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ABSTRACT 
Radar sensors has been known for their usage in military applications but during the last decade 

commercial radar sensors have been implemented for usage in for example advanced driver-

assistance system. One common implementation for advanced driver-assistance system is the 

adaptive cruise control technology implemented in vehicles to help it adapt the velocity based on 

the distance to a detected vehicle in front. The development of the commercial radar sensors have 

made radar sensors cheaper and more accessible. The goal of this thesis is to investigate the civil 

market to see if there are any radar sensors available that could be of interest to use for applications 

in proximity fuzes. A proximity fuze can be used in projectiles to initiates its explosion when the 

projectile is positioned an optimal distance from the target where the distance can be estimated by 

using a radar system. 

 

Investigation of the civil market was made by performing a literature study by looking into articles 

about civil use applications for frequency modulated continuous wave radars and pulsed Doppler 

radars operating with a frequency in the GHz-area. In the literature study, five interesting 

frequencies were identified for the frequency modulated continuous wave radar: 24 GHz, 35 GHz, 

77 GHz, 94 GHz and 122 GHz. For each article different properties regarding the sensors’ 

performance was investigated. Example of a few of the properties investigated was the sensor’s 

limitation of maximum range, angle and velocity. Based on the literature study’s result a 77 GHz 

radar sensor included in an evaluation kit was ordered and used to perform a proof-of-concept 

where the radar sensor’s performance was evaluated.  

 

The proof-of-concept was made by analyzing if the radar sensor could detect a drone at distances 

between 5 m and 20 m at rest or moving with a velocity of approximately 3 m/s. Two scenarios 

were tested for the drone and the sensor. In the first scenario, possible background clutter was 

eliminated while the second scenario included some background clutter. The sensor was able to 

detect the drone at all positions when moving or at rest, but for the second scenario there were some 

difficulties to get a clear detection of the target at 10 m and 20 m distance. Distance and angle 

measurements were performed on a metal plate having a larger radar cross section than the drone. 

The evaluation kit was able to detect the object at distances between 5 m and 20 m and when the 

object was placed 10 m away from the sensor in both x- and y-direction i.e. 45 ° from the sensor.  

 

From these results it could be concluded that radar sensors used for automotive applications has 

potential to be used for proximity fuze applications but further tests have to be made before a 

definitive conclusion can be made. The sensor has to be tested for higher velocities than 500 m/s 

and for larger distances to be able to determine if this type of sensor could be applied in proximity 

fuzes. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Radarsensorer har länge använts inom militära applikationer men har på senare tid introducerats på 

den civila marknaden i form av exempelvis adaptiva farthållare i fordon. Radarsensorn hjälper 

fordonet att detektera avståndet till fordonet framför samt medför att den kan korrigera hastigheten 

för att hålla ett säkert avstånd och minska risken för olyckor. Utvecklingen inom den civila 

marknaden har lett till att radarsensorer idag är både billiga och lättillgängliga. Syftet med detta 

examensarbete har varit att undersöka den civila marknaden för att se om det finns någon tillgänglig 

radarsensor som skulle kunna användas för applikationer i zonrör. Marknaden genomsöktes genom 

att genomföra en litteraturstudie där artiklar innehållande information om frekvensmodulerade 

kontinuerlig våg radar och pulsad Doppler radar som opererar med en frekvens i GHz-området 

studerades. Faktorer och egenskaper som tillgänglighet, räckvidd och spridningsvinkel var några av 

de egenskaper som analyserades. I denna studie hittades fem intressanta frekvenser för 

frekvensmodulerad kontinuerlig våg radar som används inom olika applikationer på den civila 

marknaden, 24 GHz, 35 GHz, 77 GHz, 94 GHz och 122 GHz. Baserat på litteraturstudiens resultat 

beslutades att en 77 GHz radarsensor skulle utvärderas genom fysiska tester för att utvärdera 

radarsensorns prestanda. Först undersöktes om radarsensorn kunde detektera en drönare på avstånd 

upp till 20 m i en miljö med eller utan störningar i omgivningen. Tester genomfördes för drönaren 

när den befann sig i vila eller i rörelse med en hastighet på ungefär 3 m/s. Radarsensorn lyckades 

detektera testobjektet under samtliga avstånd, hastigheter och miljöer men hade vissa svårigheter att 

få en tydlig detektering av objektet i miljön innehållande bakgrundsstörningar. Tester genomfördes 

också på en metallplatta med större radarmålarea än drönaren. Radarsensorn lyckades detektera 

testobjektet på ett avstånd upp till 20 m och när objektet befann sig 10 m från sensorn i både x- och 

y-riktning d.v.s. 45 ° från utvärderingsmodulen. Utifrån dessa resultat framkom det att 

radarsensorer utformade för autonoma applikationer har potential att användas i zonrörs-

tillämpningar men att vidare tester för längre avstånd och högre hastigheter måste genomföras innan 

en slutgiltig slutsats kan dras.  
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NOTATIONS 

Notation Description Unit 

𝑎𝑚 

𝑎𝑛 

Constant  - 

𝑨 Arbitrary vector of length N - 

𝐴 Area m2 

𝐴𝑒 Effective area antenna m2 

𝐴𝑛 Constant - 

𝑏𝑚 

𝑏𝑛 

Constant - 

 

𝑩 Magnetic flux density T 

𝑐 Speed of light (2.9979 ⋅ 108) m/s 

𝑑 Distance  m 

𝑑0 Distance at 𝑡 = 0 m 

𝑫 Electric flux density C/m2 

𝐷 Antenna diameter m 

𝜖 Permittivity F/m 

𝜖0 Permittivity of free space (8.854 ⋅ 10−12) F/m 

𝑬 Electric field intensity V/m 

𝐸 Energy J or eV 

𝑓 Frequency Hz 

𝑓𝑅 Frequency at the receiver  Hz 

𝑓𝑇 Frequency at the transmitter Hz 

𝑓(𝜔) Function of frequency - 

𝑓(𝑡) Function of time - 

𝑔(𝜔) Function of time - 

𝐺 Gain dBi 

𝐺𝐷 Directive gain dBi 

ℎ Height 

Planck’s Constant (6.6261 ⋅ 10−34) 

m 

Js 

𝑯 Magnetic field intensity  A/m 

𝐼 Current A 

𝑱 Current density A/m2 

𝑘 Integer - 

𝜆 Wavelength m 

𝜇 Permeability H/m 

𝜇0 Permeability of free space (4π ⋅ 10−7) H/m 

𝑚 Integer between 1 and ∞  - 

𝑛 Integer between 0 and ∞ - 

𝑁 Integer between 0 and ∞ - 

𝜔 Frequency Hz 

Ω Frequency  Hz 

𝑃𝑖 Incident power W 
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𝑃𝐿 Received power W 

𝑃𝑠 Scattered power W 

𝑃𝑡 Transmitted power W 

𝒫𝑇 Power density W/m3 

𝑞 charge C 

𝜌 Volume charge density C/m2 

𝑟 Radius or distance m 

𝑅 Distance  

Receiving antenna 

m 

- 

𝑅𝑓𝑓 Range to the far field m 

𝑅𝑛𝑓 Range for the near field m 

𝜎 Radar cross section m2 

θ Angle ° or rad 

𝑡 Time  s 

Δ𝑡𝑅 Time period of the reflected signal s 

Δ𝑡𝑇 Time period of the transmitted signal s 

𝑇 Transmitting antenna - 

𝑣 Velocity m/s 
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1. INTRODUCTION 

1.1 Background 

The technical development has rapidly been moving forward during the last decades. The 

smartphone is one example of an item that has been taking over the market and replaced almost all 

mobile phones that include buttons. The smartphones includes many different kinds of sensors 

where the accelerometer and gyroscope are two examples. With these two sensors, the smartphone 

is able to define its orientation and the screen can rotate in synchronization with the phone. The 

development of the smartphone has led to a fast development of different types of sensors on the 

civil market [1]. 

 

Radar sensors are one type of sensors that has followed the development. Radar systems have for a 

long period of time been used for military applications to detect targets and enemies. One example 

of this is the implementation of radar sensors in proximity fuzes. When firing a gun a high sound 

will be heard from the explosion coming from when a part of the gun’s projectile explodes. The part 

of the projectile that initiates its function is an artillery fuze which detonates or release the 

projectile’s content. Depending on which type of fuze that is used the projectile will detonate at 

different scenarios. For an impact fuze the detonation will be activated as soon as the munition 

collides with the target and explode directly or after a time delay 𝑡 after the collision between the 

munition and the target. Besides the impact fuze there exist airburst fuzes, multifunction fuzes and 

sensor & course correcting fuzes. The most commonly used fuze for anti-aircraft munitions is a type 

of airburst fuze called the proximity fuze. This type of fuze measures the range and detonates when 

it is located a specific distance from the located target. The distance is estimated based on the 

target’s properties and where the explosion would be optimal and produce the best result [2]. An 

example of where the projectile explodes compared to when the target is first detected is illustrated 

in Figure 1.1. 

 
Figure 1.1: Illustration of how the working principle of proximity fuzes where the projectile first detects the target and detonates 

after a specified distance estimated based on the targets properties.  

The areas of application for the proximity fuze are many and depends on the ammunition, target, 

fusing technique and antenna configuration. For example the proximity fuze can be used to detect 

targets on open water meaning that the fuze’s properties have to be designed based on its 

assignment. Three fuzing techniques that have been commonly used in the development of 

First detection of target 

Target 

Detonation of projectile 

Projectile including a proximity fuze 
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proximity fuzes are pulse Doppler (PD) fuze, continuous wave (CW) fuze and frequency modulated 

continuous wave (FMCW) fuze. The PD and CW fuzes were used for proximity fuzes in the 

beginning of their development. Lately the FMCW fuze has been applied to proximity fuzes 

together with advanced digital signal processing (DSP) techniques [2]. 

 

More recently has the radar sensors been introduced on the civil market to be used for distance 

detection. Today the roads are filled with different vehicles moving with different velocities. To 

prevent that people or animals get in any traffic related accidents traffic safety has to be considered 

as a priority. One of the most important factors that leads to an unsafe traffic environment is human 

error. If the person driving has a long reaction time or is distracted, the capability of driving the 

vehicle will decrease and the risks for a traffic accident will increase. To help preventing human 

error and minimize the risks of traffic accidents an advanced driver-assistance system (ADAS) has 

been developed called adaptive cruise control (ACC). The ACC system includes a radar sensor 

connected to the vehicle that measures and estimates the velocity 𝑣 of the vehicle in front of it as 

well as the distance 𝑑 between the two vehicles, as can be seen in Figure 1.2 [3]. 

 

 
Figure 1.2: Illustration of the velocity 𝑣 for the vehicle in front and distance 𝑑 between two vehicles which can be estimated by using 

adaptive cruise control. 

When estimating the velocity of the vehicle in front and the distance to it the ACC system can use 

the break and the throttle to adapt the speed of its vehicle to change the velocity and keep a safe 

distance to the vehicle in front. This is a system that was created to increase the comfort of the 

driver but also to prevent driving errors and therefore improve the safety in the traffic. The change 

in traffic that occurs when vehicles are using an ACC system also leads to an increase in traffic 

capacity and the vehicle does not need to use as much fuel as when operating without an ACC 

system. The system operates at the speed interval 40 km/h – 160 km/h and if the driver interacts 

and wants to control, the ACC system will automatically turn off. The first generation of ACC 

system included a long range radar sensor or a light detection and ranging (LIDAR) sensor. In 2010, 

the next step in the development of the ACC system was to include short-range or mid-range radar, 

video cameras or thermal radiation sensors [3]. 

 

The technical development has led to many new inventions, where the drone is one invention that 

has been more frequently used by civilians. Due to the development of the market the drones have 

become cheaper and more easily available. The availability does not only have pros but also comes 

with its cons. Drones are not allowed to operate anywhere in the airspace and they are for example 

restricted to operate at a specified distance from airports. If a drone comes too close to airports it 

would be considered as a safety risk and the airport has to close and/or cancel flights until the 

danger has passed. One or more drones can also be considered as a safety risk if they are 

transporting dangerous load as for example explosives or nuclear weapons. At one point a drone 
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landed on the lawn to the white house in the USA without being detected by the radar sensors 

installed around the house. Due to the drone’s small radar cross section (explained in Section 2.5), 

the radar system could not detect the drone. One drone might not be considered as a large threat but 

one operator could have control over 50 drones at the same time. To be able to detect these types of 

threats, systems that detects drones have to be implemented. Three different types of methods can 

be used for this purpose: sound, cameras or radar. A surface movement radar that operates at ground 

can be used to detect aircrafts and vehicles at maximum ≈ 60 m or below [4]. How easy a drone 

can be detected depends on the frequency of the radar, the drone’s orientation and the size of the 

drone, i.e. the drone’s radar cross section. 

 

The introduction of applications for radar systems on the civil market has made the systems more 

available and cost efficient. The list of pros for civil radar sensors can be made long while the 

limitations of the sensors are harder to find and investigate. 

 

The employer for this master’s thesis project has been following the development of the civil 

market for radar systems and has for a couple of years been interested in investigating the market to 

see if there are any radar sensors available that could be implemented in proximity fuzes.  

1.2 Objectives and Previous Studies 

The development has led to that there are many available publications regarding radar systems used 

for civil applications. The rapid development has made it hard to follow all new inventions and 

applications of the sensors. The main goal of this master’s thesis project is therefore to analyze the 

usage of radar sensors on the civil market and try to identify possible sensors which can be used for 

measuring distance to and speed of a target in proximity fuzes. This project is therefore not based 

on any previous studies. For a suitable sensor will tests be performed by doing a proof-of-concept.  

1.3 Limitations 

The civil market concerning radar sensors is vast and the time for this study is limited. To be able to 

find relevant information regarding radar sensors in this market some, limitations are to be 

considered.  

