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Preface of the Editor

Radars are no longer limited to space and defense applications. In fact, radars
are being used in several areas of our everyday lives, without us being ex-
plicitly aware of their presence. Especially, the motion detectors, e.g., door
openers and security alarms, are nearly ubiquitous. Thanks to the tremendous
advancement of the semiconductor technologies, that has taken place in the
last 15 years, radar systems are now being extensively used in automotive
sensors as well. The resolution provided by a radar system is lower than that
of an optical system, but a radar system, in contrast to an optical system, can
deliver reliable measurement values in harsh weather conditions as well. This
property is one of the main reasons, why more and more radars are being de-
ployed in the industrial arena as well.

An important industrial application at present is contactless level measure-
ment of liquids but many other applications will be conquered once the high
potential for miniaturization and low cost per unit is lapped. One of the major
cost drivers of high volume millimeter wave radar sensors is the testing. This
is exactly where the work of Dr. Mekdes Girma comes into play. In her disser-
tation, Ms. Girma has worked upon the important scientific principles of near
field radars with built-in self-test functionality. She has built several minia-
turized radar systems and thereafter investigated their near field measurement
capability, together with the built-in self-test functionality, in both theory and
practice.

Ms. Girma has for the first time, built a heterodyne radar system and in-
vestigated its measurement accuracy in the extremely near-field region. Based
on this investigation, she has shown that the "near-field peak™ is highly sta-
ble over time in the new system and hence it can be calibrated out. Further,
she has developed a novel radar concept with an integrated auto-calibration
function and built a demonstrator for the same. With this, she has shown that
the non-ideal characteristics and systematic errors can be calibrated out. This
concept can also be used for observing the functionality of radars during their
operation. The work of Dr. Mekdes Girma thus represents an important in-
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novation to the state of the art. | am sure that her realizearreahcepts and
sensors will draw much attention worldwide. For Dr. Girma, with her very
good technical skills, | wish her further success in her future career.

Prof. Dr.-Ing. Thomas Zwick
- Institute Director -



Concepts for Short Range Millimeter-wave
Miniaturized Radar Systems with Built-in
Self-Test

Zur Erlangungdesakademischeradesines
DOKTOR-INGENIEURS

von derFakultatfir
Elektrotechnikund Informationstechnik
desKarlsruherinstitutsfir TechnologigKIT)

genehmigte

DISSERTATION

von

M.Sc. Mekdes GebresilassieGir ma

Tag der mindlichen Prifung: 07.12.2018

Hauptreferent: Prof. Dr.-Ing. Thomas Zwick
Korreferent: Prof. Dr.-Ing. Christian Waldschmidt






Vorwort

Die vorliegendeArbeit entstandvahrendmeinerZeit als Doktorandinbei der
zentralenForschungder RobertBoschGmbH in Kooperationmit dem Insti-
tut fir Hochfrequenztechniknd Elektronik (IHE) desKarlsruhernstitutsfir
TechnologigKIT).

Zunachsgehtmein DankanHerrn Prof. Dr.-Ing. ThomasZwick, Leiter des
Instituts fir Hochfrequenztechnikind Elektronik, fur die wissenschaftliche
Betreuungder Arbeit sowie die Wertvollen Anregungenund seinestetshil-
freiche Unterstutzung.Weiterhin mdchteich mich bei Herrn Prof. Dr.-Ing.
Christian Waldschmidt,Leiter desInstituts fur Mikrowellentechnik,fir die
UbernahmelesKorreferatsund derdamitverbundenemiihenbedanken.

Mein Dank gehtan die Firma RobertBosch GmbH, die es mir durch die

AnstellungalsDoktorandinermdglichte aufdiesemThemengebietu forsche
und somit die vorliegendeDissertationanzufertigen. Mein herzlicherDank

gehtan meinenBetreuerDr.-Ing. JurgenHaschfiur die fachlicheBetreuung,
Mentoring,sowiedenFreiraumbei der Ausgestaltungler Arbeit. Seinefach-
liche Kompetenzdiente als Vorbild und hat zu meiner Weiterentwicklung
wesentlichbeigetragen. Ein ganz besondereiDank gilt meinemKollegen

Dr.-Ing Markus Gonser,und AndreasFrischenmit derenHilfe ich zahlre-
ichetechnisché’roblemddsenkonnte.Ebenfallsgehtmeinbesonderebank

an gesamteri-orschungsgrupp€R/ARE1 der RobertBoschGmbH, fur die

ausgezeichnetlrbeitsatmospharandfir die Unterstitzundbei technischen
sowienichttechnischeAngelegenheiten.

Ein groRRer Teil der in dieser Arbeit beschriebenen Forsgkergebnisse
wurde innerhalb des EU-Projekts SUCCESS erzielt. Aus die§und
mochte ich mich bei allen Projektpartnern der beteiligtaridchehmen und
Institutionen fiir die stets zielfUhrende und angenehmeZusenarbeit be-
danken. Diese betrifft insbesondere Prof. Sorin Voinigased Dr. loannis
Sarkas von der Universitat Toronto, Dr.-Ing Stefan Beer ¥&n und Dr.



\Vorwort

Yaoming Sun von IHP, die viele dieser Ideen erprobten undGiep real-
isieren mussten.

Nicht zuletzt mochte ich mich bei meinen Freunden und benereramilie

fur die bestandige Unterstiitzung und den stetigen Zusatmaltelpedanken.
Ich méchte mich ganz herzlich bei meinen Freunden Dr.-IngrhBne Ge-
bresilassie, Emebet Legesse und Elazar Berhane bedand&enicti stets un-
terstlitzt haben. Insbesondere danke ich meinen Elterrelieih Haile und
Gebresilassie Girma, sowie meinen Partner Thomas fir idioevolle Unter-
stutzung auf dem Weg zu meiner Promotion. Diese Dissentatiochte ich

besonders meinem Sohn Michael widmen. Er hatte sicheréictes beson-
deren Beitrag bei lhrer Entstehung geleistet.

Leonberg, im Oktober 2018
Mekdes G. Girma



Abstract

In the last decade, microwave and millimeter-wave (mm-Waadar systems
have gained importance in automotive, consumer and sga@pjtlications.
Due to an increasing maturity and availability of circuitsdacomponents,
these systems are getting more compact while being lesagixpe This re-
cent interest is largely due to the advantages mm-wavesadi@r over other
range measuring sensors, as their performance is lesseaffbg dust, fog,
rain or snow and ambient lighting conditions. In the areaafstimer radar,
high integration and miniaturization of the whole systenthis most impor-
tant requirement to address. In this context, due to thet stave length,
mm-wave radar systems operating above 100 GHz play a maginrterms

of high integration of the integrated circuit (IC) as well the antenna in a
housing. However, a major challenge of the high integraisotesting of the
integrated mm-wave ICs become more difficult due to the afesei probe

pads to access the components for contact based testingvefcome this
issue, a Built-in-Self-Test (BIST) approach may prove taHgemost efficient
test scheme.

This PhD work presents a series of single chip, mm-wave raeiasor sys-
tems for short range applications which are operating at GB2. First,
trends and emerging applications in millimeter-wave bared aver-viewed
and discussed. Typical system architectures of mm-wa\er isehsors, such
as homodyne versus heterodyne, monostatic versus bjstatenna and pack-
aging concepts with all related benefits and drawbacks waitlug on short
range application are briefly discussed and investigated.

In the first part, a highly integrated, single chip, dual afelradar sensor
system is investigated for the first time. The designing anglémentation

processes, starting from the system level design considessand character-
ization of the individual components to final implementataf the proposed

architecture are described briefly. Dual channel on-chipraras at 122 GHz
are employed and the functionality is demonstrated, whitdws a distance
and angle detection capability of the radar sensor.
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In the second part, it is shown, how heterodyne radar systdthsan inter-

mediate frequency (IF) can overcome some of the commonlgpieriered

problems with homodyne systems, i.e., DC-offsets requlfiom hardware

imperfection and short-range leakage and reflections. Téasarement re-
sults show that better performance can be achieved in trexdustne con-
figuration, compared to similar work published previoushurther more, a
case-study on the impact of temperature and random noiste @ensor per-
formance, and a dynamic DC-offset issues is investigated.

In the final part of this work an embedded auto-calibratiothodology and a
novel BIST for radar systems is developed and investigdtedhe first time.
As testing of modern complex electronic systems is a vergeespe proce-
dure, special structures for simplifying this process carirnserted into the
system during the design phase. A two channel heterodye aachitecture
with built-in-self-test and calibration features is prepd. A methodology
for auto embedded calibration and built-in testing conégptiefly described.
To verify the proposed method, a single chip sensor is redlat 122 GHz
frequency and the concept is verified by using a prototypesoreaents.
In addition, a complex S-parameter measurement of a mm-waatenna is
shown for the first time.



Zusammenfassung

Seit dem letzten Jahrzehnt werden zunehmend Mikrowelled- Millime-
terwellenradarsysteme fir Automobil-, Sport- und Sickédanwendungen
zur Entfernungs- und Geschwindigkeitsmessung eingedeizs wird durch
eine zunehmenden Reife und Verflgbarkeit von integrieHeshfrequen-
zschaltungen und -Komponenten ermdglicht, was solcheeB8ystkompak-
ter und gleichzeitig kostengiinstiger werden lasst. Dashsewde Interesse
an solchen Sensoren besteht vor allem aufgrund der Vodwldillimeter-
wellenradare gegentuber anderen entfernungsmessendsor&ebieten, da
ihre Leistungsfahigkeit weniger von Staub, Nebel, Regehn8e oder dem
Umgebungslicht abhéngt. Bei heutigen Millimeterwelletaesysteme ist eine
der wichtigsten Anforderungen an eine hohe IntegrationMimdaturisierung
des Gesamtsystems. In diesem Zusammenhang spielen Mdtnwedlen-
Radarsysteme die oberhalb von 100 GHz arbeiten wegen dereklén-
tennenabmessungen aufgrund der kurzen Wellenlange esentliehe Rolle.
Dies ermoglicht eine hohe Integrationsdichte durch Koratddm der integri-
erten Schaltung (engl.: Integrated Circuit (IC)) mit dertédme in einem
Chip-Gehause. Eine groRe Herausforderung bei der hohegrationdichte
ist jedoch die Prifung der integrierten Millimeterwelledehaltungen. Auf-
grund der hohen Frequenz, fehlender oder sehr kleiner umgiegg zu er-
reichender Kontaktflachen (Pads), ist der Zugriff auf dieriponenten fur
kontaktbasiertes Testen eingeschrankt. Um das Problenbenwinden hat
sich ein sog. Selbsttest (engl.: Built-in-Self-Test (B)>-Ansatz als eine sehr
effiziente Testmethode erwiesen.

Inhalt der Arbeit sind der Entwurf und die Realisierung neslr hochin-

tegrierter Millimeterwellen- Radare fur Nahbereichsandiengen im 122

GHz Frequenzband. Zuerst werden dazu typische Systertedtiten von

Millimeterwellen-Radarsensoren, insbesondere Homodwgd-Heterodynsys-
teme, sowie monostatische und bistatische Systeme veligedieiter werden

Antennen, sowie Aufbau- und Verbindungstechniken mit dekus auf Nah-
bereichsanwendungen diskutiert.



Zusammenfassung

Im ersten Teil wird ein hochintegrierter Single-Chip, D@tannel-Radar-
Sensor-System aufgebaut und untersucht. Das Vorgehembeu und Im-

plementierung wird von der Systemebene ausgehend ddigestechlieRend
werden die Designiuiberlegungen und die Charakterisierangidzelnen Kom-
ponenten bis zur vollstindigen Umsetzung der vorgeschégArchitektur

kurz beschrieben. Dabei werden Zweikanal- On-Chip-Angarei 122 GHz
eingesetzt und deren Funktionalitdit demonstriert. Durigsed wird eine

Abstands- und Winkelinformation mit dem gezeigten Rad@sseerreicht.

Im zweiten Teil wird die Funktionsweise von heterodynen &agstemen,
die also mit einer Zwischenfrequenz arbeiten, dargelegtcbdiesen Ansatz
kénnen einige der bei homodynen Radarsystemen haufig tewitien Prob-
leme Uberwunden werden. Dies sind insbesondere Gleichapga-Offsets
am Empfangerausgang durch Reflexionen in kurzer Entferrdiegsich aus
der nicht-idealen Hardware ergeben. Die Messergebnisgerzedass eine
bessere Leistungsfahigkeit in der heterodynen Konfigumagireicht werden
kann, insbesondere im Vergleich mit &hnlichen Arbeiterg divor verof-
fentlicht wurden. Des weiteren wird der Einfluss von Temperaufalligen

Stérungen und Rauschen auf die Leistungsfahigkeit desoBemsersucht.
Schlielich wird auch das Problem des dynamischen DC-Gffgatersucht.

Im letzten Teil dieser Arbeit wird erstmalig eine im Sensotegrierte Au-
tokalibrierungsmethode und ein neuartiger eingebautesgest fir Radarsys-
teme vorgestellt und untersucht. Das Testen von moderrmaplkeaen elektro-
nischen Systemen ist ein sehr kostspieliges Verfahrerallespezielle Struk-
turen zur Vereinfachung dieses Prozesses bereits wahegrightivurfsphase
in das System eingeflgt werden. Dafur wird eine Zweikaneterbdyn-
Radararchitektur mit integrierter Selbsttest- und Kaditiunktion vorgeschla-
gen. Eine Methodik fiir die eingebettete automatische Kalibng und das in-
tegrierte Testkonzept wird anschlieBend beschrieben. &swadrgeschlagene
Verfahren zu verifizieren wird ein hochintegrierte Radheding bei einer
Frequenz von 122 GHz realisiert und das Konzept unter Vedweg eines
darauf basierenden Prototyps mittels Messungen verifizigariber hinaus
wird zum ersten Mal die Messung der komplexen S-Parameter @n die
integrierte Schaltung angeschlossenen Millimeterwalié®nne demonstriert.

Vi
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1 Introduction

RADAR, which is an acronym foRAdio DetectionAnd Ranging, has a rich
history dating back to Heinrich Hertz's classical expernitsein the 1880’s,
[SkoO1]. The first radar system was invented by Christiarshhiyer (1881-
1957) in 1904 to avoid vessel collisions on the river Rhinenewm bad weather
conditions. The history of millimeter-wave (mm-wave) $takin the 1890s,
[Wil84]. By that time Hertz had performed experiments canfirg Maxwell’s
theory predicting the possibility of radio waves.

Today, radar systems exist for a variety of applicationmfieeather observa-
tion to security systems, from automotive applicationsiesumer electronics.
In the last decade, a strong growth of highly integrated lI@te@rated Cir-
cuits) in radar sensor technologies are seen. This expahsi® been fueled
by the tremendous technology advances on silicon techpdluat achieve
high integration, low cost and low power sensor circuits lfoge volumes,
especially at mm-wave frequencies. In the future, thisdiisrset to continue
at an accelerated pace given the emerging opportunitiegplitations in
single-chip mm-wave radar made possible by silicon teatgiek.

