the interferer 

position, sidelobes result in the appearance of ghost targets after spatial filtering. Consequently, 

target detection becomes ambiguous. Figure 6.16 (a) and (b) show the PHSLL and SINR as a 

function of the angular separation between the target and interferer (∆θ), respectively.  

For simplicity, but without loss of generality, a single target and interferer have been considered 

to generate the results. The target position is fixed at 20 m, 0o
 whereas, the interferer position 

has been changed from 20 m, 0o
 to 20 m, 60o

. The range to the interferer is fixed at 20 m to 

keep its power constant at the VR’s antenna input. Maximal power corresponds to the power of 

the target at 0𝑜 in all cases. The victim and interferer waveform parameters are the same as in 

section 6.4. 

For well-separated targets and interferers with a broader ∆θ (interferer in the third 

sidelobe in the considered case), interference mitigation in the spatial domain with a MIMO 

array and FPA are comparable in performance. However, as ∆θ reduces, especially with 

interference in the second sidelobe or closer to the target beam – a common automotive 

scenario, FPA outperforms a MIMO array.  

Moreover, in a single channel receiver, with both MIMO and FPA, due to adjacent nulls 

around the target at 0o
, SLL increases beyond the target beam when a null is placed to suppress 

interference. In a MIMO array, a blind region is observed from 0 10o o−  with a dual channel 

receiver (interferer in the main lobe), whereas from 0 20o o−  with a single channel receiver 

(interferer in the first side lobe).  
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                                                                 (a)                      

             

                                                                 (b) 

Figure 6.16: (a) Peak to highest sidelobe level (PHSLL) as a function of spatial separation 

( )  between the target and interferer. (b) SINR vs. spatial separation ( )  between target 

and interferer. Negative PHSLL indicates a sidelobe greater than the target peak. 
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A broader null to suppress interference in the MIMO array results in a large blind FoV. 

Any targets in this region might not be detected with a reasonable SINR. Due to one spatial null 

required in an I/Q channel receiver for complete interference suppression, it has better SLL than 

a real channel VR, especially when ∆θ is close to 0. Additionally, directing a null in the main 

lobe of the target results in much higher sidelobes and even complete target masking.  

The performance of interference suppression in MIMO and FPA radars has been 

summarised in Figure 6.17 with interference in the main lobe at 8o
, the first sidelobe at 14o , 

and the second sidelobe at 28o
 of the target beam. 

 

 

Figure 6.17: Performance analysis of MIMO and full phased arrays. 

 

In terms of interference beamwidth and spatial interference suppression, FPA is more effective 

than a MIMO array, especially when the interferer is closer to the target. 

Although the waveform diversity provided by independent transmit beams offers 

additional DoF in a MIMO radar, these are not provided in the background of interference, 

making the MIMO configuration ineffective. Even if a large MIMO array is used, the 

interference beam (defined by the number of elements in the receive array only) will still be 

much broader than the target beam, resulting in detrimental effects on the radar’s FoV.  
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In the presented analysis, a single transmit element has been considered for the FPA to 

match its antenna pattern SLL with the MIMO array. However, increasing the number of 

transmit elements for the phased array will further reduce the SLL after suppression. 

 

6.8 Limitations of Spatial Domain Mitigation 

Adaptive beamforming suppresses the interference to enhance the SINR for precise echo 

signal detection. However, as discussed in this section, it is more effective in certain scenarios 

with specific radar configurations. In other cases, it has detrimental effects on radar 

performance, which have been elaborated on in Appendix 15. Summarising here, spatial 

domain mitigation is less effective, specifically in automotive conditions, due to the following: 

1. Limited degrees of freedom (DoFs) in the SoA automotive radar chipsets to place nulls in 

the directions of all interferers, especially in congested scenarios. 

2. Higher computational complexity and requirement to converge within the radar frame time. 

3. Difficult to implement in dynamic road scenarios where AoA of interferers might rapidly 

change or new interferes might appear. Consequently, the antenna pattern nulls created at 

the end of frame duration cannot consider these new AoA or interference signals, leading 

to SINR degradation. 

4. Multiple targets and interferers: In the presence of multiple targets and interferers, 

considering that DoFs are sufficient to place the required number of nulls, any target that 

is also a source of interference will have a null directed towards it. This suppresses the echo 

energy, leading to SINR degradation. The effect of the number of interferers on the 

interference mitigation performance has been analysed and shown in Figure 6.13. A 

negative PHSLL indicated SLL greater than the main lobe. As observed, spatial domain 

mitigation is effective only when the number of interferers is small and with a wider 

separation between the target and the interferer. 
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6.9 Performance Comparison of Mitigation Techniques 

To evaluate the performance of ADBF, the PHSLL and SINR values obtained by spatial 

mitigation and time domain mitigation have been compared and presented in Table 6.2.  

For time domain mitigation, interference has first been detected (section 5.1.1), and then 

the appropriate time intervals have been replaced by zeros. The VR with TxN  = 3, RxN  = 4, 

operating in TDM-MIMO mode with a single channel receiver, svT  = 102.4 µs, svB  = 0.5 GHz, 

and 1 ms CPI has been used. A target with 10 dBsm RCS has been positioned at 40 m, 0o
 from 

the VR. Three interference sources with sweep times   (CW), 23 µs, and 1000 µs, and sweep 

bandwidths 0, 0.5, and 0.2 GHz, respectively, have been positioned at 30 m 7.5o
, 40 m 14o , 

and 21 m 22o  from the VR. The interferers appeared in the main lobe, first side lobe, and second 

sidelobe, respectively.  For a single interferer case, the interferer with a sweep time of 1000 µs 

and bandwidth of 0.2 GHz has been used (21 m, 22o ). 

Table 6.2: Performance comparison of time domain and spatial domain mitigation 

Performance Metric Number of Interferer Value 

Before Mitigation 

 

PHSLL 

(dB) 

0 13.4 

1 7.3 

3 5.9 

 

SINR 

(dB) 

0 32 

1 7 

3 5 

After Mitigation 

 Time Domain Spatial Domain 

PHSLL 

(dB) 

1 12.9 13.4 

3 12.7 -5 

SINR 

(dB) 

1 29 30 

3 26 0 
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The PHSLL and SINR after time domain and spatial domain mitigation are comparable 

for a single and well-separated interferer. However, as the number of interferers increases, time 

domain mitigation outperforms spatial domain with much higher PHSLL and SINR. 

 

6.10 Summary 

The interference suppression performance of ADBF has been evaluated using the SINR 

and PHSLL as the performance metrics in the MIMO and FPA configurations. It has been 

shown that an interfering signal does not follow the virtual aperture and forms a broader beam 

according to the receive aperture size of the MIMO radar. Thus, after beamforming, ADBF 

affects interference only with the real aperture size, leading to broader nulls for interference 

cancellation.  

Additionally, it has been discussed that spatial suppression in contemporary MIMO radars 

works well only for well-separated targets and interferers and matches in performance to the 

traditional FPA. In the case of a small spatial separation between the target and interferer, due 

to a broader interference beam in the MIMO array, ADBF performance in the FPA outperforms 

that in the MIMO array. Consequently, the MIMO array might not give an advantage in the 

background of interference as it does for the echo signal (resolution enhancement). The 

performance of ADBF degrades in a typical roadside scenario, with multiple and congested 

targets and interferers due to limited DoF in the SoA automotive sensors [283].  

The ADBF works with both real and I/Q receiver configurations. However, due to the 

image band fold-back in real channel receivers, complete interference suppression requires 

more DoF (additional notches in the receiving array pattern) than needed for the I/Q channels 

receivers. The additional notches in the antenna pattern may lead to SINR degradation. 
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Lastly, performance evaluation of spatial domain mitigation with the temporal domain 

mitigation indicated that with a larger number of interferers in the VR’s FoV, mitigation in the 

temporal domain is more effective with better SINR and PHSLL than the spatial domain.  

Therefore, it can be concluded that interference mitigation in the spatial domain is highly 

sensitive to the relative position of the target and interferer, and the available DoF. In an 

automotive scenario, potential targets such as vehicles are also sources of interference due to 

the radars installed on them. After implementing spatial domain mitigation, the echo signal 

energy from these targets is also suppressed and these targets could be lost due to a blind FoV 

created in the array pattern making target detection ambiguous. Consequently, a reduction in 

the SINR is expected. Thus, applications of interference mitigation in the spatial domain may 

be recommended for the following scenarios: 

• Non-radiating targets, e.g., pedestrian, roadside clutter and infrastructure, etc. and 

• Interference received from directions well outside of an area of radar observation. 
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Chapter 7. SINR ALONG THE RADAR 

PROCESSING STAGES 
 

 
To understand the effect of radar architecture and traffic density conditions on 

interference detection/ mitigation, it is essential to investigate the SINR enhancement/ 

degradation as the received signal is processed by the VR. This is the subject of study in this 

chapter. In general, as discussed in Chapter 3 and Chapter 4, the mean interference power 

depends on the waveform parameters of the VR and IR and the specific signal processing 

methodology employed at the VR.  

Based on the characteristics of interference identified previously in the presented work, 

interference power for various radar parameters and configurations using real-road measured 

data has been estimated across the radar’s processing chain. The main contributions of this 

chapter are: 

• A systematic analysis of the SINR at each step of the signal processing chain of the VR. 

This includes the analogue and digital signal processing stages. 

• Demonstrating the SINR improvement using real-time measured data for different 

orientations of the interfering sensors. 

• Assessing the SINR and INR values for various SoA automotive radar chipsets, sensor 

parameters, configurations, and scenarios. 

 

7.1 MIMO FMCW Processing 

The MIMO-FMCW signal processing chain and its effect on interference have been 

described in detail in sections 3.1 and 3.5. A summary is included in the subsequent paragraphs.  
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FMCW radar transmits a chirp signal of duration svT  during each PRI. Depending upon 

the RCS of the target, some part of the incident signal is reflected towards the radar and received 

by the collocated receiver. A sequence of CPIN  chirps is conditionally transmitted from each 

transmit element of the radar as a Doppler frame with duration ( )CPIN PRI . The phase 

variation across chirps within a Doppler frame is used to estimate the relative speed of the 

targets. Moreover, by integrating the chirps returned from the targets, the receiver’s dynamic 

range is enhanced. To resolve the targets along the spatial direction (azimuth angle or cross-

range), the radar transmits a signal from multiple transmit elements using either the traditional 

phased array configuration or the modern MIMO configuration. In MIMO mode, orthogonal 

signals are transmitted through multiple transmit elements. A synthesized virtual array at the 

receiver side increases the resolution to ( )2 Tx RxN N  radians using Tx RxN N+  elements. 

As the received signal is processed by the radar, the noise contribution of each stage is 

added to the signal. The main types of noise in the receiver are thermal noise, quantisation noise 

at the ADC, and jitter of the quantisation clock [284]. Thermal noise – the most significant 

noise – is caused by the thermal excitation of the receiver input stages and has a white Gaussian 

distribution. It has been considered the main contributor to the noise in this chapter. 

7.1.1 Block Diagram of Radar Processing Chain 

The received signal, composed of echoes and interference, is first processed at the 

analogue front end (AFE), and then digitised at the ADC. The signal after the ADC has been 

called the receiver output signal in the presented work. The DSP follows this, where a 3D-FFT 

has been performed to extract the range, relative speed, and spatial location of the targets.  

The simplified block-level diagram of a typical radar receiver used to evaluate the impact 

of interference along each stage is shown in Figure 7.1. The block diagram represents various 
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sections of the AFE where the analogue signal is processed followed by the DSP. The range 

profile, range-Doppler, and range-azimuth have been obtained after estimating the phase 

variation across each dimension of the radar data cube (section 2.3.4.II).  

 

 

(a) 

 

 

(b) 

Figure 7.1: Block diagram of a typical radar system with processing steps: (a) analogue front 

end, (b) digital signal processing. 

 

7.2 SINR Improvement 

It has been discussed in Chapter 4 that for most of the types of interference, the echo 

signal and interfering signal have different statistics which depends upon the waveform 

parameters of the VR and IR. For most practical road scenarios, the statistics of interference are 

more comparable to the random Gaussian noise (Figure 4.9). Consequently, the effect of each 

processing stage on the echo signal and interference will be different and assessed in this 

section. 

7.2.1 Receiver Input 

At the input of the VR receiver, shown as point ‘A’ in Figure 7.1 (a), considering free-

space propagation, the echo signal received from a point target located at ( ),   where   and 
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  are the azimuth and elevation angles of the target with respect to the VR, respectively, is 

given as follows: 

 ( )
( ) ( ) 2

3 4

, ,
,

(4 )

Tx Tx Rx

R

T P

P G G
P

R L

     
 




=  (7-1) 

where, TxP  is the transmitted power of the VR, ( ),TxG    and ( ),RxG    are the transmit and 

receive antenna gains of the VR as a function of the target’s position in space, respectively,   

is the RCS of a non-fluctuating target, TR  is the range to the target, and pL  accounts for 

additional propagation losses including the loss due to improper alignment of the VR and the 

target. 

Interference received at the VR has a one-way propagation path from the source of 

interference located at ( )int int,  , where int  and int  are the azimuth and elevation angles of 

the interferer with respect to the VR. The interference power ( )RIntP  at the VR’s receiver input 

is given as: 

 ( )
( ) ( ) 2

2

, ,
,

(4 )

TxInt TxInt Int Int Rx Int Int

RInt Int Int

I P

P G G
P

R L

    
 



  
=


 (7-2) 

where, TxIntP  is the transmitted power of the IR, ( ),TxInt Int IntG    is the transmit antenna gain of 

the interferer transmitter as a function of its position, ( ),RxInt Int IntG    is the receive antenna gain 

of the VR as a function of interferer position, and IR  is the range to interferer.  

The signal to interference ratio (SIR) at the input of receiver ( )ASIR  is estimated as: 

 
( )
( )

( ) ( )
( ) ( )

2
I

4

, , ,

, 4 , ,

R Tx Tx Rx

A

RInt Int Int T TxInt TxInt Int Int Rx Int Int

P P G G R
SIR

P R P G G

      

      
= =  (7-3) 

 

Due to the one-way propagation loss of interference compared to the two-way echo signal 

loss, interference power in most cases will be stronger. 
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7.2.2 Receiver Output 

The signal (plus interference) at the receiver output, point ‘B’ in Figure 7.1 (a), passes 

through multiple stages of the AFE, where the signal is amplified, filtered, down-converted, 

and then digitised. Each stage also contributes to the total noise power level.  

The approximate power contribution of the AFE ( )AFEP  has been estimated as follows: 

 AFE LNA VGA Mixer FS ADCP G G L P G= + + + +  (7-4) 

where, LNAG  and VGAG  are the gains of the low noise amplifier (LNA) and the variable gain 

amplifier (VGA), respectively, ( )20log 0.5MixerL =  is the loss due to double sideband to single 

sideband conversion at the mixer, FSP  represents the full-scale ADC input power after which 

the signal’s power is clipped. The ADC gain is estimated as [285] follows: 

 6.02 1.74ADC ADCG N= +  (7-5) 

where ADCN  is the number of ADC bits.  

Through the AFE, the echo signal and interference appear as well-defined sinusoidal and 

chirp-like LFM signals, respectively. Therefore, the AFE has a similar effect on the echo signal 

and interference. Consequently, the equivalent gain in SIR is close to 0, resulting in 

B ASIR SIR= , where BSIR  represents SIR at the output of the receiver. 

The power spectral density (PSD) of noise at the output of the receiver per Hz bandwidth 

is defined as follows:  

 Noise EffP kT=  (7-6) 

where, k is the Boltzmann constant, Eff Ant FT T N=   is the effective noise temperature at the 

output of the receiver in Kelvin, AntT  is the noise temperature at the antenna in Kelvin, and FN  
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is the combined noise figure of the receiver AFE. The noise figure of the LNA will have the 

most significant contribution as it is the first stage of the AFE [286]. 

In most cases, interference power dominates the receiver noise i.e., 1INR , and is the 

main contributor in defining the INR at the subsequent stages of a victim receiver. 

Consequently, SINR SIR= . However, if 1INR  , the interference power will be smaller than 

the noise power, leaving SINR SNR= . In the forthcoming discussion, it has been assumed that 

the received interference power is stronger than the noise power i.e., ( ),RInt Int Int NoiseP P   .  

Based on these, BSNR , BSINR , BINR  at the output of the receiver have been estimated 

as follows: 
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 (7-7) 

During the first step of pulse compression, the received signal is mixed with the 

transmitted signal to form an intermediate frequency signal, as shown in (3-18) and (3-22) for 

the echo signal and interference, respectively. After this, a LPF attenuates the higher 

frequencies and also limits the interference duration. 

After being processed at the AFE, the received radar data is organized as a radar data 

cube. In the digital domain, the 3D-FFT has been performed on the radar data cube to generate 

the radar imagery in each domain (range, range-Doppler, range-azimuth). The DSP has been 

discussed in the following sections based on the real-road radar data collected during a series 

of experiments according to the defined use-cases detailed in Appendix 11. 
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7.3 Use-Cases for the SINR Assessment 

The example cases have been presented in this section where the SINR after each 

processing stage of the VR is analysed for the two interference sources: 

1. Radar 1: Forward-looking TI AWR1243 radar [38], and 

2. Radar 2: Corner-looking NXP Dolphin radar [39]. 

The interfering radars have different orientations and waveform parameters wrt. the VR. At a 

time, only one interfering radar has been switched on to estimate the effect of the IR orientation 

and its waveform parameters on the performance of the VR. The VR is a forward-looking 

INRAS Radarlog RDL-77G-TX4RX16-D02 [91], operating in TDM-MIMO mode. The 

measurement setup is shown in Figure 7.2. In the designed setup, the vehicle with interfering 

radars is parked at 11.5 m from the VR in the adjacent lane with a lane width of 3.6 m. 

 

Figure 7.2: Measurement setup for the SINR analysis in real road conditions. 

 

For the considered example, each VR frame has been generated after 128 ms of data 

collection, where 512 victim chirps are transmitted sequentially from the 4 transmit elements 

of the VR. 128 chirps have been used for the Doppler processing (Doppler frame). For 

Radarlog, the virtual array of 64 elements is formed. However, the antenna elements 

arrangement is such that the synthesised virtual array has 3 overlapping antenna elements. After 

removing these elements, an equivalent virtual array of 61 channels has been formed. This 

constitutes an azimuth/ beamform frame over which beamforming has been performed.  
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The parameters and configurations of the victim and interfering sensors used for the SINR 

estimation have been given in Table 7.1. 

Table 7.1: Sensor parameters for the SINR analysis. 

Parameter Value Unit 

p
L + Alignment Errors 5 dB 

Victim Radar 

Centre Frequency 76.5 GHz 

Wavelength 0.0039 m 

Peak transmit power: 
Tx

P  10 dBm 

Transmit antenna gain: 
Tx

G  14 dBi 

Receive antenna gain: 
Rx

G  14 dBi 

LNA
G  42 dB 

VGA
G  20 dB 

ADC
N  12+4 bits 

ADC Gain: 
ADC

G  98.06 dB 

Mixer Loss 20log(0.5) = - 6 dB 

FS
V  ±1𝑉 peak to peak 

FS
P  

(1V peak full-scale amplitude to W) 

2

1

2

50

pk
V

 
 
 
 

= - 20 dBW 

W/50ohm 

AFE
P  164 dBm 

Array Configuration 4 Tx* 16 Rx Elements 

Configuration TDM-MIMO  

Receiver Type Real Channel  

FN  14 dB 

Sweep Time 204.8 µs 

Bandwidth 1 GHz 

FastFFT
N  2048  points 

SlowFFT
N  128  points 

AzFFT
N  512 points 

AntT  290 𝐾 

Window: Fast-Time  Blackman Harris  

Window: Slow-Time Hann  

Window: Azimuth Hann  
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Interferer Radar 

 Radar 1 

(IR1) 

Radar 2 

(IR2) 

Unit 

Peak transmit power: 
TxInt

P  10 10 dBm 

Centre Frequency 76.5 76.5 GHz 

Wavelength 0.0039 0.0039 m 

Transmit antenna gain 

(Considering antenna orientation in VR direction) 

9 5 

 

dBi 

Receive antenna gain 

(Considering antenna orientation in IR direction) 

14.4 10 

 

dBi 

Sweep Time 250  102.4 µs  

Bandwidth 0.95 1 GHz 

Measured 
INT

T  16 3.3 us 

Active duty-cycle 98 48 % 

*

Fast FFT
W

−
 13 10 dB 

 

A comparatively lower value of the probability of interference occurrence ( )intPR  has 

been observed for both the interfering sensors. Various factors impact 
intPR , which includes a 

random idle time between the chirps and frames (configurable in the software [288]), potential 

frequency and sweep time jitter, time to reset ADCs before each new transmission, switching 

time between the transmit antenna elements in MIMO configuration [265], a limited active-

duty cycle to ensure smooth data transfer from the radar to the capturing PC. 

Due to a relatively low active duty cycle of radar 2 (Table 7.1), intPR  for IR2 is smaller 

compared to the interference received from radar 1. With the defined parameters of the 

interfering radars, the probability of occurrence of interference ( )intPR , averaged over 10 VR 

frames, has been given in Table 7.2. For comparison, the modelled intPR  for the two interfering 

sensors is also shown. 
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Table 7.2: Probability of occurrence of interference ( )intPR . 

