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Abstract

Recent years have been witness to large strides being made towards realising
ever more advanced driver assistance systems which ultimately should overlap
significantly with driving functions required for autonomous driving vehicles.
These driving functions are based on the data and insights gleaned from usually
a triad of sensing technologies: cameras, lidars and radars.

The objective of the work contained in this dissertation is to investigate
and present algorithms which can be used to derive more information out of
an automotive radar than is possible with current techniques. The synthetic
aperture radar (SAR) has been used for reconnaissance and remote sensing
for more than half a century and is now finding application in the automotive
scenario. The motion of the ego-vehicle can be used to accumulate a large
number of radar measurements of the surroundings perpendicular to the ego-
trajectory. These measurements can then be integrated together to form a
high-resolution radar map of the surroundings. This radar map can be used
for parking the ego-vehicle or even be passed to the infrastructure over car-to-X.

The use of polarimetry capable radar sensors can enable a multitude of so-
lutions which would make automated driving easier: self-localisation using po-
larimetric radar cross-section measurements (RCS), polarimetric SAR to win
more information of ubiquitous traffic objects and clutter analysis to recognise
driving surfaces and loss of traction in adverse weather conditions.

It is shown that with the help of polarimetry, typical traffic objects like light
poles and guideposts can be discriminated based on their RCS. This can enable
self-localisation by cross referencing a high definition map of the location.

Polarimetric SAR makes the task of orientation estimation of parked cars
much easier. Cars have large curved surfaces which depolarise incident po-
larised waves while other regions of the car are not curved, and hence do not
cause depolarisation. This information can be used for orientation estimation.

Polarimetric clutter analysis makes use of the polarisation dependent scat-
tering and reflection of polarised incident waves from the road surface. The
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presence of snow and water alters the physical characteristics of the road which
may make it smoother and prone to loss of traction of the wheels. Such be-
haviour can be detected using a forward looking long range radar.

VIII



Contents

1 Introduction and Motivation 1
1.1 ADAS: State of the Industry and the Path Forward . . . . . . . 1

1.1.1 Current Challenges for ADAS . . . . . . . . . . . . . . . 3
1.2 Outline of Dissertation . . . . . . . . . . . . . . . . . . . . . . . 4

2 Radar Fundamentals 9
2.1 Radar Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Frequency Modulated Continuous Wave (FMCW) Radar . . . . 10
2.3 Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Range Resolution . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Azimuth Resolution . . . . . . . . . . . . . . . . . . . . 13
2.3.3 Velocity Resolution . . . . . . . . . . . . . . . . . . . . . 13

2.4 Radar Cross-Section (RCS) . . . . . . . . . . . . . . . . . . . . 15
2.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Wave Polarisation and Polarimetry 17
3.1 Polarimetric Backscattering Descriptor . . . . . . . . . . . . . . 17
3.2 Scattering of Waves from a Surface . . . . . . . . . . . . . . . . 18

3.2.1 Scattering from Smooth Surfaces . . . . . . . . . . . . . 18
3.2.2 Scattering from Rough Surfaces . . . . . . . . . . . . . . 22

3.3 Depolarisation Due to Scattering from a Rough Surface . . . . 24
3.4 Pauli Decomposition Basis . . . . . . . . . . . . . . . . . . . . . 26
3.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Synthetic Aperture Radar (SAR) Fundamentals 29
4.1 Measurement Geometry . . . . . . . . . . . . . . . . . . . . . . 29
4.2 Azimuth Resolution . . . . . . . . . . . . . . . . . . . . . . . . 32
4.3 Range Cell Migration . . . . . . . . . . . . . . . . . . . . . . . 34

IX



Contents

4.4 Processing of Data into SAR Images . . . . . . . . . . . . . . . 35
4.4.1 Line-by-Line Processing . . . . . . . . . . . . . . . . . . 36
4.4.2 Range Doppler Algorithm (RDA) . . . . . . . . . . . . . 37
4.4.3 Range Migration Algorithm (RMA) . . . . . . . . . . . 40
4.4.4 Time-Domain Back-Projection SAR Algorithm . . . . . 44

4.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 44

5 Polarimetric Radar Cross-Section (RCS) Measurements of Traffic Ob-
jects 47
5.1 Previous Research and Objectives . . . . . . . . . . . . . . . . . 47
5.2 Design of Polarimetry Capable Antennae . . . . . . . . . . . . 48
5.3 Measurement Setup and Calibration . . . . . . . . . . . . . . . 50
5.4 Discussion of the Results . . . . . . . . . . . . . . . . . . . . . . 54
5.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 65

6 Automotive Synthetic Aperture Radar (SAR) 67
6.1 Why is Automotive SAR Needed? . . . . . . . . . . . . . . . . 68

6.1.1 Previous Research and Objectives . . . . . . . . . . . . 69
6.2 Automotive Synthetic Aperture Radar (SAR) Measurements . 70

6.2.1 Rail-SAR Measurements and Results . . . . . . . . . . . 70
6.2.2 Implementation of a SAR Demonstrator . . . . . . . . . 81
6.2.3 Processing Algorithm: The Sub-Aperture Approach . . 86
6.2.4 Measurement Results . . . . . . . . . . . . . . . . . . . 89

6.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 95

7 Polarimetric Synthetic Aperture Radar for Automotive Applications 97
7.1 Introduction to Automotive Polarimetric SAR . . . . . . . . . . 97

7.1.1 Suitability of Pauli Basis Vectors . . . . . . . . . . . . . 98
7.1.2 Previous Research and Objectives . . . . . . . . . . . . 100

7.2 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . 101
7.3 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . 102

7.3.1 Cross-Polarised Power Ratio . . . . . . . . . . . . . . . 110
7.3.2 Note on Orientation Estimation . . . . . . . . . . . . . . 114

7.4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 114

X



Contents

8 Polarimetric Clutter Analysis for Automotive Applications 115
8.1 Clutter in Context of Automotive Radar . . . . . . . . . . . . . 116
8.2 Why is Clutter Analysis Needed? . . . . . . . . . . . . . . . . . 116

8.2.1 Previous Research and Objectives . . . . . . . . . . . . 117
8.3 Linear Rail Based Polarimetry Measurements . . . . . . . . . . 118

8.3.1 Sensor Details . . . . . . . . . . . . . . . . . . . . . . . . 118
8.3.2 Measurement Scenario . . . . . . . . . . . . . . . . . . . 120
8.3.3 Measurement Results . . . . . . . . . . . . . . . . . . . 123
8.3.4 Clutter Analysis . . . . . . . . . . . . . . . . . . . . . . 123

8.4 Polarimetric Clutter Measurements Using a Radar Test Vehicle 128
8.4.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . 128
8.4.2 Calibration of Measurement Setup . . . . . . . . . . . . 131
8.4.3 Signal Processing Chain . . . . . . . . . . . . . . . . . . 133

8.5 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . 137
8.5.1 Weather Influenced Surface Behaviour . . . . . . . . . . 137
8.5.2 Effects of Different Driving Surfaces . . . . . . . . . . . 142

8.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 144

9 Conclusion 147

A Dielectric Constant of Water 151

B Measurement Control Software for the SAR Demonstrator 153

Bibliography 157

XI





1 Introduction and Motivation

This chapter serves to deliver a brief overview of the recent developments with
respect to the automotive environment perception as well as the direction in
which the automotive sector is heading. This provides the rationale behind the
research work presented in this dissertation.

Finally, a synopsis of the dissertation is given where each chapter is given a
cursory portrayal. This should function as a blueprint of the dissertation, with
the aid of which the reader can orientate oneself.

1.1 ADAS: State of the Industry and the Path Forward

In the previous decade the automotive industry has made gigantic investments
towards achieving complete autonomous driving platforms. Numerous start-
ups, like Uber and Lyft, as well as spin-offs of existing large technological
companies for example Waymo, have deployed considerable resources towards
achieving level 5 automation as defined by the automotive standards [1] [2].
These companies have reported over 5 million kilometres of autonomous driving
on real world roads [3]. Most of them started testing in relatively warm and
dry areas. Waymo has apparently fared well and has had success in conditions
with reduced visibility during sandstorms [4] and has reportedly started testing
in the colder regions to overcome the challenge of snowy and icy roads [5].

The one area of automotive industry which, however, will continue to de-
velop is that of advanced driver assistance systems (ADAS) since they directly
affect the safety of the cars which are currently being sold and will come onto
the market in the coming years. This is ensured by the star ratings given by
the “European New Car Assessment Programme” (Euro NCAP). Euro NCAP
prescribes safety standards which all cars need to fulfil in order to receive
a particular number of stars as a safety rating [6]. These standards are im-
proved every year, thereby pushing car manufacturers to continuously improve
their products. The improvement in ADAS systems will ultimately also help
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1 Introduction and Motivation

with advancing autonomous driving, since most of the safety systems and the
technologies which enable them to perform, overlap with the requirements of
autonomous driving systems.

Currently state-of-the-art ADAS systems are dependent on three sensors for
environment perception,

1. Cameras
2. Lidar sensors
3. Radar sensors
The camera can arguably deliver information with the greatest density. This

is due to the fact that light has a much smaller wavelength and hence higher
resolution. The information is also easy to handle, since it is in a format which
can easily be understood by humans. On the other hand, cameras are rendered
almost blind in the dark, while adverse weather conditions severely limit the
camera’s functionality.

The lidar sensor is similar to a radar in the sense that it is also an active
sensor, which means it transmits its own energy, thus lidar sensors function
equally well in darkness. However since they operate at wavelengths close to
visible light (905 nm and 1550 nm), the losses are high and the power which
can be transmitted is limited in the 905 nm band, since it can penetrate the
eye and reach the retina [7]. Lidar sensors are also easily impaired by weather
conditions like fog, rain and snowfall, reducing their effective range to a few
metres. Additionally, lidar sensors are at the moment prohibitively expensive,
such that they are almost exclusively used by complete autonomous platforms
and are mostly avoided in mass produced cars.

Out of these three, the radar sensor suffers the least deterioration in adverse
weather conditions. Additionally, it is only with the radar sensor that one can
acquire not just power levels corresponding to the size (radar cross-section)
of the targets, rather one has phase1 information available as well. This is
one of the biggest advantages, a radar has over the other sensors. With phase
information, it is possible to create radar images as well as evaluate Doppler
frequencies, so that in case of a moving target, trajectory information of the
target can be estimated as well.

Therefore, there is an ever increasing amount of interest in novel techniques
1Recently some progress has been made with FMCW lidar sensors, though they remain

far from ready for deployment [8].
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1.1 ADAS: State of the Industry and the Path Forward

and processes, with the help of which it may be possible to glean more infor-
mation about the ‘world’. In this dissertation therefore, work is outlined where
radar sensors are used to investigate how and what new information can be
obtained and integrated into ADAS thereby making the car easier to operate
and safer for all traffic participants.

1.1.1 Current Challenges for ADAS

Though the ADAS systems of today have made tremendous progress in the last
decade, there are some areas where the industry is still on the hunt for possible
solutions.

Self-Localisation

One of the problems currently being investigated by the car manufacturers and
automotive suppliers is that of self-localisation, where a car being driven along
a road attempts to recognise its surroundings independent of a GPS location
fix, using only the radar backscatter information available [9]. To make this job
easier, it would be helpful to be able to distinguish between the objects found
on the sides of the roads like traffic signs, guide posts and street lights. This
is possible by classification of objects based on their radar cross-section (RCS)
measurements. It will be shown how traffic objects can be recognised based on
their RCS later in this dissertation.

Automated and Assisted Parking

Many car manufacturers started offering automatic parking functions in their
cars, where a car driving along a street searches for vacant spots and upon
finding one, the driver is notified and the car then parks itself into the spot.
So far this has been implemented using a combination of ultrasound and short
range radar sensors (SRRs) mounted at the corners of the car. There is a very
large room for improvement here since the ultrasound sensors can only deliver
very poor information about possible targets and they are prone to interfer-
ence from machines being used in construction zones like pneumatic drills for
example. Even wind and rain can deteriorate their performance significantly
more than that of radars. However, the SRRs mounted at the corners, though
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1 Introduction and Motivation

they can detect and resolve moving objects very accurately, they are not so
adept at finding vacant spots between stationary parked cars. A possible solu-
tion to overcome this problem is the synthetic aperture radar signal processing
technique which will be presented later in this dissertation.

Road Surface Recognition

One of the most critical problems which currently no car manufacturer or au-
tomotive supplier has been able to address is the issue of decreasing friction on
roads under deteriorating weather conditions. For example, in snowy and icy
conditions, the roads are considerably slippery and the car as well as the driver
most often cannot gauge this until the car encounters such a patch. This is
usually too late, and depending on the particular spot on the road, it is pos-
sible that the car cannot be controlled and sharp braking in such situations
may actually make the situation worse. It is therefore of the utmost interest
keeping safety of all traffic participants in mind, to detect such locations of
impaired traction before the car actually reaches such a spot. This could be
implemented using the long range radar (LRR) mounted in the front of the
car which normally has a range of over 200 m [10]. A possible solution for this
problem will also be presented later.

1.2 Outline of Dissertation

The research work presented in this dissertation aims to tackle the issues men-
tioned in Section 1.1.1. The problems are diverse and distributed in nature
because of which it is necessary to highlight the objectives of this work:

∙ Investigation of radar cross-sections (RCS) of various objects found in
typical traffic situations. It is also necessary to use a polarimetric sensor
to investigate RCS patterns and attempt to find patterns and behaviours
which can shed some light on how these objects interact with incident
vertically and horizontally polarised waves. Any differences in observed
behaviour could theoretically help in distinguishing different objects based
on their radar signatures.

∙ A feasibility analysis of the suitability of synthetic aperture radar (SAR)
for automotive applications. The hypothesis is that the forward motion of
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1.2 Outline of Dissertation

a car while it searches for an empty parking space, can be made use of to
accumulate hundreds of radar measurements and process them to achieve
high resolution images of the scenery.

∙ Another avenue to be looked into, is use of polarimetric (SAR) to inves-
tigate whether the task of contour estimation and orientation of parked
cars can be simplified with the use of extra information which is available
because of the addition of a couple of polarisation channels.

∙ Use of radar polarimetry to investigate the clutter from road surfaces in
varying weather conditions as well as surfaces other than asphalt. Goal is
to recognise behavioural differences between the wave polarisations and to
make use of these differences to come to conclusions regarding the driving
surface. These can give important information regarding traction offered
by the driving surface.

All the research work described here is held together by the points mentioned
above and is organised into chapters as described in the following paragraphs.

Chapter 2, after this introduction, describes very briefly the radar fundamen-
tals necessary for the accomplishment of the tasks described in this work.

Chapter 3 discusses the concepts and theorems of wave polarisation and radar
polarimetry upon which some of the research carried out is based. Some of these
concepts, like reflection from rough surfaces as well as the Pauli decomposition
basis, are normally not touched in most radar courses and sometimes not even
in textbooks.

Meanwhile Chapter 4 introduces the synthetic aperture radar (SAR) mea-
surement geometry for the automotive case as well as the significance of SAR.
Following this, the SAR processing algorithms are briefly revised.

Chapter 5 presents the first task where the investigation of the radar cross-
sections (RCS) of various traffic objects is considered. Here, initially it is
discussed why a set of special antennae are needed before the novelty of their
design is illustrated. Later, the fabricated antennae are shown along with their
measured beam patterns. Afterwards the signal processing basis for the cal-
culation of the RCS is discussed, before the measurement set-up is introduced
and calibrated for RCS measurements. Finally the measured radar signatures
of the various objects are shown and discussed in depth.

Chapter 6 takes a thorough look at the feasibility of automotive synthetic
aperture radar (SAR). First, SAR in the context of automotive scenarios is

5



1 Introduction and Motivation

defined, followed by the first measurement results obtained from a linear rail
unit. It is also discussed what improvements need to be done in order to
process images from a realistic platform not based on a rail unit. These im-
provements are shown to correct for accelerations which are inherent in any
measurements carried out by a moving car. This is necessary since SAR al-
gorithms are designed to work for platforms with a constant velocity, that is
where the acceleration is zero. Next, a realistic SAR demonstrator designed
for automotive SAR, is introduced. The signal processing chain is clarified
with important aspects highlighted, for example the reconstruction of missing
ramps in between blocks of chirps. Towards the end, the measurement results
are shown and discussed. The combination of the SAR demonstrator and the
ability to reconstruct missing ramps is significantly new in this realm. The
results are high resolution radar images of the target scenery, which are much
finer in resolution as compared to those obtained from classical radar signal
processing.

Chapter 7 is dedicated to building on the work shown in Chapter 6 by con-
sidering polarimetric SAR, a novel concept for automotive applications. In the
first few pages, the basics of polarimetric SAR in the context of automotive
applications are clarified before an in-depth look is taken at the Pauli decompo-
sition basis and whether such a decomposition is useful for automotive targets.
Next, the measurement set-up is described and afterwards, the results are pre-
sented. In the discussions of the results it is indicated that a cross-polarised
power ratio would make for a useful representation of the processed informa-
tion. During the discussions, it is also argued what new information is available
with use of polarimetric SAR and how it could be used.

In Chapter 8 a detailed polarimetric clutter analysis is presented. This is
an avenue which is still new as there have not been any results reported in
literature which were acquired in realistic driving conditions on roads. After
a brief clarification of clutter in the context of automotive radars and a quick
discussion of why a clutter analysis is needed, the fully polarimetric radar sen-
sor is shown and the parameters set for the measurements are discussed. Then
a measurement campaign with a linear rail unit is described in the first phase
after which the results are shown and discussed in detail. Later the need for
realistic measurements with the help of a test vehicle is discussed. For such
measurements the azimuth beam-width of the radar sensor needed to be fo-
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1.2 Outline of Dissertation

cussed for which a lens was simulated, designed and fabricated. The resulting
beam patterns are illustrated before the measurement set-up on the radar test
vehicle is examined in great detail. The calibration steps as well as the measure-
ment set-up are also described in fine detail. Finally, the measurement results
for clutter from asphalt in inclement weather conditions as well as clutter from
cobblestone roads are shown and analysed in depth.
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2 Radar Fundamentals

The term radar is an acronym for “RAdio Detection And Ranging” which
implies where a radar is deployed and for what purpose [11]. As an instrument
radars have been in use for more than 80 years in the military and space
industries. As mentioned in Section 1.1, radars have in the recent years found
many applications in the automotive sector. The first experiments consisting
of attaching radars to cars were carried out in the early seventies [12] until
the first adaptive cruise control was offered in the S-Class by Mercedes-Benz
in 1998 until it became a common feature in premium cars about 8 years later.
Fast forward to the present and the use of radars for automotive applications
has innumerable possibilities.

However, before applications are discussed, it is important to take a look
at the fundamentals of radars briefly in this chapter. Only the equations and
concepts pertinent to the work carried out in the frame of this dissertation are
presented in this chapter, however for basics, it is recommended to read the
sources mentioned.

2.1 Radar Equation

One of the most useful expressions concerning a radar is the radar equation
shown below [13],

𝑃Rx = 𝑃Tx𝐺Rx𝐺Tx𝜆2𝜎

(4𝜋)3 𝑟4
, (2.1)

where 𝑃Tx is the transmitted power, 𝐺Tx the transmitting antenna gain, 𝐺Rx

the receiving antenna gain, 𝜎 the radar cross-section (RCS) of the target reflect-
ing the transmitted waves, 𝑟 the range to the target and 𝑃Rx is the received
power. Sometimes the same antenna is used for the transmission and recep-
tion of the electromagnetic waves, thus in this case 𝐺Tx and 𝐺Rx are the same.

9



2 Radar Fundamentals

For the automotive case however, the antennae are normally different though
co-located and hence, (2.1) holds true.

This equation describes the way the power of a transmitted wave from a
radar spreads out in a sphere. A portion of this power is then reflected back
towards the radar by a target and the amount of reflected power is dependent
on the RCS of the target. This reflected power will be spread out spherically
on the way to the radar as well. In a nutshell, this describes the spread of the
power as well as how much of it is reflected from a target.

This equation and the terms involved in it will play an important role in the
discussion and analysis of the research activities described in the later chapters
of this dissertation.

2.2 Frequency Modulated Continuous Wave (FMCW) Radar

The radar used predominantly for automotive applications is the frequency
modulated continuous wave (FMCW) radar. FMCW radars won out over pulse
radars, which are the standard radars used in aerospace applications, due to
the cost of the electronics needed in pulse radars to generate high pulse peak
powers, among other factors.

FMCW radars make use of a voltage controlled oscillator (VCO) to generate
a frequency which is linearly proportional to the voltage applied at its input.
This signal is frequency modulated by varying the input voltage over time.
The most common frequency modulation used is linear, where the frequency
changes linearly with time. Mathematically this is represented as [14]

𝑠tx(𝑡) = exp
[︀
j(2𝜋(𝑓0 + 𝑐𝑟𝑡)𝑡)

]︀
, (2.2)

with 𝑓0 denoting the start frequency of the signal, 𝑐r the radar chirp rate
and 𝑡 the time. The change of frequency with time is referred to as a chirp
or a ramp [15]. Both these terms are interchangeable. The ramp repetition
interval (𝑇r) is used to refer to the duration of the chirp, and 𝑐r𝑇r gives the
bandwidth of the signal. This is depicted visually in Fig. 2.1.

This signal is transmitted by the radar and a delayed version of the same
signal is then received by the radar, after it has been reflected back by a target

𝑠rx(𝑡) = exp
[︀
j(2𝜋(𝑓0 + 𝑐𝑟𝑡)(𝑡 − 𝜏)

]︀
, (2.3)

10



2.3 Resolution

where 𝜏 represents the time delay for the signal to reach the target and travel
back to the radar. This is given as 𝜏 = 2𝑟

𝑐
where 𝑐 is the speed of light. The

signal in (2.3) is then converted to a lower frequency by applying it to the input
of a mixer along with a copy of the signal in (2.2). Once the output has been
passed through a low pass filter, the resulting intermediate frequency (if) signal
can be expressed as

𝑠if(𝑡) = exp
[︀
j(2𝜋(𝑓0 + 𝑐𝑟𝑡)𝜏

]︀
. (2.4)

The signal in (2.4) has a frequency which is directly dependent on the distance
to the target

𝑓b = d
d𝑡

(𝑐r𝑡𝜏) = 𝑐r
2𝑟

𝑐
(2.5)

and is referred to as the beat frequency.

2.3 Resolution

The resolution is an important criterion of any radar. It is the capability of
the radar to distinguish between objects that are in close proximity to each
other [16]. If the spacing between the objects is less than the resolution, they
will not be resolved and therefore will appear as one large object (target) by
the radar and thus be placed in the same range or azimuth bin.

Range or azimuth bin is a term used to refer to the ‘space’ where all objects
are treated as one single target since the radar cannot discriminate between
them.

2.3.1 Range Resolution

The range resolution describes the minimum distance in range where two ob-
jects can be resolved. This is directly dependent on the smallest difference in
the beat frequencies (Δ𝑓) that can be detected which in turn is given by the
observation time or the chirp repetition time (𝑇r) as [17]

Δ𝑓 >
1
𝑇r

. (2.6)
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2 Radar Fundamentals

Since 𝑓b is known from (2.5), an alternative expression for Δ𝑓 can be found as

Δ𝑓 = 𝑐r
2Δ𝑟

𝑐
, (2.7)

with Δ𝑟 representing the range resolution at the boundary case where Δ𝑓 = 1
𝑇r

.
By combining (2.6) and (2.7), one can find the range resolution for an FMCW
radar as

Δ𝑟 = 𝑐

2𝑓BW
, (2.8)

where 𝑓BW is the bandwidth of the transmitted chirp. The range resolution of
an FMCW radar is therefore inversely proportional to the bandwidth of the
transmitted chirp.

By considering (2.8) one may be led to believe that an ever increasing band-
width of the transmitted signal will lead to a finer resolution in every case.
This is true in theory, however practically this raises a few issues which in the
end negatively impact the achievable resolution. One of the issues is that the
antennae as well as the radar electronics (in particular the transmission lines or
waveguides as the case may be) are optimised for a certain band of frequencies.
It is not possible to achieve this optimal performance over a broad frequency
region. A common guideline used for design of high resolution radar systems is
to keep the relative wavelength of the transmitted signal in mind. For example
a bandwidth of 4 GHz between 1 GHz and 5 GHz has a wavelength difference of
approximately 0.24 m while the same bandwidth between 77 GHz and 81 GHz
has a wavelength difference of 0.192 mm. Therefore it is easier to maintain
uniform system characteristics for 77 GHz band than for the lower frequency
one [18].

As discussed, it is easier to design a high resolution radar at higher rather
than lower frequencies. However there is one blockade which prevents arbitrar-
ily large bandwidths. The IF signal in (2.4) needs to be sampled by an analogue
to digital converter (ADC) and the higher the beat frequency (resulting from
large bandwidth), the more sophisticated the ADC needs to be.

Additionally, systems operating at THz frequencies have to contend with
dispersion effects, where the refractive index of air varies considerably more
than in the microwave region [19, 20]. This increases the complexity of the
system and hence also the cost. Therefore in the end a trade-off needs to be
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made such that the requirements of the task at hand are fulfilled.

2.3.2 Azimuth Resolution

The azimuth angle is defined as the angle measured from true north to the
bore-sight of the radar antenna main-beam [21]. This angle describes the lat-
eral position of any target. The azimuth direction by extension refers to the
direction along this plane. In literature it is sometimes also referred to as the
cross-range direction. Similar to the range resolution, the azimuth resolution is
defined as the ability of a radar to distinguish between two objects that are sep-
arated in azimuth by a distance equal to the azimuth resolution. It is defined
as [22],

Δ𝑅azi = 𝑅𝜆

𝐷
, (2.9)

where 𝐷 is the diameter or the largest dimension of the antenna, 𝑅 is the range
at which the objects are located and 𝜆 is the wavelength. This implies that any
objects which are located within the antenna beam-width will be identified as
one object. Hence to achieve a fine azimuth resolution, the antenna needs to
be physically large which may not always be a feasible solution.

Additionally the azimuth resolution can be improved in digital beam-forming
radars as well as synthetic aperture radar (SAR). SAR will be introduced in
detail later.