Automotive radar is one of the current challenges drivingpiration in small
low cost mm-wave radar. Today, automotive radar systemswately in-
stalled in many transportation vehicles to assist driviafety and comfort.
These systems provide drivers with information about ttstadice between
the vehicle and other vehicles, as well as obstacles presetfite road. The
radar systems can take a further step into automaticallyraiting the accel-
erate/brake system of the vehicles to avoid any accident.

Advances in silicon semiconductor technology and the faen@ltion of au-
tomotive radar sensors has brought a new drive to small agidyhintegrated
low-cost radar sensors, which can be used for speed andckstaeasurement
in commercial and consumer applications. Interest in cowswapplications
of radar is of course not new. In 1993 the IEEE held a symposiarthis
topic and there are already small low-cost hand held Dopptiar systems on
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the market, [IEE93]. Another important driving factor in mmave sensing
is the new era in Internet of Things (lIoT) remote sensing,citonsists of
acquiring information about an object without making plegsicontact with
it. In these application areas, the object can be nearbyeraaneters away.

The main research objective of this dissertation is the ldpweent of mm-

wave radar sensor system concepts for short range apptisatiThe devel-
oped radar sensor systems use the measurement princigléasffor a wide

range of applications. The primary focus lies on the sydtanal investiga-

tion of highly integrated single chip radar transceiversnat-wave frequen-
cies. The main requirements of mm-wave radar based sengensy, namely,
miniaturization, low-cost system, and reliability aredfty addressed. A new
art of system level Built-In-Self-Test (BIST) and embeddadar calibration

methodologies are proposed and implemented.

1.1 Radar sensors at millimeter-wave
frequencies: State-of-the-art

The mm-wave frequency range offers several GHz of bandwlitdihcan be
employed for bandwidth-intensive applications such aa dammunication,
high resolution radar sensor applications, remote serajimaging sen-
sor systems for safety. However, the mm-wave and sub-terafnequencies
have not been yet fully explored in integrated circuits aystems. Many IC
prototypes have been demonstrated at the frequencies dre®3&GHz and
100 GHz for radars, imagers, and communications.

In this section, an overview of the technological advanneaiin-wave circuit
components and sensors is presented. Table 1.1 revisesotdreguently
used application areas of mm-wave band. The employmened k64 GHz
band for communication technology has been very importantHe devel-
opment of mm-wave technologies, as the data rates and bdtidpriovided
by this band are excellent. The 60 GHz frequency band hasuttéed and
standardized for data communications specially in thextitoadband wire-
less indoor applications. At the time of this writing, thdlgkar industry is
just beginning to explore application beyond "4G™ and "5@y the indus-
try. On October2™? 2015, Federal Communication Commission (FCC) pro-
posed new rules (FCC 15138) for wireless broadband fredeenf 28 GHz,



1.1 Radar sensors at millimeter-wave frequencies: Statees&rt

Applications Frequency band
5G cellular 28 /38 GHz
Broadband wireless data link 57 - 64 GHz
Automobile radar 76 - 81 GHz
Imaging 94 /183 GHz
Short range devices 122 - 123 GHz
Radiometry and astronomy 183 /220 GHz

Table 1.1: Overview of mm-wave applications

37 GHz, 39 GHz and 64-71 GHz bands. Researchers are targetsg fre-
quencies for 5G applications and IoT (Internet of Thingsh. addition to
communication application, recently the 60 GHz mm-wavedbhas been
used for human mobility tracking, [ZPYM16], and hand gestsensing sen-
sor developed by Google and Infineon [NJIB5].

The 77-81 GHz band has been licensed for automotive radachvi$ one
of the driving innovation in low cost millimeter-wave raddfirst offered in
1999 by Mercedes-Benz in their luxury cars, a wide range sfesys operat-
ing at 77 GHz is now available from a wide range of vehicle nfacturers.
Based on 77 GHz MRR (Mid Range Radar) and LRR (Long Range Radar
the latest sensors can offer functions of parking aidsdkdipot monitoring,
automatic cruise control, collision avoidance, pre-s@din intelligence, night
and fog vision, and road surface monitoring. Today, withréqgd evolution
of SiGe, and CMOS technologies, [LDH 3, LLHH10a], 77 GHz automotive
radar transceivers can be realized in a single chip at lotvaswscompact size
which will further facilitate the use of such systems in lomdamedium-price
segment cars [FK08, NYP08, TDGF09, HWSF07].

Frequencies above 100 GHz are considered more useful fowaraimaging

because their shorter wavelengths can offer higher résolun recent works,
super resolution sensors have been investigated and deatedsn the mm-
wave band [CCYHO04]. As the operating frequency increasebgetomes

increasingly difficult to design and implement efficient anBust integrated
circuits because of the limited performance of devicesptioeess variations,
and inaccurate measurements and device models. The FQ@fegalloca-



1 Introduction

tions contain an ISM (Industrial, Scientific, Medical) baatd122-123 GHz.
From a practical point of view, the D-band (110-170 GHz) posgood com-
promise between the available circuit performance inailitechnology and
practical antenna size. In particular, the 122-123 GHzUeagy band was
designated to be used for short range devices in a large nuwhbeuntries,
worldwide.

In addition, sensors in the mm-wave spectrum offer a coiésst inspec-
tion of materials with radiation and high spatial resolatievhich are used
for imaging and security applications, [ASG2]. For example a mm-wave
scanner, which is a whole body imaging device used for detgobjects con-
cealed underneath a person’s clothing using an electrostiagiadiation, is
becoming popular. Typical uses for this technology incldd&ction of items
for commercial loss prevention, screening at governmeitdibgs and airport
security checkpoints. The allocation of new spectrum ha®ased in the last
decade as mm-waves are now practical and affordable, agdateefinding
all sorts of new uses. This step takes the pressure off therliquencies
and expands the band-width intensive applications in theduto create new
consumer products at high frequencies and greater data iaftale this new
spectrum gives some expansion, there are some limitati&ing frequencies
in the mm-wave band.

One of the key limitations of mm-waves is the limited rangbeTree space
loss is calculated witl g7, = (@)2, where R is the line-of-sight distance
between the transmit and receive antennas aiglthe wavelength in meter.
Mathematically, the free space loss increases with freqgueHowever, the
equation assumes unity gain antennas at each end. A latgenaris required
to get the same gain at a lower frequency. Increasing theatiprrfrequency
means operating at shorter wavelengths, allowing eithellemantenna di-
mensions or a larger electrical aperture at the same mexialiiensions.

Atmospheric attenuation effect and increased free spattelpss, and de-
creased signal penetration through obstacles should lem tato account.
The mm-wave range encompasses different absorption ésatuhich are
required to properly design a reliable mm-wave system tlgton propaga-
tion through the atmosphere. Compared to the negligibbnattion at lower
frequencies, signals above 100 GHz are subject to high oxgfpsorption
and rain fade of RF energy. Thus, these bands cannot suppgrdistance

4



1.2 Radar sensors at 122 GHz

communications, but are well suited for short-range apptina. The set of
curves in Figure 1.1 shows the expected atmospheric path loss as a function
of frequency, in the case of dry air, fog and in the presence of rain fall. Conse-
quently, in a dry air, the attenuation of mm-wave transmission for short range
application is not a matter of prime concern.

102 . T
— Dry air :

— Fog
— Rain

10t

100

101

Attenuation in dB/km

10-2

10-3 . ] . o
1010 1011 1012
Frequency in Hz

Figure 1.1: Approximate atmospheric attenuation in dry aih&mm-wave spectrum in the fre-
guency range of 10 GHz to 1 THz, [HJL87].

1.2 Radar sensors at 122 GHz

The attractiveness of mm-wave frequencies from an application perspective
is tempered by the costs associated with semiconductor device technologies
and miniaturization. The short wavelength at mm-wave frequencies permits
compact on-chip passive components design, facilitating the implementation
of fully integrated transceivers and reducing cost. The ISM band at 122 GHz
spectrum is a good compromise for short range radar based distance, angle
and speed sensing, in terms of integration and miniaturization. Low-cost solu-
tions in SiGe-BiCMOs technology is possible with mm-wave SoC approach.
The possibility of an integrated antenna on-chip or in package becomes vi-
able, thus avoiding the cumbersome and high cost packaging solutions that
would be required at mm-wave frequencies. Lastly, as illustrated in Figure
1.1, the atmospheric attenuation at 122 GHz is insignificant, even in high hu-
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midity, indicating that the environmental conditions wibht affect the correct
operation of the system. The available bandwidth of 1 GHanadlan object
distance separation of 15 cm, thus for short-range operatity single target
scenarios are feasible. The maximum allowed Effectivedgitally Radiated
Power (EIRP) of +20 dBm translate to a transmitter outputexaw the order
of 0 dBm, if a high gain antenna with 20 dBi antenna gain is iaesii

Short range radar applications

A large spectrum of applications for non-contact distarsgeed and angle-
measurement sensors can be envisioned. Application ar€laslé consumer
goods, industrial engineering, process automation, aotigeengineering etc.
Consumer applications include hand-held distance measnt In automa-
tion and industrial applications work piece monitoring aadiety installations
in manufacturing lines are promising examples. For homeubiip building
infrastructure mm-wave sensors can be used for automaticsdmnd alarm
systems.

For the above mentioned applications, often only distanéerination to a
well defined object is required. However, in addition to theasurement met-
rices, price, robustness, sensor size and measuremaihiligliare additional
requirements. Furthermore a distance sensor based oroetagetic waves
exhibits distinct advantages compared to other measutepniwiples like
laser, ultrasonic or optical triangulation. It is robustaeliable environment,
influences like ambient light, sound, vibration and tempeedo not impede
the measurement or can be mitigated. In addition, mm-wareemeisible to
the human eye and the sensor itself can be fitted behind a. cémether ad-
vantage of mm-wave radar sensors is the fast measuremeéet dgpending
on the distance range and accuracy, the measurement canfierge with
nearly arbitrary speed.

1.3 Requirements of radar sensors for short
range applications

Mm-wave sensors requires a system architecture that caredéie perfor-
mance, reliability, and low cost by using design technicaregavailable semi-
conductor technologies. The benefit on an increase in frexyugot only man-
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ifests in the ability to use more compact high gain antenmassen on-chip
integrated antennas, but additionally results in higheuescy for distance
measurements with micrometer accuracy. The main requirtentd future
portable sensors and devices are summarized as follows.

Miniaturization The proliferation of radar sensor electronics into poeabl
devices for consumer electronics, automobiles, and industpplica-
tions is forcing the cost and further miniaturization of gensor elec-
tronics. As the costs of integrating more and more comp@namb the
same piece of silicon increase, alternative ways to integtee whole
system into a single package, such as surface mount tedfies|are
becoming more attractive. In the case of mm-wave radar sgniste-
gration of the silicon IC and the antennas in the same hoysdag a
crucial role in terms of miniaturization. Increasing thedquency of op-
eration will allow further miniaturization of key comportsrand offer
small-size solutions.

Accurate, short range measurement capability Despite several suc-
cessful demonstration of compact, low cost radars in regeats, re-
ported systems tend to show limitations towards measurearmehde-
tection of short range objects. Frequency modulated coatis wave
(FMCW) radars transmit and receive simultaneously and apahia
of very short minimal measurement ranges. In practice, thegmnce
of a large DC component in the demodulated IF, which must be fil
tered to prevent amplifier saturation, limits the minimumasi@ement
range in an FMCW system. Most FMCW type radars presentedrso fa
implement a homodyne architecture, which introduces bl with
DC offsets that reduce sensitivity in the near range. Thussd sys-
tems require some additional and often advanced caliloratial signal
processing steps. At the outset of this PhD thesis a heteeo@dylar sys-
tem architecture is investigated to improve the short rangasurement
capability. Based on theoretical investigations on vegitnansceiver
architectures, a heterodyne architecture could overchm®C-offset
issues at short range.

Test cost reduction  Testing cost is a significant part of the overall prod-
uct cost for modern integrated circuits. In particulartites RF and
mixed-signal components in a System on Chip (SoC) to exathigie
conformance to specifications [CC10] could account for ugda of
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the overall cost of the SoC [PDAO10]. In addition to randonfedes

and systematic failures that could result in defective dewj parametric
variations in circuit, device and process parameters cdegiations in

device performances, such as gain, power, frequency oftiperand

bandwidth. This necessitates the need for a new approach @ng

mm-wave design through integration of on-chip BIST and BiniSelf-

Calibration (BiSC) circuits. Reducing RF test complexitydecost is

still an open research topic that has been addressed in aenuwhbif-

ferent approaches. This is achieved using digitally esgistm-wave
circuits to monitor and calibrate a mm-wave shortcomingstiegrated
ICs. A BIST and embedded calibration concept for an integrdd-

band radar sensor is addressed in this thesis.

1.4 Goal and organization of this thesis

This dissertation investigates concepts of miniaturizethr sensor systems at
122 GHz operating frequency with a particular emphasis antsange sens-
ing applications. The focus is to build-up a low-cost, hygintegrated, single
chip radar system for universal application. System desmmsiderations,
comparison of different radar system architectures anejmtion concepts
for miniaturization are analyzed briefly. The broad theméhe thesis is to
explore the most appropriate and feasible solution in tesfr/stem archi-
tecture of sensors above 122 GHz for short range distancaragld sensing
applications. Furthermore, a Built-In-Self-Test condept highly integrated
radar sensor is realized and analyzed.

The tasks and organization of the thesis can be broken upkagure 1.2. In
Chapter 2, the working principles and definitions of radatem metrices are
discussed. Types of transceiver architectures, choicastenna and packages,
with a focus on mm-wave technologies is addressed in deBalsic concepts
pertaining to FMCW radar sensors are reviewed. Chapter 8uetdd to a
single chip miniaturized dual channel radar sensor with fip entennas to
measure distance and estimate direction of a single targetsystem design
and architecture of the radar sensor are described. Theatwiiziation con-
cept and integration of the on-chip antennas are discuddedsurements of
the transceiver system and performances are presentdad ahtpter.
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Chapter 2:
System definition and radar architectures

/7 ] N

Chapter 3: Chapter 4: Chapter 5:. )
Single chip, dual-Channel, D- Novel heterodyne radar system Embc.ddcd auto-calibration
band radar transceiver architecture technique for radar systems

g | P!

Chapter 6:
A D-band radar sensor with

Built-in-Self-test

Figure 1.2: General outline of this thesis.

Chapter 4 describes and discusses the design approach bf ategrated
heterodyne radar system architecture operating at 122 His proposed
radar transceiver achieves a very good performance in tefn¥C-offset
eliminations for short range sensing applications. Theuradtrcuit descrip-
tion, implementation of the system and measurement reatdtsliscussed.
Furthermore, this chapter compares the performance of gneoand hetero-
dyne radar architectures for short range distance sensing.

