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Zusammenfassung

Fortschreitende Automatisierung bedarf der immer detaillierteren Wahrneh-
mung und Interpretation der Umgebung durch autonome Systeme. Ein entschei-
dender Faktor ist hierbei die Identifizierung, sei es von anwesenden Akteuren,
relevanten Objekten oder definierten Referenzpunkten. Radarsensoren finden
verbreitet Anwendung im industriellen Kontext, inbesondere in autonomen Ar-
beitsumgebungen, die Mdoglichkeiten einer eindeutigen Objektidentifizierung
sind jedoch begrenzt. Eine Kombination von Radaren mit Doppler Tags ermog-
licht hingegen inherent Objektspezifitit. Die Tags erweitern die Funktionsweise
von Chirp Sequence Radaren um eindeutige Identifizierung bei hochgenauer
Entfernungsschitzung und erdffnen neue Anwendungsoptionen aus dem Be-
reich der industriellen Automatisierung und dariiber hinaus.

Den Kern dieser Arbeit bilden die Idee des Doppler Tags sowie eine umfas-
sende Analyse der grundlegenden Eigenschaften, Spezifikationsanforderungen
und anwendungsspezifischen Implementierung. Die Arbeit dient als initiale
Machbarkeitsstudie fiir Radar-Doppler-Tag-Systeme mit Schwerpunkt auf Er-
kenntnissen und Entwicklungen in der Signalverarbeitung hin zu hochgenauen
Entfernungsschitzungen. Doppler-Tags emulieren eine Doppler-dhnliche Fre-
quenzverschiebung des Radarsignals und identifizieren so das markierte Objekt
eindeutig. Auch unmarkierte Ziele sind im gesamten Sichtfeld des Radars detek-
tierbar, da Storechos in der Signalverarbeitung unterdriickt werden und die Sen-
sitivitdt der Hardware fiir Umgebungsreflexionen erhalten bleibt. Gleichzeitig
wird die Schitzgenauigkeit deutlich verbessert. Tags liefern derweil zusétzliche
Informationen iiber ihre zugehdrigen Objekte. Die Frequenzverschiebung wird
so aufgebracht, dass Tageinfliisse in zwei Seitenbéndern enthalten sind. Durch
deren Trennung und mathematische Neukombination stehen durch die Tags un-
verfilschte Signalkomponenten fiir nachfolgende Verarbeitungsschritte jenseits
der Identifizierung zur Verfiigung. Inbesondere erlaubt diese Kombination aus
Hardware und Signalverarbeitung die Auswertung des urspriinglichen, laufzeit-
bedingten Phasenversatzes und damit eine hochgenaue Entfernungsschétzung
zu markierten und unmarkierten Objekten ohne wesentliche Auflésungsanfor-
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derungen.

Die genannten Funktionen werden zum ersten Mal simulativ und in Messungen
mit Laboraufbauten sowie realitidtsnahen Szenarien validiert. Doppler-Tags mit
hochgenauer Entfernungsschitzung zeigen darin zuverlidssig vielversprechen-
de Ergebnisse fiir industrielle Anwendungen wie die rdaumliche Orientierung
mobiler Systeme. Sie sind damit préadestiniert als vielseitige Bestandteile au-
tonomer Umgebungen in einem breiten Spektrum aktueller und zukiinftiger
Anwendungen.
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Abstract

Advancing automation requires autonomous systems to perceive and interpret
their environment. A key factor is identification, whether of present actors, ob-
jects of interest, or defined reference points. Radar sensors are widely applied in
industrial environments and particularly expedient in autonomous applications,
however, their ability for unique object identification is limited. Where object
specificity is crucial, Doppler tags enable this and unlock further potential of
radar-tag systems. Not only do they extend chirp sequence sensing to include
unique identification of multiple tags, but thereby enable new functionalities
and widen radar applicability.

Herein lies the notion of this work — initially introducing the idea of Doppler
tags and presenting comprehensive analysis about characteristics, specifica-
tion challenges, and scenario-aware implementation. From the key focus on
signal processing advances in highly accurate range estimation to exemplary
demonstrations, it presents a fundamental feasibility study for radar-Doppler-
tag systems with pinpoint accuracy. Doppler tags apply an artificial frequency
shift to the radar signal, uniquely identifying the tagged object. Any part of the
radar-visible surroundings is detectable, whereat tag responses contain additio-
nal information, from just a single quantity to tiered data. Clutter is suppressed
in signal processing instead of hardware to enhance estimation accuracy but
remain receptive. The Doppler tag applies a frequency shift such that any tag im-
pactis comprised in two sidebands. Separating and recombining those allows for
the retrieval of unimpaired signal components for subsequent processing steps
alongside identification. Preserved delay-dependent phase-offset information
from this complementary combination of hardware and signal processing par-
ticularly enables highly accurate ranging toward tagged and untagged objects
without substantial resolution requirements.

These functionalities are demonstrated for the first time in simulations and
validation measurements including expressive laboratory setups and close-to-
reality scenarios. Doppler tags with high-accuracy range estimation therein
evince reliable performance and promising characteristics for industrial app-
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lications. They are hence predestined as versatile building blocks for robust,
high-performance autonomous systems across a broad spectrum of emerging
applications.
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1 Introduction

Radar (radio detection and ranging) is long since more than just detection and
ranging. Building on Hiilsmeyer’s basic idea of detecting objects and estimating
their parameters [Hiil04a, Hiil0O4b], applications evolved from air monitoring
over automotive adaptive cruise control to industrial and even consumer pro-
ducts. Radars can be used wherever non-contact measurement systems are
required. They offer distinct advantages, particularly in challenging environ-
mental conditions, due to their resilience to visual interference, including but
not limited to dust, smoke, and occlusion. Given adequate hardware and signal
processing, radar sensors inherently provide information about the object di-
stance, relative velocity, azimuth and elevation angle, and radar cross section
(RCS). Thereby, they offer promising estimation capabilities for spatial awa-
reness and precise movement. However, identifying the object to which these
parameters belong uniquely is beyond the capabilities of classical radars.

1.1 Idea and Motivation

In complex and crowded scenarios with multiple objects, unique identificati-
on is crucial to pinpoint the object of interest among several targets, correctly
assign parameter estimations, and use them effectively. Current development
is driven by radar properties like multi-parameter estimation and environmen-
tal robustness and particularly enhanced by performance features such as high
accuracy in range estimation. The latter can be accomplished through signal
processing, however, without simultaneous resolution enhancement if the radar
configuration remains unchanged, imposing limitations to the separability of
objects. Unique object identification resolves ambiguities and allows for the
differentiation of objects despite insufficient resolution. In combination, high-
ly accurate ranging to an identified object is favorable for multiple and even
essential for some applications. It forms the basis for tasks in the context of
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automation, human-machine interaction, and generally Industry 4.0 but also
for applications in autonomous driving, medical imaging, or augmented reali-
ty [VS20,SSSW17, KHIJH88, NHS24]. Particularly the industrial and medical
sectors benefit, where identification and localization of certain objects of in-
terest are crucial [DVC*17]. Radar sensors provide the required information
to determine object positions and trajectories and are commonly used in cor-
responding applications such as tracking or monitoring [WZZ*21, LJLC17].
Concomitant identification opens new fields of applications where radar sen-
sors provide extensive information about the environment and thereby deliver
the data basis for advanced tasks wherever the autonomy of systems or subsys-
tems is intended.

Radar-based identification, however, requires extensive knowledge about the
surroundings to infer from the estimated parameters to the object itself. Radar
tags are a compelling alternative interoperating with radar sensors and enabling
the identification of tagged objects. Different fields of application give rise to
correspondingly different, and in some cases mutually exclusive, requirements.
A variety of tag technologies is hence available, aiming at various applications
with different characteristics. Thereby, tailored approaches improve performan-
ce and avoid unnecessary complexity.

This work introduces a new tag concept - the Doppler tag. The focus is on un-
ique object identification and highly accurate range estimation with moderate
hardware requirements. The concept includes an advanced signal processing
chain and corresponding hardware that is tailored precisely to the intended func-
tionality and processing, enabling identification and pinpointing of a tag while
simultaneously being receptive to untagged surroundings. The tag emulates the
Doppler phenomenon and, by using different identification frequencies, allows
for unique identification of tagged objects with conventional radar hardware. It
is designed for operation with chirp sequence (CS) radars, which are, alongside
the related frequency-modulated continuous wave (FMCW), the standard in
industrial radar applications. They are already used in a multiplicity of tasks in
this context such as distance measurement, hidden object detection, or positio-
ning [ASB*15,SRB*07, VRH99]. Using CS, a newly developed phase analysis
in addition to standard processing provides highly accurate range estimation wi-
thout high bandwidths. Simultaneously, tags allow for object identification and
differentiation even in scenarios with targets unresolvable in range and velocity.
They are read at once without requiring multiple access schemes, which elimi-
nates blind times and makes them well-suited for multi-tag settings. Compact
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Figure 1.1: Application examples for Doppler tags in an industrial context, including object iden-
tification (a), orientation estimation (b), and self-positioning (c).

and low-cost fabrication allows for mass application. Classical radar sensing is
not impaired and can be applied to both tagged and untagged objects. Therein,
surroundings are only suppressed during tag processing but remain available
for untagged object detection. Doppler tags thus provide a comprehensive over-
view of the radar environment, encompassing both identified tag markers and
sensing information about the surrounding area.

This allows for a whole range of possible applications, all of which exploit
specific features of Doppler tags with pinpoint ranging. A robot independently
identifies tools or objects to proceed with (Fig. 1.1a), using the high accu-
racy of range estimation to precisely grab and handle them, while classical
radar sensing equips it with an overview of its surroundings, enabling further
sensing and collision avoidance. When approaching a Doppler tag, wake-up
functionalities allow for the start of object-specific sensing or processing tasks.
Unmodified radar hardware offers subsequent functionalities, for which the tag
provides a trigger. Even the orientation of an object of interest can be determi-
ned (Fig. 1.1b) and support handling, as an autonomous arm that is supposed
to pick up an object must know its exact orientation in order to avoid errors or
damage. The accuracy of range estimation to multiple, uniquely distinguishable
tags enables robust and reliable (self-)positioning (Fig. 1.1c) so that the robot
can autonomously navigate through its surroundings without optical markers or
guiding wires. Recalibration processes are streamlined by approaching a Dopp-
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ler tag at a known position and pinpointing the distance, thereby eliminating
the need for time-consuming manual recalibration.

1.2 State of the Art

The most widely used tag concept for radar at present is the harmonic tag,
enabling the identification of objects otherwise hidden or showing insufficient
RCS to be differentiated from the surroundings [CB04, PMC*08, SL10, GS-
BLL13, HBBP21]. These tags not only require the tag hardware but also a
tailored radar transceiver, differing from common hardware by a frequency
multiplication between transmit and receive paths. With a few exceptions,
e.g., [NVN20], simultaneous radar sensing of tagged and untagged objects
is not possible with these radars, which impedes a comprehensive supervision
of complex scenarios. Furthermore, tags can only be distinguished from their
environment but not from each other, as typically a single harmonic frequency
is evaluated. Hence, differentiation of multiple tagged objects and, therefore,
real identification is not possible using harmonic tags. For this reason, harmonic
tags are well-suited to detect and potentially track a specific kind of target, but
not for overall monitoring of intricate environments as often demanded in an
industrial setting.

Similar to harmonic tags, other principles of clutter-suppressing tags are dis-
cussed, enabling identification and radar sensing solely for tagged objects
[SHK*21, KXW22, TEOO]. Active and passive reflector tags of different ar-
chitecture are considered in [SE11, SBH*22] and [WMB*93, ISN*23]. Simi-
larly, passive, frequency-coded landmarks are proposed, e.g., in [JSSEA*20]
and [AAZAK?22]. In [BSCBO04], aradar tag to enhance detection and circumvent
the minimum detectable velocity of a pulsed radar is introduced.

Another approach are code-based tags, which combine identification and radar
sensing with the exchange of information about the object. Modulated backscat-
tering tags enable, e.g., communication with FMCW [COTKR15] or synthetic
aperture radars [FPEA™18]. In [DHC* 17], the proposed active tag is introdu-
cing a frequency shift with binary phase shift keying modulation to the reflected
signal. Switching between modulation frequencies allows for communication.
A similar approach is proposed in [SFH*17], also enabling communication via
frequency switching. At first glance similar to introducing an artificial Dopp-
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ler, the shift is considerably higher than motion-caused Doppler shifts that are
mimicked with the Doppler tag, so that coupling terms become significant and
impair range estimation.

In [VGO8], a switched injection-locked oscillator is utilized as active transpon-
der, providing a response signal similar to that of a Doppler tag. However, the
transponder function differs fundamentally from a Doppler tag, as do the ways
information is encoded in the response signal and the radar processing required
to extract it.

Beside radar tags, a variety of tag technologies not relying on radar, such as the
widely used barcode, is available. They all come with their own tag and cor-
responding reader architecture. Most tag technologies only offer identification,
but a number of wireless techniques are under investigation also for ranging.
The mostly targeted application is indoor positioning, e.g., with wireless fidelity
(Wi-Fi), Bluetooth low energy, ultrasound, ultra wideband, and radio frequen-
cy identification (RFID) [BCL*14, BD03, DAMC™* 15, AOJRT24, SN11]. All
approaches come with dedicated advantages and limitations and particularly
accuracies differ significantly, ranging from sub-centimeters to meters, depen-
dent on the used positioning technique and system design. A comprehensive
overview is given, e.g., in [VWG™'03].

Some technologies, such as Wi-Fi, utilize existing nodes, hence requiring little
to no additional hardware effort. They are of particular interest if an additional
communication channel is sought for. As a drawback, most systems require
synchronization between transmitting and receiving nodes and multiple tags
are not actually read at the same time, but one after the other in quick suc-
cession. Camera-based systems partly even follow a tagless approach [MT11],
but require preliminary information about the surroundings and are sensitive to
lighting conditions.

Therefore, all technologies come with characteristics tailoring them for certain
applications, and so does the Doppler tag. It is structurally different from the
aforementioned radar tags as it exploits the Doppler phenomenon for identifi-
cation and, using a customized processing chain, benefits from several inherent
radar features despite tag influence. The accurate range estimation, not reached
yet with other tag concepts, allows for new applications such as orientation
estimation. No specialized radar transceivers are required, thus both tagged and
untagged objects are detected with a single radar and comparable accuracy. The
simultaneous functionality for multiple tagged and untagged objects provides



1 Introduction

7.1 Tag Features 7.2 Orienta
Zy

oo

.

(5) | &
= g
| - S
" =
4 Accul“ate 8 g p =1
Ranging 2 g A
Al el & F=a
wH & H & :
( & 3 = w
3 Hardware = bt & -
5 6’: 1 % 9 C) basics
= ol
2, N & = conceptual
) Q J T
' 2 Radar Basics % 3 A 5 C) contributions
A= H = <) application
w © © o, demonstrations

Figure 1.2: The structure of this work builds on the basics of radar, existing hardware, and extended
signal processing approaches for enhanced estimation accuracy. The central contributi-
ons are the Doppler tag introduction and its combination with highly accurate ranging.
Performance evaluation and exemplary application demonstrations complete the work.
The given numbering corresponds to the chapters.

a flexible system for monitoring. It is hence a promising concept for various
fields of application and for in-depth investigation.

1.3 Objectives and Structure of this Work

The objective of this work is to introduce Doppler tags with highly accurate
range estimation, from the basic idea to exemplary applications. The Dopp-
ler tag is developed from scratch, based on the objectives of a tag allowing
for unique identification and highly accurate ranging to tagged and untagged
objects with simple tag and conventional radar hardware. Although hardware
implementations are developed and discussed, emphasis is placed on signal
processing. Thereby, this work is a signal processing perspective on current
challenges in the field of radar and forms the basis for customized develop-
ments. It demonstrates signal processing in advanced radar applications and
showcases possibilities beyond complex hardware solutions.



1.3 Objectives and Structure of this Work

The work discusses the Doppler tag idea, its combination with accurate ran-
ging, its implementation, and exemplary application as well as requirements
and limitations of the proposed approach. Basic considerations and conceptual
contributions span the space for advanced applications as visualized in Fig. 1.2.
Well-known radar basics are given (Ch. 2) to allow for the comprehension of
subsequent concepts and the used radar hardware as well as reference systems
are introduced (Ch. 3). Required preparatory work (Ch. 4) comprises the deve-
lopment of a signal processing chain for highly accurate range estimation using
a CS radar and a thorough analysis of occurring bin effects. This processing is
extended to dynamic setups and appropriate bounds for the estimation accuracy
in relevant scenarios are derived. On the basis of this foundation, the Doppler
tag concept is introduced (Ch. 5) and fundamental principles are investigated.
The complete processing chain and considerations for multiple tags are elabo-
rated. Guidance is provided on application-specific tag design and two different
hardware realizations and their applicability within this work are presented.
The performance of radar-tag systems is validated in static and dynamic scena-
rios and with multiple tags (Ch. 6) to highlight characteristics and features of
the Doppler tag. This demonstrates the ability of operation without hardware
modifications to existing CS radar platforms, the elimination of tag-induced
artifacts through complex-domain processing, and the feasibility of employing
double-sideband mixing for accurate range extraction. Collectively, these at-
tributes simplify system integration and reduce the overall complexity while
achieving outstanding accuracy. Exemplary applications are realized (Ch. 7)
with Doppler tags in different functions, which convey an impression of the
versatility of these tags. Finally, a conclusion summarizes the achievements of
this work (Ch. 8).

Through these objectives, the work at hand seeks to establish both the technical
contributions and the practical relevance of the proposed Doppler tag approach.
It is a fundamental applicability study for the entire concept with a strong em-
phasis on original algorithms for highly accurate range estimation. Doppler tags
can become a versatile building block for robust, high-performance monitoring
systems across a broad spectrum of emerging applications and advance the
applicability of radar-tag systems with highly accurate range estimation to new
functionalities.






2 Radar Principles

Radar, introduced in the early 20th century, describes the original idea of
detection and localization of objects using radio waves. Radar terminology
starts with the patent of Christian Hiilsmeyer 1904, discussing a maritime
radar, although major developments enabling this technology were achieved
prior. From military deployment during World War II, radar evolved finding
applications in various fields such as air traffic control, weather forecasting,
maritime navigation, and autonomous driving. From its military origins, radar
has become an indispensable tool in civilian and scientific domains, continually
pushing the boundaries of detection and monitoring.

This chapter addresses the theoretical fundamentals of radar including the
classical signal processing approach following chapters will build upon. Starting
from the radar range equation, which is valid for all types of radar, subsequent
derivations focus on CS radar. A generic signal model and corresponding signal
processing steps are presented, which enable the estimation of target range and
velocity. Finally, the resolution and measurement region of a CS radar are
discussed.

2.1 Radar Equation

Radar detection is based on emitting electromagnetic waves and analyzing the
reflected signals to determine the presence, distance, and speed of targets. The
basic functionality is quantified in the radar equation (2.1), assuming far-field
conditions [Lud98].



2 Radar Principles

The radar sensor transmits an electromagnetic wave, eventually of certain mo-
dulation, in direction of an object to be detected. The wave is reflected at the
target and received back with the power

_ ~P‘cx(;’tx(;rx)\2

Prx - (47T)3R4 0Ot (21)

where Py denotes the transmitted power, G/« the transmit/receive antenna
gains, A the wavelength of the transmitted wave, R the distance between radar
and target, and o the RCS of the target [G6b01].

2.2 Chirp Sequence Radar

Regarding modulation, CS is the prevailing standard in industrial radar app-
lications and focused on hereinafter. However, the introduced approaches are
mostly not limited to CS but applicable to other radar modulation schemes as
well.

CS is a derivative of the classical FMCW approach, consisting of a single chirp
of millisecond duration. FMCW is most suitable in single-target scenarios and
can only cope with moving targets to a limited extent, which highly limits the
field of possible applications. CS radars transmit multiple chirps of shorter
duration, hence they are also referred to as fast chirp FMCW. Doppler analysis
is performed over consecutive chirps, which, to some extent, decouples range
and Doppler estimation and enables the separation of multiple targets in range
and velocity while preserving a similar processing gain.

CS radars transmit a continuous signal consisting of multiple chirps of linear
frequency slope as depicted in Fig. 2.1. The same chirp configuration is assumed
for all chirps hereinafter, although variations are possible and implemented for
specific applications [Ala25]. Considering a saw-tooth modulation, the phase
of a single chirp is determined from the required linear frequency course by
integration:

t B
O (1) =27 fo fHdt =2m (fmint + ﬁﬁ) + Qst (2.2)
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Figure 2.1: CS radar signal in saw-tooth modulation, consisting of N, chirps of bandwidth B.

The chirp starts at a frequency fin and covers a bandwidth B with Ng samples
of accumulated duration 7T'. Consecutive chirps differ solely by their random
start phase g caused by the reset to fi,i, between chirps. This phase cancels
out in the beat signal allowing a steady phase to be assumed between subsequent
chirps ®(T,m) = ®(0,m + 1), neglecting discontinuities between the chirps
during idle times. The phase of the complete transmit signal is determined to

B B
@tx(t, m) = 27T (fmint + ﬁtz + (fmin + 5) mT) 5 (23)

for a signal consisting of N, chirps, where m € [0, N, — 1] denotes the slow
time index, and ¢ € [0, 7] the fast time. The first two summands describe the
current chirp, while summands depending on m describe past chirps.
Following propagation through free space, the signal is reflected off a target
and received by the radar. The phase of the received signal is thus time-shifted
with respect to the phase of the transmitted signal by the delay 7 as

D, (t,m) = Py (t - T,m). 2.4
This delay is dependent on the initial target range Ry, hence

To = @, (2.5)
c

11



2 Radar Principles

and the relative velocity of the target v. Assuming the latter to be constant, the
time-dependent delay 7(¢,m) is

_2R(t,m)
S

(. m) o+ 2V (b mT), 2.6)
C

where c is the speed of light in free space and negative relative velocity v < 0
describes a target approaching the radar.

Transmitted and received signals are mixed to form the beat signal, which is
subsequently low-pass filtered and discretized. The phase of the beat signal is
given using (2.3), (2.4), and (2.6):

Dy, (t,m) = Py (t,m) — D (t, m)

Range estimation

B 2uB 2
= 27r( (*7'0 - fminl)t
C

T c T

Doppler estimation

tmT 2.7)

Phase offset ¢y,
—_—

+ 7o (fmin - %To) )

The first term contains the range information in the 7p-dependency along .
Using the second term, the Doppler information can be extracted from the v-
dependency along m. Both terms contain range-Doppler coupling, offsetting
one quantity in dependency of the other one as range and Doppler are not
completely separated [Fit74]. The third term describes range Doppler migration.
Due to its motion, the range of the target is migrating over multiple range

12



2.2 Chirp Sequence Radar

bins during a single measurement. As the Doppler shift is dependent on the
increasing instantaneous frequency during a chirp, the detected Doppler is
migrating over multiple Doppler bins. The fourth term describes the movement
of the target during one chirp, which also affects the range, however, to a minor
extent. A corresponding behavior cannot be observed for the Doppler domain,
hence the fifth term only contains the squared velocity dependency over multiple
chirps. The last term independent of ¢ and m is a constant phase offset, which
is omitted in classical ranging, but will be exploited for highly accurate range
estimation in Ch. 4. In this form, the signal model represents solely the part of
the signal that is sampled and used for signal processing. This is the case when
both the transmit and receive signals are present for mixing, while beginning
and end of the ramp are omitted, hence 7 << 1" and B < fiin.

Finally, the beat signal is given by
sp(t,m) =exp(jPp(t,m)), (2.3)

disregarding the signal amplitude.

2.2.1 Classic Signal Processing

For the classic signal processing, the beat phase is reduced to

B 2
Dy, (t,m) z27r(—7'0-t+ lfmrmT) 2.9)
T c
using
V<K
B < fumin (2.10)
10 <T.

After dechirping, the beat signal is low-pass filtered and discretized with the
sampling rate fs, resulting in

B 2
q)b(n,m)me(ﬁTO-n+—vfmin~mT), (2.11)
s c
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2 Radar Principles

with ¢ — %, where 7 is the sample index, and Ng =T - f.

Frequency-based Range Estimation

The information about the target range is contained in the frequency of the beat
signal which corresponds to the difference of the instantaneous frequencies
between the transmit and receive signal and hence to the time delay. To extract
the frequency, a discrete Fourier transform (DFT) is applied to the signal along
the fast time ¢:

Ns—-1 n
s(brm) = Y sy (n.m) -exp( -i2mbnyr )

=0 : (2.12)
. 2v N1 . n
=exp J27T—fmian) . Z exp| j2n (Bt - bR)—) ,
¢ n=0 NS

with the range bin index by € [0, Ns — 1]. The behavior of this term can be ap-
proximated with a sinc-function whose maximum carries the range information

of the target as
c

2B’
with br,,,, being the index of the maximum in the discrete range spectrum.
This classical processing approach is henceforth referred to as frequency-based
range estimation.

Ry =bg,... - (2.13)

Frequency-based Doppler Estimation

The relative velocity between target and radar is estimated from the phase shift
over the chirps. To extract this phase shift, a second DFT is applied along the
slow time index m:

N.-1 m
SD(bR,bD) = Z sR(bR,m) -exp(—j27rbpﬁ) s (214)
m=0 c
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with the Doppler bin index bp € [0, N. —1]. As for the range estimation, a sinc-
function can be used to approximate the behavior of (2.14) and the Doppler
shift is determined from its maximum to be

— bD
= “Dunex 2.15
/o NoT.. (2.15)
and )
Ty Do (2.16)

2fmi]ﬂ B NcTchfmin 7
with bp, . being the index of the maximum in the discrete Doppler spectrum
and T¢, the chirp repetition time.
More detailed derivations of the classical signal processing for CS radar, also

including angle of arrival estimation and other measures, can be found, e.g.,
in [WBG25].

Both DFTs add signal processing gain according to the DFT length (Vg in range
and N, in Doppler), enhancing the target detectability. In general, processing
gain is considered any improvement in the signal-to-noise ratio (SNR) achieved
through coherent processing methods. The full processing gain of CS is com-
parable to that of FMCW as two short DFTs are applied instead of a single long
one. If, however, only a single DFT is applied, e.g., to estimate the Doppler
shift, the processing gain is reduced and target detectability deteriorates. Signal
processing techniques to preserve the full processing gain in case of only a
single DFT are discussed in Ch. 4.

Within this work, all DFTs are implemented as fast Fourier transforms (FFTs)
according to [FJ98] and, hence, denoted as such.

2.2.2 Limitations

Depending on the radar parameterization, different limitations arise with regard
to its achievable accuracy, resolution, and measurement regions. It is import-
ant to strictly distinguish between resolution and accuracy. The resolution of a
radar is defined as its ability to separate two objects and cannot be improved
solely through signal processing. Accuracy, however, describes the degree of
closeness of estimated quantities to their true values and can be augmented
through adequate processing techniques [RSH10].
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2 Radar Principles

The maximum unambiguous value of a parameter is the highest possible deter-
mination that can be obtained without introducing ambiguity in its interpretati-
on. It is to be distinguished from maximum values, in excess of which detection
or parameter estimation is not possible anymore. These limitation measures are
subsequently discussed for CS radar.