  

The first limitation of this project is to only look into radar sensors operating by using microwaves, 

i.e. radar sensor having a frequency in the GHz area. 

 

The second limitation is to make information regarding frequency modulated continuous wave 

(FMCW) radar a priority due to that the development of these types of sensors has been moving 

rapidly during the last decade and increased the usage of these type of sensors. 

 

The last limitation is to only look into research and articles that have been written during the last 

10-15 years due to that older articles might be irrelevant and include sensors that today are obsolete. 

1.4 Disposition 

Chapter 2 introduces the reader to the theory needed to understand radar systems and proximity 

fuzes. The theory introduced in this section includes concepts of radars, antennas, the Doppler shift, 

the radar range equation and the radar cross section. The method for how this master’s thesis project 
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was performed is explained in Chapter 3. In this chapter, the methods of how the literature study, 

radar cross section simulations and the proof-of-concept were performed are described. The result 

from the comprehensive literature study can be found in Chapter 4. Based on this result a suitable 

sensor was ordered and evaluated in the proof-of-concept. The sensor is presented in Section 4.3. 

The result from the proof-of-concept for the frequency modulated continuous wave radar sensor is 

presented in Chapter 5. In Chapter 6 the result from the literature study and the proof-of-concept is 

discussed and the conclusions for this project can be found in Chapter 7.  
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2. THEORY 

This chapter includes the theory needed to understand the concept of radar sensors. The chapter 

starts by introducing radar systems by explaining different type of radars and how they are affected 

by environmental effects. Next, the Doppler shift are described shortly before introducing the reader 

to the advanced theory needed to understand how a complete radar system operates. These sections 

include the theory of antennas, the radar range equation and the radar cross section. Theory 

including the electromagnetic spectrum, Maxwell’s equations (M.E) and the electromagnetic wave 

equations are included in Appendix A Section A.1 and A.2 for the reader that is interested to know 

more about radar waves. In Appendix A information about signal processing as fast Fourier 

transforms can also be found in Section A.3. 

2.1 Radar  

“Radio detection and ranging” or radar can be used to identify the velocity of or the distance to a 

detected target or object. The radar system uses an antenna to transmit a radio signal that travels a 

distance 𝑅 with the speed of light 𝑐 towards the target. When the transmitted signal hits the target 

the signal will be scattered and the remaining energy will bounce on the target where some of the 

reflected signal will travel the distance 𝑅 and return to the receiving antenna of the radar system. An 

illustration of how the signal travels from the radar system and bounces at an object can be seen in 

Figure 2.1 [5].  

 
Figure 2.1: The signal travels a distance 𝑅 with a velocity 𝑐 from the radar system’s transmitter before hitting the targeted object. 

When the signal hits the targeted object parts of the signal will be reflected and travel the distance 𝑅 back to the radar system’s 

receiver. 

The time it takes for the signal to travel the distance 2𝑅 between the systems transmitter and 

receiver is defined as 𝑡. The distance 𝑅 can be estimated by using the relationship 𝑠 = 𝑣 ⋅ 𝑡 as 

defined in Equation 2.1. 

 𝑅 =
𝑐 ⋅ 𝑡

2
. (2.1) 

There are three different types of radars that can be used to measure distance to and velocity of an 

object. The three different types of radars are pulse Doppler (PD) radar, continuous wave (CW) 

radar and frequency modulated continuous wave (FMCW) radar. These three different types of 

radars are described in Sections 2.1.1, 2.1.2 and 2.1.3 respectively [5]. 

2.1.1 Pulse Doppler Radar  

Pulse Doppler radar uses signals that include Doppler information, where these signals are 

transmitted or received as pulses. To be able to change some radar properties of the pulsed Doppler 
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radar, some wave properties have to be altered. The range interval of the radar can be changed by 

altering the length of the pulses. The distinct range and Doppler can be determined by changing the 

pulse interval while the Doppler resolution can be changed by alternating each targets dwell time. 

The benefits of using pulsed Doppler radars are firstly that it is possible to use velocity to 

distinguish targets from each other. Secondly, the tracking is improved and lastly it is possible to 

dismiss clutters that are fixed or of low-velocity. This radar system does not work perfectly and 

problems occur for the system when it leaves ground to operate in air where one example is 

operations in aircrafts. The operating system will have clutter all around in different sizes from 

negative size of the velocity of the system up to the positive size of the velocity of the system. To 

minimize the negative effects the clutter has on the signal, different types of improvements can be 

made. With these improvements the pulsed Doppler radar will still have limitations where targets 

will not be detected [5]. 

2.1.2 Continuous Wave Radar  

Continuous wave (CW) radars are radar systems which transmit continuous wave signals to 

measure the Doppler shift (see Section 2.2) which can be used to estimate the speed of an object. 

There are two different types of CW radars, the unmodulated and modulated radar. A modulated 

CW radar that is commonly used is the frequency modulated continuous wave radar that is 

explained in Section 2.1.3. This type of radar has the advantage that it can estimate distance better. 

For the unmodulated CW radar there are many advantages as for example the CW radar is a simple 

system that is able to identify targets that are travelling at almost any possible speed due to its large 

range. Another advantage is that the CW radar is hard to detect due to that the power generated by 

the radar usually has a peak power of minimal size. One of the disadvantages with this sensor is that 

it is unable to measure and identify the range by direct measurements. Another disadvantage is that 

a CW radar has a problem with noise that affects the transmitted and received signals [6]. 

2.1.3 Frequency Modulated Continuous Wave Radar 

Frequency modulated continuous wave (FMCW) radar was first implemented practically in 1928 by 

J.O. Bentley when he worked with airplane altitude indicating systems. The FMCW radar transmits 

a continuously signal that most commonly has a triangular waveform. When looking at an 

unmodulated continuous waveform, it is not possible to estimate the time between a transmitted 

signal and its reflection received by an antenna as compared to when using pulsed radar. For the 

FMCW radar another parameter than time has to be analyzed to be able to estimate the distance 

between the radar system and the target. One parameter that differs between the transmitted signal 

and its reflected signal is the phase. This phase difference is proportional to the delay time between 

the two signals and can be used to estimate the distance between the transmitter and the receiver [7]. 

 

The FMCW radar has many different areas of usage. This type of radar can be used for radio 

altimeters, level measurements, navigation, vehicle collision warning systems, measurement of 

small motions and precision range measurements. The vehicle collision warning system is a 

complex system that includes more than one sensor located at different parts of the vehicle. The 

sensors can operate at different ranges depending on which part of the vehicle it is located due to 

that the range has to be larger in the front (keeping distance to a vehicle in front) than in the back 

(warning about backing into an obstacle). Navigation systems that are using the FMCW radar, 

operate better when measuring shorter distances compared to when measuring longer distances. The 
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radar has no problem measuring distances up to a couple of kilometers, but at these distances the 

pulsed Doppler radar is preferably used. Some advantages with the FMCW radar are that it can 

measure both the range and relative speed of an object not only at ground but also at the surface of 

water [7]. 

2.1.4 Environmental effects 

The main advantage with using radar sensors for distance measurements is that almost all radar 

sensors can operate during all weather conditions. The performance depends on the radar system’s 

wavelength. Longer wavelengths generally lead to smaller problems regarding weather 

performance. Radars that have a frequency operating at or below the microwave region are 

considered to have no problem to operate during all weather conditions. The radar system is an 

active sensor that sends out its own illumination leading to that the system will not have any 

problem to operate during night-time [5]. 

 

Even if the radar systems have their advantages they will still be affected by clutter coming from 

the environment and active disturbances created to eliminate the radar system’s availability to 

detect a target. 

2.1.4.1 Background Clutter 

Even if the radar system is able to operate during all weather conditions, such as rain, the raindrops 

will still cause problem due to the reflections that occurs. Such reflections and echoes are called 

background clutter. Except from raindrops, the reflections and echoes can come from for example 

seas, the ground or buildings. The clutter can come from all around and will affect the signal 

transmitted and received at the radar system negatively. The signal must therefore be filtered from 

any noise causing disturbances [8]. 

2.1.4.2 Electronic Warfare 

The radar sensor can be considered to be a threat due to its ability to detect objects by determining 

the distance to and the velocity of the object. To be able to hide an object from the radar system the 

radar sensors ability to detect the object has to be eliminated. To eliminate the threat from the radar 

sensors, disturbances can be send out to distract the sensor and minimize the chance of detecting a 

target. There are many different ways to disturb a sensor but some disturbances that can be applied 

is to overcharge the sensor, use of a fake target as bait or hide the real target from the sensor. For 

each of these methods there are many different types of solutions that can be implemented to create 

disturbances, and in this section only a few of them will be explained. A radar sensor can be 

overcharged in the electro-optical area by using a laser of a specific wavelength that blinks to 

disturb the system. Another type of disturbance that can weaken the radar sensor’s performance is 

to create background clutter which has such high power that the source of the clutter can be placed a 

large distance away from the sensor. There also exist sources of background clutter that operates 

with a lower power and therefore is placed closer to the radar sensor. This type of disturbance is 

defined as a near disturbance. A fake target can be developed by implementing different types of 

methods where all solutions create a new target that is more interesting for the radar sensor than the 

real target. A fake target that can be implemented in the radar area is metal strips that are as thin as 

a hair. The thin metal strips confuses the sensor by creating an echo. The fake target obtains the best 

effect by bundling a couple of strips together and when the fake target is used, the bundle of strips 
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will be separated by the wind. A fake target can also be created by using acoustic echo repetitions, 

noise simulators and targets with magnetic and electrical signatures. The target can also be 

disguised and hidden to trick the radar sensor. This can for example be made by letting the target 

hide in smoke or by changing the targets construction. For radar systems the construction of the 

platforms is modified to minimize the radar signature. Objects with low signature is said to be 

stealthy and leads the radar signal that hits the objects in directions away from the signals receiver 

[9].  

2.2 Doppler Shift  

When looking at a system that receives and transmits time-harmonic waves from a moving object, 

the frequency of the transmitted signal and the frequency of the reflected signal will be different 

from one another. This is due to the relative motion that occurs between the receiver and the 

transmitter. The transmitter of the time-harmonic wave will be moving with a velocity 𝒗 at an angle 

𝜃 from the horizontal plane which is defined as the plane between the receiver and the transmitter at 

time 𝑡0. The starting distance between the transmitter and the receiver can be defined as 𝑑0. All 

variables for the time 𝑡0 have been defined in Figure 2.2. 

 
Figure 2.2: At the time 𝑡0 the transmitter 𝑇 travelling with a velocity 𝑣 will be located a distance 𝑑0 from the receiver 𝑅. 

The transmitter will start moving and after a period Δ𝑡𝑇 of the transmitted signal, the transmitter 

will have a new position 𝑑Δ𝑡𝑇
 relative to the receiver as seen in Figure 2.3.  

 
Figure 2.3: After a time 𝛥𝑡𝑇 the transmitter 𝑇, travelling with a velocity 𝑣, will be located at a new position a distance 𝑑𝛥𝑡𝑇

 from the 

receiver 𝑅. 

The time elapsed at the receiver at this point will not be Δ𝑡𝑇 due to that the angle 𝜃 that affects the 

waves path has to be taken into account by using the law-of-cosine. The time elapsed at the receiver 

Δ𝑡𝑅 can be approximated as: 

 Δ𝑡𝑅 = Δ𝑡𝑇 (1 −
𝑣

𝑐
cos 𝜃), (2.2) 

where 𝑣 is the velocity and 𝑐 is the speed of light. The frequency at the transmitter will be  

𝑓𝑇 =
1

Δ𝑡𝑇
 and the frequency at the receiver 𝑓𝑅 can be approximated as:  
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 𝑓𝑅 =
1

Δ𝑡𝑅
=

1

Δ𝑡𝑇 (1 −
𝑣
𝑐 cos 𝜃)

=
𝑓𝑇

(1 −
𝑣
𝑐 𝑐𝑜𝑠𝜃)

≈ 𝑓𝑇 (1 +
𝑣

𝑐
𝑐𝑜𝑠𝜃). (2.3) 

This change in the frequency is a phenomenon known as the Doppler shift or the Doppler Effect 

[10]. 

2.3 Antennas 

Radar systems are not able to receive or transmit signals from/to targets located a distance away 

from the radar if the system does not have a working antenna. One or more antennas can be 

implemented for a radar system. When one antenna operates it works as both a transmitter and a 

receiver. If the radar system uses more than one antenna a few will work as transmitters while the 

other works as receivers. 

 

Antennas can be of different sizes and complexity depending on the area of usage. The main task of 

the antennas is to transmit and receive radiated electromagnetic energy in a defined direction. From 

the signal coming from a radio system the antenna can analyze the signal’s field pattern, directivity, 

impedance and bandwidth. The current and charge are two factors that would be of interest to 

analyze but due to limitations antennas are unable to estimate these factors. To generate 

electromagnetic waves the antenna uses time-varying charges, covered by Maxwell’s equations 

where the wave’s propagation can be described by using the electromagnetic wave equations [10]. 

The definition of Maxwell’s equations and how the electromagnetic wave equations can be 

described by them can be found in Appendix A Section A.2. 

 

The antenna will send out a signal and depending on the distance between the antenna and the 

target, the signal can be located in either the far field or the near field. The near field is the field 

closes to the antenna while the far field starts beyond a distance 𝑅 from the antenna which is 

illustrated in Figure 2.4 [5].  

 
Figure 2.4: Definition of how the antenna’s lobe is separated into a near field and a far field at a distance 𝑅. 

The phase difference between a signal coming from the antenna’s center compared to a signal 

coming from the edge of the antenna will vary depending on the distance 𝑅 from the antenna. The 

distance where the far field begins is defined as the distance where the phase difference is negligible 

which will be at: 
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 𝑅 ≈
𝐷2

𝜆
, (2.4) 

where 𝐷 is the antennas diameter. This means that the far field 𝑅𝑓𝑓 can be identified as: 

 𝑅𝑓𝑓 ≥
𝐷2

𝜆
, (2.5) 

while the near field 𝑅𝑛𝑓 can be identified as seen in Equation 2.6 [5]. 