An embedded auto-calibration technique for radar systenistioduced in
Chapter 5. A brief summary of the status and trends of mm-westng
methodologies are revised in Chapter 6. The concept is lmsadnonostatic
heterodyne radar system architecture which is built symioadiy, with one
of the channel connected with antenna and the second chinméhated by
a programmable impedance tuner for built-in calibratidmesoe. The concept
is verified by comparing with on-wafer probe measurementssygtematic
error calibration concept for RF-impairments in radar eyt is investigated.
The same sensor architecture with several Built-In-Seft Tapability is pre-
sented, which shows a low-cost, low frequency test metlogyoht mm-wave
frequencies. The integrated components could be accesdedanitored dig-
itally during BIST mode. Furthermore, a novel method for mweament of
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a complex S-parameter and on-line monitoring of antennatmrag is shown
for the first time. Finally, conclusions are drawn in Chapter
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2 System definition and radar
architectures

This chapter reviews the theory and working principles dérasensor systems.
It starts with a basic concept and definition of radar perfotoe metrics. The
system level considerations and operation of radar retegdhis thesis are ex-
plained. Section 2.3 discusses different radar systenitacttires that can be
realized in a standard integrated circuit form and the mdirmatage and dis-
advantages of each architecture is analyzed. The workingiple of FMCW
radar is described in section 2.2. Mm-wave antenna congeatkaging and
interconnect technologies, in the context of this work angsed in the final
section.

2.1 Radar performance metrics

A radar system consists of a transmitter and a receiver, @maa, a controller
and of digital processing software that interprets theltes$o obtain distance,
velocity and angle information. There are several pararaéat quantify the
performance of a radar system. The degree to which each pteameeds
to be satisfied depends largely on the application. For ela@nipe case of
a single large nearby target has vastly different requirgsnfrom that of an
airborne radar that has to detect extremely fast movingotdbptt distances of
several hundred kilometers.

Radar range equation

The basic principle of radar is that an RF signal is transditbwards the
target of interest, which is reflected from the target ana ttezeived by the
radar antenna. Information regarding the distance, velafpeed and angular

11
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position of the target is detected using the reflected sigria received power
can be described by the radar equation [Sko01] as:

P _ PrxGrxGrx Ao
fie = (47)3R*

(2.1)

where Pg,. is the received powet’r,. is the transmitted powetirx is the
transmit antenna gairiy g x is the receive antenna gaii,is the wavelength

of the carrier frequencys is the RCS of the target, and R is the range of the
target, [Sko01]. Note that this radar equation is valid dftlge target is in the
far-field of the antenna.

Velocity estimation

The Doppler effect was discovered by Christian Doppler in2L8or a mov-
ing target, its velocity is measured based on the well-kn®@eppler effect.

If the radar transmits a signal at a frequerfgy the reflected signal from the
moving target is subjected to a Doppler frequency shiffrom its transmitted
frequencyf, induced by the relative motion between the radar and thetarg
In the case where a target has a radial velocjtythe Doppler frequency shift
fp is determined by the radial velocity of the target and tharacnsmitted
frequencyf,:

fo = =2fo=" (2.2)

whereur, is defined as positive value when the target is moving away fre
radar.

Maximum range

The maximum range of a raddg, ..., is the maximum distance where a target
can be detected, which depends primarily on the SNR of thesverc Assum-
ing the target to be in the center of the antenna beam, thenmoaxiradar
detection range derived from equation2.1 is defined as:

PrxGrxGrx o
(am)s P

min

Rmax = ( ) i (23)

whereP is the minimum detectable power at the input of the receilee

expression demonstrates the relationship between thet tamgge, transmitted

12



2.1 Radar performance metrics

power, and minimum detectable received power. Increasiagransmitted
power and/or decreasing the minimum detectable receiveetipmcreases
the maximum range of the radar.

Receiver sensitivity and dynamic range

The minimum receiver power, which can be detected by ther nag@iver is
refered as receiver sensitivity. To estimate the sensitofia radars systems,
the parameters in the radar equation 2.1 are used, [Skaigpéndent of any
signal modulation schemes used, the sensitivity can beidedas:

) Prx PrxGr,Grx\’o
~ = pm = (2.4)
Noin _ Pi%~ (4m)3kTsyAf NF R*

P =kTeys AfNF (2.5)

where Prx is average transmit powek, =1.38 - 10~23Ws/K is Boltzmann
constant,Ts, is temperature of the system, BW is receiver bandwidth, and
NF is noise figure. Therefore, the minimum detectable signaknsitivity of
aradar sensor, apart from the antenna gain and the noise fignich couldn’t

be influenced by signal modulation scheme, depends mainthe@average
transmit power.

Minimum detectable signal depends on the receiver bandwidlff), noise
figure (NF), temperaturelfs, ;) and required signal-to-noise ratio (SNR). A
narrow bandwidth receiver will be more sensitive than a widandwidth
receiver.

Another standard receiver specification is the dynamic eamghich is the
ratio of maximum-capable to minimum detectable signal donghé. The ratio
of the largest receivable signal to the minimal detectalgeas is defined as
follows: )
P’Ln
DR = -14% (2.7)

in
man

where DR is the dynamic range amf”, .. is the maximum allowable power
at the input of the receiver. The minimum detectable sigRt,,, must be
above the receiver noise level. The DR of the system willcatfiee maximum
range at which a target can be detected.

13
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In order to achieve a high dynamic range in FMCW modulatedradnsors
two effects should be considered. Primarily, any noiseéréceiver will lead
to a higher noise level in baseband, which depends on thefarafibn level
the receiver. For example, in the presence of a DC-offseigiwivill be de-
tailed in Section 4.1, a close-by object can be masked byeravis will fail
to be detected by the radar. The second effect is false detenftan object
when the receiver is saturated due to high reflection andbkigarmonics with
frequency components near to baseband. To improve the dymange, a
high-pass filter can be implemented to compensate the badsmal. How-
ever, a full compensation is not possible, due to the cogpdihrange and
speed of the range superimpose in baseband for FMCW.

Range resolution and accuracy

The range resolution defines the ability of resolving twonpaargets within
the same antenna beam, close together in the range domasugethe delay-
time 7 of a radar signal returned from a target is related to rangg Rb 2&,
the resolution in range is directly related to the resotutiodelay time. The
range resolution of FMCW radar is determined solely by thedadth of the
chirp, independent of the chirp duration which permits fiaege resolution
to be achieved. The range resolutiamR is described by:

C
2Af

AR = (2.8)
where c is the speed of light anif is the signal's bandwidth. The range
resolution is independent of the center frequency of omeraalthough there

is a clear advantage in operating at higher frequenciesdaltethigher band-
widths available.

The accuracy of the radar is the average absolute error idetected dis-

tance R. It is represented by the standard deviati®),and depends on the
SNR, as well as, on systematic errors such as the non-idsatit the radar

waveform. Obviously, due to the increasing free space ladsdistance, the

accuracy of a radar degrades with increasing distance taibet.

SR~ 2T ¢ (2.9)
V2SNR 2A f\/(2SNR) '
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whereA R is the range resolution. A high accuracy FMCW radar sensor at
mm-wave frequency is reported in [Sch16].

Doppler resolution

Doppler resolution refers to the ability of resolving twadets in the radial
velocity. The Doppler velocitA Vp, is related to the measurement time T and

the carrier frequency by:
Co

AVD:QfCT

(2.10)

Angle measurement

In addition to distance and relative speed measuremerterntaing the di-
rection to a target is one of the basic functions of a radae Most widely
used methods of determining the direction to a source ofatsgare meth-
ods of linear scanning and sequential switching of radmtiatterns, which
are performed by single channel direction finders. FiguteaZllustrates the
schematic of the principle. Based on these methods, thetidineto a source
was determined by a comparison of signals received segligriiyy antennas
with various radiation patterns.

(a) (b)

Figure 2.1: Angle measurement methodology with radar sen&@rS&canner principle for angle
determination, with a closely concentrated beam scanniagvtiole area to detect a
target. (b) Monopulse principle.

Another common principle to find a direction of an object isnopulse
method. The direction finding lies in the reception of signafflected from a
target simultaneously along several independent regeisiriennas with the

15
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subsequent comparison of their parameters, as depictadureR2.1 .b. The
receiving antennas may differ due to the beam charactaisti of the hor-
izontal position displacement. There are two differentdkirof monopulse
radars:

e Amplitude-comparison monopulseconsists of multiple antennas build-
ing the individual signals and giving them a common phas¢eceBy
comparing the relative amplitude of the pulse in the two bgaits
position in the beams can be determined.

« phase-comparison monopulsases multiple separate antennas looking
all in the same direction with a separation baseline regylti indepen-
dent phase centers.

For two or more antennas separated by a distance d, with d&wwatv@cident
angled, then the extra path\/, the signal must travel between antenna 1 and
antenna 2 results in a phase different&, between the two antennas.

Al = dsin(0) (2.11)

Figure 2.2 shows a schematic representation of the anglsurezaent princi-
ple with n parallel receiving channels. The path differeresults in a phase

0 Wave front
V ad -
| i
| -7
I -7
|///‘ Al
- \
Pis | N
-7 |
=
J— R
N4
\‘/
I
<—d>/
I
RX-1 RX-2

Figure 2.2: Principle of angular measurement based on ph#iseedice in the azimuth plane by
two receiving antennas.
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differenceA® between the signals from the two antenna:

Ad = o7 2L _ o d5(0) (2.12)
A A
This can be used to calculate the direction of arrival using:
AAD
0 =asin | — 2.13
asin ( 5rd > ( )

Due to the azimuth position of the target, a linear phase saif be observed

in the receive signal between the consecutive antennaspfdse shift can

be exploited in order to obtain the corresponding angle artté the DoA.

For a distance d % between the two antenna elements, and according to the
spatial sampling theorem, azimuth angles in the range of [—-%, 7] can

be measured. For unambiguous results, the antennas steuglobbed half

a wavelength apart, or less. This will manifest as additidmiaes with the
same height as the main lobe. These lobes are called gratieg bnd they
introduce ambiguities in terms of the position of the maximpeak in the
beam pattern.

2.2 Frequency modulated continuous wave radar

Frequency modulated continuous-wave (FMCW) radar systenmoy fre-
quency modulation at the signal source to enable propagdgtay measure-
ments to determine the distance or speed to a target. Figdigh@ws the vari-
ation in frequency versus time for the transmitted and kecksignal, based
on a simplified linear chirp. The frequency modulation calesehange on the
transmit frequency over time, which results in a frequeritfeiénce between
transmit and receive signals. The mixing process is cagigdy the mixer
which produces summation and subtraction frequencies ofstgnals. The
frequency difference between two signals is called as agdigagal which is
proportional to the distance between the radar and thettasgeell as doppler
of the target.

17
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Figure 2.3: Time dependent behavior of transmitted and reddfMCW signal: solid curve rep-
resents transmitted signal; dashed curve represents thiggd@cho signal.

In FMCW radar signal processing, when there is no dopplét ishthe trans-
mitted signal or stationary target, the beat frequency mreaghe target range.
Thus, f1.q: can be computed as follows.

Srx(t) = Arx - cos(2n(frx(t)) - t) (2.14)
fo(t) :fo‘i’%' t (215)

The transmitted signaix will be reflected from a target at a distance R and
will be received by the receive antenna. The time delay oktgeal will be

calculated as oR
At="— (2.16)

Co

The received signal and its frequency is thus the combinati@quation 2.14
and 2.15, which is described as

Srx(t) = Apx - cos(2n(frx(t) - t) (2.17)

Af

frx(t) = frx(@)(t—At)=fo+ -

S(t— At (2.18)

18



2.3 Radar transceiver architectures

Since the frequency changes linearly over time, applies

frx = fo+ 3 w-an=f+ 2020w @i
frx(t) Soeat
foeat = %‘f WA (2.20)

When there is no doppler shift in the signal, the beat frequémé&quation
2.20 contains information which is directly proportional the distance of
an object as describing in 2.16. Thus, by combining the twaa#qn, the
distance to an object can be computed as:

lco

R = 92 Af fbeat

(2.21)

2.3 Radar transceiver architectures

In this section, a basic radar system architecture is firstriteed, and then its
various configurations are briefly highlighted. The diffraspects of these
configurations are explained, and contrasted with theiaathges and disad-
vantages while highlighting the more suitable setup foegration in a single
chip system.

Monostatic radar architecture

Mono- and bistatic radar sensor architectures differ indiagign of the trans-
mit and receive antenna. In a monostatic radar architeetwiagle antenna
performs both the transmission and reception of the radaakias shown in
Figure 2.4. A coupler or a circulator isolates the transditind received sig-
nals. An ideal circulator theoretically provides infinisoiation between the
transmit and receive path. However, circulators are intfaldfor integration
at mm-wave frequencies, thus they are usually replacediyylecs. Neverthe-
less, in practice the isolation of couplers over a certaimdiadth is limited,
which leads to leakage of the transmit signal to the receatl.p This can
cause a performance degradation of the following receioerponents, such
as the mixer. Furthermore, the mixing of two signals withghee frequency
components results in a DC at the base band, which is know®&saffset.
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coupler

antenna ol
Target
—

ADC

mixer LNA

Figure 2.4: Monostatic transceiver architecture corgistif one antenna for transmit and receive
a signal and a coupler for signal splitting.

The DC-offset part affects mainly the dynamic range of theldg-Digital-
Convertor (ADC) and in the worst case leads to non-detecti@bjects in the
sight of the radar. The DC-offset topic in radar sensors faildel in section
4.1.

Bistatic radar architecture

Bistatic radar possess spatially separated transmit acglvee antenna, as
shown in Figure 2.5. The IEEE standard 686 - 1997 [66198] edmed
bistatic radar as a radar using antennas for transmisstbneaeption at suffi-
ciently different locations that the angles or ranges frbose locations to the
target are significantly different. There is no strict defom specifying the

| Tx—anten?a
D> =
VCO PA

|Rx—antenna —
aod——X)—<—<

mixer LNA

Figure 2.5: Bistatic transceiver architecture consistihgpatially separated transmit and receive
antennas.

distance between the transmitter and receiver. Howeveeraediscussion
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suggest that the geometrical separation between the titaaschreceive an-
tennas to be larger than the distance between the respant@enas and the
target, [Sie58]. Radar systems with smaller distance batviee transmit and
receive antennas are described as quasi-bistatic, [Jat@&]main advantage
of a bistatic sensor is the isolation between the transnditraceive path, due
to the geometrical separation of the two antennas. Unligertbnostatic archi-
tecture, bistatic radars have higher costs and need ad@itmtenna aperture
area. In this work, only monostatic radar architecturesrarestigated.

2.3.1 Radar receiver concepts

This section examines two basic receiver concepts for ragiasor applica-
tions. The radar receiver amplifies, filters and down-casvre received
target echo in such a way that the resulting intermediatgugacy (IF) or a
baseband signal can be processed to determine the distashoelative speed
of the target.

PLL/ S fup coupler antenna
- PA —
Divider = <

fRF + fbcat

ADC

LPF mixer

(a) Architecture of a homodyne receiver

Figure 2.6: Simplified block diagram and spectra of a homodgdarntransceiver.