2.3.3 Velocity Resolution

When the radar platform is mobile, the FMCW radar can be used to detect
moving objects with the help of Doppler shift of the frequency of the waves
transmitted and received by the radar. Through the Doppler shift it is possible
to determine the relative radial velocity of the objects. For the sequence of
chirps as shown in Fig. 2.1, the velocity resolution can be defined as [23],

Δ𝑣 = 𝑐

2𝑓0𝑇r𝑁rmp
, (2.10)
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where 𝑓0 is the start frequency, 𝑇r is the ramp repetition interval and 𝑁rmp is
the number of ramps in a sequence.

bandwidth
(𝑓BW)

chirps, 𝑁rmp = 5

𝑓b

𝑇r

frequency

time
𝑓0

𝑓𝑐

Fig. 2.1: Chirp parameters for an FMCW radar. The blue (solid) ramps rep-
resent transmitted signals while the red (dashed) ramp denotes the
received signal. 𝑓b denotes the beat frequency which signifies the fre-
quency of the beat-signal, that is the down-converted intermediate
frequency (IF) signal where 𝑓b is dependent on the range to target.

Thus it is evident that the overall measurement time, 𝑇r · 𝑁rmp, is crucial to
obtaining a fine velocity resolution. This is however in contrast to the maximum
velocity that can be unambiguously detected. The maximum Doppler frequency
is given as [23],

𝑓D,max <
1

2𝑇r
. (2.11)

Knowing the Doppler frequency,

𝑓D = 2𝑣𝑓0

𝑐
(2.12)

by combining (2.11) and (2.12), one can find the maximum velocity that can
be unambiguously resolved [23],

𝑣max = 𝑐

4𝑓0𝑇r
. (2.13)

Thus for a given set of chirp parameters, the maximum velocity can be calcu-
lated that can be successfully resolved without ambiguities by the radar. This is
an important theoretical result which will lay the foundation for measurements
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done for the polarimetric clutter analysis, in the scope of this dissertation.

2.4 Radar Cross-Section (RCS)

Radar cross-section (RCS) refers to the signature of a target object measured
with a radar from all viewing angles [24]. It is a measure of the amount of
incident energy that is reflected by the target. It can be imagined as the
fictional area which captures an amount of power, such that when it is radiated
isotropically, produces the same amount of received power at the radar [25].

The definition of RCS in terms of mathematical relations can be understood
by considering [25]

𝜎 = lim
𝑅→∞

4𝜋𝑅2 |𝐸s|2
|𝐸i|2

, (2.14)

where 𝑅 is the range from the radar to the target, 𝐸i is the incident electric
field strength at the target, 𝐸s is the scattered field strength at the radar
and 𝜎 denotes the RCS of the target. This essentially denotes that the RCS is
independent of increasing range, given that the range to the target is sufficiently
large so that the electromagnetic waves transmitted by the radar seem to be
flat or in other words a plane wave when incident on the target. The RCS is
an inherent part of the radar equation in (2.1).

To illustrate the factors which dictate the size of an RCS, (2.15) below shows
the expression for calculating the radar cross section of a flat plate [26],

𝜎plate = 4𝜋𝑏2𝑙2

𝜆2 , (2.15)

where 𝑏 and 𝑙 are the breadth and length of the plate while 𝜆 is the wavelength.
(2.15) shows that the RCS is basically dependent on the size of the plate relative
to the wavelength of operation of the radar. To explain this point better,
consider the RCS of a flat square plate with each side being 3.31 cm long. The
RCS at 77 GHz is then 1 m2 while the RCS of the same plate at 24 GHz is
0.0967 m2.

The expression for the RCS in (2.14) can also be expressed as [27]

𝜎 = 4𝜋𝑅2 𝑆𝑠

𝑆𝑖
, (2.16)
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where the RCS is defined as the ratio of the scattered power density (𝑆𝑠) [W/m2]
and the incident power density (𝑆𝑖) [W/m2] at a range of 𝑅 from the radar
sensor. It is essentially the same as (2.14) but relates directly to the power
measured by the radar.

2.5 Concluding Remarks

Over the previous pages a quick introduction of the basic radar fundamentals
was given, as these are necessary for the tasks presented later in this work. It
is not in the scope to handle the material here in greater detail, therefore it
is recommended to consult the literature cited here, in case more details are
required.
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3 Wave Polarisation and Polarimetry

Even though the term ‘wave polarisation’ is relatively new in science, the effects
of polarisation have been exploited by humans as far back as 1000 AD when
the Vikings used crystals, perhaps calcite, to navigate the northern Atlantic
ocean in conditions which were often cloudy or foggy [28]. Without a compass,
the Vikings used these crystals, often described as ‘sunstones’ in Norse sagas,
to expose unique patterns of light in the sky which arise due to polarisation
and exist even when the sky is overcast or foggy.

The polarisation properties of electromagnetic waves only received main-
stream acceptance (although not without ample controversy) after the presen-
tation of the unifying theory of electricity, magnetism and light (indeed all
electromagnetic waves) by James Clerk Maxwell in 1861. He showed that elec-
tromagnetic waves have an orientation of the electric field vector, which can be
affected when the wave interacts with an interface. Thus the waves carry infor-
mation about the reflecting object. It is this information which is of interest in
radar polarimetry.

The basics needed for the research carried out in this dissertation are briefly
explained here. However, to gain a thorough understanding of the concepts it
is strongly recommended that the reader peruse the cited books and journals.
Additionally, the content of this chapter has been written keeping the objective
of clutter investigation using a polarimetric automotive radar in mind. Hence
some of the content, irrelevant to this research objective, was skipped even
though they may be a staple of most radar polarimetry textbooks.

3.1 Polarimetric Backscattering Descriptor

Polarimetry starts with the basic concept of describing a scatterer which reflects
polarised waves back towards the radar. This is done by the 2 × 2 complex
scattering matrix which illustrates how the transmitted electric field (E t) which
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is incident on a target, is transformed by the said target into the reflected or
scattered electric field (E r) as follows [29],

E r = e−j𝛾𝑟

𝑟
S · E t,

E r = e−j𝛾𝑟

𝑟

(︃
𝑆HH 𝑆HV

𝑆VH 𝑆VV

)︃
· E t. (3.1)

The four parameters of S are descriptors of the complex scattering process,
𝑆ii = |𝑆ii| ej𝜙ii . The subscripts, either horizontal (H) or vertical (V), repre-
sent the polarisation of the transmitted or reflected wave. 𝛾 = 𝛼 + j𝛽 is the
propagation constant and together the term e−j𝛾𝑟

𝑟
denotes the phase shift and

attenuation for a wave that is incident on a target after having traversed a
distance 𝑟. In all subsequent discussions, when the polarimetric scattering
parameters are discussed, the same convention is adopted as shown here.

3.2 Scattering of Waves from a Surface

Since one of the objectives of the research work was to investigate the effects
of clutter from the ground, the reflection of waves from a surface is the phe-
nomenon which is most relevant in the scope of this dissertation. The scattering
from a surface depends on different factors to varying degrees. It can broadly
be divided into two cases which depend on the surface roughness and the wave-
length of the waves. Since for an application the wavelength of operation is
assumed to be constant, the cases can be neatly divided into scattering from
smooth and rough surfaces which are discussed on the following pages.

3.2.1 Scattering from Smooth Surfaces

When the radar beam touches the ground, a part of the incident power is re-
flected back (this is referred to as backscatter [30]), while another part of it
penetrates the ground and is absorbed and a third portion of the power is re-
flected in the forward direction, that is away from the radar. Depending on the
application in question, the power reflected back towards the radar contributes
power to clutter, raising the noise floor and deteriorating the dynamic range of
the system. [31].

18



3.2 Scattering of Waves from a Surface

𝜃i 𝜃r
𝑛1
𝑛2

(a) Angle of incidence and reflection. (b) Reflection at a smooth boundary, or-
derly coherent scattering.

Fig. 3.1: When a wave interfaces with a smooth surface.

To investigate how clutter behaves, it is important to understand how the
incident wave is reflected from a surface. Figure 3.1a shows a single wave inci-
dent on an interface where the refractive index of the lower medium is greater
than that of the medium above (that is 𝑛1 < 𝑛2). For the purpose of the
discussion here, it is assumed the medium with the smaller refractive index,
𝑛1, is air (𝑛1 = 1) and that the reflecting surface is smooth and plane. The
incoming waves are, therefore, scattered coherently in an ordered manner as
illustrated in Fig. 3.1b. Each ray is reflected such that the phase change be-
cause of the reflection is the same, no matter at what point the wave interacts
with the surface. This results in all of the reflected waves interfering construc-
tively in one direction, such that the angle of incidence equals the angle of
reflection (𝜃r = 𝜃i). This is known as specular reflection and the direction of
reflection is called the specular direction [32]. The portion of the power that
penetrates into the surface material is of no consequence for the investigation
of clutter, thus, it is not considered in the discussion here.

The proportion of the incident wave energy which is reflected from the surface
can be described by the reflection coefficient R which describes a relationship
between the incident electric field (E i) and the reflected electric field (E r), such
that E r = 𝑅E i. Additionally when the incident wave is not incident to the
surface at right angles (𝜃i = 0∘), the orientation of the electric field vector with
respect to the surface plays a significant role in determining how much power
is reflected from the surface. That is the polarisation of the wave determines
the reflection coefficients, so that two expressions are needed to describe the
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phenomenon as [32],

𝜌VV =
𝜀𝑟2 cos 𝜃i −

√︀
𝜀𝑟2 − sin2 𝜃i

𝜀𝑟2 cos 𝜃i +
√︀

𝜀𝑟2 − sin2 𝜃i
, (3.2)

𝜌HH =
cos 𝜃i −

√︀
𝜀𝑟2 − sin2 𝜃i

cos 𝜃i +
√︀

𝜀𝑟2 − sin2 𝜃i
. (3.3)

𝜀𝑟2 is the relative permittivity of the material comprising the lower medium
with refractive index 𝑛2 and 𝜀𝑟2 = √

𝑛2. 𝜃i is the angle of incidence as il-
lustrated in Fig. 3.1a. These equations are known as the Fresnel reflection
coefficients. Since 𝜀𝑟2 is a complex number, both 𝜌VV and 𝜌HH are complex
as well, though their magnitudes lie between the extremes of 0, signifying no
reflection, and 1 which denotes complete reflection. When the wave is incident
perpendicularly (𝜃i = 0∘), it can be seen from (3.2) and (3.3) that both 𝜌VV

and 𝜌HH become identical. This makes sense as in this case, there is no vertical
direction, since both planes are aligned with the surface.
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Fig. 3.2: Reflection coefficients of horizontally and vertically polarised waves
from water (𝜀𝑟2 = 8.24 − j16.21) at 77 GHz and 20 ∘C.
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3.2 Scattering of Waves from a Surface

The curves corresponding to the magnitude of the reflection coefficients de-
scribed in (3.2) and (3.3) are shown in Fig. 3.2. They have been plotted for
a wave at 77 GHz interacting with water at 20 ∘C. The dielectric constant of
water has been calculated from a model, the details of which can be found in
Appendix A. The complex valued dielectric constant of water, leads to complex
valued Fresnel coefficients calculated from (3.2) and (3.3). However here only
the magnitude of the Fresnel coefficients are considered as the angle of the co-
efficients describes the phase of the reflected and transmitted waves and does
not influence the power that is reflected from a surface or is absorbed [33].

The transmission coefficients represent the power that is not reflected from
the surface, rather penetrates into the surface and is absorbed by the mate-
rial. The transmission coefficients have been calculated as, 𝜏VV = 1 − |𝜌VV|,
where 𝜏VV represents the transmission coefficient for the vertical polarisation.
The plotted reflection coefficients display contrasting behaviours between the
vertical and horizontally polarised signals. The reflection coefficient for the
horizontal polarisation simply increases monotonically with the incidence an-
gle reaching a maximum reflectivity of 1.0 at the grazing angle. The vertical
reflectivity however decreases with increasing angle of incidence initially, where
it reaches a minimum at around 78∘ angle of incidence. This is known as the
pseudo-Brewster angle [32].

The Brewster angle is defined as the angle at which the vertically polarised
component of an incident non-polarised wave (usually light in literature but
applies to all electromagnetic radiation) has zero reflectivity. That is, the ver-
tically polarised component is completely transmitted into the medium. This
was the case for a lossless medium, when the medium is lossy on the other hand,
the reflectivity of the vertically polarised component does not reach zero, rather
a non-zero minimum as illustrated in Fig. 3.2 [30]. This was first reported by
Sir David Brewster in 1815, thereby lending his name to the angle [34].

At this angle the reflected signal will be dominated by horizontally polarised
waves as the horizontal reflectivity reaches a value (> 0.9) close to the peak
and the difference between the reflection coefficients for the two polarisations
is maximum. The reflectivity for the vertical polarisation then also reaches the
peak reflectivity at grazing angles.

21



3 Wave Polarisation and Polarimetry

3.2.2 Scattering from Rough Surfaces

Having gained a handle on the behaviour of electromagnetic waves when in-
teracting with a smooth surface, it is important now to consider the situation
in case of a rough surface. Though it is first necessary to discuss what kind
of surface can be classified as rough. Keeping the application in mind, road
surface clutter investigation, the boundary is considered to be horizontal. Thus,
the roughness can be characterised by considering the root mean square (rms)
of the deviation of the surface locally from the average surface level. This devi-
ation can be expressed as a height deviation, ℎ from the mean height ℎavg [32].

If these deviations are in the order of the wavelength of operation, then the
scattered waves no longer combine coherently as shown in Fig. 3.1b. Therefore,
one cannot expect to have specular reflection as was the case in Section 3.2.1.
Rather scattering from a rough surface can be characterised to be ‘chaotic’
without a preference for either direction of reflection or polarisation [32]. This
is illustrated in Fig. 3.3.

Fig. 3.3: Scattering from a rough surface.

To understand why scattering from a rough surface behaves as shown in
Fig. 3.3, it is necessary to consider the phase difference (Δ𝜑) between rays which
are reflected from various levels of a surface which vary in height. When the
difference in height approaches the size of the wavelength, the reflected waves
interfere in a less predictable manner thereby leading to incoherent scattering.
According to the criteria defined by Rayleigh, a surface can be considered
smooth if the phase difference satisfies the condition, Δ𝜑 < 𝜆

4 . This leads
to the condition for the height difference where a surface is considered rough
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as [32],

ℎrough >
𝜆

8 cos𝜃i
, (3.4)

where 𝜃i is the angle of incidence and 𝜆 is the wavelength of the incident wave.
However, when the wavelength of operation is in the same order of magnitude
as the height of the facets, a stricter criterion is needed to define the smoothness
of a surface. To this end, the phase difference between the scattered rays is
lowered to Δ𝜑 < 𝜆

8 , resulting in the following condition [32],

ℎrough >
𝜆

32 cos𝜃i
, (3.5)

which is referred to as the Fraunhofer criterion. If the height of the facets
as shown in Fig. 3.4 is higher than (3.5), then the surface is considered to be
rough.

𝑧i

𝑧 rough

𝑧

Fig. 3.4: Bragg rough surface definition.

One of the models used for scattering from rough surfaces is the small per-
turbation model (SPM) [35], also known as the Bragg surface scattering model,
which is suitable for applications where the size of the perturbations are not
greater than the wavelength. Such a surface is shown in Fig. 3.4. The dotted
line indicates a smooth surface without any perturbations while the solid line
illustrates the actual surface which has significant deviations from the dotted
surface. To ascertain the suitability of the SPM, the root mean square (rms)
roughness of the surface is necessary and defined as [30],

𝑠 =

⎯⎸⎸⎸⎷
𝑁∑︀

𝑖=1
(𝑧𝑖 − 𝑧)−2

𝑁 − 1 , (3.6)

where the surface has been modelled with an 𝑁 -point discretisation while 𝑧
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represents the level of the smooth surface and 𝑧i the level (or height) of the
facets present on the rough surface as illustrated in Fig. 3.4.

Applications of SPM typically comprise situations where the roughness of the
surface in comparison to the wavelength can satisfy the rule of thumb, 𝛽𝑠 < 0.3,
where 𝛽 = 2𝜋

𝜆
is the phase constant [30]. A suitable application for this model

is remote sensing of natural surfaces using the L (1 to 2 GHz) and P (250 to
500 MHz) bands.

This condition cannot be fulfilled however at 77 GHz, where a wavelength
of approximately 4 mm is smaller than or of the same size as the surface (for
the application here: road surface) perturbations. Therefore the SPM was not
pursued further, rather a different criteria was used for the investigation of
clutter.

3.3 Depolarisation Due to Scattering from a Rough Surface

It has been shown in literature that when waves are incident on a sloped surface,
the reflected waves will have a significant portion of the waves that are cross-
polarised with respect to the incident polarisation [30].

k

flat surface

sloped
surface

scattering
plane

Fig. 3.5: Schematic of a surface with slope. k indicates the propagation direc-
tion of the incident wave.

Fig. 3.5 illustrates the concept of reflection from a surface with slope. Here
the sloped surface models a single facet of the rough surface which could be
composed of many such formations having random orientations with respect
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to the angles and directions. The multiple reflections from these facets lead
to significant depolarisation of the incoming wave hence there is a much lower
coherent scattering component available, depending of course on the extent of
the surface roughness [30].

In order to develop a metric for gauging the roughness of a surface, an im-
portant relation can be found with circularly polarised waves which can be
adapted to linear polarised waves. It has been shown that the circular left
left-right right (or the right right-left left, as both are identical) correlation
coefficient, defined as [36]

𝜙RRLL =
⟨︀
𝑆RR · 𝑆*

LL
⟩︀

√︂⟨
|𝑆RR|2

⟩⟨
|𝑆LL|2

⟩ (3.7)

where 𝑆RR is the scattering parameter corresponding to the right circular po-
larised transmitted and received wave while 𝑆LL similarly for the left circular
polarised wave, is sensitive to the roughness of a surface. ⟨ ⟩ denotes an average
taken over the period of observation.

In case of a linearly polarised measurement system, the circular correlation
coefficient (𝜙RRLL) can be written in terms of the linear polarisations using the
relations [36],

𝑆RR = 1
2(𝑆HH − 𝑆VV + 2𝑗𝑆HV), (3.8)

𝑆LL = 1
2(𝑆HH − 𝑆VV − 2𝑗𝑆HV), (3.9)

as [30] 𝑅 =

⟨
|𝑆HH − 𝑆VV|2

⟩
− 4
⟨

|𝑆HV|2
⟩

⟨
|𝑆HH − 𝑆VV|2

⟩
+ 4
⟨

|𝑆HV|2
⟩ 0 ≤ 𝑅 ≤ 1, (3.10)

𝑅 is a ratio which varies between 0 corresponding to a very rough surface
such that the cross-polarised component is as strong as the two co-polarised
components and 1 signifying a very smooth surface such that there is negligible
depolarisation. 𝑅 is dependent on the characteristics of the surface from which
the wave is reflected and is independent of the variations in the dielectric con-
stant of the surface [30]. Therefore, 𝑅 is a suitable parameter with which to
analyse the driving surface and its roughness.
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A second parameter 𝑀 defined as,

𝑀 =

⟨
|𝑆HH − 𝑆VV|2

⟩
+ 4
⟨

|𝑆HV|2
⟩

⟨
|𝑆HH + 𝑆VV|2

⟩ = tan2𝛼b, (3.11)

can be further used to study the dielectric constant of the reflecting surface
as it is not affected by variations in roughness [37]. It is also related to the
angle 𝛼b of the Bragg model which is used for extracting material properties
of the reflecting material [30]. It is a parameter based on empirical evidence
where 𝑀 was used to discriminate between wet and dry soil for remote sensing
applications [37]. 𝑀 is directly proportional to the angle of incidence, thereby
advantageous for the application at hand since for the automotive clutter study,
the angles of incidence are rather high (above approximately 80∘). Therefore,
this parameter can be used to help with the estimation whether the road surface
is covered by a material whose dielectric constant is different to that of asphalt,
like snow or water for example [30,37].

3.4 Pauli Decomposition Basis

In polarimetry the scattering matrix S is often decomposed into the Pauli basis,
where each matrix denotes an elementary scattering process. S is decomposed
as [38],

𝑆 =

(︃
𝑆HH 𝑆HV

𝑆VH 𝑆VV

)︃

= 𝑎

(︃
1 0
0 1

)︃
+ 𝑏

(︃
1 0
0 −1

)︃
+ 𝑐

(︃
0 1
1 0

)︃
+ 𝑑

(︃
0 −j
j 0

)︃
, (3.12)

= 𝑎 [𝑆]𝑎 + 𝑏 [𝑆]𝑏 + 𝑐 [𝑆]𝑐 + 𝑑 [𝑆]𝑑 (3.13)

according to the Pauli basis defined in literature [30]. 𝑎, 𝑏, 𝑐 and 𝑑 are all
complex valued and defined as,

𝑎 = 𝑆HH + 𝑆VV√
2

, 𝑏 = 𝑆HH − 𝑆VV√
2

,
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𝑐 = 𝑆HV + 𝑆VH√
2

, 𝑑 = j𝑆HV − 𝑆VH√
2

. (3.14)

The matrix [𝑆]𝑎 corresponds to the scattering matrix of a sphere or a plate.
Generally it is described as representing the scattering behaviour from a single
or odd number of bounces. |𝑎|2 represents the amount of power that is reflected
from such a scattering behaviour. [𝑆]𝑏 is indicative of scattering from a dihedral
corner oriented at 0∘ and it is used to denote a scattering caused by a double
or even number of bounces. |𝑏|2 gives the power thus reflected with such a
scattering mechanism [38–40].

The third matrix, [𝑆]𝑐, shows the scattering resultant from a dihedral corner
oriented at 45∘ which causes the reflected wave to be orthogonally polarised
when compared to the incident wave. Similarly to the previous two mechanisms,
|𝑐|2 is the representation of the power reflected from just such a scattering
process. Such scattering is prevalent in remote sensing for example in the form
of volume scattering from forest canopies while in the automotive case, it will
be seen in Chapter 7 that various regions of a car can rotate the polarisation
of the incident waves [39,40].

Finally the fourth matrix, [𝑆]𝑑 represents the antisymmetric components of
a scattering which occur when the transmitting and receiving antenna are not
co-located. Normally in the automotive case, even though the transmitting
and receiving antennae are separate, they are nonetheless co-located and hence
any antisymmetric properties can be neglected. It is shown here merely for the
sake of completeness [38].

3.5 Concluding Remarks

In this chapter, the concepts in polarimetry were briefly presented which are
necessary in order to follow the work that has been presented in this disser-
tation. Where necessary, a distinction was also made between aerospace and
automotive applications. Even though much of the concepts stay the same, the
application of those concepts vary vastly.
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4 Synthetic Aperture Radar (SAR)
Fundamentals

In 1951, Carl A. Wiley of the then Goodyear Aircraft Corporation (now Lock-
heed Martin) proposed a novel method of improving the azimuth resolution
of imaging radars. Wiley’s work showed that a finer azimuth resolution was
obtainable by processing multiple radar returns collected by a radar that is
moving perpendicular to the area of interest that has to be imaged. He showed
that the azimuth resolution that could be gained this way was much finer than
the resolution which could be obtained from a real large radar antenna aper-
ture. This concept was later named Synthetic Aperture Radar (SAR), however
Wiley himself referred to it as Doppler Radar Beam Sharpening [41].

SAR found use in widespread applications in both military as well as civilian
applications where an aircraft or satellite radar system is used to acquire radar
measurements of the Earth’s surface for example reconnaissance purposes for
military applications or for observing changes in the mountain glaciers or polar
ice for civilian remote sensing applications. In the research presented here,
SAR has been adapted for applications in the automotive sector in particular
for assisted or automated parking. In order to achieve this, it is necessary
to first understand the application areas of both aerospace and automotive
applications and in particular their differences.

4.1 Measurement Geometry

A comparison of the measurement geometries between the traditional airborne
SAR and that for automotive scenarios is shown in Fig. 4.1 [42]. Airborne
SAR has a geometry as shown in Fig. 4.1a, where the trajectory of the sensor
platform is much higher than the target scenery (Earth surface). The antenna
depicted with the aperture dimension 𝐿 denotes the radar platform which fol-
lows the flight path indicated in the illustration. The radar platform can be
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an aircraft or a satellite as the case may be. The range direction, as depicted,
is perpendicular to the flight path and tilted down towards the Earth surface,
while the azimuth direction lies along the direction of the flight path. The
beam-width of the antenna, denoted by ΔΨ, is also the angular resolution of
the radar were the SAR technique not utilised. That is all targets within the
beam would not be distinguishable from each other if the SAR processing were
not carried out on the recorded measurements.

The measurement geometry for the automotive case is illustrated in Fig. 4.1b.
The major difference to airborne SAR is that the radar platform is much closer
to the target scenery while also having a direct perspective as compared to the
airborne case where the radar platform looks down onto the target.

𝑦

𝑥

𝑧

azimuth direction

ΔΨ

𝐿SAR

range swath

𝐿

(a) Measurment geometry of airborne
SAR.

𝑦

𝑥

𝑧

azimuth direction

ΔΨ

𝐿SAR

range swath

𝐿

(b) Measurement geometry of automotive
SAR

Fig. 4.1: Comparison of traditional aerospace SAR and the adapted version
for automotive applications [42].

The extent of the beam footprint in the azimuth direction, denoted by 𝐿SAR,
is the length of the virtual (or synthetic) aperture the radar must traverse in
order to acquire a single pixel (in the azimuth direction, a line in the range di-
rection) on the ground with the theoretical best resolution possible. To resolve
a point in the azimuth direction, it has to lie in the beam footprint begin-
ning from one edge to the opposite. This way the radar acquires a complete
perspective of the target from either side [22,43].

The geometry shown in Fig. 4.1 is that of stripmap SAR where the beam
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4.1 Measurement Geometry

simply moves along the azimuth direction and everything in its path is imaged.
This is in contrast to the other modes, like the scan mode SAR in reference to
the moving beam which scans multiple swaths in range while in the spotlight
mode the beam is consistently focussed on a single region of interest as the
radar is traversed parallel to the target scenery [22]. Both scan mode and
spotlight SAR are ill suited for automotive applications, hence they are not
dealt with here. After this point, whenever SAR is mentioned, it is used to
refer to stripmap SAR since this is the SAR imaging mode which is suitable
for automotive applications.

range direction

az
im

ut
h

di
re

ct
io

n 𝐿SAR

slant
range

bore-sight
direction

beam
footprint

Fig. 4.2: Schematic illustrating the measurement geometry of automotive
SAR.