 𝑅𝑛𝑓 <
𝐷2

𝜆
. (2.6) 

From Equation 2.4 to Equation 2.6 we can see that the limit between the far field and near field will 

vary with the signal’s wavelength and the size of the system’s antenna. To be able to receive the 

same limit 𝑅 for the far field of two different frequencies the diameter 𝐷 of the antenna has to be 

modified. 

 

For radar technology the far field is of importance due to that many different electromagnetic 

quantities are defined for this field. One example of an electromagnetic quantity is the radar cross 

section that will be explained in Section 2.5. 

 

If a minimum of two antenna beams reflected by a target is received by a radar system’s antenna, 

the difference of the signals can be compared to estimate a targets angular location. This technique 

is known as the monopulse technique [11]. 

 

2.3.1 Antenna Types 

There exist many different types of antennas with different complexity. The complexity will depend 

on the antenna’s shape and material. An antenna can be constructed by using almost any material 

and shape, as a simple example your finger can be used as an antenna. The complexity will also 

depend on if the system uses one or multiple antennas in its applications. A few examples of 

antennas that can be used in single applications are the lens antenna, horn antenna and the reflector 

antenna. When waves from multiple antennas are superimposed it is considered to be an antenna 

array. The main advantages with antenna arrays are the size of the system due to that they are flat 

and occupy less space than for example reflector antennas. Another advantage by using an antenna 

array is that it easily can be changed, for example the electronic phase steering can be used to 

change the beam direction and by changing the phase and amplitude of each element the radiation 

pattern will be altered. There are many advantages of implementing an antenna array but there are 

also disadvantages where the main one is that the compact system is considered to be expensive. 

The most common type of antenna array are the linear array where the antenna elements are placed 

in a straight line, an example of what the antenna can look like is seen in Figure 2.5 [12].  
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Figure 2.5: Example of how the layout of a linear array antenna can be constructed. 

Another common type of antenna array is the planar array that has all elements located over a plane. 

The array is built up by elements that consist of for example diodes, micro strip patches or horns. 

The power distribution for each element can be independent from one another. If the antenna 

array’s elements are working in series, the power distribution will be identical for all elements [12]. 

2.4 Radar Range Equation  

A radar system can be constructed in two different ways depending on where the receiving and 

transmitting antennas are positioned. For a radar system including a minimum of two antennas 

where the transmitting and receiving antennas are located a distance 𝑑 from each other the Frii’s 

transmitting formula can be used which is shown in Equation 2.7. 

 
𝑃𝐿

𝑃𝑡
=

𝐴𝑒1𝐴𝑒2

𝑑2𝜆2
,  (2.7) 

where 𝑃𝐿 is the maximum average power transferred to the load of the receiving antenna, 𝑃𝑡 is the 

transmitted power, 𝐴𝑒1 is the effective area for antenna 1, 𝐴𝑒2 is the effective area for antenna 2 and 

𝜆 is the wavelength. The directive gain 𝐺𝐷 for the each antenna can be defined by: 

 𝐺𝐷 =
4𝜋

𝜆2
𝐴𝑒 ,   (2.8) 

where 𝐴𝑒 is the effective area of the antenna which can be either 𝐴𝑒1 or 𝐴𝑒2 from Equation 2.7. By 

inserting Equation 2.8 into Equation 2.7 the equation can be rewritten as: 

 
𝑃𝐿

𝑃𝑡
=

𝐺𝐷1𝐺𝐷2𝜆2

(4𝜋𝑟)2
. (2.9) 

For a monostatic radar system, the transmitting and receiving antennas are located in the same 

position usually meaning that only one antenna operating as both transmitter and receiver is needed. 

An illustration of a monostatic radar system is found in Figure 2.6 [8, 10]. 
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Figure 2.6: Illustration of the distance 𝑟 between the antenna and the target for a monostatic radar system. 

For a system consisting of one antenna Equation 2.9 has to be rewritten. To be able to do so we first 

look at the transmitted power 𝑃𝑡 and how it looks for single antenna use. The transmitted power can 

be used to describe the power density 𝒫𝑇 at a distance 𝑟 between the antenna and the target as: 

 𝒫𝑇 =
𝑃𝑡

4𝜋𝑟2
𝐺𝐷 . (2.10) 

Secondly we look at the received power 𝑃𝐿 from the transmitted wave scatted from a target for a 

monostatic radar system which can be described as: 

 𝑃𝐿 = 𝐴𝑒𝜎
𝒫𝑇

4𝜋𝑟2
, (2.11) 

where 𝜎 is known as the radar cross section which is defined as a property of the scattering object. 

𝜎 is explained more detailed in Section 2.5. By inserting the expression for 𝒫𝑇 from Equation 2.10 

into Equation 2.11 the following expression is obtained: 

 𝑃𝐿 = 𝐴𝑒𝜎
𝑃𝑡

(4𝜋𝑟2)2
𝐺𝐷 . (2.12) 

Equation 2.12 can be rewritten as: 

 
𝑃𝐿

𝑃𝑡
=

𝐴𝑒𝜎

(4𝜋𝑟2)2
𝐺𝐷 . (2.13) 

If we insert Equation 2.8 into Equation 2.13 we obtain the radar range equation which looks as seen 

in Equation 2.14 [8, 10]. 

 
𝑃𝐿

𝑃𝑡
=

𝜎𝜆2

(4𝜋3)𝑟4
𝐺𝐷

2 . (2.14) 
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For a bistatic system the distance 𝑟 in Equation 2.14 has to be rewritten to include both the distance 

between the transmitter and the target 𝑅𝑇 and the distance between the target and the receiver 𝑅𝑅 

illustrated in Figure 2.7. 

 
Figure 2.7: Illustration of a bistatic radar system. 

For a bistatic radar system the radar range equation in Equation 2.14 is expressed as seen in 

Equation 2.15 [11]. 

 
𝑃𝐿

𝑃𝑡
=

𝜎𝜆2

(4𝜋3)𝑅𝑇
2𝑅𝑅

2 𝐺𝐷1 ⋅ 𝐺𝐷2. (2.15) 

 

2.5 Radar Cross Section  

When an object is hit by waves, with wavelength (𝜆), coming from a radar system the amount of 

energy that will be received and reflected will depend on the objects properties. A few properties 

that will affect the received and transmitted energy are the shape, orientation and material of the 

object. This type of measure is an area called the radar cross section (RCS) and it is denoted by 𝜎, 

which was previously mentioned in Section 2.4. The RCS could be described by using the M.E. but 

due to that the boundary problems for the M.E. are complex and hard to solve there are often an 

easier way to estimate the RCS sufficiently well for an object [5, 10]. 

 

One way to estimate the RCS for an object is to analyze the objects incident power 𝑃𝑖 and scattered 

power 𝑃𝑠 according to: 

 𝜎 = 4𝜋𝑟2
𝑃𝑠

𝑃𝑖
,   (2.16) 

where 𝑟 is the distance between the transmitter and the receiver [10]. 

 

If the object is unable to transmit the signal isotropically a gain 𝐺 might arise in the direction of the 

radar system’s receiver as:  
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 𝐺 =
4𝜋𝐴

𝜆2
. (2.17) 

where 𝐴 is the intercept area. The gain in Equation 2.17 can be used to estimate the RCS by using 

Equation 2.18. 

 𝜎 = 𝐺 ⋅ 𝐴. (2.18) 

Combining Equation 2.17 with Equation 2.18 will lead to the expression seen in Equation 2.19 

which can be used to estimate the RCS for an object that does not transmit isotropically. 

 𝜎 =
4𝜋𝐴2

𝜆2
, (2.19) 

where 𝐴 is an electromagnetic area [5]. 

 

Calculations of the RCS are complex and the solution that has been found most effective to estimate 

the RCS of a target is to compare it to an ideal object. The object has to fulfill different criterions to 

be considered to be ideal. The first criterion is that the object needs to have a larger size compared 

to the radar system’s wavelength. The ideal object also needs to radiate isotropically, have perfect 

conductivity and have an intercept area of one square unit. An object that has all qualities is a 

sphere made out of, for example, copper. [5]. 

2.5.1 Radar Cross Section of a Sphere 

The sphere is considered to scatter optimally due to its symmetrical shape. The size of the RCS for 

the symmetrical object will depend on the electrical size: 

 
2𝜋𝑟

𝜆
, (2.20) 

where 𝑟 is the radius of the sphere. A typical illustration of the normalized RCS (
𝜎

𝜋𝑟2
) plotted 

against the electrical size is shown in Figure 2.8 [6].  

 

 
 

 

Figure 2.8: Example of how the relation between the normalized RCS (
𝜎

𝜋𝑟2) and the electrical size (
2𝜋𝑟

𝜆
) normally looks for a 

perfectly conducting sphere. 
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The RCS for a sphere will increase quickly for small electrical size values and reach its maximum 

when Equation 2.20 is close to one. This rapid increase to a value as large as to the fourth power of 

Equation 2.20 is called the Rayleigh region and can be seen as section 1 in Figure 2.8. The RCS for 

a sphere will be effected by two different components from the echo. The first component is coming 

from the sphere’s front as specular reflections while the second component is coming from the 

shadow side of the sphere as creeping waves. Equation 2.20 can also be viewed as the sphere’s 

circumference and when the electrical path length changes the two components will go in and out of 

phase as seen in Figure 2.8 when 
2𝜋𝑟

𝜆
 is larger than one. This region is known as the Mie region or 

resonance region and can be seen as section 2 in Figure 2.8. The Mie region starts when 
2𝜋𝑟

𝜆
≈ 1 

and has no defined upper limit for the region but most often is 
2𝜋𝑟

𝜆
≈ 10 accepted as an end. When 

2𝜋𝑟

𝜆
> 10 the echo component from the shadow side of the sphere will be minimal and the front side 

component will therefore be dominant. This region is known as the optical region which has been 

defined as section 3 in Figure 2.8 and the RCS for the sphere in this region will stabilize at 𝜋𝑟2 [6]. 
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3. METHOD 

The goal of this study is to evaluate the civil market of commercial radar sensors in the GHz-area to 

identify a possible sensor to use in proximity fuze applications. In this study, FMCW radar and PD 

radar have been evaluated. The result found for PD radar has been excluded from this report due to 

that the information was not of interest for the proof-of-concept. To be able to analyze the large 

civil market this project has been divided into two parts. The first part is a literature study with the 

objective to identify the usage area and frequencies of different radar sensor applications used on 

the civilian market. The second part is a so called proof-of-concept (PoC) where a radar sensor has 

been bought and tested based on the result obtained from the literature study. The method of how 

the evaluation of the radar sensors has been performed is explained in Section 3.1-3.3. 

3.1 Literature Study  

Different types of articles have been analyzed to see which type of research that has been made on 

the subject to identify frequencies and radar sensors that have potential to be used for proximity 

fuze applications. When looking into articles of previous research and development of radar sensors 

the factors in Table 3.1 have been of interest when analyzing the sensors performance.  
Table 3.1: Full description of the different properties that has been investigated in each article found in the literature study. 

Factor Definition 

Range The range the different sensor(s) are able to operate at. 

Angle The range for the scattering angle for the sensor(s) 

Power The power the sensor(s) uses. 

Availability How easy a sensor operating at the frequency is to 

access on the civil market today.  

Size The size of the radar system. 

Antenna The different type(s) of antennas that have been used 

in cooperation with the radar system. 

Precision Describes the precision of the radar system(s) 

Velocity The maximum/minimum velocity the radar system(s) 

has been able to detect. 

Price If the article mentions the price of the sensor(s) it will 

be noted. This however might not reflect today’s 

market. 

Model Specification If the study mentioned uses a specific type of sensor 

the sensor or its developer will be mentioned. 

Usage area The usage area for the sensor(s). 

For each article of interest found for FMCW radars a summary was written including information of 

the interesting factors available. For the comprehensive study regarding the FMCW radar sensor all 

information regarding the factors in Table 3.1 was summarized in a table according to frequency. 

When information on the factors has been found in more than one article for the same frequency the 

result has been presented as an interval including the highest and the lowest value found in the 

articles for factors such as range, angle and precision. For factors that do not include numbers and 

intervals as for example antenna type a summary has been written when more than one method or 

alternative has been mentioned. The result of the literature study can be found in Section 4. The 
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frequency and radar sensor that was found to have the highest potential to work for proximity fuze 

applications in the literature study was ordered to perform physical tests to analyze the radar 

sensor’s performance. These tests were made by performing a PoC which is explained in Section 

3.3. 

3.2 Simulations of the Radar Cross Section 

In the literature study different frequencies used in commercial radar sensors have been identified. 

The range and angle for each frequency will vary where the range will generally increase with 

frequency while the lobe angle generally gets narrower. To be able to see how the range and angle 

varies with frequency we have compared the RCS for a symmetrical and an asymmetrical object for 

the identified frequencies in the literature study. The purpose of these simulations was to understand 

how the RCS acts for the same target but with radars operating at different frequencies. The results 

from the simulations will not be used to draw any conclusions due to that more factors will affect 

the RCS as for example material and size. For the symmetrical target a sphere was used while an 

illustration of the asymmetrical target used for simulations is found in Figure 3.1. 

 

 
Figure 3.1: Illustration of the asymmetrical target used for radar cross section simulations. 

To be able to compare the RCS for two different objects for 𝑁 number of frequencies the simulation 

program Pofacets, which uses a physical optics method, in MATLAB was used. The program was 

constructed as a thesis project by Chatzigeorgiadis [13] where both monostatic and biostatic 

systems can be simulated. The program estimates the polar plot for the range and angle for a 

specified object at the specific frequency. The user defines both the object and the frequency and 

the polar data for the angle and range can be obtained directly in MATLAB and plotted in the 

program. The plotting tool has limitation in scale and to be able to compare the data from two 

different frequencies in the same plot a new code was written during this project. 