Homodyne

A homodyne receiver architecture was first introduced by .bj. Eolebrook
in 1924, [Tuc54]. It involves mixing the received signal a signal at the
same frequency as its carrier, so that the RF frequency isecu directly to
base-band. This type of receiver, also called direct caiwey has the lowest
complexity. The same signal source is used to generatesthenit signal and
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to supply the local oscillator (LO) signal for down- conversto the receiver.
A typical homodyne transceiver front-end architecturenigven in Figure 2.6.
The main advantage of a homodyne receiver is, its simplegchad it does
not suffer the image problem as the incoming RF signal is doanverted
directly to baseband without any IF stage. The cost and poaesumption
of a homodyne transceiver are reduced due to the smalleremohlbuilding
blocks compared to the heterodyne architecture. Perfarenartypically lim-
ited in a homodyne architectures in several ways. DC-cffaatdl/f noise
are absolutely critical impairments of homodyne receiveéfee major part
of the DC-offset is generated at the output of the mixer wieakdge from
the local oscillator is mixed with the LO signal itself. Thisuld saturate the
following stages and affect the signal detection process.

Heterodyne

The principle of a heterodyne receiver architecture was ifitsoduced by
R.A. Fessenden in 1901, [Bel02]. However, it was the U.S araerscientist
E. H. Armstrong, who developed a superhetrodyne receiverimplement

thatin hardware in year 1918, [Arm24]. A heterodyne reaei@@vn-converts
the RF signal to one or more intermediate frequencies befameerting it to

base-band signals. A simplified block diagram of a heteredwdar receiver
is shown in Figure 2.7. The heterodyne system is the mosstdtansceiver
architecture and has been widely used in transceivers. @efibis the down-
conversion process does not fold the RF signal back arouncab€thus do
not mix frequencies located above and below the RF carriayg BC- error

related to imperfections in the receiver electronics &gl noise, could be
eliminated by using a bandpass filters (BPF) or a simple DiekblChapter 4
examines a D-Band single chip radar prototype with a hetgr@drchitecture.
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2.4 Millimeter wave packaging and interconnects

antenna

VCO
PLL/ foe | coupler e
Divider "\ : PA = <

LPF mixer IF-amplifier ~mixer

Figure 2.7: Simplified block diagram of a heterodyne radarscaiver, [Cha00].

2.4 Millimeter wave packaging and interconnects

Radar sensors that meet both cost and performance expastatiquire ad-
vances in how the MMICs are packaged and assembled, whichbausth

reliable and cost effective. This is a key element in theitgbib produce

truly low-cost mm-wave systems. Packages at high frequaricyduce gen-
erally very important parasitic elements causing perfeoroeadegradation or
detuning of the MMICs characteristics enclosed in the pgekaThe main

requirements of mm-wave packages and interconnects are:

« the interconnects should provide good mm-wave performavith low
reflection and low insertion loss. This is important for effit trans-
mission of mm-wave signals to and from the MMIC.

¢ passive mm-wave components, for example antennas, héedown-
scaled in respect to the signal wavelength which may cadfeutties
with mechanical fabrication techniques, and chip asseimtagesses at
low cost.

¢ transition and feed lines to the antenna should be realizadow-loss
fashion. Therefore, the losses in the dielectric matendl@mic losses
in the conductor should be reduced.

A study and investigations on mm-wave packaging and intereots is done
and analyzed in [Beel3].
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2 System definition and radar architectures

Wire-Bonding

Wire bonding is by far the most used interconnect technokoggonnect a
semiconductor chip to a printed circuit board or a packadggurg 2.8 illus-
trates two typical mounting scenarios: the active die amethe top of the
substrate carrier, and the chip mounted in a cavity of thes&Strate. In
mm-wave systems primarily ball-wedge bonding techniquis 256-33 m
diameter gold wires and 100-3Qdm wire lengths are used. The electrical
performance of wirebonds depends on multiple factorsedlatainly to the
chip mounting scheme. The wire-bonding is a mature, theewrphnsion
insensitive, and high yield process that supports, a wedlbéished low-cost
infrastructure with high reliability. Unfortunately, tiedectrically long loop of
the bond-wires will introduce considerable parasitic @fgabout 1 nH/mm
of inductance as a rule of thumb) so that they exhibit lowsgesgquency char-
acteristics in the mm-Wave range, [SM96].

A~ —

— N

~— Antenna
w /H\_

PCB
PCB
(a) Chip on board (b) Chip mounted in a cavity of RF-
substrate

Figure 2.8: Chip integration with PCB antenna using boncewblution.

nelie

Figure 2.9: Radar MMIC bonded in a cavity of RF substrate, [HW@].
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2.4 Millimeter wave packaging and interconnects

Flip-Chip

Flip chip is a standard processes to connect chip to a stiaskigp Chip pro-

cesses were originally developed for multi-chip appli@asi on ceramic mod-
ules. At mm-wave frequencies, flip-chip technology has bezthe standard
die interconnect solution for organic substrates. Flichounting has, com-
pared to wire bond technologies, lower parasitic inducteamad lower ohmic

losses because of the shorter interconnect distance. dmnitp advantage of
soldered flip-chip mounting in general is the self-alignimigh high repeata-
bility. The package carrier, either substrate or lead-&athen provides the

PCB

Figure 2.11: Chip attach in flip-chip technology.

connection from the die to the exterior of the package. Tlematic of a
typical flip-chip mounting of chip is depicted in Figure 2.18 photo of mm-
wave die attached on PCB is shown in Figure 2.11. The flip-chipnection
is generally formed one of two ways: using solder for chipthwilder-ball
or using conductive adhesive in case of stud-bumps. A burtypisally 50-
60 xm high and 80-10Q:m diameter. The solder bumped die is attached to
a substrate by a solder reflow process. After the die is sedfjemder-fill is
added between the die and the substrate.
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2 System definition and radar architectures

2.5 Millimeter wave antennas

Antennas are key elements and research topics in a low @aton of mm-
wave systems. For antennas at mm-wave frequencies, tatkbhallenges lie
in high efficiency, ease of integration, and high precisi@nofacturing. Thus,
instead of a discrete antenna, namely, an antenna whiclsiigrekel and fabri-
cated independently, antenna designs tend to shift to aatienpackage (AiP)
and antenna-on-chip (AoC) solutions. The main requiremfamtthe antenna,
beyond low-cost and small size, are wide bandwidth, rasheadificiency, and
technological reliability. Advanced fabrication techogies associated with
low loss materials provide feasible solutions for impletirgnhighly efficient
antennas. Challenging integration issues can be solvedbgysing appro-
priate designing methodology, manufacturing techniqueescautiously opti-
mizing all transitions. The following section comparesaip antennas and
Antenna-in-Package for mm-wave application.

On-Chip Antenna

On-chip antennas integrated on silicon technologies haen linvestigated
for many years in order to provide highly integrated and st solution
for short-range applications in the millimeter-wave bandhe main benefit
of the on-chip integration is to avoid any interconnectidrhigh frequency
signals, which necessitate complex and expensive teciesloHowever, the
drawbacks come from the poor antenna performance obtaimadthe low-
resistive silicon. The antenna, which converts RF powenftbe circuits to
electromagnetic (EM) radiation, finds low-resistive pdttotigh the substrate
and thus incurs gain degradation. The second drawback démgmting an-
tenna in silicon based technologies is its high-dieleatonstant ¢, ~ 11.7),
causing most of the power to be confined in the substrateadsté being
radiated into free space, further degrading the radiatfiiciency. To counter-
act this behavior, a number of techniques have been deptoyietprove the
radiation efficiency of on-chip antennas by redirectinggbeer coupled into
the substrate, as in [SHBV12].

One possible method to improve the off-chip radiation of ateana is to
add an additional dielectric on top of the IC’s back-end. dfms options for
this are a simple superstrate, a resonator, and a lense. A2@€sign using
a superstrate, for example, achieved a radiation efficiefiéid - 62 %, see
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2.5 Millimeter wave antennas

[OR11]. At nearly a third of that frequency, a 35 GHz slot aunte design with
metal shield in the lowest metal layer of the back-end ankkdigc resonator
on top of the slot achieved an efficiency of 39 see [NAFBSN10]. On-
chip antennas including lenses were, for example, preséntfBGK*06],
[NHNAT12]]. In both cases the lense was attached at the bottom ahipe
Hence, the electromagnetic wave first has to penetrate theesistive BiC-
MOS substrates. Therefore, the 77 GHz antenna design fr@K{®6] only
achieved a maximum gain of 2 dBi, which is rather low for a &astenna.
The design presented in [NHNAL2], however, achieved 17.8 dBi at 180 GHz
with a stated radiation efficiency of 50. In this work, radar sensors operating
at 122 GHz with on-chip antennas are presented in Chapted 3.an
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3 Single chip, dual-channel, D-band
radar transceiver

Silicon based technologies have been advanced towards the speed of tera-hertz,
which makes it possible to build a millimeter-wave transceiver into a single
chip. The high integration level of SiGe-BiCMOS technologies promises a
low overall system-cost for a wide variety of new applications. In the frame
work of the European Union funded project SUCCESS, [SUC13] the research
teams achieved a milestone towards low-cost, miniature radar sensors all op-
erating at 122 GHz, [SS11b, GBH3, GPG 14]. SUCCESS targeted to
develop a technology platform and best-practice design methods to enable the
breakthrough of silicon mm-Wave SoCs for high-volume applications.

In this chapter, a dual-channel, short range, monostatic radar sensor oper-
ating at 122 GHz is presented for the first time. The mm-wave frontend,
including two on-chip antennas is based on an integrated circuit realized in
SiGe-BICMOS technology. The concept of using a parasitic patch on an addi-
tional glass substrate above the SiGe chip was first presented in [HWGH10],
which is applied for automotive radar application operating at a frequency
band of 77 GHz. The realized sensor in this work is specifically tailored for
short-range distance, angle and speed sensing.

3.1 Transceiver architecture and circuit
implementations

Figure 3.1 shows the system architecture of the realized transceiver circuit.
The realized radar MMIC is a homodyne, dual-channel sensor with two on-
chip integrated antennas. To reduce the overall system complexity, a monos-
tatic radar architecture is selected, which significantly reduces the overall size.
The circuit blocks of the transceiver could be controlled digitally via SPI inter-
face. The system level parameters of the transceiver is summarized in Table
3.1
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3 Single chip, dual-channel, D-band radar transceiver

The monolithically integrated radar includes a VCO, powmphfiers, low-
noise amplifiers, and sub-harmonic mixers (SHMs). On thestrat side, a
60 GHz LO signal is generated by a push-push oscillator tthéurreduce
the VCO fundamental to around 30 GHz. Each of the two idehtieasmit
channels include, a frequency doubler, a coupler and btional power de-
tector (PD) to measure the absolute output-power and aat@atching. This
configuration allows to verify the functionality of the tismitter path up to
the antenna by using DC measurements. An integrated dinattcoupler
isolates the transmitted signal and the received signaatefil by the target.
The coupler is designed based on an edge-coupled line wteuahd has a
quarter wavelength at 122 GHz. The tuning characteristicsghase noise
measurements of the VCO is shown in section 3.1.

A divide-by-16 chain, at approximately 3.8 GHz, is providedan off-chip
phase-locked loop (PLL), in order to lock the VCO to a staklerence fre-
qguency and modulate the transmit signal in FMCW mode. Twerards are
integrated to transmit and receive a signal simultaneously

Type Specification

VCO tuning range 117.5-123.3GHz
Maximum transmit power 0dBm

Operation bandwidth > 1GHz

Detection range (m) 0.15-5m

Range resolution 15cm

Range accuracy +2 mm

No. of channels 2

Antenna gain (simulated) 6.6 dBi

DC power consumption 450 mW

Table 3.1: Summary of realized radar sensor system level psgesne

In the receiver chain, the Low-Noise-Amplifiers (LNAs) amdléwed by two
sub-harmonically pumped mixers (SHM), to mix the receive B0 signal to
baseband. The two passive SHMs are driven by the same 60 GKigh@l as
the input of the frequency doubler. The baseband signafsigreer amplified
by a pair of variable-gain amplifiers (VGA). The digital casitblock consists
of SPI core with register files are used to control the on-clviguits, such as
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3.1 Transceiver architecture and circuit implementations

Figure 3.1: Block diagram of the realized transceiver chip

VCO coarse tuning, multiplexer output control, gain cohtthe PA, LNA
as well as VGAs. The dual channel chip occupies a chip aredbahin x 2.6
mm, including the integrated on-chip antennas. The anteareplaced half-
wavelength apart from each other. The power of the two tréttesnchannels
is in-phase combined in free space. The circuit blocks ofrduesceiver have
been detailed in [SS11a, SS12, SFCS12].

Semiconductor technology

A 130 nm SiGe-BiCMOS technology is adopted in this design (XD9],
which combines standard CMOS transistors and highspeedKiferojunc-
tion bipolar transistor) with relatively high breakdownltages. Therefore,
it allows to integrate high-performance SiGe front-endd digital building-
blocks into a single die to reach a very high integrationlleVae used technol-
ogy features HBTs with 270/330 GH% / f 1.4 @and a 5/VBV,;, (HBT collec-
tor to base breakdown voltage with emitter open). There aleminum lay-
ers for interconnection, where the top-two layers have 3andh thicknesses
for constructing high-performance inductors and transiorslines. Figure
3.2 shows a simplified cross-section of the metal structuhéch is used in
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3 Single chip, dual-channel, D-band radar transceiver

electromagnetic modeling. A typical 50 microstrip transsin line can be
constructed by using a 16m trace at top-metal-two (TM2) with metal one
(M1) as ground. It has a loss of about 1dB per millimeter at G2{z.

3.2 On-chip antenna design and packaging

One of the main benefits of designing transceivers operatioge 100 GHz is
the small antenna size. It thus becomes feasible to ineetfratantenna on the
same chip with the transceiver, thereby avoiding lossy memeatransitions
between the chip and the package. Considering resonamirastetheir phys-
ical size is proportional to the wavelength, and thus irelgrproportional to
the operating frequency. At 122 GHz, a half-wave lengthlpaidree space
is 1.23 mm long. An on-chip antenna is shorter because tiectlie constant
of the material surrounding the antenna reduces the waeeitieby a factor
of \/e, wheree is the relative dielectric constant of the material. Thecbip

Passivation 0.4pum

M5 0.45um

SiO,

15.26um
9.38um

M3 0.45um
M2 0.45um
M1 0.4um

S | Active

devices

Figure 3.2: Cross sectional view of 130 nm SiGe-BICMOS tedbay.

antenna of the dual-channel transceiver is designed atidegan IHP’s pro-
cess described in section 3.1. The on-chip antennas arerimeplted in the
Back-End-of-Line (BEOL) process, whose schematic viewhiew in Fig-

ure 3.2. The BEOL process offers 7 aluminium layers in 130 @chnology
buried in the insulator of silicon dioxideqiO-). The top thick metal layers of
TM2 and TM1 are usually used to construct RF passive compsnteneduce
the metallic loss. All metal layers can be interconnectedtagked via arrays.
The silicon substrate has a low-resistivity of @&m. The original thickness

of the wafer is 75Q:m, but it can be back-grinded to a required thickness. The
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3.2 On-chip antenna design and packaging

secondary radiators

quartz-glass

™2

Si0,

Ml

Si substrate

Figure 3.3: An electromagnetically coupled quartz-glagsrama placed on the top of the silicon
chip. The AoC ( Antenna-On-Chip) is used as a primary radiator

proposed antenna configuration consists of a parasitinatsoplaced on top
of the MMIC excited by a shorted patch antenna implementeldrack-end
layer stack. Figure 3.3 presents the layout of the 122 GHzrelmagnetically
coupled on-chip microstrip antennas. The 3- bottom meta@ra(M1 -M3)
are shunted together and they acts as the ground plane fanteena, and it
isolates the antenna from the lossy silicon substrate. Theter wavelength
patch is located at the top-metal layer (TM2). Txgl-resonator is w = 160
pm and | = 290um in size and placed on TM2. The optimized dimensions
of the antenna layout is listed in Table 3.2. The layers M1 -&# used as
ground layer. To connect M1 to TM2 a via fence has been added.