 Radar 1 Radar 2 

Model Measurement Model Measurement 

Full frame: 512 chirps 

(% interfered chirps) 

180 

(35%) 

176 

(34%) 

152 

(29%) 

147 

(28.7%) 

Doppler Frame: 128 chirps 

(% interfered chirps) 

52 

(40%) 

49 

(38%) 

35 

(27%) 

31 

(24%) 

Azimuth Frame: 61 chirps 

(% interfered chirps) 

28 

(43%) 

25 

(39%) 

19 

(29%) 

17 

(26%) 
 

As expected, the probability of interference is reasonably small for both the interfering sources. 

Next, the results in different domains have been presented and assessed. 

 

7.3.1 Range Profile of Interference 

Each VR chirp of duration 204.8 µs is sampled with sF  = 10 MSps. Therefore, each PRI 

contains 2048 samples, over which range compression has been performed. 

After the FFT, the usable frequency range can be expressed as: 0 - MaxF , where MaxF  in a 

single (real only) channel receiver is 2Max sF F=  [289]. In the absence of spectral windowing, 

the resolution of each frequency bin ( )BWFFT  is defined by s FastFFTF N 20, that sweeps across 

the entire frequency spectrum where FastFFTN  is the number of fast-time FFT points. Therefore, 

the FFT processing gain ( )FFTG  can be estimated as follows: 

 
2

2

s

Max FastFFT
FFT

sBW

FastFFT

F
F N

G
FFFT

N

= = =  (7-8) 

 
20 Windowing function widens the FFT bin and reduces the resolution as discussed in section 2.3.4.IV. 
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As shown in (3-18), the beat frequency corresponding to the echo signal is a constant 

frequency tone. Depending upon the FFT resolution, it generally occupies a single frequency 

(range) bin in the range profile. In contrast, for a majority of the cases, interference being time-

limited spreads across multiple frequency bins. The spread of interference in the frequency 

domain depends upon the waveform parameters of the VR and IR (section 3.4). This is defined 

by the time-dependent second term in (3-22), expressed as ( )intvK K t− .  

Based on this, the number of frequency bins with interference ( )INTN  times the FFT 

resolution ( )1 svT  should be equal to ( )intv svK K T− . Therefore, 

 
int

2
int

1
. ( )

( )

v svINT

sv

v svINT

N K K T
T

N K K T

= − 

= − 

 (7-9) 

 ( ) 2

intINT v svN K K T= −   (7-10) 

For a larger value of INTN , interference spreads over a larger number of frequency bins and, 

therefore, has a wide spectrum but with a reduced mean interference power.  

Furthermore, the window has also been applied across the fast-time (the Blackman-Harris 

window) to reduce the spectral leakage due to signal discontinuities. As discussed in section 

5.4, if the instantaneous time of interference occurrence is other than the centre of a victim 

chirp, depending upon the temporal position of interference, interference power is also 

attenuated due to the applied window to the time domain signal. This loss has been expressed 

by *

FastFFTW . 

The white thermal noise spreads across all the frequency bins, and the equivalent noise 

power per frequency bin depends upon the frequency resolution [290], that in a real-only 

channel receiver is defined as: 
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1

.
2

FFT
Noise Eff

sv

N
P kT

T

 
=  

 
 (7-11) 

where, 1 svT  is the noise bandwidth per FFT bin [291], and Eff svkT T  defines the thermal noise 

floor level. 

The SINR and INR in the range profile, represented as RSINR  and RINR , respectively 

are given as: 

 

*

*

*

*

.

   

FFT
R B B INT FastFFT

FFT

INT FastFFT

FFT

svINT FastFFT
R B B

FFT INT FastFFT

sv

G
SINR SINR SINR N W

G

N W

G

TN W
INR INR INR

G N W

T

= =  




= =



 (7-12) 

An example of the range profile for one victim chirp across one receive channel and 

augmented range-time plot for the VR frame of 128 ms in the background of interference from 

radar 1 (TI AWR1243) have been shown in Figure 7.3 (a) and (b), respectively. Similar plots 

in the background of interference from radar 2 (NXP Dolphin) have been shown in Figure 7.3 

(c) and (d), respectively.  

Compared to the interference from radar 2, due to a higher active frame duration from 

radar 1, INTPR  from IR1 is higher, as can be visually seen in Figure 7.3 (b) and (d), and 

presented in Table 7.2. Moreover, the interference floor defined by IR1 is higher (~ -64 dBm 

mean interference power) compared to that defined by IR2 (~ -72 dBm mean interference 

power) due to the forward-looking orientation of IR1. 
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(a)                                                               (b) 

          

                                              (c)                                                               (d) 

Figure 7.3: Radar plots in the range domains for the defined use cases: (a) range profile of 

interference from radar 1, (b) range time of interference from radar 1, (c) range profile of 

interference from radar 2, (d) range time of interference from radar 2. 

In the I/Q channels receiver, an interference power reduction by a factor of 2 is expected 

(Appendix 6). In the forthcoming discussion, without loss of generality, a single (real-only) 

channel receiver has been considered. 

7.3.2 Range-Doppler Representation of Interference 

The received chirps are integrated over a CPI during the Doppler compression. After 

integration, the echo signal power increases by 2

CPIN  times if it is coherent across the integrated 

Target 

Interference 

Floor 
Interference: Radar 1 

Target 
Interference: Radar 2 
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chirps within a Doppler frame. The noise, being a random process, is non-coherent across the 

chirps. Therefore, its power increases by CPIN  times. 

As discussed in Chapter 4, for a majority of the cases, interference is non-coherent across 

the victim chirps within a Doppler frame (Figure 4.9). Therefore, similar to noise, interference 

power should increase by CPIN  times if all the victim chirps within the CPI are interfered with.  

However, in a realistic automotive scenario, as shown in Table 7.2 and Figure 7.3, due to 

the factors such as multiple radar manufacturers – leading to different hardware configurations 

and waveform parameters, – the chirps from the interference source interfere with only a subset 

of CPIN  within each Doppler frame, represented as CPI INTN − . CPI INTN −  is the number of VR 

chirps within a Doppler frame that are being interfered with, and CPI INT CPIN N−  . This defines 

the probability of interference occurrence in a Doppler frame ( )( )INTP CPI , defined as: 

 ( ) CPI INT
INT

CPI

N
P CPI

N

−=  (7-13) 

Based on ( )INTP CPI , the following cases can occur: 

1. If ( )INTP CPI  = 0, none of the VR chirps within a Doppler frame has interference. This 

results in zero interference power and SINR = SNR. 

2. When ( ) 1INTP CPI = , CPI INT CPIN N− = , and all the VR chirps within a Doppler frame 

interfere. This results in maximum interference power in the range-Doppler profile. 

3. In most cases, CPI INT CPIN N−  . 

The SINR and INR in the range-Doppler profile, represented as RDSINR  and RDINR , 

respectively have been estimated as: 
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.
( ) ( )

( )
  .  ( )

CPI CPI
RD R R

INT CPI INT

INT CPI
RD R R INT

CPI

N N
SINR SINR SINR

P CPI N P CPI

P CPI N
INR INR INR P CPI

N

= = 



= = 

 (7-14) 

The range-Doppler maps for the discussed use cases have been shown in Figure 7.4 (a) 

and (b) for interference from radar 1 and 2, respectively. Due to different orientations and radar 

parameters of radar 1 (forward-looking) and radar 2 (corner-looking) with respect to the VR, 

average interference powers of -54 dBm and -63 dBm have been observed for interference 

received from radar 1 and radar 2, respectively. 

   

                                 (a)                                                                        (b) 

Figure 7.4: Range-Doppler plots for the SINR analysis: (a) radar 1, (b) radar 2. 

 

7.3.3 Spatial Domain Representation of Interference 

Spatial compression is performed across the VR antenna elements to a) resolve targets 

along the spatial axis and b) estimate the spatial position of the targets.  

The echo signals and interfering signals are received by multiple receive elements of the 

VR (with a different phase shift, depending upon the AoA). Therefore, at the VR with a single 

transmit and RxN  receive elements, the signal and interference power increases coherently after 

Target 
Background 

clutter Target Background 

clutter 
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beamforming (spatial compression) by 2

RxN  times. However, SoA radars have multiple transmit 

elements to improve the azimuth resolution of the targets and enhance the SNR.  

As discussed in Chapter 6, there are two main antenna configurations: a) phased array 

and b) MIMO array. Depending upon the mode of signal transmission, the interference power 

after beamforming varies and is discussed next. 

I. Phased Array Configuration 

In the phased array configuration, the beam resolution is defined by the receive elements 

of the VR only. Therefore, the echo signal power increases by 2

RxN  times after beamforming. 

The noise being incoherent across the receive channels has RxN  times increase in power. 

The receive channels of the VR receive interference coherently. This has been explained 

in Table 7.3 for the typical automotive radar parameters [235], [265]. 

Table 7.3: Time shift and sampling interval for long and short-range radar. 

Parameter Long Range Radar Short Range Radar 

Maximum Detection Range (d) 200 m 40 m 

Field of view ( )  5o  80o  

Time shift across antenna element ( )( )sind c  58 ns 131 ns 

Sampling Frequency ( )sF  16 MSps 5 MSps 

Sampling Interval ( )1 sF  63 ns 200 ns 

 

The sampling intervals for both the LRR and SRR are greater than the time shift across 

the antenna element. Therefore, it can be assumed that interference will be received at a similar 

time sample of each chirp within the azimuth frame, but with a different phase shift. Therefore, 

for the azimuth frame, the probability of interference occurrence in the azimuth frame 

( )( )INT PAP Az−  is binary, i.e., either all the victim chirps have interference, or no victim chirp 

has interference. This can be expressed as follows: 
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INT-PA

INT-PA Rx

0   N = 0         No interference
( )

1    N = N     Interference across all receive channels
INT PAP Az−


= 


 (7-15) 

where INT PAN −  represents the number of VR chirps within an azimuth frame with interference. 

Interference power increases by 2

INT PAN −
 after beamforming for ( ) 1INT PAP Az− = . For 

( ) 0INT PAP Az− = , interference power will be zero and SINR = SNR, whereas INR = 0.  

Moreover, in a single (real only) channel receiver, the interference power spreads along 

two angles. Consequently, the interference power is reduced by a factor of 2 towards the true 

AoA. In the I/Q channels receiver, as interference energy is focused on the actual AoA only, 

this additional reduction in interference power is not observed.  

The SINR and INR for ( ) 1INT PAP Az− = , in a phased array configuration, expressed as 

RA PASINR −  and RA PAINR − , respectively are expressed as follows: 

 

2

2

2

. 2

2

2  .  .
2

Rx
RA PA RD RD

Rx

Rx

Rx
RA PA RD RD

Rx

N
SINR SINR SINR

N

N
N

INR INR INR
N

−

−

= = 

= =

 (7-16) 

II. MIMO Configuration 

In the MIMO array configuration, to achieve orthogonality between the transmit signals, 

SoA automotive radars use two approaches [292]: 

a) BPM – MIMO 

In the binary phase modulation (BPM) MIMO, the transmit elements of the VR transmit 

simultaneously from each transmit element, but with a different phase shift. This results in 

orthogonality between transmit signals and the received signal corresponding to each 

transmitter can be identified. Similar to TDM-MIMO, the beam resolution is defined by the 



7.3  Use-Cases for the SINR Assessment                                                            Chapter 7 

 

 

207 | P a g e  

virtual elements of the VR, and each azimuth frame consists of Tx RxN N  elements. After 

beamforming, the echo signal power increases by ( )
2

Tx RxN N  times. The noise power after the 

spatial compression increases by Tx RxN N  times due to noise samples being incoherent across 

the azimuth frame. 

As the chirps from multiple transmitters are transmitted in a similar time slot, after virtual 

array formation, it can be assumed that interference is received coherently across the VR chirps 

(Table 7.3). Similar to the phased array configuration, the probability of interference occurrence 

( )( )INT BPM MIMOP Az− −  is binary in this case as well, and expressed as follows: 

        
Int-BPM-MIMO

Int-BPM-MIMO

0   N = 0             No interference received
( )

1    N = N N    Interference across all channels
INT BPM MIMO

Tx Rx

P Az− −


= 


  (7-17) 

Therefore, if ( )INT BPM MIMOP Az− −  = 1, interference power increases by 2

INT BPM MIMON − −  after 

beamforming. 

The SINR and INR for ( ) 1INT BPM MIMOP Az− − =  in the BPM-MIMO configuration, 

represented by RA BPM MIMOSINR − −  and RA BPM MIMOINR − − , respectively  can then be expressed as: 

 

( )

( )

( )

2

2

2

. 2

2

2  .  .
2

Tx Rx

RA BPM MIMO RD RD

Tx Rx

Tx Rx

Tx Rx
RA BPM MIMO RD RD

Tx Rx

N N
SINR SINR SINR

N N

N N

N N
INR INR INR

N N

− −

− −

= = 

= =

 (7-18) 

An additional factor of 2 has been included in (7-18) due to a single (real) channel receiver. 

b) TDM – MIMO 

In TDM-MIMO, the transmit elements of the VR transmit at different time intervals to 

achieve orthogonality. This time is equal to TDM sv IdleT T T= +  where IdleT  is the idle time between 
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two consecutive chirps. After virtual array formation, the beam resolution for the echo signal is 

defined by Tx RxN N  elements. After beamforming, the echo signal being coherent across the 

virtual elements, has ( )
2

~ Tx RxN N  times increase in power.  

As discussed in section 3.5, the received interference is incoherent across the VR transmit 

elements. Therefore, the interference beam resolution is defined by only RxN  elements. 

Furthermore, due to the different time slots of the transmitted waveforms, only a subset of the 

corresponding received chirps in the azimuth frame will be affected by interference (Table 7.2). 

This defines the probability of interference occurrence ( )( )INT TDM MIMOP Az− − , given as follows: 

 ( ) Int MIMO
INT TDM MIMO

Tx Rx

N
P Az

N N
−

− − =  (7-19) 

where, INT MIMON −  represents the number of chirps within the azimuth frame with interference, 

and INT MIMO Tx RxN N N−  . 

The SINR and INR after beamforming RA TDM MIMOSINR − −  and RA TDM MIMOINR − − , respectively 

are given as follows: 

    

( )
2

2
.

( ) ( )

2

( )
( )2  .  .

2

Tx Rx Tx Rx
RA TDM MIMO RD RD

Int TDM MIMO Tx Rx Int TDM MIMO

Int TDM MIMO Tx Rx

Int TDM MIMO
RA TDM MIMO RD RD

Tx Rx

N N N N
SINR SINR SINR

P Az N N P Az

P Az N N
P Az

INR INR INR
N N

− −
− − − −

− −

− −
− −

= = 




= =

 (7-20) 

Therefore, in contrast to phased array and BPM-MIMO configurations, TDM-MIMO 

provides an SINR gain after beamforming. The range cross-range maps after the 3D-FFT 

according to the parameters defined in Table 7.1 have been demonstrated in Figure 7.5 (a) and 

(b) for the interference from radar 1 and radar 2, respectively. 
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                                                                   (a) 

  

                                                                    (b) 

Figure 7.5: Range cross-range for the SINR analysis: (a) interference from radar 1, (b) 

interference from radar 2. 

 

Average (processed) interference powers of -40 dBm and -52 dBm have been observed 

from radar 1 and radar 2, respectively. In both cases, the interference received from a collocated 

target at 11.1 m is significantly reduced after the processing stages at the VR. 

Target 

Radar 1 Interference Streak 

Background Clutter 

Radar 2 Interference Streak 
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7.4 Performance Evaluation 

For defined configurations and orientations of the interfering radars, the SINR and INR 

improvements along each step of the VR’s processing chain are demonstrated in Figure 7.6. An 

SINR improvement of 46 dB for the interference from radar 1 and 50 dB for the interference 

from radar 2 have been observed in the discussed case.  

 

Figure 7.6: The SINR and INR along the radar processing stages. 

It is worth mentioning that the results are reproducible in case of multiple sources of 

interference. The interference floor will still be defined by the received interference with 

maximum power. The remaining interference will, however, make the interference floor more 

random due to different statistics [247].  

 

7.5 Summary 

It has been demonstrated that in real automotive scenarios, due to uncorrelated 

interference pulses and a comparatively lower probability of interference occurrence, a 

significant improvement in the SINR is observed as the received signal is processed by the 

processing stages at the VR. This has been achieved without incorporating dedicated 
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interference detection or mitigation techniques in the radar’s processing chain. The estimated 

SINR and INR after each stage of the VR have been summarised in Table 7.4. 

 

Table 7.4: The estimated SINR and INR after victim radar processing stages. 

Processing Stage SINR INR 

Receiver Output 

B
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  
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.
2
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*X represents either of the following: SINR, INR. 

 

Although the SINR improves as the echo signal and received interference are processed 

by the radar, this does not eliminate the requirement for interference mitigation techniques. For 

example, interference suppression is required in the presence of targets with a low RCS or to 

achieve a wide dynamic range to detect targets with varying RCS values. 
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Chapter 8. DOPPLER BEAM SHARPENING 

FOR INTERFERENCE MITIGATION 
 

 

Interference mitigation techniques exploiting the time, spectral, and spatial domains have 

been discussed in Chapters 5 and 6 to improve the SINR for reliable target detection. However, 

as discussed, the implementation of these techniques in real road scenarios is challenging. For 

example, some of the techniques are computationally complex and may not be effective in 

congested scenarios, such as an urban city road, where closely spaced targets and interfering 

signals are expected, and interference might be received from a direct path or an indirect path 

after being reflected from the roadside infrastructure. Moreover, interference mitigation often 

results in the degradation of the echo signal power, especially when interference is received 

from multiple interfering sources or from a source collocated with the source of the echo signal.  

Considering this, it seems essential to investigate innovative mitigation strategies that do 

not require any significant hardware upgrade in the SoA sensors, add computational load on the 

processor, or have an undesired effect in certain road conditions, such as when there is a close 

spatial separation between the desired target and interferer where traditional MIMO or adaptive 

MIMO beamformed imagery degrades [238].  

For real-time sensing, the radar sensor must provide fine resolution and a high SINR while 

achieving fast data acquisition and processing times. However, to achieve image-like resolution 

in the next-generation radars, the MIMO array alone is not sufficient to provide the required 

resolution due to the limited space available for the sensors [74]. Moreover, in the MIMO 

configuration, the resulting antenna pattern is equal to the one-way beam pattern of the virtual 

array, which determines the angular resolution and side-lobe levels. This puts MIMO at a 

disadvantage, particularly in the scenes requiring a high dynamic range, where targets with a 



8.1  State of the Art                                                            Chapter 8 

 

 

213 | P a g e  

small RCS must be separated from targets with a much higher RCS, and to resolve targets with 

a small cross-range separation. This indicates the requirement of: 

1. Resolution enhancement algorithms to enhance the performance of traditional MIMO-based 

automotive radars, meeting the requirements for vehicle autonomy [69], [293]. 

2. A combination of these algorithms with MIMO beamforming (currently used technology in 

SoA radar chipsets) for precise imaging and scene mapping. 

The focus of this chapter is the exploitation of synthetic aperture radar (SAR), specifically 

Doppler beam sharpening (DBS), to enhance the radar resolution for echo signal detection in 

MIMO radars, and to suppress interference at the same time. The significant contributions of 

this chapter are as follows: 

• Investigating DBS to enhance the imaging capabilities of MIMO radars. 

• Phenomenology of DBS for the echo signal and received interference. 

• Implementing DBS as a technique to mitigate radar interference. 

• Developing the INR heatmaps to evaluate the effectiveness of DBS for various interference 

types. 

• Quantitative and qualitative analysis of the VR and IR waveform parameters on the 

effectiveness of DBS for interference suppression.  

• Comparative analysis of DBS and temporal domain interference mitigation to highlight the 

suitability of DBS in a complex automotive scenario with multiple interferers. 

 

8.1 State of the Art 

SAR and DBS are well-known technologies in the airborne radars [294], the shipborne 

radars [295], and the missile systems [295] to enhance the resolution for precise imaging [295]–

[297], ground mapping and clutter discrimination [298], and for deception jamming [298], 
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[299]. However, their applications for automotive sensing are currently limited and primarily 

focused on parking lot detection [300], [301], object height finding [302], [303], and the 

enhancement of azimuth and cross-range resolution [92].  

DBS as a tool for automotive radar interference mitigation and the phenomenology of 

MIMO-DBS in an interference background is missing in the literature and discussed in this 

chapter. Moreover, as DBS can be performed in the order of milliseconds, which is comparable 

to the frame duration of typical automotive radars [21], [298], it is a suitable choice for 

automotive applications. 

 

8.2 Phenomenology of Doppler Beam Sharpening 

In conventional signal processing, the physical beam in the scanning radars [304] or the 

virtual beam in the MIMO radars [116] is used for scene mapping. The cross-range resolution 

of the radar ( )CR  depends upon the slant range ( )R  and number of antenna elements ( )N , 

estimated as [305]: 

 
2

MBCR R R
N

 =   (8-1) 

where, MB  is the 3-dB azimuth beamwidth. Equation (8-1) indicates that the azimuth angle 

( )MB  and cross range ( )CR  are interchangeable and CR  degrades at a longer slant range. 