Accuracy

Accuracy is defined in the ISO 5725-1:1994 norm to be a measure for the
closeness of a test result to the accepted reference value. According to this defi-
nition, accuracy is a combination of trueness and precision. Trueness rates the
error in a test procedure and is expressed as a bias, that is to be minimized. It is
the systematic component of the accuracy. Precision is the random component,
that depends solely on the distribution of random errors and does not relate
to the true value. It is expressed as variation or standard deviation of the test
result. [ISO94]

Three accuracy measures are used within the scope of this work:

e Repeatability: describes precision under repeatability conditions. This
term is specified as uni- and bidirectional repeatibility for motorized
stages.

e Relative accuracy: accuracy gained in relative measurements relying on
each other for reference.

e Absolute accuracy: accuracy gained in calibrated measurements, refer-
ring to a reference system.

It should be noted that the relative accuracy primarily assesses the stability
of the range estimation rather than its absolute accuracy. Thereby, it isolates
the internal consistency of the system from calibration and external (reference)
uncertainties, which form an own field of research and are not investigated in
detail within this work. In the ideal case of a perfectly stable system with a con-
stant and well-characterized bias, relative and absolute accuracy coincide after
proper calibration. However, calibration is not applied for most measurements
as highly accurate calibration is challenging and the relative accuracy provides
meaningful information about the intrinsic estimation behavior, independent of
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2.2 Chirp Sequence Radar

calibration uncertainties.

As a measure of accuracy, range error and variance or standard deviation are
predestined as they represent the two constituents of accuracy. Zero range error
is optimal and aimed at, indicating unbiased estimation. For the variance, the
Cramér-Rao lower bound (CRLB) is a qualified theoretic limit. It assumes an
unbiased estimator, thus maximum trueness, and defines a lower limit for the
precision, what makes it applicable to rate the overall achievable accuracy of a
system. Scenario specific CRLB derivations are given in Ch. 4, Ch. 5, and A.1.

Resolution

The range resolution specifies the minimum distance between two objects in
the range domain at which they can still be separated. Separability by any other
mean is not considered in this measure. The range resolution is limited by the
minimal resolvable beat frequency of a range-FFT, resulting from the chirp
duration 1" [PLK12], hence

—=Afy, =——AR. 2.17
T fo =T (2.17)

Thus, the range resolution is dependent solely on the bandwidth as

c
AR=—. 2.18
5B (2.18)

The Doppler resolution defines the separability of two objects in the Doppler
domain. In analogy with the range resolution, it is dependent on the overall
measurement duration N, - T¢, corresponding to the minimal resolvable beat
frequency of a Doppler-FFT as

1

Afp = . 2.19
o= NT. @1
From the Doppler resolution, the velocity resolution is derived to be
Av=— S (2.20)
v = . .
2]\/vciz—‘crfmin
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2 Radar Principles

Unambiguity

The maximum unambiguous range is limited by the Nyquist-Shannon sampling
theorem [Whil5], defining the maximum unambiguous frequency of the beat
signal to be

Joua = %, (2.21)

and hence T
Ry, = 5L¢ (2.22)

4B

As only positive ranges are valid, the maximum unambiguous range corresponds
to twice this value.

The sampling theorem also restricts the maximum unambiguous Doppler shift
in dependency of the chirp repetition rate

1
= ) 2.23
/o ST (2.23)
For the maximum unambiguous velocity results
c
ua = . 2.24
! 4Tcrf min ( )

The factor of two is caused by the phase unambiguousness in the interval [ -7, 7]
due to the need for detecting positive and negative velocities.

Maximum Detectable Range

The maximum unambiguous range does only limit the assignment of one ran-
ge value to each bin index. Ranges above R,,, are detectable and folded into
the second or higher Nyquist region. Given adequate preknowledge about the
target and measurement surroundings, they may even be quantified correctly.
However, beyond the maximum detectable range, the target signal disappears
under the noise floor and cannot be detected anymore. The maximum detectable
range is derived from the radar equation in (2.1) and depends on a multiplicity
of parameters. In theory, it is the range at which the SNR including the signal
processing gain equals 0 dB. However, an SNR,,,;;, of around 10 dB is conside-
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2.2 Chirp Sequence Radar

red necessary for robust target detection.
The SNR at detection level is defined as the ratio between signal power, inclu-
ding achieved processing gains Gp, and noise power according to
Py -G
SNRg, = "% (2.25)
P,

with the noise power P, = kgI'tF'L, where kg denotes the Boltzmann constant,
I" the equivalent noise bandwidth, ¢ the system temperature, F' the noise figure,
and L the loss factor. For a minimum required SN R iy, the maximum detectable
range is determined to

Pthth:rx)\2 Ot e
(47)3 P,

([ PuGiuGu)0Ge \M*
\ (4m)3SNR ks FL

Rmax = (
Xmin

(2.26)

In the Doppler domain, there is no equivalent effect. Doppler shifts beyond fp_,
are detectable in a higher Nyquist region without a certain limit. However, with
increasing Doppler shift, coupling and migration impacts increase, deteriorating
range estimation performance if no preventive processing is applied.
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3 Verification and Reference
Hardware

The reliability of any experimental study depends on the quality of the hardware
used to generate, reference, and verify measurement data. In this chapter, an
overview of the hardware used for measurements, as reference, and as supportive
systems is given. Relevant information about technical specifications of each
component are detailed to present the baseline capabilities of the measurement
setups. Beyond specifications, behavioral anomalies and performance under
realistic operating conditions are investigated. This combination enables a well-
founded interpretation of measurement results in following chapters.

Figure 3.1: AWR1843BOOST radar (red board) with DCA1000 capture card (green board) for
measurements with passive targets and mRTS tags.
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Table 3.1: Measurement parameters for AWR1843BOOST used for passive targets.

Minimum frequency fiin 77.0 GHz
Sampled bandwidth B 3.79 GHz
Number of samples Ny 256
Number of chirps V. 255
Range resolution AR 0.04m
Maximum unambiguous range R, 10.1m
Velocity resolution Aw 0.07 m/s
Maximum unambiguous velocity vy, 9.21 m/s
Frequency resolution A fp 37.1Hz
Maximum unambiguous frequency fp,, | 4.73kHz

3.1 Radar Sensors

Two different radar sensors are used depending on the requirements of each set of
measurements. Both are manufactured by Texas Instruments, AWR1843BOOST
and IWR6843ISK, and primary differ in the applicable frequency band.

3.1.1 AWR1843BOOST

The AWRI1843BOOST from Texas Instruments shown in Fig. 3.1 is a com-
mercial CS radar operating from 76 to 81 GHz and tailored to automotive
applications in this frequency band. The farfield conditions for the integrated
antennas are met after just a few centimeter and, hence, in all measured setups.
When employed for measurements with passive targets, the configuration given
in Table 3.1 is used within this work.

The AWR1843BOOST is additionally used for measurements with the mRTS
tag originally designed for the automotive sector (Ch. 5.3). Due to the different
focus of this investigation, the utilized configuration is adjusted as given in
Table 3.2, mainly to provide higher unambiguous frequency and hence support
more tags simultaneously.

To gain access to raw radar data, the AWR1843BOOST is used together with a
DCA1000 capture card. Data capture is triggered via software, which allows for
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Table 3.2: Measurement parameters for the AWR1843BOOST used for active targets.

Minimum frequency fiin 77.0 GHz
Sampled bandwidth B 3.20GHz
Number of samples per chirp Vg 256
Number of chirps N, 255
Range resolution AR 0.05m
Maximum unambiguous range R, 12.0m
Velocity resolution Av 0.23m/s
Maximum unambiguous velocity vy, 29.5m/s
Frequency resolution A fp 119Hz
Maximum unambiguous frequency fp,, | 15.2kHz

an automated measurement routine. Alternatively, a hardware trigger is availa-
ble to synchronize multiple devices within the measurement setup. The transfer
of data to the PC is unsupervised and therefore prone to data loss. While such
losses can be reduced, they cannot be entirely avoided, so the link is continuous-
ly monitored and affected measurements are discarded. Occasionally, individual
frames of a measurement are corrupted, resulting in a significantly higher noise
as exemplified in Fig. 3.2 for the raw data and range profiles of an unaffected
((a), (b)) and a corrupted measurement ((c), (d)) taken under identical condi-
tions. The cause of this corruption currently remains unknown and cannot be
further investigated as no hardware internals are accessible. Although it occurs
rarely, monitoring ensures that compromised measurements are identified and
excluded, preserving the integrity of the overall results.

Additionally, a temperature dependency of the range estimation is observed as
depicted in Fig. 3.3. The temperature of the radar chip is monitored with an
infrared camera. 300 measurements are recorded within around 10 s without in-
terruption and without any change in the measurement setup and surroundings.
The radar heats up during these measurements, which results in a drift in the
measured frequency following the temperature and the range estimated from it.
The effect arises as soon as more than one measurement is recorded without
sufficient time for the radar to cool down. Over time, temperature and range
estimation change less and approach a constant value. If the ambient tempera-
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Figure 3.2: Raw data ((a) and (c)) and range profiles ((b) and (d)) of two measurements in the
configuration of Table 3.1. 10 out of the 255 recorded chirps are depicted. The intended
target causes the strongest peak in both measurements, however, IQ imbalances arise for
the corrupted measurement ((c) and (d)) and the noise floor is significantly increased.

ture remains constant, the temperature-dependent range drift is very systematic
and can be calibrated to avoid implications on the results.

3.1.2 IWR6843ISK

The IWR6843ISK (Fig. 3.4) is another commercial CS radar from Texas Instru-
ments, operating in the frequency band from 60 to 64 GHz. With the exception
of the frequency band, both radars are highly comparable, and the aforemen-
tioned considerations for the AWR1843BOOST are equally applicable to the
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Figure 3.3: Drift of range estimation and temperature over 300 consecutive measurements, showing
clear correlation. Range estimates are depicted with an offset of 0.765 m.

Figure 3.4: IWR6843ISK radar (red board) with DCA1000 capture card (green board) for measu-
rements with the assembled Doppler tag.
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Table 3.3: Measurement parameters for IWR6843ISK.

Minimum frequency fiin 60.0 GHz
Sampled bandwidth B 1.50 GHz
Number of samples per chirp N 256
Number of chirps V. 255
Range resolution AR 0.10m
Maximum unambiguous range R, 25.5m
Velocity resolution Aw 0.21 m/s
Maximum unambiguous velocity vy, 26.2m/s
Frequency resolution A fp 82.4Hz
Maximum unambiguous frequency fp,, | 10.5kHz

IWR6843ISK. It is used together with the assembled Doppler tag in the ISM
frequency band, better suited for industrial applications, with the configuration
given in Table 3.3.

3.2 Reference Systems

To reference conducted measurements, three linear motors, coming with diffe-
rent range, velocity, and accuracy restrictions, and a rotation stage for angular
reference are utilized. For most measurements, the radars are used without
run-time calibration, therefore not providing an expressive absolute range esti-
mate. Range references are hence established relatively: Two range estimates
at known distance, defined by a linear motor, are compared against each other.
Consequently, the accuracy of the linear motor serves as reference accuracy. In
contrast, frequency and velocity references are absolute using nominal values
as no additional calibration is required.

3.2.1 M-683 Piezo Motorized Precision Translation Stage

The M-683 piezo motorized precision translation stage depicted in Fig. 3.5 is a
small linear motor from Physik Instrumente. It provides a travel range of 50 mm
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Figure 3.5: M-683 piezo motorized precision translation stage as a reference for highly accurate
range estimation.

with a sensor resolution of 0.1 pm, unidirectional repeatability of 0.2 pm, as well
as bidirectional repeatability of + 1 m. Therewith, it is well suited to reference
highly accurate range measurements in static scenarios, demonstrating rather
the performance capabilities of a setup than realistic applications.

As only resolution and repeatability values are specified for this stage, a custom-
build Michelson interferometer is used for accuracy evaluation. Its achieva-
ble resolution is in the order of half the wavelength of the light used (here
A = 532nm), so that it is an adequate reference system for the translation sta-
ge in radar measurements. The setup on a small optical table is depicted in
Fig. 3.6a with one of the interferometer mirrors mounted on the translation
stage. The stage was moved with a step size of 1 mm, as planned for in the radar
measurement setup, and three exemplary motor positions in the center of the
stage as well as at the boundaries of the travel range were evaluated. Fig. 3.6b
shows the recording of one of the conducted measurements. From 0 to around
1.1s, the stage is in motion, causing an oscillation pattern in the photodiode
voltage. At the end of the motion, there is significant residual vibration visible
in the voltage but systematically different and thereby differentiated from the
oscillations. The zero crossings of the oscillation are evaluated to determine the
range passed. The achieved range errors confirm proper stage operation over the
whole travel range. Most conducted measurements include errors below 1 pm
up to a few pm, however, there were outliers. These are most likely caused not
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Figure 3.6: Michelson interferometer with one of the interferometer mirrors mounted on the trans-
lation stage for traveling distance measurements (a) and measurement results of the
photodiode voltage during movement from one static position to another (b).

by the stage itself, but movement in the interferometer, which is very sensitive to
even smallest vibrations. Additionally, the interferometer resolution limits the
achievable accuracy in these measurements. For the purpose of this work, the
accuracy of the M-683 translation stage is thus assumed to be sufficiently close
to its sensor resolution and repeatability, with only unidirectional movement
used during radar measurements.

3.2.2 M-414.3DG Precision Linear Stage

The M-414.3DG precision linear stage from Physik Instrumente is shown in
Fig. 3.7. With the travel range of 300 mm, larger setups can be realized. This
stage is used as part of the referencing for self-positioning presented in Ch. 7.3.
The provided unidirectional repeatability of 0.5 pm is sufficient as the overall
accuracy in this application is not as high as for one-dimensional measurements.
Nevertheless, this stage is also evaluated using the Michelson interferometer
discussed in Ch. 3.2.1. Due to the larger size of the stage, the whole setup is
moved to a larger optical table, reducing motion in the setup. However, the
movement of the stage itself causes significant vibrations, particularly during
starting and slow down. These influence the interferometer measurements and
make it more difficult to appoint an accuracy based on the measurements. As
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Figure 3.7: M-414.3DG precision linear stage as a reference for self-positioning.

the errors are still mostly below 10 pm and variations are primary accounted
to the setup, the accuracy is again assumed to be close to the unidirectional
repeatability. Despite the weaker evidence for the accuracy of this stage, it is
a suitable reference for multidimensional measurements, whose errors are in
millimeters.

3.2.3 LTSE165.3280.2K.MS2 Linear Rail

To allow for dynamic radar measurements, a stage with significant length and
velocity is required. This is provided by the LTSE165.3280.2K.MS2 linear rail
from SKF (Fig. 3.8) with a length of 3.3 m and a maximum velocity of 5 m/s.
However, this velocity is only reached in a small length segment in the center
of the rail, which has to be taken into consideration during setup design. The
accuracy of the rail is specified to £ 10 pm/m. In velocity, the rail oscillates
around the setpoint value, a behavior observed and investigated in more detail
in Ch. 4.3.2.

This rail is used together with the M-683 stage for dynamic measurements of
passive and active targets.
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Figure 3.8: LTSE165.3280.2K.MS2 linear rail as a reference for dynamic radar measurements.

Figure 3.9: 8MR190-90 motorized rotation stage as a reference for orientation estimation.
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3.3 Atmospheric Parameter Monitoring

3.2.4 8MR190-90 Motorized Rotation Stage

To reference rotations in Ch. 7.2, an 8MR190-90 motorized rotation stage from
Standa, shown in Fig. 3.9, is used. It references the orientation estimation
discussed in Ch. 7.2 with a resolution of up to 6.75” ~ 1.0-1072° and a
bidirectional repeatability of 72" ~ 0.02°. Accuracy is expected to be in similar
range and hence well below expected angular accuracy using dual-point ranging
as developed in Ch. 7.2.

3.3 Atmospheric Parameter Monitoring

3.3.1 LOG32THP

According to (2.7), range as well as velocity estimation require knowledge
about the speed of light in the medium the wave is propagating in. For highly
accurate measurements, vacuum does not constitute a sufficient approximati-
on, hence atmospheric parameters are monitored with a LOG32THP Thermo-
Hygro-Pressure Data Logger from Dostmann electronic. Temperature, relative
huminity, and air pressure are tracked and averaged during each measurement.
The uncertainties of the measuements are +0.5K, +3.0 %rH, and +1.0hPa,
respectively. Based on these parameters, the refractive index v is calculated ac-
cording to [PKJP22] and the propagation velocity of the electromagnetic wave
is determined to be

Co
c=—.

3.1)

14

This propagation velocity in air is utilized throughout the whole signal proces-
sing chain instead of c¢g.

The hardware discussed constitutes the main parts of the measurement setups
used within this work. Detailed information on the different setups and their
focus is given in the corresponding chapters together with the respective mea-
surement results.
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4 Highly Accurate Range Estimation
with Moderate Bandwidths

High-accuracy range estimation is an emerging field and indispensable to many
areas. In the context of industry 4.0, it can form the data basis for further
automation as well as safe human-machine interaction and cooperation. Range
estimation with jum accuracy is of interest in both static and dynamic scenarios
and enables derived applications such as position or orientation estimation.

In this chapter, the signal processing chain for highly accurate, phase-offset-
based range estimation for CS is initially derived, considering static and dynamic
targets. It utilizes the fact that two independent range estimates can be gained
from the radar signal. The first coarse one determines the range bin of interest,
while the second one is used to pinpoint the range within this bin. Simulative in-
vestigation demonstrates the suitability and theoretical capability of the system
and allows for a thorough analysis of effects and influence factors. Metrological
verification proves the practical applicability with achieved accuracies, which
do not reach the theoretic prospects, but contextualize the proposed processing
as a precious way of improving the range estimation accuracy in signal proces-
sing without demanding hardware requirements. The CRLB is derived for static
and dynamic scenarios and applied to the results as a performance measure.

4.1 fo Range Estimation for CS Radar

A highly accurate, phase-offset-based range estimation was first introduced for
FMCW in [APK*11], based on an idea of [WMMO93]. However, limitations
in estimation and scenario coverage, particularly regarding multiple objects in
motion, favor CS radars. Due to the similarity of CS and FMCW, the approach
can be modified to be applicable in CS. Thus, this work builds on the existing
knowledge and proposes a new signal processing chain that enables highly
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=N
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Figure 4.1: Visualization of highly accurate f¢ range estimation. The coarse range estimation,
containing the complete phase rotations, is determined from Ry, and R, is added to
gain the highly accurate range estimation Rgy,.

accurate range estimation for static and dynamic targets using a CS radar.
The approach was first published in [10] for static targets and extended to cover
dynamic scenarios in [9] and [13].

According to (2.7), the signal delay and hence, range information, is comprised
in multiple subterms of the signal. In frequency-based estimation, the range is
determined from the delay-dependent fast-time frequency, resulting in a coarse
range estimate R¢. Iy, is in the range of several to tens of meters according to
(2.22). The phase offset ¢y, contains a more accurate range information, but is
only unambiguous within 27, at 77 GHz corresponding to 2 mm. By combining
both terms, a highly accurate final range estimate Rg,, whose unambiguity
is determined by the frequency evaluation, is obtained. The number of com-
plete phase rotations and the corresponding range are determined using the
frequency-based range estimate and the remaining phase rotation in the phase
offset yields a range estimate %, to be added as visualized in Fig. 4.1. The
combined analysis is henceforth referred to as f¢ range estimation, referencing
to the parameter estimation of f and ¢, respectively.

Only the linear share of the phase offset is used, gained by eliminating the
quadratic term 277% .72, where Ry provides a first estimate for 7y according to
(2.5). The linearization provides higher sensitivity and allows for suppression
of systematic disturbances by averaging over multiple measurements. From the
remaining linear offset

©b.lin = 27 fmin - 70, 4.1)
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4.1 fy Range Estimation for CS Radar

R, is determined to
C Vb lin

= — 4.2
v 4fmin ™ ( )
and unambiguous in the interval
Re-R.p=— (4.3)
" o 2fmin . .

To combine both range estimates, the observable range is divided into bins of

size # and Ry is used to choose the bin the target is located in. Within this
bin, the phase offset is unambiguous and used to determine the exact target

range. The final range estimate results to be

2fmin
Cc

Rﬁn:l -RJ 4R, (4.4)

. 2fmin

where H denotes the rounding function, rounding the enclosed value to the
next integer.

To identify the correct range bin, the frequency-based estimate requires suffi-
cient accuracy. A range error equal to the bin size is not sufficient and can result
in an offset of one bin. If, however, the error after frequency-based estimation
is restricted to half the bin size, an erroneous bin choice can be detected and
corrected as discussed in [Sch17]. Hence, a maximal range error of ; f:ﬁn is
required. To reach this, not only an FFT is applied to the signal as discussed
in Ch. 2.2.1, but an additional chirp Z-transform (CZT). The CZT computes
the Z-transform along spiral contours in the z-plane as depicted in Fig. 4.2.
With evenly spaced samples around the unit circle, the CZT corresponds to a
zero-padded FFT in a specified region of the frequency spectrum. This region
is chosen symmetrically around the estimate of an FFT without zero padding.
With its size equal to the resolution of the range spectrum, the CZT operates
in one bin. This approach is significantly more efficient than comparably zero
padding the FFT over the complete signal. The CZT is applied multiple times,
iteratively choosing the new starting point and region size from the results of
the previous CZT. In theory, the spectral resolution can be arbitrarily impro-
ved with this approach, however, systematic errors limit the effect on range
estimation. In measurement processing, two to three iterations were found to
be beneficial while no enhancement was observed for more iterations. It is
important to distinguish between the spectral resolution, corresponding to a
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Figure 4.2: Comparison of DFT and CZT contours in the z-plane.

digital zoom, and the actual radar resolution as discussed in Ch. 2.2.2. The
latter cannot be improved in processing and hence, targets that are closer to
each other than this resolution cannot be resolved using a CZT or comparable
processing methods. Only the value of a single detection is refined, improving
its accuracy [GDBCV21].
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4.1 fy Range Estimation for CS Radar

The application of the proposed processing necessitates the separate determi-
nation of the phase offset. Therefore, (2.7) is fractionized:

Dy (t,m) = Dix (t,m) — P (t,m)

=2 E7' —2—U§T+f<2—vt
= TO CTO mmC

—_ — Y
A\ I v

2v 2v B
+ 7fmin_7*7—0 mT
c c T
—_—— ——
v I

4.5)
B2v B2v2)2
| === )t

B
+ 7-O(fmin - ﬁTO ))
—

VI

Roman numbers mark subterms that are processed jointly as discussed hereinaf-
ter, equal numbers do not indicate same phenomenal origin or value. Assuming
a static target, all velocity-dependent terms in (4.5) vanish and an elimination
of the estimated term 27r§’7‘0 - t yields the phase offset ¢y,. For targets in mo-
tion, Doppler correction is required: The occurring Doppler shift is estimated
using an FFT along the chirps as discussed in 2.2.1. Together with the range
estimate after the FFT, it is used to perform a coarse phase correction of the
two coupling terms (4.5)-1 as well as the largest of the three quadratic terms,

(4.5)-I1. The other two quadratic terms, (4.5)-III, are negligible due to v? < ¢?,
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4 Highly Accurate Range Estimation with Moderate Bandwidths

s0 a correction is not necessary. However, (mT)? > tmT > 2 so that (4.5)-T
impairs estimation if uncorrected. The Doppler shift is estimated again with a
CZT to improve the estimation accuracy. The Doppler-CZT is applied on each
sample across the chirps so that one estimate per sample is gained, which is
averaged to further improve the estimation. The final velocity estimate is used
for the correction of all remaining Doppler-dependent terms (4.5)-IV and de-
livers additional information about the target, e.g., for tracking. This original
correction allows for highly accurate range estimation despite target motion and
is extended to artificial Doppler shifts in Ch. 5.1.

Assuming an ideal estimation, the remaining phase after all Doppler-related
corrections is

$b

—_——
B B
D (t,m) = 27T( ?TO “t+ 70 finin — ﬁﬁ? ), (4.6)
—— —_——
\% VI

which is exactly the phase of a static target. The frequency-based range estima-
tion and subsequent range-CZT is applied anew to the corrected signal (4.6) to
minimize the influence of coupling and migration terms. Correcting the term
(4.6)-V yields the phase offset and allows for phase-offset-based range estima-
tion. Both estimates are subsequently combined according to (4.4). Figure 4.3
depicts the complete processing chain schematically, including formulaic ex-
planations.

Although Doppler-FFT and -CZT are used to estimate the Doppler, the corre-
sponding processing gain is not included in the subsequent f range estimation.
To preserve the complete processing gain and enhance estimation results, the
chirps are summed up prior to frequency-based range estimation. This is valid
under the assumption of a perfect Doppler correction because without motion
impact, each chirp contains the same information about the initial range. How-
ever, the estimation of occurred Doppler shifts and their correction is never
ideal, hence errors propagate from Doppler to range estimation. For the cor-
rection of the small terms (4.5)-1 and (4.5)-11, this effect is negligible. For the
terms (4.5)-1V, a faulty velocity estimation v + dv results in an error term

200 B
0Py, = T(fmin (t+mT)+?(tmT+t2))7 (“.7)
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coarse phase correction
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Figure 4.3: Complete processing chain for highly accurate f range estimation.
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4 Highly Accurate Range Estimation with Moderate Bandwidths

which adds to the remaining phase after correction of (4.6).

From (4.6) and (4.7), it is obvious that the phase offset ¢y, and hence R,
is not directly affected by a velocity error but is the frequency-based estimate
Ry, which could lead to an erroneous bin assignment. Furthermore, the sum-
mation of all chirps suffers phase shifts, which influence both frequency- and
phase-based range estimation. Nevertheless, a direct comparison shows that
the sum of all chirps outperforms the usage of only the first chirp due to the
increased SNR, disregarding the erroneous impact of leftover Doppler terms.
Additionally, the rounding function suppresses error propagation in frequency
analysis and mostly allows for correct bin estimation. As the defective Ry is also
used to correct the (4.6)-V term prior to phase determination, the final estimate
is still deteriorated, emphasizing the importance of accurate Doppler correc-
tion. The correction additionally suppresses targets with velocities other than
the evaluated one, which mainly augments the signal-to-interference-and-noise
ratio (SINR) and enhances the achievable estimation accuracy. Particularly, sta-
tic clutter is efficiently suppressed for moving objects of interest. If the object
is purely static, the Doppler correction can be omitted, however, dispensable
correction does not deteriorate the estimation.

This approach is an extension of existing phase-based processing for FMCW
and could, without modifications, also be applied to FMCW, provided a reliable
Doppler estimation. However, not all considerations are required as in FMCW,
similar bandwidths are covered in significantly larger sampling time compared
to CS, hence T l\iw < %. In combination with m = 1, the signal model can
be simplified and corrections steps can be omitted, which is why they were first

introduced for CS.