The simulated directivity for two antenna elements in cuativué is D ~
8.76 dBi and the simulated gain is G = 6.6 dBD.7dB at 120 - 123 GHz
(G=¢D, efficiency e= 60+8%). Figure 3.5(b) shows the combined 3D- far
field diagram of the two antennas. The simulated efficienctheftwo an-
tennas with and without the quartz-resonator is shown inifei@.7(b). The
spacing between the two antennas is\0ab 122 GHz. The mutual coupling
between the antennas were simulated using the 3-D eleagreatia simulator,
CST Microwave Studio, and is <-25dB at 120 -123 GHz. A 3D- niaugud-
ing the wire-bonds and the QFN package is used for simulaéisrshown in
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3 Single chip, dual-channel, D-band radar transceiver
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Figure 3.4: On-chip antenna layout

Figure 3.5. The simulated return loss and coupling of theramds is depicted
in Figure 3.7(a).

Label Description Dimension
p_| on-chip patch length 290m
p_w on-chip patch width 16pm
w_m micrsotrip feed line width 1em

r | quartz resonator length 520n
rw guartz resonator width 25@m
e-silicon Dielectric constant of silicon 11.3
e--glass Dielectric constant of glass 3.77

Table 3.2: Dimension and parameters of the on-chip antenna

The realized radar transceiver is packaged using a wirelibgrtechnology

in a 5mmx 5mm open cavity QFN package, as shown in Figure 3.6. As
all millimeter wave signals are routed inside the packagéy direct current
(DC) and signals with a frequency of less than 3.8 GHz neee tconducted
through the package leads.
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3.2 On-chip antenna design and packaging

(a) 3D antenna simulation model (b) 3D radiation pattern

Figure 3.5: Simulation model and 3D far-field diagram of the bmechip antennas.
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Figure 3.7: Simulated S-parameter of the two on-chip antenBa$ is input match and S21 is
coupling of the two antennas. Simulation results of anteffir@esncy with and with-
out quartz glass.
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3 Single chip, dual-channel, D-band radar transceiver

3.2.1 Antenna pattern measurements

The radiation pattern measurements are performed in atmaicezshamber, by
rotating the radar sensor board to scan the half-spheredithe measuring
antenna. In this measurement scenario the radar sensedsss transmitter
and a standard gain horn antenna as a receiver in the fardigioh. The an-
tenna’s measured and simulated radiation patterns arensimokiigure 3.9(a)

and Figure 3.11, which show good agreement. This term repteshe result
of adding up all the radiation contributions of the two am@lements. The
theoretical and measured radiation pattern at 122 GHz exldlquite good

agreement in E- and H-plane.

AUT
Radar Sensor)

2

Receiving
Antenna

Power supply
Module

Spectrum
Analyzer

Controller

Data acquisition

Figure 3.8: Antenna measurement set-up in anechoic chamber.

The radar sensor AUT (Antenna-Under-Test) is used as antittes and is
mounted on a rotating table, which can be controlled by aipostontrol unit.
The receiving antenna, which is a standard horn antennanigected to an ex-
ternal mixer for down-conversion and to a spectrum analyiee distance, D,
between the two antennas is adjusted to be more than2d?/\ ~ 0.48 m

36



3.2 On-chip antenna design and packaging

to make sure that the measurement is in the far field. To au&otha en-
tire measurement sequence a matlab program is used, whtiolsdboth the
stepped rotation of the radar sensor and the spectrum analyaultaneously.
The received RF signal is converted to IF by using the exteniger. The
spectrum analyzer is adjusted in external-mixer mode, abittsends a ref-
erence LO signal to the external-mixer. The theoreticailatazh pattern in

+180

+180

(a) E-plane radiation pattern (b) H-plane radiation pattern

Figure 3.9: Measured (- -) and simulated (-) E- and H-plan&tiad patterns in dB. The values
are normalized to the maximum.

the E-plane is nearly omni directional since the antennanisilated with an
infinite ground plane. Practically, the packaged antensaldered on a test
board with a limited ground plane and several wire-bond ectors affecting
the radiation at elevation angle close to the horizon.
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3 Single chip, dual-channel, D-band radar transceiver

Figure 3.10: A measurement set-up for antenna measurementresat performance characteri-
zation. A dielectric lense deployed above the RF-board.

+ 180

Figure 3.11: Measured radiation pattern with dielectritskeis employed above the MMIC.
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3.3 Sensor hardware integration

3.3 Sensor hardware integration

Figure 3.12 shows the block diagram of the complete radasosemodule.
In order to facilitate easier sensor module developmeststmsor was split
into two separate components: a baseband board and a raatdr Bbe radar
board includes the 122 GHz radar transceiver, a PLL chipréauency con-
trol and modulation, and local power supply. The basebaaddontains the

Interface

"

H Baseband board ""':
: 1
BB .% El‘ i
| ADC DAC !
H N N Voltage |,
! 14-bit 12-bit Regulators |
N ;
1
: q ] :
1 1
| SPI |
i
1
1
1
1
1

Figure 3.12: Block diagram of the radar module, which corst#lire radar board with a frequency
control unit, and the base-band signal conditioning ctrgui

analog and signal conditioning circuits, as well as a SRirfate, for digital
communication. The baseband board is mounted at the balkk cdidlar board

39



3 Single chip, dual-channel, D-band radar transceiver

using standard dual-row pin headers. To allow a flexibleadigrocessing, the
digitized base band signals are transferred to a PC via U&Bface.

3.3.1 RF-Frontend and PLL circuitry

The RF-frontend board comprises of the integrated SMD dlih, circuitry,
a low-pass filter and voltage regulator to supply the radgy. chhe received
base-band signals is routed to the base-band board mouritesl lack side
of the module via header connectors.

To operate the radar transceiver in FMCW mode a PLL circuitctvhs
capable of modulation is required. A basic PLL circuitry tains a PLL
chip a phase-frequency detector (PFD), charge-pump (G&), filter, and a
prescaler as a first stage. The internal divider of the PLp chn be used to
prescale the input RF- and reference signals as needed.

Integrated PLL: The radar module consists of a commercially available

fractional-n PLL, ADF4158, with direct modulation and wéwen gen-
eration capability. It consists of a low noise digital PFDpracision
charge pump, and a programmable reference divider. For FM©@duU-
lation, the frequency ramp is generated by altering theifraal divider
value over time.

Divider signal: The VCO includes a divide-by-16 prescaler to directly con-

nect to the input of the external PLL chip. The 3.8 GHz RF is-sub
sequently prescaled in the PLL chip prior to the input of tiROPA
reference frequency of 30 MHz is provided to the PLL.

Loop-filter: The PLL loop-filter is needed to remove any unwanted high

frequency components which might pass out of the PFD andaappe
the VCO tune line and later as spurious signals. A passive-filier is
designed, since the out put voltage of the charge-pump s édmgugh
to control the VCO and cover the tuning band width of the VC@e T
PLL is configured with loop-filter bandwidth is set to 25 KHztlvia
tuning sensitivity of 5SMHz/V.

Figure 3.13 shows the PCB of the radar board. A close-up viagWweosensor
that is soldered onto the PCB and the quartz resonator isrsimoiigure 3.13.
To protect the IC and the bond wires from outside influencesrotecting
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3.3 Sensor hardware integration

Figure 3.13: SMD radar sensor mounted on a low-cost PCB, 50168 mm.

Figure 3.14: Sensor covered with a protecting cap.

cap with a thickness of half the guided wave length at theerdrequency of

122.5 GHz is designed, as shown in Figure 3.14. As the reflezéees at the
two interfaces air-dielectric and dielectric-air effeely cancel out, the cap
has a marginal effect on the antenna performance.

3.3.2 Base-band circuit

The received base-band signals are in the first step filter@dmplified in ana-
log domain. This step of signal pre-conditioning is necgssaadapt the dy-
namic of the received signal to the ADC and match the mixeeidance to the
input of the ADC. Furthermore, the base-band board consisia analog re-
ceiver chain with an instrumentation amplifier, a two-chelrkDC to digitize

the receive signals, auxiliary ADC and DAC. In order to allseftware-based
adjustment of the input stage DC offset and ADC common mottag®e, and
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3 Single chip, dual-channel, D-band radar transceiver

to provide additional analog control signals to the radartipan additional
12-bit DAC was provided. The ADC, DAC as well as the radar MMdf2
controlled by a micro-controller board which is connectédha back side
of the base-band board and the PC via a high speed USB coometitsing

Parameters Value
Modulation bandwidth A f=1500 MHz
Modulation sweep time Toweep =10 ms
ADC dynamic range 73 dB
Sampling rate fs =145 KHz
ADC input impedance 2R

ADC input voltage range 0-3.3Vv
Number of channels 2

Maximum distance Ripaz=5m

Table 3.3: Key baseband parameters and configuration of diae peototype.

the maximum specified measurement distanc&,Qf,. =5 m, and the corre-
sponding FMCW operation parameters for sweep timg.., = 10 ms and a
modulation bandwidth ofA f = 1500 MHz, the maximum beat frequency a
the receiver can be computed to 5 KHz, from Equation 2.20.s€guently,
a VGA with differential inputs, which have gain only in thesfifew KHz
was selected. To filter out high frequency components thgthmse coupled
into the analog input, a simple RC-filter is implemented pricthe amplifiers.
The parameters configuration of the base-band board id listEable 3.3.

3.4 Signal processing chain

In order to analyze the estimation of performance with respe the final
quantity distance, the raw baseband data are processetdherfgignal pro-
cessing steps. The subsequent computation steps of taaaisand angle of
a target are illustrated in Figure 3.15. The first step of igaa processing
is to select a valid region of the captured signal, in whiah BL is locked.
Further, the mixers in the radar transceiver exhibit a fezapy dependent DC-
offset. In order to remove this signal trend, a linear regjmasis performed.
The de-trend algorithm eliminates possible DC-offsetagéis as well as linear
slopes introduced by the frequency modulation. As an optistep, subse-
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3.5 Performance and experimental results

guent baseband signal frames could be collected to perfeenaging, which
increases signal to noise ratio.

A Hanning weighting function and optionally zero-paddisguised prior to
the FFT to compute the distance of the received spectrum.rderdo esti-
mate treshold levels for peak detection, the logarithm efrtfagnitude of the
frequency domain signal is calculated.

Selecton | | Windowing FFT L Peak || Distance
& [ (Hanning) I peak detection | | interpolation | | &
detrending angle estimation

Figure 3.15: Flow chart illustrating the signal processing

3.5 Performance and experimental results

Different Measurements of a single-target scenario witbraer reflector have
been performed in an anechoic chamber to evaluate the atiéenange, mea-
surement accuracy and angular estimation performance afghsceiver chip.
A dielectric lens above the RF board provided a narrow eilewdieam and
an increased relative antenna gain, resulting in a betygakito-noise ratio
(SNR). While range measurements have been taken both witligmalit the
dielectric lens, angular measurements have only been taitbaut the lens,
as the shift of the two antenna positions against the focu# pé the lens
leads to divergent influences on the received phase.

The measurement setup consists of a linear drive which carsée to pre-
cisely displace a corner reflector in a distance between Omwith a preci-
sion of about 12..xm. For all measurements, an FMCW modulation with start
frequencyf, = 121.5 GHz, bandwidthA f = 1500 MHz, and ramp duration
Ts = 10ms was used. The sampling rate of the ADC was sétlfokHz. Dig-

ital signal processing, controlling the parameters of taedceiver via the SPI
interface, and read-in of the measurement data was perfoome standard
PC.
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3 Single chip, dual-channel, D-band radar transceiver

3.5.1 Range measurement

The first range measurement was performed with a dieleetncdbove the RF
board and a corner reflector as target, that was moved onax lilnve from

1m to 2m in steps ofl cm. At each position, 20 measurements have been
taken to assess the reproducibility of the range measuttsmigigure 3.17(a)
shows the resulting estimation error dependent on the ladisiance. The sys-
tematic error is estimated as the mean of the 20 measurefoersch range.
For this specific measurement example, the absolute davistit 3mm. A
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Figure 3.16: Range measurement of a single target.

second range measurement was performed without the diellects and with

an adapted baseband signal filtering. Here, the target wasdfoom0.5 m

to 3m in steps 00.5 m. Figure 3.17(b) shows the results of this measurement
series, where the error bars represent the standard devadtthe random er-
ror. Note that the lower RF power due to the missing lens requa slight
modification of the analog baseband processing. The badedigimals were
AC-coupled, to minimize the effect of DC offset due to thesstalk between
transmit and receive channels.
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Figure 3.17: Distance estimation for single target cornécter at a distance between 0.5 and
3.0m.

3.5.2 Azimuth angle estimation

For the evaluation of the angular estimation performancejeasurement
setup with a stationary corner reflector and the radar semsonted on a
rotating table is used. In this measurement scenario, redtii lens is de-
ployed as it results in a very narrow antenna beam for anguéasurements.
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3 Single chip, dual-channel, D-band radar transceiver

The radar sensor is rotated from angles-®0° to +90° in steps ofs°. The
angle-of-arrival is calculated by phase difference meawent of the receive
channels, as described in section 2.1. In every positiome&isurements have
been taken to assess both the systematic and the randonrepressented in
the mean and standard deviation of the measurements in en#igposition.
This distinction is crucial, as systematic errors can beoserd by calibration,
while random errors remain.

In Figure 3.18(a), the results of the azimuth angle estwnatising the con-
ventional beam forming algorithm of the two channels is degal. Here, the
lengths of the error bars show the standard deviation ofahdam error. At
wider angular position of the radar sensor, both the meanramdom error
of the angular estimation increase due to the decreasing $NR behavior
results from the strongly decreased SNR at larger anglesciordance to the
two-way antenna diagram in Figure 3.18(b).