3.3 Proof-of-Concept 

The PoC was made to analyze the sensor’s performance and see if the sensor can perform according 

to the result found in the literature studies. These tests were constructed to analyze the sensor’s 

performance regarding distance, velocity and RCS measurements. Tests were made on a flying 

drone and a copper metal plate outdoors where the sensor was placed a distance of 1 m above 

ground. Each test performed on the drone or the metal plate has been described in Section 3.3.1 and 

Section 3.3.2.  
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3.3.1 Drone  

A drone was used as test object to estimate the distance between the drone and the radar sensor and 

the velocity of the drone by using the sensor. The drone moves in three dimensions and the velocity 

components in x-direction (𝑣𝑥) and y-direction (𝑣𝑦) for the drone were defined as seen in Figure 

3.2. 

 
Figure 3.2: Definition of the drone’s velocity in x-direction and y-direction. 

The drone can measure its own velocity and distance to the ground which made it possible to check 

the drone’s real position and velocity. The detected range and velocity from the sensor could 

therefore readily be checked by the real value. 

3.3.1.1 Height Measurements 

The first measurement made for the drone was to position the radar sensor so that it measured data 

straight up in the sky. This measurement was made to minimize the amount of background clutter 

that comes from the ground and objects around the sensor. The drone was then placed above the 

radar sensor at a specific height ℎ(𝐷−𝐺)𝑦
 above the ground where the distance between the sensor 

and the drone would be ℎ(𝐷−𝑆)𝑦
= ℎ(𝐷−𝐺)𝑦

− ℎ(𝑆−𝐺)𝑦
 where ℎ(𝑆−𝐺)𝑦

= 1 𝑚. Definitions for all 

notations used to describe the heights in this section can be found in Table 3.2.  
Table 3.2: Description of the different notations used to describe the drone’s and sensor’s height relative to one another or the 

ground in Section 3.3.1.1. 

Notation Definition 

ℎ(𝐷−𝐺)𝑦
 Height between the drone and the ground in y-direction. 

ℎ(𝐷−𝑆)𝑦
 Height between the drone and the sensor in y-direction. 

ℎ(𝑆−𝐺)𝑦
 Height between the sensor and the ground in y-direction. 

An illustration of all heights defined in Table 3.2 can be found in Figure 3.3. 

 
Figure 3.3: Illustration of the drone’s height position relative to the sensor and the ground for the height measurements described in 

Table 3.2 
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Measurements were made for the sensor when the drone was positioned at distances between 5 m 

and 20 m above the radar sensor. The velocity detection was also tested for the sensor by letting the 

drone travel with a velocity of approximately 3 − 5 m/s, in positive and negative y-direction, above 

the sensor and analyze if the sensor was able to detect the drone. 

3.3.1.2 Distance Measurements 

Distance measurements between the drone and the sensor were performed by letting the sensor 

measure the distance 𝑑(𝐷−𝑆)𝑥
 to the drone positioned parallel to the ground. The definition of the 

distance 𝑑(𝐷−𝑆)𝑥
 is illustrated in Figure 3.4.  

 
Figure 3.4: Illustration of how the drone was positioned in x-direction and y-direction relative to the sensor for the distance 

measurements.  

The distance 𝑑(𝐷−𝑆)𝑥
 between the sensor and the drone was estimated by using a measuring tape. 

The drone flew distances between 5 m and 20 m away from the sensors. The velocity detection was 

made by letting the drone move towards and away from the sensor in the x-direction with a velocity 

of approximately 3 − 5 m/s. 

3.3.2 Metal Plate 

The drone can be considered to have a relatively small RCS and therefore the distance 

measurements were also performed on a metal plate that can be considered to have larger RCS than 

the drone. The material of the metal used for these measurements was copper. No velocity 

measurements were performed on the metal plate but measurements of distance and angle were 

made and will be described in the following two sections. 

3.3.2.1 Distance Measurements 

For the distance measurement of the metal plate, the distance 𝑑(𝑆−𝑀)𝑥
 between the sensor and the 

metal plate in the x-direction, see Figure 3.5, was varied.  

 
Figure 3.5: Explanation of the set up for the distance measurement performed on the metal plate where the position 𝑑(𝑆−𝑀)𝑥

 varied. 
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The metal plate was placed at a distance between 5 m and 20 m in front of the sensor where the 

metal’s position was measured by using a measuring tape.  

3.3.2.2 Angle measurement 

For the copper plate the detection angel was analyzed by first placing the metal plate 𝑑(𝑀−𝑆)𝑦
=

10 m and 𝑑(𝑀−𝑆)𝑥
= 10 m i.e 𝜃 ≈ 45 ° according to Figure 3.6. 

 
Figure 3.6: Illustration of the experimental setup for the angular measurements performed on the metal plate where the metal plate 

was positioned 𝑑(𝑀−𝑆)𝑥
= 10 𝑚 and 𝑑(𝑀−𝑆)𝑦

= 10 𝑚 relative to the sensor. 

A photo of the set-up can be found in Figure B.1 in the Appendix B. The definition of the variables 

𝑑(𝑀−𝑆)𝑥
 and 𝑑(𝑀−𝑆)𝑦

 are described in Table 3.3. 

Table 3.3: Definitions of the notations used to describe the distance between the sensor and the metal plate in x-direction and y-

direction. 

Notation Definition 

𝑑(𝑀−𝑆)𝑥
 Distance between the metal plate and the sensor in x-direction. 

𝑑(𝑀−𝑆)𝑦
 Distance between the metal plate and the sensor in y-direction 

For the ≈ 45 ° angle it was analyzed if the metal plate could be detected. If the software was unable 

to detect the metal plate the angle could be decreased by moving the metal plate in negative x-

direction and decreasing the distance 𝑑(𝑀−𝑆)𝑥
  in Figure 3.6. 

3.4 Presentation of the Results 

The results are separated into two parts. Section 4 describes the result of the literature study while 

the second part, Section 5, includes the result from the Proof-of-Concept. The sensors used for the 

tests in Section 5 was chosen based on the result and conclusion from Section 4. 
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4. RESULTS OF THE LITERATURE STUDY 

The result from the literature study regarding FMCW radars is presented in Section 4.1. For the 

frequencies found in the articles from the study in Section 4.1 RCS simulations were performed 

where the result can be found in Section 4.2. Based on the information found in Section 4.1 and the 

result from Section 4.2 the civil market was analyzed to find a suitable sensor for the PoC. The 

sensor’s hardware and software are presented in Section 4.3. 

4.1 Frequency Modulated Continuous Wave Radar 

FMCW radars are commonly used for drone detection and ADAS but can also be used for health 

monitoring. When looking into articles and research regarding these areas for this literature study 

five different frequencies have been used or mentioned for applications: 24 GHz, 35 GHz, 77 GHz, 

94 GHz and 122 GHz. The results identified for each frequency are presented in the five following 

subsections. A summary of the information for the five different frequencies can be found in Table 

C1 in Appendix C. The properties, which are summarized in Table C1 in Appendix C, are described 

in Table 3.1 in Chapter 3. 

4.1.1 24 GHz radars 

The 24 GHz FMCW radar sensor can be used in civil applications such as detection of drones and 

birds, ACC and displacement measurements in structural health monitoring (SHM).   

 

There are restrictions of where and how drones can operate but if these restrictions are violated the 

drones have to be detected to eliminate the threat towards airports and airplanes. Two 

investigations, [14] and [15], have been looking into how a 24 GHz radar sensor can be used to 

detect drones where Rahman and Robertson [14] also looks at the possibility to detect birds and 

separate them from drones. Both studies have used a 24 GHz FMCW radar evaluation board from 

the company Analog Devices. 

 

In the first study [14] of the sensor from Analog Devices for drone detection, the evaluation card 

was used together with three horn antennas with a gain of 24.5 dBi respectively and beamwidths of 

11.2 ° for both azimuth and evaluation angle. The transmitting power of + 25 dBm for the system 

gives a low maximum power density level of 0.0338 mW/m² at a distance of one meter. The radar 

system’s performance was evaluated by performing different types of tests for the sensor by using 

three different types of drones and four different types of birds. By letting the drones and the birds 

fly a distance back and forth from the radar sensor its performance could be analyzed. The velocity 

for the different targets was measured during these tests and the radar system was able to detect 

objects that were traveling with a velocity of ± 13.3 m/s up to distances larger than 100 m [14]. 

 

In the second study [15] involving the evaluation board for Analog Devices the sensor used two 

sectoral horn antennas together with one transmitting lens antenna. The gain was 25 dBi for the lens 

horn antenna and 14 dBi for the sectoral horn antennas. The lens horn antenna emits an output 

signal of 38 dBm. The two receiving horn antennas have a field of view (FOV) of ± 30 ° azimuth.  

By using this combination of radar sensor and antennas drones located a distance up to 1 km from 

the sensor could be detected. The sensor was tested by letting a drone fly different paths in front of 

the radar. For the first test the drone flew at a constant distance of 1000 m away from the radar 
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sensor while it moved parallel to the radar sensor. For the second test path the drone was positioned 

in the center of the sensor a 200 m distance away from the sensor in the beginning of the test. 

During the test, the drone moved away from the sensor and increased the distance to 1000 m, still 

positioned in the center of the sensor. The last test paths were similar to the second test path, but in 

this case two paths of the same length parallel to each other was used. Each path was located 

50 m on respective side of the sensors center. To test the limitation of the system regarding 

measuring more than one drone at a time, two drones where moving along the two paths at the same 

time. The drones moved with a speed of approximately 3.4 m/s and the radar sensor was able to 

detect the objects. The measured data was received unprocessed and in this article they use 

MATLAB 2016b and an implemented 3D subspace-based algorithm was used to analyze the 

received data [15]. 

 

24 GHz sensors have also been used in applications such as advanced driver assistance systems 

(ADAS) in automotive vehicles. One ADAS that can use a FMCW radar for its applications is 

ACC. In 2005 Dr Mende et al. [16] looked into the possibility of implementing a 24 GHz sensor for 

an ACC system of automotive vehicles to reduce the cost of the system. Only a few number of 

vehicles use ACC systems even if the system could increase the road safety and reduce the number 

of accidents caused by human error. The main reason for why only a few vehicles have this system 

is considered to be the high cost. The radar system using a frequency at 24 GHz operates in an ISM-

band. The ISM-band has regulations on how it can be used but as long as the regulations are 

followed the system can easily operate at the frequency. In this study a FMCW ultra medium range 

radar (UMRR), of the type UMRR-P-0704, was used for ACC applications. The UMRR sensor 

consists of one RF module and one DSP module where the RF module uses an applied monopulse 

patch array antenna. For this study the antenna used a 3 dB FOV of ± 7.5 ° and an angle of ± 18 ° 

in the near field. The antenna has the possibility to increase the read angle up to ± 30 °. The 

transmit power for the system is 20 dBm and the system is able to detect objects that are located in 

the range between 1.5 m and 240 m from the radar system. The range has a limitation regarding the 

RCS of what objects the sensor are able to detect. Objects with smaller RCS as for example a 

pedestrian can be detected at a distance up to 40 m. A passenger car with larger RCS can be 

detected at a range up to 120 − 150 m. If the objects are unambiguous they can be detected outside 

the range of 240 m up to a distance of 600 m, as an example a truck has a maximum detection 

range up to  350 − 400 m due to its high RCS. The main goal with this study was to decrease the 

price of ACC system to make it more accessible, since the cost of a 24 GHz sensor was half the 

price of a 77 GHz sensor in 2005 [16]. 

 

Li et al. [17] discusses the usage of a 24 GHz radar sensor to measure high accuracy displacement 

for SHM when more than one target is present. In the study they used an IVS-179 radar from 

InnoSenT that has a sweep frequency between 24 GHz and 24.3 GHz. The sensor has a maximum 

output power of 20 dBm and transmits the signal through a 14 𝑥 4 patch array antenna with 

7 𝑥 28 ° antenna pattern. The size of the antenna array will be more compact compared to when 

using the same antenna configuration for a horn antenna. Before the measured data can be analyzed 

in a computer, the data has to be processed to remove interfering signals and amplify the beat 

signal. This is made by using a bandpass filter which amplifies the voltage and filters out 

frequencies outside the interval of 1 kHz and 20 kHz. After this process, the data can be saved and 

analyzed by connecting the radar to a data acquisition (DAQ) card USB 6251 from National 
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Instruments (NI). The data is read by the digital to analog converter (DAC) and analog to digital 

converter (ADC) in the DAQ card and displayed and saved in the computer software LabVIEW 

from NI. Multiple measurements were made both for a single target and multiple targets. The single 

target was placed at distances of 20 m, 30 m, 40 m and 50 m where the displacement was larger 

than 0.1 mm for all measurement. The maximum displacement for a distance of 42 m could be of 

the size of 1 mm. For multiple target measurements three targets were used and all targets were 

placed less than 30 m from one another using distances of 10 m, 15 m and 20 m [17]. 

4.1.2 35 GHz radars 

Sturdivant and Chong [4] have looked into the problem of drones operating in restricted airspace. 

The study has chosen to focus on the threat drones create towards airports and states that according 

to the USA federal aviation administration (FAA) there are more than 100 drones each month 

sighted at airports. FAA has been looking into research in the area to find a solution to the problem. 