4.1.1 CRLB for Static Estimation

As discussed in Ch. 2.2.2, the CRLB is a measure of the achievable accuracy
of an unbiased estimator, formulated as a lower bound of its variance. To ap-
ply statistical measures to the range estimation results of radar measurements,
radar range estimation is interpreted as a statistical estimator using repeated
measurements of the same relative range as samples of a population. For the
measurements, targets with a high RCS such as a corner reflector or an active
tag are used at medium distances of up to a few meters, so that a good SNR is
ensured. The CRLB is hence better suited in this scenario than other bounds
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4.1 fy Range Estimation for CS Radar

such as the Ziv-Zakai lower bound, representing a scenario with low SNR.

In [Kay93], the CRLB is given for frequency and phase estimation of a complex
signal. The derivation assumes a single sine wave superimposed by additive whi-
te Gaussian noise (AWGN), neglecting additional factors such as interference,
multiple reflections, or nonlinear distortions. Using a transformation of para-
meters (A.9), the CRLB for range estimation from frequency and phase-offset
analysis is derived to be

3¢2 N, 3¢?
R)> o 4.8
Varcs( f) 871_2B2,'7(NS2 _ 1) 87TZB277NS (4.8)
and 2
cT 1
varcs(R,) 2 B
@ 87TZBTINS %fiin_fminﬁ-kg(%)Z

C

where 1 denotes the input SNR without processing gain from range estimation
and Ny the number of samples per chirp, Ny > 1. Instead of Ny, the number
of samples per measurement N - N, is applicable if a continuous processing
over all samples is applied. However, for the given processing chain (Fig. 4.3),
a potential Doppler shift is eliminated and the chirps are subsequently summed
up prior to range estimation. Hence, only Ny samples are available for range
estimation, although the coherent summation augments the SNR by a factor
of N¢, so that this processing results in the same CRLB as range estimation
over all samples without summation. A detailed derivation of the CRLBs for
different scenarios can be found in the addendum.

Other than for FMCW, for CS the bandwidth is still included in (4.9), but has
minor effects as the influence of the quadratic phase-offset term leading to this
dependency is small. Hence, the assumption varcg(R,) ~ varpmcw (R,) can
be justified, with

02

871-2fr%1in77]\[s

similar to [SAPZ12]. The described CRLB for frequency and phase-offset
analysis assumes a separate estimation, which is only true for frequency analysis.
Standalone phase analysis does not provide a valid range estimate, which is
why the CRLB for Rg, needed to be derived from a combined estimation
approach. However, the major limitation in accuracy originates from phase-
based analysis as Ry is primary used to determine the correct range bin, and the

VarFMcw(wa) % (410)
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4 Highly Accurate Range Estimation with Moderate Bandwidths

reached accuracy of Ry is not exploited. Assuming a correct bin assignment,
var(R,, ) ~ var(Rgy) is hence valid.

Applicability Considerations

This derivation contains several assumptions which cannot be realized in mea-
surements. The first and foremost is the assumption of an unbiased estimator.
Even with the proposed combined signal processing and relative measurement
procedure, the range estimation is not truly unbiased. This also applies to
most radar applications unless special precautions have been taken, such as
in [Sch17]. Already quantization introduces systematic errors if the measure-
ment steps are not multiples of the range resolution or the bin size is negligibly
small. The CRLB can be extended to biased estimators [Eld04], assuming a
bias

b(0) = E(9) -6, (4.11)

with the expected value E and the parameter vector . The corresponding
covariance is bounded by

var(0)biased > (I + 82(:)) [Ip]™ (I + 8%(:)) ; (4.12)

where (-)* denotes the Hermitian conjugate. The unbiased CRLB is a special
case of (4.12) with b(@) = 0. The bound can be lower for certain bias as for an
unbiased estimator and a biased estimator can generally have mean square error
(MSE) values below the unbiased CRLB [SM90]. As a border case, an estimator
that always returns the same (incorrect) value is considered. For this estimator,
(4.12) vanishes, giving zero variance disregarding any bias the estimator might
have. Similarly, assuming a bias not dependent on 6, the influence of the bias
vanishes and the unbiased CRLB is applicable:

var(ﬁ)biascd = var(a) (4.13)

Assuming a relative measurement procedure or adequate radar calibration and
sufficient SNR, the error in range measurements can be considered indepen-
dent of the measured range, hence the unbiased CRLB according to (4.13) is
maintained hereinafter.

42



4.1 fy Range Estimation for CS Radar

10~

10~° T T T T T T
— CRLB for Ry —deviation of CRLBs for R¢
— CRLB for Ry, 1 —deviation of CRLBs for Ry,
10710 { 1 3
~
g 10713
ER
8 10-14
Z w02
K 1071
= 1013
10-16
10
| | | 1 10-17 | | |
8 14 20 26 8 14 20 26
SNR in dB SNR in dB

(@) (b)

Figure 4.4: CRLB for Rs and Rg,, (a) and deviation of both CRLBs from numerically calculated
bounds including the first multiple reflection of the target (b).

Another assumption not justified in measurements is the one target hypothesis.
Even if the reflection of the target of interest is much stronger than all other
reflections, at least multiple reflections of the same target remain significant
and scale with the strength of the first reflection, so that they cannot be avoided
completely. Including the first multiple reflection as a second target, the Fis-
her information matrix is given in A.1.2. The structure of the matrix remains
unchanged in comparison to the single target derivation and contains two sub-
matrices describing the influence of the first and the second target, respectively.
Only the cross-terms contain parameters from both targets, in the form of the
frequency difference fi, 2 — fi,1 and the phase difference ¢y, 2 — ¢y, 1. Conside-
ring two distinct targets, they are typically much smaller than the other terms
and hence negligible. As a result, the CRLB for the estimated parameters is
hardly affected. Even if fi, 2 = 2- f, 1 is assumed, representing a target and
its first multiple reflection, and the terms f1, » — f1 and ¢y, 2 — 1,1 become
significant, the cross-terms are still small and hardly impact the CRLB. This is
shown in Fig. 4.4, depicting the single target CRLBs for Ry and Rg, as well as
the deviation of those from numerically calculated bounds including the first
multiple reflection of the target. The deviation is small and negligible.

However, if multiple target influences of different origin are included in the
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4 Highly Accurate Range Estimation with Moderate Bandwidths

signal, effects can become significant. Considering that, an approximate CRLB
behavior can be described by using the estimated SINR instead of the SNR with
A2

INR= - 4.14
SINR = S 407y’ 19

where A denotes the signal amplitude, 012 the interference variance, and o2 the
noise variance. The original derivation assumes the SNR, which corresponds
to a single target scenario with no unmodelled signal components. If multiple
reflections, clutter, and other unwanted target reflections act as additional inter-
ference sources that degrade the estimation performance, the SINR is favored
as the SNR does not reflect the true quality of the observation. The SINR pro-
vides a more realistic measure of the effective information content available
for parameter estimation. Substituting SNR by SINR in the CRLB expression
yields a lower bound that better represents the estimation variance achievable
in interference-limited radar environments, although it is an approximation, not
a stringent mathematical derivation. For most setups within this work, the first
multiple reflection of a target is dominant, however, strongly reflecting com-
ponents in the measurement setup can have significant impact, particularly in
the setup used for dynamic measurements.

The CRLB is defined as a lower bound of the estimated parameter, here the
estimated range. Nonetheless, the variance of the range error is also of interest,
particularly if the trueness of a system is in question. For unbiased estimation,
the variance of range and range error are strictly related to each other. However,
this is not the case in most radar applications as discussed above. As both
stochastic and systematic implications are present in realistic measurement
scenarios and cannot be differentiated and quantified exactly, the variance of
the range error cannot be confined with a bound such as the CRLB. However,
under certain conditions, limitations can be given.

For the measurements hereinafter, the relation

OR =Ry - R - A (4.15)
is used and hence,

var(6R) = var(Ry.1 — Ry - A). (4.16)
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A is the step of the reference system and thus assumed to be perfectly stable in
the order of magnitude considered (var(A) = 0) and uncorrelated to the range
estimation, thereby

var(dR) = var(ﬁkﬂ - Rk) +var(A) = var(ﬁ;ﬁl - Ek), 4.17)
where
var(Ry.1 — Ry,) = var(R) + var(R) — 2- Cov(Ry1, By ). (4.18)

Two cases can be differentiated for (4.18): If white noise is predominant, Ry
and Ry can be assumed to be uncorrelated, hence Cov(Rg41, Ri) = 0. This
case simplifies the variance of the range error to

var(6R) ~ 2 var(R). 4.19)

If, in contrast, systematic effects are predominant, Ry, and Ry are corre-
lated, Cov(Rg+1,Rr) # 0. However, positive correlation can be assumed as
systematic errors influence range estimates similarly, hence

var(6R) < 2-var(R). (4.20)

As a special case, if §k+1 and Ek are perfectly correlated, Cov(Rk+1, Ek) =
var(R) and

var(0R) = 0. 4.21)
As discussed prior, measurements contain a systematic error, hence dominant
white noise cannot be assumed. Further, the correlation between two range

estimations R;Hl and Ek cannot be quantified so that no bound is found for the
variance of the range error, but the relation

var(dR) < 2 var(R) (4.22)

is valid. Henceforth, both variances var(§ R) and var(R) are used to investigate
the range estimation behavior and dependencies, although the CRLB only refers
to var(R).
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4.1.2 CRLB for Dynamic Estimation

The bounds described previously only consider range estimation without taking
into account Doppler shifts and the corresponding processing. For the chain
proposed in Fig. 4.3, this is a valid assumption as Doppler shifts are eliminated
and the range processing is performed separately. Remaining Doppler shifts
can deteriorate the estimation as the summation does not yield the complete
processing gain, however, this decrease is included in the SINR. Additionally,
phase-offset estimation is affected by non-ideal Doppler elimination as residual
terms are treated as part of the phase offset and skew range estimation. A
combined CRLB can be derived that contains both estimates as well as mutual
influences (A.1.4). The bounds for range and velocity estimation in dynamic
scenarios are given by

Rz 7€ 423
varcs,p ( f)mm7 (4.23)
13¢2
Rin) 2 , 424
varcs p(Rfin) 2 @) 2 NN (4.24)
and 2f2
57c
)y s 425
e g NN, 42

where N, Ng > 1.

The dependencies of R¢ and Rg,, resemble those observed in the static scenario.
The dominant factors are bandwidth and minimum frequency, respectively,
while N, and Ny contribute equally. For the CRLB of v, the primer dependence
is on N, while Ny influences the bound in the same manner as it does for range
estimation. A second strong dependency arises from f,;,,, reflecting the relation
between Doppler shift and velocity through the transformation of parameters.
Apart from these impacts, the CRLBs for R; and v are structurally equal as
both result from frequency analysis.

This CRLB gives a bound for the estimated velocity of the target. For an ideal
estimator, the variance of velocity and velocity error would coincide as

var(v) = var(T — vget ) = var(7) + var(vget ) = var(7), (4.26)
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with the nominal velocity vse;. Generally, however, var(7) # var(dv), as the
estimation is not perfectly unbiased and estimated and nominal velocities are
not completely uncorrelated. This implies

var(dv) = var(?) + var(vset ) — 2 - Cov(, Uset ) s (4.27)

and the correlation is hard to quantify as it depends on both the measurement
and the reference system. The variance of the velocity error is hence consi-
dered without clear relation to the variance of the velocity as an additional
characterization parameter.

These derivations contextualize the achievable estimation accuracy for range
and velocity and will be transferred to artificial Doppler shifts in Ch. 5.1.

4.2 Simulative Analysis of Estimation Capability

The performance of the discussed f¢ range estimation is at first investigated
in simulations. They are mainly utilized to systematically optimize the applied
signal processing with regard to hyperparameters such as used window functi-
ons or the number of CZT iterations while avoiding to optimize for a specific
set of measurements. Further, implications and error sources that are hardly
separable in measurements are investigated based on simulations that emulate
the measurements. Radar parameters are taken from the configuration given in
Table 3.1 to best mimic measurements.

4.2.1 Accurate Static Range Estimation

As an ideal, although unrealistic, reference, the radar signal is simulated for a
single target without noise or any additional effects, and the results are depicted
in Fig. 4.5 for frequency and f¢ analysis. The alternating patterns are the result
of bin effects.

For ranges in the center of a bin, the error theoretically vanishes, and reaches a
maximum at the boundary between two bins. For the range estimation after only
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Figure 4.5: Simulated range error for frequency (a) and f estimation (b) over simulated range in
steps of half the respective resolution (AR = 0.04m, ARgy, = 6.0- 1077 m). Only a
single target with no noise or any other effects is simulated to visualize bin effects and
the theoretical potential of the proposed f range estimation.

an FFT in Fig. 4.5a, the range is simulated in steps of half the FFT resolution,

AR e (4.28)
2 4B

starting at an integer multiple of the FFT resolution. The evaluated range pro-
ceeds successively over the center of a range cell and the transition between
two range cells. The range error consequently alternates between zero and a
maximum value of %. An additional CZT at these ranges improves the range
estimation to zero range error as also shown in Fig. 4.5a. However, this is only
the case for ranges in the center of a CZT bin; the bin effect for the CZT is
masked by the large FFT steps but generally present with

A
R € [0, %] =[0,3.0-107" m] (4.29)

for two CZT iterations. These values are theoretical results not achievable in

non-ideal simulations or measurements as systematic effects restrict the CZT.

For the f range estimation in Fig. 4.5b, the range is simulated in steps of
ARg, AR B AR

2 2N 2

(4.30)
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Figure 4.6: Simulated range error over simulated range for f¢ range estimation. AWGN is included
in the simulation that is in all other aspects equal to Fig. 4.5.

which corresponds to half the bin size of the CZT with w iterations. Two CZT
iterations are utilized and the starting point is chosen equal to Fig. 4.5a. A
similar pattern is observed as for frequency-based estimation, however, due
to the small step size, the estimation is within the first step in Fig. 4.5a. The
periodicity of the occurring bin effect is dominated by the CZT that determines
the step size of the combined estimation. The achievable range error, however, is
defined by the phase-offset analysis, but taking into account the CZT iterations
with
c

’ 2. 4frninNsw

The maximum error is dependent on the number of CZT iterations according to
(4.31), however, the influence is mostly observable in ideal simulations, as soon
as additional effects are included, other factors limit the achievable accuracy
for more than two CZT iterations. Thus, two iterations are used hereinafter. The
additional bisection stems from the rounding function in (4.4), that restricts the
final range estimate to half a bin, limiting the error to its quarter.

O R € [o ] =[0,7.4-10 m]. (4.31)

From the impressively low range error in nm scale, the potential of this signal
processing approach is evident. It is not realistic to achieve such high accura-
cy in measurements, not even if optimized hardware and perfectly controlled
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Figure 4.7: Simulated range error over simulated range for f analysis, including noise and the first
multiple reflection of the target (a) and an additional independent target reflection (b).
The superposition of signal components results in a beat phenomenon for both cases.

measurement surroundings would be available. This is apparent from Fig. 4.6,
showing the results of simulations including only AWGN in dependency of the
target range. The noise is determined from the SNR, calculated from the radar
parameters of the AWR1843BOOST as used in the measurements. In all other
respects, the simulation is equivalent to the one performed for Fig. 4.5. The
results reveal the significant influence of noise as the range error shifts from
nm to pm. The bin effect is still pronounced, however, Rg,, is limited by the
preceding frequency analysis and the pattern in Fig. 4.6 adopts the periodicity
of frequency analysis in Fig. 4.5a, although with much smaller amplitude. The
advantage of f¢ analysis therefore remains, but its systematic behavior is domi-
nated by frequency analysis. While the regular pattern is clearly included, it is
slightly disturbed in amplitude over the complete range and also in periodicity
at around 1 m. As a single simulation iteration is performed for each range,
these effects are attributed to noise influences. In repetitive simulations, similar
disturbances occur at different ranges, indicating that they result from a signi-
ficant noise contribution rather than being characteristic of a certain simulated
range. However, the pattern remains, despite such disturbances, regular also
over wider ranges and in all repetitions.

Figure 4.7 depicts simulation results mimicking the measurements not on-
ly regarding radar parameters, but also absolute range and range steps, used
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Figure 4.8: Simulated range error over simulated range for f¢ analysis, including noise, the first
multiple reflection of the target, and Doppler estimation and correction for a simulated
velocity of 0 m/s (a) and 1 m/s (b).

henceforth. The first multiple reflection of the target is included in Fig. 4.7a,
causing a beat due to the superposition of two signal components, direct tar-
get reflection and multiple reflection. The bin effect as well as the simulated
ranges have influence on the occurring beat pattern. Additionally simulating an
independent second target of the same signal strength in Fig. 4.7b demonstrates
the susceptibility of the beat pattern to present signal components, although
the overall range error is not significantly increased. These three aspects, noise,
multiple reflections, and unintended targets, are the main influence factors on
f range estimation in static scenarios.

4.2.2 Range and Velocity Estimation under Doppler
Influence

In dynamic scenarios, the occurring Doppler shift, its estimation, and correction
present a challenge for range estimation. This is obvious from simulations not
including a Doppler shift (vgiy, = 0m/s) in Fig. 4.8a, where the f range estima-
tion is structurally equivalent to simulation results without Doppler correction
in Fig. 4.7a, but biased from zero mean. Applying a non-zero Doppler shift
even improves range estimation as the offset vanishes, exemplified in Fig. 4.8b
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Figure 4.9: Simulated range error over simulated range for a simulated velocity of 1 m/s. In (a),
the velocity estimate after FFT is used for Doppler correction while in (b), no Doppler
correction is applied.

for vgim = 1m/s. This is attributable to a slight offset in Doppler estimation
after CZT, occurring for vgi, = 0m/s. If the velocity estimate after an FFT,
which is Tppr = 0m/s, is used for Doppler correction instead of applying an
additional CZT, no offset occurs in range estimation as for vgiy, = 0m/s, Uppr
is more accurate. However, it results in significantly deteriorated estimations for
Usim # 0m/s (Fig. 4.9a). Estimations are structurally similar to correction with
Yozt (Fig. 4.8b), however, a strong bias deteriorates range estimation. As the
effect for zero Doppler is masked by dominant phenomena in measurements,
Yoz is used for Doppler correction hereinafter. If no Doppler correction is ap-
plied (Fig. 4.9b), f range estimation cannot improve the results of frequency
analysis as the accuracy of the latter is not sufficient to identify the correct range
bin. As a result, range errors of multiple cm occur for both frequency-based and
combined estimation and the estimated ranges are similar to equal.

But proper velocity estimation is not only required for highly accurate and
undisturbed range estimation. Beyond pure knowledge about this target para-
meter, it can be utilized for advanced applications such as target tracking or
hypothesis testing. Similar bin effects as discussed regarding range estimation
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Figure 4.10: Simulated velocity error for FFT- (a) and CZT-based estimation (b) over si-
mulated velocity in steps of half the respective resolution (Av = 0.07m/s,
Avczr = 1.1-107% m/s), visualizing bin effects.

are observed. For the FFT-based velocity estimation in Fig. 4.10a, the velocity
is simulated in steps of half the velocity resolution
Av c
—_— (4.32)
2 4N, CTCI‘ f min
starting at an integer multiple of this resolution close to 1 m/s. The evaluated
velocity proceeds successively over the center of a Doppler cell and the transition
between two Doppler cells, while the velocity error alternates between zero and
its maximum value %.
Similarly, velocity estimation from CZT contains an alternation in steps of
A'UCZT _ Av

_ 4,
2 2INw (433)

with

M] = [0,5.6-10"m/s], (4.34)

dvczT € [0,

shown in Fig. 4.10b for w = 2. Results and dependencies are very similar to
range investigation and will be further transferred to artificial Doppler shifts in
Ch. 5.
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Figure 4.11: Simulated velocity error for CZT-based estimation over simulated velocity including
AWGN and the first multiple reflection.

As for range estimation, these results are not reached in non-ideal simulations
or measurements. Analyzing CZT-based velocity estimation in a more realistic
simulation in Fig. 4.11, including the same effects as in Fig. 4.7a, reveals increa-
sed velocity errors. The major share of increase stems from the noise influence,
multiple reflections only slightly impair velocity errors. The alternating pattern
is disturbed by noise, multiple reflections, and, in this visualization, also the
simulation of velocities in steps of the FFT resolution to cover larger velocities.
Despite the observed deterioration, range estimation is not impeded as ascer-
tained in Fig. 4.8b and the gained velocity estimate is still well-suited for direct
usage.

4.2.3 CRLB Comparison

Figure 4.12 illustrates the comparison between the approximated CRLB for
phase-based range estimation in (4.10) and the achieved variance in simulations
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Figure 4.12: Approximated CRLB and variance of simulated range estimation including only noise
(dashed) and noise as well as multiple reflections (solid).

including only noise and noise as well as multiple reflections, both using 1000
iterations. The variance is defined as

. 1 Ni¢ _
var(R) = S |R-RP, (4.35)
=1

Nig -1

including Bessel’s correction [UC14]. Nj; is the number of iterations and R
describes the mean of R according to

R=—>Ri. (4.36)

As the simulations do not contain additional targets, the SNR is estimated from
the simulation results and used for calculating the CRLB. It hence differs for
the two scenarios and over the simulated ranges, while all other parameters
are taken as simulated. The CRLB is calculated according to (4.10) for both
curves. As the SNR in the scenario including multiple reflections is slightly
decreased compared to the noise-only case, an increase in CRLB as well as
variance is observed. For both cases, the variance varies around the CRLB.
As stated before, the CRLB derivation assumes an unbiased estimator which is
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Figure 4.13: Measurement setup with the radar sensor facing a corner reflector in a static (a) and a
dynamic setup (b). In the static setup, the corner is mounted on a translation stage, but
only moved in between, not during measurements. In the dynamic setup, the corner is
mounted on a linear rail sled moving during measurements and the contrast sensor on
the translation stage next to it triggers each measurement in passing.

not reached, in simulations mostly due to the bin effect. As a result, deviations
from the CRLB in both positive and negative directions are to be expected even
though it is a lower limit as discussed in Ch. 4.1.1. In general, the simulation
iterations are very similar to each other as the scenario is perfectly deterministic
and remains unchanged in between the simulation runs and even the simulated
AWGN is only pseudo-random. Thus, the resulting range estimations are also
very similar, and their variance is significantly smaller than to be expected from
measurements, where in addition to occurring non-modeled signal components,
environmental influences may change, and with a corner reflector, a distributed
target is used.

4.3 Metrological Verification

To appraise the conducted simulations and found dependencies, measurements
are performed aiming at expressive validation in the static and dynamic scena-
rios depicted in Fig. 4.13.
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Figure 4.14: Measured range over 50 stage positions after FFT, CZT, and f¢ analysis.

4.3.1 Accurate Static Range Estimation

The f¢ range estimation is first verified in a static laboratory setup. The radar
target is a trihedral corner reflector with a side length of 14 cm. As the dimen-
sions are large in comparison to the wavelength, it can be approximated as a
point target at its center [JRM10].

An AWR1843BOOST (Ch. 3.1.1) radar is used with the measurement parame-
ters previously applied in simulations and given in Table 3.1. No calibration
is performed, hence, relative accuracy is provided as discussed in Ch. 2.2.2.
The range error is calculated as the deviation of the range estimates of two
measurements at defined distance A according to

R =R - Ryer — A. (4.37)

The corner reflector is mounted on the M-683 precision translation stage
(Ch. 3.2.1) and incrementally moved toward the radar within the measure-
ment range of 50 mm in steps of A = 1 mm. The distance between corner and
radar starts at approximately 0.75 m and decreases accordingly. Absorber ma-
terial is used to suppress reflections from the wooden plate between radar and
corner and the front side of the translation stage as well as multiple reflections
to have one main target with all other reflections being considerably weaker.
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Figure 4.15: Range error over a measurement range of 50 mm in an all-static scenario for frequency
(a) and f analysis (b), revealing a distinctive beat in both estimations.

Environmental influences remain but no further processing optimizing estima-
tion results, such as background compensation, is applied as it is not reliably
applicable in real scenarios, which may contain dynamics both in the target
and its surroundings. The complete measurement setup for the static scenario
is shown in Fig. 4.13a.

Although constant during measurements, the measured range decreases linearly
with the steps of the translation stage. This behavior is observable in Fig. 4.14
for frequency and f analysis, while the FFT only provides a very coarse range
estimation that approximates the linear curve in steps of AR. Deviation from
the true distance is due to the lack of calibration, but only adds a constant offset
not affecting the range error in relative evaluation according to (4.37).

After frequency analysis, small ripples occur in Ry, better visible in Fig. 4.15 that
depicts the range error after frequency and combined analysis. The direct com-
parison emphasizes the accuracy advance of f estimation but also demons-
trates the relation between both analyses. As f¢ range estimation builds on fre-
quency analysis, influence factors and therefore, deviations, are transferred alt-
e | # [-9.7107 m, 9.7 10 ]
is met in all stage positions. Nevertheless, the achieved range errors for f¢ esti-
mation are considerably below those of frequency analysis. The beat pattern
occurring for both estimations is very similar to the one observed already in
simulations and hence most likely originating from multiple target reflections.

hough the requirement of § Ry € [
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Figure 4.16: Range error after f analysis in a setup optimized to reduce multiple reflections.
Significantly smaller errors and less beat are observed in comparison to Fig. 4.15b.

If the setup is thus optimized to suppress multiple reflections, the beat is re-
duced, resulting in decreased range errors as shown in Fig. 4.16, however, the
beat impact is still observable. For this measurement, a signed mean error § Rgy,
of —2.2 pm is achieved while the absolute mean error |d Ry | is 4.8 pm. The
signed mean error 0 Ra, over the stage positions indicates the balance of error
values whereas the absolute mean error |0 Ry | better specifies deviations from
ground truth. Figure 4.16 hence contains balanced range estimates, however,
including a negative bias, and small absolute errors.

These are promising results rarely yet achieved in comparable free-space se-
tups without particularly high bandwidths. They impressively demonstrate the
capabilities of the proposed analysis and, together with the systematic error
pattern, the high correlation between measurements and corresponding simu-
lations, which are consequently well suited for predictions about the expectable
performance.

The estimation results are stable across the number of measurement iterations
as shown in Fig. 4.17, depicting the mean of 1000 iterations and its standard de-
viation, visualized as error bars. The stability of the range error and particularly
of the contained beat proves robust performance, but also underlines the domi-
nance of systematic errors while random processes are minor. Averaging over
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Figure 4.17: Mean range error after f analysis with standard deviation (error bars) and mean
over all measurement positions (dark blue) for 1000 measurement iterations. Errors
are well-balanced and hardly varying over the iterations, indicating robust estimation
performance.

all positions, zero mean is approximately reached (6 Rg,, = 0.5 nm), indicating
well-balanced estimations without bias.