Figure. 4.21 clarifies the measurement setup for the automotive SAR case.
The azimuth direction lies similar to the aerospace case along the track or the
driving direction. The square grid denotes the individual pixels which make
up a SAR image, with each square in the azimuth direction representing an
azimuth bin while in the range direction, the range bin. Also shown in Fig. 4.2
are the two lines representing the bore-sight direction and the slant range, where

1Image of car adapted from [44], licensed under CC0 1.0 Universal (CC0 1.0), Public
Domain Dedication, https://creativecommons.org/publicdomain/zero/1.0/.
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the bore-sight represents the point of closest approach for a target in the beam
footprint. The slant range denotes the distance to a point which lies off the
bore-sight of the radar but within the beam-width (field of view) of the radar
antenna. The slant range is thus larger than the range to target at the point
of closest approach which results from the azimuth-range coupling inherent in
SAR measurement geometry. This leads to a phenomenon known as range cell
migration which will be discussed later in Section 4.3.

These range variations of the target as the sensor moves, create a Doppler
effect which can be utilised to achieve a finer resolution using a process often
referred to as Doppler beam sharpening. This change in the Doppler frequency
as the sensor moves along the track and hence a target point move across the
beam is known as a Doppler bandwidth [45].

4.2 Azimuth Resolution

The achievable azimuth resolution is dependent on the length of the virtual (syn-
thetic) aperture denoted by 𝐿SAR in Fig. 4.2 and Fig. 4.1. This represents not
only the extent of the beam footprint in the azimuth direction but also the
distance the radar platform needs to move in order to resolve a single point in
azimuth with the finest resolution possible.

The virtual aperture length for SAR can be calculated from the beam spread-
ing in proportion with the range as,

𝐿SAR = 𝜆

𝐿
𝑅, (4.1)

where 𝐿 is the largest physical dimension of the radar antenna which is being
used for SAR measurements as shown in Fig. 4.1b [24]. The azimuth resolution
for a SAR system can thus be calculated as

𝛿SAR = 𝜆

2𝐿SAR
· 𝑅 = 𝜆𝑅

2 · 𝐿

𝑅𝜆
= 𝐿

2 , (4.2)

to arrive at the expression for the theoretically best resolution attainable using
SAR [24]. The expression above suggests that a physically smaller antenna
results in finer resolution. This seems counter-intuitive in the beginning, es-
pecially when considering classical real array radars. Upon reflection however,
it becomes clear that a smaller antenna will have a much broader beam-width
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4.2 Azimuth Resolution

and therefore all points in the target scenery are ‘seen’ by the radar for a longer
duration than if the antenna was larger and hence had a narrower beam-width.

The theoretical resolution given in (4.2) is rarely ever realisable in practice
however due to numerous reasons which act together to deteriorate resolution.
Some of these reasons are discussed here. Consider Fig. 4.2 and imagine there
is a target in the direction of travel along azimuth in the distance and not
yet in the beam footprint. This target has a relatively constant (positive or
negative dependent on convention) Doppler and as it comes closer, the Doppler
component becomes non-linear shortly before becoming linear. Then once the
target reaches the point of closest return, the Doppler crosses zero before chang-
ing signs (positive or negative) and increasing linearly. The same pattern is
then repeated as the target becomes distant. In the derivation of (4.2), it was
assumed that the Doppler frequency always changes linearly with time. This
is however not entirely true, as the frequency change at the beginning and to-
wards the end of the beam footprint is quadratic with respect to time, while
in the middle it is linear. When the thus recorded signal is converted into the
frequency domain, the energy is spread over multiple frequencies, thus reducing
the resolution [46].

Another potential reason for poor resolution in the SAR image can be a
coarser range resolution, resulting from a lower frequency bandwidth signal be-
ing transmitted. If the range resolution is much coarser than the azimuth reso-
lution, the azimuth resolution will suffer since the targets have been recorded
using low bandwidth. Hence, the energy from two close targets could be placed
in the same range bin and hence even with SAR processing, these targets would
not be resolvable.

The nature of the target scenery can also present challenges for the attainable
resolution as random distributed scatterers produce noise in the SAR image
which is referred to as speckle. One example of such a target is an asphalt
road surface. The road is composed of stones which vary randomly in size
and orientation, which thus scatter the incident energy in a ‘chaotic’ manner
as shown in Fig. 3.3. The returns from multiple such targets lying in one
resolution cell are summed together and in the processed SAR image, they are
present as noise [47].

Finally, errors in the position of the radar platform or even sensor motion
can introduce phase errors which increase blurring and deteriorate resolution.
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Therefore it is of the utmost importance for SAR systems to have a reliable
and accurate trajectory information [48].

4.3 Range Cell Migration

The slant range (described in Section 4.1) changes instantaneously as the car
moves along the track. The slant range of a single point target when plotted
against the trajectory (azimuth direction) traces a hyperbola with the lowest
point coinciding with the point where the target was aligned with the bore-sight
direction of the radar and hence had zero Doppler frequency component [45].
The range cell migration inherent in SAR systems needs to be distinguished
from traditional radar processing, where range cell migration refers to the phe-
nomenon of a target moving into a different range bin during one radar mea-
surement.

This effect can be better understood by considering Fig. 4.3 which illustrates
the slant range to a point target located at 2 m in azimuth and 0.5 m in range.
As the radar moves along the track from 0 m azimuth towards the target, the
slant range starts from a maximum of 2.06 m and gradually decreases until the
target is oriented along the bore-sight direction of the radar. After this point,
the slant range steadily increases until it reaches a maximum of 2.06 m again
at the radar position of 4 m in azimuth.

This implies that when the trajectory of the target is profiled over the az-
imuth track, it moves (or migrates) through range cells over the entire duration
of exposure of the target. Thus the name of the phenomenon, range cell mi-
gration. The range cell migration can be described mathematically with the
help of a power series expansion as [45],

𝑅(𝑡azi) = 𝑅(𝑡azi,c) − 𝑣sin 𝜃sr,c(𝑡azi − 𝑡azi,c) + 1
2

𝑣2cos2 𝜃sr,c

𝑅(𝑡azi,c) (𝑡azi − 𝑡azi,c)2, (4.3)

where 𝑅(𝑡azi) is the slant range expressed as a function of azimuth time, 𝑡azi,c

is the azimuth time at the beam centre point (along bore-sight as shown in
Fig. 4.2), 𝜃sr,c is the angle between the beam centre and the slant range vector
and 𝑣 is the radar velocity.

The first term on the left hand side is the range to the scene centre along
the bore-sight direction. The second term is the linear component and the
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Fig. 4.3: Illustrating range cell migration for a single point target situated at
2 m in azimuth and 0.5 m in range.

third term is the quadratic component of range cell migration. The higher
order terms are smaller and are normally ignored. One can also calculate
the total range cell migration as well as the contributions from the linear and
quadratic components in order to decide whether the quadratic term needs
to be corrected or if it can be neglected. Usually for shorter wavelengths the
quadratic component is too small to play a significant role [45].

4.4 Processing of Data into SAR Images

Once the measurements have been completed, the data can be expressed in the
form of

𝑠if(𝑡azi, 𝜔(𝑡)) = 𝐴if𝑒
−𝑗2 𝜔(𝑡)

𝑐0

√
(𝑥azi−𝑥t)2+𝑦2

t )
, (4.4)
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with 𝑡azi representing the azimuth time (in literature also known as slow-time,
it is the time as the radar platform travels along the azimuth trajectory), 𝑓(𝑡)
the instantaneous frequency of the transmitted signal, 𝑥azi the azimuth position
of the radar and (𝑥t, 𝑦t) are the target coordinates. The range to the target
can be calculated as

𝑅(𝑡azi) =
√︀

(𝑥azi − 𝑥t)2 + 𝑦2
t ). (4.5)

The signal expressed in (4.4) forms the starting point for the SAR processing
chain. Now that the data is ready, it can be processed into images of the target
scenery. In order to accomplish this, three different processing algorithms were
evaluated during the course of this work. These are briefly discussed on the
next pages.

4.4.1 Line-by-Line Processing

This algorithm is the most basic in terms of understanding the underlying
principles of SAR. The processing is done in the (azimuth) time domain, that
is there is no Fourier transform carried out along the azimuth direction. Hence,
the processing is done serially in the azimuth direction which leads to large
computational efforts.

The finer details about the line processing algorithm can be found in [22].
Here the essence of the processing algorithm is considered. To this end consider
the geometry shown in Fig. 4.4. This shows the distances from a distant point
target, 𝑇 , to the centre (P0) of the synthetic aperture and to each of the other
locations (Pn) where a measurement was carried out.

The additional distance which the transmitted and reflected wave must travel
each way is denoted by ΔRn. And it is this additional distance which causes
a phase error that needs to be corrected for each received signal. This phase
error can be calculated for each received signal as

Δ𝑅n ≈ 𝑑2
n

2𝑅
, (4.6)

while assuming that ΔRn ≪ 2R [22]. Once each received signal has been phase
corrected, they are all then coherent and can be summed together to form a
single range profile, that is one pixel in the azimuth direction and a complete
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Fig. 4.4: Schematic illustrating the measurement geometry of automotive
SAR.

profile in the range direction. Since each azimuth pixel, or line, is processed
individually, this algorithm is thus named the line processing algorithm.

Repeating this complete process for all the measurements acquired over the
trajectory will result in a complete SAR image of the target scenery. Though
this algorithm is well suited as an entry point into SAR imaging, it is ill suited
for practical systems because of the gigantic computation load. The next two
algorithms though make use of the Doppler frequency where it is possible to
process the measurements in parallel, thus offering significant time efficiency
advantages.

4.4.2 Range Doppler Algorithm (RDA)

The necessary steps needed to process the acquired measurements into a SAR
image, using the RDA, are shown in Fig. 4.5. The first step is a Fourier
transform in the range direction, which is sometimes also referred to as "range
compression". The raw data is then in the range domain.

The demodulated raw signal after the fast Fourier transform (FFT) in range
direction has been carried out, can be written in the form [45],

𝑠rc(𝑟, 𝑡azi) = 𝐴0𝑤r(𝑡 − 2𝑅(𝑡azi)
𝑐0

)𝑤a(𝑡azi)e−j4𝜋𝑓0
𝑅(𝑡azi)

𝑐0 , (4.7)

where 𝑟 represents the range, 𝐴0 is an arbitrary amplitude, 𝑤r the range en-
velope which is usually a rectangle and is the duration of time between the
transmission and reception of the reflected signal, 𝑤a the azimuth envelope
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Fig. 4.5: Processing steps for the range Doppler algorithm (RDA) [49].

of the reflected signal that is dependent on the antenna beam pattern, 𝑅 the
range to the target and 𝑐0 is the speed of light in air.

The signal after the azimuth Fourier transform can be expressed as,

𝑆rd(𝑟, 𝑓azi) = 𝐴0𝑤r(𝑡 − 2𝑅(𝑓azi)
𝑐0

)𝑊a(𝑓azi)e−j4𝜋𝑓0
𝑅(𝑓azi)

𝑐0 , (4.8)

where 𝑅(𝑓azi) is the range to the target expressed as a function of the azimuth
frequency (Doppler). The azimuth frequency is described as,

𝑓azi = 𝐾a𝑡azi, (4.9)
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where 𝐾a is the azimuth frequency linear modulation rate (it describes how
fast the frequency changes in Hz/s) and is defined as,

𝐾a = 2𝑣2

𝜆𝑅0
, (4.10)

with 𝑅0 being the range of closest approach, that is the range to the scenery
at the point with zero Doppler. 𝑅(𝑓azi) is then defined as [45],

𝑅(𝑓azi) = 𝑅0 + 𝜆2𝑅0𝑓2
azi

8𝑣2 . (4.11)

It is important to note that the range envelope function in (4.8), which rep-
resents the signal in the range-Doppler domain, is dependent on the azimuth
frequency (𝑓azi). This is a result of the range cell migration which will be cor-
rected in the next step. The range cell migration (RCM) in the range-Doppler
domain can be expressed as,

𝑅rd(𝑓azi) = 𝑅0√︁
1 − 𝑐2

0𝑓2
azi

4𝑣2𝑓2
c

= 𝑅0

𝐷(𝑓azi, 𝑣) , (4.12)

with 𝑓c being the centre frequency of the transmitted signal (as illustrated in
Fig. 2.1) and 𝐷(𝑓azi, 𝑣) representing the range migration factor in the range
Doppler domain. The range migration factor is a measure of how much the tar-
gets wander through the range cells as the radar traverses along the trajectory
and is dependent on the difference between the range (𝑅) to the target and 𝑅0.
The range cell migration can then be corrected by carrying out an interpola-
tion from the azimuth coupled range to the range which has been compensated
using the migration factor as represented in (4.12) [45]. The signal after the
range cell migration correction then becomes,

𝑆rcmc(𝑟, 𝑓azi) = 𝐴0𝑤r(𝑡 − 2𝑅0

𝑐0
)𝑊a(𝑓azi)e−j 4𝜋𝑅0

𝜆𝐷 , (4.13)

where it can be seen that the range envelope is now independent of azimuth
frequency, thus the range cell migration has been corrected. The energy also is
now focussed in the range direction at 𝑟 = 𝑅0, the point of closest approach.
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Though the energy in the range direction has been focussed, there is still
a need to compress the signal in the azimuth direction so that a focussed
image can be acquired. The azimuth focussing can be done with the help of
an azimuth matched filter designed to be used in the range-Doppler domain,
defined as [45]

𝐻azi(𝑓azi) = ej 4𝜋𝑅0𝐷𝑓0
𝑐0 . (4.14)

After the matched filtering, an inverse Fourier transform is done in the azimuth
domain, to acquire the processed SAR image data,

𝑠ac(𝑟, 𝑡azi) = 𝐴0𝑤r(𝑡 − 2𝑅0

𝑐0
)𝑤(𝑡azi)e−j 4𝜋𝑅0

𝜆 . (4.15)

4.4.3 Range Migration Algorithm (RMA)

The final processing algorithm to be discussed within the scope of this work,
is the range migration algorithm which was initially used in seismic applica-
tions [50]. The range Doppler algorithm discussed previously has some short-
comings, for example it is assumed that the energy reflected from a target are
plane waves when they arrive at the radar sensor. This assumption may hold
true when the range to the target is large and the frequency of operation low,
however for near-range applications it would lead to phase errors which will
deteriorate the resolution in the processed SAR image. This is where the RMA
works well, as here it is not assumed that the waves are plane, rather the curva-
ture of the waves is corrected and the range-azimuth coupling is removed with
the Stolt interpolation [48].

The steps necessary for the processing of the data are mentioned in Fig. 4.6.
Each of the steps are also described briefly below.

The first step towards processing the measurements using RMA is to take the
Fourier transform in the azimuth domain. This step transforms the measure-
ment data (raw data or beat-signal) which is in the (𝑥azi, 𝑘r) domain, where
𝑥azi represents the azimuth (time domain) trajectory of the radar and 𝑘r is
the wavenumber, to the (𝑘x, 𝑘r) domain so that 𝑘x denotes the azimuth spatial
frequency which varies linearly between −𝜋

𝛿𝑥
and 𝜋

𝛿𝑥
[48]. The term 𝛿𝑥 here de-

notes the distance between two consecutive measurements, that is the spacing
between two synthetic (or virtual) array elements.
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Fig. 4.6: Processing steps for the range migration algorithm (RMA) [48].

The signal can then be expressed as,

𝑆if(𝑘x, 𝑘r) = 𝐴if𝑤r(𝑘r)𝑊a(𝑘x, 𝑘r)e−𝑗(𝑘x𝑥t−𝑦t
√

𝑘2
r −𝑘2

x), (4.16)

with 𝐴if denoting the amplitude of the signal and 𝑥t and 𝑦t are the coordinates
of a target point in the respective Cartesian axes. 𝑘r denotes the range spatial
frequency, that is the RF frequency scaled by 4𝜋

𝑐0
and is therefore defined as

𝑘r = 2·𝜔(𝑡)
𝑐0

. 𝑤r and 𝑊a(𝑘x, 𝑘r) are the range and azimuth envelopes respectively,
analogous to those introduced in (4.8) but adapted for RMA in terms of 𝑘r and
𝑘x [48].

Now that the data is in the (𝑘x, 𝑘r) domain, the next step is to remove the
range-azimuth coupling as evidenced by the azimuth envelope in (4.16). This
effect can be better understood with the help of Fig. 4.7 which visually shows
the energy spread for a simulated point target in the Range-𝑘x domain. At
this stage the signal energy traces a curve over the azimuth direction, owing to
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Fig. 4.7: Range-azimuth coupling in the (𝑘x, 𝑘r) domain before Stolt interpo-
lation [51].

the wavefront curvature of the received energy. If this range-azimuth coupling
is not corrected and azimuth compression (inverse Fourier transform in the
azimuth direction) is carried out, the energy would not be focussed to a point
as it is spread over several range cells.

On close inspection of (4.16), it is possible to see that the phase of the signal
is dependent on the term 𝑦t

√
𝑘2r − 𝑘2x where the 𝑦-axis coordinate of the target

is dependent on the slant range vector (range spatial frequency, 𝑘r) as well as
the azimuth spatial frequency 𝑘x. To correctly focus the energy on the target
points, this coupling between the range and azimuth has to be removed. This
is done using the Stolt interpolation. The Stolt interpolation is a 𝑘x dependent
non-linear interpolation which decouples the azimuth and range dimensions
by mapping data from 𝑘r to a new dimension 𝑘y which aligns with the range
direction. This mapping is given by [14],

𝑘y =
√︀

𝑘r − 𝑘x. (4.17)

The physical orientation of the dimensions of 𝑘r, 𝑘x and 𝑘y is shown in
Fig. 4.8. 𝑘r is the slant range vector, which is how the wave travelling from
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Fig. 4.8: Schematic explaining the physical orientation of the dimensions from
(4.17).

the target back to the radar propagates. 𝑘x and 𝑘y are the azimuth and range
vectors respectively, which need to be decoupled in order to acquire a focussed
SAR image.
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Fig. 4.9: Range-azimuth coupling in the (𝑘x, 𝑘r) domain after Stolt interpola-
tion [51].

Once the Stolt interpolation has been carried out, the reflected energy from
the target is now residing in a single range line. This can be seen from Fig. 4.9,
which is the plot of the signal energy after Stolt interpolation. It can be clearly
seen here that compared to the curve in Fig. 4.7, in Fig. 4.9 the curvature has

43



4 Synthetic Aperture Radar (SAR) Fundamentals

been corrected and it is now a straight line along the azimuth direction.
The final step in the RMA involves taking a two-dimensional inverse Fourier

transform (2D-IFFT) which compresses the matrix in both the range and az-
imuth dimensions. Since the signal matrix after the Stolt interpolation is uni-
form in terms of 𝑘x and 𝑘y, the 2D-IFFT simply squeezes the energy reflected
from each pixel point to its corresponding location of (𝑥t, 𝑦t).

4.4.4 Time-Domain Back-Projection SAR Algorithm

In order to have a measure of the focussed SAR images obtained from RMA, an-
other popular algorithm namely the time-domain back-projection algorithm (BP)
was used for benchmarking [52]. As the name implies this is a time domain
algorithm where the azimuth domain is not converted into the Doppler (spa-
tial frequency) domain. This presents numerous advantages as compared to
the frequency domain based processing algorithms such as RDA and RMA.
Among them is the capability of handling non-linear trajectories as well as non-
equidistant spaced measurements [53]. These advantages come at the cost of
higher computational complexity and thus longer processing times.

Nevertheless BP is often used as a reference algorithm against which other
algorithms are compared [53]. In a comparison between RMA and BP, it was
found that in difficult conditions (uncorrected motion error and non-linear tra-
jectories) the resolution of images focussed with RMA deteriorates sharply,
while the images delivered by BP are mostly unaffected [54].

As the BP algorithm is used in this work for benchmarking purposes and is
not a central part of the work, a detailed handling is not presented. For a more
in-depth discussion of the algorithm, it is suggested to refer to [52,55–57].

4.5 Concluding Remarks

Over the previous pages, it was discussed how automotive SAR applications
differ from aerospace ones before the processing of acquired measurements was
presented. Only the processing algorithms used in this work were discussed in
a very condensed form, therefore a thorough literature study is recommended
to gain a better understanding of the involved concepts.
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Now that the fundamentals have been covered, the next chapters will present
the measurements and results which were accomplished during this work.
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5 Polarimetric Radar Cross-Section (RCS)
Measurements of Traffic Objects

Ever since radars were first used extensively, the identification of targets based
on their radar signatures has been important for aerospace radar systems and
is always a topic of research interest [22].

Similarly in the automotive scenario, the importance of radar signatures of
various traffic participants cannot be ignored. One important example of this is
the issue of debris on the roads. This can be especially dangerous if the debris
were lying on a major motorway where cars are expected to be driving at well
over 100 km/h. It is then crucial for the car to make a decision whether the
object in front of the car can safely be traversed over or whether an emergency
braking manoeuvre is necessary [58].

5.1 Previous Research and Objectives

In the recent years there have been some efforts to investigate the radar cross-
sections of various objects commonly found in typical traffic scenarios. Some of
them have attempted to characterise vulnerable road users such as pedestrians
at the communication frequencies as such signals are becoming ubiquitous in
urban environments [59]. Meanwhile RCS measurements of humans in the
77 GHz band are reported in [60].

There are also some results published for the RCS signatures of various au-
tomobiles where the results have been simulated as well as measured [61, 62].
Additionally a polarimetric RCS characterisation of a passenger car (sedan) is
also reported [63]. However, there have been no published results for the RCS
measurements of traffic signs, guide and metal posts characterised in the co as
well as cross-polarised channels.

The objective of the research presented in this chapter was to investigate
whether typical traffic objects behave differently when they are illuminated by
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(a) Horns with identical beam patterns. (b) Square feed of horns.

Fig. 5.1: The fabricated horn antennae. Image taken from [64].

horizontal or vertically polarised waves. Also of interest is the behaviour of the
cross-polarised channel with respect to the different traffic objects and viewing
angle.

Though before the measurements can start, it is first necessary to consider
the antennae with which such polarimetric RCS measurements can be carried
out. This will be done in the next section. Once this is accomplished, the RCS
measurements can be tackled.

5.2 Design of Polarimetry Capable Antennae

For the successful polarimetric characterisation of traffic objects, it was first
necessary to design and fabricate antennae which are orthogonally polarised,
yet have identical beam patterns.

The additional requirement which too had to be met was that the fabricated
antennae have strong polarisation decoupling which would allow the objects to
be characterised.

Keeping in mind these requirements, it was decided to design horn antennae
since they have the capability to provide strong polarisation decoupling as well
as the larger gain associated with these antennae types.

Figure 5.1a shows the two horn antennae that have been designed and fabri-
cated having identical patterns. Since the aperture has a larger dimension in
elevation, the beam is narrow in elevation but in azimuth, the beam is much
broader. This is necessary for the RCS measurements to ensure that the traffic
signs which are characterised lie completely in the main beam to avoid multiple
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5.2 Design of Polarimetry Capable Antennae

reflections between regions of the object that lie in the main beam and those
that do not. The other advantage is for polarimetric SAR which also made
use of the same antennae. It is an advantage to have a broad beam-width in
azimuth to achieve fine resolution SAR images.

The requirement of identical patterns for the horn antennae led to another
issue, which required an innovative solution. A pair of orthogonally polarised
horn antennae, usually have their feeds rotated by 90∘ with respect to each
other. This would imply that the apertures are rotated by 90∘ as well, which
would defeat the purpose of having identical apertures in the first place. This
puzzle was solved by designing a square shaped feed for both the horns, which
provided rotational symmetry and hence the apertures would not have to be
rotated with respect to each other but still be orthogonally polarised. A sepa-
rate transition block was thus designed which would gradually taper from the
rectangular E-band (WR-12) waveguide feed into the horn compatible square
feed. The square feed and the transition are shown in Fig. 5.1b. On the right
hand side in the image is the horn with its side where the transition is fixed,
while on the left is the designed transition block with its horn compatible side
shown.

The transition block gradually tapers the waveguide from a square (𝑎 x 𝑎 di-
mensions) to a rectangular shape corresponding to the E-band (3.1 mm x 1.5 mm)
waveguide. Thus by rotating the transition by 90∘, the antenna polarisation is
changed as well.

Figure 5.2 shows a plot of the measured gains of the pair of fabricated an-
tennae between 77 GHz and 81 GHz. Below about 80 GHz, the difference in
gain between the two antennae is approximately 1 dB. However, above 81 GHz
the difference between the gains is at most 0.5 dB. This difference cannot be
avoided in reality since there are tolerances in the fabrication process where
some minor deviations can occur in the sub-mm range.

The azimuth beam patterns of the fabricated horn antennae are shown in
Fig. 5.3. Shown is the co-polarised as well as the cross-polarised pattern.

As can be seen, the designed horn antennae have a strong polarisation de-
coupling capability of 27 dB at a minimum. Both horn antennae also have a
measured gain of 17 dB.
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Fig. 5.2: Measured co-polarised gains of the fabricated horns.

5.3 Measurement Setup and Calibration

The radar cross-section (RCS) measurements were carried out in an anechoic
chamber to reduce reflections from random objects as well as to minimise multi-
path reflections. The target was fixed on a rotary stand which was programmed
to rotate in steps of 1∘ starting from 0∘ and ending at 359∘. In between
two steps, the radar would make a measurement, so that the RCS could be
calculated from every point of view in azimuth. The measurement setup is
illustrated in Fig. 5.4a where the positions of the target and the sensor are
shown. Fig. 5.4b shows one of the target traffic signs placed on the rotary
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Fig. 5.3: Measured co-polarised (solid) and cross-polarised (dotted) beam pat-
terns of the fabricated horns. Image adapted from [64] c○2017 IEEE.

stand for RCS measurements. The range to the targets placed on the rotary
stand was measured to be 5.8 m.