3.5.3 Two-way antenna pattern

Additionally, the two-way antenna diagram was calculatedfthe received

power in the same single-target scenario over differenkesndhe mean out-
put power of the receive mixer of a single receive channebedwas an esti-
mate for the received power in conjunction with a reflectiaigét at various

angles. This estimates the two-way beam pattern of the aateas shown

in Figure 3.18(b). The antenna characteristic determirsdaguthis method

represents the combination of receive and transmit anteeaa pattern. For
the two-way antenna diagram, a more distinct asymmetry ithétme E-plane

one-way antenna diagram in section 3.2.1 can be observed.
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Figure 3.18: Estimated angular position and standard dem&tetermined from 20 measure-
ments. The two-way antenna pattern obtained from the taeggbnse. The mea-
surement setup shown in Figure 3.10 is used without the digldens.
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3 Single chip, dual-channel, D-band radar transceiver

3.6 Summary

A fully integrated, dual-channel, single chip transceivas been realized for
operation at D-band frequencies. The transceiver is basel306 nm SiGe-
BiCMOS technology with two integrated on-chip antennase BMD radar

requires no external millimeter wave connections, thubkmgthe assembly
in a standard SMD line. Due to the two receiving channelsykmgneasure-
ment in azimuth direction is possible. The specificatiorns$ system concepts
of the proposed D-band radar front-end and baseband analogl process-
ing blocks are presented. These results demonstrate tastjabiof compact

D-band radar sensor for a consumer application.

A performance limitation is observed on the radar systeneld@ed in this
chapter, as it is not capable of measuring short range distapelow 0.2 m.
This is due to the homodyne architecture of the system, soffédrom DC-

offset issues which mask short range targets with beat frequeneiasto

DC.

1 A detail description of DC-offsets in FMCW radar systems arzhse-study are analyzed in
Sections 4.1 and 4.7 respectively.
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4 Novel heterodyne radar system
architecture

The performance of radar sensors depends highly on thensyd#sign, ar-
chitecture and the characteristics of components intedran the system. In
Chapter 2, heterodyne and homodyne radar architecturaniarof radar re-
ceivers were described. Conventionally, most of the liteess on mm-wave
radar sensor systems have been focusing on homodyne atotete as the
ones described in Chapter 3. However, homodyne archiesctumve a DC-
offset problem, which limits the performance of the sensdhi near range,
compared to the heterodyne architectures where the IFISgyaanon-zero
frequency. A radar sensor with a homodyne receiver ardhiteds detailed
in Chapter 3.

Recently there has been a technology moving towards usitegduyne ar-
chitectures instead. Although the hardware required faliziag such sys-
tems is slightly more complex, this configuration has thesptal to remove
problems related to DC-offset errors and accurate measuntsmof very short
distance. In this chapter a system architecture for heya®dystem is studied
and within this PhD work a demonstrator is built to verify th@vantage of
heterodyne systems for short range sensing.

4.1 DC-offset thematic in radar systems

In FMCW radar system, DC-offsets occur due to several factocluding DC-
offsets inherent to the circuits, self-mixing, unwanteffetion from station-
ary near-by objects, and DC values that are due to signahdgsskin system,
antenna coupling etc. These effects generate a beat fregetse to zero,
which is why it is often termed as a DC-offset issue, as shawigure 4.1.
Several studies in recent development have been focusitihg@timination of
DC-offset in radar systems. Methodologies for leakage elfaton are shown
in [LWPSO06, Sto92]. A study and analysis on the impact of rieslities in
FMCW radar systems, are studied in [TEV13, WSJ06]. The pyncanse-
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4 Novel heterodyne radar system architecture

guence of DC-offsetin radar systems is, a performance datjom and failure
of object detections in short range.

20
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Figure 4.1: An example of a DC-offset spectrum measured wéthttmodyne system described
in chapter 3, which shows a DC-offset block which could masets up to nearly 30

cm.

DC-offset due to self-mixing

DC-offset due to self-mixing occurs when the RF output signixes with
the LO, either through substrate coupling or from refletiah the antenna
connection. Additionally, due to finite isolation betweée {ports of the con-
stituent mixer signal leakages between the LO and RF poasrodhe leak-
age of the RF signal to the LO port is typically negligible daghe small RF
power as compared to that of the LO signal, as shown in Fig@y How-
ever, the leakage of the LO signal onto the RF port can befgignt. This
LO-leaking signal mixes with the original LO signal to pragLa signal which
results in a DC component. This DC offset is undesirablet Bsits the dy-
namic range of the receiver without adding information dliba target. The
LO may be conducted or radiated through an unintended pdtretmixer’s
RF input port, thus effectively mixing with itself, produngj an unwanted DC
component at the mixer output. This LO leakage may reach M input,
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4.1 DC-offset thematic in radar systems
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(a) Self-mixing due to LO leakage (b) Self-mixing due to RF leakage

Figure 4.2: Self mixing due to different leakage paths in radeeiver, [SR05].

producing an even stronger result. This effect presentglaltarrier against
the integration of LO, mixer and LNA on a single silicon subst, where
numerous mechanisms can contribute to poor isolation.

Conversely, a strong interference signal, once amplifiethibyLNA, could
find a path to the LO-input port of the mixer, thus once agaodpcing self-
mixing, as in Figure 4.2(b). Due to their non-ideal isolatto the antenna,
some amount of LO power will be conducted through the mixerladA. The
leakage of LO or RF signals to the opposite mixer port is netahly way in
which unwanted DC can be produced.

DC offset due to reflection from stationary targets in short
range

Another source of DC-offsets, is a reflection from targetthwi small round-
trip delay time. In FMCW radar systems, a fixed target in frohthe radar
antenna, for example, a fixture or radome, whose intermediatjuency im-
pact is unwanted and possibly interferes with the beat #rqy of the other
targets will result in a failure detection. This kind of therismitter power
leaking into the receiver raises significant problems foFBICW system that
must receive echoes while it is transmitting. These problémlude a limit
to the maximum transmit power and a requirement for careitiring of the
antenna and a coupler to minimize the magnitude of the radext

Figure 4.3 presents a simplified schematic of DC-offset caiin FMCW-
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4 Novel heterodyne radar system architecture

radar on the basis of a monostatic approach. The signalédotal oscillator
LO serves both as a feeding signal for the mixer and as tratisgnsignal of
the radar. In addition to direct coupling of the LO-leakaljgy, in the mixer
core, reflections of the transmitting signal from a statigrtarget near to the
antenna, are responsible for a DC-offset. Becuase of the ptapagation
path the frequency in the FMCW-ramp has not changed wherefleetion re-
turn to the RF-port. If the reflected signal is too large it béas the mixer out
of its operation region into saturation and degraded perémice results. For
a monostatic system bond connection, or impedance misroathe antenna,
I" 4n:, @are dominant. Whereas, in a bistatic radar these refledionst apply
due to the fact that the transmitting and receiving anteanaseparated.

VvCO Coupler Antenna
RS |
@ > Y oF
1—‘Am 1—‘Radom

FLOK RF E Radome /
cover
LO

Mixer

Figure 4.3: DC-offset sources due to LO leakage and shagerlgakage in FMCW radar system:
whereI'r o = LO leakage[ 4,,+ = antenna or connector mismatch, dg,gome =
a short range reflection from radome or cover.

In addition to these two described effects, the leakagea$igiso introduces
additional noise into the receiver over and above the thiengiae level. This
additional noise is due to the phase noise of the transimitteich will be
described in section 4.3.1.
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4.2 Heterodyne radar systems at mm-wave frequency

Impact of DC-offset on radar systems

The RF-LO leakage will affect in the first place the perforwanf the mixer,
which mainly depends on the amplitude level of the leakagradi The re-
sulted DC-offset at the IF port will saturate the subseqaentponents, such
as base band amplifier (BBA) and Analog-digital-conver&dC). The im-

pacts of DC-offset on the radar system are:

 Limitations in near range detections due to masking ofabjwith the
DC-offset near tQfyeq: =0

e Performance degradation of mixer circuit, due to overilog@&nd satu-
ration of the mixer components.

¢ Decrease of SNR in the radar system due to increase in noise
¢ Influence on the valuable dynamic range of ADC device

Sofar, to use AC coupling, high pass filtering, or DC feedbladp are the
most popular and common solutions , as described in [HTO®GL07].
These methods can be effective in eliminating the staticdif€et, but can-
not cancel the dynamic DC-offset which is varying fast oweietand system
temperature. Elimination of DC-offset by using AC couplisgmore effec-
tive when the transmit signal is constant. However, in FMG\War systems,
where the frequency is modulated over time, elimination GF&ffset is not
possible, which in turn results in a performance degradaifdhe sensor and
failure of object detection in near range.

4.2 Heterodyne radar systems at mm-wave
frequency

The working principle of a heterodyne radar architecturdescribed in sec-
tion 2.3.1. The drawbacks of homodyne radar system can bedbly het-
erodyne architecture, achieving a frequency separatibneas the RF and
LO ports. In [DSIP13], frequency separation is achieved hytiplying one

source with different factors. Another approach is to me siweeping source
with two different fixed sources and then multiply with thersafactor to ac-
quire the separation [CDM®8, CDL*11]. In [FKS*11], a 77 GHz heterodyne
FMCW radar with offset PLL frequency is proposed. An alt¢rreamethod
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4 Novel heterodyne radar system architecture

is to use two different VCOs with a frequency offset. Howeteais method is
sensitive to the uncorrelation of phase noises which islddti section 4.3.1.

In most of heterodyne FMCW systems a cancellation of cadlphase noise
components being present in the transmit and downconveat¢of the sys-
tem is implemented. Such a cancellation can be achievediby aseference
path with either additional mixer stages [CD@8, DSIP13] or by digitizing
the reference signal in order to cancel correlated phaserni digital sig-
nal processing techniques [MS01, FKEL]. Furthermore, multi-VCO based
concepts can be combined with frequency multipliers opeyadt differing
multiplication factors to realize frequency offsets [CDL1].

4.3 Single chip 122 GHz heterodyne radar
architecture

A single chip heterodye radar sensor at 122 GHz is realizeldradar sys-
tem prototypes are built, within the frame of this PhD worlkheTmm-wave
frontend, including the on-chip antenna, is based on agiated circuit real-
ized in a 0.13zm SiGe-BiCMOS technology wittfr= 230 GHz andfmax =

280 GHz [RHW"10]. The circuit blocks of the transceiver has been designed
by University of Toronto and is detailed in [SHBV12] and [$3], so only a
brief introduction with an emphasis to the system aspedtdbeigiven. The
radar system design, built-up of the system prototypes,afimgerformance
measurement and analysis are parts of this PhD work.

4.3.1 System architecture

The block diagram of the 122 GHz transceiver chip is showniguie 4.4.
It is realized as a heterodyne system, having separatentiaaad receive
oscillators, all integrated in a single chip. On the traniside, the oscillator
signal is split and one part is fed into a power amplifier witmaximum
output power of 0 dBm. Using a 6 dB-coupler to separate recai transmit
signals, the transmit signal is then radiated by the on-ahtpnna.

At the receiver side, the receive oscillator drives two mexand a divide-by-
64-chain. The divider chain allows the frequency stabiicraof the receive
oscillator, whereas the two mixers provide IF signals byingxhe receive
signal or the signal from the transmit oscillator direcfjhe mixers provide
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Figure 4.4: Block diagram of a heterodyne radar system witlclup antenna, [Sar13].

IQ signals for the reference and receive IF signals. Duedatialog nature
of the IQ generation, no perfedb® phase difference can be obtained over
the whole 1 GHz operation bandwidth, so a phase control iisgutovided to
adjust the phase difference.

From a system design point of view, the implemented architeqrovides a
great deal of freedom at the sensor operation side. In aomi;wave(CW)
operation, by providing IQ receive signals, at an IF the bisa issues of di-
rect conversion systems can be avoided. In frequency-ratetltontinuous-
wave(FMCW) operation, the DC offset issues can be mitigated targe

extend, avoiding problems like mixer bias changes causdarbg reflections.

As already pointed out above a heterodyne radar systemreeguiwo sig-
nal sources that possibly shift the baseband signal to &aeomiF frequency.
The two signal sources are used to generate a tunable fregiier (t) and

frx(t) with t denoting the continuous time, by certain consteffiset fre-
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4 Novel heterodyne radar system architecture

quency generated by the two oscillators. The signal gesetitay oscillator 1
is transmitted by the antenna and received back.

Phase noise and range correlation

The phase purity of a radar signal in FMCW radar systems isiéiardesign
criterion. Particularly due to the high frequencies in tggaadar systems, the
phase noise becomes a dominant noise source affectingtdaide accuracy
and sensitivity which can be limiting factor to the systemdirect-conversion
radar systems, as described in chapter 3, the same souszdi$an the trans-
mitted signal and the local oscillator signal in the receivehich means the
received signal is a time-delayed version of the transchitgnal. Therefore,
the phase noise of the received signal is correlated witroftthe local oscilla-
tor, with the level of correlation dependent on the time gd&latween the two
signals. When the two signals are mixed, the correlatedqodf the phase
noise effectively cancels, leaving a residual phase ngieeteum at baseband
that is far below the phase noise spectrum at RF.

|
|
|
| Stx(®
—o/_\o—ék——’
>< Srx (1)
= Target

On-chip
components

Figure 4.5: A simplified signal flow diagram of the heterodyadar system described in section
4.3. The base band signal is obtained by a further down csioreof the IF and REF
signal, thus an additional off-chip mixer is necessary.
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4.3 Single chip 122 GHz heterodyne radar architecture

Consider the heterodyne radar system depicted in Figurewhih is the
simplified representation of the system shown in Figure 4th phase noise
included in both oscillators. Unlike in homodyne systene, Ith signal in het-
erodyne system is generated by the multiplication of twoaigourcesfr x
and frx, in the down-converter. As a result, the phase noise of thestgnal
sources is a significant noise contributor on the whole systeowever, as
shown below, near range radars have an inherent advantafgalimg with
phase noise compared to long-range radars.

The signal generated by the transmitter and the LO-VCO isrghy:
STx(t) = ATXcOS(QWfot + ¢TX(t)) (4.1)

Sro (t) = ALOcOS(QTI'fLot + ¢LO (t)) (42)

where¢rx (t) and ¢1,o(t) is the phase noise signal generated by transmit
VCO and the LO or the reference VCO respectively. The refaresutput
signal becomes:

Srer(t) = Arprcos(2n(fro — frx)t + ¢ro(t) — érx(t)) (4.3)

added phase noise term

The received signal at the input of the receiver mixer afierbund-trip delay
Tp iS:

SRx(t) :ARXcOS(Qﬂ' fo(t—TD)+¢Tx(t—TD)) (44)
which is given byrp = 2R /¢, where R is the range to the target, and c is the
speed of light. After down conversion to IF,

Srr(t) = Arpcos(2m frot+éro(t)—2m frx(t—7p)—¢rx(t—7p)) (4.5)

To obtain the base-band signal or the beat frequency, afutttwn-conversion
of the IF and REF- signal is necessary, which is realized loygusn off-chip
mixer. The phase of;(t) andSrgr(t) are then subtracted to calculatg,
yielding:

A ¢ =2m frx7p + ¢rx(t) — ¢7x(t — D) (4.6)

A ¢n(t)
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where A¢,,(t) is the error due to phase noise of the oscillator. If the time
delay, 7p, is small, the subtraction of the phase noise signal frondtiay
replica leads to a noise cancellation effect, known as phese correlation

or range correlation, [BB93].