The variance over multiple measurement iterations is the second evaluation
criterion of accuracy, describing the precision of the estimation. The question
arises, how many iterations are required for a qualitative statement about this
precision. The maximum number of iterations recorded for a setup is 1000,
which showed good accordance with a single measurement and small deviati-
ons in Fig. 4.17. However, this high number of iterations is not viable for all
setups and not required as shown in Fig. 4.18a. The variance of range estimati-
on is depicted for 100, 300, and 1000 iterations. The lower numbers are taken
as parts of the 1000 iterations, thereby avoiding other influences to affect the
comparison. The variance continuously decreases for more iterations as shown
in Fig. 4.18b for additional intermediate terms. This is mostly attributable to
statistical effects and the drift of radar parameters diminishing over time as the
temperature approaches a constant value (Ch. 3.1.1). However, the structure of
the variance is very similar for 100 to 1000 iterations, so that qualitative state-
ments are possible. Further, the decrease is slow and not spanning significant
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Figure 4.18: Variance of range estimation over a measurement range of 50 mm for 100, 300, and
1000 iterations (a) and over the number of iterations, averaged over the measurement
range (b). Variances hardly differ over the number of iterations and 100 iterations are
used henceforth.

orders of magnitude, hence allowing for a rough qualitative placement. Already
100 iterations thus contain valuable information about the accuracy in terms of
(mean) error and variance and are used hereinafter for both static and dynamic
scenarios.

4.3.2 Range and Velocity Estimation under Doppler
Influence

In order to build a dynamic scenario, the measurement setup is adjusted as
shown in Fig. 4.13b. The corner reflector is mounted on the sled of a linear
rail (Ch. 3.2.3) which is accelerated to a nominal velocity vse; and moves
the corner away from the radar. A contrast sensor (KTS-WB9114115AZZ77
from SICK) is installed next to the sled on the translation stage (Ch. 3.2.1),
measuring a change in contrast from the precalibrated value. Thereby, when
the sled passes by the contrast sensor, a measurement is triggered using the
hardware trigger of the radar. Next, the contrast sensor is moved by A = 1 mm
and a new measurement is conducted to allow for relative evaluation. The setup
minimizes variations in measurement starting times, however, they cannot be
completely eliminated. The used contrast sensor has a jitter of its response time
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of 3 s [SIC24]. The trigger signal for the radar sensor is generated from the
contrast sensor input using a custom adapter board. The occurring variations
in this part of the setup are measured to be within 0.2 ps. The hardware trigger
uncertainty is specified to be 5 ns [Tex20]. All timing variations add up and affect
the range estimation as the target has already moved further and is at a larger
distance for a delayed measurement. The variations add up to approximately
3.2 ps, which translates to a range error of up to 9.6 nm at 3m/s and is hence
to be considered in the interpretation of measurement results. However, this is
a worst-case consideration and not observed to this degree. The overall time
delay, on the other hand, is not problematic as long as the sled is in constant
motion within the evaluated frame. In that case, a constant delay cancels out in
the relative evaluation.

The range error is evaluated according to (4.37) while for the velocity error,
absolute reference values are used according to

0V =T — Vget - (4.38)

As the nominal velocity is not provided by an external reference system, the
motor control of the rail affects error progression. Oscillations in the actual
velocity around the setpoint value, caused by the motor control, are contained
in the velocity estimation, but not considered in the reference, so that the error
also contains these oscillations. Not visible in most other measurement setups
and in static scenarios, the combination of small-range steps and fine velocity
resolution unveils them. To investigate their behavior, a second measurement
setup is built and velocity estimations are compared. Only the linear rail is
used, and the sled moves along the rail at velocities vse; = 1 to 3m/s while
a continuous radar measurement captures the entire movement as depicted in
Fig. 4.19a. The measurement parameters are adjusted to achieve a very short
frame periodicity of only 3 ms, so that each frame corresponds to a movement of
3 to 9mm at 1 to 3 m/s. The start of the measurement is triggered manually and
contains no further information. The velocity error is determined, and excerpts
of it of 50 mm length are used for comparison. In Fig. 4.19b, these excerpts
are manually matched to the oscillations recorded in the first setup and show
comparable frequencies and amplitudes. The motor control oscillates at the
same temporal frequency for all velocities while meanwhile the target travels
a longer distance at higher velocities, resulting in different spatial oscillation
frequencies for the associated velocity errors over distance. As a result of the
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Figure 4.19: Velocity measurement for a target at 1, 2, and 3 m/s in steps of 3 to 9mm (a) and
corresponding velocity error (b). The measurement starts at rest and covers acceleration
to vset, movement at this velocity with oscillations caused by the motor control,
and braking to a standstill. The velocity error (dashed) is compared to the error of
measurements in steps of 1 mm, recorded with the setup from Fig. 4.13b (solid).
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Figure 4.20: Velocity error over a measurement range of 50 mm for a static target as well as velocities

of 1 to 5m/s. The starting position of the sled is moved according to the position of
the contrast sensor for each measurement to suppress the motor control oscillations
observed in Fig. 4.19b.
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Figure 4.21: Estimated range (a) and range error (b) over 20 consecutive frames using frequency-
based and f range estimation. The target is moving away from the radar with 1 m/s.

oscillations in velocity, the range oscillates as well, but with a phase shift of
90° due to the integration connecting velocity and range.

To suppress the influence of the motor control, the starting position of the sled
is moved according to the position of the contrast sensor before a new mea-
surement is triggered. In this way, the distance between the sled start and the
contrast sensor release point remains approximately equal for all measurements.
The motor control of the sled is hence always at the same point and does not
superimpose with the estimation results anymore. However, absolute deviati-
ons from the assumed nominal velocity remain and affect the velocity error.
Fig. 4.20 shows the measured velocity error for six velocities vget = 0 to 5m/s
and 50 stage positions. The static measurement is conducted at the initial range
of each stage position and evaluated including Doppler estimation and correc-
tion. A mean velocity error |[§v| of 0.4 mm/s is reached, whereat evaluation
without Doppler consideration does not result in significantly different results
for the static case. The velocity error differs for the five non-zero velocities
and is in significant excess of the static scenario. It rises with higher veloci-
ties from |dv| = 1.4mm/s at 1 m/s to |dv| = 18 mm/s at 5m/s. Additionally,
a slight oscillation remains as the motor control is not perfectly suppressed.
This is better visible for higher velocities where the amplitude of the oscillation
is larger as depicted in Fig. 4.19b. The larger amplitudes of oscillations also
contribute to larger velocity errors at higher velocities, however, this can only
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Figure 4.22: Range error over a measurement range of 50 mm for a static target as well as velocities
of 1 to 5m/s, all experiencing comparable estimation performance.

in part explain the deterioration. Although there are a number of other effects
caused by the measurement setup, it mainly demonstrates the limitations of the
performed Doppler estimation. However, the influence on range estimation is
limited as long as the oscillation of the motor control is sufficiently suppressed
and Doppler shifts are corrected during processing.

A range estimation over 20 consecutive frames for vge; = 1 m/s is depicted in
Fig. 4.21a, showing the linear movement of the target away from the radar. No
difference between the estimated ranges Ry and Rpg, can be observed due to
the coarse y-axis scaling. This is only possible from Fig. 4.21b, depicting the
corresponding range errors. f estimation achieves significantly lower errors,
although frequency-based estimation is already quite exact as a result of the
optimization performed to comply with the error limits of -~ f =9.7-107*m
for phase-offset-based analysis. The range error is, despite random variations,
independent of the evaluated frame for both estimations, which is important for
applications requiring estimation over time, such as tracking.

In Fig. 4.22, the range error is shown for the six velocities considered prior.
Excellent range errors with signed means d Rg,, of 0.9 to 2.0 pm and absolute
means |6 Ray| of 2.3 to 6.1 pm for 1 to 5m/s are achieved despite motion. The
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Figure 4.23: Schematic representation of Doppler correction for a single target at v and its first
multiple reflection at 2v. All signal components are shifted equally by v, resulting in
the target peak at zero velocity and multiple reflections and static clutter at +v.

distinctive double peaks with inverted amplitude, e.g., around stage position
20 mm, are typical for the relative measurement evaluation where each measu-
rement is used twice, but errors contribute with an inverted sign.

For the range estimation of moving targets, an interesting effect occurs as
a slightly higher accuracy is achieved compared to the static scenario, how-
ever, errors are less balanced. This is evident from the absolute mean errors of
7.7 and 2.3 pm for 0 and 1 m/s, respectively, as well as signed errors of —4.6 nm
and 0.9 pm for the same velocities. The absolute improvement stems from the
chirp summation prior to range estimation. As a consequence of this summati-
on, the achieved SINR for a moving target is higher than in a static scenario due
to the presence of multiple static targets in the surroundings. If the target of inte-
rest is static as well, the targets can be separated but interfering peaks lower the
SINR. The same applies to multiple reflections. If the target of interest is in mo-
tion, the discussed Doppler correction shifts the whole spectrum in the Doppler
domain by the detected Doppler shift as delineated in Fig. 4.23. The peak of
the moving target shifts to zero velocity, while all static targets are shifted to
the inverted target velocity. Multiple reflections are shifted equally, but as they
experienced the Doppler shift multiple times from multiple reflections on the
moving target, they contain a Doppler shift related to their multiplication factor
after correction. When the chirps are summed, all spectrum parts containing
a Doppler shift sum up incoherently due to their phase shift to each other and
are effectively suppressed. The peak at zero Doppler sums coherently, resulting
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Figure 4.24: Range profile after Doppler correction and chirp summation for a target with 0 and
1 m/s, respectively. The moving target appears at a larger range due to the time delay
between contrast sensor release and measurement start.

in a higher amplitude compared to a single chirp and a very clean spectrum
with hardly any other spectral components. This is shown in Fig. 4.24, where
the range profiles after chirp summation of a static and a moving target are
compared and the enhanced SINR is observable. The same stage position is
depicted, but the moving target appears at a slightly larger range due to the time
delay between contrast sensor release and measurement start.

Using this correction significantly augments range estimation capabilities for
moving targets. The improvement is particularly prominent at 1 and 2m/s,
for increasing velocities, the effect is countervailed by increasing velocity er-
rors. Consequently, range errors deteriorate for higher velocities as observed in
Fig. 4.20 and 4.22, but remain below those of a static scenario and still feature
excellent values.

The Doppler correction works well and enables high-accuracy range estimation,
however, deviations in the Doppler estimation affect range estimation as derived
mathematically in (4.7). Although the phase offset itself is not prone to Doppler
shifts, a larger velocity error results in a larger range error. This correlation is
investigated in more detail with an artificially deteriorated velocity estimation.
Fig. 4.25 depicts the mean of the range error of frequency-based and f range
estimation over the 50 stage positions for the measurements with 1 m/s. An
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Figure 4.25: Mean of absolute range error across 50 stage positions with vset = 1 m/s for frequency-
based and f¢ range estimation over different offsets v,g on the Doppler estimation
(solid). Additionally, the investigation with the same offsets only applied for the cor-
rection of the (4.6)-V term and the quadratic share of the phase offset is shown for f¢
range estimation (dashed).

increasing velocity offset v,g is added to the estimated velocity to emulate
corrupted estimation. While small offsets hardly influence range estimation,
larger vog drastically increase the range error to a level where an incorrect range
bin is chosen from frequency analysis and a consecutive phase-offset analysis
cannot contribute to a higher accuracy. The benefit from f range estimation is
greatest without velocity offset. If an incorrect range bin is chosen, combined
analysis can even result in larger errors than only frequency analysis.

Over all offsets, the error is primary caused by the frequency-based range
estimation. To further investigate this, the defective range estimation Ry o,
caused by v, is used only for the last correction of the (4.6)-V term and the
quadratic share of the phase offset prior to phase-offset analysis. Apart from
that, the estimate without velocity offset is used. The results are depicted as the
dashed line, showing that the partly defective correction already deteriorates f
range estimation, but only to a mean value of 37 um for vog = 0.1 m/s, whereas
the same offset in the complete processing chain results in a mean range error
of 2.2 mm. Reliable Doppler correction is hence crucial for range estimation,
using either frequency or f¢ analysis with real or artificial Doppler shifts.
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Figure 4.26: Variance of range estimation after frequency (a) and f (b) analysis and variance of
velocity estimation (c). For each estimation, the variance of the estimated parameter
(solid) and the associated error (dashed) are depicted for a static and a dynamic (dyn.)
measurement scenario.

4.3.3 CRLB Comparison

The presented estimation results shall be contextualized with a comparison of
their variances. Those are determined from 100 measurement iterations of the
static and the dynamic scenario each. It is distinguished between the variance
of the estimation var(R), var(v) and the variance of the error var(0 R), var(dv)
according to (4.18) and (4.27), respectively. Fig. 4.26a presents the variances
of range and range error after frequency analysis for the static and the dynamic
setup. Equivalent results are given for f¢ analysis in Fig. 4.26b. Figure 4.26¢
provides these results for velocity estimation. As expected, variances are higher
for Ry than for Rg, and the variances of the error values are by trend smal-
ler than those of the estimated values as derived in theory. Further, changing
environmental conditions and drifts in the radar parameters affect mainly the
range variance as multiple consecutive measurements contribute while for the
range error, only two consecutive measurements are put into relation. Although
all iterations are considered for the variance, they are not directly compared,
diminishing drift implications. However, there is a correlation between larger
range errors and larger variances of the range error. The range estimation de-
viates, leading to large range errors, while deviations are not constant, resulting
in a large variance of the range error. The variances in the dynamic setup are
generally higher than those achieved in the static one. One reason is the setup
itself, containing timing variances that transfer to range and range error likewi-
se. Due to the motor control behavior, they can also affect velocity estimation.
Additionally, the measurements are recorded at longer intervals as the motor
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Figure 4.27: CRLBs for R¢, Rgy, and v considering a static and a dynamic (dyn.) scenario,
respectively.

has to drive back and start anew. Radar and atmospheric parameter drifts are
hence more pronounced and the vibrations of the rail in operation additionally
add variance. Finally, regular restarts of radar, rail, and stage are required to
record 100 iterations in this setup. While the difference between the variance
of the estimated parameter and the corresponding error is significant for range
estimation, both variances are approximately equal for velocity estimation. Par-
ticularly in the dynamic scenario, differences are negligible. The reason is the
difference in error determination for range and velocity estimation as discussed
prior. As the velocity is compared against a constant nominal velocity vt and
correlation is negligible, the variance of estimation and error coincide. For the
dynamic scenario, remaining oscillations from the motor control are visible as
these are measured, but not accounted for in v .

To provide a theoretical comparison for the achieved variances, the CRLBs are
determined for the measured SINR and depicted in Fig. 4.27. They are compu-
ted according to (4.8) and (4.10) for the static scenario and (4.23), (4.24), and
(4.25) for the dynamic scenario. The SINR is estimated from one measurement
in the center motor position for each of the scenarios. The quantitative relati-
ons between the CRLBs in Fig. 4.27 are not reproduced in the measurement
variances. While fy estimation yields smaller variances for both, static and
dynamic scenarios, the variances in the dynamic scenario are generally larger
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despite the larger SINR, that leads to a smaller CRLB. The SINR enhancement
can therefore not compensate the increased variances from the measurement
setup as discussed earlier. The variance of velocity estimation is in excess of
the variance of range estimation in both scenarios, however, not as large as the
CRLB would imply, indicating systematic deviations. While these can result
from the motor control in the dynamic scenario, the static scenario has a clear
and unimpaired nominal velocity vse; = 0m/s. The limitation for the estimati-
on error and variance is hence the processing chain itself, which is optimized
to Doppler correction and undisturbed range estimation rather than accurate
and unbiased velocity estimation. The achieved velocity estimation results are,
however, promising with regard to practical applications such as tracking.

The CRLBs are not and were not expected to be met. Lower variances indicate
a biased estimator and non-modeled phenomena in the evaluated signal, which
is not investigated further. A thorough analysis of requirements and measure-
ments approaching the CRLB in a specially optimized setup are given in [Sch17]
and are out of the scope of this work. The presented measurement setups, the
used hardware, and reference systems are not elected to reach highest possi-
ble accuracy, but to show performance capabilities in realistic environments
and with low-cost, commercially available hardware, which was successfully
demonstrated.

4.4 Functional Requirements and Limitations

For the f¢ estimation providing the high accuracy demonstrated so far, there
are few real requirements, however, different parameters can limit the reached
accuracy. Single-sideband mixing in the radar receiver is essential to extract the
phase offset. Phase reconstruction from a real-valued signal was investigated,
but did not provide comparable accuracy. Additionally, single-sideband mixing
prevents the occurrence of a second sideband at the inverted Doppler frequency,
which would cause additional spectral components and impede unambiguous
velocity estimation as well as impair subsequent processing. The additional gain
of 3 dB is advantageous, although not imperative. There are no additional hard-
ware requirements for the radar, but the radar configuration can be optimized
for high accuracy. From the CRLB derivations in Ch. 4.1.1 and 4.1.2, influence
factors for improved estimation accuracy can be derived. Their investigation
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4 Highly Accurate Range Estimation with Moderate Bandwidths

mainly suggests minimum required values for bandwidth and SINR, while the
minimum frequency is less relevant due to small relative changes. Substantial
changes are not investigated as this would require different hardware in other
frequency bands, which are restricted to certain applications. The number of
samples contributing to an estimation is considered as linked to the SINR over
the corresponding processing gain.

Range Resolution Degradation

From (4.10), the estimation accuracy obtained is presumed to be independent
of the sampled bandwidth and, thus, the range resolution. Lower bandwidths
ease hardware realization and restrictions while being more spectrally efficient,
hence optimization in this regard is aspired. Artificially reduced bandwidths
allow for an investigation of bandwidth dependencies disregarding simultaneous
effects. In CS, but also in FMCW, the bandwidth used for a measurement can,
in retrospect, be artificially reduced by utilizing a contiguous fraction of stored
samples. Keeping the original sampling rate, the bandwidth and chirp duration
are reduced accordingly, leading to a corresponding degradation in the range
resolution as

AR =L AR, (4.39)
u

where u denotes the reduction factor, v < 1, by which the used number of
samples is decreased as N! = u - Ns.

This artificial resolution degradation is applied to the measurements presented
in Fig. 4.16 as these contain the least disturbances. The bandwidth is gradually
reduced, giving results as shown in Fig 4.28a. Bisecting the bandwidth (u = 0.5,
B = 1.9 GHz) has hardly any effect and f¢ analysis provides clear advantage
of around 300 nm over frequency analysis. A further bandwidth reduction si-
gnificantly increases the range errors for frequency and f¢ analysis with the
errors increasing strictly monotonically. The accuracy is limited by the fre-
quency analysis that cannot provide an adequate basis for phase-offset analysis.
As the bin determination is biased, the error of f¢ analysis occasionally even
exceeds that of frequency analysis and additional phase-offset evaluation is not
beneficial anymore. The slight increase in range error for bisected bandwidths
is also caused by a deteriorated frequency-based range estimate, which is used
not only for the choice of the correct range bin, but also to correct phase terms,
so deterioration in range error occurs even while the correct bin is selected.
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Figure 4.28: Range error over artificially increased range resolution with constant sampling rate (B,
T, Ng, SINR decreased, fs constant) (a) and artificially reduced sampling rate with
constant range resolution (Ng, SINR, fs decreased, B, I" constant) (b) for frequency
and f¢ analysis. The x-axis is logarithmically scaled and the reduction factor for each
tick label is parenthesized below.

With the applied resolution degradation, the number of samples and, conse-
quently, the SNR are reduced, affecting the accuracy of range estimation for
frequency- and f analysis according to (4.8) and (4.10). To separate this effect
from the previously investigated bandwidth reduction, the same sample and
SNR reduction is artificially emulated while keeping the bandwidth constant.
A reduced number of samples covering the complete bandwidth is used, mi-
micking a reduced sampling rate fs. This additionally affects the maximum
unambiguous range, which is not sufficient for all reductions, however, the re-
lative manner of measurements preserves processing possibilities. The results
in Fig. 4.28b indicate that the reduced accuracy is caused by insufficient band-
width and does not originate from a decreased number of samples. While the
range error for frequency analysis increases continuously, that of f¢ analysis
is hardly affected up to a reduction factor of u = é and remains permanently
below the error for frequency analysis. However, overly reducing the measu-
rement samples also limits the accuracy of range estimation as the available
information is insufficient.

This reinforces the strong importance of adequate frequency analysis as a basis
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4 Highly Accurate Range Estimation with Moderate Bandwidths

for f¢ range estimation and its dependency on the bandwidth, although the
CRLB for fy analysis is bandwidth-independent. Despite the indirect correla-
tion, the limitations of frequency analysis must therefore be taken into account
during parameterization of a radar sensor for high-accuracy range estimation,
but requirements are moderate.

Velocity Resolution Degradation

Not only the range resolution, but also the velocity resolution affects the reached
accuracy as the Doppler estimation depends on it and is used for Doppler cor-
rection. In CS, the velocity resolution can, in retrospect, be artificially degraded
by utilizing only part of the captured chirps, resulting in

Av' = 1 - Awv, (4.40)
u

where u denotes the reduction factor, u < 1, by which the used number of chirps
is decreased as N/ = u - N.. Integer divisors of N, = 255 are used for .

The velocity resolution degradation is applied to the measurements with
Uset = 1m/s from Fig. 4.20. It primary affects the FFT-based velocity esti-
mate, to an extent that zero Doppler is estimated and the velocity error equals
the nominal velocity as exemplified in Fig. 4.29a. The CZT-based estimate
consequently also deteriorates, but to a lesser extent. Attributing this effect
to velocity resolution degradation is not as straightforward as it is with range
estimation. The accuracy of velocity estimation also depends on the number
of chirps and the SNR according to (4.25). In order to reduce N, comparably
at constant velocity resolution, the chirp repetition time 7¢, must be increased
accordingly. However, this reduces the maximum unambiguous velocity and,
unlike in range estimation, this effect must be compensated for in signal pro-
cessing, as the reference is absolute and not relative. This was not achieved
with the same accuracy as the other estimates as visible in Fig. 4.29b. Addi-
tionally, the FFT-based velocity estimate does not develop monotonously with
increasing chirp repetition rate. In the numeric values, the velocity error for
constant resolution is unchanged up to a reduction factor of u = %, where the
estimation is unambiguous. For increasing resolution, it is increasing slowly but
continuously. Therefore, poorer resolution is associated with a higher velocity
error, whereat yet unambiguity has to be assumed.
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Figure 4.29: Velocity error over artificially increased velocity resolution with constant chirp re-
petition time (N, SINR decreased, Tc, constant) (a) and artificially increased chirp
repetition time with constant velocity resolution (/N¢, SINR decreased, Tc, increased)
(b) for FFT-based (vppT) and CZT-based velocity estimation (vczT) at 1 m/s. The
x-axis is logarithmically scaled and the reduction factor for each tick label is paren-
thesized below.

Velocity estimation influences range estimation as it is used for Doppler cor-
rection. The larger the velocity, the greater the impact, as uncorrected phase
terms increase. Ry is much more sensitive to increasing velocity errors as the
evaluated terms are directly affected whereas the phase offset only experiences
an indirect influence from suboptimal correction. For a small velocity of 1 m/s
(Fig. 4.30a), f estimation hence hardly deteriorates over increased velocity
resolution, although the curve progression of vcyr is reflected in Rgy,. For
larger velocities, frequency analysis cannot provide a sufficient basis for phase-
offset evaluation, and an erroneous bin choice significantly deteriorates Rgy,.
That being the case, f¢ analysis is no longer superior to frequency analysis as
observable in Fig. 4.30b for the measurements with vt = 3 m/s from Fig. 4.20.
Nevertheless, range estimation never becomes entirely independent of Doppler
estimation, even at very low target velocities. The apparent stability of Rgay
shown in Fig. 4.30a is partly due to the reduced number of chirps employed to
degrade the resolution; consequently, fewer chirps are summed. If no Doppler
correction is applied during processing yet the chirps are still summed despi-
te the clear violation of the static target assumption, the resulting range error
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Figure 4.30: Range error over artificially increased velocity resolution (/N¢, SINR decreased, Tcr
constant) for a target moving with 1 m/s (a) and 3 m/s (b). The x-axis is logarithmically
scaled and the reduction factor for each tick label is parenthesized below.

drastically increases. As the target moves while the chirps are acquired, each
chirp contains information about the target at a slightly different range. Without
accurate Doppler estimation and correction, summing these chirps results in
a corrupted range estimate not suitable to determine the correct range bin of
the target at its initial position. Omitting the summation in case no or insuffi-
cient Doppler correction was applied mitigates the impact on range estimation.
The same consideration applies for long chirp durations such as those used in
FMCW radars, which would require additional correction. For CS, however,
the range is assumed to be constant within a single chirp as velocities and chirp
durations are limited.

Consequently, the applied processing has to be chosen depending on the required
accuracies, available radar parameters, and possible Doppler shifts in awareness
of the targeted application. Three exemplary cases are visualized in Fig. 4.31,
depicting the requirements for range estimation in case of a small target velocity
and medium and high required accuracy. For small velocities and if the availa-
ble SINR is sufficient to renounce the processing gain of the chirp summation
and the additional target suppression, Doppler correction can be omitted. If,
on the other hand, only medium accuracies are targeted, frequency-based range
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f¢ estimation

small velocity

medium range accuracy

high range accuracy
Doppler correction

Figure 4.31: Requirement analysis for range estimation with regard to processing ( f ¢ or frequency-
based), required SINR, required Doppler correction, and required Av. Three cases,
small velocities, medium required accuracy, and high required accuracy, are compared.

estimation may be sufficient but requires reliable Doppler correction with rela-
tively fine velocity resolution. Otherwise, and particularly if high accuracies are
to be achieved for targets moving at higher velocities, Doppler-aware f range
estimation is predestined. Under those conditions, no particularly fine velocity
resolution or high SINR are required as the processing is robust in different
scenarios.

The combined f¢ range estimation was transferred to CS, including dynamic
scenarios, and the accuracy was demonstrated in terms of small range errors,
indicating high trueness, and low variance, hence high precision. Average ab-
solute range errors over the investigated stage positions of 4.8 and 2.3 pm for
a static and a dynamic scenario with 1 m/s are achieved, comprising a signal-
processing-induced enhancement for range estimation to moving targets. These
are outstanding results for free-space measurements with commercial hardware
and medium bandwidths. The dependency of the reached accuracy on factors
such as processing, bandwidth, or SNR, was discussed by means of supportive
investigations. The proposed processing outperforms range estimation using
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4 Highly Accurate Range Estimation with Moderate Bandwidths

only frequency-based analysis and additionally delivers a reliable velocity esti-
mate with velocity errors of 1.4 mm/s at 1 m/s. Estimating best achievable values
beyond theoretical bounds is ambiguous as it depends on a variety of factors, in-
cluding the radar hardware, reference systems, and measurement setups, which
can be optimized for either maximum accuracy or realistic application. The
latter is focused on in this work, nonetheless, excellent estimation performance
is achieved particularly in range.
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5 Radar Target Identification with
Doppler Tags

The highly accurate range estimation discussed in Ch. 4 is particularly valuable
if the object, whose range is estimated, can be explicitly identified. Radar tags
enable the separation of objects of interest while distinguishing them from the
environment. This is of paramount interest for the simultaneous usage of multi-
ple objects and, thus, tags. The work at hand initially introduces the Doppler tag,
a novel radar tag designed for unique identification and highly accurate range
estimation, originally published in [2]. It provides a comprehensive overview
of the radar environment, containing multiple identified markers and general
sensing information about the remaining untagged surroundings. An overview
of the current state of the art regarding radar tags and hardware approaches
similar to the Doppler tag is given in Ch. 1.2.