Consequently, the degradation of spatial resolution is expected for targets located away from 

the radar which affects the target detection and classification.  

To achieve fine azimuth (polar representation) and cross-range (Cartesian representation) 

resolutions, a larger array is required. However, as automotive radar has to be installed behind 

a bumper fascia [306], and with up to 12 radar sensors per vehicle [37], the array size is 

restricted by the physical constraints.  
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Figure 8.1 demonstrates CR  degradation for an example road scenario with two 

vehicles in the adjacent lanes at 10 m and 50 m from the radar, modelled based on the INRAS 

Radarbook sensor [40] with 4 transmit and 8 receive elements ( 4o virtual MIMO resolution). 

 

Figure 8.1: Degradation in target detection as a function of range from the radar. 

 

With traditional MIMO beamforming, the two vehicles at 50 m from the radar cannot be 

resolved across the cross-range. Therefore, resolution enhancement is required to achieve the 

desired resolutions for vehicle navigation. 

DBS provides a computationally efficient way of improving the cross-range resolution of 

radar by using the Doppler domain to resolve targets rather than just using the real or virtual 

beam of the radar. Based on the difference in the Doppler frequency shift between the targets 

located at different azimuth angles, a larger effective antenna aperture is synthesised, which 

narrows the antenna beam without any additional computation load on the processor [296], 

[301], [307]. 

10 m 50 m 
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In this work, DBS has been implemented by partitioning the main beam into narrow sub-

beams, as illustrated in Figure 8.2 (a) and (b). The different radial velocity (hence the Doppler 

frequency) of each sub-beam (bin) with respect to the moving VR has been used to map each 

bin into the corresponding azimuth angle. This provides an independent technique to estimate 

the azimuth position of the targets. 

 

                           (a)                                        (b)                                       (c) 

Figure 8.2: Doppler beam sharpening illustration: (a) main beam, (b) sub-beam formation 

due to a moving victim radar, (c) The Doppler frequency of each sub-beam. 

 

The Doppler frequency difference across the sub-beams in Figure 8.2 has been estimated 

by applying narrowband filters across these sub-beams such that: 

1. The centre frequency (Doppler shift) of each filter matches the Doppler centroid of each 

sub-beam along the azimuth direction (blue dotted line in Figure 8.2 (c)), and 

2. The bandwidth matches the width of the main beam (Figure 8.2 (a)) such that it covers the 

Doppler frequencies induced by all the targets. 

Target/ 

Interferer 
Target/ 

Interferer 

Target/ 

Interferer 
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This results in the detection of targets located along different sub-beams with a high resolution 

compared to the traditional MIMO beamformed imagery with the same physical aperture size. 

To demonstrate the phenomenology of DBS for the echo signal and interference, an 

example case has been considered where a radar sensor moves with a velocity vrv  and observes 

a stationary target/ interferer. For simplification, the scene is assumed to be two-dimensional 

with an elevation angle of both target and interferer equal to 0o  with respect to the VR. 

 

8.2.1 DBS for the Echo Signal 

The phase of the down-converted echo signal ( )IF t −  in the FMCW VR is expressed as: 

 ( ) ( ) ( ) ( )2, 2 2IF t s v v s v v s cv v st t K t K t t F t   − = − + +  (8-2) 

where t  and st  represents the fast-time and slow-time samples, respectively. As the VR moves, 

depending upon vrv , the target traverses across multiple Doppler sub-beams (Figure 8.2 (b)). 

The phase difference between the signal transmitted from the VR and the received echo across 

each sub-beam (slow-time sample) is expressed as: 

 ( ) ( )
2

2t s T st R t





= −  (8-3) 

where ( )sTR t  represents the distance between the VR and target for each sub-beam and a factor 

of 2 is included due to the two-way propagation of the echo signal. With a change in the azimuth 

angle of the target, the radial velocity of the echo signal also changes and is expressed as:  

 ( )
( )T s

r s

s

dR t
v t

dt
=  (8-4) 

Therefore, (8-3) and (8-4) gives: 

 
( )

( )
4t s

r s

s

d t
v t

dt

 


= −  (8-5) 
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Depending upon the platform velocity and the azimuth location of the target, the radial velocity 

is estimated as follows: 

 ( ) ( )cos
sr s vr SB tv t v  −= −  (8-6) 

where, 
sSB t −  is the AoA of the signal received from a specific sub-beam at a slow-time ' 'st  

(Figure 8.2 (b)). Hence, the Doppler shift of the echo signals ( )D t sf t−  is expressed as: 

 
( ) ( )1

( ) 2 2 cos( )
2 s

t s r s vr

D t s SB t

s

d t v t v
f t

dt




  − −
= = − =  (8-7) 

( )D t sf t−  is the centre frequency of a specific sub-beam at a slow-time st . The echo signal, 

therefore, has a well-defined Doppler frequency across each sub-beam, which is a function of 

vrv  and the spatial position of the target. After axis manipulation, the radial velocity is mapped 

into the corresponding azimuth angle. 

Using (8-7), the minimum ( )minDf −  and maximum ( )maxDf −  Doppler frequencies over 

which the sub-beams are defined (Figure 8.2) can be estimated as: 

 
min min min

max max max

( 1) 2 cos( );       / 2

( ) 2 cos( );   / 2

vr

d s AoA MB

vr

d s SB AoA MB

v
f t

v
f t N

   


   


−

−

= = = +

= = = −

 (8-8) 

where, SBN  is the number of sub-beams that is equivalent to the number of VR chirps across 

the slow-time. 

 

8.2.2 Block Level Representation of Signal Processing Chain 

In the presented work, an FFT-based DBS algorithm combined with axis manipulations 

involving trigonometric functions and inverse trigonometric functions have been used for DBS 

beamforming. As most SoA automotive radar chipsets are based on MIMO configuration, the 

output of DBS beamforming and MIMO beamforming is combined using interpolation to get 
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the integrated MIMO-DBS beamforming. In the integrated map, the two independent angle 

estimates, from MIMO and DBS, are combined to provide an enhanced resolution whilst 

achieving a lower SLL. The block level diagram of the traditional FMCW processing chain has 

been shown in Figure 8.3 (a), and MIMO beamforming and MIMO-DBS beamforming 

processing chains have been presented in Figure 8.3 (b) and Figure 8.3 (c), respectively. 

 

(a) 

                 

                           (b)                                                                    (c) 

Figure 8.3: Block level representation of signal processing chain: (a) common for FMCW-

based victim radar, (b) MIMO beamforming, (c) MIMO-DBS beamforming. 

 

The traditional signal processing to achieve MIMO beamformed results has been 

discussed earlier in the presented work (section 3.1). To perform MIMO-DBS beamforming, 

the following methodology has been used.  
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1. The Doppler centroid of each Doppler bin has been estimated, which forms the centre of 

each sub-beam. 

2. For DBS-only beamforming, axis mapping has been performed where, ( )D t sf t−  from (8-7) 

is mapped to the azimuth centre of each sub-beam to get the following [308]: 

 1cos ( )
2

sSB t D t s

vr

f t
v


 −

− −

 
=  

 
 (8-9) 

3. This is followed by the spatial compression to get the MIMO beamformed imagery. 

4. Finally, the interpolation of DBS and MIMO angles obtained from steps (2) and (3) has been 

performed to generate the MIMO-DBS beamformed results. 

In MIMO radars, an additional phase is also induced due to the motion of the VR, which 

results in an inaccurate estimate of the spatial position of targets/ interferer hence incorrect 

angle estimate. Therefore, phase compensation has been performed to compensate for the 

motion-induced phase shift across the transmit antenna elements of the radar [309], [310] before 

performing Doppler (DBS) processing. 

 

8.2.3 Resolution Enhancement 

With DBS processing, the echo signal’s resolution has been enhanced over the 

observation interval defined by the frame duration ( )FT  of the VR. Therefore, the width of each 

sub-beam SBf  formed during the observation interval is 1 FT  and the number of sub-beams 

SBN  can be estimated as [92]: 

 d BW
SB

SB

f
N

f

−=


 (8-10) 

where, d BWf −  is the difference of minDf −  and maxDf −  in (8-8). After solving (8-10), 

 ( )4 sin sin
2

vr MB
SB F AoA

v
N T






 
=  

 
 (8-11) 
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Based on this, after applying MIMO-DBS beamforming, the echo signal’s azimuth 

resolution ( )SB  and cross-range resolution ( )SBr , respectively have been enhanced by: 

 MB
SB

SBN


 =  (8-12) 

 MB
SB

SB

r
r

N


 =  (8-13) 

It is worth mentioning that DBS exploits the change in the Doppler frequency due to the motion 

of the VR to achieve azimuth refinement and interference suppression. Therefore, it is not 

effective in a static scenario where 0vrv = . 

After applying MIMO-DBS beamforming on the scenario in Figure 8.1, the two targets 

at 50 m have been resolved, as shown in Figure 8.4. 

 

Figure 8.4: Enhancement in target resolution after applying MIMO-DBS beamforming. 

 

In the presented details, the TDM-MIMO configuration has been used for signal 

transmission. However, without a loss of generality, the results are equally valid for other 

techniques to achieve orthogonality in MIMO radars. 

50 m 

MIMO 

MIMO-DBS 
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8.2.4 DBS Processing in an Interference Background 

The motivation for using DBS processing for interference mitigation comes from the fact 

that: 

1. Interference has a one-way propagation delay as compared to the two-way propagation 

delay of the echo signal (Chapter 3). 

2. In the majority of the cases, interference pulses are incoherent at the VR (Chapter 4). 

Consequently, interference often appears in a Doppler bin which differs from that of a true 

target at the same spatial location. Therefore, the resolution of the echo signal is enhanced after 

DBS beamforming, and at the same time, interference suppression is achieved, as discussed in 

the subsequent sections. 

FMCW-based VR in the background of FMCW interference has been considered in the 

presented work as it is the most widely used modulation scheme in SoA automotive sensors 

[311]. The phase of down-converted interference ( )IF i −  can be expressed as [175]: 

 ( ) ( ) ( )2 2

int int int int cint int, 2 2 2IF i s s st t Kt K t t Ft K t F   − =  + +  − +  (8-14) 

where, intvK K K = − , int  is the propagation delay of the interference signal, int .cv cF F F = −  

The intermediate frequency of interference can be estimated as: 

 
1

2

IF i
IF i

d
f

dt




−

−

 
=  

 
 (8-15) 

After simplification, 

 ( ) ( )int int,IF i s sf t t Kt K t− =  +  (8-16) 

Due to the time dependence of IF if − , a corresponding phase shift ( )( )int st  is incorporated 

across each slow-time. Therefore, with one-way propagation delay of the received interference, 

the phase difference between interference and the signal transmitted from the VR becomes: 
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 ( ) ( ) ( )int

2
i s I s st R t t


 


= − +  (8-17) 

where, IR  is the distance between the VR and IR. With the same relation for the radial velocity 

as used for the echo signal in (8-4), the Doppler shift of interference ( )D i sf t−  can be expressed 

as: 

 int
( )

( ) cos( )
s

vr s

D i s SB t

s

v d t
f t

dt




− −
= +  (8-18) 

From (8-7) and (8-18), the following observations have been made: 

• The Doppler frequency of induced interference from each sub-beam is different from that 

observed for the echo signal. This results in interference suppression after MIMO-DBS 

beamforming, as discussed in the subsequent section.  

• Equations (8-16) and (8-18) indicate that the intermediate and the Doppler frequency of 

interference depends upon the waveform parameters of the VR and IR. 

• If the induced Doppler shift in (8-18) is beyond the FoV of the VR defined by d BWf − , 

interference is completely removed from the FoV of the VR after MIMO-DBS processing. 

• Even in the absence of a random interference phase shift across the synthesised sub-beams 

in (8-18), interference will be suppressed due to one-way propagation of interfering signal. 

This is because the Doppler to azimuth mapping of interference signal results in a different 

azimuth position compared to that obtained after MIMO beamforming and interpolation of 

MIMO and DBS angles in this case will result in interference suppression.  

 

8.3 Interference Suppression with MIMO-DBS Beamforming 

As discussed in section 8.2, in the background of interference, the Doppler frequency of 

interference is different from that used to enhance the azimuth and cross-range resolution of the 

echo signal. This holds valid even for the cases when T IR R=  (target and interference are 
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collocated). Therefore, a non-focused interference beam along with the spread of interference 

has been observed across the sub-beams after applying DBS beamforming. This has been 

quantitatively analysed in this section for the various VR and IR configurations and types of 

interference.  

8.3.1 The Doppler Characteristics of Different Types of Interference 

It has been shown in section 8.2.4 that the Doppler frequency and resulting phase 

variation across the slow-time samples of the VR in an interference background depends upon 

the waveform parameters of the VR and IR. Based on these parameters, interference has been 

previously classified as synchronous, semi-synchronous, and asynchronous (periodic, semi-

periodic, and aperiodic) interference. As each type of interference manifests differently in the 

VR (Appendix 4), DBS beamforming affects them in a distinct way.  

The range-Doppler maps of these interference types have been shown in Figure 8.5 for 

the VR with 50svT s= , 0.5 GHzsvB = , single (real) channel receiver. The VR and IR have 

the same starting frequency. For the presented example, the collocated static target and 

interferer have been considered at 50 m, 10o
 from the VR travelling at 40 km/h. 

Due to a single (real) channel receiver, interference affects both positive and negative 

Doppler bins (Appendix 6). It has been observed that even for the same spatial location of target 

and interferer, they appear in different Doppler bins due to the following:  

• A random phase shift of interference across the slow-time samples (the second term in 

(8-18)). This results in interference spread across all the Doppler bins (aperiodic 

interference in Figure 8.5). 

• An additional phase shift of interference due to different vK  and intK . This affects a few 

Doppler bins (periodic and semi-periodic interference in Figure 8.5). 
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• No random phase shift in (8-18), but a one-way propagation delay of interference. This 

concentrates the interference energy at half the Doppler bin as that of the target 

(synchronous and semi-synchronous interference in Figure 8.5). 

 

 

Figure 8.5: Range-Doppler maps of each interference type for the analysis of DBS 

beamforming. 

 

As the Doppler bins are mapped into azimuth locations, due to different interference 

Doppler bins than that of the echo signal, the mapping required to focus interference is different 
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from that used to enhance the azimuth and cross-range resolution of the echo signal. Moreover, 

the estimated azimuth angle of interference obtained after DBS beamforming and MIMO 

beamforming is different. Therefore, interference is suppressed after the combined MIMO-DBS 

beamforming. 

 

8.3.2 SINR Improvement after MIMO-DBS Processing 

After MIMO beamforming, the interference floor and angular resolution depend upon the 

waveform parameters of the VR and IR. The same has been established for MIMO-DBS earlier 

in this chapter, where different types of interference have a distinct effect on the Doppler bins. 

To compare the performance of MIMO and MIMO-DBS beamforming, the INR at the 

output of the beamformer has been estimated as a function of sintsvB B  and sintsvT T  after 

MIMO, and MIMO-DBS beamforming, and presented in Figure 8.6 (a) and (b), respectively. 

To generate the INR heatmaps, the VR parameters have been fixed, and the waveform 

parameters of the IR have been varied to generate different types of interference. The VR 

moving at 40 km/h, with 4 transmit and 8 receive elements based on the INRAS Radarbook 

configuration with 50svT s= , svB  = 0.5 GHz and CPI = 10 ms has been modelled such that 

d BWPRF f − . The IR has been positioned at 20m, 0o
 from the VR. In all the cases, a target at 

50m, 0
o
 from the VR has been used for reference. It is to be mentioned that closer to the radar’s 

boresight at 0
o
, the smallest cross-range resolution enhancement is observed for the echo signal 

[92]. 
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(a) 

  

                                                                        (b)                                                                    

Figure 8.6: The heatmaps for interference to noise ratio (INR) analysis as a function of victim 

and interferer radars waveform parameters. (a) MIMO beamforming, (b) MIMO-DBS 

beamforming. 

A 
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In most cases, the INR has been significantly suppressed after MIMO-DBS beamforming. 

The INR heatmaps have further been analysed for the periodic and aperiodic interference types.  

 

I. Periodic Interference 

The MIMO and MIMO-DBS beamformed plots for periodic interference with sint 5svT T =  

and sint 1svB B =  (region ‘A’ in Figure 8.6 (a)) have been shown in Figure 8.7 (a) and (b), 

respectively. 

     

                                (a)                                                                      (b) 

Figure 8.7: Range-cross range plot for periodic interference with sint 5svT T = , sint 1svB B = . 

(a) MIMO beamforming, (b) MIMO-DBS beamforming. 

 

Interference has been significantly suppressed with a radial interference streak in Figure 

8.7 (b) due to the image Doppler bin in this case. The additional phase term in (8-18) is fixed 

for periodic interference. Therefore, the interference streak is focused but well separated from 

the echo signal after MIMO-DBS beamforming. Consequently, target detection techniques such 

as the CFAR algorithm can be efficiently used to detect the presence of a target.  

 

II. Aperiodic Interference 

As shown in Figure 8.5, aperiodic interference uniformly spreads across all the Doppler 

bins due to the random phase shift in (8-18). Therefore, after the Doppler to azimuth mapping, 
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an interference streak according to the VR real aperture (defined by RxN ) has been observed 

along 0 cross-range in Figure 8.8. A reduction in interference power is observed after MIMO-

DBS beamforming due to the spread of interference across the Doppler bins and a non-focused 

interference beam due to interference incoherence across the Doppler bins. 

The MIMO beamformed and MIMO-DBS beamformed plots for aperiodic interference 

example with sint 1svB B =  and sint 2.1svT T =  have been shown in Figure 8.8 (a) and (b), 

respectively.  

       

                                 (a)                                                                        (b) 

Figure 8.8: Range-cross range plot for aperiodic interference with = 2.1 and 

 = 1 and a single channel receiver: (a) MIMO beamforming, (b) MIMO-DBS 

beamforming. 

 

It has been shown that DBS utilises a different Doppler frequency of interference 

compared to the echo signal to improve radar performance in the background of interference. 

The factors affecting the amount of interference suppression and conditions under which 

interference will be outside the VR FoV have been discussed in the following sub-sections. 
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8.3.3 Effect of Platform Velocity 

As shown in (8-7) and (8-18), the Doppler shift of the echo signal and interference 

depends upon the radial velocities for a fixed set of VR and IR parameters. At a higher speed, 

the change in the Doppler frequency at a larger angle ( )AoA  increases, which limits the FoV of 

the VR for unambiguous echo signal detection. Furthermore, 

• When interference appears in a Doppler bin closer to 0, it is mapped to the farthest angle, 

which often appears outside the VR FoV after DBS beamforming.  

• When interference appears in a Doppler bin closer to the VR unambiguous Doppler, it is 

mapped to a cross-range of ~ 0 m. 

Figure 8.9 shows the INR as a function of vrv . The VR parameters are the same as used 

in section 8.3.2. Periodic interference with sint 10T s=  and semi-periodic interference with 

sint 200T s=  has been used. sintB = 0.5 GHz for both the cases. 

 

Figure 8.9: Interference to noise ratio (INR) as a function of the VR velocity. 

 

For the I/Q channels receiver, at a smaller velocity, due to the absence of interference 

image Doppler frequency, it appears outside the FoV of the VR. As the velocity increases, the 

interference streak remains within the FoV of the VR after axis mapping. The highest INR (red 

highlighted regions in Figure 8.9) has been observed for the following reasons: 
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• Interference appears in a Doppler bin closer to the unambiguous velocity of the VR. 

• Interference appears in the same Doppler bin as the echo signal. Interference, in this case, 

is focused like the echo signal after DBS as its Doppler frequency is closer to the Doppler 

centroid of a particular sub-beam. 

Therefore, interference suppression with MIMO-DBS beamforming largely depends upon the 

velocity of the VR. 

 

8.4 Performance Analysis 

To evaluate the performance of MIMO-DBS beamforming, the INR values obtained after 

MIMO beamforming and MIMO beamforming combined with time domain interference 

mitigation have been compared with MIMO-DBS beamforming and MIMO-DBS beamforming 

combined with time domain mitigation. Interference zeroing has been used for time domain 

mitigation. The results are presented in Table 8.1. 

A TDM-MIMO VR with TxN  = 4, RxN  = 8, svT  = 50 µs, svB  = 0.5 GHz, vrv  = 40 km/h 

has been used. Five interfering sources with sweep times ∞, 10 µs, 41.3 µs, 200 µs, and 800 µs 

and sweep bandwidths 0, 0.5 GHz, 0.5 GHz, 0.5 GHz, and 0.2 GHz have been placed at 20 m 

40o
, 25 m 30o

, 30 m 15o
, 35 m 7o

, and 40 m 2o  from the VR, respectively. 

Table 8.1: Performance comparison of MIMO beamforming, time domain interference 

zeroing, and MIMO-DBS beamforming. 