However, before the radar cross-section measurements could be done, the
measurement setup including the radar and the signal processing chain first
had to be validated. In order to calibrate the sensor three simple targets were
employed: a metallic sphere and two metal plates. The actual calibration was
accomplished using the sphere, exploiting the polarisation neutral properties
of spheres. The calibration sphere was placed at the same range as the actual
targets and the reflected power measured. Then using the theoretical RCS
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Traffic
sign on
rotary
stand

Sensor

(a) Schematic of measurement setup. (b) Warning sign placed on rotary stand
(shown here at the 180∘ position, see
Fig. 5.5).

Fig. 5.4: RCS measurements setup. Image taken from [64].

of a sphere (RCS: 𝜎sph = 𝜋𝑟2 in the optical region where 𝜆 ≪ 𝑟), the radar
cross-sections of the metal plates are calculated as described below.

Using (2.16), the ratio of the scattering power from the calibration sphere
can be expressed as [65],

|𝑆sph
21 | = 𝑃 sph

Rx
𝑃Tx

, (5.1)

= 𝐺2𝜆2

(4𝜋)3𝑟4 𝜎sph,

= 𝑘𝑠𝜎sph, (5.2)

where 𝑃Tx is the transmitted power, 𝑃 sph
Rx is the power received after reflection

from the calibration sphere, 𝐺 is the antenna gain, 𝑟 is the range to the sphere
and 𝑘𝑠 is a measurement setup constant which does not change as long as the
measurement conditions and the set-up remain consistent.

Repeating the measurement now for a different target object, for example a
metal plate,

|𝑆t
21| = 𝑃 𝑡

Rx
𝑃Tx

,

= 𝑘s𝜎t, (5.3)
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with 𝜎t representing the RCS of the target object analogous to 𝜎sph of the
sphere and 𝑘s is the constant representing the measurement setup, both of
which were introduced in (5.2) earlier. The radar cross-section of the target
object (𝜎t) can then be calculated by dividing ( 5.3) by (5.2) and multiplying by
the theoretical RCS of the sphere [65]. Rearranging the equation and expressing
it in logarithmic form gives

𝜎t|dBsm =
⃒⃒
𝑆t

21
⃒⃒
dB −

⃒⃒
⃒𝑆sph

21

⃒⃒
⃒
dB

+ 𝜎sph|dBsm. (5.4)

The results of the calibration process are described in Table 5.1. Once the
RCS of the sphere was measured, the measurement was repeated for two metal
plates and the measured RCS of the sphere used to calculate the RCS of the
metal plates. As the difference between the theoretical and the measured RCS
of the plates is small, the measurement setup and the subsequent signal pro-
cessing chain has been verified as valid.

0∘/360∘ 90∘ 180∘ 270∘

Fig. 5.5: Orientation of guide post (top) and traffic signs (bottom). Image
taken from [64].

Fig. 5.5 serves to illustrate the orientation of the target traffic signs and
objects when they were fixed to the rotary stand. The orientation scheme
shown in Fig. 5.5 has been kept consistent throughout the measurements and
hence the results discussed in the next section have all been obtained by use of

Tab. 5.1: RCS calibration values.
Calibration Object Dimensions (cm) Theoretical RCS (dBsm) Measured RCS (arb. u. (dB))

Sphere � 30 −11.5 −97.1
Test Object Dimensions (cm) Theoretical RCS (dBsm) Measured RCS (dBsm)

Plate 9.1 × 7.1 15.4 13.3
Plate 8 × 8 15.3 11.0
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this orientation scheme. At 180∘, the traffic sign is positioned such that the flat
surface is aligned perfectly to the radar sensor, hence, the strongest specular
reflection can be expected at this position.

The parameters of the radar sensor used for measurements within the scope
of this work are summarised in Table 5.2. The finer range resolution, thanks to
the high bandwidth allowed easy detection of behaviour patterns of the targets
as they were rotated through.

Tab. 5.2: Radar parameters
Parameter Quantity
Centre frequency 79 GHz
Bandwidth 4 GHz
Sampling frequency 6.25 MHz
Range resolution 3.75 cm

It is pertinent to mention here that the RCS measurements described in this
chapter were all carried out in the near field region. This is logical since the
traffic signs are almost always in the near field region as far as automotive
radars are concerned. This is because even the smallest traffic signs have at
least one dimension with a size of approximately 50 cm, which would place the
far field region at more than 128 m. This distance is already at the boundary
of the operational range of an automotive radar and the far field distance for
larger signs would lie even further away [64].

5.4 Discussion of the Results

The results of the radar cross-section measurements are presented in the fol-
lowing sections. The behaviour of VH and HV was identical in all the measure-
ments, hence only VH has been plotted in all the results for this chapter.

Guide and Metal Post

One of the most ubiquitous objects found in traffic are the black and white
guide posts along the sides of the country roads and autobahns. The first
measurement result is the comparison of the radar cross-section of one such
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guide post and that of a cylindrical metal post which is most often used to affix
traffic signs. However for the purposes of this comparison, the measurement
was carried out without any traffic signs fixed to the metal post, that is just the
bare metal post was used as a target. The height of the guide post is 173 cm
while the height of the metal post is 210 cm.
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Fig. 5.6: RCS of metal and guide post (height of guide post is 173 cm, height
of metal post is 210 cm). Image taken from [64].

Figure 5.6 displays the comparison of the RCS of both the guide and metal
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posts. The black lines represent the guide post, while the red lines the metal
post. The metal post has a uniform co and cross-polarised RCS signature which
can be understood when the symmetric structural form is taken into account.
Since it has a smooth cylindrical surface, strong specular reflection is expected
only from the small portion of the surface which is oriented at a right angle
to the radar sensor. Any incident waves on the curved surface are deflected
away. Therefore almost all of the incident waves experiencing a depolarisation
are deflected away from the radar leading thus to a much lower cross-polarised
RCS signature as compared to the co-polarised RCS.

The guide post on the other hand, reflects back much less incident energy,
which is understandable considering the fact that the guide post is manufac-
tured from a dielectric material. However, due to the shape of the guide post,
as shown in Fig. 5.5, the RCS signature has some unique characteristics which
can be understood once the shape is taken into account. The guide post has
two distinct sharp peaks at 105∘ and 255∘ in both the co and cross-polarised
pattern. These couple of angles correspond to the points where the two broad
sides of the guide post are oriented such that the specular reflection from the
surface of the guide post are aligned with the radar, resulting in a larger amount
of received power in this particular orientation.

At all other angles, the incident energy is deflected away from the radar sensor
by the curved sides of the guide post which leads to a lower RCS signature.
Armed with this knowledge it is possible to differentiate between a guide and
metal post. It is not a necessity that the metal post be the post used to hold
up traffic signs, rather it could also be the bottom half of a traffic or street light
for example. The bottom half because this effect is most useful at close ranges
when the traffic sign is too high to lie in the main beam of the automotive
radar sensor, which usually finds its place low in the front bumper. Therefore,
if the received power demonstrates sharp peaks in the co-polarised as well as
cross-polarised patterns, one can deduce that the object is a guide post. On the
other hand, if the received power does not fluctuate but maintains a uniform
profile, the target must be a cylindrical object [64].

Traffic Signs

The results of the measurements carried out with the traffic signs are shown
in Figs. 5.7-5.10. Here the RCS patterns for four traffic signs of gradually
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increasing size are shown.
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Fig. 5.7: RCS of priority sign (57 × 57cm). Image adapted from [64] c○2017
IEEE.

Figure 5.7 shows the RCS pattern for the priority sign, which is also the small-
est of the traffic signs used for measurements. Shown are the two co-polarised
patterns HH and VV as well as the cross-polarised pattern VH. At first glance,
the behaviour of all three patterns seems to be very similar other than the
obvious amplitude offsets between the co and cross-polarised returns (≈15 dB)
corresponding to the polarisation decoupling and between HH and VV (≈3 dB)
which is due to the difference in gain as discussed in Section 5.2 and shown
visually in Fig. 5.2. Upon closer scrutiny it is possible to see that in the vicin-
ity of 180∘, the co and cross-polarised patterns differ significantly. This will be
discussed in detail later.

At 180∘ the traffic signs are aligned perpendicularly to the radar sensor and
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hence a maximum of the incident energy is reflected back towards the radar.
However, as the sign is rotated, the traffic sign deflects the incident energy away
from the radar, thereby reflecting minimum energy towards the radar [27]. This
effect is explained graphically by Fig. 5.11a.

In the region between approximately 270∘ and just before 360∘ as well as
between just after 360∘ and 90∘, the back of the traffic sign and the metal post
used to hold up the traffic sign form a simple dihedral corner as illustrated
in Fig. 5.11b. This effect reflects a significant portion of the incident energy
back towards the radar. This phenomenon has been reported previously in
literature [66].

In Figs. 5.8 to 5.10 are shown the same RCS signatures (HH, VV, VH) for the
speed limit, warning and location signs. Each of these signs are progressively
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Fig. 5.8: RCS of speed limit sign (� = 60 cm). Image adapted from [64]
c○2017 IEEE.
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Fig. 5.9: RCS of warning sign (75 × 50cm). Image adapted from [64] c○2017
IEEE.

larger and in particular for the warning and location sign, wider than the pre-
vious ones. This fact is crucial for the analysis which follows. Upon examining
the plots, it becomes evident that the peak at 180∘ is not sharp, rather there
is some peak splitting. The peak splitting is even more pronounced for the
cross-polarised pattern. For the co-polarised pattern, a plateau is formed and
the width of this plateau is dependent on the width of the traffic sign; the wider
the traffic sign, the wider is the plateau formed in the vicinity of 180∘. The
smallest traffic sign, the priority sign, in Fig. 5.7 has the slimmest peak while
the location sign in Fig. 5.10 the broadest. This is contrary to expectations
as literature shows that large metal plates have narrower RCS patterns when
aligned with the radar and the traffic signs are metal plates. This phenomena
is discussed in detail on the following pages.
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Influence of the Near Field on RCS Measurements

To permit studying the effects described in the previous section, where the
broader a traffic sign was the wider was the peak in the RCS signature when
the traffic sign is oriented at bore-sight (at 180∘) to the radar sensor, the
previous RCS measurements were repeated. However, this time the goal was
to gain a closer view of the peak at 180∘, to enable greater scrutiny of the
described behaviour. This was accomplished by firstly limiting the rotation of
the traffic signs between 170∘ and 190∘ and secondly by reducing the step size
from 1∘ to 0.1∘.

Initially, the measurement was carried out for the warning sign and its
zoomed RCS signature thus obtained is shown in Fig. 5.12. Here it is pos-
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Fig. 5.10: RCS of location sign (100×65cm). Image adapted from [64] c○2017
IEEE.
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(a) Sign deflecting incident energy. (b) Corner formed by sign and pole.

Fig. 5.11: Behaviour of traffic sign dependent on orientation. Image taken
from [64].
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Fig. 5.12: RCS of warning sign zoomed in between 170∘ and 190∘. Image
adapted from [64] c○2017 IEEE.

sible to observe in more detail the profile of the RCS pattern as the traffic sign
is rotated through the angle at which it is aligned to the bore-sight (180∘) of the
radar sensor. At first glance it becomes clear that the HH and VV patterns are
very similar except for the 3 dB difference in amplitudes, which was discussed
earlier in Section 5.4.
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The HH and VV patterns form a plateau between approximately 177∘ and
184∘ which runs counter to what has been observed when the RCS pattern of a
large metal plate has been measured [27]. However, for all such studies, it was
ensured that the metal plate whose RCS is being measured was placed with
such a separation from the radar sensor being used, to ensure that the metal
plate is in the far field region of the radar and vice versa.
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Fig. 5.13: Zoomed RCS of metal plates of varying sizes (co-polarised: VV).
Image taken from [64].

The RCS signatures presented in this chapter have all been measured in the
near field region however, for reasons discussed in Section 5.3. Therefore there
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Tab. 5.3: Far field region of metal plates (& Traffic Signs).
Object Dimensions (cm) Fraunhofer Distance (m)

Small Plate 13.5 × 12.5 9.4
Medium Plate 50 × 30 129
Warning Sign 75 × 50 281

Large Plate (Location Sign) 100 × 65 500

is a significant departure from the RCS patterns of metal plates reported in
literature. Similar RCS patterns have previously been reported in scientific
publications [67–69]. The measurement with the zoomed in RCS signature was
repeated with additional three metal plates (including the location size, the
largest metal plate) and the results plotted together in Fig. 5.13.

Here the plot displays the RCS signatures starting from a small plate plotted
in black to the largest plate plotted in green. It can readily be seen that the
breadth of the plateau is successively wider for each step in size. The dimensions
and the Fraunhofer distance for each metal plate used in the measurements are
summarised in Table 5.3.

From Fig. 5.13 it is possible to see that the RCS of the three largest plates
are very similar in characteristic, except for the width of the plateau. The RCS
signature of the small plate though resembles that of a metal plate placed in
the far field. From Table 5.3, it is possible to see that the far field region of
the small plate begins from 9 m away. The effects though can already be seen
at 6 m range where the metal plates were placed. Thus, there is a narrow peak
at 180∘, and the side-lobes are approximately 11 dB below.

The results presented are in harmony with the theoretical knowledge as in the
near field the waves are spherical and cannot be approximated as plane waves.
This holds specially true, the larger the target object becomes. Therefore, the
tips of the wave reflected from the target cover a distance which is different from
the distance the middle part of the wave travels. This causes a phase difference
which in turn leads to stronger interference effects at the radar. On the other
hand, the waves in the far field region are no longer spherical but plane which
ensures that a narrow lobe corresponding to the direction of specular reflection
is formed as there is a negligible phase difference between the tips and the crest
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of the wave [64].

Effects of Plate Edges on Cross-Polarised Returns

Thus far only the co-polarised RCS patterns had been discussed, but now the
behaviour of the cross-polarised RCS pattern shall be examined. It is possi-
ble to see the cross-polarised RCS pattern of the warning sign in Fig. 5.12.
One can clearly recognise a pattern here of sharp peaks and troughs occurring
periodically.

In order to analyse this effect it is important to understand that the cross-
polarised RCS signature in Fig. 5.12 shows the depolarised return from the
target. That is, the incident polarised waves, which were horizontally polarised
in the present case, had their state of polarisation rotated, so that they were
vertically polarised instead. Between 170∘ and 190∘ the edges of the traffic
sign cause the rotation of the polarisation [70]. The metal plate (warning
sign) is only capable of reflecting the co-polarised waves back. The peaks in
Fig. 5.12 occurs at locations where the waves interfere constructively, while at
the troughs destructive interference takes place.

Taking into consideration the fact that the edges of the traffic signs (or metal
plates) are responsible for the depolarisation of the incident waves, it is possible
to hypothesise that wider traffic signs will produce a larger number of peaks
and troughs, since even a small rotation of a large plate, causes large changes
in the path differences of reflected waves and therefore presents greater chances
or locations where the conditions for interference are fulfilled.

The cross-polarised patterns of the same set of plates whose details are
discussed in Table 5.3, are illustrated in Fig. 5.14. Here the smallest metal
plate (plotted in black) produces only one peak analogous to the one shown in
Fig. 5.13. The medium sized plate has three distinct peaks and is roughly four
times wider than the small plate. The next step in width is presented by the
warning sign which is 25 cm wider than the medium plate. This corresponds to
four peaks in the cross-polarised pattern in Fig. 5.14. The periodical increase of
the peaks holds for the largest plate (the location sign) as well where another
step of 25 cm in the width of the sign corresponds to five peaks in the RCS
pattern.

It can be readily inferred with the help of Table 5.3 and Fig. 5.14 that the
interference of the waves follows a periodic pattern, as each 25 cm step in width
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Fig. 5.14: Cross-polarised (VH) RCS patterns of the metal plates and the
warning sign. Image taken from [64].

resulted in one more peak in the RCS pattern.
It has therefore been shown that the number of peaks in the cross-polarised

RCS pattern are directly dependent on the breadth of the traffic signs as the
larger signs present more opportunities where interference could occur.

5.5 Concluding Remarks

Over the previous pages, the results of the radar cross-section (RCS) measure-
ments were presented and thoroughly discussed. Keeping the mentioned points
in mind, it is necessary to briefly discuss how these results could be useful for
automotive radars.

Some of the results presented could be helpful for some of the topics which are
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currently being dealt with in research, for example self localisation and creation
of grid maps. Here it may be useful to differentiate between the different objects
which may be found in the automotive environment. The ability to distinguish
between a metallic post and a dielectric guide post as discussed in Section 5.4
would make the task of localisation easier. Additionally, it could also help in
pre-crash sensing to ascertain in advance whether the imminent crash is with
a hard metal object, where the change in momentum will be abrupt or with a
softer plastic object which will not deliver such a sharp change in momentum.
This information will definitely help in the pre-crash preparations carried out
in the premium segment cars [71].

Judging whether placing a polarimetric radar sensor in cars is advantageous
cannot be decided purely on the basis of the results presented on the previous
pages. Though there was hardly any difference to see between the horizontally
and vertically polarised RCS signatures, having an additional polarisation chan-
nel might offer a useful advantage in other avenues. This should become evident
once the results obtained from clutter analysis are presented in Chapter 8.
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Synthetic aperture radar has been used widely in the space and aerospace
industry for decades as discussed in Chapter 4, however in this chapter, a new
application, namely for the automotive sector, will be discussed.

The application of SAR to the automotive scenario is promising, since with
conventional methods it is not possible to acquire information of stationary
objects with a fine resolution. Moving targets separated by only a small dis-
tance (for example one car overtaking another) can still be discriminated as
they would not have the same Doppler signature [23]. Indeed this can help
in detecting and classifying the moving objects as cars, pedestrians or even
inline skaters who can be classified based on their unique micro-Doppler signa-
tures [72].

Closely spaced stationary targets are much more difficult to resolve accu-
rately with the use of conventional radar signal processing. However with SAR
it is possible to resolve stationary targets with a very high resolution such that
the contours of parked cars, for example, can be accurately resolved. An ad-
ditional advantage with SAR is that weak targets which would normally be
hidden by the noise floor, can most often be rendered visible by SAR. This is
due to the fact that with SAR, a large number of measurements are coherently
integrated, which sinks the noise floor (since noise is random) while the weak
target is made stronger since it is deterministic.

Therefore from the resulting images, it is possible to distinguish between the
different stationary targets. The high resolution images provided by SAR can
also be used for generating grid maps of the area surrounding the streets along
which a car travels [73].
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6.1 Why is Automotive SAR Needed?

To clarify what has been described in the previous paragraphs, consider the
diagram in Fig. 6.11.

Fig. 6.1: Measurement geometry for automotive SAR. Scenario where the red
car drives by the parked blue cars, looking for a spot to park.

Shown here is a situation which is ubiquitous in traffic situations in prac-
tically every city of the world. Though the exact situation may be vary, the
principle is the same. There is a line of cars parked, lengthwise with some gaps
in between. To accomplish a robust automated parking facility, it is necessary
to first find these gaps existing in the line of parked cars and then, secondly,
to arrive at a decision whether this gap is large enough to accommodate the
vehicle being driven.

To accomplish this chain of decisions, the parking system needs inputs of
the scenario which deliver quality information, on the basis of which, it could
make a decision which fulfils the requirements of the situation, whether or not
the gap is large enough and also if there are potentially any obstacles blocking
the space or perhaps adjacent to it.

So far automated parking systems have been implemented with a combina-
tion of ultrasound parking sensors and short range radar sensors which can
deliver images of the scenery. Unfortunately, both of these methods do not
deliver high resolution information of the environment, due to which these sys-
tems face a situation where a skilled driver may be able to park the car into
tight spaces himself, while the system judges the gap to be too small. To
complicate the matters further, consider the situation shown in Fig. 6.1 again.
There is a fire hydrant placed next to the parking space. Using conventional

1Image of car adapted from [44], licensed under CC0 1.0 Universal (CC0 1.0), Public
Domain Dedication, https://creativecommons.org/publicdomain/zero/1.0/.
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methods, it would not be possible for the automated parking vehicle to recog-
nise that the fire hydrant is not blocking the parking space, rather it is placed
well to the side.

This is the type of situation which is ideally suited for the deployment of
synthetic aperture radar (SAR) as it can deliver high resolution images of the
scenario using the same short range radar sensor. As it will be shown later in
the chapter, with SAR it is possible to make out the contours of the parked
cars as well other objects which may be found in traffic situations.

6.1.1 Previous Research and Objectives

The previous years have seen numerous implementations of automotive SAR
being published [74–80]. In the beginning it was required to adapt the existing
SAR algorithms from aerospace to automotive scenarios as well as to investigate
the effects of sensor motion on the processed SAR images [74]. Based on the
lessons learned here, it was possible to image a typical parking scenario by
building a SAR demonstrator [75]. A gyroscope and an acceleration sensor
were used to provide motion compensation information.

To support the ever increasing applications of neural networks based algo-
rithms for camera systems in the cars, today the graphics processing unit (GPU)
is gradually becoming commonplace in cars. Hence, the GPU could also be used
for speeding up the processing for SAR [77, 78, 80]. This represents significant
progress from ‘offline’ processing, where the measurement data processed after
collection on a computer which itself may not be part of the measurement set-
up, to ‘online’ processing. Here the data is processed as soon as it is available
while new data is being acquired in the background.

All of the previously published implementations of automotive SAR have
been accomplished with the help of expensive GNSS and IMU based dead-
reckoning systems for gathering the trajectory information. These systems
though useful for research efforts, do not translate well into commercial use.
For automotive SAR to have a realistic chance of making its way into cars of
the future, it is necessary to prove that it can be implemented at a lower cost.
If SAR is indeed brought onto the automotive market, it would be implemented
using the short range radars placed in the front corners of the car. The short
range radar is usually a much more economically priced sensor when compared
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to the long range radar and it is therefore important to keep the complete cost
to a minimum.

The central goals of the work presented here are

1. to adapt existing SAR algorithms from their original aerospace and space
applications to automotive applications,

2. to identify the most suitable processing algorithm for the automotive
scenario,

3. and to develop and present a low cost implementation of automotive SAR
which demonstrates that SAR can indeed function without the use of cost
intensive sensors for gathering trajectory information.

6.2 Automotive Synthetic Aperture Radar (SAR)
Measurements

The implementation of automotive SAR can be cleanly divided into two phases.
In the first phase, the goal was to investigate the feasibility of applying SAR
algorithms for automotive applications. As such, the tasks involved identifying
and adapting suitable existing SAR algorithms to the automotive requirements.
Among other things, it concerned carrying out measurements with a 77 GHz
radar sensor where the wavelength of operation is in the vicinity of 4 mm as
opposed to a metre or more in aerospace and space SAR applications. Hence,
in this phase, the motion of the car was simulated by using a linear rail unit
which carried out stop and go measurements.

In the second phase, once the correct algorithms and processing techniques
had been identified, the goal was to develop a realistic demonstrator as a proof
of concept. These two phases each presented their unique challenges and op-
portunities which are handled on the next few pages.

6.2.1 Rail-SAR Measurements and Results

The first SAR processor to be implemented was the line-processing algorithm
which is based in the time domain and hence lying on the far end of the spec-
trum with respect to the computational efficiency as discussed in Section 4.4.1.
The line-processing algorithm was chosen since it is a good entry point into
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the topic and the concept of SAR can be effectively grasped through the un-
derstanding of the processor.

The radar parameters corresponding to the sensor used for the measurements
carried out in the scope of automotive SAR are given in Table 6.1.

Tab. 6.1: Radar parameters
Parameter Quantity
Centre frequency 79 GHz
Bandwidth 4 GHz
Sampling frequency 6.25 MHz
Ramp length 1024 Samples
Ramp repetition interval 850 µs

The radar sensor used for SAR measurements was a prototype designed at the
institute for imaging purposes and was not capable of providing a sharp chirp
rate. This was not particularly an issue for measurements with the rail unit,
but did lead to restrictions in the implementation of a realistic demonstrator
as will be discussed later in Section 6.2.2.

Fig. 6.2: Measurement set-up, front view of car. Length of rail unit trajectory
is 4 m and closest range to the car is 1.6 m.

The measurement setup consisting of the linear rail unit is depicted in Fig. 6.2.
The rail unit can be seen with a radar sensor fixed to it. The rail unit and the
radar sensor were controlled by the same computer, hence the movements and
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measurements done by the sensor were always in sync. The step size of the rail
unit was fixed to 0.5 mm. This ensured that the Nyquist sampling criterion was
easily fulfilled, since according to the strictest conditions, a new range profile
of the target scenery is required every 1 mm, since this is the 𝜆

4 criterion to
avoid azimuth target ambiguities [22].
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(a) SAR image obtained through line process-
ing algorithm.
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(b) SAR image obtained by range Doppler al-
gorithm.

Fig. 6.3: Processed SAR images of the measurement scenario from Fig. 6.2.

The processed SAR images corresponding to the measurement setup from
Fig. 6.2 are illustrated in Fig. 6.3. Figure 6.3a has been obtained from the line
processing algorithm. Since the processing here is done in the time domain,
without assuming that the received waves are plane (see Section 4.4.3), the
SAR image thus obtained is the most accurate representation of the scene be-
ing imaged [22]. This however comes at a much higher computational cost (see
Section 4.4.1). Figure 6.3b depicts the same scene in a SAR image which has
been obtained by the range Doppler algorithm (RDA). As discussed in Sec-
tion 4.4.2, RDA processes the measurements in the Range-Doppler domain,
that is the azimuth frequency domain. Hence the processing is much more effi-
cient (approximately 80% to 90%), compared to the line processing algorithm.
The trade-off though is that the the curvature of the waves is not compensated
completely as the received energy is assumed to be from plane waves [45]. This
can lead to inaccurate images of the scene, though in the typical applications,
the error is too small to be of serious concern.
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Fig. 6.4: Measurement result of rear right side of car from Fig. 6.2 obtained
from RDA.