To evaluate the achievable performance of Doppler tags, hardware implemen-
tations with commercial components are realized. These are not tailored to the
operation as tag and do hence introduce additional challenges preventable with
hardware conceptualized specifically as Doppler tag. However, the demonstra-
tor setups allow for the verification and optimization of system design prior to
realization. Two different hardware concepts are utilized hereinafter to inves-
tigate different aspects of the Doppler tag concept. They both implement the
basic idea of a Doppler tag and share a similar setup, although the adaption
possibilities differ and make them suitable for investigations with distinct focus.

The basic idea of the Doppler tag is presented for the first time, together
with a system design draft that can be used as the basis of a tailored hardware
implementation. The latter is yet not within the scope of this work. The hardware
used for subsequent investigations is presented with a discussion of benefits and
limitations, each.
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Figure 5.1: Block diagram of a Doppler tag using double-sideband mixing.
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5.1 Doppler Tag Principles

Doppler tags mimic the Doppler effect and use an artificially raised frequency
shift characteristic for each tag. This shift is assigned to an object or a functio-
nality, which allows for tag separation and enhanced applications. Subsequent
processing is based on the handling of the artificial Doppler phenomenon.
Doppler tags enable unique identification without suppressing environmental
reflections, hence preserving the detectability of the untagged surroundings.
They can thus provide an overview of the radar environment with identified
markers and general sensing information at short to medium ranges. A key
advantage of Doppler tags is their ability to pinpoint the range between radar
and tag through dedicated signal processing. This is ensured by shift correc-
tion without affecting the object-specific signal shares. The tags utilize the
processing chain introduced in Ch. 4 and a tailored hardware principle. The
artificial Doppler shift enhances the estimation accuracy in the same way as
a motion-induced Doppler does. It separates targets and effectively suppresses
static clutter, therefore improving the SINR. In contrast to most other radar
tags, modification of the radar hardware is not necessary to allow for operation
together with Doppler tags, however, signal processing is adjusted to allow for
information extracting from the tags.

In CS radar, a Doppler shift can be implemented as a shift in frequency, which
the tag applies with a double-sideband mixer. In the most basic setup (Fig. 5.1),
the radar signal is received at the tag, mixed with a certain identification frequen-
¢y fid, and transmitted back toward the radar. As the identification frequency
emulates a Doppler shift, resolution and unambiguity are equivalent to motion-
induced Doppler estimation: A fig = A fp and fiq,, = fD,.-

Doppler tags are not restricted to operation with CS radars, however, those are

80



5.1 Doppler Tag Principles

90

untagged object
i

Range in m

a

Magnitude in dB

f id,1 f id,1

taé I 0
-10 -5 0 5 10
Doppler frequency in kHz

Figure 5.2: Simulated RDM for three objects. The two objects at 1 and 6 m are tagged with
fia,1 = 5kHz and fiq2 = 2kHz, respectively. While the first one is static, the se-
cond one moves with 2m/s (fp,2 ~ 800 Hz) away from the radar. The third object
does not carry a Doppler tag but moves with 18 m/s (fp 3 ~ 7kHz) toward the radar,
starting at 10 m.

the quasi-standard in industrial radar applications. As a well-investigated and
commercially available sensor option, they are already applied in industrial au-
tomation and a combination with Doppler tags further expands their functional
spectrum. Nevertheless, in other contexts it can be favorable to operate Doppler
tags with other radar waveforms such as orthogonal frequency-division mul-
tiplexing (OFDM). Tag design would not significantly differ and comparable
performance is expected, although signal processing would require modificati-
on. This work focuses on Doppler tag operation with CS radars.

Implementing the idea of Doppler tags in simulations, a range-Doppler map
(RDM) as shown in Fig. 5.2 is obtained. Two Doppler tags with fiq; = 5kHz
and fiq,2 = 2kHz as well as an untagged object moving with v = 18 m/s toward
the radar, are simulated. Tagged objects are detected thrice, once at their real
velocity, as the radar signal is reflected off the object itself without passing
through the tag, and twice with their characteristic artificial Doppler shift. This
Doppler originates two symmetric peaks at fp + fiq due to double-sideband
mixing as visualized in Fig. 5.2 for a static (tag 1) and a moving tag (tag 2).
Using an active amplification within the tag, the amplitude of the tag response
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5 Radar Target Identification with Doppler Tags

is significantly above that of the object reflection, in case of static targets
additionally masked by static clutter, so that only the symmetric peak pair
is used in further processing. Untagged objects are detected as normal. Tag
identification is not disturbed by untagged objects as they are mostly static and,
if not, unlikely to have the exact same Doppler shift as applied by a tag. Tags can
even be distinguished from objects with velocities equal to the artificial Doppler
since these objects will indeed change their ranges over time. In contrast, the
two peaks occurring at fp + fiq due to double-sideband mixing mostly have
differently signed Doppler so that objects with these velocities would move in
different directions while the tag and its peak pair are static or at most move
in one direction with a way smaller velocity than that of the objects. Masking
is only possible while range and velocity bins are very similar or even equal,
which is rarely the case in real scenarios and only a short-time implication, as
the required motion of the untagged object resolves the ambiguity.

For the untagged object in Fig. 5.2, migration over multiple range bins due to
the high velocity as discussed in (2.7) is apparent. To emulate a Doppler shift
within the tag, a phase shift of 27 fiq (¢t + mT) is applied through mixing, but no
change in range occurs as no real movement is simulated. Thus, no migration
terms arise and the tag peaks are clearly delineated. In the beat phase of a single
sideband (5.1), tmT-dependent terms are hence missing:

Oy, pr(t,m) :27r((?70 + fid)t+ fiamT
i B
+ 7o (fmin _fa_ *To)) + ¥id

The coupling term fiqt is still existent and can cause the sideband peaks to drift
in opposite range directions for large identification frequencies as discernible
for 25 kHz in Fig. 5.3b and 110kHz in Fig. 5.3c. Thereupon and with increasing
coupling, tag peaks are more difficult to relate to each other and to distinguish
from untagged objects, impeding tag elimination and subsequent range estima-
tion. The usable identification frequencies are hence limited depending on the
system design, whereat, however, the effect only occurs beyond the maximum
unambiguous velocity. Nevertheless, if correct peak assignment and tag elimi-
nation is possible in a sparse environment or from preknowledge, coupling is
equalized during elimination and subsequent processing is not impaired. The
artificial Doppler is henceforth chosen in the same order of magnitude as a

5.1
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Figure 5.3: Simulated RDM containing a single Doppler tag, tagged with 10 kHz (a), 25 kHz (b),
and 110kHz (c). For 10kHz, both sideband peaks are at the same range while for
25 kHz, coupling makes them drift in opposite range directions, even better perceptible
for 110 kHz where the coupling is correspondingly stronger.

motion-caused Doppler shift. Doppler estimation is possible from the fiqgmT
term without impacting coupling effects. Even in case of large ranges and
consequently, large delays 7y, Doppler tag operation hence remains reliable.
However, for large velocities, the peak pair migrates over multiple consecutive
range bins with its range determined by the motion and migrating with the
direct object reflection. This migration is not caused by the tag but an inherent
radar phenomenon with the number of migration bins

Rmig _ 2BNcTcr v
AR ¢

Using double-sideband mixing, two mixing products emerge, and the final beat
signal can mathematically be described as the sum of those, thus

Nomig(v) = (5.2)

sp,pr(t,m) = exp(j‘bb(t,m) +j (27rfid (t - % + mT) . @id)) N
R R N

In (5.3), not only a frequency shift is applied but an additional, unknown phase
shift ;4 originating from the random phase position of the mixing signal.
Equation (5.3) together with (2.7) describes the complete signal model for a
CS signal received and retransmitted by a Doppler tag with double-sideband
mixing.
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Processing of a signal containing a Doppler tag is based on the RDM achieved
after a two-dimensional (2D) FFT. As the shift in frequency is small relative
to the center frequency of the radar, the tag response is received at the radar
together with and in the same way as the reflections of untagged objects in the
radar field of view (FoV). It can be easily integrated into the standard radar
signal processing coming from (5.3). The radar processing including a Doppler
tag from identification to range and velocity estimation is shown in Fig. 5.4
and discussed hereinafter. It can be carried out in parallel to normal sensing of
the environment so that tagged and untagged objects are both served. Signal
processing is performed in two steps: first, identifying the target by means
of fiq, and second, determining the initial target range Ry and velocity wv.
Identification is achieved solely through signal processing, similar to motion-
induced Doppler determination. fiq is obtained from a 2D FFT on the radar
signal and a subsequent maximum search or constant false alarm rate detection
on the resulting RDM as shown in the upper part of Fig. 5.4. For a single tagged
object, two maxima are detected at fp + fiq. The objects in question are assumed
to be preknown, such as from a table that assigns an fiq x to each tagged object,
allowing for unambiguous identification. To enhance the determination of fiq,
zero padding is applied.

5.1.1 Novel Signal Processing Approach for Unimpaired
Range Estimation

An innovative signal processing approach is developed to allow for unimpaired
range estimation despite Doppler tag operation. For both range and velocity
estimation, elimination of the Doppler tag influence is crucial. The proposed
processing enables reliable Doppler tag elimination independent of the achieved
identification accuracy. The precious phase-offset information remains unim-
paired and available for highly accurate range estimation. The idea is a mathe-
matical artifice separating and recombining the two sidebands emerging after
double-sideband mixing. 2D windowing is applied around each sideband, con-
comitantly separating this tag from other targets and the two sidebands of this
tag from each other. The two resulting signals are retransformed to the time
domain using a 2D inverse fast Fourier transform (IFFT). Each of these signals
only carries the information of one sideband, hence the contained tag modifi-
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Figure 5.4: Processing chain for Doppler tag identification and elimination for subsequent range
and velocity estimation. The occurring tag frequencies fiq ., are determined from an
RDM, and the remaining processing is performed tag-wise. Windowing simultaneously
separates one tag from the other targets and the two sidebands of this tag from each
other. The two windowed signals are multiplied in the time domain to eliminate the
influence of the Doppler tag in frequency and phase. The resulting signal contains only
information about one tagged object and therefore allows for conventional processing.
However, the phase is doubled due to the preceding multiplication, which consequently
results in a doubling of the range and velocity estimates and must be accounted for in
further processing.
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cation differs in sign. By means of a complex multiplication, the impact of the
considered tag vanishes, resulting in

Sb,w/o DT(tam) = eXp(j(I)b(t, m) +j (27Tfid (t - % + mT) + Qoid))

cexp( i (m) - (2nfa (- 2 o) + ) ) O
- exp(j2y) .

The resulting RDM is shown in the lower part of Fig. 5.4. The doubling in
phase, transferring to range and velocity, is a side effect of the multiplication
as shown in (5.4) and is corrected during estimation. In the phase itself, not
only the artificial frequency shift fiq but also the unknown phase shift ¢;q are
canceled out so that the phase offset of the radar signal ¢y, is not corrupted. This
is even the case if the artificial frequency shift is not exactly known. Consider a
deviation in the applied fiq, fiqa + 9, e.g., due to a frequency drift. Identification
is not impaired as long as the resulting frequency shift can still be assigned to the
original fiq, hence no particularly high accuracy is required in the estimation
of the identification frequency. Equation (5.3) will change accordingly, but
nonetheless, the same frequency shift fiq + d occurs in both sidebands and can
be eliminated equivalent to (5.4). Subsequent range and velocity estimation
are thus not affected. This is also evident from the fact that the knowledge of
possible fiq . is used only for identification, not for any subsequent processing.
Similar considerations apply to phase noise and other non-ideal phenomena
disturbing the identification frequency. Additionally, other tags and untagged
measurement surroundings are suppressed during tag elimination in a similar
way the Doppler correction in Ch. 4.1 achieves it.

After tag elimination, range and velocity estimation is performed for the cor-
responding object as discussed in Ch. 4 and Fig. 4.3. The only necessary
adjustment is the consideration of a factor two. Motion-induced Doppler shifts
are determined and corrected as well. Doppler shifts that may remain after tag
elimination are corrected as if they were motion-caused. The resulting error is
negligible as the remaining tag-caused Doppler shifts are minute and so are the
unnecessarily corrected migration terms. The Doppler correction together with
the cancellation of the unknown mixing phase shift ¢;q allows for a reliable
evaluation of the phase offset for range estimation according to (4.4).
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5.1.2 CRLB including Doppler Tags

To contextualize this estimation, again the CRLB is used. Doppler tags emulate
a Doppler shift without corresponding motion, hence the signal model differs
from that in a dynamic scenario and so do the CRLBs. A derivation of the CRLB
for parameter estimation in a static scenario including a single Doppler tag is
given in A.1.4. The extension to multiple Doppler tags or dynamic scenarios
is not included as the CRLBs are used for structural considerations rather
than for actual performance comparison. However, derivations follow the same
procedure as in A.1.2 and A.1.3. For range estimation, the CRLBs are derived
to

var(Rg) 2 L (5.5)
VR 82BN, N, '
and )
Tc
R,)Z . 5.6
Var( Lp) ~ 2(47T)2f§1in7]NcNS ( )

While the bounds for the range estimates differ from previously derived versions
only by constant factors, the identification frequency is bounded by a structurally
different term only depending on 1, N¢, and Ny. It is estimated directly and

transformation of parameters only comprises the sampling rate with f;, 3 = ’;Zd ,
which prevents f,;, dependency in )
— 3f2
var(fia) 2 / 5.7

¥ 212N Ny(Ne + 1) (N - 1)

The CRLB for the motion-induced Doppler shift in a dynamic scenario, how-
ever, has the same structure and deriving an identification velocity from fiq
as done in the addendum, the similarity of these terms is also obvious. This
underscores the similarity between motion-induced and artificial Doppler shifts
and is a clear indication that similar behavior and characteristics can also be
assumed in other respects.

5.1.3 Considerations for Multiple Doppler Tags

For multiple tags in the radar FoV, multiple peak pairs occur in the RDM.
Separation and identification is possible from their symmetry, and untagged
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Figure 5.5: Schematic representation of arising ambiguity for multiple, potentially moving Doppler
tags with identification frequencies being multiples of each other (fiq,B = 3 fia,a)-

objects, causing unmated peaks, can be differentiated. Correctly associating
maxima belonging to the same peak pair presents the major challenge in signal
processing. Peaks from moving objects or multiple reflections as well as strong
sidelobes have to be excluded while pairs not perfectly symmetric, e.g., due
to noise or nonlinearities, must not be missed. To achieve this, the unique
characteristics of peak pairs are exploited. As both peaks in a pair originate
from the same object, they are located at the same range and have similar
amplitudes. Additionally, tag-caused peaks contain a Doppler shift with the
frequency symmetry depending on object motion. Moving tags may overlap
awhile, however, this ambiguity is before long resolved by the motion-induced
change in range. System design has to ensure that identification frequency
and motion-induced Doppler shift do not coincide as this would cause a tag
peak at zero Doppler and not separable from static targets. If tags are used
whose identification frequencies are multiples of each other, ambiguities can
arise from motion as delineated in Fig. 5.5. Considering two identification
frequencies fiq,a and fiq,B With fiq.B = 3 fia,a, tag A can be detected either
as static or with v, , which is to be prevented during system design or resolved
through signal processing.

A significantly larger number of peaks than the expected two per tag are initially
detected. The peaks of interest are thus reliably included. Peaks at the same
range are considered potential pairs, and only those with a frequency spacing
close to twice a potential identification frequency are processed further. Among
these, the most symmetric pairs are selected, and the final pair is chosen based
on the highest amplitude.
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All subsequent processing steps are completed on one distinct RDM for each
evaluated tag as also indicated in Fig. 5.4. Consequently, ranging to a large
set of tags can impose significant overhead as the processing effort scales with
the number of tags. In typical applications such as tool identification or self-
positioning, multiple tags are employed concurrently, yet are not all in the FoV
of the radar at once, thereby mitigating scaling limitations.

As the tags are separated by their artificial Doppler frequency fiq, the number
of simultaneously usable tags is limited by the frequency resolution A fi, and
maximum unambiguous frequency fp,, of the radar. In theory, each Doppler
bin pair could be occupied with one tag, allowing a number of tags equal to
half the number of chirps per measurement. Nonetheless, some margin should
be allowed to prevent false identification as soon as the Doppler determination
is off by one bin or the tagged object is in motion additionally, causing Doppler
migration. In measurements, a frequency spacing of at least twice the frequency
resolution was found to be required in static scenarios, although slight deterio-
ration is observed already for larger spacings. Generally, the available number
of tags is dependent on the number of chirps per measurement, the size of the
margin that is granted between two tags, the potential velocities of the tagged
objects, and the realization of the mixing process.

Single-sideband mixing provides more available tag frequencies as =+ fiq could
be used to tag two objects. However, due to the random phase position of the
mixing signal relative to the radar signal, mixing always applies an unknown
phase shift to the signal in addition to the intended frequency shift, which is
irrelevant for identification but influences the possibilities for high-accuracy
range estimation. Using a double-sideband mixer, both sidebands are included
in the signal, and the phase shift can be canceled, although unknown. In single-
sideband mixing, the phase shift cannot be eliminated and only the less accurate
frequency-based range estimation is applicable. Additionally, if the tagged ob-
jectis in motion, symmetric guard intervals of velocity-dependent width around
the artificial Doppler are necessary to prevent erroneous identification. A real
Doppler shift adds or subtracts from the artificial one, depending on the rela-
tive direction of motion. This displacement within the Doppler domain has to
happen within a distinct interval where all frequencies belong to one object;
otherwise the real Doppler will falsify the object identification. This can be
challenging if the expectable velocities are unknown and additionally limits the
available number of tags. Guard intervals are not required for double-sideband
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Figure 5.6: Measurement setup with radar centered between two tags A and B, resulting in equal
distances from the radar to each tag.

mixing as the identification frequency is determined by the frequency difference
between the two sidebands. A real Doppler shift changes the position of both
sidebands in the frequency domain; their position relative to each other, and
hence the determined fiq, remain. A corrupted identification of moving untag-
ged objects as tagged ones or a confusion of Doppler tags is hence unlikely and
can be prevented by scenario-aware choices of fiq .

Tag-induced Resolution Enhancement

While frequency spacing is a design parameter for radar-tag systems, spacing in
range is not required for object separation. Using Doppler tags, the identifica-
tion resolution is equal to the frequency spacing and enhances range resolution
indirectly. This is of interest as the processing approach discussed in Ch. 4 only
enhances the estimation accuracy, for which medium bandwidths are sufficient.
Those, in turn, limit the available range resolution, but in multi-object environ-
ments, the resolution of a system is of particular significance and often even
prioritized over accuracy.

The resolution enhancement is demonstrated with the setup in Fig. 5.6. The radar
sensor is centered between the two used tags so that they are at the same range
from the radar. Without activated tags, it is not possible to distinguish the tag
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Figure 5.7: RDM for measurements in the setup in Fig. 5.6 with fiq A = fia,B = 3kHz ((a), (c))
and fiq o = 3kHz, fiq,B = 6 kHz ((b), (d)). If different identification frequencies are
applied, tag separation is possible despite a range difference below the range resolution.

hardware from the static environment. If both tags are turned on, but using the
same identification frequency, the tags are clearly visible, but at the very same
point in the RDM (Fig. 5.7a), so that differentiation is not possible and the tags
cannot be identified and processed separately. Increasing the range difference
above the range resolution by moving tag B closer to the radar, a separation of
tags in range is possible (Fig. 5.7c¢). However, when choosing different f;q for
the two tags, they are easily distinguished in the Doppler domain, disregarding
a range difference (Fig. 5.7b and 5.7d), and avoiding the need for particularly
high range resolution.

For moving targets, the velocity resolution can as well be enhanced using
Doppler tags as they spread targets with the same or similar Doppler by the
additive fiq, enabling separation and identification despite insufficient range and
velocity resolution. Multi-object and crowded environments hence benefit most
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from the usage of tags. However, the resolution of untagged objects remains
unchanged and depends only on the radar bandwidth for range resolution and
measurement time for velocity resolution. This has to be considered as part of
the system specification if fine separation of objects, which cannot or should
not be tagged, is required.

5.2 System Specification

Doppler tags follow a relatively simple hardware approach that, together with
appropriate signal processing, enables the unique identification of targets and a
highly accurate estimation of their range while being receptive for the untagged
surroundings. This expands the radar scope of application to include target iden-
tification while not limiting conventional sensing. To allow for high-accuracy
range estimation, which requires unimpaired phase information despite the mo-
dulation applied by the tag, both hardware and processing have to be carefully
designed and coordinated. Only target identification would set lower demands
on the hardware and require significantly less processing. However, the combi-
nation of features introduces new prospects in addition to conventional sensing
and corresponding functionalities.

Concurrent operation of multiple tags without mutual interference is inherently
provided and the processing for each tag simultaneously suppresses other tags
and static targets. Tags are read at once without any protocol or time division.
The usage of common radar hardware, which is already provided for classical
sensing, is of additional advantage as no secondary system is required. The
straightforward hardware design allows for compact and cost-efficient fabri-
cation, making large numbers of tags feasible. Although the tag hardware is
not very complex and similar setups have been used before for other purposes,
no dedicated Doppler tag hardware is available yet. To demonstrate system
capabilities and prepare specialized chip design, basic concepts and dependen-
cies as well as performance forecasts are investigated. An early stage system
specification provides guidance and identifies areas of research prior to chip
design. The specification in this work focuses on a Doppler tag in industrial
applications such as supporting autonomous navigation and operation of robots
or guided vehicles. Similar applications are also investigated in demonstration
setups discussed in Ch. 7.
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Basic radar parameters are chosen according to Table 3.3 to reflect requirements
in these applications. As major decision, the operational frequency was chosen
in an ISM band and as a compromise between available bandwidth for range
estimation and path attenuation. Additionally, it provides favorable conditions
for tag minimization and promising performance bounds. The range resolution
meets the requirements of frequency analysis for a combined estimation and
the Doppler resolution ensures accurate identification. However, a poor esti-
mation would hardly affect identification but deteriorate subsequent velocity
estimation, impairing, e.g., tracking tasks. The maximum unambiguous Dopp-
ler shift restricts not only the real velocities that can be determined, but also the
number of concomitantly available Doppler tags. In measurements, a minimum
frequency spacing between tags of twice the Doppler resolution has proven
necessary for accurate range estimation, whereat larger spacing results in more
robust estimation. Conversely, the Doppler resolution also defines the accura-
cy of identification and velocity estimation, requiring a compromise between
identification accuracy and the number of available tag frequencies as well as
velocity estimation accuracy and maximal accordable velocities. These choices
are highly application specific and do not coincide for the considered industrial
applications, hence, even within the subsequent performance and application
demonstrations, different radar parameters are used.

Tag parameters are specified according to the radar parameters with the main
goal of optimized tag reflectivity and symmetry in double-sideband mixing.
The amplification provided by the tag is crucial to ensure good SNR and wide
coverage with radar-tag-systems. An active amplification of around 80dB is
favorable to secure constant and reliable operation up to 10 m. For enhanced
flexibility and improved power consumption, the amplification is preferably pro-
vided by a fixed and a variable gain amplifier in combination. The first amplifier
should be a low noise amplifier (LNA) so that tag noise remains secondary. For
additional amplifiers, the phase performance is less crucial, but the maximum
input power is to be considered as it already contains active amplification and
the 1dB compression point must be designed accordingly to ensure linearity.
Strong amplification comes with the risk of oscillations in a feedback loop that
could saturate the LNA, hence antenna coupling and mixer RF isolation must
be designed in such a way that oscillation is prevented.

Double sideband mixing with a frequency range of around 1 to 25kHz al-
lows for accurate range estimation with multiple tags of different identification
frequencies. Higher frequencies are less favorable as range-Doppler coupling
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increases and complicates peak to tag assignment as observed in Fig. 5.3. The
1 dB compression point of the mixer should be chosen well above the input
power to provide sufficient dynamic range in different scenarios. Depending on
the targeted frequency spacing of tags, local oscillator (LO) frequencies have
to be adjustable in small steps. Beyond, there are no specific or exceptional
requirements for the oscillator generating the identification frequencies. Har-
monics should be minimized as they can interfere with the response from other
tags with this identification frequency. Phase noise is to be considered so as
not to reduce the SNR and keep the noise contribution of the tag negligible in
relevant ranges. Stability over time and temperature are benign and as long as
drifts are smaller than half a frequency bin, no performance deterioration will
result. In addition, only the less crucial identification accuracy is affected as
imperfections in the frequency generation are contained in both sidebands and
hence effectively canceled for range and velocity estimation.

The antenna design can provide additional gain for the tag reflectivity, but also
has to minimize coupling to prevent oscillations. The choice of opening angles
hence requires a compromise. A narrow opening angle enhances the antenna
gain and reduces leakage from the transmit into the receive antenna. However,
it also impairs visibility of the tag which is of great importance for distributed
scenarios. A tailored antenna arrangement, the use of lenses, or polarization are
among possible solutions.

These specifications are meant for a tailored Doppler tag design and cannot be
found all in one existing device. Dedicated hardware design would be required
but should only follow a conceptual investigation and basic performance de-
monstrations. To be able to investigate all important features of Doppler tags
prior to chip design, two hardware implementations are deployed according to
their suitability.

5.3 Doppler Tag Implementation

As no specialized Doppler tag hardware is available, two different hardware
tags are henceforth used to investigate different aspects of the Doppler tag.
They both follow the basic setup of Fig. 5.1, but one is composed of waveguide
components, hereinafter referred to as the assembled Doppler tag, while the
other one is a commercial miniature radar-target-simulation (mRTS) module,
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Figure 5.8: Doppler tag setup with Rx antenna (22.5dBi gain), LNA (6 dB noise figure, 25 dB
gain), double-sideband mixer (12 dB conversion loss), and Tx antenna (25 dBi gain).

referred to as mRTS tag. As the tag elimination is a key aspect of the Doppler
tag and enables high-accuracy range estimation despite modifications the tag
introduced to the signal, both tags use double-sideband mixing. Single-sideband
mixing is not investigated due to the inherent drawbacks discussed prior.

Unlike with most other radar tags, modification of the radar hardware is not
necessary to allow for operation together with Doppler tags. Nonetheless, the
tags operate at different center frequencies, namely 61 and 79 GHz, so that
different radar sensors have to be used. This is not a general requirement and
hardly affects the achieved results as the frequencies are similar and other
aspects such as changing measurement setups dominate. Further, the used ra-
dars, IWR6843ISK and AWR1843BOOST, share most specifications, apart
from the center frequency.