No. of Interferers 1 3 5 

 INR (dB) 

MIMO Beamforming 62 65 66 

MIMO Beamforming + Zeroing 12 20 28 

MIMO-DBS Beamforming 37 34 31 

MIMO-DBS Beamforming + Zeroing 1 8 11 
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Based on the results in Table 8.1, MIMO-DBS beamforming outperforms traditional 

MIMO beamforming in the background of interference with up to 35 dB greater interference 

suppression. Moreover, interference zeroing combined with MIMO-DBS gives an interference 

suppression of up to 60 dB. Therefore, DBS is especially effective in the background of multiple 

interferers where the performance of time and spatial mitigation techniques degrade, as 

discussed in Chapter 6. 

The detection curves for the discussed cases in Table 8.1 in the background of single and 

multiple interferers have been shown in Figure 8.10 (a) and (b). The probability of false alarm 

is 
610−
. 

      

                                      (a)                                                                        (b) 

Figure 8.10: Probability of detection as a function of the SINR. (a) MIMO beamforming and 

MIMO-DBS beamforming without interference zeroing. (b) MIMO beamforming and MIMO-

DBS beamforming with interference zeroing. 

 

Figure 8.10 highlights the effectiveness of DBS for optimising the radar performance in the 

background of interference. MIMO-DBS beamforming performs reasonably well, with the 

interference floor reduced to the thermal noise floor level in certain cases. 

32 dB 24 dB 
17 dB 

10 dB 
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It is to be noted that according to the principles of DBS, it is not effective to improve the 

resolution of targets close to 0o
 because the change in the Doppler frequency due to the VR 

motion is minimal in this case. However, interference located close to 0o
 is still suppressed due 

to its different Doppler bin than the echo signal. 

 

8.5 MIMO-DBS Beamforming - Validation 

To demonstrate the practical implementation of MIMO-DBS beamforming, 

measurements have been conducted in real-road conditions using SoA automotive radar 

chipsets. The measurement setup is shown in Figure 8.11. The interferer vehicle is parked in 

the adjacent lane of the VR at 9 m. A pedestrian is in the LoS of the VR at 6.6 m. To conduct 

the measurements, an INRAS Radarlog VR with svT  = 204.8 µs, svB  = 1 GHz, 4 transmit and 

8 receive element arrays operating in TDM-MIMO configuration has been installed as a 

forward-looking VR. The VR receives aperiodic interference from the forward-looking TI 

AWR1243 radar with sintT  = 250 µs and sintB  = 0.95 GHz. The onboard inertial measurement 

unit has been used for the precise estimation of vehicle velocity. This enables the practical 

application of DBS for automotive environment possible. The MIMO and MIMO-DBS 

beamformed plots are shown in Figure 8.11 (b) and  (c), respectively. 

As shown, MIMO-DBS beamforming reduces the interference level and, at the same 

time, improves the cross-range resolution for enhanced target detection. As expected and 

discussed in section 8.3.2.II, for aperiodic interference, an interference streak appears towards 

the direction of interference. However, with an interference suppression of 12 dBs in the 

discussed case. Moreover, the MIMO sidelobes have also been significantly reduced after 

MIMO-DBS beamforming. 
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                                                                        (a) 

   

                             (b)                                                                          (c) 

Figure 8.11: Measured results for the comparison of MIMO and MIMO-DBS imagery: (a) 

measurement setup, (b) MIMO beamforming, (c) MIMO-DBS beamforming. 

 

 

8.6 Summary 

In the presented analysis, DBS has been used for interference suppression by exploiting 

the difference in Doppler frequency between the target and the interferer. As the Doppler 

frequency of interference is, in most cases, located at a different Doppler bin than the echo 

signal, interference is not focused after DBS.  

Interference Streak 

Vehicle Pedestrian 

Interference Streak 
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The effectiveness of DBS to suppress all types of interference has been shown by 

developing the INR heatmaps after MIMO and MIMO-DBS beamforming. Moreover, 

depending upon the waveform parameters of interfering radars, complete removal of 

interference from the radar’s FoV has been observed in some cases.  

Therefore, compared to temporal and spatial mitigation techniques, which often have an 

adverse effect on the echo signal, DBS suppresses interference while achieving enhanced 

azimuth/ cross-range resolutions for the echo signal. Additionally, it functions well in the 

background of multiple interfering signals. 

The presented analysis has been validated in an actual automotive scenario to show the 

applicability of MIMO-DBS processing in SoA sensors. The implementation of DBS does not 

require any hardware upgrade or additional computational requirements, making it an ideal 

choice for modern radar systems. 
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Chapter 9. CONCLUSIONS AND OUTLOOK 
 

 

The radar sensors are designed to use a wide range of specifications and waveform 

parameters according to the industry requirements. For increased automation and traffic safety, 

they should deliver full scene mapping around the car. To achieve this, each vehicle is expected 

to have up to 12 radars. In a coexistence scenario, the chances of overlapping bandwidths 

between the radars increase, which leads to interference between them. The motivation behind 

the presented work is to characterise radar interference and provide mitigation strategies that 

could be incorporated into SoA automotive radar chipsets with reliable performance. 

This work presented a detailed study of the mutual interference in FMCW radars by 

investigating the methodologies to identify, classify, detect, reconstruct, avoid, and mitigate 

interference in automotive applications. The developed techniques would also be applicable to 

counter the impact of interference in other scenarios. 

 

9.1 Conclusions 

A system-level mathematical model has initially been developed to analyse interference 

in an FMCW automotive radar. This laid the foundation to estimate the impact of interference 

on radar performance. It has been shown that interference signals within the receiver band of 

radar can degrade its detection capability, leading to missed detections and, in rare cases, false 

targets. To understand the effect of interference on a radar detection characteristics, the statistics 

of interference have been determined and compared with the AWGN. The statistics of most 

types of interference are Gaussian-like and hence will not require developing new detection 

techniques. However, certain cases show a deviation from Gaussian statistics indicating the 
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requirement of optimal detection techniques. As the interference floor is much higher than the 

AWGN floor, it affects the SINR and requires appropriate mitigation before target detection. 

Effective interference mitigation requires a thorough understanding of how interference 

manifests itself along the signal-processing stages of a radar. For this, a qualitative and 

quantitative comparison of the characteristics of interference and the SINR along the processing 

stages of the VR have been evaluated. This has been used as a groundwork to develop 

interference mitigation in different domains, including: 

 

• Time domain – where interference parameters of an unknown interfering signal have been 

estimated and used to avoid interference or suppress its impact using the sense and avoid 

approach. 

 

• Spatial domain – where interference has been suppressed by directing an adaptive null 

towards the direction of incoming interference for MIMO and full-phased array 

configurations. Spatial domain mitigation performs reasonably well for well-separated 

targets and interferers. However, its applicability in congested automotive scenarios is 

questionable, considering the limited degrees of freedom in SoA radar chipsets. 

Additionally, mitigation in the spatial domain compromises the performance of radar with 

higher sidelobes, causing false detections and limiting radar dynamic range. 

 

• Doppler and spatial domains – where the Doppler and spatial characteristics of the 

interfering signal have been combined using MIMO-DBS beamforming to mitigate 

interference. A significant reduction in interference has been achieved. In specific 

scenarios, interference has been completely removed from the FoV of radar without 

degrading radar performance. Implementing DBS as a software upgrade in sensors can 

significantly reduce interference while minimising radar development costs. 
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• Additionally, techniques such as waveform randomisation have been proposed to 

decorrelate interference pulses and reduce their impact. A significant improvement in the 

SINR has been achieved for uncorrelated interference as the radar processes it. 

The novel aspects of the presented research are summarised as follows: 

1. Analysis of the impact of the LPF parameters, especially its order, on the appearance of 

interference, duration of interference, and radar detector’s performance in SoA automotive 

radar chipsets. 

2. Classification of interference with respect to the mutual automotive radar parameters: 

synchronous, semi-synchronous, asynchronous interference. 

3. Statistical analysis of interference and the effect of various types of interference on 

detectors’ performance. 

4. Methodology to detect interference when its power level is comparable to the received echo 

signal. 

5. Methodology to estimate the waveform parameters of an ‘a-priori’ unknown interference. 

6. Interference mitigation based on the cognitive adaption of the VR waveform parameters 

without compromising the radar performance.  

7. Randomisation as a technique to reduce the impact of interference at the VR. 

8. Mitigation of radar interference by exploiting spatial domain features in MIMO and 

traditional full phased array.  

9. Qualitative and quantitative analysis of interference along the processing stages of radar 

employing the SINR as the performance metric. 

10. MIMO-DBS beamforming as a technique to mitigate radar interference. 

11. Development of a holistic simulator to model radar and environment interactions and test 

advanced algorithms before implementing them in robust sensors. 
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Based on the developed models for radar analysis and performance evaluation in 

coexistence scenarios, an experimentally verified holistic end-to-end simulator has been 

developed, accounting for sensor configuration and sensed scene representation in different 

formats. The simulator has been validated using data recorded by a multi-sensory suite during 

a series of specifically designed real-road automotive trials. Radar-environment interactions 

have been demonstrated for extended targets, clutter, and transmissions from nearby sensors – 

radar interference. Moreover, various aspects of sensor configuration and signal processing 

according to radars’ hardware and software capabilities have been investigated. The models 

could bring real-world conditions into the software by modelling various propagation scenarios 

and processing the data with various radar configurations, penetration rates, and types of 

interference. Based on the sensed scene, various mitigation strategies can be applied to counter 

the impacts of the environment. The simulator will be an effective tool for analysing the 

performance of radar chipsets in realistic road conditions and understanding radar–environment 

interactions. Moreover, it would facilitate a comparative analysis of the performance of sensors 

currently expected to be used for ADAS, acting as a guide toward the development of robust 

radar sensors. 

 

9.2 Outlook 

The prospects of the presented work have been summarised in this section. 

9.2.1 Resolution Enhancement with DBS Beamforming 

Conventional DBS processing is based on the Doppler compression followed by axes 

manipulations to provide an enhanced azimuth resolution with a lower SLL. Prospects of super-

resolution DBS imaging methods [312] can further enhance the angular resolution. However, 

DBS relies on the relative speed information of the radar and target. Therefore, its application 
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is limited to a moving platform with a static target(s). The application of DBS beamforming in 

a dynamic environment with multiple targets is a subject of further study. 

9.2.2 Digital Radars 

A modern trend in automotive radar is the use of digital radars such as with code division 

multiplexing (CDM) [313], orthogonal frequency division multiplexing (OFDM) [233], [314], 

and digital code modulation (DCM) [315]–[317]. Digital waveforms provide more flexibility 

and adaptability to radar functionality. The basic idea is to generate multi-carrier wideband 

signals with anti-interference capability digitally. DCM-based automotive radars are claimed 

to have no interference from other DCM radars [316]. However, their interaction with SoA 

radars using other modulation schemes, typically FMCW and PMCW, is yet to be investigated. 

Moreover, a more detailed investigation of radar interaction in specifically designed road 

scenarios, especially congested environments, is required. 

9.2.3 Radar Communication 

Currently, automotive radar sensors operate in a non-cooperative mode without 

communicating with each other. Radar Communications (RadCom) is another modern 

approach for automotive sensing where radar hardware would be utilised for communication 

purposes, allowing a fusion between communication nodes and radar sensors. This paves the 

way for using under-utilised FMCW radar bandwidth for communication purposes [105], 

[318]–[322] using dynamic frequency allocation. This reduces the probability of spectrum 

overlaps between coexisting radars, thus, reducing interference between them [205], [319], 

[323]–[325]. 

9.2.4 Cognitive Radar 

Cognitive radars are the next-generation sensors. The necessity for enhanced performance 

of cognitive radars has been discussed in the literature [326]. However, its application for 
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automotive sensing, specifically interference suppression, is a relatively new research area 

[327], [328]. Cognitive radar could sense the environment and make optimal decisions such as 

using unique waveform modulations – OFDM in [328], PC-FMCW in [245], adapting 

waveform parameters [329], [330], or resources re-allocation [331] to reduce susceptibility to 

interference. However, future work in this area should be an experimental analysis of proposed 

techniques in congested automotive scenarios, where radars from different manufacturers with 

different waveform modulations are expected. 

9.2.5 Standardisation and Resource Allocation Mechanism 

One of the foremost requirements in solving the problem of interference between 

coexisting radars is industry-wide coordination to develop pertinent regulations and standards 

for automotive radars. Standardisation will allow frequency planning, waveform modulations, 

time slot management, and polarisation assignment based on radar orientation for robust radar 

operation. This is particularly essential for the attainment of techniques like RadCom [332]–

[335]. However, this requires an agreement between manufacturers and Tier-1 and Tier-2 

suppliers. Additionally, individual mitigation techniques are often suitable for particular 

scenarios only. Therefore, to achieve optimum radar performance, a combination of multiple 

interference mitigation techniques would be needed to mitigate interference efficiently without 

any additional complexity in terms of signal processing, radar form factor, or mitigation 

duration. 

9.3 Radar Interference From Author’s Perspective 

The future of the automotive industry is a fully autonomous car that can drive itself 

without requiring any driver assistance. This however needs a solution to all the underlying 

challenges and one of them is the interference between automotive radars. Interference is 

although a challenging phenomenon and a current area of research, however, at the same time 
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it’s unique behaviour makes it interesting. Interference occurs when two or more radar signals 

access the same portion of the frequency spectrum, and their waves interact. To achieve a broad 

FoV with 360o
 sensing around the vehicle and to obtain high range, speed, and azimuth 

resolutions, industry trends have demonstrated the use of higher bandwidth and higher active 

duty cycles with multiple sensors per vehicle. However, this leads to a higher probability of 

victim and interfering signals overlapping in temporal, frequency, and spatial domains.  

Vehicles moving in opposite directions, the same direction, and through crossings can 

cause interference and the impact of interference is significantly affected by the orientation of 

radar sensors. For example, consider the following cases: 

• Case 1: The two radars are facing each other, such as a scene expected in a typical highway 

scenario where the forward-looking radar of one vehicle will interfere with the backward-

looking radar of the other vehicle. In this case, the main lobes of the two radars will 

interfere leading to a much stronger impact of interference. This has been illustrated in 

Figure 9.1(a). 

• Case 2: The vehicle at the back decides to overtake the vehicle at the front. As soon as the 

vehicle starts to manoeuvre to the second lane, the impact of interference from the 

backward-looking radar of front vehicle will start decreasing while the interference from 

the corner-looking radar will start increasing. In this case, there will be multiple 

interference scenarios such as interference between the forward and corner looking radars, 

between the two corner-looking radars. In certain instances, depending upon the position 

of each vehicle, interference might also happen through the sidelobes of the array pattern. 

This has been illustrated in Figure 9.1 (b). 

• Case 3: When the vehicles are next to each other, interference will predominantly happen 

between the two side-looking radars. Interference might also occur between the backward-
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looking radar of one vehicle and the corner-looking radar of the other vehicle. This will 

however have a smaller impact due to the orientation of interfering radars. This has been 

illustrated in Figure 9.1 (c). 

• Case 4: In the next scene, consider a cross-traffic scenario where two vehicles are waiting 

at a traffic light or a junction. The interference will occur between the forward-looking 

radars of two vehicles, mainly through the sidelobes, and between the corner-looking radars 

through the main lobes. This has been illustrated in Figure 9.1 (d).  

• Case 5: In this case, the source of interference is off-road, such as an intentional jamming 

towards the radar, or a radar for another purpose such as to measure the speed of vehicles. 

This has been illustrated in Figure 9.1 (e). 

                           

    (a)                   (b)                        (c)                                (d)                                       (e) 

Figure 9.1: Interference scenarios. (a) Vehicles facing each other. (b) The vehicle in black is 

about to overtake the vehicle in red. (c) Vehicles next to each other in different lanes. (d) 

Vehicles waiting at a junction. (e) Off-road source of interference. The black and red blocks 

represent the vehicles, and the corresponding beams show the orientation of each radar 

sensor. 

In the above scenarios, the effect of waveform parameters has not been included. 

However, distinct waveform interactions with different impacts are expected with a slight 

change in the waveform parameters of the interfering radars. 
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Therefore, a variety of possible interference cases can occur in an automotive 

environment. In environments such as a highway or a countryside road, as the vehicles will be 

in the proximity of each other for a long time, interference will be long-lived compared to 

scenarios such as a busy road where the relative position of vehicles changes rapidly, making 

interference between two specific radars a short-lived phenomenon.  

Considering the logistics and planning behind organising and conducting the field trials 

and processing the recorded data, it will be impossible to test all the real road scenarios, with 

the available SoA radar chipsets, and understand the phenomena of interference between them. 

Therefore, as part of this research, an experimentally verified simulator has been developed, 

which can be used to understand the impact of interfering in different off-road and on-road 

scenarios, and also evaluate the impact of radar parameters on interference.  

Based on the aforementioned scenarios, a variety of mitigation techniques or their 

combination might be needed to suppress interference. For example, referring back to Figure 

3.1, in a countryside road, where the number of interfering sources are expected to be less, time 

domain mitigation of interference such as interference zeroing might be a suitable choice to 

suppress interference. Spatial domain mitigation using adaptive beamforming to direct spatial 

nulls might be suitable when the source of interference is off-road (Figure 9.1 (e)). However, 

as soon the road scene becomes congested, time domain or spatial domain mitigations alone are 

no more suited due to an increase in the number of interfering sources, and the target being a 

source of interference. In these cases, imaging techniques such as Doppler beam sharpening are 

more suited as they can suppress interference and at the same time enhance the performance of 

the radar. 

As part of future work, multi-modal distributed sensing would be a useful way of 

suppressing the impact of interference. In this case, as each sensor (installed at a different 
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orientation) will observe the scene from a different perspective, the integrated images will 

provide an enhanced SINR. Digital modulation schemes are also expected to provide robustness 

against interference. Lastly, it is essential and the need of time for automotive manufacturers to 

sit together and decide on the regulatory limitations and allocation of the resources for better 

coordination between the vehicles (such as radar-communication). 
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APPENDICES 

Appendix 1. Industry-Led Projects on Automotive Radar Interference 

Since the last decade, the issue of radar interference has gained significant attention 

leading to industry-based projects dedicated to its analysis. 

• MOSARIM 

The project MOSARIM (MOre Safety for All by Radar Interference Mitigation) [171], 

[207], [336] was funded by the EU, and started in 2010. It is the foremost industry-led research 

to explore the impact of mutual interference using real-road measurements [41], [179], [259], 

[337]. Various tests, simulations, and analyses were performed to get an overview of the 

interference situation between automotive radars. The simulation tools to predict future 

interference situations were also discussed [128],[130],[167]. Moreover, various 

countermeasures and interference mitigation techniques were investigated and assessed with 

general guidelines and recommendations. It was concluded that to attain an INR of 0 to 10 dB, 

reliable mitigation techniques are required, with a capability of providing up to 50 dB 

interference suppression in specific scenarios [32], [336]. 

The MOSARIM project assessed numerous road scenarios. However, the study was 

limited to slow-chirp and triangular FMCW waveforms. The mutual interference was analysed 

between a) FMCW-FMCW radars and b) FMCW-pulse radars [78]. Though, pulse radar is 

rarely used for automotive applications due to its limited transmitted energy.  

• NHSTA 

National Highway Traffic Safety Administration (NHSTA) funded ‘Radar Congestion 

Study’ [339] provided simplified expressions to estimate scenarios in which automotive radars 
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must operate as the RPR increase. Based on the theoretical estimation and modelling, the 

received interference level and its impact on the radar’s performance have been evaluated.  

The research concluded that interference levels based on the functionality of current 

automotive sensors would be significant, especially in congested environments. However, the 

presented approach does not consider the effect of radar parameters, hardware configurations, 

and radar processing chain on the overall impact of interference. 

• IMIKO 

The German Federal Ministry of Education and Research funded project IMIKO 

(Interference Mitigation by Cooperation in Radar for Autonomous Electric Cars) started in late 

2018 and is ongoing at the time of writing this thesis. The mutual interference and mitigation 

possibilities [340]–[342] have been investigated alongside the formulation of requirements on 

radar-based automotive systems, cooperative methods, and an evaluation of investigated 

solutions. 

• COSMOS 

The Innovate UK-funded project COSMOS (CO-existence Simulation MOdelling of 

radars for Self-driving) started in early 2018. The project goal was to develop an experimentally 

verified simulator with a whole sensing loop, where sensors, control system, signal processing, 

and environment will interact to emulate different driving scenarios. The developed simulator 

investigated and mitigated mutual interference between sensors to ensure traffic safety.  

The project outcome was a holistic simulator with a physics-based sensor level modelling, 

where each part of the sensor such as sensor configuration, environment and propagation 

channels, interference and co-existence effects, signal processing chain according to the 

hardware and software capabilities of automotive radar chipsets have been modelled [20], 

[103], [144], [230], [247], [287], [343]–[345]. The simulator also provided verifiable 
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performance metrics used to develop and analyse the performance of various developed 

interference mitigation strategies. The multi-sensor raw data [346]–[350] and processed radar 

data [351], [352] collected after extensive field trials in various road scenarios are made 

available for offline processing and advanced algorithm implementation. 
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Appendix 2. Literature Survey on Radar Simulators 

The existing radar simulators have been categorised as follows: 

1. ADAS simulators to model the environment. These have been summarised in Table A2.1. 

2. EM simulators to model propagation through materials [353], and  

3. Radiation simulators [354]. 

 

Table A2.1: ADAS simulators to model environment 

Simulator Application Remarks 

ASM (D-Space) [355] Used for hardware in the loop test. Not suitable for radar sensing 

simulations 

Vires VTD [356] Modular toolset to test and develop 

ADAS and active safety. 