For the next measurement scenario, the rear right side of the same car shown
in Fig. 6.2 was the target. The SAR image for this is shown in Fig. 6.4 which
has been obtained from RDA. Here it is possible to see the reflections from
the rear bumper of the car between approximately 1.25 m and 2 m in azimuth.
Since this is made of plastic, the amplitude of the reflected signal is not as
great as that from a sheet of metal, like the door starting from 2.5 m. In
between, around 2.1 m in azimuth, is the wheel housing of the car. The wheel
itself reflects strongly, due to the numerous layers (rim, brake pads, and wheel
mounting for example) of metal which comprise the wheel itself. However, it
is also possible to see reflections from behind the wheel, which are due to the
wheel housing, that is also composed of metal. The range figure is spread due
to the multiple bounces within the curved space of the housing before the signal
arrives back at the radar sensor.

For all subsequent SAR processing, the line processing algorithm was grad-
ually phased out owing to its computational expenses and little advantage
presented by time domain processing as compared to RDA.

In order to investigate the ability of the SAR algorithms to resolve even small
details of the target scene, a measurement of the scenario depicted in Fig. 6.5
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was carried out. Here it is possible to see the rail unit based measurement
setup in better detail. The two cars were parked close together to mimic an
ubiquitous scene in parking garages, particularly in inner cities where cars are
very often squeezed together. The gap between the cars was measured to be
62 cm.

Fig. 6.5: Measurement setup simulating a parking scenario. Image taken
from [81].

The processed image of the measurement scenario from Fig. 6.5 is shown
in Fig. 6.6. It is immediately clear that the two parked cars have been dis-
tinctly resolved. The gap between the two cars can also be made out to be
approximately 60 cm.

An interesting observation that can be made from Fig. 6.5 is that the car on
the right has a stronger reflection than the car on the left. This is explained
by the fact that the car on the right has a bumper which is smaller, that is,
it protrudes less from the body of the car. The difference in the depth of
the bumper of the two cars was measured to be 5 cm. This explains why the
reflection for the car on the left, which has a thicker bumper, the power reflected
is less. For the car on the right, more of the transmitted energy was able to
penetrate the bumper and be reflected from the metal underneath. While for
the car on the left, more of the energy was attenuated by the thicker sheet of
plastic in the bumper.
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Fig. 6.6: Measurement result of two cars rear view from Fig. 6.5. Image taken
from [81].

The results of this measurement are the proof of concept which prove the
feasibility of the application of automotive SAR for parking applications [81].

Achievable Azimuth Resolution

Now that the first SAR measurements have been processed and presented, it
is useful to investigate what azimuth resolution can be achieved using this
measurement set-up. In Chapter 4 the theoretical azimuth resolution was in-
troduced as 𝐿

2 according to (4.2). As discussed in Section 4.2 this theoretical
azimuth resolution cannot be achieved in practice due to numerous reasons,
some of which were discussed in that section.

In order to gauge the achievable azimuth resolution, an impulse response
function (IRF) of the system is needed. For this a point target is used, usually
a corner reflector and its processed SAR image is analysed. To do this the
intensity response of the image is plotted for the range bin which has the point
target over the complete azimuth trajectory. Just such a plot is shown in
Fig. 6.7 for the linear rail based measurement set-up and RDA processor.

To estimate the achieved resolution, one reads the azimuth spread at the
point which is 3 dB weaker than the maximum of the point target. This spread

75



6 Automotive Synthetic Aperture Radar (SAR)

−0.5 0 0.5 1 1.5 2 2.5 3 3.5 40

5

10

15

20

25

30

Azimuth Axis (m)

N
or

m
al

ise
d

Po
w

er
(d

B
)

Fig. 6.7: Impulse response function plotted for the range-Doppler algorithm
using the linear rail.

is shown by the red arrows in Fig. 6.7. The complete spread indicated by the
red arrows is 150 mm. The best achieved resolution is then half of this, that
is 75 mm since if another point target was placed next to the current one with
a spacing of 75 mm, it would be possible to just about differentiate between
the two targets. In the case of larger targets however, the reasonable expected
resolution would be closer to 150 mm.

The theoretical azimuth resolution is 2 mm which is very different from the
achievable resolution of 150 mm. Some possible reasons for this in addition to
those discussed in Section 4.2 are the position inaccuracies resulting from the
rail unit. The rail unit is driven by a stepper motor which turns and pulls a
rubber belt which in turn moves the radar fixed to the movable platform. Any
small errors in the step size would thereby contribute to minor degradations
in the achievable resolution. At the frequency of 77 GHz, the wavelength is
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roughly 4 mm, thus even small position errors are in proportion to the wave-
length larger.

A mathematical description of the tolerance limit for along track position
errors can be obtained using (4.6) [22]

𝜑e = 2𝜋

𝜆
(2Δ𝑅e) = 2𝜋

𝜆

(︂
𝑑2

e
𝑅

)︂
, (6.1)

where 𝜑e represents the phase error, 𝑑e the along track error distance, 𝑅 the
range to the target and Δ𝑅e the difference between the expected and actual
paths to and from the target. Setting the maximum tolerable phase error to 𝜆

4 ,
one can solve for 𝑑e

𝑑e =
√︂

𝑅𝜆2

8𝜋
. (6.2)

This results in an error term which is directly proportional to the root of the
range to the target. This is due to the fact that targets at large ranges have a
longer exposure time than for targets at closer range and therefore any position
errors influence the phase term for closer targets more severely.

Additionally the RDA assumes that the waves reflected from the target and
arriving at the sensor are plane as discussed in Section 4.4.2. This does not
hold true for shorter ranges and therefore the range migration algorithm should
be able to provide a finer azimuth resolution.

In the next step, the processing chain needs to be adapted such that mea-
surements done by a realistic setup could be processed as well.

Adaptation of Algorithm to Accelerated Platform Motion

To enable the processing of radar measurements gathered from a sensor fixed
on a platform which moves continuously without stopping, as opposed to the
rail unit which paused after each step, certain changes needed to be made to
the signal processing chain. This was necessary for a realistic implementation
for automotive applications.

Using the linear rail unit, the step size was always constant, hence the radar
measurements were equidistant from the beginning. This is however not pos-
sible in a realistic application where a radar sensor is fixed on a car. The car
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Fig. 6.8: SAR image (from RMA) obtained without acceleration compensa-
tion.

may accelerate, decelerate or move at a constant velocity which implies that
the measurements will not be equidistant since the radar cycle time is usually
fixed. The automotive SAR system thus needs to be able to adapt. This is how-
ever an issue when using any synthetic aperture radar (SAR) algorithm which
employs a Fourier transform in the azimuth direction. This is because, it is
inherently assumed that the measurements available are equidistant/periodic.
This is a requirement of the Fourier transform [43].

It is assumed that the acceleration of the sensor is constant between two
consecutive measurements and the distance thus moved is given by

𝑠 = 𝑢𝑇𝑟 + 1
2𝑎𝑇 2

𝑟 , (6.3)

with 𝑠 representing the distance moved in the time 𝑇r which is the chirp repe-
tition time, 𝑢 the initial velocity of the platform and 𝑎 the acceleration experi-
enced by the platform.

Substitution of (6.3) in (4.4) results in the signal representation acquired by
a platform undergoing acceleration as

𝑠if(𝑡azi, 𝑓(𝑡))) = 𝐴if𝑒
−𝑗𝑓(𝑡)

√
(𝑢𝑇𝑟+ 1

2 𝑎𝑇 2
𝑟 −𝑥t)2+𝑦2

t ). (6.4)
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Fig. 6.9: SAR image (from RMA) obtained after acceleration compensation
through interpolation.

The non-uniformity of measurements in the azimuth direction introduces sub-
optimal azimuth compression of targets. Hence, before the radar measurements
are passed to the SAR algorithm for processing, they need to be pre-processed
so that they are made equidistant. This is done by re-sampling the measure-
ments in the azimuth direction through interpolation such that the measure-
ments are uniformly spaced and satisfy the Nyquist sampling criterion [82].
A cubic spine interpolation is employed for this purpose since it offers high
accuracy for this purpose [83].

To simulate radar measurements taken by a car undergoing acceleration, the
measurement from Fig. 6.2 was repeated, however this time the radar measure-
ments were done at points which were not equidistant, rather step sizes were
calculated for a car accelerating at 5 ms−2. This value was deliberately chosen
to be so high, since if the interpolation can function for an exaggerated amount
of acceleration, it should be able to handle realistic values of acceleration.

To process the measurements into SAR images, the range migration algo-
rithm (RMA) was used since it is better suited for applications where the
range to the targets of interest is smaller, as RMA does not approximate the
curvature of the wave [45]. This leads to better and more accurate results.
RMA was discussed in detail in Section 4.4.3.
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Fig. 6.10: Impulse response function plotted for the range migration algorithm
using the linear rail.

From Fig. 6.8, it is possible to see the effects when the radar measurements
are not corrected for the acceleration of the platform. The car was positioned
in azimuth between the 1 and 3 m mark. However, in the image the car has
been shifted as well as being blurred and suffering from broadening.

Although for this particular measurement scenario, most of the car is dis-
cernible, the situation would be much worse if for example instead of one car,
there were a row of parked cars similar to the two cars parked in the scenario
from Fig. 6.5. In this case, the blurring would render it unable to distinguish
the gap between the parked cars. In the case where there was hypothetically
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an empty parking space next to a car, it would lead to false results regarding
the breadth of the space due to the blurring of the image.

The effects of acceleration were compensated and the SAR image obtained
through processing the corrected measurements is shown in Fig. 6.9. Here none
of the blurring evident in Fig. 6.8 is found. The car is correctly focused and
placed in the correct position in azimuth and range.

The impulse response function (IRF) for the range migration algorithm is
displayed in Fig. 6.10. The spread at the 3 dB mark, indicated by the red
arrows, is 95 mm. Therefore the achievable resolution for targets larger than a
corner (point target) reflector would thus also be 95 mm as discussed briefly in
Section 6.2.1. This is an improvement over the achieved resolution (150 mm)
with RDA. The reasons for this have been discussed previously, chief among
them the fact that RDA assumes the waves received are plane while RMA does
not.

It has been therefore shown that the signal processing chain can accommo-
date radar measurements which are not equidistant and obtain SAR images
from them, which depict the targeted scenario accurately.

6.2.2 Implementation of a SAR Demonstrator

Since the signal processing portion of the tool-chain is ready, the focus can
now be turned to the task of developing the hardware which can acquire the
radar measurements in sync with odometry data which can be processed into
SAR images. The most challenging task for the implementation of a SAR
demonstrator is the gathering of odometry data so that the position of each
radar measurement can be accurately calculated. This is a critical requirement
for the correct processing of images.

An ideal approach would be to employ multiple acceleration sensors and an
inertial measurement unit (IMU) along with at least one rotary encoder, much
like has been reported in [75]. The data from these multiple sensors is usually
weighted which represents the reliability of the values. For example the data
from an acceleration sensor is usually strongly affected by noise and hence has
lower weighting, while the data from a rotary encoder is reliable and is given
higher weighting. The acceleration sensor though can deliver data at a higher
rate than the rotary encoder, hence a Kalman filter is employed to calculate

81



6 Automotive Synthetic Aperture Radar (SAR)

a trajectory from these data streams [84]. When a navigation solution from a
GNSS receiver is additionally input to the Kalman filter, reliable dead reckoning
can be accomplished with the help of which precise trajectory information can
be gleaned.

This task in itself however, requires enormous efforts to deploy, which would
lead away from the actual scope of the intended research, to demonstrate the
feasibility of synthetic aperture radar (SAR) in delivering high resolution im-
ages for automotive applications. Thus it was decided to concentrate on re-
stricting the targeted application to single dimension trajectories, without any
motion compensation in the lateral dimension. The goal was thus to present a
low-cost SAR demonstrator operating at 77 GHz using minimal hardware. For
this requirement, a single rotary encoder should suffice. The demonstrator was
implemented using a hand-pushed cart.

Measurement
PC

Radar
backend

Radar
frontend

Rotary
encoderMicrocontroller

Data connection

Hardware trigger

Fig. 6.11: Block diagram illustrating the architecture of the SAR demonstra-
tor.

The architecture of the SAR demonstrator can be understood from Fig. 6.11.
The rotary encoder was fixed to a wheel on the non-steering axis of a push-cart
which functioned as the SAR demonstrator. This ensured the trajectory could
be correctly calculated without the deterioration from the inaccuracies intro-
duced by the small steering corrections necessary to maintain the straight track
of the cart. The solid lines show a data connection between the various blocks,
while the dotted line depicts a hardware trigger signal sent from the radar
backend to the microcontroller at every instant when an FMCW ramp would
be transmitted. This ensured that the microcontroller could save the number
of ticks at the time when the FMCW ramp was transmitted as well as attach
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a timestamp (time from start maintained by the microcontroller, accurate to
4 µs) to the value. Additionally, it also guaranteed that the two timelines of
the radar and the microcontroller interfacing with the rotary encoder would be
tightly coupled.

Radar

Rotary
encoder

Embedded
systemComputer

Battery

Fig. 6.12: Trolley based SAR demonstrator. Image adapted from [82] c○2018
IEEE.

The measurement setup described above can be seen in Fig. 6.12 with the
important components highlighted and labelled. Thanks to the battery supply,
the SAR demonstrator is self-sustained and portable. Hence it can be deployed
easily anywhere since no electric outlets are needed.

Azimuth Sampling Rate

Now that the measurement setup has been coarsely described, it will be dis-
cussed how the task of acquiring one (FMCW) ramp roughly every mm was
accomplished. To prevent ambiguities, the radar had to transmit enough chirps
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that the Nyquist sampling criterion was fulfilled. Thus a step size has to be
calculated where a radar measurement (azimuth sample) needs to be captured.
The theoretical background of this shall now be discussed.

The received signal after down-conversion shown in (4.4) can also be repre-
sented as [14],

𝑠IF(𝑋azi, 𝐾r) = 𝐴IFe−j𝐾r
√

(𝑋azi−𝑋t)2+𝑌 2
t , (6.5)

where 𝐴IF represents the amplitude of the signal, 𝑋t and 𝑌t are the coordinates
of the pixel being imaged, 𝑋azi is the azimuth position of the radar along the
track and

𝐾r = 4𝜋

c0

(︀
𝑓start + 𝛾𝑡

)︀
(6.6)

with 𝑓start being the start frequency of the chirp, 𝛾 the chirp rate and 𝑡 the
fast time. The instantaneous frequency of the received signal from the target
at (𝑋t, 𝑌t) can be found by taking the partial derivative with respect to the
azimuth domain [82],

𝑘x(𝑋azi) = 𝜕

𝜕𝑋azi

(︁
−j𝐾r

√︀
(𝑋azi − 𝑋t)2 + 𝑌 2

t

)︁
(6.7)

= 𝐾r(𝑋t − 𝑋azi)√︀
(𝑋azi − 𝑋t)2 + 𝑌 2

t

𝑘x = 𝐾rsin
(︀
𝜃t(𝑋azi)

)︀
, (6.8)

where 𝜃t(𝑋azi) = tan−1
(︂

𝑋t − 𝑋azi

𝑌t

)︂
(6.9)

is the aspect angle when the radar is located at (𝑋azi, 0) and the target pixel
is located at (𝑋t, 𝑌t) [43].

The concept of aspect angle is explained visually with the help of Fig. 6.13.
The radar is shown at the beginning position of its track at position

(︀
− L

2 , 0
)︀
,

while the blue coloured target at ( L
2 , 𝑌max) is the farthest target in this scenario,

thus creating the largest aspect angle [82].

Application of the Fourier transform along the azimuth direction on (6.5),
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Azimuth/X

Range/Y

(︀
− L

2 , 0
)︀

(︀
L
2 , 𝑌max

)︀

(𝑋c, 𝑌c)

𝜃t,c

𝜃t,max

𝑅i

𝑅i

Fig. 6.13: Illustration of measurement geometry. 𝜃t,max is the maximum as-
pect angle and Ri is the slant range to each target or pixel. Image
taken from [82].

results in the following form of the received signal

𝑆IF(𝐾x, 𝐾r) = 𝐴IFe−j𝑌t
√

𝐾2
r −𝐾2

x−j𝐾x𝑋azi , (6.10)

where 𝐾x denotes the spatial frequency (Doppler) domain with the corner
points at 𝐾x ∈

[︀
𝑘x(− L

2 ), 𝑘x( L
2 )
]︀

[43]. The Doppler bandwidth thus becomes [43],

Ωt =

(︃
−𝐾r · sin

(︂
𝜃t(

L
2 )
)︂

, 𝐾r · sin
(︂

𝜃t(
L
2 )
)︂)︃

. (6.11)

The complete Doppler bandwidth for the entire scene is therefore the union
of the support bands of each receive signal (𝑆IF),

Ωs = ∪Ωt

= ∪
(︃

−𝐾r · sin
(︂

𝜃t(
L
2 )
)︂

, 𝐾r · sin
(︂

𝜃t(
L
2 )
)︂)︃

=
(︀
−𝐾r · sin𝜃t,max, 𝐾r · sin𝜃t,max

)︀
, (6.12)

where 𝜃t,max = tan−1( L
Ymax

) is the largest aspect angle as illustrated in Fig. 6.13.
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Based on the above calculated Doppler bandwidth for 𝑆IF(𝐾r, 𝐾r), the maxi-
mum step size in azimuth which satisfies the Nyquist criterion can be calculated
as

Δ𝑥 ≤ 𝜋

𝐾r · sin𝜃t,max
. (6.13)

To sum up the importance of the preceding paragraphs, the greatest az-
imuth sampling needed for ambiguity free processing of SAR images is given
by (6.13). This value depends strongly on the position of the furthest target
in a measurement scenario. For a range of 6 m, a Δ𝑥 of 1.5 mm was calculated.
This represents the measurement scenarios which are covered here.

A detailed description of the measurement control software can be found in
Appendix B.

6.2.3 Processing Algorithm: The Sub-Aperture Approach

Now that the measurement setup for acquiring automotive SAR data has been
developed and tested, it is necessary to delve into the signal processing chain
needed to process the measurements into SAR images.

In order to devise a realistic SAR implementation, the measurements were
processed such that, as if they were being recorded in real time [82]. The
measurements were acquired in blocks with a pause in between, which was
necessary due to hardware restrictions.

This is shown schematically in Fig. 6.14, where the blue chirps represent
the block of FMCW ramps which precede the red chirps in time. Thus all
measurements can be broken down into blocks and processed block-wise. The
first block (blue chirps) are placed into a two dimensional matrix and padded
with zeros. This is represented in Fig. 6.14 by blue space for the signal data
from the block of blue chirps and white space for the zeros.

Next, a second 2-D matrix is created and the red chirps are copied into it as
shown in Fig. 6.14, with zeros filling in the space where the blue chirps were
copied in the first matrix. This creates a cascade of 2-D matrices which can be
processed independently. This is repeated for all the blocks until all the chirps
have been copied into their respective 2-D matrices.

In an actual automotive implementation, the signal data from the radar
would only be available block-wise, hence this algorithm can be implemented
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Bandwidth

Block 1 Block 2

850 µs 850 µs

Block 1 Block 2

Missing
chirps

Single matrix Cascaded matrices

Fig. 6.14: Realistic implementation of the processing algorithm. Image taken
from [82].

smoothly by copying each new available block of chirps into a new 2-D matrix
and processing it directly. This would enable real-time processing and display
of processed SAR images.

Now that the signal data has been copied into the respective matrices, the
matter of the missing chirps can be dealt with the goal of minimising their
impact. To this end a compressed sensing approach is presented after a brief
introduction of the topic in the next few paragraphs.

Compressed Sensing for Recovering Missing Information

The utility of compressed sensing (CS), to glean more information even at
the cost of not fulfilling the Nyquist criterion, has increased manifold since
it was first introduced in 2006 [85]. This ultimately relaxes the requirements
on communication systems and makes possible the recovery of corrupted data
in signals. The effectiveness of compressed sensing for radars has also been
reported [86], while the most interesting aspect is the feasibility of CS for
synthetic aperture radar imaging [87]. It has been shown that by employing
CS, the number of transmitted and received radar signals required for the
processing of SAR images can be significantly reduced.

An iterative method with adaptive threshold (IMAT) based compressed sens-
ing approach is used here [88]. This is where a threshold is set at the start and
in each consecutive iteration, the threshold level is sunk. Thus in each next
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iteration, a greater number of data points are used for the reconstruction of the
missing information. This is explained in greater detail in the next paragraphs
for the SAR application.

The data in the cascaded matrices are the inputs to the CS algorithm. Ini-
tially the missing chirps are set equal to zero after which a two-dimensional fast
Fourier transform is carried out. The data is thus now in the range-Doppler do-
main. Initially the threshold is set to be the maximum peak power (𝛽). Every
peak that is higher than this threshold is used to estimate the missing samples
in an initial approximation. In subsequent iterations a new lower threshold is
selected according to

𝑇n = 𝛽e−𝛼𝑛, (6.14)

with 𝑇n representing the threshold for iteration n and 𝛼 is a parameter which
determines how quickly the threshold is reduced with each iteration [89]. The
stopping criteria is set such that the limit for the threshold level is always at
least 10 dB higher than the noise floor. This ensures that the noise power is
not used for estimation.

Use of CS to recover the missing data improves the dynamic range as well
as the sharpness of the processed SAR images since without the recovery of
the missing chirps, the data is processed with the gaps and this significantly
reduces the amount of available information of the target scenery. This leads
to a reduction of the dynamic range available in the SAR images which is thus
avoided with this approach.

Since the radar measurements are now sorted, each cascaded matrix is indi-
vidually processed as described in Section 6.2.1, just the way it would be for
a real time implementation in a car. Therefore, all the motion compensation
steps along with the correction for non-uniform azimuth sampling is carried out
on each matrix before it is input into the range migration algorithm (RMA) to
be processed into one SAR image corresponding to one sorted matrix. Finally
all the SAR images are summed together to produce one complete SAR image
of the target scenery.

This approach has been dubbed the sub-aperture approach, since it involves
dividing the aperture into smaller sub-apertures which speeds up the processing
time and enables real-time processing.
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6.2.4 Measurement Results

Though the developed SAR demonstrator was used to evaluate various mea-
surement scenarios, only two of them are discussed below since they are a
representative set. The scenarios are depicted in Fig. 6.15, where in Fig. 6.15a
the rear end of a car is seen as well as the demonstrator. Meanwhile Fig. 6.15b
displays a parking scenario similar to the one shown in Fig. 6.5.

(a) Back view of car with the SAR
demonstrator visible as well.

(b) Two cars parked next to each other
with a gap of 60 cm. A common park-
ing lot scenario.

Fig. 6.15: Outdoor measurement scenarios. Images taken from [82].

The processed SAR images corresponding to Fig. 6.15a are shown in Fig. 6.16.
The first image, Fig. 6.16a shows the SAR image obtained through the sub-
aperture algorithm using RMA without the reconstruction of the missing chirps
as discussed previously. Comparing this image to Fig. 6.16b, for which the
missing chirps have been re-constructed using compressed sensing, one can see
that thanks to reconstruction of the missing signals, the image of the car is
a bit sharper and better focussed. There is slightly less blurring around the
edges of the car which is an indication of improved dynamic range within the
image.

Figure 6.16c shows the SAR image obtained from the backprojection algo-
rithm which was discussed shortly in Section 4.4.4 and is used here as a compar-
ison for the SAR images processed using RMA. The data for this image were
not enhanced with compressed sensing, since it is used here purely for bench-
marking purposes and not presented as a core processing algorithm. Comparing
Fig. 6.16c to Fig. 6.16a, one can see that the two SAR images are very similar
with neither of the two algorithms presenting a difference with respect to the
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quality of the image.
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(a) SAR image obtained from subaperture al-

gorithm without compressed sensing.
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(b) SAR image obtained from subaperture al-
gorithm with compressed sensing.
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(c) SAR image obtained from the backprojection algorithm.

Fig. 6.16: Processed SAR images of scenario from Fig. 6.15a. Images taken
from [82].

In order to evaluate the the improvement in the processed SAR image by the
use of CS, the same azimuth stripe was taken from Fig. 6.16a and Fig. 6.16b
and plotted in Fig. 6.17. Plotted here is a single azimuth stripe across the
image, at a range such that the envelope of the car is covered with the point
which reflects the maximum amount of incident energy. The location of the
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(a) Stripe of SAR image from Fig. 6.16a
without CS.
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(b) Stripe of SAR image from Fig. 6.16b
with CS.

Fig. 6.17: Plot of stripes across azimuth of the SAR images in Fig 6.16.

stripes are indicated by the yellow lines in Fig. 6.16a and Fig. 6.16b.
Shown in Fig. 6.17a is the azimuth stripe corresponding to Fig. 6.16a, that

is the image without CS. Here it is possible to see the ambient noise floor in
the image at 0 m in azimuth before the response from the car starts and the
amplitude increases sharply. This pattern is repeated on the other side of the
car where the amplitude drops down to the approximately 150 dB noise floor.

The improvement brought by CS can be seen when Fig. 6.17a is compared
to Fig. 6.17b which shows the same stripe taken from Fig. 6.16b, that is the
SAR image with reconstructed chirps. Upon comparison it becomes immedi-
ately clear that the transition between noise and the response from the car are
sharper, the car itself is slimmer while in Fig. 6.17a the car is broader. This
is evidence that the car is more sharply focussed in the SAR image where the
chirps have been reconstructed by using CS. Finally the noise floor in Fig. 6.17b
is approximately 20 dB lower than that in Fig. 6.17a. This shows that there
is much less image blurring around the car, that is in the region of transition
between the noise floor and the car itself.

The effect of reconstruction through compressed sensing is not pronounced
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due to the fact, that the number of chirps missing from in between two blocks of
chirps is not very large. This is because the trolley was pushed at a slow speed,
from which it logically follows, that the track moved by the trolley during the
time when no chirps were transmitted remains small. Hence the target informa-
tion missing, which is reconstructed by compressed sensing, is inherently small.
The improvement in Fig. 6.16b would be greater for a platform which moves
at a higher speed, for example a car.

There are two reasons why the demonstrator trolley had to be moved at a
slow pace:

1. As mentioned previously in Section 6.2.1, the prototype sensor was able
to only transmit slow, long ramps. Hence it was necessary to have the
trolley move slow, so that the Nyquist criterion for azimuth sampling is
not violated. The maximum speed where the Nyquist criterion is fulfilled
is 4 km/h. This corresponds to an average walking speed of a person [90].