5.3.1 Assembled Doppler Tag

The assembled Doppler tag is composed of off-the-shelf RF components and
depicted in Fig. 5.8. It is designed for operation in the extended E-band at
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Figure 5.9: Link budget visualization for a radar-Doppler-tag system with gains and losses in blue
and comparison against recommended operating conditions in red.

around 61 GHz. The tag consists of the receive and transmit antennas, an LNA
with 25 dB amplification, and a single-sideband mixer, of which the I port is
terminated to enable double-sideband mixing. The LO port of the mixer is
connected to the receive path of the tag, and an artificial Doppler frequency fiq
is applied at the Q port, allowing the usage and investigation of different fiq .,
generated by an arbitrary function generator. For measurements of larger ranges
above 3 m, an additional power amplifier (PA) with 27 dB amplification can be
used to enhance the tag response and extend the maximum detectable range.
Further component exchange, such as different antennas or different connection
parts from waveguide to coaxial, were found not to influence estimation results
and are hence not discussed in detail.

The radar equation is also applicable to an active target such as the Doppler tag
as visualized with the link budget in Fig. 5.9. In this case, it is convenient to
define an equivalent RCS for the tag op. The receive power at the radar is

_ PththDT,rxAQGLNA CL GDT,thrXA2

P , 5.8
(4rR)* >-8)
hence in consideration of (2.1), the RCS of a Doppler tag is defined as
)\2
oDT = GDT,erGLNA CLGpr,ix- (5.9)
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Figure 5.10: Calculated noise contributions of radar and assembled Doppler tag over increasing
distance. From to a distance of 20 cm between radar and tag, tag noise is minor and
hence neglected hereinafter.

In case of the assembled Doppler tag, opr = 3.5dBm? and hence considerably
above the untagged surroundings, although dedicated radar targets can have a
RCS far beyond that.

The radar sensor used with this tag is an IWR6843ISK (Ch. 3.1.2) with the
measurement parameters given in Table 3.3. Its functionality, setting options,
and performance are comparable to those of the AWR1843BOOST used for the
investigations in Ch. 4. As shown in red in Fig. 5.9, it is ensured that neither the
incoming radar signal saturates the tag nor does the tag response saturate the
radar. In the Rx chain of the tag, the LNA 1-dB compression point (12 dBm) is
not reached with a radar Tx effective isotropic radiated power of 17 dBm and
a tag Rx antenna gain of 22.5 dBi. For the mixer LO input, at which the LNA
output is connected, the maximum input power should be below 17 dBm for
recommended operating conditions, which is not reached with the LNA gain of
25dB.

For an SNR analysis, the noise contributions of tag and radar are contrasted.
Given a receiver noise figure of 12dB for the IWR6843ISK, the noise con-
tributions are compared in Fig. 5.10 for an increasing distance between radar
and tag. Up to around 20 cm, the tag noise exceeds the noise contributed by
the radar and must therefore be included in SNR calculations. However, such
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Figure 5.11: Comparison of RDMs of a single static target at 2 m distance, tagged with 5 kHz, from
measurements with the assembled tag (a) and a simulation emulating this setup (b).

small ranges are not investigated within this work which is why the radar noise
is considered dominant hereinafter. At 1 m distance between radar and tag, an
SNR of 40 dB is reached before processing, which is well above SNR,,;,, and
ensures robust tag detection.

In Fig. 5.11, a RDM recorded with the assembled Doppler tag is compared to
an emulating simulation. Both contain a single static target at a range of 2m,
carrying a Doppler tag with fiq = 5kHz, at fiin = 60 GHz corresponding to
via # 12.5m/s. The mixing products are visible at + fiq in both RDMs. Since
the artificial Doppler shift fiq does neither imply any change in range nor a
spread over multiple Doppler bins, the tag response is sharply defined. All other
reflections are omitted in the simulation in Fig. 5.11b. The measurements in
Fig. 5.11a contain the tag, the object reflection, and multiple reflections between
radar and tag at multiples of the target range. In addition to the tag peaks at
+ fig, peaks at multiples of fiqg occur, which originate from mixer harmonics
and multiple reflections traveling through the tag repeatedly. Particularly the
third harmonic, visible at +6 kHz due to fp,, = 10.5kHz, is pronounced and
already contains slight coupling influence, making the peaks drift in opposite
range directions. The static measurement surroundings are visible at 0 Hz and
spread over multiple range bins.

This Doppler tag provides freedom in the used setup and enables a comparison
of different topologies. The components can be adjusted, e.g., to allow for more
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Figure 5.12: mRTS module with mixer chip, antennas, and heat sink on the reverse side.

amplification if larger ranges are investigated or add additional signal paths.
Any hardware modifications are hence investigated with this tag. It offers a
high SINR due to the active amplification and the limited crossover from Tx to
Rx antenna. This makes it also suitable for exploring the limits of estimation
accuracy. On the other hand, the tag cannot be miniaturized and is hence less
suitable for the demonstration of applications. Further, the required space and
connections complicate the installation in a dynamic setup. As a result, this
tag is only used in static, single-tag scenarios, while dynamic scenarios and
application demonstrations use mRTS tags.

5.3.2 mRTS as Doppler Tag

The mRTS tag is a commercial mRTS module from Keysight Technologies
depicted in Fig. 5.12. Although not designed to be a Doppler tag, it features the
basic tag setup of Fig. 5.1, yet using a single-sideband mixer. In combination
with a custom supply board, one port is terminated to realize double-sideband
mixing. The fiq feed is designed differentially and hence supplied by a univer-
sal software radio peripheral (USRP), which allows quasi-arbitrary fiq .. The
combination of mRTS and supply board is shown in Fig. 5.13 with and without
cover. As radar target simulator, the mRTS is configured in the automotive fre-
quency band at around 79 GHz and used together with the AWR1843BOOST.
The measurements in Fig. 5.7 are recorded using mRTS tags. They contain

99



5 Radar Target Identification with Doppler Tags
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Figure 5.13: mRTS module connected to the custom supply board (a) with printed cover for tag
enumeration (b). The tag is connected to the reverse side of the supply board to
facilitate power supply.

significantly less multiple reflections in comparison to the measurements with
the assembled tag in Fig. 5.11a due to the missing amplification within the
mRTS tag.

Multiple mRTS tags are available, however, their performance is not equal.
This concerns mainly the transmitted signal strength, that varies over all tags.
However, the varying internal signal delay is more critical as it affects range
estimation in uncalibrated setups. The difference is exemplarily quantified for
two tags in Fig. 5.14. The estimated range is depicted for two measurements
with 10 iterations each, using tags A and B. The setup is kept constant so
that the true range is unchanged and the radar is not restarted between the
measurements. Results show worse repeatability for tag B and significantly
varying range estimates between the tags. Repeatability cannot be addressed
and remains a source of errors in measurements. Inter-tag variation is even
more pronounced, however, only problematic for the application investigations
which relate range measurements to multiple tags to each other. In these cases,
calibration is required and performed for each tag separately to account for the
distinct signal delay.

The compact form factor and multiple availability of this tag predestines it for
the investigation of influence factors in multi-tag scenarios and the usage in
demonstration setups for industrial applications. For most scenarios discussed
in Ch. 6 and 7, mRTS tags are thus used. However, this tag does not contain
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Figure 5.14: Estimated range and standard deviation of range for two times 10 iterations using tags
A and B.

any amplification so that only ranges up to around 1 m provide sufficient SNR.
In combination with a narrow antenna opening angle, possible tag distributions
are limited and a trade-off between tag visibility and scenario coverage have to
be reached. Nevertheless, the mRTS tag is a valuable extension that allows for
setups not possible with the assembled tag due to tag size or quantity. It pushes
the results toward realistic applications and demonstrates the applicability of
Doppler tags, however, to fully exploit the tag capabilities, a tailored design
would be required.
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6 Estimation Performance with
Doppler Tags

The idea of a Doppler tag to uniquely identify objects with conventional radar
hardware and estimate their range with high accuracy was introduced. The
proposed combination of hardware and signal processing enables a complete
overview of the surroundings, with simultaneous identification of tagged objects
and high-accuracy range estimation as well as velocity estimation for tagged
and untagged objects. For practical applications, the estimation performance
in regard to these three aspects, identification, range estimation, and velocity
estimation, is decisive in system design and even determines viability.

This chapter investigates the performance of Doppler tags with different focus
points, providing a basis for their application. All results are from measurements
using the two tag implementations discussed in Ch. 5.3. Estimation capabilities
are first discussed for a single tag in static and dynamic setups for reference
purpose. However, Doppler tags are most interesting if applied in multiples.
In such multi-tag scenarios, Doppler tags maintain their performance to ensu-
re precise identification and ranging without interference. The corresponding
metrological verification is given and forms the basis for realistic Doppler tag
applications.

6.1 Estimation Capabilities for Single Doppler
Tag

The investigations using a single tag are meant to demonstrate the performance
capabilities of Doppler tags in optimized setups with no direct connection to
applications. For this reason, the assembled Doppler tag as presented in Ch. 5.3
is mainly used for fundamental performance investigations in static scenarios.
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Figure 6.1: Measurement setup with the radar sensor facing the assembled Doppler tag. The lab
setup (a) provides a distance between radar and tag of approximately 2 m while the
setup in the hallway (b) allows to measure distances up to 10 m.

The dynamic estimation performance is evaluated using an mRTS tag due to the
small form factor that better integrates into the dynamic measurement setup.

6.1.1 Static Scenario

The static measurement scenario with a Doppler tag facing the radar sensor is
shown in Fig. 6.1a. Both tags are used to investigate different phenomena in
this setup. Identification and range estimation performance are evaluated up to
large absolute values to explore the limits of the tag principle and hardware
requirements using the assembled tag. Bin effects of the identification error are
investigated using the mRTS tag as it allows for finer frequency steps.
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Identification

In similarity to the velocity error, the identification error is determined using
absolute reference values according to

5fid = ﬁd - fid,set7 6.1)

with the nominal identification frequency fiq set given by a signal generator.
For the assembled Doppler tag, an AFG-2225 arbitrary function generator from
GW Instek is used, providing a frequency resolution of 1 nHz with a stability of
+20 ppm. For the mRTS tags, USRPs provide the identification frequency. Their
precision is limited by the double-precision according to IEEE-754 [IEE85].

The reached identification error is dependent on the identification frequency
fid, the radar configuration, and the zero-padding factor z applied during pro-
cessing. Zero padding increases the number of FFT samples so that more sine
waves are reconstructed and more frequencies are distinguishable. The sam-
pled resolution is thus improved by the zero-padding factor %, however, the
signal resolution remains unchanged, i.e., two frequencies spaced closer than
A fiq cannot be separated. Without interference, the identification error is wi-
thin half a frequency bin, hence 0 fiq € [0, %] For identification frequencies
exactly in the center of a bin, the error theoretically vanishes, for those between
two bins, it is exactly half the bin size. With the configuration given in Table 3.2
and z = 5, the maximum error is expected to be 11.89 Hz. Measurement results
in Fig. 6.2 contain the identification error for identification frequencies around
2 kHz in steps of % Minimum errors of around 1 x 102 Hz are reached for
fia in the bin center while the maximum is slightly in excess of its theoretical
value between the bins. Results remain unchanged for other frequencies within
fia,. and are reliably reproducible. The variance of the identification error is al-
so dependent on the absolute identification frequency. While the measurements
atbin-center frequencies are highly stable and did hardly show deviations during
the conducted measurements, between two bins the frequency can be assigned
to an erroneous bin, resulting in errors beyond % Even in such cases, the
errors are small compared to the introduced identification frequencies. Particu-
larly, they remain below the frequency resolution A fiq, theoretically limiting
the spacing between the frequencies of two tags. These results are independent
of the used tag, however, values change with changing configuration. Further

investigations are conducted using the assembled tag, particularly because bet-
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Figure 6.2: Identification error over identification frequency in steps of half the frequency resolu-
tion. The error alternates between two values as result of the bin effect.

ter range estimation performance is expected.

According to the basic Doppler tag idea, small identification frequencies of a
few kHz are mainly applied, emulating a motion-induced Doppler shift. How-
ever, larger shifts can be favorable, particularly if a large number of tags is
required or multiple tagged and untagged objects are in motion and tag fre-
quencies can be chosen above the expected motion-caused Doppler shifts. This
simplifies the differentiation between tagged and untagged objects and avoids
overlapping of peaks of multiple tagged targets in motion, which would compli-
cate processing. Larger identification frequencies yet increase coupling terms
which in turn complicate tag separation, hence f;q choice and processing should
be tailored to the application scenario.

Identification frequencies up to 40 kHz are investigated in Fig. 6.3, depicting
the mean of the identification error ¢ fiq over 100 iterations. The maximum
unambiguous identification frequency is 10.5 kHz, all frequencies above are
processed in their Nyquist zone, respectively. The achieved identification error
is stable and well below the frequency resolution over all identification fre-
quencies, preventing tag confusion. With an average value of 3 x 102 Hz, the
standard deviation over multiple measurements is negligible. From an identi-
fication perspective, frequencies above the maximum unambiguous frequency
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Figure 6.3: Mean of identification error over applied identification frequencies. Identification errors
well below the frequency resolution (A fp = 82.4 Hz) are achieved for all identification
frequencies, preventing tag confusion.

can hence be used if the overall system design ensures unique assignment of tag
frequencies to objects. However, coupling terms become significant and require
consideration as discussed in Ch. 5.

Potential time dependencies of the Doppler tag are investigated with measure-
ments lasting 1 min and repeated twice with 30 min break in between, during
which the Doppler tag is continuously operating. The estimated identification
frequency over time is visualized with a short-time Fourier transform (STFT)
for fiqset = 5kHz in Fig. 6.4. The identification frequency is constant over
time with an error significantly below typical frequency spacing. No noticeable
deviations occur so that solid identification is permanently possible. However,
this result is only transferable to other tag hardware to a limited extent as time-
dependent phenomena such as drifts or heating are highly hardware specific.

The range dependency of the identification error is investigated up to a distance
of 10 m with the setup in Fig. 6.1b. Ranges are measured manually with limited
accuracy, as not the specific range but the invariance of fia over different ranges
is of interest. While the tag is reliably detected, it is identified accurately; in
the basic Doppler tag setup up to a range of 3 m. Beyond, the tag response
is too weak and undetectable due to a low SNR, hence a tag frequency of
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Figure 6.4: Tag frequency over time in three intervals of 60 s with 30 min in between. The Doppler
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Figure 6.5: Identification error over measurement range for a Doppler tag of fiq et = 5kHz with
and without PA. Tag identification is possible while the signal strength is sufficient for
reliable detection.

0Hz is estimated, resulting in 6 fig = fid set = 5 kHz. Consequently, this is the
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Figure 6.6: Mean of absolute identification error over applied identification frequency after Doppler
tag removal (a) and after additional Doppler correction (b), including the standard
deviation as error bars. While residual f;q shifts remain after non-ideal tag removal, an
additional Doppler correction removes them.

maximum detectable range R,y according to (2.26) for the assembled tag
without additional amplification. Adding a power amplifier to the transmit path
of the tag extends the maximum detectable range, exemplified in Fig. 6.5 with
an amplifier gain of 27 dB. The identification error remains stable across all
detectable ranges with no deviations or variations. Further, there is no relation
between SNR and identification accuracy, with the result that d f;q = 6.9 Hz
for both Doppler tag setups and as shown in Fig. 6.3. Reliable identification is
hence provided up to R,.x, for which application-specific requirements have
to be considered during tag design.

After successful identification, the artificial Doppler shift has to be removed to
allow for unimpaired range estimation. As discussed in Ch. 5.1, the two side-
bands are separated and multiplied to eliminate both frequency and phase shift
originating from the tag operation. Residual f;3 components in the signal would
result in a bias in range estimation if not corrected, hence deteriorating the esti-
mation accuracy. Ideally, no tag influence is left after elimination, and only
static targets remain for range estimation. This is confirmed in Fig. 6.6a, where
frequency and phase shift are removed from the measurements of Fig. 6.3. The
identification error after tag removal describes deviations of a Doppler estima-
tion from the expected value of 0 Hz. Those are small over all fiq set. Which
proves a successful tag elimination. Slightly larger deviations are observed for
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Figure 6.7: Estimated range between radar and Doppler tag over a measurement range of 50 mm
for fig,set = 5 kHz. The radar approaches the tag in steps of 1 mm.

1 and 20kHz, where the latter corresponds to 1 kHz in the second Nyquist
zone. They stem from the zero-Doppler peak complicating sideband separation
as parts of it may be contained within the sideband window, impairing tag eli-
mination. The peak is closer for lower frequencies than for higher ones, hence
the effect is even more prominent at identification frequencies below 1kHz.
An additional Doppler correction significantly improves the elimination for all
identification frequencies and leaves almost purely static signal components as
ascertained in Fig. 6.6b, even for 1 and 20 kHz. The residual artificial Doppler
is negligible. Therefore, the static-target requirement for high-accuracy range
estimation is fulfilled.

Range Estimation

Range estimation is evaluated using the M-683 translation stage (Ch. 3.2.1)
over a measurement range of S0 mm in steps of 1 mm. The estimated range
depicted in Fig. 6.7 starts at approximately 2.5 m, and the radar approaches the
tag stepwise but remains static during each measurement.

The range error d Ry, is defined according to (4.37), assuming a constant signal
propagation time within the tag. In Fig. 6.8a, it is compared for a Doppler tag
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Figure 6.8: Comparison of the range error § Rg,, for a Doppler tag with fi4 et = 5kHz and a
corner reflector (a) and for identification frequencies of 1, 5, and 10 kHz. The absolute
distance between radar and target is approximately 2.5 m at the first stage position.

with fiq set = 5kHz and the corner reflector used previously in Ch. 4.3. The

range error toward a Doppler tag is smaller (|6 Rgy,| = 6.8 pm) than toward the
corner reflector (|0 Rgy,| = 7.7 pm) and shows enhanced stability over the stage
positions. This is attributable to the dependency of accuracy on SNR, which is
higher for the active Doppler tag. In addition, the measurement surroundings
are effectively suppressed during Doppler tag elimination, further enhancing
the range estimation similarly as for a target in motion in Fig. 4.22. Beyond
these enhancements, the tag impact is successfully eliminated, allowing for
undisturbed range estimation. However, a bias from zero mean is observable
for measurements with and without tags in this setup.

Successful tag elimination and subsequent range estimation applies to all iden-
tification frequencies within the scope of unambiguousness as exemplarily
shown in Fig. 6.8b for 1, 5, and 10kHz. The variation in the range error for
fid,set = 1kHzis slightly larger than for the other frequencies, attributable to the
proximity to zero Doppler. However, the error values are not increased and all
three frequencies provide comparably reliable performance with absolute mean
errors |0 Ray| of 6.3 to 7.2 pm. Absolute means herein coincide with signed
means due to the bias. A significant improvement is achieved in comparison to
frequency analysis as contrasted in Fig. 6.9 for 1 and 10 kHz. Not only the range
error but also its variations are considerably reduced with the combined analy-

111



6 Estimation Performance with Doppler Tags

1074
15 ‘ : : :
— 0Rgn, 1kHz — 0 R, 10kHz
--- 0Rg, 1kHz ORg, 10kHz
1f ,l 1
\ . " |
- H Yoo I n
g TN N " "
= N b [ i I ]
H0B [y o R i il
5 AR PR oo fu R 1
2 R S N T
- | n ) ' ! ] N !, " 1 TR
S CUN A i
“BRIG ixinti e miaiai e i pS EA
E mONRE e Y VA
=t it Wl L AT N
i i AN ORI
i [ ' N )
—0.5 ¥ Y .
|
—1 Il Il Il Il Il
5 15 25 35 45

Stage position in mm

Figure 6.9: Range error for a Doppler tag with fi4 et = 1 and 10 kHz for frequency-based range
estimation 0 Ry (dashed) and f¢ range estimation 6 Rg,, (solid), visualizing the esti-
mation improvement of the latter.

sis, despite a small remaining offset. The results show no significant influence
of tag frequency, so range estimation with comparable accuracy is performed
for all tagged objects in a given scenario.

Irrespective of the tag frequency, the range error is expected to be range-
dependent due to the change in SNR. Adding a power amplifier to the transmit
path of the tag can hence enhance estimation accuracy. Particularly for large
ranges, the target peak can be amplified to rise above the noise floor that would
otherwise hide it as found in Fig. 6.5 discussing identification. Figure 6.10a
contains the average range error over 100 iterations in the center stage position
for ranges up to 10m. A Doppler tag setup with fig st = 5kHz and including
a power amplifier with 27 dB gain is used. Errors are comparable within the
investigated range with a slight tendency toward higher errors at higher ran-
ges. However, the minimum and maximum error values, represented by error
bars, increase significantly with higher ranges. Consequently, the probability
of outliers increases, and the estimation reliability diminishes for larger ranges.
If the number of measurements is thus increased to 300 iterations at each of
the 50 stage positions, resulting in a total of 15000 measurements, this effect is
revealed. With the variation in measurement position and the large number of
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Figure 6.10: Mean of absolute range error over 100 iterations per range (a), including minimum
and maximum values as error bars, and over 300 iterations and 50 stage positions per
range (b), both for a Doppler tag with fiq et = 5kHz. Erroneous bin choices occur
more frequently for larger ranges.

measurements, outliers are likely to be included if they occur. This is observed

from a range of 4m in Fig. 6.10b. In the majority of cases, an erroneous bin

C

2fmiu
only absolute values are given consideration, the mean error directly increases

with the occurrence of more frequent bin errors. The comparison to frequen-
cy analysis indicates that phase-offset analysis can only significantly enhance
range estimation up to a relatively small range. Beyond, both approaches result
in similar range errors as f( analysis is based on frequency analysis for bin
selection and phase correction. Therefore, f analysis is most suitable for short
ranges, whereas frequency analysis can provide comparable range estimation
over large distances. This is compliant with typical requirements, as high accu-
racy is primarily requested in close proximity, while at several meters distance,
mm-accuracy is mostly sufficient. A range-dependent processing decision can
reduce computational effort and still benefit from exceptionally high accuracy
where required.

is selected so that an error the size of one bin ( =2.5 mm) occurs. As

While increased amplification within the tag is beneficial for large ranges, it
can deteriorate the range estimation for small ranges as contrasted in Fig. 6.11
for no additional amplification, a PA with 27dB, and a PA with 33dB in a
setup according to Fig. 6.1a. The deterioration stems from the amplification
of both the intended target peak and multiple reflections, which distort range

113



6 Estimation Performance with Doppler Tags

1070

no PA

—27dB |
—33dB
g
-
i<
= |
[
[}
En
3
~ i
‘ ‘ ‘ ‘ ‘
5 15 25 35 15

Stage position in mm

Figure 6.11: Range error for a Doppler tag with f;q = 5kHz and different amplifications within
the tag. The measurement setup remains unchanged, assigning deteriorations to the
additional amplification at short ranges (~ 2 m).

estimation. It hence depends on the actual application if an improvement is
accomplished using an additional power amplifier and if it justifies the more
complex tag setup. In any case, the Doppler tag can enlarge the operational range
in comparison to passive targets and allow for efficient clutter suppression to
support highly accurate range estimation for tagged objects.

6.1.2 Dynamic Scenario

The Doppler tag exploits an artificial Doppler shift for object identification,
making its performance under motion particularly interesting. The first investi-
gation on this is published in [14].

The dynamic measurement setup shown in Fig. 6.12 is adopted from Ch. 4.3
with a tag instead of a corner reflector. The mRTS tag is selected for its compact
form factor and ease of implementation. For each of the measured velocities,
the sled is evaluated in constant motion, enabling unimpaired range estimation.
Identification and velocity estimation do not require constant motion and could
be applied while velocity changes, however, only coarse range estimation would
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Figure 6.12: Dynamic measurement scenario with an mRTS tag mounted on the linear rail. The
contrast sensor on the translation stage next to it triggers each measurement in passing.

be available. The peak pair from double-sideband mixing allows for an unambi-
guous tag assignment without velocity dependent guard intervals, which would

be indispensable in dynamic scenarios with single-sideband mixing.

The tag motion shifts the characteristic peak pair in Doppler direction and the

Table 6.1: Parameters for the AWR1843BOOST used with an mRTS tag in a dynamic scenario.

Minimum frequency fumin 77.0 GHz
Sampled bandwidth B 3.70 GHz
Number of samples per chirp Vg 256
Number of chirps /N, 255
Range resolution AR 0.04 m
Maximum unambiguous range R, 5.18m
Velocity resolution Av 0.10 m/s
Maximum unambiguous velocity vy, 13.3m/s
Frequency resolution A fp 53.9Hz
Maximum unambiguous frequency fp,, | 6.88kHz
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Figure 6.13: RDM for an mRTS tag with fiq = 5kHz and fp = 0.5 kHz, corresponding to 1 m/s.
The tag response is visible around the direct object reflection and clutter from the
static measurement surroundings occurs at 0 m/s.

sum of motion-induced and artificial Doppler shift is restricted by the maxi-
mum unambiguous frequency, limiting the number and spacing of usable tag
frequencies and admissible velocities. Conversely, the frequency resolution is
crucial for tag elimination and Doppler correction and affects the achievable
accuracy, requiring a trade-off. For the used configuration in Table 6.1, priority
is on the estimation accuracy, hence frequency resolution is privileged over ma-
ximum unambiguous frequency, limiting the usable identification frequencies
and sled velocities.

A measured RDM containing a tag with fiq = 5kHz and a motion-induced
Doppler shift of fp = 0.5kHz, corresponding to 1 m/s, is depicted in Fig. 6.13.
The peak pair is separated by 2 f;q and centered on the original object reflec-
tion at fp. For the direct object reflection, range-Doppler migration occurs
due to the movement of the tag. The artificial Doppler shift does not induce
additional migration, but the tag peaks experience the same range migration
as the object reflection. The object reflection as well as static reflections from
the measurement surroundings are considerably stronger than the tag response.
Active amplification within the tag can provide sufficient signal strength also
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Figure 6.14: Identification frequency error for a Doppler tag with fiq = 3to6kHz and
Vset = 0 to 3m/s. The error reliably remains unchanged for increasing velocities.

for longer ranges and is thus recommended for tailored tag design.

The influence of motion on the tag performance is characterized in terms of
the errors in estimated identification frequency, range, and velocity, evaluated
according to (6.1), (4.37), and (4.38).

Identification

As in the static scenario, the identification error J fiq is dependent on the
identification frequency, the frequency resolution, and the zero-padding factor.
Figure 6.14 depicts the characteristic error for each identification frequency,
which is stable over measurement positions and tag velocities. The identifica-
tion errors differ in dependency of the applied identification frequency but are
considerably smaller than those, ranging from 0.3 to 2.5 Hz in this investigation.
Objects with different fiq , are hence comparably well identified. Errors are
also well below the frequency resolution limiting the usage of adjacent iden-
tification frequencies, hence confusion of tags is debarred. The identification
errors for zero and non-zero velocities coincide and no influence of the dyna-
mic measurement scenario is observed regarding identification. This proves the
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Figure 6.15: Velocity error for a Doppler tag with SkHz and velocities of O to 3 m/s. The error
comprises oscillations from the rail control not accounted for in the nominal velocity,
but beyond that, there are no significant deviations.

robustness of identification against motion-induced Doppler shifts and allows
for utter tag elimination.