If the single-sideband power spectral density¢efx (t) is S,, the spectral
density ofA¢,,(t) is given by, [BB93]:

Sap = Sy -dsin®*(rrpf) = Sy {45in2 (2 ﬂ'Ri f)] 4.7)

wheref is the frequency offset from the carrier. Therefore, rangeeatation
acts on the noise close to the carrier and attenuates it. dinelation gain is
typically high for a small value of the sinus function, i.e@r small value of
7p and/or for small value of offset frequendyf. For short ranges, where the
time interval of the two-way range delay between transmisaind reception
is short, these phase errors remain correlated to some extetend to cancel.
Figure 4.6, shows a simulation example of a phase noiselatiom versus
target range based on the equation 4.7. For closer rangefi€sny) a radar
receiver cancels the phase noise at a rate of 20 dB/decade.
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Figure 4.6: Phase noise correlation versus offset frequiemaarious target ranges.
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4.3 Single chip 122 GHz heterodyne radar architecture

For 122 GHz short range radar sensor, the two way delay batareebject at
a distance of 2 m is maximumy, = 13.3 ns, by shorter distance even less. This
effect is beneficial because it reduces the effect of phaise oo short range,
and it effectively attenuates the received phase noise paeresity spectrum.

Injection locking in heterodyne systems

The phenomenon of injection locking in analog and mixedaligystems is
the effect that can occur when an electronic oscillator ssulbed by a sec-
ond oscillator operating at a nearby frequency. When theloaufs strong
enough and the frequencies are near enough, the seconldtosaibn cap-
ture the first oscillator, causing it to have essentiallyti=l frequency as the
second. Considering the heterodyne radar system in Figdreht two on-
chip VCOs may pull each other as a result of coupling throinghsubstrate.
The strength of coupling between the two VCOs is inversetpprtional to
their frequency difference and can lead to mutual synchediin when the
frequency difference is small. Experimentally we have adeteed that this
happens typically for a frequency differenég-(t) = frx(t) — frx(t) <
600 MHz.

4.3.2 Integrated on-chip antenna

The on-chip antenna element was for the first time introduic¢d WGH10]
at frequency of operation at 77 GHz. The same antenna coiscagapted for
the 122 GHz application as in chapter 3.2. The on-chip a@teonsists of two
parts, where the first element is a primary radiator, integkr@n-chip in the
standard SiGe technology. The second element is a paraaificvavelength
resonator, realized on a small quartz glass substrate giueadp of the chip,
as can be seen in Figure 4.7. This half-wavelength structuples the elec-
tromagnetic signal from the on-chip resonator. The maiwbezk of on-chip
antenna are poor radiation efficiency and low gain. Withbig parasitic res-
onator, the radiation efficiency of the antenna would be yeryr. As shown
in Figure 4.8 the integrated radar sensor requires no exterm-wave con-
nection, thus it can be soldered in a low-cost RF-board. ThResbsection
comprises mainly the packaged radar IC, supply voltages nainiaturized
coaxial connectors. A standard QFN7mm open cavity package with 48
pins was used to package the chip for easy mounting on a @iéimzuit board,
as shown in Figure 4.7 and 4.8 respectively. The MMICs weralbd to the
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Figure 4.7: 7mm x 7mm QFN packaged single chip radar sensor

Figure 4.8: SMD radar sensor mounted on the RF-board.

package frame using 2bn diameter gold bond wire which is employed for
the short length. Note that, all signals coming out of the@ehie differential,
in order to provide an interface to the baseband circuit tlees not suffer
from interference or noise. The IC circuit has a total powarsumption of
900 mW from a 1.8 and 1.2 V supplies.

A dielectric lens is deployed above the RF-board to obtairm@ow eleva-
tion beam and an increased relative antenna gain. Antenitagdiglectric
lenses will focus most of their power into the dielectricesidnd the field of
view of the antenna system is easily tailored to the apjdinaty choosing a
suitable diameter and and other design parameters of the Aephotograph
of the RF board including a suitable dielectric lens withdw®slis shown in
Figure 4.9.
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Dielectric lens

On-chip antenn?

Radar board

)[U >

Figure 4.9: Radar sensor set-up with dielectric lens degbiatethe top.

Antenna measurement

The radiation pattern measurements are performed in an anechoic chamber, by
rotating the radar sensor board to scan the half-sphere around the measuring
antenna. In this measurement scenario, the radar sensor is used as a transmitter
and a standard gain horn antenna as a receiver in the far-field region. The
same measurement set-up as described in Section 3.2.1 is used. The measured

—— E-Plane co-polarization
E-Plane cross-polarization

———— H-Plane co-polarization
H-Plane cross-polarization

180

Figure 4.10: Measured antenna pattern in E- and H- planepsaiithout dielectric lens.
antenna pattern of the on-chip antenna is shown in Figure 4.10. It shows a

very broad beam-width of arourid0° in both planes. The measured radiation
pattern of the antenna with and with out dielectric lens is shown in Figure 4.10
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and 4.11, which shows a 20-dB gain improvement. Within them&af this
PhD work, further details of this antenna system is published in [GI2%

0d8 ° —with lens
— without lens

150°

180 v f =

210°

270°

Figure 4.11: Comparison of measured antenna pattern with ehdutidielectric lens.

4.4 Radar system integration

Figure 4.12 shows the system block diagram of the radar sensor based on the
radar system architecture described in section 4.3. In order to test the function-
ality of the whole transceiver, test boards were designed, which contains the
necessary power supplies, several SMD components (PLLs, Mixers) and coax-
ial connectors for all relevant signals coming from the chip. A USRP-B210
SDR Software Defined Radio (SDR) platform is used to generate a reference
signal for the PLL circuits and down sample the received RF signals for further
processing.

Base band system consists of Universal Software Radio Peripheral (USRP)
interface through USB3.0 is connected to the host PC. The signal of the PLL-
TXand PLL-RX are generated from the GNU radio and transmitted though the

transmission channel of the USRP. At the same time the IF and REF signals of
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4.4 Radar system integration

Figure 4.12: Block diagram of SDR based heterodyne rad&eisys

the radar are received by the two receiver channels for domersion. For
the operation in FMCW mode the reference signal is modulbajedontinu-
ously sweeping from start and stop frequency.

Overview of SDR

A low cost alternative to down convert an intermediate fegggy is using
an SDR module. The USRP-B210 is a single board version andisten
of a spartan6 field programmable gate array (FPGA) proce2sADC, 2-
DAC and RF transceiver/RF- front-end. The sampling ratehef ADCs is
61.44 MSPS with a 12-bit resolution. The DAC is also capablmadulating

to an intermediate frequency. The B210 has advantage oframgritter and
two receiver MIMO capabilities. In this configuration, anadsg RF module

is used to modulate signals between an intermediate freguen baseband)
to the carrier frequency., and an FPGA is inserted between the ADCs and
the processor.

Incorporating an RF module reduces the required samplitegafathe ADCs
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to Fs > 2(F; 4+ 0.503), when the intermediate frequengyis used, o > £,
when the baseband and a pair of ADCs (inphase and quadratere3ed. The
FPGA can be used to assist with critical timing operatiopglown sampling,
modulation, and matched filtering.

Type Specification
Frequency band of operation 122- 123 GHz
Maximum transmit power 0dBm
Bandwidth(Frequency sweep) in TX mode 1 MHz
Bandwidth 1024 MHz
Sweep time 10 ms

SDR IF frequencyk;) RX mode 912 MHz
SDR LO frequencyf;) in TX mode 114 MHz
Sampling rate (IF) 8 Msps
Decimation factor 80
Sampling rate (Base-band) 100 ksps
LPF cut-off frequency 100 kHz
Detection range (m) 0.1-5m
Range resolution 15cm
Antenna gain without dielectic lens 6 dBi

DC power consumption 900 mW

Table 4.1: Summary of realized radar sensor system level psggsne

Unlike traditional fixed hardware implementations, SDRauseftware con-
figurable RF module which can be used to implement custonsizgtil pro-
cessing. SDR also provides a simple open source GNU Radiwaef that

provides the means to develop real-time RF applicationse GNU radio

package includes programming interfaces and run-timer@mvients to im-
plement the desired RF signal processing functionalitglieations for creat-
ing signal flow graphs, and hardware drivers to access USRiEage It uses
the concept of signal processing blocks to achieve the redjsignal flow and
processing functionality.
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4.4 Radar system integration

4.4.1 Frequency stabilization and modulation

Two commercially available PLL chips are connected to Idektransmit and
receive VCOs, by setting the fine tuning voltage, as showngare 4.12. The
transmit VCO {/COryx) is stabilized by using the TX1 output of the B210
board as a reference. This is done by locking the referencaitifut signals,
which are already down-mixed in the chip. The receive VCO'€'Orx)
divide-by-64 signal, which is in order of 1.89 GHz, is fed®d. L x to sta-
bilize VCORrx, by using the TX2 output of the B210 board as a reference.
The VCOrx operates with a small frequency offset WaC'Orx, thus the
generated reference signal frequency is usually not griéete 1 GHz. As the
maximum input frequency of the phase frequency detectoD120 MHz,
the divider signal is divided again on the PLL's N-countehjet is set to 32.

In principle, all basic radar modulation forms as FMCW, CW,stepped-
frequency modulation can be used as transmit signals ofahsdeiver mod-
ules. In FMCW mode of operation, ramp generation is done byeping
the reference input frequency of thel L x, which is set from the USRP
board. The bandwidth and sweep time of the modulations peteasican be
configured in the GNU radio companion. An FMCW signal withradiperiod
of 10 ms and a BW of 1 MHz is generated which sweeps continydtsin
114 MHz to 115 MHz is transmitted at a sampling rate of 8 Msp3>% to
radar through USRP and CW at a frequency of 114 MHz transtnétseT X2.

4.4.2 IF data acquisition and signal processing

The base-band signal flow diagram and the implemented DSKR$laf the
SDR-platform are shown in Figure 4.13. The received IF digyaee further
down-converted to base-band in analog domain at the irstéaje of the re-
ceiver. The analog LO of the USRP board can be configured atehtral
frequency ofF7y, by using the software based source in the GNU radio com-
panion. Since the IF and REF frequencies are configured taVB42 The
sampling rate of the GNU radio is 8 Msps, which will be furtheduced to
100 Ksps by using the decimation block. The received IF s&gaee further
down-converted to base-band, by multiplying with the refiee signals, in
the digital domain. The mixed signal is first filtered to remanwanted high
frequencies in the processing stage. The filter output silareamplification
stage with selectable gain. After data acquisition, a &rrtligital signal pro-
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USB3.0
USRP RF System

R: B
B210 REF [Radar Board]

LIF | Decimation/

USRP filtering FFT Distance

f,

Source ®—»—>Dﬁ- de]t)::tli(on > estimation
(Fi) REF | Decimation/ REF LPF Gain

filtering SSB- Mixer

IF

GNU radio companion

Figure 4.13: Receiver operation of the USRP board, whichmigléemented in the GNU radio
companion.

cessing is implemented using a matlab program on the PC.ifidligdes all
necessary FMCW waveform settings and allows radar measutsnof sta-
tionary targets. After signal selection and detrending,aaiting weighting
function is used prior to the FFT to compute the range of aetarg

4.5 Performance and experimental results

The performance and functionality of the radar system wefie® by a series

of measurements using the system described in section Aelpiimary mo-

tivation for building this SDR based mm-wave radar systers tgashow the

performance of a heterodyne system for short range distaeesurements.
Furthermore, it allows to compare the measurement perfocemaf both het-

erodyne and homodyne modes of operation under a compaiadalating con-

dition.

Several measurements of a single-target scenario withreecozflector have
been performed in an anechoic chamber to evaluate the atiéeshort range
performance of the transceiver chip. At each position, 28sueements have
been taken to assess the reproducibility of the range measmts. Figure
4.14(a) to Figure 4.16(b) show the processed signal olatdimen a corner
reflector moved in a range of 0.1 m to 2.9 m, using a set of measamt
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Figure 4.14: Distance estimation for single target cornector from 0.1 mto 0.8 m.

position of a corner reflector moved on a linear drive, whith m long. Due
to the length limitation of the measurement set-up, 3 sépan@asurements
are done by moving the linear-drive to the next range.
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Figure 4.16: Distance estimation for single target corner reflector from 2.0 m to 2.9 m.

4.6 Heterodyne system with a direct DC
conversion

The radar system architecture described in section 4.3 has the flexibility either
to make the signal processing at a finite IF, as described in section 4.4, or to
down-convert the IF- signals directly to baseband or DC. In order to assess and
compare the short range measurement capability of a homodyne and a hetero-
dyne radar architectures, the same radar systergonfigured to operate in a
homodyne mode, which is detailed in this section. In this case, the baseband
signal is produced by down-converting the REF and IF signals in analog do-
main, as shown in Figure 4.17. The down-converted frequency results directly
at baseband, thus it is not possible to get ride of the DC-offset issues in the
radar systems.

System integration

The radar system comprises PLL-stabilized synthesizers to lock the two on-
chip oscillators, as shown in the upper part of Figure 4.17. Commercially
available fractional-N-PLLs are used for stabilization and FMCW ramp gen-

1 Contributions of this section have been partially reported in [GHS]. Some of the author’s
own publication contents are adopted in the text.
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4.6 Heterodyne system with a direct DC conversion

eration. The transmit VCO{COrx) is stabilized by using a 60 MHz quartz
oscillator as a reference. This is done by locking the refezdF output sig-
nals, which are already down-mixed in the chip. Th€ Orx operates with

a small frequency offset ty COgrx, thus the generated reference signal fre-
quency is usually at 600 MHz.

The VCO'’s divide-by-64 signal, which is on the order of 1.9 Gt fed to
PLLRx to stabilizeVCOgx. As the maximum input frequency of the phase
frequency detector (PFD) is 120 MHz, the divider signal isd#d-by-32 on
the PLL's N-counter. Ramp generation is done by sweepingdfezence in-
put frequency of the? L Lz x, which is slow enough for the PLL to settle to
the desired frequency value. A passive loop-filter is usetdth PLL circuits.

The received IF signals are further down-converted to tasaoy multiply-
ing with the reference signals. Since the two oscillatoeswat correlated, only
this off-chip mixing stage will provide the desired phaseretation between
the transmit and receive signal. For FMCW modulation, theeband signal
contains information proportional to target distance ampjer shift. The
low-frequency circuits for mixers, baseband amplifier§fedéntial to single-
ended converters and filters are assembled on another twdsheehich can
be connected to the back side of the RF board. Each chanried cddar IF is
first filtered to remove aliases in the processing stage. Ttee dutput drives
an amplification stage with selectable gain.