No radar sensing element 

TASS Pre-Scan [357] ADAS simulation package. Physics-based modelling has been 

used for a limited number of 

surfaces.  

Limited to the number of scenes 

and not flexible with sensor 

parameters. 

Mainly used for camera simulation. 

MATLAB Automated 

Driving Toolbox [358] 

Automated Driving Toolbox 

provides algorithms and tools to 

design, simulate, and test ADAS 

and autonomous driving systems. 

Single point return from target with 

some elements of RCS and 

waveform models.  

Sensors only on host vehicle but 

can be expanded. 

 

Another category of simulators includes the ray tracing models (RTM) where the EM 

wave propagation is simulated by means of geometrical or physical optics approximations 

[359]. This includes an evaluation of the complex car-to-car communication scenarios [360] 

and RTM with scenario-specific simulation environments [42], [42], [177], [361],  [362], [363], 

[41]. At higher frequencies, the approach with full wave methods requires an enormous effort 

in terms of computational requirements and memory resources.  
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Based on ray tracking, a simulator called “Virtual Drive” has been discussed in [338] that 

consists of an environment and a realistic traffic model and calculates the multipath 

propagation. The models do not consider various radar parameters and interference received 

from roadside radars in a dynamic environment. RTM can simulate different physical 

phenomena, including multipath propagation and interference [364]. However, they have some 

limitations, discussed below: 

• Their application in real-time is constrained due to high computational time and 

complexity. 

• The geometry and properties of the radar’s environment, including statics and dynamic 

road actors and clutter must be modelled with high precision, making these models more 

challenging. 

• For precisely calibrated results, RTM should implement all the steps in a radar’s pipeline. 

However, they are often proprietary for the commercial radar chipsets. 

 

The simulators based on hardware in the loop, software in the loop, and target in the loop 

address either the sensor design, the hardware components, or the signal processing. Such 

simulators are usually dedicated to a specific problem, such as waveform optimisation or 

modelling the response from a target. However, the can only model part of the mmWave sensor 

and the environment. Examples of such simulators include Keysight automotive radar test 

solution and Keysight’s premiere System Vue automotive radar library (W1908). These tools 

present various solutions to optimise FMCW signals and sensor design [365]. In [366], a 

flexible model has been discussed that considers the aspects of hardware simulation and also 

the influence of system control, such as the sweep parameters, on sensor performance. 

However, the impact of radar interference and co-existence have not been considered. 
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Several other research projects including ENABLE-S3 [367] and PEGASUS [368] have 

also been aimed to establish the testing methods to assure traffic safety. These simulators rely 

on the modelling-based approach for the validation of expected results. Additionally, they have 

the capability to incorporate more physical components into the final system. 

Interference-based simulators have been discussed in [41], [179]. A multisystem radar 

simulator presented in [41] focuses on interference investigation and mitigation, including a 

scenario editing tool, a wave propagation simulator, and the data post-processing. Moreover, a 

method to predict future interference conditions between automotive radars has been introduced 

in [179].
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Appendix 3. Interference Classification 

Example parameters for each interference type used to generate radar plots in this section 

have been given in Table A3.1. 

Table A3.1: Example interference parameters classified based on the sweep rate difference. 

Interference Sub-Types Description Cases 
sintT , sintB  

Synchronous 

IF I RxB B−   for the 

entire victim chirp 

duration 

 
intvK K=  1 102.4 µs, 0.3 

GHz 

Semi-Synchronous 

IF i RxB B−   for the 

entire victim chirp 

duration 

-- 
intvK K  2a 102.4 µs, 

0.299 GHz 

2b 102.39 µs, 0.3 

GHz 

Asynchronous 

intvK K  

 

IF i RxB B−   for some 

part(s) of victim chirp 

duration 

Periodic Fast Chirp 

sint svmT T=  for m = 1,2,3, … 

3a 25.6 µs 

Slow Chirp 

sint svT mT=  for m = 2,3, … 

3b CW 

Semi-Periodic 
sint svmT nT=  

for m = 2,3, … n = 2,3, … 

4 153.6 µs 

Aperiodic 
sint svmT T  and sint svmT nT  

For any value of m and n 

5a 27 µs 

5b 423 µs 

 

 

In a typical automotive scenario, majority of the interference types are asynchronous and 

aperiodic [103]. However, as interference fundamentally appear as stochastic processes, all 

kinds of interference have been investigated in this work. 

 

A3.1. Synchronous Interference 

When two radars with identical waveform parameters interfere such that intvK K= , and 

2 2

LPF LPF
cv ci cv

F F
F F F−   + , the interference signal chirp is completely synchronised with the 
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VR chirp, however, with a delay. The entire interferer chirp is within the LPF band of the VR, 

similar to the return from a target. The down-converted synchronous interference contribution 

to the beat signal in (3-22) is monotonic and expressed as: 
int intIF Synchronousf K − = . 

After signal processing, a ghost target appears at an arbitrary distance. The chirp overlap 

plot, time domain, and frequency domain representation of synchronous interference have been 

shown in Figure A3.1. Compared to the echo signal (Figure 3.13), a higher interference power 

is received due to a one-way propagation delay, causing false alarms at the detection stage. 

 

                            (a)                                            (b)                                             (c) 

Figure A3.1: Synchronous interference: (a) chirp plot, (b) time domain, (c) range profile. 

 

Synchronous interference can also occur if the VR’s signal is received through the 

multipath reflections, such as in the tunnels, highways with guard rails, car parks, etc. 

Consequently, ghost targets appear at arbitrary distances and directions that depends upon the 

distance between the radar and the reflecting surface. 

 

A3.2. Semi-Synchronous Interference 

The sweep rates of VR and IR for semi-synchronous interference are similar but not 

identical ( )intvK K . Analogous to synchronous interference, semi-synchronous interference 

remains within the entire duration of the victim’s chirp. However, the time-dependent term in 

(3-22) is non-zero, resulting in interference spread across multiple frequency (range) bins. Two 

types of semi-synchronous interference have been observed based on the IR parameters. 

Ghost Target 

True Target 
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• Case 2 (a): Table A3.1 

For the similar VR and IR sweep times, with a small bandwidth difference, a chirp-like 

interference pattern has been observed in the down-converted signal. Therefore, interference 

spreads across limited range bins with a higher power, forming a pedestal-like interference 

floor. The position and width of the pedestal depend upon the VR and IR waveform parameters. 

Radar plots of semi-synchronous interference for Case 2 (a) have been given in Figure A3.2. 

Compared to the echo signal (Figure 3.13), a higher interference power is received due to a one-

way propagation delay, which masks the target at 50 m in all the VR chirps. 

   

                         (a)                                            (b)                                              (c) 

Figure A3.2: Semi-synchronous interference, Case 2(a): (a) chirp plot, (b) time domain, (c) 

range profile. 

 

• Case 2 (b): Table A3.1 

For the similar bandwidth of VR and IR waveforms but a slight difference in sweep time, 

there is an absence of complete coherence between the VR and IR chirps. Therefore, 

interference appears like a ghost target but with a broad peak (and broader resolution) centred 

around frequency int intK   rather than a sharp peak, as observed for the echo signals in Figure 

3.13. Radar plots of semi-synchronous interference for Case 2 (b) have been presented in Figure 

A3.3. 

Interference pedestal 
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                          (a)                                             (b)                                              (c) 

Figure A3.3: Semi-synchronous interference, Case 2 (b): (a) chirp plot, (b) time domain, (c) 

range profile. 

 

Synchronous and semi-synchronous interference are unlikely to occur in real-road 

automotive scenes because they need full synchronisation between the VR and IR waveforms. 

However, they cannot be completely ruled out, particularly on highways where numerous radars 

operate simultaneously for extended periods of time. Therefore, even low probability radar 

interaction might occur, and must be taken into account while developing appropriate models. 

 

A3.3. Asynchronous Interference 

In a typical automotive scenario, radars from various manufacturers, different waveform 

parameters, and configurations will be present. Interference between them gives rise to 

asynchronous interference, a more common type. It occurs when the waveforms of two 

interfering radars have different sweep rates such that intvK K .  

The interference signal, in this case, lies within the LPF band of the VR at a few locations. 

This depends upon the waveform parameters of radars. Consequently, unlike synchronous and 

semi-synchronous interference, which is more focused with spread across a limited number of 

frequency (range) bins, asynchronous interference is time limited. Therefore, it spreads over a 

large number of frequency bins after FFT across the fast-time. This leads to a uniform 

interference pattern. The increased noise floor would degrade radar detection sensitivity by 

Ghost target 
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lowering the SINR and might result in missed targets. Asynchronous interference has further 

been further divided into three sub-groups: periodic, semi-periodic, and aperiodic interference. 

For understanding, the fractional times of interference occurrence within each VR chirp have 

been defined as a vector:  int 1 2, ,..., Mt t t t= , where M represents the number of interference 

pulses within each VR chirp. 

I. Periodic Interference 

Periodic interference occurs when the interference pattern across each the VR chirp is 

similar. The following cases have been observed based on the number of interference pulses in 

each VR chirp. 

• Case 3 (a) from  Table A3.1 – Fast Chirp Periodic Interference: 

In this case, intt  vector across all the VR chirps is similar. The radar plots for Case 3 (a) 

have been given in Figure A3.4. 

  

                      (a)                                             (b)                                              (c) 

Figure A3.4: Fast chirp periodic interference: (a) chirp plot, (b) time domain, (c) range 

profile. 

 

Due to the appearance of multiple interference pulses within each VR chirp (M in (3-39) is 4) 

with different time of occurrence of each interference pulse, random peaks and nulls appear in 

the interference floor after FFT across the fast-time with a uniform spread. This has been 

demonstrated in Figure A3.4 (c). 

 

Target 
Interference floor 
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• Case 3(b) from Table A3.1 – Slow Chirp Periodic Interference: 

Each VR chirp has at most one interference pulse; therefore, M in (3-39) is 1. Moreover, 

the fractional time of occurrence of interference pulse is similar across all the VR chirps. CW 

interference has been considered as an example to generate periodic slow chirp interference in 

the presented work. The radar plots for Case 3 (b) have been given in Figure A3.5. 

  
                         (a)                                              (b)                                              (c) 

Figure A3.5: Slow chirp periodic interference: (a) chirp plot, (b) time domain, (c) range 

profile. 
 

A linear phase relationship between the interference samples of each pulse causes well-defined 

bows and nulls in the spectrum. 

 

II. Semi-Periodic Interference 

For semi-periodic interference, the interference sequence appears randomly for a few 

victim chirps, then repeats for the remainder of the VR chirps during a CPI. Therefore, the 

fractional times of interference occurrence for the first few victim chirps are different, and then 

they start to repeat, so that sint svmT nT=  for an integer m ≥ 2. The radar plots are given in Figure 

A3.6. 
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                         (a)                                             (b)                                             (c) 

Figure A3.6: Semi-periodic interference: (a) chirp plot, (b) time domain, (c) range profile. 

 

In particular, for the semi-periodic interference case mentioned in Table A3.1 and Figure 

A3.6, at most, one interference pulse appears per each VR chirp, and the interference sequence 

repeats after every 3 VR chirps. This results in bows and nulls after FFT across the fast-time. 

However, in this example, as each VR chirp has a single-sided interference pulse, bows and 

nulls are not well-defined compared to periodic interference. The second and fifth VR chirp has 

no interference appearance due to the non-overlapping VR and IR chirps. 

III. Aperiodic Interference 

For aperiodic interference, the interference sequence across each VR chirp during the CPI 

is random. Therefore, the vector intt  is unique for each victim chirp. Depending upon the 

number of interference pulses within each victim chirp, aperiodic interference has further been 

divided into fast and slow chirp sequences. These have been discussed in section 3.6.1. 

Interference examples in Table A3.1 show a distinct behaviour in the frequency domain. 

Synchronous and semi-synchronous interference can be called narrowband interference, as they 

affect a small portion of the frequency spectrum. Asynchronous interference can be called 

broadband interference as it affects a larger portion of the VR’s frequency band. At the output 

of Doppler compression, the echo signal and interference are further averaged over the 

integration time. Therefore, the interference spectrum spread becomes even more uniform. This 

has been discussed in section 3.7. 
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Appendix 4. Interference Representation in Each Domain – Use Cases 

To analyse the characteristics of interference, examples for synchronous, semi-

synchronous, and asynchronous interference have been given in Table A4.1 for the VR with 

svT  = 50 µs, svB  = 0.5 GHz, and cint 76 GHzcvF F= = . A target with an initial position of 50 m, 

10o
 from the VR has been driving at 4 m/s toward the static VR. The target is also a source of 

interference with forward-looking IR. The target and interferer are therefore collocated. The 

RCS of the target is 10 dBsm, which is a typical RCS value for a normal-sized car [369]. Both 

the VR and IR operate in TDM-MIMO mode with TxN = 4, RxN  = 16 based on the INRAS 

Radarlog chipset [91].  

The target’s speed has been selected to keep the relative speed between the VR and target 

within the VR unambiguous velocity: 4 4.9MIMOT =   m/s, where MIMO Tx svT N T= . With the 

defined array configuration, virtual array resolution is 1.9o
 whereas resolution defined by the 

real aperture (16 receive elements) is 7.2o
. The Blackman-Harris window has been applied 

across fast-time to achieve better sidelobe suppression while the Hann window across slow-

time and array elements to achieve lesser resolution degradation after windowing. 

Table A4.1. Types of interference and waveform parameters for the analysis in frequency and 

spatial domains. 

Interference Type Sub-Types Case Interference 

Parameters 

Synchronous  1 50 µs, 0.5 GHz 

Semi-Synchronous  2 50 µs, 0.499 GHz 

 

 

Asynchronous 

 

Periodic Fast Chirp 3a 10 µs, 0.5 GHz 

Slow Chirp 3b CW at 76.2 GHz 

Semi-Periodic 4 150 µs, 0.5 GHz 

Aperiodic Fast Chirp 5a 10.3 µs, 0.5 GHz 

Slow Chirp 5b 423 µs, 0.5 GHz 
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The analyses of these types of interference in different domains have been presented here.  
 

A4.1. Range Profiles 

The range profiles of interference examples in Table A4.1 have been estimated after the 

range compression and presented in Figure A4.1. 

   

Figure A4.1: Range profile of the types of interference stated in Table A4.1. 

 

The following observations have been made for different types of interference: 

• Synchronous interference causes a ghost target in the range profile [168]. 

• Semi-synchronous interference has a non-uniform pedestal-like interference floor with a 

higher power. 

• Asynchronous interference has a uniform interference floor over all the range (frequency) 

bins, such as, cases 3 – 5 in Table A4.1. 

• When only one interference pulse appears within each VR chirp ( )sint svT T , such as in 

cases 3b, 4, and 5b in Table A4.1, there is a linear phase relationship between samples of 

each interference pulse. Consequently, a ‘scalloping pattern’ with periodic bows and nulls 

has been observed in the spectrum. 



Appendix 4: Interference Representation in Each Domain – Use Cases                                 Appendices 

 

 

304 | P a g e  

• For the cases with sint svT T , multiple interference pulses appear within each VR chirp –  

cases 3a and 5a in Table A4.1. Therefore, a distinct phase relationship between the samples 

of different interference pulses in each VR chirp replaces the well-defined bows and nulls 

with random peaks and nulls. 

 

A4.2. Range-Doppler and Range-Azimuth Profiles 

The characteristics of the received signal after FFT across the slow-time to generate the 

range-Doppler map and after beamform FFT to generate the range-azimuth map have been 

discussed next. At the output of FFT across the slow-time, the received signal, composed of the 

echo signal and interference, is further averaged over the CPI. Therefore, the interference 

spectrum spread becomes more uniform compared to the range profile. 

The modelled radar plots in an ideal scenario when IR is not transmitting have been shown 

in Figure A4.2. Target is at 50 m, 10𝑜, travelling at 4 m/s with an SNR ~ 35 dB and ~ 43 dB 

after the Doppler and spatial compression, respectively. The 3 dB angular resolution after 

beamforming is 2.5o
 (Hann windowed). A CPI of 25 ms has been used, resulting in 128 victim 

chirps integrated within CPI. 

 

      

                      (a)                                                                        (b) 

Figure A4.2: Radar plots in absence of interference: (a) range-Doppler, (b) range-azimuth. 

Target Target 
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The range-Doppler and range-azimuth maps of different types of interference mentioned 

in Table A4.1 have been shown in Figure A4.3 to Figure A4.7. The results are presented for the 

two receiver configurations used in SoA automotive radar chipsets, the single channel receiver 

and the dual (I/Q) channels receiver. The details of both receiver configurations have been 

discussed in Appendix 6. Summarising in this section, in a single channel receiver, due to image 

frequency foldback towards usable frequency band [370],  

• In the range-Doppler domain, interference affects both the positive and negative Doppler 

bins. One indicates the expected interference Doppler bin, and the other is due to the image 

frequency. 

• In the range-azimuth plot, each interferer appears at two AoAs: one towards its actual 

direction ( )AoA , and one towards AoA−  due to image frequency components. 

The dual-channel receiver filters the image frequency component after the LPF. Therefore, a 

correct Doppler bin and one actual AoA have been observed after beamforming. 

 

I. Synchronous Interference 

The range-Doppler and range-azimuth maps of synchronous interference have been 

shown in Figure A4.3. A ghost target appears at 25 m, 2 m/s in this example. Additionally, 

interference is coherent across the VR’s virtual elements due to the VR and IR synchronised 

waveforms. Therefore, similar to an echo signal, a beam toward the ghost target is according to 

the full MIMO virtual aperture with ~ 2.5o
 angular resolution. Higher interference power (one-

way propagation) might trigger a false alarm in the detection process, which has been discussed 

in Chapter 4. 
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                               (a)                                                                     (b) 

Figure A4.3: Synchronous interference plots: (a) range-Doppler, (b) range-azimuth. 

II. Semi Synchronous Interference 

The range-Doppler and ranger azimuth maps of semi-synchronous interference have been 

shown in Figure A4.4. Depending upon the interference parameters, the following behaviour 

has been observed: 

• Interference spreads across limited range bins with a higher mean power. This forms a 

pedestal-like floor whose position and width depend on the waveform parameters of IR. 

• The correlated interference pulses across the VR chirps (same time of interference 

occurrence) result in focused interference along the Doppler (speed) axis and a beam 

according to the virtual aperture towards the direction of interference after beamforming. 

• Due to the one-way equivalent beam in the MIMO radar, a higher SLL is expected (~ -13 

dB) compared to the two-way equivalent beam pattern in traditional phased array radars. 

In the background of interference, higher interference power causes much higher sidelobes, 

which are often comparable in power with the echo signal (Figure A4.4 (b)). This reduces 

the radar’s dynamic range for precise target detection. 

Ghost Target 
Ghost Target 
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                                 (a)                                                                     (b) 

Figure A4.4: Semi-synchronous interference plots: (a) range-Doppler, (b) range-azimuth. 

 

Synchronous and semi-synchronous interference spread across a limited number of 

frequency (range) bins. Therefore, the range-Doppler and range-azimuth for a single and I/Q 

channel receiver show a similar appearance of interference. 

 

III. Periodic Interference 

The range-Doppler and range-azimuth maps for the slow chirp periodic interference, case 

3b from Table A4.1, have been shown in Figure A4.5. 

Similar to synchronous and semi-synchronous interference, periodic interference also has 

coherent interference pulses across the slow-time samples within the CPI and the VR’s transmit 

elements. Consequently, interference appear across a specific Doppler bin, and beamforming 

results in a beam representing interference direction according to the full MIMO array. 

However, as discussed in Appendix 3, periodic interference spreads along the range axis, unlike 

synchronous and semi-synchronous interference. The mean interference power will depend on 

the amount of interference spread, as defined in (3-29) and (3-30).  

 

Interference 

pedestal 

Interference pedestal 

MIMO Sidelobes 
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                                (a)                                                                      (b) 

      

                               (c)                                                                        (d) 

Figure A4.5: Radar plots of periodic interference: (a) range-Doppler of the single-channel 

receiver, (b) range-Doppler of the I/Q channels receiver, (c) range-azimuth of the single-

channel receiver, (d) range-azimuth of the I/Q channels receiver. 

The following behaviour has been observed: 

• As expected in a single channel receiver, two distinctive lines appears at the positive and 

negative Doppler frequencies due to image frequency foldback (Figure A4.5 (a)). After 

beamforming, two AoA are observed, one towards the actual direction ( )AoA  and one 

towards AoA− . Therefore, a broader region of the VR’s FoV is masked by interference which 

often makes interference mitigation challenging and discussed in Chapter 6. 

• Due to the absence of image frequency foldback in the I/Q channels receiver, only one 

specific Doppler frequency and actual AoA of interference have been observed, as 

demonstrated in Figure A4.5 (b) and (d). 
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The appearance of periodic interference has been validated in Appendix 5. 