Velocity Estimation

The velocity error is depicted in Fig. 6.15 for velocities of 0 to 3m/s and an
identification frequency of 5 kHz. Mean velocity errors |dv| of 0.9 to 1.1 mm/s
are achieved for 1 to 3 m/s while w = 0.8 mm/s for a static tag. Comparable
velocity errors are found for other identification frequencies. In comparison to
velocity estimation with the corner reflector in Ch. 4.3.2, the error for 0 m/s
increased while the errors for non-zero velocities are significantly improved
and particularly the systematic increase of the velocity error for increasing
velocities is not observed, attributable to the active tag signal. In the smaller
velocity errors, oscillations are apparent, which originate from the rail control
and reflect the actual non-linear behavior of the rail as discussed prior in
Ch. 4.3.2. This effect is not accounted for in the nominal velocity and hence
causes higher error values in comparison to the static case and as to be expected
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Figure 6.16: Range error for a Doppler tag with 5 kHz, moving with 1 m/s, (a) and for velocities of
0 to 3m/s (b). The error after frequency analysis (6 R¢) is compared to that after f¢
analysis (6 Rgy, ). Results are similar to those from Fig. 4.22, obtained with a corner
reflector, and demonstrate the robustness of range estimation despite tag operation.

inreal scenarios. The achieved velocity estimation is accurate and well-suited for
utilization, e.g., in tracking tasks. This also verifies a successful tag elimination
as otherwise, remaining artificial Doppler shifts would cause deviations in
the velocity estimation. In conjunction, tag elimination and motion-induced
Doppler correction are the prerequisites for highly accurate range estimation.

Range Estimation

Unimpaired range estimation relies on utter tag elimination and Doppler cor-
rection and is hence dependent on prior processing performance. Additionally,
it is more sensitive to external influences such as motion, decreasing signal
strength, and setup alignment. This complicates result interpretation as it is
difficult to establish a cause-and-effect relationship for deviations or trends.
Nevertheless, the range error is an important evaluation criterion in tag and
system characterization, although both cannot be unambiguously separated.

Results are given for an identification frequency of 5 kHz while other frequen-
cies provide comparable values. As shown in Fig. 6.16a for an mRTS tag moving
with 1 m/s, the error after frequency evaluation § Ry reaches values twice as high
as in the static scenario with the assembled Doppler tag (Ch. 6.1.1). f¢ ana-
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lysis can significantly enhance range estimation but absolute errors are still
increased in comparison to the static investigation (|(5Rﬁn‘Fig. 6sp = 6-8m and

|5Rﬁn|Fig_ 6.16a = 7-5nm). The deterioration is attributed mainly to the change
in the used tag and the corresponding lack of amplification, but also the measu-
rement scenario. Conversely, the bias observed in Fig. 6.8 is not included in the
estimated range and errors are well-balanced (0 RfinFig. 6.16a = —1.8 1m). A com-
parison of the range errors after f¢ analysis for velocities of 0 to 3 m/s in the dy-
namic setup is presented in Fig. 6.16b. Average errors of |0 Rg,| = 5.2 to 7.5 pm
and 6 Rg,, = —1.5to — 2.0 pm are reached for 1 to 3 m/s, indicating small and
balanced deviations from ground truth. For the static measurement in this se-
tup (Fig. 6.16b), errors are slightly larger (|0 Rgyn| = 8.7 um) and less balanced
(0Rgn = —6.0um).

The error values as well as their variations over stage positions are in excess
of the static setup in Ch. 6.1.1, particularly for vse; = 0m/s. Beside the in-
fluence of the tag hardware, this is attributable to the modified measurement
environment, which contains significantly more metallic components. The ran-
ge errors are very similar to those in Fig. 4.22, recorded in the same setup
using a corner reflector. Consequently, the artificial Doppler shift introduced
by the tag does not affect range estimation. Errors remain stable even at incre-
ased velocities although residual velocity components from non-ideal Doppler
correction would have a stronger impact, implying profound tag-caused and
motion-induced Doppler correction.

However, an artificial deterioration of the velocity resolution as applied in
Ch. 4.4 reveals the importance of adequate radar configuration. Increasing the
velocity resolution by a factor of 3 (u = %) still allows for reliable identification
and the identification error remains unchanged. Velocity and range error, which
are estimated with higher accuracy, are deteriorated by a factor of 2 to 3. Further
increasing the velocity resolution inhibits tag identification, initially in some
positions but entirely for u < % Meaningful velocity and range estimation are
consequently not possible. The velocity resolution is hence a crucial parameter
to be considered during system specification.

The achieved error values have to be contextualized scenario-dependent. For
objects in motion, the initial range at the measurement start is estimated. With
errors up to £20 pm, an estimation at 1 m/s remains valid for around 40 s, af-
terwards the object has moved beyond the uncertainty interval. In combination
with a measurement duration of 73 ps, disregarding processing times, the found
range errors are far from limiting the system performance. If higher update rates
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Figure 6.17: Tag constellations 1 to 3 (a to ¢), containing different distributions of four tags A to
D. The radar is centered in front of tag B.

are required, the range can be tracked within consecutive measurements using
the velocity estimate. Tag operation does hence not degrade estimation accu-
racy or introduce additional errors, but enables concomitant identification. In
summary, Doppler tags provide reliable identification and parameter estimation
despite motion.

6.2 Doppler Tags in Multiples

Doppler tags are particularly applicable when used in multiples, hence the
influence of multiple tags on each other is investigated with different setups and
identification frequency sets containing up to four tags as originally published
in [12].

The setups are shown in Fig. 6.17 and face the radar sensor on the translation
stage for relative reference. All setups contain four tags, which are activated
in the sequence B-A-C-D to investigate the impact of an increasing number of
active tags. As relative evaluation is only valid if the tag is centered in front of
the radar, range estimation is performed only for tag B. The tags are arranged
close to each other to be in short range from the radar and within the radar FoV
to overcome the visibility limitations of the mRTS tags, although resulting in
rather unrealistic scenarios. Separation is ensured from the tag functionality as
discussed in Ch. 5.1.3 and not dependent on the radar resolution. While the
shown setups provide visibility for all four tags, constellations with tags in a
line toward the radar result in masking and the rear tags are not detected, hence
these setups are omitted. However, wider tag opening angles in future hardware
could facilitate such setups. Constellations with deteriorated tag visibility due
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Table 6.2: Identification frequency sets 1 to 4.

Tag A TagB TagC TagD
fia-set 1|13kHz 6kHz 9kHz 12kHz
fia-set 2|2kHz 5kHz 7.5kHz 11kHz
fia-set 3|3kHz 4kHz 5kHz 6kHz
fia-set 4|9kHz 10kHz 11kHz 12kHz
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Figure 6.18: Identification error over applied identification frequency for three setups using fiq-
set 1 (a) and four fiq-sets in setup 1 (b). Results for four activated tags are shown,
however coincide with those using less tags. The identification error is frequency
dependent but stable over the setups and sets as well as the number of tags.

to angular displacement are not investigated as these are highly tag hardware
dependent.

Four identification frequency sets, defining the applied fiq « for each tag, are
used as specified in Table 6.2. They allow for the investigation of different
absolute identification frequencies, frequency spacings between tags, and the
impact of multiples within a set.

6.2.1 Identification

The identification error is contrasted in Fig. 6.18 for the different setups and sets.
Itis not affected by the activation of additional tags which is why results are only
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Figure 6.19: Range error over the number of active tags for three setups using fjq-set 1 (a) and four
fia-setsin setup 1 (b). Errors are depicted for tag B and demonstrate the independence
of range estimation from multi-tag setups and used identification frequencies.

depicted for four active tags, however perfectly coinciding with those of less
tags. Error values of the same tag are identical in different setups (Fig. 6.18a)
and for different figq-sets (Fig. 6.18b). Particularly, neither closer frequency
spacing nor multiples within a set deteriorate identification. Depending on the
applied identification frequency, the absolute error differs due to the bin effect
as discussed in Ch. 6.1.1, however, no additional impacts were found. All setups
and fiq-sets lead to a comparable identification performance, forming the basis
for multi-tag applications and further processing.

6.2.2 Range Estimation

The range error in the center stage position is presented for the different setups
and fig-sets in Fig. 6.19. It is much more sensitive to other tags or setup
modifications. In addition, it varies over repeated measurements, which makes
it difficult to interpret the results clearly and assign causes to implications.
However, these variations are small and cannot mask significant trends or
deviations. The error remains small and comparable to prior investigations.
Despite variations over the number of tags, setups, and fiq-sets, no trends or
significant or sudden increases are observed. Neither does activating more tags
reliably increase the range error nor is there a clear dependence on setup or fiq.
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Figure 6.20: Identification error (a) and range error (b) for tag B over decreasing identification
frequency spacing to neighboring tags in setup 1. Identification and range estimation
are accurately possible until around twice the frequency resolution (A fiq = 119 Hz)
and deteriorate rapidly thereafter.

Regarding the latter, closer frequency spacing A to the degree investigated in
the fiq-sets does not degrade range estimation with mRTS tags. They contain
limited signal amplification and interference between tags is negligible. How-
ever, if the frequency spacing is too close, the tags cannot be reliably separated
in the RDM and, although identification is still possible, the tag elimination is
insufficient and impairs range estimation. This is found in continuative measu-
rements with decreasing A between identification frequencies, applied to four
tags (fid,A =3kHz-A, fid,B = 3kHz, fid,C =3kHz+A, fidtD =3kHz+2A)in
setup 1 as depicted in Fig. 6.20. An estimation deterioration is clearly observed
from around twice the frequency resolution (A fiq = 119 Hz), however, slight
deterioration occurs earlier. The last measurement point in Fig. 6.20 is taken at
a frequency spacing equal to the frequency resolution. Identification is possible
but identification errors increase. Tag elimination is not successful anymore
and the range error significantly increases due to a corrupted phase information,
impeding f¢ estimation. However, such close frequency spacing is not aimed
for in practical applications where a margin of a few frequency bins allows for
robust tag performance.
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Presented results indicate robust performance and highlight the reliability and
versatility of Doppler tags. Identification errors are within a few Hertz, cons-
trained by frequency resolution and zero-padding factor. Based on this identi-
fication, successful tag elimination is demonstrated, enabling velocity errors of
around 1 mm/s and range errors of 5.2 to 8.7 pm in static and dynamic scenari-
os. These are excellent results for estimation relying on commercial radars and
non-optimized tag hardware. Multiple objects can be supplied and experience
comparable performance. The findings establish Doppler tags as a flexible and
scalable solution, ideal for applications requiring simultaneous identification,
velocity estimation, and accurate range estimation for multiple targets.
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7 Exemplary Applications with
Doppler Tags

Previous investigations have demonstrated the functionality and performance of
Doppler tags in different scenarios. Results prove a reliable radar-tag system and
position the Doppler tag for versatile applications wherever joint identification
and accurate range and velocity estimation is required. This chapter exemplarily
showcases practical applications with Doppler tags and indicates what is yet
to come. Typical tasks from an industrial context are chosen, highlighting the
suitability of Doppler tags for this field. However, the Doppler tag idea is not
based on or limited to a distinct area or application.

Both tag implementations introduced in Ch. 5.3 are used hereinafter, enabling a
proof of principle for different applications while not being optimized to them.
The application examples hence demonstrate the potential of the radar-tag sys-
tem, but also challenges and limitations from which design decisions can be
derived.

Doppler tags are shown to operate reliably in different scenarios, such as in
close proximity to strongly reflecting targets. The data contained in their iden-
tification frequency can be tiered, providing information beyond object identi-
fication. Particularly spatial information, such as position or object orientation,
is essential for autonomous systems operating in dynamic and unstructured
environments and estimated using Doppler tags. The initial demonstration of
orientation estimation and self-positioning is published in [1]. This expands the
applicability of radar sensors offering promising capabilities for spatial awaren-
ess and precise movement. Autonomous robots and self-driving vehicles rely
on such information for object interaction or obstacle avoidance. Thus, new
functionalities transform radar-tag systems into holistic concepts, delivering a
multiplicity of data simultaneously.
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Figure 7.1: RDM for four tags all visible to the radar (a) and with a cardboard box around the two
tags with 4 and 6 kHz (b). Hardly any influence on the RDM due to the box is observed,
indicating robust hidden-object detection.

7.1 Scenario-aware Tag Features

Hidden Tag Detection

Doppler tags allow for unique identification without relying on optical infor-
mation about the object. This applies even to objects contained in cardboard
or thin plastic boxes as long as the Doppler tag is detectable. Radar signals at
60 or 77 GHz can easily penetrate cardboard, plastics, or even glass. In Fig. 7.1,
measurements with and without a box are compared. While all four mRTS tags
(3, 4, 6, and 7kHz) are directly visible to the radar in 7.1a, a typical cardboard
shipping box covers the tags tagged with 4 and 6 kHz in 7.1b. The impact on
the RDM, however, is marginal. This is of interest in transport and logistics, but
also for hidden-object detection in any other circumstances.

Multi-stage Identification

While Doppler tags inherently enable unique object identification, in some
contexts more than just identification is favorable. The state of the object, its
affiliation to different groups, or even communication to some extent are of
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Figure 7.2: STFT visualizing multi-stage identification with switching in f;q from 3 to 6 kHz (a)
and 3 to 6 to 9kHz (b).

interest in autonomous environments. With the basic setup discussed in Ch. 5,
such data cannot be extracted from radar sensing to Doppler tags. However,
switching fiq during one measurement allows for a multi-stage identification
imparting tiered information. Each fiq x conveys a piece of information, jointly
characterizing the tagged object in excess of pure identification.

In Fig. 7.2, switching with two and three stages is realized using the assembled
Doppler tag. A manual switch is performed from 3 to 6 and 9 kHz. The indi-
vidual fiq x are clearly differentiated and an edge detection enables separate
processing. Each determined identification frequency contains one part of the
transmitted information, such as the kind of object, its unique identification,
or its activity status. From the combination of different fiq «, a variety of in-
formation content can be accessed, and even control symbols, contextualizing
posterior frequencies, can be implemented in the same way.

If multiple tags are visible simultaneously, separation is required from range or
velocity information as some identification frequencies are used jointly and do
not uniquely identify a tag. If tag-based identification is still required, multiple
combinations of consecutive fiqx can be assigned to a single tag, uniquely
identifying it and containing additional information. So can five identification
frequencies in three stages supply (5+3—1) = 35 combinations, e.g., up to 35

3
tags or five information stages for seven tags.
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Figure 7.3: RDM (a) and range error (b) for measurements of a Doppler tag and a corner reflector
next to each other. The tag is turned on and off for comparison of range errors toward
the corner without changing the setup.

Simultaneous Tag and Object Monitoring

Doppler tags are ideal for crowded scenarios, where they uniquely identify
(multiple) tagged objects and distinguish them from the surroundings. How-
ever, in some applications such as autonomous operation, surrounding obstacles
should not just be suppressed but detected, monitored, and object to accurate
signal processing for interaction or collision avoidance. Doppler tags tolerate
detection and accurate f estimation for untagged objects, one of the central
distinguishing features from most radar tags. While the latter come with advan-
tages in clearly defined tasks, Doppler tags work toward a holistic system.

For demonstration, a setup with the assembled Doppler tag (Fig. 6.1a) is comple-
mented by a corner reflector next to the tag and range estimation is performed to
both tag and corner, concurrently. The RDM for this setup is shown in Fig. 7.3a.
As the corner is not centered in front of the radar, the angular shift is determined
and considered during processing. Static targets are suppressed during Doppler
tag processing, which is why range estimation for the tag is not impaired by the
additional target. For the corner reflector, range errors with the tag turned on
and off are contrasted in Fig. 7.3b with no deterioration discernible. Although
the tag is a strong spurious target limiting the SINR, range accuracy is not re-
stricted. Other effects such as multiple reflections and environmental influences
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7.2 Object Orientation Estimation

are dominant. The proposed signal processing chain is hence well-suited for
simultaneous tagged and untagged object ranging.

7.2 Object Orientation Estimation

Orientation estimation determines the alignment of an object relative to a re-
ference point or surface. It is hardly realized with radar and, where applied,
mostly relys on radar-based angle of arrival (AoA) estimation [RSV15,DFV16]
or information extraction from radar images, such as from high-resolution ra-
dars in [PGO1,RKDW 16, AFM™13]. Classification-aided estimation was also
demonstrated with and without machine learning algorithms in [JLSV*23,
SLY*21,KBK*15].

Alternatively, radar tags on each side of an object can be used to determine a
coarse orientation estimation from the visibility of certain tags. Orientation an-
gle estimation in two spatial directions, av,, and o, in Fig. 7.4, is achieved using
range information from two known reference points on one side of an object,
e.g., Doppler tags. This estimation based on dual-point range estimation using
simultaneously readable tags is newly demonstrated hereinafter. The approach
is of paramount interest if the object is tagged for identification purposes and
the same tags can be used for orientation estimation. Doppler tags are particu-
larly suitable for this task as they allow for unique identification and accurate
range estimation, enabling orientation estimation with decreased hardware and
processing complexity compared to existing solutions. To determine o without
spacial alignment of radar and object, the off-boresight angles at which the tags
appear in front of the radar must be known, e.g., from AoA estimation. High
angular resolution is required, particularly for small objects, to successfully
separate the tag angles. However, if the radar is positioned volume-centered in
front of the object, it is possible to estimate the orientation angles in azimuth
(cvaz) and elevation (a)) without additional angular information. Angles are
estimated separately, for orientation estimation with components in both angu-
lar directions azimuth and elevation, three tags in an L-shape are required for
unambiguity. Roll angle estimation is not possible without fine angular resolu-
tion but can be obtained through pitch or yaw angle estimation using a different
radar position.
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Figure 7.4: Orientation angle definition. Using Doppler tags, the two angles a, and a,) can be
estimated.

Orientation estimation is performed using the mRTS tags together with the
AWRI1843BOOST radar. Accurate absolute range estimation is essential to
enable three-dimensional (3D) applications, hence requiring calibration. It ac-
counts for systematic measurement errors, originating from signal propagation
delays within the radar and Doppler tag hardware, as well as deviations caused
by environmental influences. The calibration procedure utilizes the known po-
sitions of radar and tags to assign accurate ground truth ranges to each radar
measurement. The discrepancy between measured and true ranges is evaluated
throughout the entire measurement interval to identify a constant offset from
hardware delays. This offset is determined and compensated individually for
each tag in order to account for its specific delay. The temperature-dependent
range drift (Ch. 3.1.1) is calibrated for each measurement. From the calibrated
range information of multiple tags, the estimation of the orientation angle « is
possible.

Azimuth orientation angle estimation is demonstrated in a volume-centered
setup as delineated in Fig. 7.5a and shown pictorially in Fig. 7.5b. Two Doppler
tags A and B are attached to diagonal corners of one side of a cuboid. The tag
positions are chosen this way to have a baseline in both azimuth and elevation,
so that the given calculation for the azimuth angle «v,, can be directly transferred
to elevation angles .. Given tags at a distance of d; in x-direction and d3 in
z-direction, «v,, is derived from the range estimates R and Rp as detailed in
A2.

Good tag visibility is required for reliable range estimation. The orientation
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(a) (b)

Figure 7.5: Orientation angle determination in azimuth using two Doppler tags A and B (a) and
corresponding measurement scenario (b). The two tags are attached to diagonal corners
of the object and reliably visible for aa, € [-10°,10°].

angles under which the tags are visible to the radar depend on the tag antenna
opening angles and the overall setup. Increasing the range between radar and
tags can compensate angle limitations; however, larger ranges would require
active amplification in the tags for them to remain visible. If tags are visible
but range estimation accuracy is low, e.g., due to poor SNR, orientation angle
estimation deteriorates as errors directly transfer from range to angle according
to

1
b0t % = (8R5 = 0RA)- (7.1)
1

Symmetric range errors occurring in both estimates R and Rp, e.g., from
poor calibration, hardly affect the orientation estimation as they cancel out.
Simulations show that these range errors lead to orientation errors two orders of
magnitude smaller than equivalent asymmetric range errors, affecting only one
estimate o or Rp, e.g. due to poor tag visibility. Errors in the tag placement,
distorting d; and d3, primary affect the orientation estimation if they occur in the
direction in which the object is rotated off boresight, hence azimuth estimation is
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7 Exemplary Applications with Doppler Tags

sensitive to displacement in x-direction (d; ) and elevation estimation is sensitive
to displacement in z-direction (ds3). The object dimension in y-direction (ds)
is required for orientation estimation according to A.2, however, has a minor
influence on estimation errors.

At least two tags are required to determine an orientation angle, but calculations
are conducted mostly using the information of one tag (tag A in A.2). Errors in
the range estimation of this tag have a slightly stronger impact on the estimation
results than those of the second tag. If known, the tag allowing for a more
accurate range estimation should thus be primarily used in calculations.

For the evaluation of the proposed orientation estimation, the setup in Fig. 7.5b
provides ground truth to quantify the estimation accuracy. A perforated metal
plate with a uniform grid of holes at precisely determined x-y-coordinates
serves as the reference platform. To minimize multipath interference and strong
spurious reflections, it is covered with absorber material. The radar is placed at
a fixed position on this plate, volume-centered in front of the rotating object.
The holes of the plate establish the radar position in x- and y-direction while
the height is manually determined. The object is mounted on the rotation stage
(Ch. 3.2.4), also positioned on the perforated plate, and the tags are attached to
the object exactly above the holes of the plate, defining their initial positions
in all three dimensions. Two Doppler tags A and B with fig o = 3kHz and
fia,B = 6kHz are used with tag A being mainly utilized for orientation angle
calculations. The major error source in this setup is the tag placement on the
object above the plate holes in a certain height. However, most occurring errors
are symmetrical and only have limited implications on the overall estimation
accuracy.

The rotation stage provides the angular steps and serves as a reference system
to validate the estimated orientation angle. It is rotated from —10° to 10°
in steps of 1°. For each step, Rx and Rp are measured to determine @,,.
Rotation up to £10° provides clear visibility for both tags. Beyond, reliable
range estimation is not possible anymore due to the narrow antenna opening
angle of the mRTS tags. Continuous angle estimation for an object during a full
rotation is thus not possible with the available hardware. Wider opening angles
would be required so that, equipping all sides of the cuboid with tags, at least
two tags are continuously visible. In the special case of an orientation angle
of 45°, two tags mounted on different sides of the object are detected. Due to
the unique identification capability of the tags, this case can be differentiated
from two tags on one side. The calculation has to be adjusted accordingly as
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Figure 7.6: Good agreement of nominal and estimated angles for cva, € [-10°,10°] is reached in
some measurements (a), however, mean error and standard deviation (b) are generally
larger and deteriorate with increasing angles, mainly due to poor tag visibility.

the distances between the tags differ from d; and ds, but Ry = R¢ for two
visible tags A and C on two sides of the cuboid can be utilized as additional
information. For orientation angles close to but not exactly 45°, Rx = R¢ is
not valid and orientation estimation is insensitive. A sufficient opening angle of
tags providing visibility of a third tag is therefore recommended, allowing for
regular calculations also near v = 45°.

Estimated orientation angles in Fig. 7.6 are in good agreement with the true
orientations and a root MSE (RMSE) of 0.4° is achieved over the depicted
measurement series. However, variations up to a few degrees occur as shown
in Fig. 7.6b for the mean error and standard deviation of 100 measurement
iterations. For larger orientation angles, error and variance increase alike. This
stems from a deteriorated visibility of tags for increased rotation, coming with
lower SNR and, hence, larger variance. The variance is not symmetric, prima-
rily due to deviant tag performance. Tag B is visible only up to 13°, whereas
tag A remains visible up to —20°. The SNR for tag B hence degrades earlier
and stronger as the angle increases. As a result, positive orientation angles,
where tag B is rotated away from the radar, are estimated with larger errors,
however, slightly lower variation. Large antenna opening angles, ensuring good
tag visibility, are thus essential for reliable orientation estimation and a crucial
design parameter for application-tailored tag hardware.

Additionally, multiplicative errors in the range estimates Rx and Rp or in
d; influence the results. Possible reasons are the discussed limitations in the
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7 Exemplary Applications with Doppler Tags

hardware, measurement setup, and calibration, but also drifts in the radar para-
meters. An additive error in range estimation would result in a constant offset
in o, which is hardly observed.

While the required radar calibration can be practically achieved and is not
dependent on the surroundings, realizing a volume-centered setup is challenging
and prone to movement. The implementation is mostly realistic in scenarios with
limited degrees of freedom, such as objects on a conveyor belt, or supported with
additional AoA estimation. Radar-based orientation estimation hence requires
careful system design, but is an ambitious advancement in spatial awareness
from radar data.

7.3 Self-Positioning

Positioning is a well-established radar application, covering both external and
self-positioning [VWG™ 03] in various contexts and implementations [MKV 11,
SDCV18,DDG" 18, SIR24, BASP*24]. It provides the data basis for autono-
mous systems with a particular emphasis on indoor applications, although not
being limited to those. High accuracy can be achieved, particularly if phase
information is exploited [VRH99].

Radar-based approaches offer an alternative to other wireless technologies, with
the use of Doppler tags being presented as a new option. Self-positioning de-
monstrated hereinafter is based on trilateration according to [Ble00, SDM14].
The tags serve as reference stations, requiring unique distinction, accurate range
estimation, and visibility from a distance to ensure reliable positioning. While
the first two points are inherent features of Doppler tags, their range is limited
with the current hardware, restricting possible setups. However, tailored tag
design can overcome this limitation.

The radar position p, € R?® is unknown and determined by measuring ranges
R; = ||p:r — pi|| to the tags as reference points p;. Each range measurement
defines a sphere around p; with radius R;. In an ideal, noise-free scenario,
trilateration determines the unknown spatial coordinates as the unique intersec-
tion point of at least four non-coplanar spheres, i.e., which are in no common
plane. In practice, however, range estimations R; are subject to measurement
uncertainties R- = R; +¢;, where g; ~ N(0, agi) after successful calibration.
The geometric intersection problem is hence transformed into an optimization
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task with the estimated position P, minimizing the squared differences between
measured and ideal ranges to all N reference points as
— AP 2
pr=argrrrl)1rnZ;(Ri—Hpr—pil|) : (7.2)
i=
The position error dp, = P, — p; is affected by the error of each range mea-
surement as well as the geometrical configuration of the reference points. The
relation between the position error dp, and the range error §R is described by
a range vector R(p;) that contains all range measurements for one position,
with 6R = R(P;) — R(p,). This range vector specifies the nonlinear relation
between range and position but, for small deviations from the true position, can
be linearized using a first-order Taylor expansion, resulting in 0R = Jop, with
the Jacobian matrix J and its rows J; = %. Solving for the position er-
ror using the Moore-Penrose pseudoinverse allows to describe the propagation
from range errors to position errors with

ops = (373) 7 IT6R. (7.3)

The term (J Ty )71 is the dilution of precision (DOP), quantifying how spatial
reference point constellations affect error propagation. Under the assumption of
equally distributed and uncorrelated measurement noise, it can be interpreted
as a covariance-like matrix, in 3D yielding

DOP,2 :
Coop=(3"3)"=| - DpOPZ . | (7.4)
DOP,?

The diagonal elements correspond to the geometric contributions to the error
variance in each spatial dimension, often summarized into scalar indicators

HDOP:VkXH§2+D0PfﬂmﬁmmﬂﬂdeDOP:VDOPf(wnmﬂ)
DOP values start from one, whereat smaller values indicate higher accuracies,
i.e., one is optimal, five is still acceptable, and values in excess of 10 hardly
allow meaningful evaluation.