2. Since the trolley did not have any means of absorbing shocks, it was
important to push it at a slower pace to avoid damage to any hardware
components.

The processed SAR images from the scenario depicted in Fig. 6.15b are shown
in Fig. 6.18. Fig. 6.18a and Fig. 6.18c show images without reconstruction ob-
tained from RMA and backprojection respectively. The two images are again
very similar, however, the backprojection algorithm offers a slightly better dy-
namic range, especially for the second car on the right.

The advantage of compressed sensing is much more pronounced for this sce-
nario as illustrated by Fig. 6.18b. The contours of the two cars are much clearer
and there is much less noise in the image. This is particularly true for the re-
gion between the two cars, where there is significant blurring due to missing
chirps.

The improvement available by the use of CS can again be gauged from the
plots of the azimuth stripes in Fig. 6.19 and the locations of the stripes are
once more indicated by the thin yellow lines in Fig. 6.18a and Fig. 6.18b.
Comparing the azimuth stripe taken from the image without chirp reconstruc-
tion (Fig. 6.19a) with the azimuth stripe taken from the image with reconstruc-
tion (Fig. 6.19b), it is possible to see once again that the cars in the image
without reconstruction are broader. Additionally the noise floor in the image
with CS based chirp reconstruction is an estimated 50 dB lower. This is espe-
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(a) SAR image obtained from subaperture al-
gorithm without compressed sensing.
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(b) SAR image obtained from subaperture al-
gorithm with compressed sensing.
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(c) SAR image obtained from the backprojection algorithm.

Fig. 6.18: Processed SAR images of scenario from Fig. 6.15b. Images taken
from [82].

cially true for the region between the two cars where the amplitude drops off to
the ambient noise floor. This region has a much higher amplitude in Fig. 6.19a
than in Fig. 6.19b. This is indicative of more blurring prevalent in the image
without CS based reconstruction.

The impulse response function (IRF) for the set-up described in Section 6.2.2
is displayed in Fig. 6.20. Using this IRF it is possible to arrive at the achiev-
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(a) Stripe of SAR image from Fig. 6.18a
without CS.
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(b) Stripe of SAR image from Fig. 6.18b
with CS.

Fig. 6.19: Plot of stripe across azimuth of the SAR images in Fig 6.18.

able azimuth resolution of 320 mm. Comparing the IRF obtained from the
SAR demonstrator with that obtained (Fig. 6.10) from the rail based set-up, it
becomes clear that the resolution has considerably deteriorated in moving from
the linear rail based set-up to the trolley set-up. This is however hardly surpris-
ing as SAR with a linear rail unit is almost an ideal measurement environment
since the sources of errors are low.

The trolley based measurement set-up though suffers from larger position
uncertainties as the accuracy of the position from the rotary encoder is in
the region of 1 mm. Additionally the trolley does not have wheels fitted with
suspension, hence when it is pushed, the radar sensor is displaced vertically
whenever the wheels encounter a bump on the road. This movement of the
radar was not measured and therefore also not compensated. Another factor
which played a role in the deterioration of the achievable resolution is the fact
that the wheels of the trolley were not perfectly round, therefore while pushing
the trolley, the radar sensor itself would also move vertically owing to uneven
rolling form of the wheels.

These problems though should play less of a role in an actual car as the cars
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Fig. 6.20: Impulse response function plotted for the range migration algorithm
using the trolley.

have wheels with suspension systems built around them and the shape of the
car tyres are closer to a perfect round.

6.3 Concluding Remarks

In this chapter it has been shown that synthetic aperture radar (SAR) has
tremendous potential. On the basis of the work presented here, it has been
made clear that an implementation of SAR for automotive applications is defi-
nitely feasible. In fact there have already been efforts made to implement SAR
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in real time in a car [78] [77]. These approaches make use of the fact that
the backprojection algorithm can be calculated in parallel. However, this can
result in an advantage when using a graphical processing unit (GPU) only.
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Automotive Applications

Another dimension can be added to the already potent synthetic aperture
radar (SAR) imaging technique, by using a fully polarimetric radar sensor.
Indeed it has been shown that with the use of polarimetric SAR, it is possi-
ble to estimate the biophysical properties of forests and hence to acquire an
estimate of how much carbon is sequestered in the forestlands on Earth [91].
This is made possible by polarimetric SAR, where the scattering of polarised
waves by the canopies of the trees or bushes, gives important clues regarding
the species of the vegetation [92].

Just as the forests provide ample features which can depolarise the incident
waves, there are plenty of facets, curved surfaces and edges which are interest-
ing points of target for a polarimetric automotive SAR imaging system. In this
chapter after an introduction and a summary of existing literature, the various
shapes and sides of a car will be examined using different linearly polarised
radiation. Places like the wheel housing and the underside of the car have nu-
merous curved surfaces which should depolarise the incident waves significantly
and make the contour of the car easier to see than with single polarised waves
as presented in Chapter 6.

7.1 Introduction to Automotive Polarimetric SAR

When evaluating polarimetric SAR data for Earth remote sensing applications,
the data is normally processed to separate the radar returns from the different
scatterers found on the planet’s surface. Fields, meadows, roads and oceans
all scatter the radar waves in a similar fashion, single bounce back towards the
radar [38].

The majority of man-made structures however reflect the waves with a dou-
ble bounce back towards the radar. In essence buildings and houses combined

97



7 Polarimetric Synthetic Aperture Radar for Automotive Applications

with the ground that they are raised on, make rudimentary dihedral corners
which reflect the incident energy back [38]. It is possible to distinguish these
scattering mechanisms through decomposition of the received signals by using
an algorithm, into the components which correspond to the scattering mecha-
nisms (single or double bounce) experienced by the reflected signals [29].

7.1.1 Suitability of Pauli Basis Vectors

One of the more common methods used for the decomposition of the received
signals are the Pauli basis vectors as discussed in detail in Section 3.4.

Shown in Fig. 7.1 are two waves incident on and being reflected from a flat
horizontal surface. Both the waves are linearly polarised, however in Fig. 7.1a
the electric field vector does not coincide with the vertical or horizontal plane
as the direction of propagation is at an oblique angle. The electric field vector
can however be decomposed into its vertical and horizontal components with
respect to the reflection interface. Here it is possible to see that the vertical
component does not change upon reflection, however the horizontal component
is flipped. [32,93].

The same applies when another linearly polarised wave is incident on the
same surface. This can be seen in Fig. 7.1b. Here a vertically polarised compo-
nent does not exist but the horizontally polarised electric field vector is again
flipped. It can thus be inferred that the vertically polarised wave does not ex-
perience a phase change on reflection but that the horizontally polarised wave
undergoes a phase shift of 180∘ [32, 93].

E⃗E⃗y

E⃗x

E⃗ E⃗y

E⃗x

(a) Vertically polarised wave.

⨀︀
E⃗

⨂︀
E⃗

(b) Horizontally polarised wave.

Fig. 7.1: Waves incident at angles greater than 0∘.

This behaviour can be understood by considering the reflection coefficients
for the vertically and horizontally polarised waves shown in Fig. 7.2 [94]. As can
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be seen from the plot, the horizontally polarised wave always has a phase change
of 180∘ irrespective of the angle of incidence. As for the vertically polarised
wave, the phase remains unchanged with increasing angle of incidence until the
Brewster angle is reached. At this angle, the reflected energy for the vertically
polarised waves drops to zero and afterwards increases again, however with a
phase change of 180∘ [30].
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Fig. 7.2: Transmission and reflection co-efficients for a material with 𝜖𝑟 = 7.

The scenarios in Fig. 7.1 however represent the aerospace applications, where
the radar is at a high altitude above Earth and the angle of incidence is greater
than 0∘. This is however not true for automotive applications, which shall now
be considered.

The scenario depicted in Fig. 7.3 represent the typical angles of incidence
for automotive applications. When the waves are incident normally onto a
surface, there is no distinction between the horizontally and vertically polarised
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E⃗

E⃗

(a) Vertically polarised wave.

⨀︀
E⃗

⨂︀
E⃗

(b) Horizontally polarised wave.

Fig. 7.3: Waves incident at 0∘.

waves, as with respect to the surface, both electric field vectors lie in the plane
of the surface [32]. Therefore, the behaviour of both waves at the reflecting
surface is identical as illustrated in Fig. 7.3a and Fig. 7.3b for the vertically
and horizontally polarised waves respectively. Consider again the reflection
co-efficient for the horizontally polarised wave plotted in Fig. 7.2. At normal
incidence, the vertically polarised wave is actually horizontally polarised, since
it is perpendicular to the plane of incidence. Therefore at normal incidence,
there is no difference between the behaviour of the horizontally and vertically
polarised waves.

This implies, that for the automotive case, Pauli vectors would not give
cogent results. This is however not a huge loss, as in the automotive scenario,
there are hardly any targets which would cause diplane scattering. Due to this
reason, alternative methods are needed to evaluate the imaged scenery.

7.1.2 Previous Research and Objectives

Up to the current point in time, there have been no efforts to investigate the
feasibility of polarimetric SAR for automotive applications. However consider-
ing some of the applications from aerospace SAR mentioned at the beginning of
this chapter and those discussed in [95,96], one can see that polarimetric SAR
can be utilised to extract target information which is not accessible with single
polarisation SAR images. This is possible due to the nature of the objects
which are imaged: forests, man made structures, glaciers and ocean surfaces.
These targets differ in their compositions as well as their structures in that
they offer a plethora of curved and sloped surfaces to the incident waves from
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a radar.
It was discussed in Section 3.3 that curved and sloped surfaces introduce

cross-polarised components to the incident radiation which can be detected by
a polarimetry capable radar sensor. The same principles will apply to targets in
the automotive scenario as well because cars have plenty of sloped and curved
surfaces which cause depolarisation and thus could deliver more information
about their scattering centre.

The objective of the work presented in this chapter is therefore,
1. to investigate whether typical automotive targets are able to significantly

depolarise incident waves,
2. to examine if polarimetric SAR for automotive targets is able to deliver

any new information not available with conventional automotive SAR,
3. and to ascertain whether the sloped surfaces of cars aid in their contour

estimation which can help with orientation estimation.
On the following pages the measurement set-up and scenarios will be dis-

cussed with the goal of achieving the above mentioned objectives.

7.2 Measurement Setup

The antennae and radar sensor used to carry out the polarimetric SAR mea-
surements are the same as described in Sections 5.2 and 5.3. The height of the
sensor was 35 cm. The radar parameters used for the measurements are hence
also identical and are reproduced in Table 7.1.

Tab. 7.1: Radar parameters
Parameter Quantity
Centre frequency 79 GHz
Bandwidth 4 GHz
Sampling frequency 6.25 MHz

The measurement scenario for the polarimetric SAR measurements was the
same as described previously in Section 6.2.1. The radar was fixed onto the
linear rail unit and moved in steps so that a new radar measurement was ac-
quired every 1 mm. The difference this time though, was that the radar was
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polarimetric capable. Each received polarisation was handled as a unique chan-
nel, hence a separate SAR image was calculated for HH, VV and HV. However,
only the HH co-polarised and HV cross-polarised returns were considered since
the two co-polarised and the two cross-polarised channels are identical. There
are no differences in behaviour between VV and HH and between VH and HV.

The goal of the first measurement carried out was to test the setup and
validate the signal processing chain. Hence this measurement was done in an
indoor garage hall. The measurement setup is shown in Fig. 7.4. The length
of the virtual aperture, the distance the radar sensor moved is 4 m.

Fig. 7.4: Indoor measurement setup in a car garage. Height of sensor: 35 cm.
Image taken from [97].

The target scenery included along with the rear view of the car, a metal
cylinder, a guide post found alongside major roads (see Section 5.4) and a
small metal plate fixed to a polystyrene board. The metal plate was used for
calibration purposes. The guide post and metal cylinder were placed as targets
so that their signature in polarimetric SAR images could be observed.

7.3 Measurement Results

The processed PolSAR images corresponding to the setup from Fig. 7.4 are
shown in Fig. 7.5. In both the SAR images, the azimuth axis is longer than
4 m, the reason for which is azimuth zero-padding. Every antenna has a specific
beam-width and thus receives reflections from objects which lie on either side
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of the antenna and within the beam-width. By extending the aperture in
azimuth (through azimuth zero-padding) one can prevent targets, which lie
beyond the extreme points of the synthetic aperture, from folding back into
the image by offering them room to populate in their actual locations.
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(a) Co-polarised image (HH) with clutter
from various objects.

−2 0 2 4 6
0

2

4

6

Azimuth Axis (m)

R
an

ge
A

xi
s

(m
)

−50

−40

−30

−20

−10

0

N
or

m
al

is
ed

P
ow

er
(d

B
)

(b) Cross-polarised image (HV) with much
less clutter.

Fig. 7.5: PolSAR images of the car garage measurement scenario from Fig. 7.4.
Images taken from [97].

Figure 7.5a displays the co-polarised image, where one of the first observation
are the relatively large number of reflections from objects other than those
visible in Fig. 7.4. This can be understood by taking into account the fact
that this measurement was carried out in an indoor garage where a lot of
random objects were lying around. The erratic reflections from these objects
and the walls of the garage resulted in waves finding their way back to the radar
after numerous reflections. The received energy from the erratic reflections is
much lower in the cross-polarised image in Fig. 7.5b. This is because most
of the objects present in the garage had flat surfaces which do not constitute
depolarising targets and therefore the reflected waves had the same polarisation
as the incident waves.

One concern here is whether the PolSAR measurement setup has any implicit
errors where the attenuation or a mismatch in the cross-polarised channel with
respect to the co-polarised channel for example, leads to sharp differences in re-
ceived signal levels. To eliminate such effects, all the measured channels (both
co and cross-polarised) were normalised to the global maximum for the mea-
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surement scenario which was determined from all the measured channels (HH,
VV, HV). Thus it was assured that any differences in received signal amplitudes
are due to the behaviour of the target under the differently polarised incident
waves. This was implemented for all the SAR images presented in this chapter.

To gather a sense of the signal to noise ratio, the returns belonging to the car
and the targets were cropped out and the remaining image was processed to
estimate the clutter level from the many ‘unintended’ targets in the hall which
clutter the SAR image in Fig 7.5a. The average noise level was thus found to
be −38 dB while repeating the process for the cropped part of the image with
the car and targets gave the average signal level of −22 dB. Thereby for the
measurement scenario from Fig. 7.4 a signal-to-clutter level of approximately
16 dB was achieved for the co-polarised channel. The same figure for the cross-
polarised channel is 20 dB as the drop in clutter is much more than the drop
in signal power from the targets.

The metal (marked by a red rectangle) and guide (marked by a white rect-
angle) post are both clearly visible in the images, though the guide post does
not have a uniform profile owing to its shape. The metal plate (marked by a
yellow rectangle) is clearly visible as well. The metal and guide post have weak
profiles in the cross-polarised image since they both are not depolarising. The
metal plate has an even weaker profile in the cross-polarised image since it does
not have any curvature which can depolarise the incident waves.

Additionally, in the co-polarised image in Fig. 7.5a, it is possible to see the
far end (front) of the car. This occurs due to the tunnelling effect, where the
waves propagate in a zigzag manner, reflecting between the ground and the
underside of the car.

Finally, in the cross-polarised image in Fig. 7.5b it is possible to just barely
make out the sides of the car, while in the co-polarised image, this is simply
not possible. This property of the cross-polarised image is important and needs
to be further tested to see if the outline of the car can be seen consistently in
other measurements.

In Fig. 7.6 are shown the different measurement scenarios which were in-
vestigated in the scope of this dissertation. The same car was used for the
measurements to attain PolSAR images of the car from all unique sides which
would enable a characterisation of the car.

The first measurement to be considered is that of the rear view of the car
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(a) Back view with a pole. (b) Side view with a pole. (c) Front view with a bush.

Fig. 7.6: The outdoor measurements were carried out with the same car to
have its PolSAR images from all unique sides. Height of sensor:
35 cm. Images taken from [97].

shown in Fig. 7.6a. The target, other than the car, is the metallic pole. This
metallic pole though does not have a cylindrical shape, rather it is irregularly
shaped. This pole is frequently used in construction areas to affix traffic signs.
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(a) Co-polarised image (HH).
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(b) Cross-polarised image (HV).

Fig. 7.7: PolSAR images of the rear view of car scenario from Fig. 7.6a.

The processed SAR images of the scenario from Fig. 7.6a are shown in
Fig. 7.7. It is immediately clear from looking at the images, that level of
erratic reflections has dropped significantly. This is since the measurement was
carried out outdoors with very few objects lying around and no walls to reflect
stray waves back towards the radar. This has a direct influence on the signal
to noise level, as it increased to 20 dB for the co-polarised channel while for the
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cross-polarised channel it increased to 22 dB. This is explained by the fact that
the clutter level in the co-polarised channel has been reduced dramatically since
there are no more random objects present in the target scenery. The change in
the cross-polarised channel is smaller as this channel was not affected by the
presence of clutter as it was not depolarising. These figures remain consistent
for all of the measurements carried out outdoors and presented in the rest of
the chapter.

The metallic pole exhibits a strong response in both the co and cross-polarised
returns. This is due to the irregular shape of the pole where it has both a flat
surface (strong polarising target) as well as surfaces which are sharply curved
creating a strong depolarising target.

Compared to the image in Fig. 7.5a, the far end of the car is not visible in
Fig. 7.7a. This can be explained by the fact that the measurement setup shown
in Fig. 7.6a had a ground surface consisting of asphalt whereas the surface for
the setup from Fig. 7.4 is cement. The cement floor is much smoother than
asphalt, hence the waves can easily bounce between the underside of the car
and ground and be directed back towards the radar. With asphalt on the other
hand though, the waves are scattered randomly by the rough nature of the
surface and only a very small proportion of the energy is directed back towards
the radar.

Considering the cross-polarised image shown in Fig. 7.7b, the sides of the
car can be clearly made out. This is particularly helpful for contour estima-
tion as will be seen with following measurement scenarios later. Comparing
the co and cross-polarised SAR images, it is seen that the part of the car
bumper which reflects strongest in the co-polarised channel differs from that in
the cross-polarised channel. The majority of the reflected energy in the cross-
polarised image results from diffuse scattering. This is possible to see since
the reflected energy is not constant over the distance, rather there are peaks
and troughs. In the co-polarised channel, the strongest reflection is from spec-
ular reflection as the reflected energy is relatively constant along the narrow
azimuth region. Specular reflection occurs from smooth and regular surfaces
whereas the diffuse scattering happens when the reflecting surface is rough and
irregular [98]. Therefore one can conclude that the strongest reflection in the
cross-polarised channel stems from irregularly shaped metallic body next to a
regularly shaped part with the strongest reflection in the co-polarised channel.
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Hence one is able to glean more information about the car by studying both
the co and cross-polarised channels instead of just the co-polarised channel.
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(a) Co-polarised image (HH).
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(b) Cross-polarised image (HV).

Fig. 7.8: PolSAR images of the side view of car scenario from Fig. 7.6b.

For the second outdoor measurement from Fig. 7.6b the car was parked
parallel to the SAR trajectory vector and the metallic pole from the previous
measurement was placed in front. The processed SAR images corresponding
to this setup are shown in Fig. 7.8.

Looking at Fig. 7.8a, it is possible to see that the sides of the car are metal
walls which reflect incident waves strongly without depolarisation. Hence the
corresponding locations in the co-polarised image shows strong reflection while
the same locations in the cross-polarised image (Fig. 7.8b) show relatively
weaker reflections.

However, there are significant returns in the cross-polarised channel from the
underside of the car. Looking at Fig. 7.8b closely, one can see that there are
stronger returns from the left side of the car. This is explained by the fact that
the parked car has the front end on the left, where the engine is placed. The
underside of the engine consists of many curved surfaces in the form of tubes
and containers. These are all depolarising targets which cause stronger returns
in the cross-polarised channel. This makes it possible to infer the orientation
of the parked cars. However, this may not be successful for newer cars whose
engine room is sealed off, thereby not exposing the underside of the engine
where the curved surfaces mentioned earlier are to be found. This would then
reduce the amount of cross-polarised waves received by the radar.
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Additionally the wheel housings of the car are also strongly depolarising
targets as can be seen from Fig. 7.8b. The depolarising evident here is similar
to the volume scattering prevalent in aerospace PolSAR, where the waves are
incident on forest canopies where they are reflected between the branches and
individual leaves multiple times before being reflected back towards the radar,
thereby losing their original polarisation. In the present case however, the
incident waves are not reflected between branches, rather from the enclosing,
curved surfaces of the wheel housing. This is an important feature of wave
scattering which can be used to gain an advantage in recognising the different
regions of the car. An analysis of the cross-polarised channel can make the task
of orientation estimation and even target classification much easier.
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(a) Co-polarised image (HH).
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(b) Cross-polarised image (HV).

Fig. 7.9: PolSAR images of the front view of car with a bush from Fig. 7.6c.

The processed co and cross-polarised SAR images of the next measurement
scenario from Fig. 7.6c are depicted in Fig. 7.9. In this scenario, the same car
has been parked next to a bush which has a step in its profile. This step is
difficult to make out in the camera picture, however it is easy to see in the
processed SAR images. The bush is clearly visible in both the co and cross-
polarised images, where it provides the volume scattering component to the
cross-polarised channel. The penetration depth of the waves is however not so
great at 77 GHz.

The car has been parked at a slanted angle deliberately to asses the ability
of PolSAR to simplify contour estimation of parked cars. This is an important
metric which has to be assessed while examining the feasibility of PolSAR for
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automotive applications, since the car is parked slanted and hence, most of
the incident radiation would be deflected away by the large metal walls (sides
of car) thereby rendering the task of contour estimation, on the basis of a
co-polarised channel only, nearly impossible.

Looking closely at the cross-polarised image in Fig. 7.9b, one can see that
the side of the parked car which is facing the bush is visible and an outline of
the car can easily be made out. This is in spite of the fact that the bush is
blocking the radar sensor from ‘seeing’ most of the car. The side of the car
facing away from the bush is not as well resolved, since the SAR trajectory was
such that it started just opposite the far side of the car and continued away to
the right towards the bush, thereby the side of the car facing away from the
bush received very little radar exposure.

The side view mirrors of the car can also be clearly made out since their
curved surface is a strong depolarising target. To consolidate the observations
derived from the measurement shown in Fig. 7.6c, the measurement was re-
peated with the same car parked this time without a bush and the front of
the car was imaged. The SAR images from this measurement are illustrated in
Fig. 7.10.
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(a) Co-polarised image (HH).
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(b) Cross-polarised image (HV).

Fig. 7.10: PolSAR images of the front view of car with the bush now absent.

Comparing the co-polarised image in Fig. 7.10a with the cross-polarised im-
age in Fig. 7.10b, one can easily see that the contour of the car can be traced
from the cross-polarised image. If one only had the co-polarised channel, the
task of contour estimation would not be impossible but significantly more chal-
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lenging as there is very little co-polarised radar returns from the sides of the car.
This can be explained by considering the curvature and angular orientation of
the car sides. Thus, the shape outline of the car can be readily ascertained
from the cross-polarised channel. This is a salient feature of automotive Pol-
SAR which can be put to good use in urban automotive scenarios where cars
can often be found parked slanted at an angle on the street.

Additionally, comparing the two sets of the cross-polarised images (Figs. 7.9b
and 7.10b) with the co-polarised images (Figs. 7.9a and 7.10a) of the front of
the car, it can be seen that the regions of the car which have stronger co-
polarised returns are different from those which have stronger cross-polarised
returns. These regions are also consistent between the two measurements. This
is a further testament to the potential of new information which can be gleaned
by the use of automotive PolSAR.

7.3.1 Cross-Polarised Power Ratio

Thus far the processed SAR images were presented as a visual result. This
fulfils the need for human understanding, however in order to evaluate the
behaviour of the co and cross-polarised channels in an automated manner (that
is programmatically by a script), a quantitative measure is required. This can
be achieved by calculating the cross-polarised power ratio (PRX) defined as
PRX = PHV

PHH
[32]. This ratio provides a contrast between the cross (PHV) and

co-polarised power (PHH). This ratio can also be displayed in the form of an
image, where it would be possible to judge from a single glance which regions
of the image are dominated by specular reflection and which are depolarising
in nature. These images will be discussed shortly. Perhaps an even more
important application of the ratio, though, is to enable automation through an
algorithm which can detect regions of interest.

For comparison, the cross-polarised power ratio (PRX) image of the first
measurement, carried out inside the garage is illustrated in Fig. 7.11. From this
one PRX, it is possible to gain the same information as from the two co and
cross-polarised images shown in Fig. 7.5. Regions of the car which dominate the
co-polarised channel have been mapped to the black colour which indicates a
trough (low ratio). They are also encircled in red to make it easier to spot them.
The depolarising regions of the car are on the other hand amplified. Thus, it
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Fig. 7.11: Cross to co-polarised power ratio (PRX) image of the measurement
scenario from Fig. 7.4. Image taken from [97].

is relatively easy to identify the different sections of the car, depending on
whether they cause specular reflection or depolarisation of the incident waves.

The calibrating metal plate, metal cylinder and the guide post made of di-
electric material are all clearly observable. As discussed they cause specular
reflection, hence they are coloured in black. The far end of the car is also a
specular reflector, thus it is coloured black. The underside of the car presents
depolarising targets in the form of various tubes and curved surfaces, due to
which they are coloured green and yellow. The clutter present in the garage
are a mix of co and cross-polarised targets.

The PRX image of the side view of the car (Fig. 7.6b) is displayed in Fig. 7.12.
The sides of the car are as seen previously strong specular reflectors. The
wheel and wheel housing can also be made out, since they cause significant
depolarisation of incident waves. Additionally, as discussed it can be inferred
that the front of the car is to the left in the image, since the engine assembly
is a strong depolariser.

The irregularly shaped metallic pole has a rather unusual response, where
the left side is a strong specular reflector since it has a flat surface oriented
towards the radar. The right side of the pole, though is a depolarising target
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Fig. 7.12: Cross to co-polarised power ratio (PRX) image of the side view of
car with a metallic pole from Fig. 7.6b. Image taken from [97].

since it is strongly curved with edges. Although it was possible to ascertain this
from the co and cross-polarised images, this effect is made visible appropriately
in the PRX image simultaneously in one image.