 

Due to a one-way interference propagation compared to the two-way echo signal 

propagation, the Doppler bin of the collocated target and source of interference are separated 

along the Doppler axis. This feature has been used in DBS beamforming to reduce the impact 

of interference in the VR and has been discussed in Chapter 8. 

IV. Semi Periodic Interference 

The range-Doppler and range-azimuth maps of semi-periodic interference have been 

presented in Figure A4.6. 

         

                               (a)                                                                       (b) 

      

                               (c)                                                                        (d) 

Figure A4.6: Radar plots for semi-periodic interference: (a) range-Doppler for single 

channel receiver, (b) range-Doppler for I/Q channels receiver, (c) range-azimuth for single 

channel receiver, (d) range-azimuth for I/Q channels receiver. 
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For semi-periodic interference, the interference chirp sequence repeats after every ‘m’ 

VR chirps (m = 3 for the example case in Table A4.1). Therefore, three distinct interference 

streaks are visible in Figure A4.6 (b). The number of interference streaks along the Doppler 

bins increases with increase in the aperiodic interference repetitions. Due to interference 

aperiodicity across the virtual aperture, a beam is formed according to the receive aperture 

( )16RxN =  with ~ 7.5o
 angular resolution after beamforming.  

Moreover, at most, one interference pulse appears per the VR chirp for this specific case. 

This results in the scalloping pattern with bows and nulls. For a single channel receiver, the 

Doppler bins due to the image channel are additionally visible in the range-Doppler map and 

image angle at 10o−  in the range-azimuth map. 

 

V. Aperiodic Interference 

Aperiodic and hence asynchronous interference is the most common group of 

interference. The radar plots have been demonstrated in Figure A4.7. Due to interference 

aperiodicity across the VR chirps within the CPI, hence transmit elements,  

• Interference spreads uniformly across all the range and Doppler bins. Their integration 

results in diagonal ridges, as seen in Figure A4.7. 

• After beamforming, a beam is formed according to the receive aperture ( )16RxN =  with a 

broader resolution. 
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                               (a)                                                                            (b) 

        

                             (c)                                                                            (d) 

Figure A4.7: Radar plots of aperiodic interference: (a) range-Doppler for fast chirp 

sequence, (b) range-Doppler for slow chirp sequence, (c) range-azimuth for single channel 

receiver, (b) range-azimuth for I/Q channels receiver. 

 

The range-Doppler maps have been shown for a single channel receiver with fast chirp 

and slow chirp aperiodic interference example from Table A4.1. The appearance of interference 

in a single channel and I/Q channels receiver after the Doppler processing is comparable, as 

interference uniformly spreads along the Doppler axis for both receiver configurations. The 

range-azimuth maps have been shown for fast chirp interference sequence in a single channel 

and I/Q channels receiver. The image angle of interference is visible in a single-channel receiver 

at 10o− . 

The interference pattern is uniform for the fast chirp interference sequence with random 

peaks and nulls after FFT across the fast-time. Therefore, diagonal ridges after slow-time FFT 
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are finer compared to the slow chirp sequence case. Diagonal ridge’s density increases when 

number of interference pulses within each VR chirp increases. Furthermore, due to a uniform 

spread of aperiodic interference, mean interference power is lower compared to the periodic 

and semi-periodic interference examples. 
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Appendix 5. Periodic Interference Validation 

An example test setup to validate the appearance and resolution of periodic interference 

has been shown in Figure A5.1 (a). A CW signal at 76.2 GHz has been used as the source of 

interference, positioned at 8 m from the VR. TI AWR1243 radar chipset has been used as the 

VR with TxN  = 3 and RxN  = 4. The VR waveform parameters and the radar mode of operation 

have been stated in section 3.7. The modelled and measured range-azimuth plots have been 

shown in Figure A5.1 (b) and (c), respectively. 

 

(a) 

           

                                   (b)                                                                       (c) 

Figure A5.1: Periodic interference example: a) measurement setup, (b) range-azimuth: 

model, c) range-azimuth: measured. 

Interferer Radar 

Victim Radar 
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A close correspondence between the results has been observed with bows and nulls due 

to a single interference pulse across each VR chirp (Appendix 2). The spatial resolution of 

periodic interference is similar to the echo signal resolution of ~ 10.4o in this case (12 virtual 

elements) after the Hann window.
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Appendix 6. Interference Analysis in Single and I/Q Channel Receiver 

Two main types of receivers are used in SoA automotive radar chipsets. 

1. Single channel receiver that uses a single mixer with a real (in-phase only) baseband signal 

and ADC chain, as used in [39], [40], [91], and  

2. Dual channel receiver with a complex baseband architecture composed of in-phase and 

quadrature (I/Q) channels, as used in [371]. The received signal is down-converted with a 

phase-shifted LO signal for the quadrature channel. 

In both receiver configurations, the echo signal detection can be effectively done [195]. 

However, the receiver structure has an essential effect on interference appearance and power 

and has been discussed in this section. 

The receiver configurations have been demonstrated in Figure A6.1. 

 

(a) 

 

(b) 

Figure A6.1: Receiver configurations in automotive radar chipsets: (a) single-channel 

receiver, (b) dual (in phase - quadrature) channels receiver. 
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For illustration purposes, the concept of positive and negative frequency has been used 

here. The positive frequency corresponds to the upper sideband, whereas the negative frequency 

corresponds to the lower sideband after the mixer stage. However, it is to be noted that all the 

signals are a real function of time with positive frequency. Negative frequencies are merely 

mathematical abstractions. 

The received signal, composed of echoes from targets and interference, has been 

illustrated in Figure A6.2 (a) and (b) for a real channel and dual (I/Q) channels receiver, 

respectively. In a real only channel receiver, half of the frequency spectrum is usable, and the 

remaining half is its image, which is not processed. In contrast, the ‘negative’ frequency 

spectrum is folded towards the positive spectrum with dual channels receiver [372]. 

    

                                 (a)                                                                       (b) 

Figure A6.2: The echo signal and interference in SoA automotive radar chipsets: (a) real-

channel receiver, (b) dual (I/Q) channels receiver. 

 

After down-conversion, the received echo is a constant frequency signal, whereas 

interference is a chirp-like modulated signal. Therefore, the baseband representations of the 

echo signal ( )T Ds t −  and interference ( )I Dis t −  can be expressed as: 

 ( ) ( ) ( ) ( )( )1
cos

2

j x j x

T Ds t x e e
 

 
− + +

−  + = +  (A6-1) 

 ( ) ( )( )
( )( ) ( )( )2 2

int int2

int int

1
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2

j a t b j a t b

Is t a t b e e
   

  
− − + + − + + 

−  − + + = + 
 
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As 
( ) ( )( )22 j a t bj at b

e e
− ++

= , interference is an even function and each exponential term spreads along 

both sides of the frequency spectrum. The positive and negative frequency components of 

interference ( )IntS f+  and ( )IntS f− , respectively cannot be separated in a real-channel receiver. 

Therefore, the usable frequency band (positive part of the spectrum) will have contributions 

from both ( )IntS f+  and ( )IntS f− , shown in Figure A6.2 (a). Additionally, as the interference in 

the positive and negative frequency bands are from the same interfering source, they are 

correlated. Therefore, a distinct effect has been observed after signal processing due to the 

positive and image interference spectrums. This has been discussed in Appendix 4. 

With I/Q channels, the image frequency is folded to the ‘positive’ spectrum. This avoids 

the image band contribution of interference, as shown in Figure A6.2(b). 

The effect of receiver type on the appearance of interference in the frequency and spatial 

domains has been shown in sections 3.4 and 3.5, respectively.
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Appendix 7. The Validation of Interference Statistics 

The analytical study of interference statistics has been discussed in Chapter 4. This 

section has experimentally validated the results for the aperiodic and periodic interference cases 

using SoA automotive radar chipsets. Radar measurements have been performed in a controlled 

laboratory environment. 

An FMCW INRAS AN77-06 [40] has been used as the VR for the aperiodic interference 

case. Aperiodic FMCW interference has been generated by a prototype FMCW radar developed 

in collaboration with ELVA-1 [373]. To evaluate the periodic interference statistics, a TI 

AWR1243EVM [374] has been used as the VR in the presence of CW interference. CW signal 

has been used as periodic interference as it appears across all the VR chirps. In comparison, 

depending upon the waveform parameters, FMCW periodic interference does not necessarily 

appear across all the victim chirps (section 5.2.1.II). IRs have been positioned on the boresight 

of the VR with an 8 m separation from the VR. The measurement setups for the two scenarios 

have been illustrated in Figure A7.1 (a) and (b) for the aperiodic and periodic examples, 

respectively. The radar parameters are given in Table A7.1. 

                     

                                  (a)                                                                     (b) 

Figure A7.1: Measurement setup for the radar detector performance analysis: (a) aperiodic 

interference, (b) periodic interference. 
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Table A7.1. Radar configuration parameters for the validation of interference statistics. 

Parameters Value 

Victim Radar Interferer Radar 

Signal Type --- Aperiodic  Periodic  

Carrier frequency 76 GHz 76 GHz 76.7 GHz 

Bandwidth 1 GHz 5 GHz CW 

Sweep Time 204.8 µs (INRAS) and 20 µs (TI) 1 ms - 

LPFF  3.5 MHz   

FAP  
410−    

No. of Monte Carlo Trails 610    

 

The modelled and measured PDF at the detector’s input for a) aperiodic interference 

example with 0.2048, 5s sT BW= = , and b) periodic interference example have been given in 

Figure A7.2 (a) and (b), respectively, along with best fit Gaussian and sinusoidal distributions 

for comparison. A good agreement between the modelled and measured result has been 

observed. 

 

                              (a)                                                                   (b) 

Figure A7.2: Validation of aperiodic and periodic interference statistics: (a) probability 

density function - aperiodic, (b) probability density function - periodic. 

The detection curves for the two mentioned cases have been presented in Figure A7.3 (a) 

and (b), respectively, showing the probability of detection as a function of SIR. The results for 
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aperiodic interference demonstrate a close similarity to the detection characteristics of the 

AWGN. As discussed in section 4.4.4, a deviation has been observed for periodic interference. 

For better comparison and illustration with the Gaussian noise detection curve, the detection 

curves for periodic interference in Figure A7.3 (b) have been scaled by ( )10 log CPIN . 

 

                             (a)                                                                     (b) 

Figure A7.3: Validation of interference detection curves: (a) probability of detection vs. SIR – 

aperiodic, (b) probability of detection vs. SIR – periodic. 

 

The NRMSE and SIR required to achieve a 0.9dP =  have been used as performance 

metrics between modelled and measured results. The estimated values in Table A7.2 shows a 

reasonably close agreement between the two results. For aperiodic interference, the NRMSE 

value is within the non-critical region identified in section 4.3 (NRMSE ≤ 0.3). In contrast, 

periodic interference has the NRMSE value in critical region (NRMSE > 0.3). 

Table A7.2. SIR required for  – Periodic and aperiodic interference. 

Parameters NRMSE SIR (dB) 

AWGN --- 11.7 

Model Aperiodic Interference  0.17 11.7 

Periodic Interference 0.43 12 

Measurement Aperiodic Interference  0.23 11.7 

Periodic Interference  0.49 14 

 

 

 

0.9dP = ( )410FAP −=
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Appendix 8. Effect of Randomisation on the Echo Signal 

Randomisation decorrelates interference pulses across the VR chirps. However, artefacts 

appear in the processed signal for specific randomisation values, discussed in this section using 

start frequency randomisation as an example. Due to a unique randomisation value for each VR 

chirp, a corresponding phase discontinuity is introduced in the Doppler processing. 

With start frequency randomisation, the transmit signal from the VR can be expressed as: 

 ( )( )( )2exp 2 0.5Tx cv j vS j F F t K t= + +   (A8-1) 

The received echo signal therefore becomes: 

 ( )( ) ( )( )( )2
exp 2 0.5

tRx cv j D v DS j F F t K t  = + − + −  (A8-2) 

After solving, the down-converted signal can be expressed as: 

 ( ) ( )( )2exp 2 0.5IF cv D v D v D j DS t j F K K t F    = − + +  (A8-3) 

The additional term that appears in the down-converted signal due to start frequency 

randomisation is j vF  , where jF  is the start frequency randomisation value for each radar 

chirp. Consequently, the range-Doppler coupling has been observed in the received echo signal 

after the FFT across the slow-time if 0j vF  .  

The modelled and measured results after applying start frequency randomisation in the 

range 1 – 50 MHz have been shown in Figure A8.1 (a) and (b), respectively. In the designed 

test setup, the TI AWR1243 radar chipset with svT  = 20 µs, svB  = 1 GHz has been used with 

static targets at 0 Doppler. 
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                               (a)                                                                         (b) 

Figure A8.1: Range-Doppler coupling in the received echo due to start frequency 

randomisation: (a) model, (b) measured. 

 

Due to additional phase term from randomisation, the range-Doppler coupling spreads 

the Doppler across multiple bins. This indicates a requirement for phase correction to get 

reliable results. 

In order to avoid the range-Doppler coupling, a phase compensation with j vF −  has 

been applied in the discussed results in section 5.5. With a low value of frequency 

randomisation, typically in the kHz range, 0j vF   . Therefore, the range-Doppler coupling 

effect is below the thermal noise floor and hence not dominant.
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Appendix 9. The Effect of Randomisation Parameters 

Different ranges of idle time and start frequency values can be used in the VR to 

randomise interference across the chirps. The effect of these randomisation ranges has been 

analysed in terms of coefficient P and NRMSE  values. The methodology to generate these has 

been discussed in section 5.5.3. The results for different ranges have been demonstrated in 

Figure A9.1 where the P value is shown along the left axis and the NRMSE  value in linear 

units along the right axis. The idle time and start frequency randomisation ranges are listed 

below. 

• Lower idle time range: 1 – 10 ns 

• Upper idle time range: 1 – 10 µs   

• Lower start frequency range: 1 – 50 kHz 

• Upper start frequency range: 1 – 50 MHz 

 

Figure A9.1: Effect of randomisation value on different randomisation techniques. 

After idle time randomisation, both P and NRMSE  values reduce when the idle time 

value increases from the lower range to the upper range. For start frequency randomisation, the 

lower range of randomisation values does not show a dominant effect in the P and NRMSE  
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values. However, by increasing the randomisation value to the upper range, a slight reduction 

has been observed in P and a significant reduction in the NRMSE  value.  

Therefore, idle-time randomisation is less dependent on the range of values over which 

the VR chirps are randomised. Depending upon the hardware capabilities, a suitable range can 

be selected without compromising the radar performance. 
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Appendix 10. Interference Appearance in Spatial Domain 

Measurements have been performed in an anechoic chamber to validate the appearance 

of different types of interference in the spatial domain. The INRAS Radarbook [40] in TDM-

MIMO mode with 4TxN =  and 8RxN =  has been used as the VR. In this particular chipset, a 

virtual array of 29 elements is formed. TI AWR1243 radar has been used in a continuous stream 

mode to generate the CW interference. A 10 dBsm CR has been the reference target in the 

measurement. The target, victim, and interferer radars have been elevated 0.5 m above the RF 

absorbers to ensure a clear 1st Fresnel zone. The test setup is shown in Figure A10.1, whereas 

Table A10.1 shows the radar parameters and respective distances. 

 
Figure A10.1: Measurement setup in an anechoic chamber for periodic and aperiodic 

interference analysis in the spatial domain. 

 

 

Table A10.1: Radar parameters for periodic and aperiodic interference analysis and 

validation in the spatial domain. 

 Victim 

Radar 

Periodic 

Interference 

Aperiodic 

Interference 

Sweep Time (µs) 204.8 -- 800 

Sweep Bandwidth (MHz) 500 ∞ 400 

Start Frequency (GHz) 76.5 76.65 76.49 

7 m 

Corner Reflector 

Interferer 

5.5 m 𝟓. 𝟑𝒐 

Victim Radar 
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The modelled and measured range-azimuth plots for a periodic CW interference (quasi-

coherent case) have been demonstrated in Figure A10.2 (a) and (b), respectively. The modelled 

and measured range-azimuth plots for an aperiodic FMCW interference (non-coherent case) 

have been presented in Figure A10.2 (c) and (d), respectively. 

    

                                  (a)                                                                    (b) 

     

                               (c)                                                                      (d) 

Figure A10.2: Periodic and aperiodic interference in the range-azimuth domain: (a) periodic 

CW interference – modelled, (b) periodic CW interference – measured, (c) aperiodic FMCW 

interference – modelled, (d) aperiodic FMCW interference – measured.  

 

A close correspondence between the modelled and measured response has been observed. 

The angular resolution for periodic interference (Figure A10.2 (a) and (b)) is ~ 4o  and follows 

the virtual aperture of 29 elements. In contrast, the angular resolution of aperiodic interference 

(Figure A10.2 (c) and (d)) is ~14.5o
 according to the physical receive aperture of the VR. Due 

to a mismatch in the propagation path length of the radar’s transmit and receive channels [191], 

interference artefacts along the azimuth axis appear in Figure A10.2 (b) and (d).

Area masked by 

interference 

Target 

Area masked by 

interference 

Target 

Area masked by 

interference 

Target 

Area masked by  

interference 

Target 
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Appendix 11.  COSMOS Dataset Collection and Methodology 

For the validation of the developed radar model, the ‘COSMOS dataset’ has been 

collected at the test proving ground of HORIBA MIRA [375]. The raw and processed sensor 

data is available at [346], [351].  The data was collected using time-stamped information from 

radar, lidar, and stereo camera. Time stamping allows the frame-to-frame synchronisation of 

the collected data during the post-processing stage. Global positioning system (GPS)/ inertial 

measurement unit (IMU) system was used to obtain precise ground truth and vehicle kinematics 

in various road scenario. Furthermore, additional road infrastructure was also incorporated to 

depict a realistic urban setting. 

Ego vehicle with dimensions 4.6*1.9*1.7 m3, given as length, width, and height, is shown 

in Figure A11.1. 

 

 

Figure A11.1: Test vehicle with measurement sensor suite for ‘COSMOS’ dataset collection. 

The measurement sensor suite consists of 77 GHz SoA automotive radars installed on 

two test vehicles. The INRAS Radarlog [91] and Radarbook [40] were installed as forward-

looking and corner-looking radars on ego vehicle, respectively. Both radars operated in TDM-

Radarlog 
Radarbook 

Camera 

IMU 
Lidar 
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MIMO mode. TI AWR1243 [374] and NXP Dolphin [39] radar chipsets were installed as 

forward-looking and corner-looking radars on the target vehicle, respectively. These radars 

were set to transmit signal from a single transmit (Tx) element and interfere with the ego-radars 

(radars on host vehicle).  

The radar configuration parameters are given in Table A11.1. The parameters have been 

selected to achieve optimal range/ azimuth resolutions whilst ensuring negligible data transfer 

loss while transferring data from the radar to the device operating it. 

Table A11.1: Radar parameters for the ‘COSMOS dataset.’ 

Parameter INRAS 

Radarlog 

INRAS 

Radarbook 

TI 

AWR1243 

NXP 

Dolphin 

Sweep Time (µs) 204.8 51.2 250 102.4 

Bandwidth (MHz) 1000 1000 950 1000 

Start Frequency (GHz) 76 76 76.05 76.1 

Pulse repetition interval (µs) 230 100 266 150 

Antenna Configuration 4*16 4*8 1*4 1*4 

One-way antennae gain at boresight 

(dBi) 

14.4 14.4 10 17 

 
The full dataset collected during the trials was over 2 TB. Depending upon the scenario 

and radar frame duration, the size of raw data captured from the INRAS Radarlog varies from 

1 GB to 7 GB and from 1 GB to 4 GB for the INRAS Radarbook. Therefore, due to large files 

size, only the most suitable representative of the defined use cases have been included in the 

repository. Moreover, the full post-processed radar imagery has only been shown for a few 

example cases. Additional data may be available on request. The measurement scenarios and 

data structure of various sensors used during the data collection campaign are available at: 

https://edata.bham.ac.uk/800/3/COSMOS_Data%20Repository%20Report_UoB_RevC.pdf 

https://edata.bham.ac.uk/800/3/COSMOS_Data%20Repository%20Report_UoB_RevC.pdf
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A11.1. Adaptive Cruise Control (ACC) Scenario 

In these set of measurements, vehicle with host/ victim radar and target vehicle with 

interfering radar were moving in a straight road in opposite directions, as illustrated in Figure 

A11.2. 

 

Figure A11.2: Adaptive cruise control scenario for the collection of COSMOS dataset. 

 

A11.2. Cross Traffic Alert (CTA) Scenario 

In this scenario, the victim radar stops at the junction and wait for the vehicle with 

interfering radar to cross. Victim radar will primarily receive interference from the side looking 

and side-lobe of forward-looking interfering radars. The test setup is illustrated in Figure A11.3 

 

Figure A11.3: Cross traffic alert scenario for the collection of COSMOS dataset. 