In realistic scenarios, equal measurement uncertainty is not granted, e.g., due
to a varying SNR or different angles of reception. Under these conditions, the
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Figure 7.7: Positioning scenario schematically (a) and picturally (b). Ground truth radar positions
are depicted in x-, y-, and z-direction. The positions of the reference tags A to D result
in a DOP of 5.5 (HDOP = 1.8, VDOP = 5.2) for the radar in the star center point.

DOP formulation can be extended by incorporating the covariance matrix Cg
of the range measurements, resulting in the positioning CRLB (PCRLB)

Cenws = (ITCRI) ™ (1.5)
The diagonal elements of Ccryp correspond to the minimum achievable va-
riance of position estimation in each spatial dimension, considering both mea-
surement uncertainties and the geometric constellation of reference points. Just
as the CRLB, DOP and PCRLB rely on several simplifying assumptions, inclu-
ding unbiased range estimation and uncorrelated AWGN, hence being idealized
lower bounds that provide geometric and qualitative insight rather than realistic
performance limits. Even after calibration, small residual offsets persist due to
limited reference accuracy and drifts of radar parameters and, as all tags are
evaluated within the same radar frame, partial correlation of measurement noise
cannot be avoided, particularly in multipath-rich environments.

Optimal tag placement hence minimizes DOP and expected measurement er-
rors, but practical considerations are limiting. Minimizing the DOP favors
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Table 7.1: Tag and radar coordinates for the measurement setup in Fig. 7.7.

A B C D Prx Pr,y Prz
x| 236 (97| -97 | -236 X | -150...150 0 0
696 1920(1096| 760 y 200 49...349 200
z | 185 (110|340 | 185 zZ 200 200 200...280
(a) Tag coordinates in mm. (b) Radar coordinates in mm.

placing the stations far apart from each other while minimizing the measure-
ment error, determined mostly by the SNR, requires close positioning centrally
within the radar FoV to maximize antenna gain and reduce free-space loss.
Both conditions cannot be met simultaneously, requiring a compromise for the
setup that ensures good visibility of all tags in all radar positions together with
adequate DOP. The resulting measurement setup is shown in Fig. 7.7 and coor-
dinates are given in Table 7.1. The tags are mounted at short distance to the
radar and at a shallow angle to ensure sufficient SNR for reliable tag detection
despite missing amplification and limited opening angles. This setup is far from
realistic scenarios, but suitable to demonstrate positioning with the mRTS tags.
Radar displacement in x- and y-direction is realized using the M-414 linear
stage (Ch. 3.2.2), moving the radar to 31 positions along the x- and the y-axis
in steps of 10 mm, respectively. In z-direction, the radar is positioned using
stackable spacers of 20 mm height. The positions resemble a star-shaped path,
referred to as positioning star hereinafter.

At each point of the star, the radar position is estimated using trilateration and
compared to the ground truth position for accuracy quantization. The same
perforated metal plate used as a reference for orientation estimation allows for
position referencing. Four tags, enumerated A to D, and the linear stage are
mounted at defined positions on the plate. The tags are attached to vertical rods
at certain heights above the holes of the plate, while mounting brackets align
the linear stage to those. This defines the reference points and the center of the
positioning star. In all other radar positions, x and y coordinates are determined
from the movement of the linear stage, and the z coordinates are known from the
height of the spacers that lift it. During assembly, tilts or misalignments occur
and introduce uncertainties to the reference, which cannot be exactly quantized
but are estimated to be in sub-millimetre to millimetre range, which is not truly
sufficient to reference a system with mm accuracy, but accepted for demonstra-

139



7 Exemplary Applications with Doppler Tags

tion purpose. Calibration for each tag is performed as detailed in Ch. 7.2 and
also contains imperfections, jointly limiting the achievable estimation accuracy.
The used identification frequencies fiqx are chosen to provide adequate fre-
quency spacing between tags and from zero Doppler, resulting in

Jia,a =3kHz, fiap = 6kHz, fia,c = 9kHz, fiap =12kHz. (7.6)

Using trilateration and a nonlinear least-squares solver, 3D positioning is possi-
ble solely from the ranging information of four tags. However, due to limitations
in tag visibility, the achievable DOP values are weak, particularly VDOP. This
is caused by both the radar and tag FoVs, which are particularly small in ele-
vation, hence reducing the position accuracy in z-direction. To address this
limitation and demonstrate the potential of the radar-tag system for positioning,
the estimated z-coordinates are manually constrained during optimization to re-
main close to the average z-coordinate of the tags when determining positions
for the x- and y-direction movements. For the z movement, no such constraint
is applied as the z-coordinate is iteratively changed. Consequently, processing
for the x-y-plane and the z-direction is slightly different, preventing a direct
comparison, but with minor influences on the overall conclusion.

For quantization of the results in 3D, the position RMSE is defined as

1
RMSEzp =  (RMSE, + RMSE, + RMSE, ) (1.7)
and 1
RMSEX n = " =||Prxn — Arx nlls (78)
: \/gllp Pl

where RMSE ,, denotes the RMSE of the position estimate P:,., for the n-th
point on the x-ray of the positioning star and analogous definitions apply for
RMSEy ,, and RMSE, ,,. n counts through the 31 measurement steps in x- and
y-direction and the five measurement steps in z-direction, respectively.

Figure 7.8a contains positioning results in all three spatial directions, which are
in good agreement with ground truth. An overall RMSE for the full positioning
star of RMSE3p = 3.5mm is achieved. The RMSE values for the three mea-
surement directions according to (7.8) are contrasted in Fig. 7.8b. The center
of the positioning star is measured thrice, however, after modification of the
setup for measurements in x-, y-, and z-direction. The deviations in this point
therefore mainly provide information about the setup reproducibility and rate
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Figure 7.8: Estimated positions (a) and RMSE (b) for 3D measurements of 31 steps (step size
10 mm) in x- and y-direction and five steps (step size 20 mm) in z-direction. Results are
in good agreement with ground truth positions, however, the sensitivity to tag visibility
and SNR is apparent, resulting in larger errors in the outer star positions.

the reference system. Systematic deviations from ground truth positions at other
points are likely due to imperfect calibration and unaccounted drifts in radar
parameters. For the outer x positions, errors increase due to poorer DOP and
tag visibility. This influence is more pronounced at positive x values due to the
asymmetric tag constellation in x-direction. At close y positions, the tags are
observed under steeper angles, which in combination with the given opening
angles results in reduced SNR and higher RMSE. For large z-positions, the
RMSE increases most due to the poor visibility of tag B and reduced visibility
of tags A and D. The variance of repeated measurements is also higher with
increasing z, caused by the worse VDOP in comparison to the HDOP. Additio-
nally, the radar positions in z-direction were not reached using the linear stage
but manually with 3D-printed spacers. Ground truth positions are consequently
less accurate and less reproducible. The lowest RMSE is reached near the center
of the measurement star, at a slightly elevated z-position. In this radar position,
the tag heights are best balanced relative to the radar, ensuring good visibility
of all tags. However, an offset of a few millimeters remains.

Positioning with Doppler tags is possible but sensitive to proper tag visibility
and DOP. The DOP in Fig. 7.7 is given for the radar in the star center and
only slightly changes for the outer positions. The visibility of tags varies to a
greater extent and is the dominant factor for successful positioning. DOP is less
pronounced but still essential to achieve robust results. With intentionally poor
DOP, positioning is significantly deteriorated as exemplified in Fig. 7.9b for the
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Figure 7.9: Measurement scenario with poor DOP (a) and corresponding positioning results (b).
The tag positions result in a DOP of 11.3 (HDOP = 4.3, VDOP = 10.5) for the radar
in the star center point and positioning results are thereupon clearly deteriorated in
comparison to Fig. 7.8a.

measurement setup of Fig. 7.9a. Although tag visibility improves, the RMSE
increases by a factor of 3 to 4 from 3.5 to 12.4 mm, substantiating the relevance
of DOP for positioning.

To unambiguously determine a position in 3D, four reference points are requi-
red; using only three would result in two possible solutions. However, knowledge
of the radar FoV and physically possible positions mostly leaves only one of
them reasonable, so that a position estimate can be found with three tags. A si-
milar kind of preknowledge is utilized in positioning with the global navigation
satellite system (GNSS), where the signal of the fourth satellite is used for clock
error correction that enhances position estimation. Similarly, the fourth tag can
be used to correct an offset in the range estimation to the four tags that might
remain after calibration. However, only a radar offset is addressed, different
propagation delays of the tags cannot be corrected and the radar, corresponding
to the GNSS base station, tends to be more accurate than the tags, corresponding
to satellites. This is a major drawback compared to GNSS, where deviations
in the less accurate system part, the base station, are addressed. The correction
approach is hence less beneficial as it is for GNSS, and positioning results
were found to barely improve. If calibration is omitted, offset correction can
enhance positioning results, however, the results are not as good as those from
a well-calibrated system. Thus, if calibration is applicable, it is preferred with
the proposed offset correction being a fallback solution in case of missing or
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insufficient calibration possibilities. If, however, tag positioning using multiple
radars is targeted, this approach deserves reassessment.

Self-positioning using Doppler tags features promising results competitive to
other indoor positioning approaches. Given tailored tag hardware, further im-
provement in the estimation accuracy is expected. The benefit of Doppler tags
for positioning is mainly in the concomitant completion of multiple tasks so
that one hardware concept serves most information requirements at once.

Doppler-tag operation was demonstrated in common industrial scenarios, in-
cluding tiered information transmission, operation within boxes, and next to
strong interfering reflections. The introduced orientation estimation is the first
tag-based approach demonstrated for radar and takes full advantage of the high-
ly accurate range estimation toward Doppler tags. Just as self-positioning, it
features promising results, despite challenges introduced by the available tag
hardware, primary in visibility. While this proves the functionality in a proof-
of-concept setup, tailored tag hardware is required to put the Doppler tags
into practice and will significantly enhance position and orientation estimati-
on. Thereby, the applicability of radar-tag systems can be extended toward a
holistic system, delivering a multiplicity of information contributing to spatial
awareness.
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From pinpoint ranges to decisive insights, this work scrutinizes the potential of
highly accurate range estimation and its integration into the innovative concept
of Doppler tags.

Industrial automation is on the rise and autonomous systems require increasing
amounts of data about their vicinity and the objects they are intended to work
with. Radar sensors can deliver ambient information in dynamic scenarios and
their scope of function can be further extended to identification using tags.
Particularly systems relying on artificial intelligence can benefit from a tagged
environment on which they can continuously learn, while basic behavior can be
taught even from simulations. Doppler tags are a promising option, explicitly
when range estimation with pinpoint accuracy despite unique tag identification
is required. Possible applications range from low-level supervision to auto-
nomous guiding tasks and exploit the benefits of Doppler tags and accurate
ranging to different extents.

Revisiting the central findings provides a comprehensive overview of the work
at hand. The idea of ranging from phase-offset information was introduced for
FMCW and is extended to be applicable with CS. It is combined with Doppler
tags that emulate the Doppler phenomenon with uniquely assignable frequen-
cies, allowing for identification of tagged objects. A radar-tag system thereby
pictures its environment with identifiable tag markers and general sensing infor-
mation about the untagged remainder. For tagged and untagged objects, highly
accurate range estimation is available, whereat the achievable accuracy toward
tags can even exceed that toward an equidistant untagged object. Beyond, clas-
sical radar sensing provides information on object properties such as relative
velocity or angle, hence delivering further environmental insights without tag
interference. Unmodified radar hardware allows for this concomitant sensing
and simultaneously reduces equipment acquisition and complexity. Doppler
tags function reliably in a variety of scenarios, whether there are multiple tags,
strong passive targets, or dynamic conditions. They are sensed simultaneous-
ly, avoiding blind times and the requirement for exceptionally high measuring
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rates. Finally, different radar schemes are capable of operating with Doppler
tags, incorporating distinct benefits in various applications. These insights col-
lectively reveal the versatile adaptability of Doppler tags with accurate ranging
and carve out challenges and limitations regarding specification, design, and
signal processing. Therefore, this work functions as a fundamental applicabi-
lity study, forming the basis for application-oriented and application-tailored
developments.

In this context, the central contributions of the work at hand are presented from
the idea over its implementation to verification in hardware, highlighting the
achievements in comparison to the current state of research.

Highly accurate range estimation is a prerequisite of various radar-related
sensing tasks. The novel f estimation algorithm enables pm accuracy solely
in signal processing without challenging hardware demands. The work at hand
initially derives the signal model required to isolate the phase offset in CS and
utilize it for range estimation, achieving range errors of 4.8 jim in static scenarios
with moderate bandwidths below 4 GHz. The newly developed Doppler correc-
tion algorithm significantly improves range estimation for targets in motion to
range errors as small as 2.3 pm. Counterintuitively, this algorithm enables even
higher range estimation accuracy for moving targets than for static ones due to
an effective suppression of static influences. Accompanying velocity estimation
achieves errors of 1.4 mm/s at 1 m/s. The results align well with findings from
simulations, granting in-depth comprehension, and verify those as a valuable
research tool for future system specification and impact analysis.

The concept of Doppler tags, extending radar functionality to unique object
identification, is introduced for the first time from the idea over first hardware
implementations to extensive signal processing. Original algorithms and signal
processing chains for object separation and identification allow for improved tag
sensing by clutter suppression and concomitant sensing of untagged surroun-
dings, both with unmodified radar hardware. The presented radar-Doppler-tag
system thereby overcomes previous limitations and enables unprecedented com-
binations of functions in the field of radar-based automation. The work offers
guidance for an application-specific system design essential in further rese-
arch and industrial implementation. The resulting sensing information indica-
tes promising features of the new concept and bears potential for sophisticated
processing approaches.
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Of particular interest is tag ranging and the link between object identificati-
on and highly accurate range estimation toward this object. The integration of
f range estimation into the processing chain of Doppler tags is achieved by
algorithmic elimination of all tag impacts preserving phase-offset information.
The residual object-determined signal share is not only undisturbed of prior
tag functionality, but contains enhanced resolution and SINR. Particularly high
and challenging bandwidths are not required for target separation, enabled by
Doppler tags, and accurate range estimation, obtained from f¢ analysis. Con-
sequently, this work originally demonstrates high accuracy in range estimation
toward Doppler tags without demanding hardware requirements. Range errors
below 9 pm for static and 8 pm for moving tags are achieved with bandwidths
below 4 GHz, accompanied by identification errors of a few Hertz depending
on the applied frequency, and velocity errors around 1 mm/s. The results en-
hance existing and open up new areas of application, foremost in the context of
automation, but also beyond.

Evaluation of Doppler tag applicability highlights practical relevance and
supports implementation. New systems are particularly expedient if they enable
a variety of applications at once. Combining the previous achievements allows
for a utilization of Doppler tags in a number of practical applications in and
beyond the scope of classical radar sensing. Exemplarily, for indoor positio-
ning, they are a competitive concept reaching an average RMSE of 3.5 mm in a
300 x 300 x 80 mm? frame. Orientation estimation from dual-point range esti-
mation is newly developed in the work at hand and expands the scope of radar
functionalities with additionally extracted information without supplementary
hardware or evaluation instances. Angular errors of 0.4° over £10° rotation are
realized. While results are impacted by hardware and referencing limitations,
they are still remarkable and greatly verify the practical value of Doppler tags
in advanced radar operation.

In summary, Doppler tags with highly accurate ranging are a precious exten-
sion of radar functionality with versatile application possibilities. They unlock
hidden potential in the simultaneous execution of classical sensing and sophisti-
cated autonomous tasks. With this work, the technical foundations of the novel
concept are established, paving the way for future developments.
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A Addendum

A.1 Scenario-aware CRLB Derivations

Detailed derivations of the CRLB using different sets of assumptions are given.

A.1.1 Classical CRLB

The classical CRLB is derived according to [Kay93], assuming a single complex
sine wave superimposed by AWGN and an unbiased estimator.

Consider the discretized data model in accordance to (4.6)
s[n] = Aexp(j(27rfbn + <pb)) +w[n],ne[0,Ns-1], (A.1)

where A denotes the amplitude of the signal, fb the sampled beat frequency,
©p the beat phase, Ny the number of samples, and w[n] a complex WGN
process with variance o?. The parameter vector 6 contains the parameters to
be estimated

0=[Af o], (A.2)

with their variances _
var(;) > [I'(6)]... (A.3)

The Fisher information matrix for the proposed signal model is

[IF(G)]ij =tr [ 1(0)665’50) 1( )50(0)]
1 (0) (1 S4(0) (a4)
+ 29%[ 50, Cc(0) 56, ] ,
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where C' denotes the covariance matrix, p the mean vector, and R the real part
of a complex number. The first term vanishes as C'(6) = o*I, with I being the
identity matrix, is not dependent on 8, hence

[Ir(0)];; = 2R [ch(e)&g‘(f)]

00 (A.5)
~ 19‘{ Nil 0s*[n] ds[n] '
N 02 n=0 501 50J
and
[ N, 0 0
9 S Netl , Ve
Ir(0) = = 0 (274) 2;0 n® 27wA ZJO n
o N1 "
0 2w A? n A%N,
i s (A.6)
[V, 0 0
21 (2m A QDN g g Na(Nerl)
2
“lo 27 A2 N(o1) A2N,

From the inversion of this matrix, the lower bounds are derived according to
(A.3) and considering the SNR definition for a complex signal

24 ? 2
SNR7 = ( QfQ) - %. (A7)
—~ 02
var(A) > 2N,
var(fp) > 6 (A.8)
(2m)2nNs(NZ - 1)
R 2N, -1
var(Pp,) > 777]\@(]\& )
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These are the lower bounds for the parameters directly estimated from (A.1),
although of interest are the lower bounds for the range estimation done from fj,
and ¢y,. These can be determined through a transformation of parameters for
an unbiased estimator and a sufficiently large Ng:

Var(g(B))>(6g(6)) (6) - (59( )) var(8) (A9)

A range estimate can be derived from the sampled frequency fo = f P

cNs fo
2B/,

cT
= = A10
Ry 5B fo (A.10)

with

2N? 6

4B?  (2m)2nNy(NZ-1)

B 3¢? N, N 3c?
8m2B2n(N2-1) 872B2nNy’

var(Ry) >

(A.11)

Alternatively, range estimation is possible from the phase &y,

T T 2T o
R min — min 2 ) A12
#=op¢t \j (23 ¢t ) 1B x (A12)

resulting in

AT 2N, -1
1672B (L f2, - 2) nNJ(Ns+1)
AT(2N, - 1) 1
2 R , B (2R)?
" 167 BnNs(Ng+1) Tf2 — frin A8 ?(27)

min (& c

var(R,) >

(A.13)

AT 1
2 2°
87T B’I]N Tfr?nn fmin%*’%(%)
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By approximation, the quadratic share of the phase offset can be neglected
(fmin > 57 %%), hence

2 2N -1
. .
var(R,) > (4m)2f2. nNs(Ns+1)
j (A.14)
c

" 8722 N,

equaling the CRLB for range estimation from the phase offset in FMCW.

A.1.2 CRLB for Multiple Targets

To include a second target in the CRLB derivation, the data model is adjusted

s[n]=A; eXp(j(Qﬂfb71n + gobJ)) + Ag exp(j(27rfb,2n + (pb72)) +w[n],
nel0,Ny—-1].
(A.15)

Additional terms can be used to model more targets, depending on the relevant
number of targets for the considered scenario. The first multiple reflection can
be interpreted as an additional target with f, 2 = 2- f, 1, but o 1 # 2 @y, 2 as
the latter dependency is not linear. The further derivation is in accordance to
A.l.l.

For the two-target scenario, the parameter vector is

0=[A1 for o1 Az foo ppal®. (A.16)

The resulting Fisher information matrix is given by
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No-1 . .
with A3 = A1 A, T = exp(j(¢b,2 = ¥b,1)). Yo = Eo exp(j27(fo2 = fo1))
Ng-1 . - - Ng-1 _2 . ~ ~
Uy = 20 nexp(j2m(fo.2 = fo,1)).and s = Z}O n? exp( 27 (fo.2 = fo,1))-

The structure of the matrix remains unchanged in comparison to (A.6) and
contains two submatrixes describing the influence of either the first or the
second target. Only the cross-terms contain parameters from both targets and
the frequency difference sz - fb,1 and phase difference 1, 2 — ¢, 1 determine
the values of these terms.

The further symbolic derivation of the CRLB is skipped as it results in huge
and hardly applicable equations due to the required matrix inversion of (A.18).
Instead, a numerical consideration is given in Ch. 4.

A.1.3 CRLB for Dynamic Estimation

To describe target parameter estimation in a dynamic scenario, an extended
signal model reflecting the signal dependencies of (2.7) is developed

s[n,m] :Aexp(j(QW(fb,m + foon® + foam+ foam?® + fr5nm) + ©b))
+w[n,m],
ne[0,Ng—-1],me[0,N. - 1],
(A.13)

where A denotes the amplitude of the signal, ¢}, the beat phase, all parameters
fox = ;;"‘ describe the fast- and slow-time signal behavior, and w[n,m] is a

complex WGN process with variance 2. Further, N;, N. > 1. The parameter
vector € contains the parameters to be estimated

0=[A for fb,z fos fb,4 fb,5 o]’ (A.19)

From this signal model, the CRLB derivation is equivalent to A.1.1 using
the partial derivatives to determine the Fisher information matrix, which is
subsequently inverted and yields lower bounds for the parameters in 8. Although
all parameters are considered for the CRLB derivation, only three are used
for radar-based target parameter estimation, which are fb,1 and ¢y, for range
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estimation and fb,3 for velocity estimation. A transformation of parameters
yields

2 N2

c“N, -~
var(Ry¢) % 4328 -var(fp.1)

N2 3(Ne+ 30N, - 19N, NZ - 13N2 + 30NN, - 23)

T 4B?  2m2nN Ny(Ne + 1)(N, - 1)(-N3 — N2 + 4N, + 4)
57c2 N N2

82 B2 N2 N>

B 57¢?

~ 872B2yN.N,’

(A.20)

2

i
T (AT

C2

" (2,
13N2N2 + 12N2Ng + 2N2 + 12N N2 - 27NN, - 12N, + 2N2 - 12N, + 28
NN Ns(NZ2 + 3N, +2)(N2 + 3Ng + 2)
. 13ANZN?
T (4m)2 2 mNENE
_ 13¢2
 (4m)2f2. NNy’

var(R -var(Pp)

(A.21)
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and

2 r2
var(7) :fifjn ~var(ﬁ)73)
_ f2 3(30N, + N, - 19N2N, = 13N2 + 30NN, - 23)
4f2  2m2nNNy(Ne - 1) (N + 1)(-N3 - N2 + 4N, +4)
| _BTc® fINEN,
57c¢%f2

(A.22)

assuming Ne, Ny >> 1, ¢ >> v, and fmin > 2 2. Additionally, only the largest
term in the sums in numerator and denominator of var(fy 1), var(%;), and

var(fy,3) is considered further.

Both Ry and v rely on a frequency analysis over the samples and the chirps
respectively, mathematically obvious from the equivalence of var(ﬁ,l) and
Var(ﬁ)73). The bounds, however, differ in their dependencies, which is due to
the deviant parameter transformation. For ¢ and R, similar dependencies
can be observed as for a static scenario. B and f,;, are the dominant influence
factors, while N, contributes in the same way as Nj.

A.1.4 CRLB including Doppler Tags

The above derivation of CRLBs for dynamic estimation can be transferred to
the case of an artificial Doppler shift introduced to the signal model as in case
of a Doppler tag. If a static scenario with no motion-induced Doppler shift is
assumed, the signal model for one sideband simplifies to

s[n,m] =Aexp(j(2r(fo1n + fo3m) + 1)) +w[n,m],

(A.23)
ne[0,Ng—-1],me[0,N.—1],

with the parameter vector
0=1[A fo1 fozen]" (A.24)
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and
B 2R
Jo1=7—+fa
Jo3= fid (A.25)
2R fia B QR)
=2m— min — 5~ T min -
oA ( 2 2T f
The relations for transformation of parameters follow to
cT _ fld )
=5p (o= fia) = (fbl a
c
? T A o b (A.26)

c c cfs
tid = 2fmin fld - 2fmin fb)?’ 2fmln fb >

where fb1 = f;l and fb f;ﬁ

Again, the same structural derivation results in the CRLBs for the three para-
meters of interest

2 2
432 -var(fp1)
N2 3
T 4B? 22 N.No(Ns + 1)(N, - 1)
362N2
¥ $2B2N.N?
B 3c?
~ 812B2yN,N,’

var(Rg) 2

(A.27)

157



A Addendum

C2

(477)2f§11n
c? N+ Ny +TN.Ng -5
T (Am)2f2. 2NN, (N + 1) (N, + 1)
72NN,
" 2(4m)2 f2,,INEN?
72
) 2(47)2f§1in77Nch7

var(R,) 3 var(,)

(A.28)

and

2 r2

— c S I
var(Tiq) 2 4fo. -var(fp,3)
_ PR 3
CAf2 2m2nNeNg(Ne + 1) (N - 1)
h SWinlnnNng ’

(A.29)

assuming Ne, Ny >> 1, fuin > 2522, and frnin > fia-

The variance var(T;q ) is given to allow for a direct comparison with the CRLBs
derived for a dynamic scenario without Doppler tags in A.1.3. As expected,
results only differ by constant factors from those in A.1.3, the same dependencies
are found. Influences of the coupling and migration terms not occurring for
artificial Doppler are weak also for motion-induced Doppler shifts and hence
neglected in the derivation given in A.1.3.
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radar

(a) (b)

Figure A.1: Schematic delineation of orientation angle determination in 3D view (a) and as 2D

section through (a) atz = %3 (b). The azimuth orientation cva;, is sought and determined
using two Doppler tags A and B.

A.2 Radar-based Orientation Estimation
Derivations

Azimuth orientation angle estimation is derived for a volume-centered setup
with two Doppler tags A and B attached to diagonal corners of the object.
In Fig. A.la, dimensions d;, do, and dg are preknown and R’A and Rg are
determined from R4 and Rp according to

R, - Rg-(@

2 d 2
2) , Rp= R;g-(i’) . (A.30)

2

Considering Fig. A.1b, the azimuth orientation angle «,, is derived from 3 and
7 to be

7T m
Quy =5 = (T=B=7)=B+7-. (A31)
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The auxiliary angles are determined from geometric interrelations as

R/2
B= arccos( 2R, dy ) (A.32)
and
= arcsin( n(G+r) ) , (A.33)
where
Va3 +d3
=== (A.34)
2
di
K = arccos (2) , (A.35)
a
and
r= \/a2 + R? = 2aR!, cos(B + k), (A.36)
hence,
~ = arcsin sin(f + ) -al. (A.37)
Va2 + R2 - 2aR), cos(B + k)

Orientation is herein determined mostly from one range estimate, R in this
case, which has a larger influence on the estimation accuracy. However, two
clearly visible tags are required for orientation estimation at all times. More
detailed considerations on error influences are given in Ch. 7.2.
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