Sturdivant and Chong [4] goes through three different types of solutions that can be used to detect 

drones. The first solution uses sound, the second solution uses cameras while the last solution uses 

radar. The drones are hard to identify due to the small RCS and signal clutter. The small size of the 

drones leads to that the detecting system confuses drones for birds. To solve the threat that drones 

make the research analyzes different drone detection systems that could be used for these three 

different systems. The goal of the study was to analyze how the systems work and if they alone, or 

in combination with each other could be used to minimize the problem. In this master’s thesis 

project only the result from the FMCW radar sensor will be summarized. When implementing a 

radar solution a 35 GHz FMCW sensor can be considered where the radar system is able to detect 

drones that are travelling at velocities between 15 m/s and 37.5 m/s at a short range less than 

100 m. The antenna used together with these type of sensors is considered to be small compared to 

radar sensors operating at lower frequencies. One limitation with these type of radar frequencies is 

that it is hard to generate high power levels. Another drawback with radar systems that have 

frequencies in this range are that they can be considered to be expensive [4]. 

4.1.3 77 GHz radars 

Another frequency that is commonly used for automotive applications is 77 GHz. In Lui, Guan and 

Rai [18] a 77 GHz sensor was implemented for traffic flow detection. The sensor was installed on 

top of a road to make it possible for the sensor to measure different parameters of the vehicles that 

passes by. The radar system implemented for this study was a FMCW 77 GHz radar transceiver 

chipset and a radar processing chip from the company NXP. For the system a planar micro strip 

array antenna was developed to receive and transmit signals. The developed array antenna consists 

of a total of five groups including two groups of transmitting antennas and three groups of receiving 

antennas. The radar’s angle detection range is ± 30 ° while it has a smaller pitch angle of ± 7 °. 

This radar system is able to measure vehicles at distances up to 120 m and has a distance accuracy 

of ± 1 m. The system has a velocity limitation and is only able to detect vehicles that have a 

velocity between − 70 m/s and + 70 m/s where the measured velocity will have an accuracy of 

± 0.5 m/s. The test area used for the traffic monitoring analysis with the sensor was a road 

consisting of three lanes that each had a width of 3.5 m. The radar sensor was placed 7.5 m above 

the road on a bridge to measure the vehicles distance, angle, speed, and RCS by using the time 

delay effect which analyzes the difference between the original signal and the one that returns. 

From the study it could be found that the radial velocity increased with an increasing distance 
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between the sensor and the vehicle, i.e. when the vehicle moved away from the sensor.  When 

analyzing the RCS energy for the passing vehicles it could be found that larger vehicles, with larger 

RCS, had a larger energy distributed compared to vehicles of smaller size. By using this 

information regarding RCS energy vehicles could be separated based on size when using a traffic 

monitoring system [18].  

 

Lin et al. [19] describes a study that has been made a bit differently compared to the ones 

previously described. Lin et al. analyzed different algorithms that can be used to pair data, signal 

process the data or identify multiple targets by simulating different scenarios. The study considers a 

FMCW radar system consisting of an ADC and both a receiving and transmitting antenna. The 

simulated signal for the FMCW system has a triangular waveform and by comparing the beat 

frequency between the waveforms up-ramp and down-ramp the range to the target and the velocity 

of the target could be estimated. By using the frequency of the up-ramp and the down-ramp it could 

also be determined if the target is real or can be considered to be a ghost target by comparing the 

difference of the frequencies to a specified threshold. If the difference is larger than the threshold 

the target is considered as a ghost target and can be ignored. All of the different algorithms have the 

goal to improve the result and the signal by using different methods such as FFT and different 

operations regarding the beat frequency. For the simulations random traffic on a five lane road has 

been generated for two different scenarios that are using a frequency of 77 GHz. The first scenario 

is for short range (SR) applications while the second scenario is for long range (LR) applications. 

The two different scenarios have different antenna patterns where the SR case has a wider lobe of 

± 45 ° while the LR case has a narrower lobe of ± 8 °. The LR case has a transmit power of 23 

dBm while the SR case has a transmit power of almost half the size of 12 dBm. For the simulations 

the SR case had vehicles of different ranges and velocities simulated in the range from 0 to 50 m 

while for longer ranges the vehicles was simulated at ranges between 0 and 150 m. Both 

simulations implied that the two implemented cases using a 77 GHz system could identify the six 

targets that were randomly simulated at the same moment [19]. 

4.1.4 94 GHz radars 

Rahman and Robertson [14] did not only present a solution of a 24 GHz FMCW radar system to 

detect drones and birds but also introduced sensors used in the W-band (80 − 110 GHz) that could 

detect and separate drones from birds. The same drones and birds were used in these test as 

presented in Section 4.1.1. A radar system operating at 94 GHz has an unambiguous velocity range 

of ± 9.93 m/s. For this study two different 94 GHz FMCW radar systems were used at different 

times. The fist radar used was a T-220 radar together with a dual fan beam antenna. The antenna 

had an azimuth angle of 0.9 ° and an evaluation beamwidth of 3 ° while the gain for the antenna 

was 40.5 dBi. The transmit power for the system was 18 dBm. The second radar system with a 

94 GHz frequency that has been analyzed is the NIRAD radar. The system operates with a single 

pencil beam antenna that has an azimuth angle of 0.74 ° and an evaluation beamwidth of 0.8 °. The 

antenna had a gain of 42.5 dBi while the whole system had a transmitting power of 20 dBm. The 

radar sensor could measure a velocity of ± 40 m/s by modifying the chirp period. Both sensors 

were able to detect the targets at a distance > 100 m [8, 14]. 
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4.1.5 122 GHz radars 

The highest and last frequency in the GHz-area for FMCW radar systems that this work will present 

is 122 GHz. The pros with the high frequency is that the system and its antenna can be made more 

compact which drastically reduces the size of the system. For this frequency different usage areas 

have been analyzed in different studies. 

 

In the first study made by Scherr et al. [20] the focus has been on analyzing how a 122 GHz FMCW 

radar system performs when two objects are close to each other. The study investigates if the 

system is able to separate the two objects from each other if they have a distance smaller than 

150 mm between them. The radar has a transmit power of − 4 dBm and a compact size of 

66 mm 𝑥 55 mm 𝑥 21 mm without including the size of the lens antenna that is needed for the 

system to be able to operate. The first object was placed at a constant distance of 1 m away from the 

radar. The second object was placed so it can be moved from a distance of 1.2 m to 1 m from the 

system. The second target was moved in steps of 1 mm. The sensor was able to distinguish the two 

objects from each other when they were separated by a small distance of 50 mm −  150 mm. The 

measuring error increased as the distance between the objects decreased but the distance error 

would be less than 30 mm as long as the distance that separates the objects was larger than 50 mm 

[20]. 

 

In the second study made by Pauli et al. [21] a 122 GHz sensor was implemented for drone 

applications. The sensor was a result from the EU project SUCCESS (silicon-based ultra compact 

cost-efficient system design for mmW sensors) where a radar sensor of small size should be 

developed to a low cost. The radar sensor operates at the ISM-band and has a size of 8 mm 𝑥 8 mm 

which has been implemented by SiGe technology. The sensor operates together with an off-chip 

antenna and for the SUCCESS project a couple of different package solutions have been presented 

where this study uses a system-on-chip (SoC) bistatic radar system. The antennas used are off-chip 

antennas of the type liquid crystal polymer off-chip antennas where both the receiver, transmitter 

and needed components have been implemented together with a total size of 8 mm 𝑥 8 mm. The 

sensor, antennas and all needed components have been placed together in a plastic package. The 

plastic package also holds a 35 mm diameter lens giving a package with a total size of 

44 mm 𝑥 44 mm 𝑥 50 mm. All of the baseband electronics were implemented on a 

35 mm 𝑥 35 mm printed circuit board (PCB). The system can operate together with different off-

chip antenna configurations. Three example of these configurations are antenna substrate, lens 

antenna and patch array. To improve the result from the beat frequency the system uses signal 

processing as FFT and frequency estimation algorithms that can use zero padding or interpolation 

methods. To test the sensor a 15 cm 𝑥 15 cm metal plate was placed 1.6 m away from the sensor 

where measurements were made for the plate by moving it in steps of  250 µm up to a total distance 

of 35 mm. The accuracy for the measurements was found to be between +4 µm and −6 µm. The 

system can be used for short range radar measurements but by applying some modifications the 

system could be adapted for long range radar measurements over 25 m [21]. 

 

Another study that has looked into the SUCCESS project is Nava et al. [22]. For the study a 

122 GHz chip has been used that has been manufactured by the company Siliconradar GmbH and 

partners involved in the SUCCESS project. The sensor uses SiGe 130 nm BiCMOS technology and 
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is suitable for use in automotive applications. For these applications the sensor can measure 

distance and velocity. There are many advantages with sensors that operate at 122 GHz. The sensor 

is cost effective and has negligible influence from the environment, as for example bad weather. 

One of the main advantages with these types of systems is that sensors that operates at frequencies 

larger than 100 GHz can operate with an antenna that has the small size of 1 mm. This leads to a 

small and compact system where the antennas and radar chip in this study are placed in a quad flat 

no-leads (QFN) package that has a size of 8 mm 𝑥 8 mm. The whole system with all necessary 

components has a total size of 30 mm 𝑥 30 mm where flexible junctions together with rigid bodies 

has been used to reduce the size. The system uses in-package antennas where thin film technology 

has been used for this study. To improve the range of the sensor a plastic lens was placed 30 mm in 

front of the sensor. The system can detect objects in ranges up to 10 m and has an accuracy of 

0.1 mm. To improve the signal the system also has a microcontroller CORTEX M4 implemented. 

The microcontroller uses fast Fourier transform (FFT) to signal process and improve the received 

data. The sensor was tested by using a copper corner reflector placed at different ranges and looking 

at the input at the ADC and measuring the analog I/Q components. From the study it was seen that 

the copper cube reflector could be reflected and identified at small distances as 0.5 m [22]. 

4.2 Radar Cross Section Simulations 

RCS simulations performed in the MATLAB program Pofacets will be presented in this section. 

 

The first RCS simulation was performed for 1 GHz, 2GHz, 4 GHz, 7 GHz and 10 GHz for a sphere 

and plotted in MATLAB to see how much the rate of increase for the RCS slows down when 

increasing the frequency. The result can be found in Figure 4.1 where the smallest circle 

corresponds to the smallest frequency, the second smallest circle corresponds to the second smallest 

frequency and so on. 

 
Figure 4.1:  Illustration of the RCS for a symmetrical object simulated for frequencies between 1 𝐺𝐻𝑧 and 10 𝐺𝐻𝑧 where the 

smallest circle corresponds to the smallest frequency (1 𝐺𝐻𝑧), the second smallest circle corresponds to the second smallest 

frequency and so on. 

The RCS of the five different frequencies described in Section 4.1 for the FMCW radar was 

compared to one another, where only two frequencies was compared at a time. The comparison of 

the RCS for a symmetrical object i.e. a sphere for the 24 GHz and 77 GHz simulations is shown in 

Figure 4.2. 

1 GHz 

2 GHz 

4 GHz 

7 GHz 

10 GHz 
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Figure 4.2: Comparison of the RCS of a symmetrical object for the two frequencies 24 𝐺𝐻𝑧 and 77 𝐺𝐻𝑧 RCS where the red data 

represents the RCS for the 24 𝐺𝐻𝑧 simulation and the green data represents the RCS for the 77 𝐺𝐻𝑧 simulation. 

The two frequencies were considered to be the two most interesting frequencies for the study. The 

plots for the symmetrical simulations with the comparisons for the three other frequencies that has 

been presented in previous section for FMCW radars, but not studied in the PoC, can be found in 

Appendix D. 

 

The RCS was also compared for the different frequencies for an asymmetrical target. The 

comparison between the RCS simulated at 24 GHz and 77 GHz for the target seen in Figure 3.1 in 

Section 3.2 can be found in Figure 4.3. 

 
Figure 4.3: Illustration of the RCS simulated for 24 𝐺𝐻𝑧 (red data) and 77 𝐺𝐻𝑧 (green data) for an asymmetrical target. 

Comparison of the RCS for the other frequencies presented in Section 4.1 when simulating the 

asymmetrical target can be found in Appendix D.  

4.3 Sensor to Evaluate 

The radar sensor used in the PoC was chosen based on the results of the literature study in Section 

4.1. The radar sensor used for this project is presented in Section 4.3.1 while the sensor’s software 

is presented in Section 4.3.2. The results of the radar sensors performance on the tests presented in 

Section 3.3 is found in Section 5. 

4.3.1 Hardware 

Based on the result from the literature study in Section 4.1, the two frequencies used for ACC 

systems in vehicles were found to have the most advantages regarding availability and performance. 

24 GHz 

77 GHz 

 

24 GHz 

77 GHz 
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Both the 77 GHz and the 24 GHz radar sensors have advantages when measuring distances so the 

decision of which sensor to use for the proof-of-concept was based on the disadvantages for each 

frequency. The 24 GHz frequency is included in one of the ISM-bands meaning that more 

equipment can operate at this frequency as long as the band’s restrictions are followed. This could 

lead to a higher possibility for disturbances compared to when operating at frequencies not included 

in an ISM-band. When analyzing the results from the RCS simulations in Section 4.2, Figure 4.1 

shows that the RCS increasing subsided rapidly when reaching higher frequencies for a spherical 

object. When comparing the RCS simulations for 24 GHz and 77 GHz for a symmetrical object in 

Figure 4.2 it could be found that the difference in RCS for the two frequencies was negligible. The 

difference between the range and angle for the frequencies could be seen in Figure 4.3 when 

simulations were made for an asymmetrical target. The angle gets narrower for higher frequencies 

while the range increases. Unfortunately the RCS simulations can only be used for guidance due to 

many other factors affects the RCS. When changing the frequency not only the RCS (𝜎) in the radar 

range equation (Equation 2.14) will change. The result will depend on more properties of the target, 

for example, size and material. The simulations however suggest that both frequencies are working 

and could receive a promising result. The only way to assure that a radar operating at each 

frequency is able to detect the target is to perform tests. According to [23] all 24 GHz radar sensors 

used in ACC systems for vehicles will be replaced by 77 GHz sensors in the future. Based on these 

results the choice was made to order and perform the PoC on a radar sensor from Texas Instruments 

(TI) operating at 77 GHz frequency to analyze if commercial radar sensors used for automotive 

applications could be of interest. Note that only the sensor’s properties have been studied and no 

implementation in proximity fuzes has been made. 