Target 

Victim Radar Interfering Radar 

𝑇2 



Appendix 12: Holistic Radar Simulator                                                                                   Appendices 

 

330 | P a g e  

Appendix 12.  Holistic Radar Simulator 

It is expected that all the cars in the future will be equipped with radars. This will 

inevitably lead to the problem of co-existence in real traffic scenarios, where radars directly or 

indirectly act as sources of interference. Moreover, in an urban environment, as indicated in 

Figure A12.1, multipath reflections from infrastructure such as guard rails and buildings are 

also received by the radar. These reflections often result in false (ghost) targets appearing after 

signal processing [74]. To evaluate and optimise radar performance in diverse scenarios with 

various traffic, roadside, and interference density conditions, understanding how these factors 

interact is essential. The only way to do this is to develop a holistic simulation model of radar-

to-environment interactions. 

 

Figure A12.1: Interaction between sensors and road actors in an automotive scenario. 

 

This section has focused on the following: 

• Describing the novel fully customisable simulator to model, analyse, and evaluate the 

performance of millimetre wave (mmWave) automotive radars. 

• Analysing various aspects of scene modelling based on the waveform, software, and 

hardware specifications of SoA automotive sensors. 

Short Range Radar 

Long Range Radar  

Long Range Radar 

Guard rail 

Reflections 
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• Modelling and investigating response from the environment, including extended targets, 

the effect of reflective roadside infrastructure, clutter, propagation channels, and 

transmissions from nearby sensors – radar interference. 

• Validating the developed model with the real-time radar data recorded by a multi-sensory 

suite [346]. 

Compared to similar tools [41], [42], the developed simulator analyses the effect of 

various hardware and software specifications on the radar’s performance. Furthermore, a 

comparative analysis of various incorporated interference suppression techniques has been 

presented in terms of the SINR improvement, target detectability, and possible ambiguity in 

target parameter estimation. The simulator efficiently delivers simulation data to implement 

advanced signal processing algorithms. Due to the integration of various types of targets, 

interferers, road types, hardware-specific functionality, and post-processed results in various 

domains, the tool can optimise SoA sensors. 

A12.1. Overview of Holistic Simulator 

The modular level description of the developed simulator and signal processing stages 

have been discussed in this sub-section and summarised in Figure A12.2. The major sections 

include: 

1. Radar modelling where the host (victim) radar and interfering radars are configured. 

2. Environment modelling, where road definitions, including road actors, the infrastructure 

around the road, and multipath propagation between them, are modelled. 

3. Wave propagation using free space, 2-ray, or other area mean propagation models. 

4. Interference detection and mitigation. 

5. Analysing performance metrics to estimate the impact of various configurations/ scenarios 

on the radar’s performance. 
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Figure A12.2: Modular description of the developed simulator. 

 

A12.1.1 Block Level Representation 

The block-level representation of automotive radar and environment interactions with the 

considered modelling and signal processing approach has been shown in  

Figure A12.3.  

A typical radar signal processing chain is composed of the following: 

• Analogue signal processing, where down conversion, filtering, and analogue to digital 

conversion are performed, and  

• Digital signal processing, where the 3D-FFT is performed to estimate the range, Doppler, 

and azimuth information of targets [345]. Resolution enhancement using advanced signal 

Result Analysis

Target Detection

Interference Mitigation

Signal Processing

Target/Interferer Definition

Environment Definition

Victim Radar Configuration

Type of Analysis:

> No Interference

> Interference

> Interference detection and mitigation

Radar Data Source:

> Radar modelling

> Post-processing of measured radar data
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processing, as will be discussed later, is optionally used for enhanced detection. In the 

presence of interference from other radars, it is detected and mitigated.  

 
 

Figure A12.3: Block-level representation of the holistic radar simulator. 

 

In the modelling-based approach, the following steps have been adopted: 

Results Visualisation and Performance Evaluation 

Time Domain Frequency Domain 

(Range-Doppler) 

Spatial Domain 

(Range-Cross range) 

 

 

Post 

Detection 

Spatial Domain 

Interference parameter estimation 

 
Cognitive Mitigation 

Time Domain 

Pre 

Detection 

Frequency Hop 

Randomisation 

Optional Interference Detection and Mitigation 

Mitigation Criteria 

 
User Defined Software Optimised 

Radar Signal Processing 

Radar Calibration 

(Amplitude/ Azimuth) 

3D FFT with motion 

compensation 

Resolution 

Enhancement 

Automotive Radar Modelling and Analysis 

Propagation Channel Characterisation 

Measured Data Analysis Modelling Based 

 

Environment 

modelling 

 
Targets/ Interferers models 

Clutter model 

Ego radar configuration Ego Radar Configuration 
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• Environment, ego radar, and interfering radars are defined. 

• The simulation results are presented in various domains. 

• Appropriate mitigation technique is applied, with comparative performance analysis of 

various techniques. 

 In the experimental data analysis case,  

• The measured raw data is imported into the simulator. 

• Signal processing is performed, and data is presented in various domains. 

• Mitigation technique is applied, and performance is analysed. 

• The modelled and measured results can later be compared. 

The inputs and outputs of the simulator have been mentioned in Table A12.1. 

Table A12.1: Input and outputs of the holistic simulator. 

Inputs Outputs 

Scene Definition Clutter Scene 

Mapping 

 

Range profiles 

Point-like targets Range-Doppler map  

Extended targets Range-azimuth map 

Radar/ Waveform 

Definition 

Ego Radar 

 

Interference 

Analysis 

Time domain 

Frequency domain 

Interfering Radar Spectrogram, STFT 

Range-Doppler 

Range-azimuth 

Antenna 

configuration 

MIMO Signal 

Processing 

Interference suppression 

SIMO MIMO beamforming 

Phased Array MIMO-DBS beamforming 

Operational mode Monostatic Interference 

Mitigation 

Zeroing 

Bistatic Reconstruction 

 Clipping 

Frequency hopping 

Randomisation 

LCMV beamformer 
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The simulators’ radar and environment configuration interface has been demonstrated in Figure 

A12.4. 

 

(a) 

 

(b) 

Figure A12.4: Radar configuration interface of the simulator: (a) scene modelling, (b) 

measured data analysis. 
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A12.1.2. Features of Simulator 

The main features of the simulator include the following: 

• User-friendly interface with: 

1. Customisable parameters,  

2. Elements patterns of SoA automotive radar chipsets pre-loaded. Custom patterns can 

additionally be imported. 

3. Aspect-dependent RCS of targets pre-loaded. RCS data of new targets can be 

imported. 

4. Data and figures can be saved for further analysis. 

• The processed results are available for data analysis and implementation of new algorithms. 

An example has been presented in Figure A12.5. 

• Multiple targets and interferers can be modelled at once. 

• Capability to add roadside infrastructure such as guard rails. 

• Interference mitigation in different domains and their comparative analysis. 

• Quantitative and qualitative comparison of mitigation techniques. 

• Modular open architecture for higher-level integration. 
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Figure A12.5: An example of post-processed results obtained from the radar simulator. The 

plots on top show results after a short time Fourier transform (STFT), and the plots on the 

bottom show azimuth response after beamforming. The plots on the left are before 

interference mitigation, and those on the right are after interference mitigation (interference 

zeroing in this case). 

 

A12.2. Sensor Dataset 

To validate the functional capabilities of the simulator, the ‘COSMOS dataset’ has been 

used. The data collection methodology and sensor parameters have been mentioned in 

Appendix 11. In this section, the results at the INRAS Radarlog (ego radar) have been discussed 

for a scenario where both cars move toward each other. Nevertheless, the considered 

approaches are universally applicable. The waveform parameters for Radarlog provide the 
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unambiguous range of 153 m, the unambiguous velocity of ± 0.98 ms-1 when operating in TDM-

MIMO mode, and range and velocity resolutions of 0.15 m and ± 0.015 ms-1, respectively, and 

has real-channel receiver. 

A12.3. Environment Modelling – Propagation Channel Characterisation 

The first step to developing a realistic radar model is identifying the propagation channel 

between the radar and targets. This is especially crucial at mmWave, where surface roughness 

becomes comparable with the signal’s wavelength. Therefore, the reflecting ground surface can 

either be smooth with a two-ray propagation path or rough with diffuse scattering, where free 

space propagation can be expected. 

To determine the fit of the area mean propagation model to the measured data, the echo 

signal propagation loss has been estimated. The return power was measured from a trihedral 

CR (RCS σ = 17.7 dBsm) at ranges (R) from 15 m - 52 m from the radar (Radarlog) installed 

on a moving vehicle [346]. The free space ( )FSP  and two-ray propagation ( )2 RayP −  curves have 

been estimated using:  
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 (A12-2) 

where, Hr = 0.85 m and Ht = 1 m are the heights of the ego radar and the target, respectively, 

Gt = Gr = 14 dBi is the gain of transmit and receive antenna, respectively. L represents 

miscellaneous losses that include loss due to misalignment of CR in the direction of radar, 

mismatch of radar and CR heights, and CR not being exactly at the boresight of radar. The 

crossover distance ( )4 t rH H   is 2326 m, which is well beyond the unambiguous range of 

ego radar. The road surface is made of tarmac.  
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The received signal is high pass filtered with a cut-off range of 2 m to suppress the leakage 

signal from the transmitter to the receiver. An FFT across the fast-time is applied on the received 

signal, followed by non-coherent integration across the 128 slow-time samples. The return 

power is normalised by receiver noise floor: kTBF = -123 dBm in this case, where k is the 

Boltzmann constant, T = 290 K is room temperature, F = 25 is the noise factor, and 1 svB T= . 

The measured range profiles and propagation curves are shown in Figure A12.6. 

 

Figure A12.6: Range response from the corner reflector and propagation model curves. The 

blue line indicates the theoretical 2-ray propagation curve, the red line represents the free-

space propagation curve, and the black lines show the response from the corner reflector at 

various distances. 

At closer distances between ego radar and CR, the received power fits well with the free-

space propagation model. However, amplitude decays are more significant at longer distances. 

This indicates a multipath propagation from the road surface that acts as a planar reflector. The 

superposition of direct and ground-reflected signals at the ego radar’s receiver results in these 

amplitude fluctuations with well-defined peaks and nulls in the measured response. Therefore, 

a two-ray propagation model would be a good fit for tarmac. In contrast, for rough surfaces, for 

instance, grass, gravel, monotonic free space propagation behaviour would be a better fit.  
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It is to be noted that the power difference between the measured received power and 

theoretical propagation curves is due to the miscellaneous losses discussed earlier. 

 

A12.3.1. Road Definition and Topology 

Four common types of roadside scenarios, such as a straight lane, junction, roundabout, 

and exit lane/ slip road, have been incorporated into the simulator. The road definition segment 

of the simulator and schematics of these road types obtained from the simulator have been 

presented in Figure A12.7 (a) - (e), respectively. It is to be noted that MATLAB’s driving 

scenario has been used to define various road layouts [376], [377]. 

 

 

(a) 

       

                    (b)                                  (c)                                 (d)                                (e) 

Figure A12.7: Road schematics from the simulator: (a) road definition tool, (b) straight lane, 

(c) junction, (d) roundabout, (e) exit lane. 

The MATLAB driving scenario designer [378] can also be integrated to create arbitrary traffic 

scenarios. 
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A12.3.2. Target and Clutter Modelling 

For higher levels of automation, modern radars should not only detect and resolve targets 

but also perceive the whole scene. This includes clutter that needs to be resolved and accurately 

imaged. Moreover, if necessary, the clutter should be filtered out to decompose the scene into 

static clutter and the tracks of moving targets. The response from the environment has been 

modelled for: 

• Extended targets,  

• Clutter that has been considered as a stationary process, distributed across several range 

bins. The clutter primarily includes the following: 

1. Reflections from the road at a closer distance from the radar,  

2. Reflections from grass and infrastructure around the road, and 

3. The appearance of false (ghost) targets due to multipath from the reflective surfaces 

around the road, 

• Interference, as discussed in [144]. 

 

I. Target Distribution 

The vehicle has been modelled as an extended target with a set of scattering points made 

of a perfect electric conductor (PEC), each with an aspect-dependent RCS. This results in a 

simplified target representation with a fast yet accurate response [379] compared to the models 

based on the ray tracing approaches [364]. 

The integrated RCS (σi) from each side of the vehicle has been obtained from [369] and 

shown in Figure A12.8. From the front of an average sedan car, σi = 6 – 8 dBsm.  
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Figure A12.8: Integrated RCS from sedan vehicle as a function of aspect angles. 

 

For the target vehicle – Range Rover –, due to its larger size, σi from the front of the 

vehicle is expected to be 10 – 12 dBsm. The RCS of each scattering point has then been 

estimated based on the total scattering points. For reasonable computational processing with 

reliable results, one scattering point has been set for each resolution cell of the radar, which is 

defined in the azimuth as BR  where R is the range to the scattering point and B  = 1.9o is 

azimuth beamwidth of the ego radar. For instance, with the resolution cell size of 0.3 m at R = 

9.4 m, 4 reflection points have been observed per ‘m’ of the target vehicle. Considering 

reflection from the front of the vehicle that is ~ 1.9 m wide, each of the 7 reflection points 

expected from the front has been assigned 1.4 dBsm RCS. The measured and modelled range-

Doppler and range cross-range profiles of the extended target for two different positions of the 

target vehicle are given in Figure A12.9 and Figure A12.10, respectively. In the test scene, the 

vehicle with radar (Radarlog) was static, with the target vehicle driving towards it. 



Appendix 12: Holistic Radar Simulator                                                                                   Appendices 

 

343 | P a g e  

 

(a) 

       
                                  (b)                                                                      (c) 

        
                                 (d)                                                                     (e) 

Figure A12.9: Modelled and measured results of the extended target at 9.4 m from the vehicle 

with ego radar. (a) Test setup, (b) modelled range-Doppler, (c) measured range-Doppler, (d) 

modelled range cross-range, (e) measured range cross-range. 

 

As the target approaches closer to the ego radar, more target area is illuminated by the 

radar antenna beam. This results in a larger number of scattering points from the target. Due to 

a difference in the relative Doppler and radial velocities of these scattering points (different 

aspect angles), they spread along the range and Doppler bins. Consequently, the returns from 

the target are distributed across a larger extent of azimuth angles. In Figure A12.10, the target 

Radar 

Case 1: 
Range: 9.4 m, Cross Range: 3.6 m, Velocity: -2.93 m/s 

Target 
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vehicle is much closer to observing radar (1.8 m). Therefore, the extent of the target along the 

range and Doppler spread is greater than the case in Figure A12.9. 

 

(a) 

       
                                (b)                                                                       (c) 

 
                                 (d)                                                                     (e) 

Figure A12.10: Modelled and measured results of the extended target at 1.1 m from the 

vehicle with ego radar. (a) Test setup, (b) modelled range-Doppler, (c) measured range-

Doppler, (d) modelled range cross-range, (e) measured range cross-range. 

 

It is to be noted that in the measured data, the clutter has not been removed. Nevertheless, 

it can be removed using a moving target indicator (MTI) filter. 

Radar 

Case 2: 
Range: 1.8 m, Cross Range: 3.6 m, Velocity: -3.11 m/s 

Target 
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II. Clutter Distribution 

With a progression toward image-like radars, the clutter needs to be modelled for 

applications such as vehicle trajectory estimation and path planning.  

The surface sensitivity to the EM waves is essential for its imagery. However, with higher 

frequencies, the increased surface roughness makes their imagery at relatively lower grazing 

angles and longer ranges possible [380]. The boundary between smooth and rough surfaces has 

been estimated from the Rayleigh roughness criterion [381], given as: 

 ( )
2

sinr h gR

 


=  (A12-3) 

where, h  is the RMS surface height, and g  is the radar grazing angle. When 16rR  , the 

surface can be classified as electromagnetically smooth and ego radar receives negligible 

backscatter from these surfaces, making their imagery relatively difficult. With increased 

diffused scattering, backscatter is received to a greater extent, and the surface can be imaged.  

The clutter includes reflections from the road, grass, roadside infrastructure, and 

multipath from the infrastructure/ road actors. On a chirp-to-chirp basis (slow-time), the 

background clutter is correlated and appears as a static target at the ‘zero’ Doppler. Terrain and 

road infrastructure are surface distributed, and their reflectivity depends upon the grazing angle 

and surface roughness, and given as: 

 o A =  (A12-4) 

where, σo is the normalised RCS of a particular terrain, and A is the clutter area.  

Each region of the surface has been represented by a number of secondary radiators with 

scattering points separated by λ/2. This gives A = (λ/2)2. Furthermore, each scattering point has 

RCS according to the area occupied by the secondary radiator. The return from each cell is the 

sum of individual returns within the cell according to a specific propagation model.  
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The test scene presented in Figure A12.11 (a) has been used to model clutter.  

 
(a) 

 
                                                                    (b) 

 
                                                                   (c) 

Figure A12.11: Clutter response: (a) test Scene, (b) model, (c) measurement. 

Ego Radar 
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Grass 

Road 

Portable Room 

Grass 

Road 
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Two significant reflecting regions, each with different reflectivity, have been identified: 

1) road made of tarmac and 2) roadside grass. In the developed model, σo = -40 dB for road 

surface [382], and by comparing the difference of mean values of grass and road distributions 

given in [383], σo = -22.8 dB for grass. The modelled and measured results have been shown in 

Figure A12.11 (b) and (c), respectively. Due to a higher reflectivity and roughness of grass, it 

has been resolved at longer ranges than the reflections from the road that are only visible closer 

to the radar. 

A12.3.3. Multipath propagation from Reflective Infrastructure 

In a dense urban scenario, along with the LoS returns from the target, non-line of sight 

(NLoS) returns due to EM waves reflecting from the nearby reflectors (buildings, guard rails) 

are also received. These constitute multipaths and create false targets in processed radar data.  

For a single bounce, configuration A occurs when the signal travels from the radar to 

targets, then to the reflecting surface, and back to the radar. In contrast, configuration B occurs 

when the signal travels from the radar to the reflecting surface, then to the target, and back to 

the radar. The false targets corresponding to single and double bounce multipaths are more 

significant and demonstrated in Figure A12.12. 

             
                     (a)                                             (b)                                          (c) 

Figure A12.12: Appearance of false targets due to multipath: (a) single bounce –  

configuration A, (b) single bounce – configuration B, (b) double bounce. 
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The methodology to estimate the range, velocity, and azimuth of the false targets due to 

multipath has been given in Table A12.2. Depending upon the position of reflecting surfaces 

around the road, these values have been used in the model to generate additional false targets.  

 

Table A12.2: One-way range, velocity, and the azimuth of false targets from multipath. 

Parameter Single Bounce: 

Configuration A 

Single Bounce: 

Configuration B 

Double Bounce 

SR  2 2( )VT VR TRR D D+ −  

MSR  2 2( )VT VR TRR D D+ +  

Azimuth ( )1cos /VT MSR R−
 ( )1sin /VR TR MSD D R− −  ( )1cos /VT MSR R−

 

Range ( ) 2s MSR R+  ( )
22

VT VR TRR D D+ +  

Velocity 1 1
cos( ) cos( )

2 2
MAv v +  

( )cos MAv   

 

To depict a reflective urban scenario, 15 m brick wall facades have been positioned in a 

linear arrangement along each side of the road with a lane width of 3.6 m. The test setup has 

been shown in Figure A12.13 (a), with the full extent of facades in Figure A12.13 (b). 

   

                              (a)                                                                        (b) 

Figure A12.13: Test setup for a reflective scenario: (a) scene corresponding to modelled 

results, (b) the full extent of facades. 

 

The modelled and measured results showing the appearance of false targets have been 

shown in Figure A12.14. The vehicle with ego radar (2.3 m/s) and the target vehicle (2.4 m/s) 

Radar 
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have been driving in adjacent lanes in the opposite direction. A CR has been positioned 0.5 m 

before the right facade wall and 2.3 m (cross-range) from the radar. 

False targets appear on opposite sides of the facades that are the mirrored version of the 

true target with respect to facades. As shown in Table A12.2, the true target (vehicle) has the 

shortest range compared to the multipath arising from the target. Due to different AoA and 

radial speeds of the multipath, the true and false targets have been resolved in the Doppler and 

azimuth domains. Moreover, due to a different aspect angle (hence radial velocity) of each 

reflection point from the facade walls, the full extent of the walls is visible in the processed 

radar imagery in Figure A12.14. 

Although the MIMO array provides enhanced angular resolution compared to the 

traditional phased arrays with the same number of physical elements, the beamformed response 

have comparatively higher sidelobes due to one-way effective sidelobe level. Moreover, cross-

range resolution depends upon the azimuth resolution and degrades as a function of range to 

the target. This reduces the target’s resolvability, especially at a longer range from the radar. 

DBS beamforming has been used in the developed model to enhance target resolution by 

utilising  the Doppler frequency difference from the targets at different azimuth angles [20]. 