Figure 7.13 shows the PRX image of the front view of the car and the bush
from Fig. 7.6c. The only part of the car which has an overwhelmingly co-
polarised response is the front bumper. The rest of the car has either mixed
reflections or is dominated by cross-polarised power.

The contour estimation property of the cross-polarised channel deserve to be
repeated here as even with the bush blocking the view of the side of the car,
the outline of the car is very clearly highlighted. This observation is reinforced
by orders of magnitude when Fig. 7.14 is considered. Here the outline of the
car is immediately visible from the outset. Even though the right side of the
car (left side in the image) received less exposure by the radar, the side of the
car is very prominent, enough to make contour estimation a rather elementary
task.

Also, as was discussed, the side view mirrors of the car are strongly depolar-
ising targets since they are coloured red. The combination of these properties
makes the task of contour estimation much simpler.
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Fig. 7.13: Cross to co-polarised power ratio (PRX) image of the front of the
car and a bush scenario from Fig. 7.6c. Image taken from [97].
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Fig. 7.14: Cross to co-polarised power ratio (PRX) image of the front of the
car without a bush. Image taken from [97].
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7.3.2 Note on Orientation Estimation

It has been shown that using the cross-polarised SAR images, the contour of
cars can easily be made out. This is especially true for images displaying the
cross-polarised power ratio as the differences between the co and cross-polarised
channels are magnified.

Once the contour of the car is available, it is possible to train an artificial
intelligence based algorithm which can infer the orientation of the car. Indeed
similar approaches have been reported in literature for imaging automotive
radars [99–101]. Here deep and convolutional neural networks are trained to
recognise targets from radar images.

Though the images used were not SAR images, they are very similar to SAR
images and therefore it should be possible to train similar networks on the
PolSAR images.

7.4 Concluding Remarks

Polarimetric synthetic aperture radar (PolSAR) as has been shown over the
previous pages, has a lot to offer whether in the scope of driver assistance
systems or autonomous driving. The task of first detecting stationary targets,
then subsequently classify them and finally to arrive at the correct behaviour
for the specific target is challenging for a radar. This task is made significantly
easier with PolSAR, since the task of contour estimation is made simple.

The results presented in this chapter are best suited as inputs to a neural
network for target classification which can also predict the orientation of the
car based on its contour pattern delivered by PolSAR. These results can then
be passed upto driving functions which are responsible for trajectory planning
and decision making for autonomous platforms.

Additionally, PolSAR will make self-localisation for autonomous cars or cars
with highly automated driving functions more meaningful since the amount of
information that can be piped into an occupancy grid is much higher. The
occupancy grids make unaided mobility for automated cars (robots) possi-
ble [102] [103].
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Applications

From the humble beginnings of radars less than a century ago [104–106], radars
today have a plethora of applications and they are no longer used to only detect
the presence of targets, rather also to estimate the structure, orientation and
material properties of the targets [24]. In order to be able to carry out these
tasks, modern radars exploit the properties of differently polarised waves to
extract more information about targets. Polarimetric radars have available
double the amount of channels when compared to mono or half polarimetric
radars which naturally results in the latter type of radars delivering only half
the ‘picture’ of a scenario.

It is exactly this other half of the information delivered by the fully polari-
metric radar which is needed for an analysis of clutter relevant for automotive
radar applications. As a background to this study, consider the accident statis-
tics available, an excerpt of which are presented here: according to the U.S.
Department of Transportation, more than 1,300 people are killed and at least
116,800 people are injured annually in traffic accidents in the U.S. on snowy
and icy roads [107]. The corresponding figures for Germany are 41 deaths and
6,241 people injured in traffic accidents in icy winter driving conditions [108].
These figures underline the importance of an investigation into the effects of
clutter and how they could be used to extract information about the driving
surface.

Having studied the benefits available from a polarimetric radar for high res-
olution imaging of typical automotive scenarios in Chapter 7, the subsequent
step is to build on the experience gained from polarimetry. The next task is
to investigate whether a polarimetric radar can also deliver information about
the ambient conditions by making use of clutter or backscatter provided by the
driving surface. Before a thorough handling of clutter analysis can be under-
taken, it is necessary to first consider what clutter refers to in this situation.
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Afterwards, clutter and its defining characteristics will be dealt with. Finally,
once the terminology and conventions have been clarified, the research into
clutter for automotive radars can begin in earnest.

The basics of wave polarisation and how to deal with it were discussed in just
enough detail for the scope of this work in Chapter 3. For further details, it is
advisable to brush up on the concepts from the literature cited in Chapter 3.

8.1 Clutter in Context of Automotive Radar

The word clutter in radar terminology is used to refer to radar returns that
result from objects not normally considered targets, as in, they are not of
interest. Examples of clutter for an aircraft radar could be returns from the
ground, sea, weather phenomena such as rain and snow or other fast moving
objects which may not always be recognised as clutter [109,110].

These clutter creating objects make the task of the radar operator difficult
since they ‘clutter’ the radar display screen which serves to disguise the actual
target among other objects which are not of interest. This also increases the
noise level and in case of large clutter, the actual target may actually be masked
by the large return from clutter.

For an automotive radar, even though the concept is similar, the objects
usually considered as clutter are much different. In this case, radar returns
from trees and other vegetation next to the road, falling rain and snow as well
as reflections from the road surface being driven on itself. Depending on the
application though, some of the objects described as clutter here may actually
be targets of interest. So is the case here, in this chapter the radar returns from
the road surface are analysed and presented. Hence, unless explicitly specified
otherwise, throughout this chapter, the word clutter is used to denote radar
returns from the road surface.

8.2 Why is Clutter Analysis Needed?

The objective of this study is to understand the behaviour of clutter from the
road surface and with the help of this knowledge use the clutter information
to gain more information about the structure of the driving surface. This
information will enable the autonomous car or the driver to make much more
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accurate judgements with respect to the prevalent driving conditions. This is
crucial information which can help in reducing driving accidents.

An extremely important advantage offered by the radar is that this informa-
tion is available before the car reaches the point of danger, since the long range
radar (LRR) looking in the driving direction would be used for this implemen-
tation.

8.2.1 Previous Research and Objectives

A study of clutter seen by automotive radar has been reported and analysed in
driving conditions at different ego speeds [111]. The radar sensors used were
short range radars (SRRs) which were positioned for blind spot detections and
warning.

The theoretical basis for such applications has been provided [112], where the
dielectric constant of asphalt has been measured and then models developed
which can predict the behaviour of the differently polarised waves with snow
and ice covered road surfaces at 94 GHz as a function of changing incidence
angle. These models were also validated with measurements which were found
to be in agreement with the models [112].

It has also been shown that it is possible to differentiate such road surfaces
at 24 GHz based on their backscattering coefficients ( 𝜎VV

𝜎HH
), since the change in

the dielectric properties of the varying road surface affects the horizontally and
vertically polarised waves differently [113–115].

All of these contributions, though very illuminating, are limited in scope
for the foremost reason that they are not in the frequency band of interest:
77 GHz. The behaviour reported at 94 GHz though still relevant at 77GHz,
is not sufficient to base future automotive radar applications on. Particularly
because the reported measurements have not been carried out on normal public
roads, rather on isolated test tracks. Additionally, the 24 GHz band has been
made available only temporarily and will be phased out eventually [116].

Therefore the goals for the work presented here can be defined as,

1. to investigate under controlled conditions whether a wet asphalt behaves
differently than a dry one, when different linearly polarised waves are
incident upon it,
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2. to find out if wet, snowy and dry asphalt can be discriminated against in
realistic conditions on public roads

3. and to also ascertain whether different driving surfaces (asphalt and cob-
blestone) can be distinguished based on their backscattering properties

using solely a polarimetric radar sensor operating in the 77 GHz frequency
range.

This chapter is divided into two broad parts, in the first part (Section 8.3)
results from a measurement campaign using a linear rail unit are shown and
discussed. This illustrates the initial phase of the research where a feasibility
analysis was carried out to gauge whether it makes sense to investigate clutter
from the road surface using polarimetry.

The second part (Section 8.4) builds on the knowledge gained from the pre-
vious part and takes clutter analysis further, where a polarimetric radar was
fixed to a car and clutter measurements carried out in different weather condi-
tions. The measurement setup is described in detail before the measurements
results are presented and discussed.

8.3 Linear Rail Based Polarimetry Measurements

8.3.1 Sensor Details

In the first step towards gathering measurements results, a fully polarimetric
radar sensor was placed on a linear rail unit which can be programmed to move
precisely the desired distance with the help of a stepper motor as described in
Section 6.2.1.

Tab. 8.1: Radar parameters
Parameter Quantity
Centre frequency 76.5 GHz
Bandwidth 1 GHz
Sampling frequency 10 MHz
Ramp length 128 Samples

The parameters of the radar sensor used are summarised in Table 8.1. The
used bandwidth of 1 GHz is not yet used by most automotive radars, however
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the frequency band has been made available for use and it is expected that radar
sensors in the future will very well use the higher allowed bandwidth [117].

(a) Image of used polarimetric auto-
motive radar sensor.

(b) Antennae layout. Red: two vertically
polarised receive antennae,
blue: two horizontally polarised re-
ceive antennae,
green: two transmit antennae.

Fig. 8.1: The fully polarimetric radar sensor and its antennae layout, used for
measurements.

Camera images of the used sensor and its antennae layout can be seen in
Fig. 8.1. The sensor assembly and radome are displayed in Fig. 8.1a. Although
this sensor is much too large to be used for commercial automotive applications,
the antennae and housing set it apart from research prototypes normally seen
in the universities. Thus for research purposes it is considered as relatively
close to an automotive sensor.

The antennae layout is shown in Fig.8.1b, where the antennae encircled in
red are the two vertically polarised receive antennae, blue encircled are the
two horizontally polarised receive antennae and in green are the two transmit
antennae, one of each linear polarisation. Thus the sensor offers eight channels
effectively.

The measured azimuth antennae pattern are displayed in Fig. 8.2 while the
elevation patterns are displayed in Fig. 8.3. Since the antennae do not have
any tapering in the azimuth direction, the beam is quite broad. However, for
the measurements carried out here, the wide beam is helpful, since the target
is visible even at oblique angles. This will be discussed in the next sub-section.
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Fig. 8.2: Measured beam patterns of the radar sensor.

The relatively wide tapering of the antennae in the elevation direction ensures
that the beam is narrow as seen in Fig. 8.3. This assures that the distance at
which the beam touches the ground is sufficiently ahead of the sensor, when
it is placed at a height typical of automotive scenarios. The elevation beam
pattern for the VV channel is narrower than that of HH since the vertically
polarised antennae in Fig. 8.1b have more pronounced tapering than the hori-
zontally polarised antennae. The resulting small difference in the beam-widths
is however not significant enough to spawn errors in the measurements and is
therefore neglected.

8.3.2 Measurement Scenario

The schematic of the measurement setup is depicted in Fig. 8.4. The rail unit
was placed slanted such that the ends of the rail unit are identified by A and
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Fig. 8.3: Measured beam patterns of the radar sensor.

B. The length of the rail unit is identified as c. The target, a corner reflector,
was placed at point C.

The radar start position was at B and with each step the radar moved
along the side c towards point A. This is shown by the arrow and the dotted
lines corresponding to the points B1, B2 and B𝑛. The measurement set-up
was designed such that, with each step the range, a𝑛, from the radar sensor
to the target (corner reflector) decreased by approximately 3 cm. The script
controlling the rail unit and the radar sensor was able to calculate, from the
lengths a, b and c, the step size required to achieve a difference in range of 3 cm
with each step.

The radar traversed along the length c until the dotted line corresponding
to B𝑛 made a right angle (90∘) with side c. After this point the range to target,
a𝑛, would increase with every subsequent step. Hence the measurement was
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Fig. 8.4: Schematic explaining measurement setup.

stopped at this point. The advantage of having a wide beam-width antenna
becomes clear here as the target at C was visible even when it was not at the
bore-sight of the sensor, rather at an oblique angle.

Fig. 8.5: Set-up for multipath polarimetric measurements under dry and wet
conditions.

The measurement set-up is illustrated in Fig. 8.5, where the rail unit with
the sensor from Fig. 8.1a fixed on top as well as the corner reflector can be
seen. The measurements were carried out on an asphalt surface close to the
university where the rail unit could easily be deployed.

First, the measurements were carried out over dry asphalt before the surface
was sprayed with water from a garden hose. The measurements were then
repeated over wet asphalt. It is important to mention that the asphalt surface

122



8.3 Linear Rail Based Polarimetry Measurements

had to be completely submerged in water in order to affect a difference in the
behaviour of the polarised incident waves.

8.3.3 Measurement Results

A representative result of the measurements carried out, as described in the
previous sub-section, is displayed in Fig. 8.6. The received power level in
Fig. 8.6 is considerably higher at short ranges and drops off at long ranges.
This is signal fading through multi-path propagation, which is a well known
effect in wireless communication [118]. Another aspect which can be plainly
seen in the measurement are the troughs and peaks for both HH and VV.
In Fig. 8.6 the received power of both co-polarised channels in certain places
experiences sharp drops of up to 12 dB. The sharp peaks and troughs under
wet conditions occur due to the fact that the asphalt surface is covered by a film
of water which submerges the multi-faceted stones and rocks comprising the
road surface. This converts the initially very rough surface to a much smoother
one. The incident radiation is thus reflected (forwards mostly) instead of being
scattered by the rough surface in random directions under dry conditions.

Upon taking a closer look at the plot of the received power in Fig. 8.6, one
can notice that the peaks exhibited by HH are generally higher and the troughs
lower than those of VV. This phenomenon can be confirmed by the differing
coefficients of reflection for both VV and HH as shown in Fig 3.2. The sharp
troughs exhibited by HH, are evidence that under wet conditions, the power
reflected from the ground is greater which causes greater interference at the
target. This effect can be described as mirroring by the wet ground.

Now that the multi-path effects have been examined in detail, in the next
section, more time will be spent analysing the behaviour of clutter.

8.3.4 Clutter Analysis

To analyse the behaviour of clutter from the asphalt surface in the previous
section, the data was processed again, this time with the intention of gaining
insights into clutter.

Figure 8.7 depicts firstly what is meant by clutter and secondly how it is
extracted from the data acquired from the measurement campaign described
in Section 8.3.2. The figure shows a sensor transmitting two rays towards a
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Fig. 8.6: Measured normalised receive power under multipath propagations
on dry and wet asphalt.

Sensor Target

Region to be analysed

Fig. 8.7: Measurement schematic for clutter analysis with radar sensor on a
linear rail.

target some distance away. One of the rays travels a direct path from the sensor
to the target while the other ray reflects off the surface and is incident on the
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target. However, not all the energy represented by the ray interacting with the
ground is reflected forward towards the target. A portion of the incident energy
is reflected back towards the sensor. This is represented by the red dotted line.

This is the reflected energy which is referred to by clutter in the scope of this
chapter. The energy thus reflected from the ground is a function of material,
shape and size of the reflecting surface. Thus by examining the differences
in clutter between the vertically and horizontally polarised channels, one can
make inferences regarding the structure of the reflecting surface, that is the
ground.

To proceed, the clutter specific data had to be isolated from the rest of the
signal. At the start of the measurement, the range from the sensor to the target
was recorded. Therefore, using this information coupled with the known step
sizes of the rail unit platform, it is possible to ascertain coarsely the range to the
target from every point. A CFAR (constant false alarm rate [119] [120]) peak
detection algorithm was then used to accurately locate the peak corresponding
to the target. This would then be cut out and everything contained in the
signal before this target is clutter information from the ground surface.

As the elevation beam-pattern of the antennae are known, it is hence possible
to calculate at which range the beam would first touch the ground surface. All
the signal data starting from this point until the point in range where the
target information was snipped out are essentially clutter returns from the
ground surface. Hence, the extent of the region with clutter returns are thus
known and the evaluation of clutter can therefore be carried out.

The complete results with the received power profile over range and clutter
information is illustrated in Fig. 8.8 for the vertically polarised channel. The
amplitude profile plotted on the top is the received power over the range as
shown in Fig. 8.6. This serves to show the fluctuations in power due to fading
as discussed in the previous section. The plot on the bottom shows the average
clutter for both dry and wet conditions. The average clutter power differs
in certain places, however, there is no significant difference evident, based on
which it would be possible to recognise any trends portraying a pattern of
clutter power under wet conditions.

The plot in the middle depicts the behaviour of 90th percentile of the clutter
power. The 90th percentile is significant because clutter with higher ampli-
tudes can offer some information which may be lost if only the average clutter

125



8 Polarimetric Clutter Analysis for Automotive Applications

6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8
−70

−60

−50

−40

−30

−20

−10
0

10

20

30

40

50

60 Black - Dry conditions
Red - Wet conditions

Amplitude profile

90th percentile clutter

Average clutter

Range (m)

A
m

pl
itu

de
(d

B
ar

bi
tr

ar
y

un
its

)

Fig. 8.8: Observed clutter in the VV channel on an asphalt surface under dry
and wet conditions.

amplitudes are considered. Here, a clear pattern can be seen, in that the 90th

percentile of clutter is consistently on average approximately 3 dB lower under
wet conditions than dry conditions.

This behaviour is prevalent for the horizontally polarised waves too as can
be deemed by considering Fig. 8.9. In essence, this behaviour implies that the
average clutter power remains more or less constant, however the 90th percentile
drops by a few decibels when the road surface is covered by water.

Considering Fig. 8.6 again, it was seen that under wet conditions the received
power for both the horizontally and vertically polarised channels witnessed
more frequent troughs and peaks. As discussed, this behaviour is due to the
mirroring effect which occurs as the film of water on the asphalt surface serves
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Fig. 8.9: Observed clutter in the HH channel on an asphalt surface under dry
and wet conditions.

to make the rough surface smoother by covering up the facets on the ground. It
stands to reason then that when the received power from the target experiences
troughs and peaks under wet conditions, there must be more power being
reflected from the ground and arriving at the target via the indirect path. This
is precisely what the lower 90th percentile value for wet asphalt demonstrates.
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8.4 Polarimetric Clutter Measurements Using a Radar Test
Vehicle

Now that it has been shown, on the previous pages (Section 8.3.4), using a
rudimentary set-up that there is indeed new information to be gleaned from a
polarimetric clutter analysis, it makes sense to design a measurement set-up
that is robust enough to be used to acquire radar measurements in real and
not simulated driving conditions.

The objective for this section is to examine the polarimetric clutter behaviour
on normal public roads under varying driving conditions (wet and snowy) and
compare the clutter to that under dry conditions. From this data, the goal is to
be able to ascertain the condition of the road based solely on the polarimetric
radar measurements. It was also desirable to be able to carry out measure-
ments on roads under icy conditions, however it is exceedingly difficult to find
such conditions near Ulm since the municipal services do their utmost best to
minimise such conditions due to the obvious risk of traffic accidents.

An additional goal is to investigate the clutter for different road surfaces as
well (cobblestone and asphalt).

8.4.1 Measurement Setup

Fig. 8.10: Designed lens to reduce azimuth beam-width.

The sensor used for these measurements was the same as described in Sec-
tion 8.3.1. Table 8.2 lists the parameters pertinent to the measurements carried
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out in this section.
The first order of business was to consider the azimuth beam patterns of

the sensor. The current azimuth half-power beam-width of 45∘ was much too
broad. This would result in unwanted reflections from the kerbstone and other
objects on the side of the street which would pollute the reflected signal, since
the radar returns from these objects would be mixed with the returns from the
street surface and it would be impossible to separate them.

Additionally, a broader beam would result in lower range since the transmit-
ted power would be spread over a greater angular region. This would be counter-
productive for the planned measurements since for this case, more power needs
to be focussed onto the road surface in front of the car. Keeping these two rea-
sons in mind, it was decided to design an integrated lens for the sensor which
would focus the beam in the azimuth plane.

The biggest challenge for designing the lens was the requirement that the lens
fit onto the sensor creating a waterproof seal which is important considering
the measurement campaign that needs to be carried out. The thus designed
lens is illustrated in Fig. 8.10. The two parallel vertical protruding bulges are
the focussing surfaces (lenses). They are positioned directly above the two
transmit antennae, one each for the vertically and horizontally polarised waves.
It was not possible to place lenses over the receiving antennae, as there was
not enough physical space to fit four lenses next to each other as can be seen
from Fig. 8.1b.

The placement of the two lenses over the transmit antennae however was
enough to reduce the beam-width as can be seen from Fig. 8.11. The half-
power beam-width has been reduced to 25∘ thus ensuring that the beam is
focused on the road surface in front of the car and therefore the clutter is
mostly due to the backscatter from the road surface and not from formations
or objects on the side of the road like a footpath or traffic signs.

Since in this measurement campaign the radar measurements need to be
carried out while the car is moving, it was necessary to employ a chirp sequence.
The chirps therefore had to be optimised in order that the minimum sampling
requirements were met. The basics for this have been handled in Section 2.3.3.
With the help of (2.13), the ramp parameters (Table 8.2) were selected such
that a maximum unambiguous velocity of approximately 30 km/h was achieved.

The polarimetric radar sensor was fixed to the car such that it was centred
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Fig. 8.11: Measured beam patterns of the polarimetric radar sensor.

with respect to the car’s width, so the sensor’s bore-sight direction was aligned
with the centre of the car. There was no tilt angle given to the sensor, hence

Tab. 8.2: Radar parameters
Parameter Quantity
Centre frequency 76.5 GHz
Bandwidth 500 MHz
Sampling frequency 10 MHz
Ramp length 128 Samples
No. of ramps 256
Ramp repetition interval 107 µs
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the radar beam was pointed directly in front of the car and with the help of
the antenna beam patterns, it was calculated that the beam should touch the
ground at a range of approximately 4 m from the front grille of the car. This
was also experimentally verified using point targets (corner reflectors) placed on
the ground in front of the car and moving them until the extents of the beams
were found. The radar test vehicle is shown in Fig. 8.12. The polarimetric
radar sensor with its water proof housing is fixed to the roof of the car while
the commercial sensor fixed behind the front grille of the car was blocked by
an absorber and aluminium foil. Both of them have been encircled in red in
Fig. 8.12.

Fig. 8.12: Set-up for investigation of polarimetric clutter.

8.4.2 Calibration of Measurement Setup

The next step was to remove the effects of the differing antennae gain through
calibration with the help of a metal sphere. The ratio of the received and
transmitted powers can be written as [24],

𝜌ii/jj =
𝑃r,i/j

𝑃t,i/j
=

𝐺2
ii/jj𝜆

2

(4𝜋)3 𝑅4o
𝜎o, (8.1)

where i and j represent the polarisations, 𝑃r,i/j and 𝑃t,i/j the received and
transmitted power respectively for each polarisation, 𝐺ii/jj the co-polarised
antenna gain for the respective polarisation, 𝑅o the distance to the sphere and
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𝜎o the radar cross-section of the sphere. The calibration value is then defined
as,

𝛼 jj
ii

= 𝜌jj

𝜌ii
=

𝐺2
jj

𝐺2
ii

, (8.2)

which is defined as a ratio of the gains of the polarised antennae. This calibra-
tion value is then used to divide the jj polarised signal (𝜌jj) so that it is as if
the signal has been received with an antenna of gain 𝐺ii. The same procedure
is carried out for the two cross-polarised signals as well.

Additionally, the electrical path lengths of the two co-polarised signals were
calibrated as well such that the phase change remained the same for both, so
that the coherent addition (𝑆HH + 𝑆VV) could be carried out as well. 𝑆HH and
𝑆VV represent the horizontal and vertically polarised components of a scattering
process which was covered in Section 3.1.

Calibration of Beam Footprint

Once the above mentioned calibration was done, the next step was to carry
out a fine calibration of the antennae pattern and to select ranges for which
the data should be processed. To this end, the measurement set-up was affixed
to the car’s roof and the car parked in an open area covered with asphalt
and no objects in the line of sight of the radar except for the surface. In this
calibration process, the maximum range from which the clutter from the road
surface could be recognised was from 27 m. However, it is pertinent to mention
that the return was very weak and would sometimes disappear depending on
the local surface characteristics. For the purposes of the signal processing task
at hand, the maximum range was selected to be 19 m. The starting range
or the minimum range was selected to be 8 m. These ranges are from the
perspective of the sensor and not of the car, that is they represent the slant
range. These ranges were selected keeping in mind the height of the sensor
and the elevation beam-widths. The utility of these start and stop ranges will
become clear shortly once the discussion moves deeper into the signal processing
steps. The calibration process was then carefully fine tuned where the car was
kept stationary and with the help of a corner reflector, the extents of the HH
and VV beam patterns were mapped out. The goal was to select the patch
of road surface where the HH and VV exhibit approximately equally strong
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returns. The gain of the antennae had at this time already been calibrated (as
mentioned earlier), hence the choice of the target did not skew the results. With
the fine tuned calibration, it was also assured that any errors in the mechanical
construction and assembly of the measurement set-up were calibrated out.

8.4.3 Signal Processing Chain

Velocity

Range

Radar
sensor

Beam
footprint

Area being
investigatedAntenna

bore-sight

𝑅start

𝑅stop

Patch

Fig. 8.13: Schematic of measurement geometry and clutter levels. On the left
is the Range-Doppler (velocity) diagram and on the right is the
physical interpretation of the diagram with respect to the measure-
ment scenario.

The measurement scenario is shown in the right part of Fig. 8.13. The
radar antennae were pointing in the direction of travel and thus it was receiv-
ing backscatter from the beam footprint, the extents of which were already
mentioned in the previous section. The measurements were then processed to
create a Range-Doppler [23] representation of the scenario. This represents the
backscatter for each polarisation (HH, VV, VH and HV). The goal for the first
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signal processing block was to isolate the backscatter from the ground (clutter)
from all other radar returns. This was done in range by setting an 𝑅start and
an 𝑅stop point. The length of range between these two points represents the
clutter values which were to be isolated and processed.