 

TI has developed radar sensors suitable for automotive or industrial use operating at 77 GHz. The 

sensor chosen was a TI automotive sensor of type AWR1642 operating with frequencies at 76 −

81 GHz. A photo of the sensor’s evaluation kit AWR1642BOOST can be found in Figure 4.4.  

 
(a)                                                                                    (b)             

Figure 4.4: Photo of the AWR1642BOOST evaluation kit where (a) represents the front of the card and (b) represents the back. In 

(a), a1 is the antenna array, a2 is the AWR1642 radar sensor, a3 is the SOP channels and a4 is the power connection. In (b), b1 is 

the micro USB connection. 

Figure 4.4 (a) shows the front of the evaluation kit where a1 is the antenna array with the receivers 

located to the left and the transmitters located to the right. a2 in Figure 4.4 (a) represents the 

a1 

a2 

a3 

a4 

b1 
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AWR1642 sensor, a3 shows the SOP connections and a4 is the power connection. Figure 4.4 (b) 

represents the back of the sensor card where b1 represents the micro USB connection. 

 

The AWR1642 sensor is a FMCW radar in the 76 − 81 GHz frequency range with a bandwidth of 

4 GHz and it has a size of 10.4 mm 𝑥 10.4 mm. The good resolution of the sensor is mainly due to 

an inbuilt digital signal processing component from TI named C674x which uses FFT to process the 

signal. The FMCW radar sensor has a range limitation around 100 m. The TI industrial radar sensor 

IWR1642 works similarly to the AWR1642 radar sensor. The difference between the two sensors is 

that the IWR1642 sensor is suitable for industrial applications where the sensor is not in motion. 

The AWR1642 sensor has a larger range regarding operating temperatures and has a better 

frequency tolerance compared to the industrial sensor. The controller area network (CAN) for the 

two sensors differs due to that the AWR1642 sensor has both CAN-FN and DCAN while the 

IWR1642 sensor only has DCAN. The IWR1642 sensor has not been used for the PoC in this work 

[24, 25, 26]. 

 

TI has developed an evaluation module for the AWR1642 sensor called AWR1642BOOST that can 

be used to evaluate the performance of the sensor. The module includes an antenna structure 

consisting of an antenna array with two transmitters and four receivers where the transmitters have 

an output power of 12.5 dBm which can be seen in a1 in Figure 4.4 (a). Texas Instruments has also 

developed a software development kit including different programs that can be used to evaluate the 

sensor. To be able to run the programs, the evaluation module also consists of other necessary 

electrical components. The evaluation module has to be connected to a power supply and computer 

to be able to visualize the signal as can be seen in Figure 4.5 [25, 26, 27]. 

 

 
Figure 4.5: Schematic image of the experimental setup for the tests performed on the sensor where 1. is a computer with the 

necessary softwares, 2. is the power supply set to 5 𝑉 and ≈ 0.5 𝐴 and 3. is the AWR1642BOOST evaluation kit. 

The power supply has a voltage of 5 V and current of ≈ 0.5 A while the computer uses the GUI and 

software development kit to be able to read any signal. A photo of the laboratory set up can be 

found in Figure B2 in Appendix B [25, 26, 27]. 

4.3.2 Softwares 

To be able to use the AWR1642BOOST evaluation kit there are a couple of different softwares that 

have to be used. An evaluation kit including an AWR or IWR sensor are able to use the TI 

automotive toolbox or industrial toolbox. Each toolbox includes different programs that can be used 

to evaluate the sensor’s performances. For this project, the short range radar (SRR) demo from the 

automotive toolbox has been implemented for the AWR1642 sensor. The SRR demo is suitable to 

use for automotive vehicles to detect obstacles. The SRR demo includes code that can be flashed 
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directly to the evaluation kit’s sensor by using a finished .bin file. The code can also be modified if 

needed in the software code composer studio (CCS) before creating a new .bin file to flash to the 

evaluation module. For this project the finished .bin files has been used and therefore no 

modifications in the CCS has been needed. The .bin files are flashed on the evaluation kit by using 

TI flashing program Uniflash. The .bin file is flashed by choosing the correct device and specifying 

the UART used by the evaluation kit in the software. To be able to flash the device the 

AWR1642BOOST has to be connected to the computer and powered by a power supply. The SOP0 

and SOP2 controls on the device has to be closed while SOP1 is open. To run the program on the 

GUI the SOP2 control has to be changed to open condition. When the .bin file has been flashed 

correctly a GUI from the toolbox can be opened in MATLAB Runtime to visualize the measured 

data from the sensor. MATLAB Runtime is a standalone product from MathWorks that can execute 

MATLAB files on a computer that does not have a MATLAB license. The software includes 

necessary libraries, codes and files that are needed to run the MATLAB file. The UART used for 

the sensor has to be specified before any tests can be executed in the software. The Automotive 

Toolbox SRR GUI used for evaluation, plots the detected obstacles from 0 m up to 80 m away 

from the sensor in the MATLAB Runtime. The GUI plots the Doppler velocity for the obstacles and 

can only show velocities up to 90 km/h. An example of how the GUI looks when measuring 

distances between 0 m and 20 m is found in Figure 4.6 [27, 28, 29, 30]. 

 
Figure 4.6: Example of how the output from the SRR’s GUI can look in MATLAB Runtime where the squared dot in the X-Y Scatter 

Plot represents a detected object. The two green dots in the Doppler-Range Plot illustrates two detected objects that both have a 

Doppler velocity of 0 𝑚/𝑠. 

For the GUI seen in Figure 4.6 the maximum velocity and range in both width and depth can be 

specified so that only the ranges that are of interest can be plotted. The plotted data in Figure 4.6 

uses cluster to identify the object as a square in the X-Y Scatter plot. The plots can be saved directly 

but, if required, the recorded data can be saved in a vector. All result plots from the GUI in Section 

5 have been saved directly as a plot and not in a vector array. 

 

A simplified illustration of how the toolbox and evaluation kit is used can be found in Figure 4.7. 
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Figure 4.7: Flow chart that illustrates in what order the softwares and hardware has to be used to be able to perform test on the 

radar sensor AWR1642. All necessary files are available in the Automotive toolbox where the .dss and .mss files are used to create 

modifications to the files in the CCS before a .bin file can be created and flashed onto the sensor. The toolbox also includes a .bin file 

and if no modifications are needed the .bin file can be flashed directly to the sensor. In the toolbox a GUI can be find and by using 

the software MATLAB Runtime and connecting the sensor tests can be performed. 
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5. RESULT OF THE PROOF-OF-CONCEPT 

All tests presented in Section 3.3 for the proof-of-concept were performed on the 

AWR1642BOOST evaluation kit. In this chapter the results from all tests are presented.  

5.1 Drone 

The first tests for the sensor were made by using a drone as a test object according to the description 

in Section 3.3.1. 

5.1.1 Height Measurements 

The height measurements of the drone by using the sensor were performed according to the 

description in Section 3.3.1.1.  

 

The result from the height measurements when the drone was positioned ℎ(𝐷−𝑆)𝑦
 between 5 m and 

20 m above the sensor is presented in Figure 5.1 (a) –(d) where the green dot represents the drone. 

 

 
 

 
 

Figure 5.1: Illustration of the results obtained from the SRR’s GUI when the drone was positioned a distance ℎ(𝐷−𝑆)𝑦
 of above the 

sensor. In the GUI the drone was detected as a green dot in the X-Y Scatter output Plot. (a) ℎ(𝐷−𝑆)𝑦
≈ 5 𝑚, (b) ℎ(𝐷−𝑆)𝑦

≈ 10 𝑚, (c) 

ℎ(𝐷−𝑆)𝑦
≈ 15 𝑚 and (d) ℎ(𝐷−𝑆)𝑦

≈ 20 𝑚 

(a) (b) 

(d) (c) 
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In Figures 5.1 (a)-(d) it can be seen that the radar sensor was able to detect the drone in the GUI at 

all distances. 

5.1.1.1 Velocity Measurements 

Two different types of velocity measurements were made for the height measurements. One 

velocity measurement was made when the drone was moving away from the sensor i.e. increasing 

the distance while the second velocity measurement was performed when the drone moved towards 

the sensor i.e. decreasing the distance. The result from when the sensor detected the Doppler 

velocity for the drone when it moved away from the sensor can be found in Figure 5.2 where the 

detected drone is represented by a green dot. 

 
Figure 5.2: The Doppler velocity output from the SRR’s GUI illustrates when the drone was positioned above the sensor and moved 

away from it in the positive y-direction. The GUI detected that the drone flew with a velocity around  3 𝑚/𝑠. 

In Figure 5.2 it can be seen that the Doppler velocity is larger than +2.5 m/s for the drone and 

could be approximated to lie around +3 m/s. 

 

When the drone was moving towards the radar system the system detected a negative Doppler 

velocity smaller than −2.5 m/s which can be seen in Figure 5.3 where the detected drone is defined 

as the green dot. 

 
Figure 5.3: The Doppler velocity output from the SRR’s GUI illustrates when the drone was positioned above the sensor and moved 

towards the sensor in the negative y-direction. The GUI detected that the drone flew with a velocity around −3 𝑚/𝑠. 

The Doppler velocity could be approximated to have a size of around −3 m/s according to Figure 

5.3. 
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From Figure 5.2 and Figure 5.3 it can be found that the sensor had no problems to identify the drone 

in the GUI when it was travelling with a velocity of approximately ±3 m/s. 

5.1.2 Distance Measurements 

The distance measurements of the drone described in Section 3.3.1.2 are presented in the following 

section. 

 

The drone flew a distance 𝑑(𝐷−𝑆)𝑥
 between 5 m and 20 m in front of the radar system while the 

system tried to detect the drone. The results from the measurements can be found in Figures 5.4 (a)-

(d) where the drone has been detected as green dot or identified to lie inside the blue box. 

 
 

 
 

Figure 5.4: Illustration of the results obtained from the SRR’s GUI when the drone was positioned at a distance of 𝑑(𝐷−𝑆)𝑥
 in front of 

the sensor. (a) 𝑑(𝐷−𝑆)𝑥
≈ 5 𝑚, (b) 𝑑(𝐷−𝑆)𝑥

≈ 10 𝑚, (c) 𝑑(𝐷−𝑆)𝑥
≈ 15 𝑚 and (d) 𝑑(𝐷−𝑆)𝑥

≈ 20 𝑚 

For Figures 5.4 (a)-(d) it can be seen that the radar system had some problem to get a clear detection 

of the drone. The detection of the drone is better for the distances of 10 m and 20 m in Figure 5.4 

(b) and Figure 5.4 (d). The detection of the drone at 5 m and 15 m in Figure 5.4 (a) and Figure 5.4 

(c) is hard to see due to that the GUI could not mark the drone’s position clearly. 

(a) (b) 

(c) (d) 
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5.1.2.1 Velocity Measurements 

The velocity measurements were made for the case when the drone moved towards and away from 

the radar sensor. When the drone moved away from the radar sensor the sensor was able to detect 

the drone which can be seen as the green dot positioned in the green square in Figure 5.5. 

 
Figure 5.5: The Doppler velocity output from the SRR’s GUI illustrates when the drone was positioned in front of the sensor and 

moved away from it in the positive x- direction. The GUI detected that the drone flew with a velocity around 3 𝑚/𝑠. 

The plot in Figure 5.5 illustrates that the drone was travelling with a positive Doppler velocity 

larger than +2.5 m/s of approximately a size of + 3 m/s. 

 

The measurement was repeated for when the drone was moving towards the sensor. The radar 

system was able to detect the drone which can be seen as the green dot located in the green square 

in Figure 5.6. 

 
Figure 5.6: The Doppler velocity output from the SRR’s GUI illustrates when the drone was positioned in front of the sensor and 

moved towards it in the negative x-direction. The GUI detected that the drone flew with a velocity around −3 𝑚/𝑠. 

The negative Doppler velocity for the drone could from Figure 5.6 be approximated to be smaller 

than −2.5 m/s and was approximated to be − 3 m/s. 

 

The radar system was able to detect the drone when moving with a velocity but it also identified 

another object at a distance of around 18 m at rest in both Figure 5.5 and Figure 5.6. 

5.2 Metal Plate 

The second part of the tests included a metal plate where the tests were performed as described in 

Section 3.4.2. 
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5.2.1 Distance Measurements 

First, measurements were made to see if the radar sensor was able to detect the metal plate when it 

was positioned 5 m, 10 m, 15 m and 20 m away from the sensor as described in Section 3.3.2.1. 

 

The metal plate was positioned a distance 𝑑(𝑆−𝑀)𝑥
 between 5 m and 20 m in front of the radar 

sensor where the result from the GUI can be found in Figure 5.7 (a)-(d), where the green dot 

represents the detected object. 

 
 

 
 

Figure 5.7: Results for the distance measurements with the metal plate positioned at different distance 𝑑(𝑆−𝑀)𝑥
 away from the sensor. 

The SRR’s GUI received an X-Y Scatter output plot where the target was identified as a green dot. (a) 𝑑(𝑆−𝑀)𝑥
≈ 5 𝑚, (b) 𝑑(𝑆−𝑀)𝑥

≈

10 𝑚, (c) 𝑑(𝑆−𝑀)𝑥
≈ 15 𝑚 and (d) 𝑑(𝑆−𝑀)𝑥

≈ 20 𝑚. 