Figure A12.14 (c) shows the modelled and measured results after applying MIMO-DBS 

beamforming for resolution enhancement. A significant reduction in the MIMO sidelobes has 

been observed after MIMO-DBS beamforming, and the full extent of walls is visible and well-

resolved. It is to be noted that the amount of resolution enhancement after DBS beamforming 

depends upon the ego vehicle velocity, which in the discussed case was 2.3 m/s. However, 

higher velocity is expected in a roadside scenario, further enhancing resolution. 
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(a) 

               

(b) 

      

(c) 

Figure A12.14: Modelled and measured results showing the appearance of false targets: (a) 

range-Doppler, (b) range cross-range: MIMO beamforming, (c) range cross-range: MIMO-

DBS beamforming. 
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A12.4. Radar Architecture and Modelling 

A typical radar processing consists of the following: 

1. Analogue signal processing performed at AFE, where down conversion, filtering, and 

analogue to digital conversion occur, 

2. Calibration for amplitude and azimuth/ elevation alignment, and 

3. DSP, which can be described as the 3D-FFT and advanced signal processing on the radar 

data cube. 

Each part has been discussed in this section. 

A12.4.1. Analogue Signal Processing 

The AFE of radar has been modelled according to 

• Hardware configuration with specific Tx and Rx array setup (TDM-MIMO, SIMO),  

• Antenna and channel gains, 

• Waveform parameters, including the modulation scheme, 

• Low pass filtering and 

• Analogue to digital conversion 

The analysis of AFE has been presented in detail in Chapter 7. A summary is included in this 

section.  

I. Antenna Configuration 

The aspect-angle dependent antenna gains of all the sensors mentioned in Appendix 11 

have been used to estimate the transmitted/ received signal power as a function of the spatial 

location of targets. The element pattern of each sensor has been generated according to the 

manufacturer’s specification sheet and given in Figure A12.15. 
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Figure A12.15: Element patterns of the radars used during measurements. 

 

The element pattern of Radarlog is similar to Radarbook. 

II. Signal Propagation 

In the discussed scenario, the identified propagation model is a two-ray model. Therefore, 

the received power from a target located at ( ),   where   and   are the azimuth and elevation 

angles of the target with respect to the ego radar, respectively, is given as: 

 ( )
( ) ( ) 2 4

3 4

2
, , 16sin

,
(4 )

t r
t t r

R

H H
PG G

R
P

R L


     


 



 
 
 



=  (A12-5) 

where ( ),tG    and ( ),rG    are the transmit and receive antenna gains as a function of the 

target’s spatial position. For TDM-MIMO, each Tx element transmits the signal at a specific 

time slot that, after propagation and scattering, is received by individual Rx elements of the 

radar. Therefore, the azimuth and elevation pattern of each Tx and Rx patch element as a 

function of angles within the radars’ FoV have been modelled and used to define ( ),tG    and 

( ),rG    for each reflection point. 
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III. Link Budget Analysis 

While modelling each stage of the AFE, along with the signal processing aspect, each 

stage’s respective gains/ losses have also been incorporated for the correct power budget 

estimation of the processed signal. The equivalent power contribution of AFE is 

AFE LNA VGA Mixer FS ADCP G G L P G= + + + +   where, GLNA = 42 dB and GVGA = 20 dB are the gains of 

LNA and VGA, respectively, LMixer = 20log(0.5) represents the loss due to double sideband to 

single sideband conversion at the mixer, PFS represents the full-scale ADC input power after 

which the signal is clopped. For 2 Vp-p amplitude across a 50 ohm resistor for the ego radar, 

FSP  is 10 dBm, GADC = 6.02NADC + 1.74 represents ADC gain [285], and NADC = 16 ADC bits 

for the ego radar. With these parameters, AFEP  = 164 dBm.  

IV. Low Pass Filtering 

The LPF is incorporated in the processing chain of all automotive sensors to remove 

higher frequencies and limit the unambiguous detection range. The LPF specifications, such as 

filter type and filter order (section 3.3), are required for accurate radar modelling, especially in 

a coexistence automotive scenario, where interference is also received by the ego radar. 

However, these parameters are generally omitted in the manufacturer’s radar specifications. 

Therefore, various types of LPF with finite and infinite impulse responses have initially been 

modelled. The modelled and measured interference duration for each filter type/ order was then 

used as a performance metric. After comparison, a 7th order infinite impulse response LPF was 

selected. It provided the best agreement with the measured interference duration from TI radar 

(16 µs), according to parameters in Table A11.1. Furthermore, as the frequency of the down-

converted signal in automotive radars is much lower than the transmit frequency, for instance, 

from 60 kHz – 10 MHz for the ego radar parameters in Table A11.1, a finite impulse response 



Appendix 12: Holistic Radar Simulator                                                                                   Appendices 

 

354 | P a g e  

decimation filter has additionally been used after the LPF to reduce the ADC sampling 

requirements. 

The processed results after the LPF are shown in Figure A12.16  for each Tx node. The 

received signal is a sum of the echo signal from the target vehicle at 10 m and interference from 

the TI radar. 

 

                                      (a)                                                                   (b) 

Figure A12.16: Received signal after filtering in the presence of interference from TI radar: 

(a) model, (b) measurement. 

 

The radar data cube was then generated with fast-time samples, slow-time samples, and 

MIMO virtual array channels along the first, second, and third dimensions, respectively. 

 

A12.4.2. Radar Calibration 

For offline processing, the raw data from sensors is obtained after the ADC stage at the 

chipset. Therefore, additional calibrations are required for the following: 

• Amplitude scaling to compare the results with theoretical power estimates based on the 

path loss model,  

• Azimuth alignment to mitigate the effects of the sensor’s hardware impairments. 

These calibrations have been discussed in the subsequent sub-sections. 

Interference 

Echo Signal Echo Signal 

Interference 
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I. Amplitude Scaling 

Amplitude scaling has been performed by normalising the raw ADC data with estimated 

AFEP , discussed in section 12.4.1.III.  

II. Azimuth Calibration 

In an ideal scenario, transmission line length and signal propagation delay across each 

transmit and receive path is the same, considering no deliberate delay is added, such as to 

resolve targets along elevation. This results in an equal phase difference of the echo signal 

across the adjacent propagation paths, given as: 

 sin( )kd  =  (A12-6) 

where,   is the AoA.  

However, in an actual scenario, the transmission line lengths of various propagation 

channels of the radar are not similar. This results in additional phase shifts across the channels. 

Therefore,  

 sin( )i ikd   = +  (A12-7) 

where, i  is the additional phase due to different transmission lengths and is different between 

each pair of transmission paths. For example, 1  between pairs Tx1Rx1 and Tx1Rx2 will 

differ from 2  between Tx1Rx2 and Tx1Rx3. To compensate this phase difference, azimuth 

calibration has been performed across the MIMO channels by ( )exp ij− , where i  = 1:N, and 

N is the number of MIMO channels. This aligns the azimuth beam toward the correct AoA. A 

similar approach has been used for the alignment of the elevation angle. 

In the presence of interference, for a single (real) channel receiver used in the ego radar, 

interference contributions from positive (I+) and negative (I-) frequency components cannot be 

separated and appear across the whole frequency spectrum (Appendix 6). Therefore, the 
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azimuth beam for interference appears along two AoA – one towards its actual direction and 

one towards the image direction [144]. After azimuth calibration, the calibration factors 

corresponding to I+ (actual direction) and I- (image) can be defined as follows: 

 
( )( ) ( )( )

( )( ) ( )( )

exp sin  exp sin

exp sin exp sin 2

i i

i i i

I j kd j j kd

I j kd j j kd

   

    

+

−

 + − =

 − + − = −
 (A12-8) 

As observed, the actual direction of the interferer has been calibrated correctly. However, the 

direction corresponding to image frequency has not been calibrated; instead, it shifted to 2 i  

[191]. As each MIMO channel is calibrated with a unique phase shift, the image angle smears 

along the azimuth.   

Different azimuth calibration vectors should be applied for different radar chipsets due to 

different propagation paths between the channels. Consequently, interference streaks due to the 

image channel will have a unique appearance. The modelled results for two radar sensors have 

been shown in Figure A12.17. 

 

                                (a)                                                                        (b) 

Figure A12.17: Azimuth calibration effect on interference: (a) Radarlog (64 MIMO 

channels), (b) Radarbook (32 MIMO channels). 
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The position of image channel interference streaks depends upon the specific calibration 

vector used for azimuth alignment, which is unique for each radar chipset. Moreover, different 

numbers and the appearance of interference streaks have been observed depending on the total 

MIMO channels. With an increase in the number of MIMO channels, due to increased i  

variations, the smearing due to image interference angle is expected to increase.   

 

A12.4.3. Digital Signal Processing 

Various stages of DSP incorporated in the simulator are illustrated in Figure A12.18. 

 

Figure A12.18: Stages of digital signal processing incorporated in the simulator. 

DSP in the model is based on the 3D-FFT to estimate the range, relative speed, and 

azimuth direction of the targets, respectively. In the model, additional HPF with a cut-off range 

of 2 m has also been applied before FFT to remove transmitter feedback to the receiver and 

suppress stronger returns from targets at shorter ranges that might saturate the receiver 

amplifiers. The Blackman Harris window has been applied across fast-time, and the Hann 

window across the slow-time and antenna elements. 
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For MIMO radar, motion (phase) compensation has also been applied across the virtual 

elements to compensate for the velocity-induced phase shift across transmit elements. For TxN  

transmit elements, the time delay due to their position is given as follows: 

 (0 : 1)Tx Delay Tx svN T − = −   (A12-9) 

The corresponding phase shift vector due to radar velocity can then be defined as: 

 
4 Tx Delayv 



−

=  (A12-10) 

Therefore, the phase-compensated signal is represented as: 

 exp( )comp uncompS S j=  −  (A12-11) 

Additional processing stages for target detection and tracking have been mentioned in Figure 

A12.18 that can be incorporated into the simulator for vehicle path planning. 

 

A12.5. Interference Detection and Mitigation 

Interference detection and mitigation are discussed in detail in Chapter 5 - Chapter 8. 

Various discussed techniques have been incorporated into the simulator, as demonstrated in 

Figure A12.19. 

 

Figure A12.19: Interference detection and mitigation interface. 

 

Various pre-detection and post-detection mitigation techniques have been implemented. 

 

A12.6. Validation and Data Analysis 

The measurement setup shown in Figure A12.20 has been used to validate the developed 

models. The position and velocity of the target vehicle for each scene have also been shown. 
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The corresponding modelled and measured results for three corresponding Radarlog frames 

have been presented in Figure A12.21 - Figure A12.23 (a) and (b) as the range-Doppler and 

range cross-range maps after beamforming, respectively.  

   

Figure A12.20: Snapshots of measured scenarios with different positions of the target vehicle. 

 

 

(a) 

  
(b) 

Figure A12.21: Modelled and measured results corresponding to case 1 from Figure A12.20. 

(a) Range-Doppler, (b) range cross-range. 
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In this setup, the ego vehicle equipped with Radarlog is static, and the target vehicle with 

sensors and parameters in Appendix 11 has been driving towards it. Vehicle velocity has been 

measured using a high-precision IMU. Backscatter from clutter has not been included to 

highlight only target returns in the model. Though, it can be modelled according to the approach 

discussed in section A12.3.2.II. The Blackman Harris window has been applied across the fast-

time, and the Hann window across the slow-time and antenna elements. 

The target’s velocity is defined as 2cosDv f = − , where Df  is the Doppler frequency 

and   is the AoA of reflection point from the target. According to the defined parameters, 

Radarlog’s MIMO frame interval is 1 ms, which limits unambiguous velocity ( )maxv  to  0.98 

m/s. Target velocity ‘v’ greater than this is aliased and appears within the interval maxv−  to maxv  

with value 
'v . These velocities are related by: 

 '

max2v v nv=   (A12-12) 

where, n is the Doppler aliasing factor (integer). The scattering points spread along the range 

and the Doppler bins due to different radial velocities and azimuth separation. 

Due to a larger distance between the radar and target in Figure A12.21, there is a relatively 

small target extent across the range and Doppler. However, as the target vehicle approaches 

closer to the ego radar, more region is illuminated by the radar antenna beam. Moreover, more 

scattering points from the target are resolved due to increased cross-range resolution, and the 

target appears as a true ‘extended’ target. Due to a difference in the relative Doppler and radial 

velocities (different azimuth), the scattering points from the target spread along the range and 

Doppler bins, and the returns from the target are distributed across a larger extent of azimuth 

angles, as demonstrated in Figure A12.22. 
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(a) 

           

(b) 

Figure A12.22: Modelled and measured results corresponding to case 2 from Figure A12.20. 

(a) Range-Doppler, (b) range cross-range. 
 

The extent of the target along the range ( )RN  and Doppler ( )DN  bins has been estimated as 

follows: 

 s
R

R
N

R
=


 (A12-12) 

 
( )cos

D

v
N

v


=


 (A12-13) 

where, sR  is the range spread, R  is the range resolution, v is the relative speed, and v  is the 

velocity resolution. With the target’s position indicated in Figure A12.22 (9.4 m), the range of 
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azimuth angles from the front of the vehicle are 15.7 25.8o o− . The extent of the target along 

the range and velocity has been given in Table A12.3. 

 

Table A12.3: Target distribution for case 2 from Figure A12.20. 

Target Velocity - 2.93 m/s Aliased Velocity - 0.78 m/s 

Number of Range Bins 

(Range Spread/ Range Resolution) Front: 12 

(1.9/0.15) 

Side: 26 

 (4/0.15) 

Number of Doppler/ velocity bins 

Velocity Spread: cosv v   12 

(2.82-2.63)/0.015 

 

 

 

In Case 3 from Figure A12.20, the target vehicle is much closer to the host radar (1.8 m). 

Consequently, the extent of the target along the range and velocity axes is greater, as shown in 

Figure A12.23. In this case, major scattering points are from the front and side of the target 

vehicle, and the target distribution parameters have been given in Table A12.4. 

 

Table A12.4: Target distribution for case 3 from Figure A12.20. 

Target Velocity -3.105483 m/s Doppler aliasing factor 1 

Front radial velocity spread: cosv   -1.63 to -1.317 m/s 

Side radial velocity spread: cosv   -2.75 to -1.63 m/s 

Number of Range bins 

Front: 7 Side: 29 

Number of Doppler/ velocity bins 

Front: 20 Side: 75 
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(a) 

 

(b) 

Figure A12.23: Modelled and measured results corresponding to case 3 from Figure A12.20. 

(a) Range-Doppler, (b) range cross-range. Inserts show the zoomed region with the target. 

 

 

The modelled and measured results show a close approximation demonstrating the suitability 

of the developed simulator for automotive scenarios. 

MODELLED MEASURED 

MODELLED 

MEASURED 
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Appendix 13.  Digital Beamforming in MIMO Radar 

Instead of using an FFT across the array channels of the radar, digital beamforming can 

traditionally be performed using the following steps.  

1. Defining the radar’s FoV from 90o = −  to 90o  for an ideal array. 

2. Computing a steering vector (SV) for each angle   using ( )exp ( 1)sinnSV jkd n = − . 

3. Applying the SV to the received signal using: *

RxS SV . When this phase shift is applied 

to each array element, it allows the signal across each channel to add coherently towards 

 . 

4. Adding all received signals to form a beam towards  . 

5. Repeating the process for all values of  , and the maximum value at the end gives the 

angle of arrival (AoA) of the received signal with the maximum response. 

 

The process has been summarised in Figure A13.1. 

Figure A13.1. Block diagram of the digital beamformer. 

 

 

 

 

 

 

Steering 

Vector for 

each angle: 

−90𝑜 𝑡𝑜 90𝑜 

Apply steering 
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Sum all element 

beams for each 
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beam power 
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AoA. 

Repeat for all angles. 
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Appendix 14.  Spatial Mitigation in Congested Scenario - Validation 

Spatial suppression of interference has been performed in an outdoor scenario to validate 

the developed model. Multiple targets and interferers have been positioned in the FoV of the 

VR with a single channel receiver. The measurement setup and radar parameters are given in 

Figure A14.1 and Table A14.1, respectively. 

 

Figure A14.1: Outdoor measurement scenario with multiple targets and interferers. 

 

NXP TEF810X was used as the VR, INRAS Radarbook and Gunn Diode were used to generate 

FMCW and CW interference, respectively. T1 and T2 have collocated interference represented 

as I1 and I2, respectively. 

It is to be noted that due to a single channel receiver, each interferer appears at two angles 

after beamforming (Appendix 4 and Appendix 6). Therefore, two nulls are required in the 

spatial domain to suppress interference completely. 

VR 

−𝟐. 𝟏𝒐 

𝟑
𝟓

 𝒎
 

𝟏𝟖𝒐 

𝟑𝒐 
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Table A14.1: Targets/ interferer positions and radars parameters for multiple targets and 

interferers scenario. 

Radar parameters 

VR: NXP TEF810X 
svT  = 204.8 µs, svB  = 2 GHz 

IR: I1, INRAS Radarbook 
sintT  = 102.4 µs, sintB  = 2 GHz 

IR: I2, Gunn Diode CW 

Target/ interferer positions 

T1 (Corner reflector), I1 10 m, 18o
 

T2 (Corner reflector), I2 20 m, 3o
 

T3 (Corner reflector) 30 m, 0o
 

T4 (Car) 35 m, 2.1o−  

 

Figure A14.2 demonstrates the modelled and measured array response after spatial 

suppression. Spatial nulls have been directed at the interferers’ positions at 3o  and 18o . 

However, as discussed in section 6.6, placing a null closer to the target results in much higher 

sidelobes, which are visible at 10o . Moreover, return power from collocated targets has been 

significantly reduced along with the power from targets at 0o
 and 2.1o− . 

 

Figure A14.2: Modelled and measured array response after spatial mitigation. 

It can therefore be observed that spatial mitigation effectiveness degrades in the presence of 

multiple interferers in the FoV of the VR, thus, deteriorating the radar performance.
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Appendix 15.  Limitations of Spatial Domain Mitigation 

Adaptive beamforming suppresses interference to enhance the SINR for precise echo 

signal detection. However, typical adaptive beamformers suffer from considerable performance 

deterioration under mismatches [384], such as mismatch in the physical array propagation paths 

(discussed in Appendix 12, section A12.4.2.II) and AoA estimation errors. Moreover, as 

discussed in Chapter 6, mitigation of interference in the spatial domain depends upon the VR 

configuration, and often suppressing the interference is accompanied by detrimental effects on 

the performance of the VR.  

Due to a broader interference resolution (according to the real aperture in MIMO radar), 

a broader null is placed in the direction of interference which: 

1. Might suppress the energy from a nearby target and mask it. 

2. Result in higher side lobes to conserve the total power. 

3. Lead to a larger blind region in the radar’s FoV. 

The limitations of spatial domain mitigation, specifically for automotive scenarios, have 

been discussed below. 

• Limited degrees of freedom 

Spatial mitigation depends upon the number of nulls placed in the beamformed array 

pattern [385], [386]. In a linear array of M  sources uniformly spaced at λ/2, M − 1 nulls can be 

placed. However, nulling each direction would be difficult in a congested automotive 

environment with multiple interferers due to the limited size array in the SoA automotive radars. 

• Convergence factor and computational complexity 

Depending upon the spatial mitigation technique, adaptive beamforming to direct nulls 

towards the interferer direction has a significant computational complexity due to the following:  
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1. Converging the error between the desired signal and the beamformed signal after each 

iteration to a minimum value for iterative techniques (NLMS, LMS) or, 

2. Computing spatial correlation coefficients (MVDR, LCMV) 

Both of these might require either increased convergence time or computational duration. 

However, with fast-moving vehicles, the interference vary rapidly with time, needing a 

fast response time in calculating the adaptive weights. Moreover, if lesser interference samples 

are available for training [216] or a large number of iterations are required to converge the error 

below a specified threshold, the weights might not converge during the convergence duration. 

This leads to incorrect nulls, which might suppress a potential target or generate false targets.  

• Dynamic automotive scenario 

In practice, there is often a relative motion between the interference and the VR. Since 

the AoA of each interfering signal is varies with time, the ADBF need to compute the 

appropriate adaptive weights at each time instant that create the main lobe towards the target’s 

AoA and nulls towards the respective interferer’s AoA. However, new interference sources 

from potentially different directions might appear during the time when the beamformer is 

processing a specific radar frame to estimate the correlation coefficients and adaptive weights. 

Therefore, the antenna pattern nulls estimated at the end of each radar frame might not consider 

these new interference signals, leading to the SINR degradation. 

Additionally, the incident direction of the interference signal at the VR constantly 

changes. Due to the fast-moving interference sources or the VR motion, the AoA of interference 

may appear across multiple resolution cells. Moreover, the adaptive beamformer weights 

cannot be computed and updated in real-time according to the radar’s surroundings. 

Consequently, interference might appear out of the adaptive nulls, which deteriorates the 

adaptive beamformer’s performance. 
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A methodology based on null broadening has been proposed to keep interference within 

the nulls [387]. Some research has been carried out on null broadening techniques, including 

virtual interference sources, derivative constraints, and projection transformations [388]. This 

is, however, outside the scope of the presented work. 

• Multiple targets and interferers 

In case of multiple targets and interferer – considering that DoF is sufficient to place the 

required number of nulls – any target that is also a source of interference will have a null 

directed towards it. This will suppress the echo energy from the target. As the interference 

signal follows a real aperture, it will be notched out by a broader null compared to the null 

towards the target which will be narrower due to the virtual MIMO array. However, a 

significant amount of energy will still be suppressed from the target direction, making it 

undetectable in some instances. 