To isolate values in the velocity domain, it was decided to select clutter
values from a section of the road surface whose width was 1 m either side of the
antenna bore-sight. This would be enough to represent the path in front of the
car. The width (Doppler/velocity) of the section of road was calculated using
the fact that points lying on the bore-sight direction have the largest Doppler
frequency and all points lying off bore-sight have a smaller Doppler frequency
which is dependent on the offset of the said point from the bore-sight. The 1 m
width of the section of road was calculated at the 𝑅stop point. Hence, a patch
of values were cropped out of the Range-Doppler representation as shown in
Fig. 8.13 on the left side. The physical representation of this patch is shown
on the right. The rectangular patch in Range-Doppler becomes a trapezium
on the road since the point that is 1 m wide from the bore-sight at 𝑅stop has a
larger Doppler frequency than the point that is 1 m wide at 𝑅start, as the offset
of 1 m at 𝑅start subtends a larger angle which leads to lower radial velocity and
hence, lower Doppler frequency. This can be better understood by considering
Fig. 8.14. Here the radar sensor is shown along with the beam cone angle. The
point lying 1 m off the antenna bore-sight has a cone angle 𝜃offset. This point
has a certain radial velocity which translates to a Doppler frequency which is
lower than the point at 𝑅stop on the bore-sight. Now the point off bore-sight
at 𝑅start which has the same Doppler frequency lies on the same angle, 𝜃offset

but the separation from bore-sight is now lower. Hence the patch becomes a
trapezium on the road surface.

Once the patches have been selected, the clutter analysis can begin. In a
previous study [114], the small perturbation model ( [35]) was used to study
the backscatter at 24 GHz. However, this approach cannot be used at 77 GHz
because the wavelength is shorter and hence the assumptions for the model, that
the product of the root mean square surface roughness s, in (3.6) discussed in
brief in Section 3.2.2, and the propagation constant k is small (𝑘𝑠 < 0.3) do
not hold [30].

Therefore, one has to rely on the parameters introduced in Section 3.3. The
parameter 𝑀 , from (3.11), is sensitive to the dielectric properties of the re-
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Fig. 8.14: Figure illustrating how a rectangular patch in Range-Doppler do-
main corresponds to a trapezium on the road surface in the physical
world.

flecting material and can thus be used to detect when the driving surface may
be covered with snow or water. Meanwhile, the parameter 𝑅, from (3.10), is
influenced by the roughness of the reflecting surface, hence it can be used as
an indicator of traction available on the surface which is an important piece of
information for maintaining the stability of the car.

Recorded Roads and Conditions

Over the course of the measurement campaign for this research, well above fifty
recordings were gathered for each condition over different stretches of public
roads in and near the city of Ulm in Germany.

An overview of the recorded distances for each condition and surface type is
given by Table 8.3. Dry asphalt has the largest amount of data as this was the
condition which was the easiest to find.

Snowy conditions were not easy to predict. Though once found, it was quite
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easy to record large amount of data as the snow usually keeps laying on the
road until it is cleared or it becomes warm and melts away. It was thus possible
to drive around and acquire a lot of data in a relatively short amount of time.
Here it was made sure that the amount of snow lying on the road was at least
a couple of centimetres and the municipal services had not attempted to clear
the roads of snow yet. Extra care was taken to record data from roads which
were not very frequently driven on, as the snow lay largely untouched on such
roads.

Tab. 8.3: Summary of recorded distances for each condition and surface type
Weather and Surface Distance Recorded (km

Dry asphalt 23
Snowy asphalt 17
Wet asphalt 10

Dry cobblestone 11

Finding wet asphalt conditions was considerably more challenging, as a large
volume of water needed to be on the road surface for there to be any significant
change in the surface properties which could be detected. This was particularly
challenging as thunderstorms with heavy rainfall are difficult to predict and
are often short in duration. Thus the measurements were carried out during
rainfall as otherwise the water would flow away. During heavy rainfall, water
forms streams across or along the road where most of the water flows. It was
attempted to capture as much as possible of such streams of flowing water.
These conditions were difficult to satisfy most of the time, hence the amount
of recorded data for wet asphalt is the least of all the categories.

The cobblestone surfaces were recorded in dry conditions in various places
also in and near the city of Ulm. The reason for the relatively low number of
recorded kilometres for cobblestone streets is that cobblestone is not used exten-
sively and they are almost exclusively found in very busy city centres. Therefore
recording data without the presence of other disturbing objects (pedestrians,
cyclists and other cars) was a time consuming and slow process. Most of these
recordings were carried out late at night or in the very early morning.

In the next section the results will be presented which have all been obtained
from measurements carried out in conditions described above and summarised
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in Table 8.3. As the amount of recorded data for each condition varies strongly,
the condition with the least number of data was chosen as the one which pre-
scribes how many data points are taken into account for each condition. For
example in comparing dry, snowy and wet asphalt, data amounting to approxi-
mately 10 km was selected from the available pool of dry and snowy conditions.

8.5 Measurement Results

To avoid confusion and misunderstandings, this Section is divided into two
parts. In the first part the driving characteristics are investigated in different
weather conditions while in the second, different driving surfaces are compared
to asphalt. Both of the sections aim to present how the varying driving con-
ditions can be recognised with the help of a polarimetric radar sensor. to
accomplish this task, measurement data was gathered from public roads in and
near Ulm. The targeted weather can be described as dry, snowy and rainy (wet
asphalt) conditions.

8.5.1 Weather Influenced Surface Behaviour

In Fig. 8.15, a statistical representation of the clutter values for different con-
ditions can be seen. Fig. 8.15 shows the trends in data for varying weather
conditions. The numbers printed next to each box are median values for each
condition and polarisation while the 1st and 99th percentile are given next to
their respective outliers.

The data shown in the boxplot represents an unadulterated picture since no
averaging has been done. Rather data from the patches corresponding to each
polarisation for each condition are pooled together and plotted. It should be
mentioned that the data displayed in the boxplot consist of at least one million
individual FMCW chirps for each condition (dry, wet and snow).

In the initial stages of the measurement campaign, the polarimetric backscat-
ter from different roads with asphalt surfaces were compared with each other
to gauge if there are any characteristics which vary between different asphalt
surfaces. The finding which was found, is that for the polarimetric sensor op-
erating at 77 GHz, all asphalt surfaces are the same because their structure
is overall very similar and compared to the wavelength of roughly 4 mm, the
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Fig. 8.15: Boxplot of clutter values from different road conditions. Median
values printed next to each box and the values corresponding to
the 1st and 99th percentile printed next to the respective outliers.
The position of the percentiles are marked with a thick vertical line.

asphalt surface is very rough. This is in contrast to what we can see with our
eyes, where different asphalt surfaces ‘look’ different. This key finding enables
the direct comparison of different roads with dry asphalt surfaces with other
roads which may be wet or covered with snow. The results are thus not limited
geographically only to the roads where the test vehicle actually drove.

It can be noted from the boxplot in Fig. 8.15, that the individual medians of
each polarisation channel and condition are very similar on the whole, except
for HH, which is always stronger by a factor of two approximately. However, VV
and VH are almost identical except for the wet case, where the cross-polarised
component is weaker.

Another interesting aspect that can be seen from the plot is that the num-
ber of outliers for snowy conditions are significantly larger than those for dry
conditions, while for wet conditions, they are much less than for the other two
conditions. Meanwhile the medians for both snowy and wet conditions are
lower than that for dry asphalt. This can be seen with the help of the 99th and
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1st percentile values printed next to the respective outliers as well as the thick
vertical line denoting the position of the respective high and low percentiles.
As the number of outliers increases, the position of the respective percentiles
moves further from the median as evident in Fig. 8.15. The increase in the
quantity of outliers for snowy conditions can be explained by considering the
structure of the surface. When dry, the asphalt surface has facets, whose sizes
are in the order of the wavelength, hence it leads to significant depolarisation.
When the surface is covered with snow, which even though it might have been
disturbed by cars being driven over it, still covers the majority of the facets.
This leads to a lower median since the surface is smoother and the majority
of the incident waves would be reflected forward and not scattered. However
dependent on the specific road conditions, the snow layer may have a structure
such that has facets locally which occur sporadically, that is in certain areas
the snowy surface may be rough while in most places, it may be smoother. So,
while the median drops by a small margin due to the combination of the absorb-
ing properties of snow (and snow-slush) as well as the smoother surface (due to
the snow cover), the number of outliers increases due to the presence of facetted
structures formed in snow by wind and the movement of other vehicles.

Similarly for wet conditions, when there is enough water on the road, it covers
up the facetted structure of the road and provides a smoother surface for the
incoming waves. Therefore, a greater proportion of the incident energy would
be reflected forwards instead of backwards, which leads to a smaller median for
wet conditions. The outliers for wet conditions, though do not increase as seen
for snowy conditions since the water covers the facets of the asphalt and the
water surface itself is smooth, hence there are no scattering effects from local
facets.

Figure 8.16 shows the variation of M of the road surface when it is covered
with snow and rainwater, while Fig. 8.17 illustrates the behaviour of R. Each
data point in the figures has been calculated from clutter values acquired over
approximately a 10 m section of the surface. The solid line represents the aver-
age values of the parameter for each condition. At first glance, it seems that
the points corresponding to R and M for the three conditions are grouped
together with a high variance, rendering discrimination between the three con-
ditions difficult. However, having two parameters, the chances of a particular
measurement of one condition being falsely recognised as that of another con-
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Fig. 8.16: Material (𝑀) parameter, from (3.11), for roads under different
weather conditions. Each plotted point represents clutter from a
10 m section of the surface.

dition are vastly lower when considering R and M together. This can be done
by comparing the median value of each condition with the corresponding mea-
surement point for both R and M simultaneously. This way the chances of a
measurement being falsely identified are much lower.
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Fig. 8.17: Roughness (𝑅) parameter, from (3.10), for roads under different
weather conditions. Each plotted point represents clutter from a
10 m section of the surface.

It can be seen that there are marked differences between M for the three
conditions, even though the variance for snowy and wet conditions is large.
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This is due to the way the surface is covered. Water unfortunately does not
lie still on the surface, rather depending on the local formations found on the
road, the water might form a small stream on one side of the road while the
rest of the road might be covered by much less water.

It is also important to keep in mind, that the snowy conditions do not remain
constant, rather they change as the temperature during the day rises or falls and
the more traffic that is prevalent on the roads. Therefore, the variance in the
snow measurements will increase dramatically as the temperature increases and
the snow cover gradually diminishes to lay bare the rough asphalt underneath.

Considering the fact that the clutter value from a particular resolution cell
is the superposition of waves reflected from a large surface (≈ 15 cm by 30 cm),
within which the road conditions might be different, the large variation in the
M and R values can be understood. The variation of M and R is smaller for
snowy conditions than for wet. Hence it can be deduced that a snowy road
is smoother, while in wet conditions, the roughness varies strongly. However
all three conditions can be recognised based on their backscatter properties,
though the rate of correct prediction for wet conditions is lower.

It is important to keep in mind that, the presented signal processing algo-
rithm is capable of detecting changes in the roughness (R) and the dielectric
constant (M ) of the driving surface. While the changes in the dielectric con-
stant can give some clues with respect to snow or water covering, it is the
roughness which directly affects the stability of the car and thereby the safety
of the occupants of the car. Therefore, where a trained classification algorithm
may fail to distinguish, for example between wet and dry asphalt, it can be
argued that the degree of ‘wetness’ is not sufficient to cause the car to lose
stability.

It was unfortunately not possible to train an artificial intelligence (AI) based
detector to distinguish the conditions based on the measured clutter in the
scope of this work. However, the M and R values are good inputs to such
an AI detector which can be trained and then deployed for real-time in car
inference of the driving conditions.
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8.5.2 Effects of Different Driving Surfaces

In the second part of this work, the polarimetric backscattering properties
from cobblestone roads was investigated. The measurements were carried out
over cobblestone surfaces in dry conditions and compared with the received
backscatter from dry asphalt surfaces. All the data thus collected are illustrated
in Fig. 8.18. The numbers printed next to each box are median values for each
condition and polarisation while the 1st and 99th percentile are given next to
their respective outliers.
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Fig. 8.18: Boxplot of clutter values from different driving surfaces. Median
values printed next to each box and the values corresponding to the
1st and 99th percentile printed next to the respective outliers. The
position of the percentiles are marked with a thick vertical line.

Here it can be seen that for the cobblestone road, the number of outliers in-
creases sharply while the medians for the co-polarised channels decrease slightly
and the median for the cross-polarised channel falls by roughly 3 dB. Again,
the behaviour of the outliers can be identified with the help of the thick vertical
lines identifying the positions of the 1st and 99th percentiles respectively. The
data shown in Fig. 8.18 represents measurements obtained from more than a
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million individual FMCW ramps for each surface, as in the previous section.
To understand the behaviour represented in Fig. 8.18, it is necessary to

consider the structure of a cobblestone surface. Cobblestones are smoother
than asphalt, however they are not flat, rather they have smooth protruding
curves which are in the order of or larger than the wavelength. Additionally,
between the individual stones there is a small gap which forms a facet whose
dimensions are also in the order of the wavelength. These features contribute
to the large number of outliers. And the smoother surface results in a lower
backscattered power since most of the incident power is reflected forwards, away
from the radar sensor.
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Fig. 8.19: Material (𝑀) parameter, from (3.11), for asphalt and cobblestone
roads.

Figure 8.19 displays the M parameter for the asphalt and cobblestone road
surfaces, while Fig. 8.20 illustrates the parameter R. As stated in Section 8.5.1,
each individual measurement point in the two figures represents the radar
backscatter over a 10 m section of the respective surface. This is done to ensure
that the different conditions and surfaces can be distinguished based on a short
measurement history, instead of having to drive about a kilometre before the
particular driving surface or condition could be classified. The effect of observ-
ing the measurements in patches of 10 m is a large rise in variance between
the measurement points. Thus it is necessary to achieve discrimination of the
surfaces despite the large variance.

The difference in M for the two surfaces is not very large, which could be

143



8 Polarimetric Clutter Analysis for Automotive Applications

due to the fact that both the surfaces are constructed using stones and thus the
dielectric properties of both may not differ as much. However, the difference is
still large enough to enable discrimination between the two surfaces.
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Fig. 8.20: Roughness (𝑅) parameter, from (3.10), for asphalt and cobblestone
roads.

On the other hand, the difference in R for the two surfaces is much larger and
the cobblestone is decidedly much smoother than asphalt. The lower power in
the cross-polarised component of the backscattered power from cobblestone in
Fig. 8.18 is evidence of this. To distinguish between an asphalt surface and a
cobblestone one is much easier since the change in the roughness parameter, R,
is much larger than for snowy and wet conditions. Cobblestone roads are there-
fore much smoother than asphalt roads covered with snow or water. Since the
R parameter corresponding to the two surfaces are sufficiently far apart enough,
to enable easy discrimination, there was no need to carry out an analysis to
determine the statistics for successful classification as done in Section 8.5.1 for
dry, wet and snowy asphalt. It is thus possible to distinguish a cobblestone
surface from asphalt based solely on the polarimetric backscatter as presented
here.

8.6 Concluding Remarks

The data presented on the previous pages provides a good starting point for
the implementation of an artificial intelligence based algorithm which can be
trained to classify the surface conditions. Once this has been achieved, the
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relevant information about the prevalent conditions could be passed to the
electronic control unit (ECU) overseeing the functioning of the electronic sta-
bility programme (ESP), so that the tire speeds could thus be adjusted and
perhaps the threshold for a braking manoeuvre be lowered as well as informing
the driver of the conditions.

Additionally, during the measurements phase no icy conditions were found
therefore, an important improvement for the future would be to gather data
from icy roads in parts of the world where such conditions can be easily found.
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9 Conclusion

As it was discussed in some length in Chapter 1, the ever faster developing field
of advanced driver assistance systems (ADAS) places more stress on finding
novel solutions to problems which limit or dampen the functioning of ADAS
and autonomous cars.

These problems were introduced and discussed in Section 1.1.1. In this chap-
ter, a short recap of the developed solutions is given along with recommenda-
tions for possible improvements which could not be carried out in the scope of
this dissertation. The importance of this body of work can be gauged from the
accomplished tasks listed as follows:

∙ A study of the polarimetric radar cross-sections (RCS) of typical objects
found in traffic scenarios everywhere. Additionally it was shown that
a metal and guide post can be differentiated based on their RCS signa-
tures.This is based solely on radar measurements and using these mea-
surements for further signal processing.

∙ Adaptation of synthetic aperture radar (SAR) from satellite and aircraft
based platforms to the automotive scenario to provide high resolution
radar images of the automotive environment. When combined with po-
larimetric SAR, the outline and contours of parked cars are even easier to
distinguish.

∙ Deployment of a polarimetric radar sensor for the analysis of road clutter
and recognising different driving conditions in the presence of inclement
situations and non-asphalt based driving surfaces.

Over the next few paragraphs, the above mentioned accomplishments are
examined from a deeper perspective. Chapter 5 illustrates the results of the
radar cross-section (RCS) measurements of various targets commonly found
in traffic scenarios. The measurements were carried out with a polarimetric
sensor, however it was seen that the extra polarisation channel offers little in
the way of revealing hidden clues regarding RCS of traffic objects, since the
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horizontally and vertically polarised waves behave in a similar manner. This
is likely due to the extremely large size of the objects when compared to the
wavelengths of the incident waves of approximately 4 mm at 77 GHz. However,
the results are nonetheless important for self localisation and compilation of
grid-maps used for radar based localisation techniques.

High resolution radar images obtained through SAR are presented in Chap-
ter 6. Here the SAR measurement schematic for automotive applications and
the impetus for its deployment is introduced, before the results obtained from
a linear rail unit are discussed. This represents an ideal world, where the steps
are always precisely known and there are no uncertainties. It was used as a
stepping stone to perfect the processing algorithms and to simulate non-ideal
conditions. Finally a realistic measurement set-up is introduced in the form
of a hand-pushed cart which suffers from the same pitfalls as a car, that of
ubiquitous tiny accelerations as well as determining the position precisely of
the radar at each instant of time when a FMCW ramp is transmitted. The
high resolution radar images thus obtained were excellent for estimating the
contours of parked cars.

Building on the results achieved in Chapter 6, Chapter 7 delves into polari-
metric SAR. Here a polarimetry capable radar sensor is deployed to carry out
measurements of the target scenarios which involved cars and other objects.
Using polarimetric SAR, it has been shown in numerous literary works that
the extra polarisation channels, both and co-polarised, deliver surplus informa-
tion which is usually not available from a single incident wave polarisation. So
too here, the use of polarimetric SAR in an automotive scenario is able to give
more information which is usually locked away. This makes the task of contour
estimation much simpler as well as enabling orientation estimation of parked
cars. The cross-polarised channel is able to pinpoint the locations of the wheel
wells as well as highlighting other places on cars which are normally not con-
spicuous in co-polarised channels. If one refers to Fig. 7.10b for example, it is
possible to make out the sides of the car much easier than from the co-polarised
SAR image illustrated in Fig. 7.10a. This is an immense advantage which, as
mentioned earlier, enables orientation estimation of the car. The disadvantage
of course is that the sensor becomes larger in size since double the number of
antennae now need to be accommodated.

The results of the polarimetric clutter analysis are discussed in Chapter 8,
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where it is shown that with the use of a fully polarimetric radar, it is possible
to distinguish between asphalt surfaces which offer reduced traction when influ-
enced by precipitation and adverse weather conditions. It is also demonstrated
that driving surfaces composed of cobblestone can also be recognised based
on their clutter backscatter. This is helpful since such surfaces are smoother
than asphalt and hence offer much less traction. The work summarised in
that chapter is essential to reduce the number of traffic accidents and is abso-
lutely necessary if autonomous driving platforms are to function in regions of
the world where snowy and icy roads are a common occurrence. The results
illustrated are in an ideal position to be fed into an AI algorithm which can
optimise the process and lead to even higher correct categorisation rates.

Thereby to conclude this dissertation, the take away message is that SAR
is a very viable signal processing technique which would invariably make the
task of assisted and automated parking easier as the advantages offered by it
over traditional signal processing techniques (ultrasound and classical radar
imaging) are too important to be ignored. Polarimetric radar sensors on the
other hand, too offer advantages, however with the additional costs of new
and larger hardware. Currently driving surface condition recognition is not a
priority for cars, this will gradually change though, as highly automated vehicles
are introduced to the public roads [121]. This will drive the requirement for
automated vehicles to be able to recognise conditions with low traction and
react to them appropriately.
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Appendix A Dielectric Constant of Water

To be able to investigate the effects which occur when automotive radars are
deployed in adverse weather conditions, the dielectric properties of water at
microwave frequencies need to be first understood. The dielectric constant, also
known as the permittivity of a material, is a term which describes how and to
what degree the charge distribution within the material can be influenced or
‘polarised’ when an electric field is applied to it.

Although there have been numerous experiments done to measure the dielec-
tric constant of water, it was not possible to find such results directly at the
frequency (77 GHz) of interest. However, a pair of equations from literature
have been found, using which it is possible to estimate the dielectric constant
of water at 77 GHz for various temperatures. The Cole-Cole equations for this
purpose are shown below [122],

𝜀′ = 𝜀∞ +
(𝜀𝑠 − 𝜀∞)

[︀
1 + (𝜔𝜏)1−𝛼 · sin( 𝛼𝜋

2 )
]︀

1 + 2(𝜔𝜏)1−𝛼 · sin( 𝛼𝜋
2 ) + (𝜔𝜏)2(1−𝛼) (A.1)

𝜀′′ =
(𝜀𝑠 − 𝜀∞)(𝜔𝜏)1−𝛼 · cos( 𝛼𝜋

2 )
1 + 2(𝜔𝜏)1−𝛼 · sin( 𝛼𝜋

2 ) + (𝜔𝜏)2(1−𝛼) (A.2)

Equation (A.1) can be used to calculate the dielectric permittivity (real part)
of the dielectric constant while (A.2) can be used to calculate the dielectric
loss (imaginary part). 𝜀𝑠 is the static dielectric constant of water at very low
frequencies, 𝜀∞ is the dielectric constant of water at very high frequencies, 𝜏 is
the macroscopic relaxation time, and 𝛼 is the relaxation time spread parameter.
These parameters have been estimated through nonlinear regression analysis
for various temperatures of water [122]. A detailed handling of the relaxation
times for water can be found in [123] [124].

In Fig. A.1, is shown the curve obtained from (A.1) and (A.2) for water at
20∘C. Also marked are a few points corresponding to frequencies of interest.
The curve starts at the point 𝜀𝑠 below approximately 10 MHz before increasing
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Fig. A.1: Dielectric properties of water at 20∘.

sharply with frequency to reach a high point at 17 GHz. The attenuation due
to water should be highest at this frequency. With ever increasing frequency,
the curve decreases approaching 𝜀∞. The dielectric constant corresponding to
77 GHz is calculated to be, 𝜀𝑟 = 8.24 − j16.21. The calculated values from
the Cole-Cole equations have been shown to agree with the measured dielectric
constants at other frequencies [122].
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Appendix B Measurement Control Software for
the SAR Demonstrator

This chapter presents the measurement control software for the SAR demonstra-
tor introduced in Section 6.2.2. For the measurements presented in this work,
the maximum allowed sample spacing, Δ𝑥 as defined by (6.13), was calculated
to be 1.5 mm. In essence, this translates to getting one FMCW ramp (one
range profile, or radar measurement) every 1.5 mm. This is a requirement to
satisfy the Nyquist criterion, the fulfilment of which requires efficient time and
resource management, so that the radar measurement data as well as the odom-
etry data from the respective interface devices (see Fig. 6.11) can be fetched
and saved for processing at a later stage. It is also of the utmost importance
that the time being maintained by the microcontroller (odometry time with
respect to the rotary encoder) and the measurement computer (radar time) be
of the same length.

To control the measurement hardware and to ensure that no data is lost
due to memory overflows and that time is efficiently utilised to maximise the
number of radar measurements, the controlling software was designed using
three threads, one thread was used to trigger the radar and ask it to pause
when needed. The second thread’s job was to fetch data from the first-in first-
out (FIFO) memory structure present in the radar backend and save it to RAM
in the measurement computer. The last thread was charged with interfacing of
the microcontroller. These state machine implementation of these three threads
is illustrated in Fig. B.1.

On the left is the radar control thread, which triggers the radar and polls a
signal from the radar backend which indicates if the FIFO is more than half-full.
As soon as this signal is high, the radar is paused and the second thread (the
thread in the middle in Fig. B.1) starts to fetch the radar measurement data
over a USB 2.0 connection. As soon as the data has been fetched, the second
thread raises the clear FIFO flag. This is a message to the first thread that it

153



Appendix B Measurement Control Software for the SAR Demonstrator

Ramp trans-
mitter thread

Radar read
thread

Microcontroller
& rotary

encoder thread

Start Start Start

Transmit
chirp sequence

Is clear
to read

flag
raised?

New
packet
from

arduino?

FIFO
half full?

Read data from
FIFO to RAM

Save data
to RAM

Raise clear
to read flag

Raise FIFO
clear flag

Is FIFO
clear flag

high?

Is quit
flag

raised?

EndEnd End

no

yes

no no

yes yes

no yes

Fig. B.1: Threads flow diagram for the control software.

can trigger the radar again, while the second thread polls the clear to read flag.
The third thread polls for new messages from the microcontroller and saves the
content to RAM when a new message arrives.
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The software was programmed to run for as long as a pre-defined keyboard
key hit was not detected. Upon detection of the pre-defined quit key, a flag
is raised which indicates to all three threads that they need to tidy up and
terminate as soon as possible in a clean fashion without loss of any data.
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The objective of the work contained in this dissertation is to 
investigate and present algorithms which can be used to derive 
more information out of an automotive radar than is possible 
with current techniques. The synthetic aperture radar (SAR) has 
been used for reconnaissance and remote sensing for more than 
half a century and is now finding application in the automotive
scenario. The motion of the ego-vehicle can be used to 
accumulate a large number of radar measurements of the 
surroundings perpendicular to the egotrajectory. 
These measurements can then be integrated together to form a
high-resolution radar map of the surroundings.

The use of polarimetry capable radar sensors can enable a 
multitude of solutions which would make automated driving 
easier: self-localisation using polarimetric radar cross-section 
measurements (RCS), polarimetric SAR to win more information 
of ubiquitous traffic objects and clutter analysis to recognise
driving surfaces and loss of traction in adverse weather 
conditions.
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