5.2.2 Angle Measurements 

For the angle measurement the metal plate was positioned 𝑑(𝑆−𝑀)𝑥
≈ 10 m and 𝑑(𝑆−𝑀)𝑦

≈ 10 m 

from the radar sensor to see if the object could be detected at an angle of approximately 45°. The 

result is presented in Figure 5.8. 

(a) (b) 

(c) (d) 
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Figure 5.8: The metal plate was identified in the SRR’s GUI as a green dot when the target was positioned ≈ 10 𝑚 away from the 

sensor in both x-direction and y-direction i.e. 45 ° position from the sensor. 

From Figure 5.8 it can be found that the sensor was able to detect the metal plate at a position at 

approximately 45°. 
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6. DISCUSSION 

6.1 Literature Study 

The literature study of the large civil market resulted in identification of five frequencies that have 

been implemented in FMCW radar sensors for civil use applications. Besides these five frequencies 

there are probably more frequency bands on the market that are implemented for civil use. When 

looking into stores and websites that sell radar sensors, not all five frequencies could be found in 

radar systems available on the civil market. The only FMCW radars that were found on the market 

was 24 GHz and 77 GHz radar sensors. The availability was therefore the main deciding factor for 

the choice of frequency to use for the PoC.  

 

A couple of research articles made it clear what type of sensor they had implemented in their study 

while others only shared which frequency band they were using, but they did not specify the sensor 

type. In the later cases, it was hard to know if any sensor at the defined frequency would give the 

same result as obtained in the study as for example the range, angle and power. For some of the 

sensors it was hard to identify where they came from, for example from which company the series-

number came. When using google no hits were found. This could mean that the sensors are no 

longer in production. The main pattern through all researches however was that they were not 

always eager to share details, which could be due to information restrictions within the company.  

 

For the frequencies operating in ACC systems it could be possible to find and buy complete ACC 

systems used to measure distance. For this study we choose not to look into these systems due to 

their larger size. By building your own circuit the total size of the system can be minimized and 

build to fit the application. 

 

One radar sensor that was used more than once in all of the analyzed research was the 24 GHz 

sensor form Analog Devices. The sensor is available on the market and can be implemented as a 

radar sensor to measure distance. This means that this sensor might be interesting to investigate in 

the future if the AWR1642 77 GHz does not give any clear results regarding if automotive sensors 

could be suitable to use in proximity fuzes or not. The reason why we chose to use the 77 GHz 

sensor was due to its development, availability and simplicity of using an evaluation kit. 

 

The main problem of the literature study was the lack of time. The work took more time than first 

expected where the problem of finding reasonable sources contributed. The first idea was to look 

into all types of radar sensors i.e. FMCW radar, PD radar and CW radar. After looking into the 

literature of FMCW radars it was decided to exclude the CW radar from the study. Articles of PD 

radars were looked into but have been excluded in this report due to that the focus has been on the 

FMCW radar in the PoC. Another problem was that old sources and researches are no longer 

relevant to use due to the technological development. A relevant result from 15 years ago might not 

be relevant today due to that sensors could be obsolete.  

6.2 Proof-of-Concept 

The proof-of-concept took a lot more time than first planned. The sensor was delivered within a few 

days from ordering but the problem came when installing all needed softwares. It was unclear 

which softwares that were needed to run the evaluation kit and the installations took some time. A 
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time consuming part of the work was also to understand and get the knowledge of all softwares 

because it was not easy to get everything running due to the lack of information in the user guides. 

Still to this day there are parts of the softwares that are unknown. 

 

When using the drone for distance and velocity measurements it could be seen that the radar sensor 

did not have any problem to detect the object when doing the vertical height measurements found in 

Section 5.1.1 for both distance and velocity measurements. The sensor could identify the drone and 

plot it clearly in the GUI for all distances 5 − 20 m in an environment with minimal amount of 

background clutter. There was no problem to analyze the drone’s velocity. The sensor did however 

struggle to identify the drone when doing the horizontal distance measurements of the drone in an 

environment with background clutter, seen in Section 5.1.2. The radar was able to identify the drone 

as an object for 10 m and 20 m while the result for 5 m and 15 m was much more unclear due to 

noise in the surroundings. When doing the height measurements there was no other objects in the 

radar sensor’s lobe while for the distance measurements other objects were present in the 

background. These objects could lead to disturbances and making it hard for the sensor to detect the 

drone. The identification of other objects is also shown in Figure 5.5 and 5.6 where another object 

was identified by the GUI. The drone might have been hard to detect due to its position in the radar 

sensor’s lobe. It was easier to positioning the drone above the sensor than in front of it where the 

orientation of the lobe for these two cases was different from one another.  

 

The copper metal plate should have a larger RCS than the drone due to the differences in material 

and size where the drone is majorly made out of plastic while the plate is made out of metal and has 

a larger cross section area than the drone. As seen for the result in Section 5.2.1 there was no 

problem to identify the object for distances of 5 m up to 20 m for 𝑣 = 0. When looking into the 

horizontal angle measurement for the metal plate in Section 5.2.2 it gave a good result for a lobe of 

± 45 °. The maximum angle for the vertical direction was not investigated, i.e. doing the same 

measurements and alternating the targets vertical position i.e. height above the ground and analyze 

at which maximum height the target can be detected. This measurement would be of interest due to 

the problem to identify the drone in the distance measurements in Section 5.1.2 where drones 

position over the ground alternated. The limitation of maximum height could be evaluated by 

rotating the AWR1642BOOST 90° and repeating the angle measurements performed in Section 

5.2.2 instead of changing the metal plate’s vertical position. 

 

Another problem with the PoC was the problem to save the data continuously. The data could be 

saved filtered in an array with an unknown file format which was hard to open and understand. The 

plots seen in the results for this report were saved by clicking the save button in the GUI at the 

perfect time to save the image. This is an unsecure way to do measurements due to that no 

measurements could be reconstructed. 

 

The AWR1642BOOST was only chosen to be used to evaluate the performance of radar sensors 

made for automotive applications. If a radar sensor would be implemented in proximity fuzes the 

manufacture of the radar sensor would have to allow the sensor to be used for such applications. No 

sensors will be implemented without the manufactures permission.
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7. CONCLUSION 

From the literature study it can be concluded that there are many different types of frequencies that 

can be used for distance measurements. Regarding if they are suitable for proximity fuze 

applications is hard to say without doing further investigations and develop the proof-of-concept. It 

could however be concluded that not all sensors have high availability and are therefore hard to find 

on the civil market. From the literature study it could also be seen that the application that has most 

potential is the car market that has worked with the development regarding ADAS and radar 

sensors. 

 

To summarize the result from the PoC, the radar sensor was able to detect a drone and a metal plate 

at distances 5 m − 20 m at angles of ± 45 ° when the vehicle travelled at a speed of ≈  ± 3 m/s. 

These result are not enough to say if an automotive sensor is suitable to use for proximity fuzes 

since the application needs a sensor that can measure much larger distances and velocities. The GUI 

and SRR codes are at this point not able to measure distances larger than 80 m and velocities over 

20 m/s, meaning that the code has to be modified to be able to do further testing. From the PoC it 

could however be found that the automotive AWR1642 sensor from Texas Instruments has 

potential to be used for distance measurements in proximity fuzes. The sensor has to be investigated 

further for a definitive conclusion. At this point we do not know the sensor’s velocity limitation. 

For the purpose of this study we are interested in detecting objects that are travelling with velocities 

larger than 500 m/s. If the sensor is unable to detect targets moving with velocities above 500 m/s 

the sensor cannot be used for proximity fuze applications and a new sensor has to be considered. 

The radar sensor has never been tested for object travelling with a velocity larger than the maximum 

speed of a car i.e. 160 km/h (≈ 45 m/s). 

7.1 Future Development 

To be able to investigate the maximum velocity limitation of the sensor the GUI and source code 

for the SRR program in the Automotive Toolbox has to be altered. Texas Instruments has made it 

possible for all users to implement changes in their codes, where the codes can consist of more than 

1000 rows written in the c language. In order to implement changes in the code, i.e. to change the 

sampling time and decrease the velocity limitation in the software, one has to know how the code 

works. This development of the code could take time for someone experienced with the code and 

programming language due to that TI has not given much information of how the code works and 

what changes that could be made. When the alterations have been implemented the program has to 

be tested for objects or vehicles travelling at higher speeds than a drone. A few examples of objects 

are high travelling trains or projectiles from a hunter’s gun.  

 

The SRR program also has limitations of how to save data. In this report, the plots from the GUI 

have been saved directly in the program. This means that the plot has to be saved at the correct 

moment, i.e. the operator has to click save at a precise time. For an object travelling at 500 m/s it 

will be hard to press the save button when the object passes the sensor perfectly. The data must 

therefore be saved continuously. At this point, data can be saved processed in an array but the data 

format is complicated and hard to understand. Therefore possible solutions and components that can 

save the data continuously should be looked into and implemented together with the evaluation kit. 
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For example, TI has an extension that can be added to the AWR1642BOOST sensor that can be 

used for this purpose.  
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APPENDIX A: THEORY 

A.1 Electromagnetic Spectrum 

The electromagnetic spectrum includes electromagnetic waves where the spectrum is divided into 

different sections depending on the wave’s wavelength. Two types of waves that can be used for 

radar systems are radio waves and microwaves which are described in the two following 

subsections. 

 

A.1.1 Radio Waves 

Electromagnetic waves with frequencies in the range of a few Hertz up to around 1 GHz are defined 

as radiofrequency waves. The frequency of the wave will determine the size of its wavelength (𝜆) 

according to the relationship in Equation A.1. 

 𝜆 =
𝑐

𝑓
, (A.1) 

where 𝑐 is the speed of light and 𝑓 is the frequency of the wave. According to Equation A.1 the 

radiofrequency waves have corresponding wavelengths of one or more kilometers down to 

approximately 0.3 m. The energy (𝐸) of radiofrequency can be considered to be the same as for a 

photon with 𝑓 = 1 MHz which will be equal to 𝐸 = ℎ ⋅ 𝑓 = 6.62 ⋅ 10−28 J where ℎ ≈ 6.6261 ⋅

10−34 Js is Planck’s constant. Energy size for a photon is for this case considered to be small [31]. 

A.1.2 Microwaves 

Waves with higher frequencies than radio waves which lie in the range between 1 GHz 

and 300 GHz are defined as microwaves. The corresponding wavelength to the microwaves 

frequencies will be in the range from about 30 cm down to 1.0 mm according to the relationship in 

Equation A.1. The larger frequency for microwaves compared to radio waves will lead to smaller 

wavelengths due to that speed of light (𝑐) in Equation A.1 is constant [31]. 

 

A.2 Maxwell’s Equations  

To understand the principle of how radar systems work we have to understand some concepts from 

the theory of classical electrodynamics. This explains what happens with positive or negative 

charges, of size 𝑞 = 1.60 ⋅ 10−19 C, if they are moving in time (𝑡) or if they are at rest (𝑡 = 0). The 

negative and positive charges induce an electric field that will have an electric field intensity 𝑬 and 

an electric flux density 𝑫. The electric field intensity 𝑬 and the electric flux density 𝑫 have a 

relationship described as:  

 𝑫 = 𝜖𝑬,  (A.2) 

where 𝜖 is the permittivity for the material and in free space the permittivity is 𝜖0 = 8.854 ⋅

10−12 F/m [10]. 

 

If the positive or negative charges start to move, a current (𝐼) will arise. This current will create a 

magnetic field which will have a magnetic flux density 𝑩 and a magnetic field intensity 𝑯. The 
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magnetic flux density and the magnetic field intensity have a relationship to each other as in 

Equation A.3. 

 𝑯 =
1

𝜇
𝑩,   (A.3) 

where 𝜇 is the permeability of the material where the permeability for free space is defined as 𝜇0 =

4𝜋 ⋅ 10−7 H/m [10]. 

 

For the time independent case i.e. when there is no time varying sources or boundary conditions, the 

divergence and curl for the electric field can be defined as seen in Equation A.4 and Equation A.5. 

 ∇ ⋅ 𝑬 =
𝜌

𝜖
,   (A.4) 

 ∇ × 𝑬 = 0    (A.5) 

where 𝜌 is the volume charge density of free charges. By applying Equation A.2 to Equation A.4 

for a case when having a constant 𝜖 we obtain an expression for the divergence of the electric flux 

density as:   

 ∇ ⋅ 𝑫 = 𝜌.   
  

(A.6) 

For the magnetic field in free space the divergence and the curl can be described as: 

 ∇ ⋅ 𝑩 = 0     (A.7) 

and 

 ∇ × 𝑩 = 𝜇0𝑱    (A.8) 

where 𝑱 is the current density. By inserting Equation A.3 and having a constant 𝜇, Equation A.8 can 

be rewritten to:  

 ∇ × 𝑯 = 𝑱 .   (A.9) 

For the time independent case it can be found from Equation A.4, Equation A.6 and Equation A.7 

that the electric field strength intensity and magnetic field strength intensity are independent. This 

will not hold for the time dependent case where Equation A.5 has to be rewritten for the electric 

field case and Equation A.8 or Equation A.9 has to be rewritten for the magnetic field case 

 

Equation A.5 can be rewritten by using Faraday’s law of electromagnetic induction. This law says 

that the induced electromotive force in a closed circuit can be described by the negative linking rate 

of the magnetic flux in the circuit. By implementing Faradays law the curl for the time dependent 

electric field can be written as:  
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 ∇ × 𝑬 =  −
𝜕𝑩

𝜕𝑡
. (A.10) 

Equation A.10 implies that there will be an electric field when we have a time-varying magnetic 

field [10]. 

 

Equation A.8 and Equation A.9 can be rewritten for the time varying case by applying the principle 

of conservation of charge which has to be fulfilled during any time 𝑡. The principle of conservation 

of charge is defined as the negative change of the volume charge density over time:  

 ∇ ⋅ 𝑱 =  −
𝜕𝜌

𝜕𝑡
,  (A.11) 

where 𝑱 is the density of free charges. Equation A.11 can be simplified by inserting Equation A.9 

and using the relationships seen in Equation A.12. 

 ∇ ⋅ (∇ × 𝑨) = 0,  (A.12) 

where 𝑨 is an arbitrary vector. This simplification of Equation A.11 will lead to the time 

independent case: 

 ∇ ⋅ 𝐉 = ∇ ⋅ (∇ × 𝑯) = 0.   (A.13) 

By using Equation A.11 and Equation A.6, Equation A.13 can be rewritten to the time dependent 

case as:  

 ∇ ⋅ (∇ × 𝑯) = ∇ ⋅ 𝑱 + ∇ ⋅ (
𝜕𝑫

𝜕𝑡
) = ∇ ⋅ (𝑱 +

𝜕𝑫

𝜕𝑡
).  (A.14) 

Simplification of Equation A.14 gives that: 

 ∇ × 𝑯 = 𝑱 +
𝜕𝑫

𝜕𝑡
.  (A.15) 

Equation A.6, Equation A.7, Equation A.10 and Equation A.15 are known as Maxwell’s equations 

(M.E.) and are important equations when implementing the basics of electromagnetics [10]. 

A.2.1 Electromagnetic Wave Equations 

By using the M.E. relations the electromagnetic wave equations can be defined. When looking at an 

electromagnetic wave that is propagating in a source free region the volume charge density of free 

charges and the density of free charges will be equal to zero, i.e. 𝜌 = 0 and 𝑱 = 0. This leads to that 

Equation A.4 will be equal to zero as seen in Equation A.16  

 ∇ ⋅ 𝑬 = 0, (A.16) 

while the divergence for the magnetic field will still be described as in Equation A.7. By using the 

relation in Equation A.3 between the H-field and the B-field in Equation A.7 the equation can be 

described as: 
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 ∇ ⋅ 𝑯 = 0.  (A.17) 

The curl of the electromagnetic field for the propagating waves in the source free region will still be 

described as in Equation A.10. By using the relation from Equation A.3 in Equation A.10, the curl 

of the electric field can be expressed in terms of the H-field giving the relation in Equation A.18. 

 ∇ × 𝑬 = −𝜇
𝜕𝑯

𝜕𝑡
.  (A.18) 

The curl of the H-field in Equation A.15 will change due to that the density of free charge 

disappears and the new relation described with the E-field can be found in Equation A.19. 

 ∇ × 𝑯 = 𝜖
𝜕𝑬

𝜕𝑡
.  (A.19) 

By taking the curl of Equation A.18 the equation will lose its H-field dependence and become a 

second order differential equation as seen in Equation A.20. 

 ∇ × ∇ × 𝑬 = ∇ × (𝜖
𝜕𝑯

𝜕𝑡
) = −𝜇

𝜕

𝜕𝑡
∇ × 𝑯 = −𝜇𝜖

𝜕2𝑬

𝜕𝑡2 .  (A.20) 

By using nabla calculus we also know that: 

 ∇ × ∇ × 𝑬 = ∇(∇ ⋅ 𝑬) − ∇2𝑬.  (A.21) 

Equation A.21 can be rewritten by using the relation from Equation A.16 which leads to that the 

first term of Equation A.21 will be equal to zero i.e.: 

 ∇ × ∇ × 𝑬 = −∇2𝑬.  (A.22) 

By inserting Equation A.22 into Equation A.20 the relationship in Equation A.23 is obtained. 

 ∇2𝑬 − 𝜇𝜖
𝜕2𝑬

𝜕𝑡2
= 0.   (A.23) 

Equation A.23 can be simplified by using 𝑢 =
1

√𝜇𝜖
 which gives: 

 ∇2𝑬 −
1

𝑢2

𝜕2𝑬

𝜕𝑡2
= 0.   (A.24) 

Equation A.24 is known as one of the homogenous vector wave equations. The other part of the 

electromagnetic wave equations is defined in Equation A.25. 

 ∇2𝑯 −
1

𝑢2

𝜕2𝐻

𝜕𝑡2
= 0.   (A.25) 
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The expression in Equation A.25 can be obtained by using the same method as when Equation A.24 

was defined but taking the curl of Equation A.19 as a starting point instead of Equation A.18 [10]. 

A.3 Signal Processing 

Analysis of signals received by a radar system can be complicated due to all echoes, clutter and 

noise the waves interact with. To be able to get a “clean” signal to analyze the data has to be signal 

processed. There are many different types of processing to use for data obtained by a radar system 

but one of the most commonly used is the fast Fourier transform. 

A.3.1 Fast Fourier Transform  

When applying a Fourier transform to a function of time 𝑓(𝑡) it will be transformed into a function 

of frequencies 𝑓(𝜔). This is done by transforming the function 𝑓(𝑡) into a series consisting of terms 

of sine and cosine made of different frequencies 𝜔 and amplitudes 𝑎𝑛 and 𝑏𝑛. This is possible due 

to that all waves can be described in terms of cosine and sine as: 

 𝑓(𝑡) =
1

2
𝑎0 + 𝑎1 cos(𝜔𝑡) + 𝑎2 cos(2ωt) + ⋯ + b1 sin(𝜔𝑡) + 𝑏2 sin(2𝜔𝑡) + ⋯, (A.26) 

where 𝑎𝑛 and 𝑏𝑛 are amplitude constants for 𝑛 ≥ 0.  Equation A.26 can be rewritten to a sum, seen 

in Equation A.27. 

 𝑓(𝑡) =
1

2
𝑎0 + ∑ (𝑎𝑚 cos(𝑚𝜔𝑡) + 𝑏𝑚 sin(𝑚𝜔𝑡))

∞ 

𝑚=1

, (A.27) 

where 𝑚 is an integer between 1 and ∞ [5]. 

 

The constant 𝑎𝑛 can be estimated by using: 

 𝑎𝑛 =
1

𝜋
∫ 𝑓(𝑡) cos(𝑛𝜔𝑡) 𝑑(𝜔𝑡)

2𝜋

0

, (A.28) 

while 𝑏𝑛 can be calculated by using: 

 𝑏𝑛 =
1

𝜋
∫ 𝑓(𝑡) sin(𝑛𝜔𝑡) 𝑑(𝜔𝑡)

2𝜋

0

. (A.29) 

By rewriting the cosine- and sine-terms in Equation A.26 to their exponential form as 𝑐𝑜𝑠𝜃 =
1

2
(𝑒𝑗𝜃 + 𝑒−𝑗𝜃) and 𝑠𝑖𝑛𝜃 =

1

2𝑗
(𝑒𝑗𝜃 − 𝑒−𝑗𝜃) Equation A.30 can be obtained. 

 𝑓(𝑡) = ⋯ + 𝐴𝑒−𝑗2𝜔𝑡 + 𝐴−1𝑒−𝑗𝜔𝑡 + 𝐴0 + 𝐴1𝑒𝑗𝜔𝑡 + 𝐴2𝑒2𝑗𝜔𝑡 + ⋯, (A.30) 

where  

 𝐴𝑛 =
1

2𝜋
∫ 𝑓(𝑡)𝑒−𝑗𝜔𝑡𝑑(𝜔𝑡)

2𝜋

0

. (A.31) 

𝐴𝑛 is a coefficient that will be a function of frequency 𝑔(𝜔) which will lead to the equation: 
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 𝑔(𝜔) =
1

2𝜋
∫ 𝑓(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡

∞

−∞

. (A.32) 

Equation A.32 will be able to transform a function from time domain 𝑓(𝑡) to frequency 

domain 𝑔(𝜔). A function in the frequency domain can be transformed back into the time domain by 

using Equation A.33 [5]. 

 𝑓(𝑡) = ∫ 𝑔(𝜔)𝑒𝑗𝜔𝑡𝑑𝜔
∞

−∞

. (A.33) 

Equation A.32 and Equation A.33 can only be applied to continuous signals and the fast Fourier 

transform is a discrete-time Fourier transform that can be applied to a discrete signal 𝑥[𝑘]. The 

discrete-time Fourier transform for the frequency domain Ω has a similar relationship as Equation 

A.32 but since it is discrete is it defined using a sum instead of an integral. The transform of the 

discrete signal 𝑥[𝑘] will be defined in Equation A.34 where 𝑘 is an integer. 

 𝑋(Ω) = ∑ 𝑥[𝑘]𝑒−𝑗Ω𝑘

∞

𝑘=−∞

. (A.34) 

The inverse discrete-time Fourier transform, i.e. transforming the signal back to the time domain is 

defined as Equation A.35 [32]. 

 𝑥[𝑘] =
1

2𝜋
∫ 𝑋(Ω)𝑒𝑗𝑘Ω

〈2𝜋〉

. (A.35) 
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APPENDIX B: LABORATORY SET-UP  

 

Figure B.1: Photograph of how the sensor and metal plate was positioned for the measurements described in Section 3.3.2.2 and 

performed in Section 5.2.2. 

 
Figure B.2: Photograph of the experimental setup for the sensor used in all tests where only the orientation of the sensor was 

modified.  
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APPENDIX C: SUMMARY OF THE LITERATURE STUDY 

Table C1: Summary of the properties identified in the literature study for the FMCW radar sensors operated at different frequencies. 

Property/ 

Frequency 

𝟐𝟒 𝐆𝐇𝐳 𝟑𝟓 𝐆𝐇𝐳 𝟕𝟕 𝐆𝐇𝐳 𝟗𝟒 𝐆𝐇𝐳 𝟏𝟐𝟐 𝐆𝐇𝐳 

Range  40 m –  

1000 m. 

<  100 m. 0 m –  120 m

. 

> 1 m. > 25 m.  

Angle  ± 7.5 ° – 

± 30 °. 

 ±8 ° – ±45 ° 

(range 

dependent). 

  

Power 20 dBm –  

38 dBm. 

Challenging 

to generate 

high power 

levels for 

millimeter-

wave radars. 

12 dBm –  

23 dBm 

(range 

dependent). 

+ 18 dBm – 

 + 20 dBm.  

≈ 4 dBm 

Availability High. Low. High. Low. Low. 

Size Need to use a 

larger 

antenna 

compared to 

higher 

frequencies. 

  Compact 

system, dual 

fan, single 

pencil 

beam. 

Radar sensor 

8 mm 𝑥 8 mm for 

SUCCESS project 

(BOSCH). 

Antenna Horn, arrays, 

lens, UMRR 

monopulse & 

patch. 

Narrow 

antenna beam 

widths.  

Planar micro 

strip. 

 Substrate, liquid 

crystal polymer 

off-chip, lens, 

patch array 

configuration & 

thin film 

technology. 

Smaller size for 

smaller 

frequencies. 

 

Precision  > 0.3 m at 

distances 

between 

10 m –  50 m

. 

 ± 1 m.   

Velocity 3.4 m/s –  

69.4 m/s  

15 m/s– 

 37.5 m/s. 

± 70 m/s 

(± 0.5 m/s 

accuracy). 

±9.93 m/s 

– 

  ± 40 m/s 
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Price Low 

compared to 

77 GHz 

sensor. 

 More 

expensive 

compared to 

77 GHz. 

  

Model 

specification 

Analog 

devices & 

InnoSenT 

 NXP 

(Netherlands)

. 

T-220, 

NIRAD 

(The 

Nigerian 

radar) & 

Agilent 

Technologie

s 

 

Usage area ACC, Drone 

detection & 

SHM. 

Drone 

detection 

from airports. 

Traffic flow 

detection. 

Drone and 

Bird 

detection 

and 

separation 

& collision 

avoidance. 

Autonomous 

aircrafts 

(including 

drones). 

Notes ISM band    ISM band 

Sources [14, 15, 16, 

17] 

[4] [18, 19] [14] [20, 21, 22] 
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APPENDIX D: RADAR CROSS SECTION SIMULATIONS 

 
Figure D.1: Polar plot for the RCS of the symmetrical target for the frequencies 24 𝐺𝐻𝑧, 35 𝐺𝐻𝑧, 77 𝐺𝐻𝑧 and 94 𝐺𝐻𝑧. 

 
Figure D.2: Polar plot of the RCS for the asymmetrical target for the frequencies 24 𝐺𝐻𝑧 and 35 𝐺𝐻𝑧. 

 
Figure D.3: Polar plot of the RCS for the asymmetrical target for the frequencies 24 𝐺𝐻𝑧 and 94 𝐺𝐻𝑧. 
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Figure D.4: Polar plot of the RCS for the asymmetrical target for the frequencies 24 𝐺𝐻𝑧 and 122 𝐺𝐻𝑧. 

 
Figure D.5: Polar plot of the RCS for the asymmetrical target for the frequencies 35 𝐺𝐻𝑧 and 77 𝐺𝐻𝑧. 

 
Figure D.6: Polar plot of the RCS for the asymmetrical target for the frequencies 35 𝐺𝐻𝑧 and 94 𝐺𝐻𝑧. 
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Figure D.7: Polar plot of the RCS for the asymmetrical target for the frequencies 35 𝐺𝐻𝑧 and 122 𝐺𝐻𝑧. 

 
Figure D.8: Polar plot of the RCS for the asymmetrical target for the frequencies 77 𝐺𝐻𝑧 and 94 𝐺𝐻𝑧. 

 
Figure D.9: Polar plot of the RCS for the asymmetrical target for the frequencies 77 𝐺𝐻𝑧 and 122 𝐺𝐻𝑧. 

 

 

35 GHz 

122 GHz 

 

77 GHz 

94 GHz 

 

77 GHz 

122 GHz 

 

mailto:sara.johan55on95@gmail.com


Sara Johansson (sara.johan55on95@gmail.com)  2019-10-31 

XVIII 

 

 
Figure D.10: Polar plot of the RCS for the asymmetrical target for the frequencies 94 𝐺𝐻𝑧 and 122 𝐺𝐻𝑧. 
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