To verify the functionality of the radar module in a realissicenario, a com-
plete transmission system has been setup and measured.ciasin of FMCW
radar, the reference oscillator frequency is swept anddioired into the PLL.
In this configuration, the transmitter sends a signal, witAiMCW-chirp of
10 ms ramp duratiofl},, and 820 MHz frequency swing at a carrier fre-
quency off. = 121.6 GHz. During this measurement, the IF signal was set
to 600 MHz. The signal processing for the presented measmetmok place
on a PC. A 12-bit ADC with a dynamic range of maximum 73 dB wasdus
for analog to digital conversion. Hanning weighting fuoctis used prior to
the FFT to calculate the target distance from the receivedtsm. A peak
can be readily detected that corresponds to the reflecguréi.18 show the
processed signal obtained from a corner reflector moved orearldrive in
the range of 0.1 mto 0.8 m.
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Figure 4.17: Block diagram of experimental radar sensor neodTihe detailed setup of this sys-
tem is described in [GHS812].
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Figure 4.18: Short range distance measurement result of bgte system which is configured
as a homodyne. The setup of this system is described in [GI2E

4.7 Dynamic DC-offset measurement: case
study

In this section, a case study on dynamic DC-offset on radstiesys is con-
ducted, based on the two developed systems in chapter 3 aptect. The
goal is to analyze and compare the effect of temperature @amtlbbm noise
sources on the short-range measurement performance ofdhladar systems.
All measurements were done using the set-up and confignrataescribed
in the respective sections. Several measurements withcdagoenario and no-
target are taken in an EMC measurement chamber for a longdpeftime to
analyze the effect of temperature over time. For both sys@mempty signal
subtraction is applied prior to the FFT. This result demaiss that the DC-
offset in a homodyne system varies over time, where as ineadadtne system
the DC-offset will be eliminated prior to the down-conversito baseband.
Figure 4.19 and 4.20 shows the effect of temperature drifthenDC-offset
of a radar system. The DC-offset induced by temperaturatian in radar
system affects the accuracy and the performance of measotenThis is es-
pecially true for short range radar systems in which the fsegqtiency is close
to DC. In the heterodyne system, the dynamic DC-offset wigdhtroduced
by a temperature variation could be fully calibrated.

71



4 Novel heterodyne radar system architecture

Normalized amplitude in dB

70 I I I I I I I
10 20 30 40 50 60 70 80

Frequency in Hz

Figure 4.19: Measured DC-offset variation over time after gnspgnal calibration in homodyne
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Figure 4.20: Measured DC-offset variation over time after gngignal calibration in a hetero-

72

dyne radar system.
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4.8 Summary and concluding remarks

In this chapter a D-band, single chip, heterodyne radaesy$br short dis-
tance measurement is presented. The developed prototgpessbaveral fea-
tures superior to the state-of-the-art mm-wave radar prpés: heterodyne
architecture integrated on a single chip with on-chip améezs well as a flex-
ible system architecture. The presented radar transcisideased on an IF
architecture in order to avoid the specific homodyne problamd enhance
the system’s sensitivity. As this system has the flexibiiityoperate in either
a heterodyne or homodyne mode, two different sensor comatiigms are de-
veloped, and a comparison of a short range measurementrmparfoe of both
modes is performed.

In the system described in section 4.4, the signal procgssiage is per-
formed at IF frequency. The signal processing at the IF feequ is possible
by using the SDR-platform, and the down-conversion to treeband signal
is done in a digital fashion. In that case, there is an adganta get ride of
DC-offset issues at baseband. Where as, in the system dmbanilt.6, in

which the baseband signal is produced by the direct correrdithe IF and

REF signals to DC, the DC-offset can not be mitigated.

In general, DC-offset in homodyne radar architectures isensgvere than
heterodyne architecture, thus the former systems are mobpgate for a
short range measurements. However, heterodyne recereenscie complex,
since more signal sources and down-conversion stagescaliea@. In spite of
these disadvantages heterodyne radar system has showergpleeformance
for short range measurements. In a case study, it is showwmitiea calibra-
tion (empty signal subtraction) of a radar signal prior taasw@ements, it will
not be fully possible to get ride of the dynamic DC-offset @thusually varies
fast over system temperature.

A guantitative short range distance measurement compassitone between
different radar architectures. Results show that a beltiert sange measure-
ment performance can be achieved in the heterodyne corfiju@mpared
to the more common homodyne mode due to mainly to the reduéeence
of DC-offset mask on the beat signal. Table 4.2 summarizesdmparison of
the four radar systems: System-A: A heterodyne system viigttdDC con-
version, System-B: a heterodyne system with IF- signalgssing, System-C:
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System-A  System-B  System-C  System-D
Section 4.6 Section 4.4 Chapter3 [GBH113]
0.1m-0.2m =+400 mm +2 mm - -
0.2m-0.3m +400 mm +2 mm - -
0.3m-04m +280 mm +0.5 mm - -
04m-05m +£10mm +0.3 mm - -

Range

1.0m + 4 mm +1 mm +2 mm +2 mm
1.5m + 4 mm +0.5 mm +2 mm +2 mm
2.0m +4mm +0.5 mm +2 mm +2 mm

Table 4.2: Summary and comparison of a homodyne and heterodytmiésature for short range
distance measurement: [0.13 - 2 m].

homodyne dual channel monostatic system with on chip aate®ystem-B:
a homodyne, bistatic radar system, summarizes the coropaoisthe four
radar systems in the distance range of 0.13 m to 2 m, which stggnificant
performance of a heterodyne radar for short range distaeesunements.

2This radar system, which is published in [GBHI3], is also the author’s own work, which
however is not included in the thesis.
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5 Embedded auto-calibration
technique for radar systems

Systematic errors and imperfections in mm-wave ICs lingtslistem perfor-
mance of a radar sensor, especially for short range andsprdigtance sens-
ing applications. There are numerous sources of systeeratics in a typical
integrated radar systems that need to be taken into coatimter These im-
pairments are generated by static reflections of the trdrsigrial inside the
front-end. The reasons are mainly parasitic coupling froenttansmit signal
to other components due to housing reflection or limitedldimg, limited
isolation between the transmit and the receive path of tharreoupler, any
mismatch between components, the antenna, interconmettaiadom reflec-
tions. All of these parasitic signal components will ineeg with the actual
received signal, resulting in unwanted signal on the recedide, which in
turn causes a significant degradation in the performanceadar system.

Besides the static offset and imperfections, also dynararagitic compo-
nents can be observed in the receive signal as shown in 8ecfio In most
cases, they are resulting from the interaction of the enwirent with the radar
sensor system, like temperature effects or aging for veny slrifts, as well

as multi-path or multi-target scenarios for the radar clednn

To eliminate the RF-impairments in real-time operation modn adaptive
concept for online system calibration is necessary. Ameniadar calibration
methodology for short range distance sensing applicaiamplemented in
[VWO03]. The system application is only for relative distartenge measure-
ment which is based on continuous wave (CW) measurement oéfleetion
coefficient and interpretation of the signal phase. Howeware are several
application areas where a precise absolute distance nesasaor is needed.
Then, it is necessary to apply a radar calibration procettuaecount for any
RF-impairments in the system.

A free-space radar calibration method as in [ZSHvdWO06] igightforward,
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5 Embedded auto-calibration technique for radar systems

requires no additional hardware and inherently capturethalantenna im-
perfections, such as its delay and spurious reflections fiearby objects.
However, it still requires external components and preplaeement of a re-
flector, which is impossible in many situations. For exampie[SHZ+09]
the sensor waveguides and antenna are built in the chassisteadm turbine,
making the use of a reflector difficult. As a result, a builtatibration method
that would minimize or completely avoid the use of exterreidware is de-
sirable.

In this chapter, a digitally assisted, embedded-calibrasicheme is proposed
for mm-wave highly integrated radar systems. The calibrathethod can
adequately compensate non-idealities and systematicsarraadar sensors
in analog domain. The solution shows a robust and effectigéhadology
for next generation radar systems where the effects of myte errors are
expected to be much more severe. To the best knowledge ofitherathis
work shows a complex S-parameter measurement of a load anteena port
for the first time. The integrated radar sensor describedapter 6 is used
to verify the calibration methodology. The online calilwatalgorithm and
routine is briefly demonstrated.

5.1 Radar architecture with embedded
calibration scheme

A single chip D-band, heterodye radar sensor with an autbration scheme
and integrated on-chip BIST features is realized. Howeheron-chip BIST
concept of this radar transceiver will be detailed in thdofeing Chapter
6. The circuit design is realized in a co-operation work withiversity of

Toronto and the chip is fabricated by ST-microelectronice mm-wave fron-
tend is based on an integrated circuit realized in a Qui3SiGe-BiCMOS
technology withfr= 230 GHz andfmax = 280 GHz [ADC"09]. The circuit

blocks of the transceiver have been detailed in [Sar13],nép @ brief intro-
duction with an emphasis to the system aspect and the workingiple of

the sensor is given in this section.
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4
Impedance
tuner

Control

Figure 5.1: System architecture of a 122 GHz radar sensbrimtégrated BIST features.

5.1.1 System level description

The block diagram of the transceiver chip is shown in Figure 5The
transceiver is based on a low-IF frequency with separatesing and receive
VCOs, which oscillate at frequencigsx and fro. In the primary channel,
the transmit VCO signal is first transmitted by the anteneflected by a
target whose distance is to be measured, and is receivedhyattie same
antenna. The 6-dB coupler separates the transmitted fremeflected signals
and steers the reflected signal to the receiver, which in tlown-converts it
to the IF frequencyf;r = frx - fro.- By comparing the IF outputs of the
main and of the reference channels, any phase differendes@prency shift,
if frequency modulation is employed) between the transditind reflected
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5 Embedded auto-calibration technique for radar systems

signals can be accurately resolved to determine the distartbe target. The
reference channel is identical to the main, but instead ioigosonnected to an
antenna, it is terminated on a variable impedance tunerp&Hect symmetry
between the two channels cancels any systematic delay mheisrbatween
them, and thus captures the round-trip delay to the target@srately as pos-
sible. The total size of the chip is 2.6 mm x 2.3 mm, as shownigare 5.2.
Table 5.1 summarizes the main performance and charaierigtthe radar
IC.
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Figure 5.2: Transceiver micrograph with the integratedtdiginpedance tuner, chip area 2.6 mm

X 2.3 mm.

Parameter Value/ Range
Power consumption 952 mW
TX-/RX VCO tuning range 117 -127 GHz
Maximum transmit power 0dBm
Antenna gain (simulated) 10 dBi

IF frequency 5GHz
Receiver gain 13dB

Noise figure 11.5dB

Table 5.1: Performance and characterstics of the radar IC.
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5.2 Built-in embedded radar calibration concept

An embedded calibratidrscheme is proposed in this section, which compen-
sates non-idealities and systematic errors in radar seimsanalog domain. In
addition, the implemented architecture enables to realial time, on-line
calibration of the systematic errors. The solution guaasta simple, low-
cost and effective calibration concept for the next gefanatadar systems
where the effects of systematic errors are expected to bé moce severe.

The core element for the embedded calibration is the digitaedance tuner,
which has been added a the output of the reference channalilboate it as

a one-port VNA (Vector Network Analyzer). This involves tbalculation of

the one-port error coefficients, as described below. Theseimperfections
of the RF front-end (i.e. leakage, phase delay, unwantegttafhs of radome,
antenna and connectors mismatch etc.) can be estimatechfibichied out.
Since the reference and primary channels are identicalsdhee error co-
efficients determined from the reference channel can be tosedrrect the

primary channel during an actual measurement. The coorecti the mea-
sured reflection coefficient of the primary channel will rermdhe systematic
errors in the measured distance to the target introducelebfrant-end.

Digital impedance tuner

An impedance tuner was added at the output of the refererameneh This
has been fabricated and characterized as a separate breakbthe values
of its impedance states are known. The fabricated breakiczuitcof the
impedance tuner is shown in Figure 5.3. By switching betweiierent
known impedance states in a digital fashion, different dinies and phase
shifts between the reference and IF outputs can be obsehvedyerifying the
proper operation of the reference channel. This is done litglsivg the | and
Q-indexes of the digital tuner, digitally. Four bits werdested to control the
two indexes separately, which results in a total of 256 inapee states of the
tuner. Thus, a one port calibration using the known tuneeid@nce states can
be performed and the imperfections of the RF front-end (eekage, phase
delays, etc.) can be estimated and calibrated out. The algoe between

1 The embedded calibration concept is patented by the autépr [1
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the main and reference channel minimizes any delay misnisthkeen the
two, thus capturing the round-trip delay to the target asiately as possible.

(8 8 B A

Figure 5.3: Breakout circuit of the impedance tuner.

The complex S-parameter measurement methodology and eedbedlibra-
tion is detailed in section 5.2. In addition, unwanted reitets due to radome
and covered reflections are calculated during the caldmwatrocedure, which
can be used to correct the measurement during a normal rpdaation. This
concept is especially advantageous for automotive radafg &Hz, which
are equipped with a radome and are usually integrated behboenper.

5.2.1 Error box model of RF-impairments in radar system

Figure 5.4 shows a simplified schematic representation efnfiffairments
presented in the radar front-end. A summary of all desagilparameters is
listed in Table 5.2. In a VNA system, a calibration procesarahterizes most
of the VNA systematic error. Therefore, before performihg error correc-
tion via VNA calibration, it is important to model the systatit error, which
is knows as error box model.

Similar to a one port VNA, all RF-impairments can be sumnediand mod-
eled as in the signal flow diagram shown in Figure 5.5. Theesyatic errors
can be mathematically represented as in Equation 5.1, ich#he error terms
are defined aseq, as measurement system directivity errar, as measure-
ment system source match error, and the terms, is the reflection tracking
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Figure 5.4: Simplified schematic of systematic error sourcéisémadar front-end.
Symbol | Quantity
Tleakl RF-LO leakage in the main channel,due to imper-
fect coupler isolation
Tleak? RF-LO leakage in the reference channel, due to
imperfect coupler isolation
Tantenna Reflection due to antenna and connector mismatch
Tmis unwanted multiple reflection
Tradome direct reflection on the surface of radome

Table 5.2: Summary of symbols used to describe RF- impairmenteiratiar front end.
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error. Solving the one-port flow graph yields a bilinear tielaship between
the actuall';,, and measured,,, reflection coefficient.

€00 1
I'Error = 5.1
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Figure 5.5: One-port error-box model signal flow diagram espntation of systematic errors.

5.2.2 Calibration methodology

The procedure of the systematic error extraction and ldom process is
summarized in Figure 5.7. The impedance tuner can be ctedraking |
and Q indexes digitally, which results independent cordfohagnitude and
phase of the reflection coefficients, as shown in Figure 5h& dutput of the
reference and main channels are used to calculate the colopteimpedance.
A real part and an imaginary part of a load impedance is catedlbased
on voltages measured at the output of IF and REF channels rmkaawn
values of the tunable digital impedance circuit. Assumevtiitage output of
the reference channel and main channel can be representbd fyllowing
equations.

Vipr = Apprp -e?m /1) (5.2)

Vip = App -e@mfte2) (5.3)
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5.2 Built-in embedded radar calibration concept

For any two measured REVz g and IF ,V; output voltages, the reflection
parametei’,, can be computed as in Equation 5.4.

Vir
VREF

Ty = = AA-IB¢ (5.4)

The digital impedance tuner provides 256 different poingdributed on a

Ie;p

TN =
EA /N 1/
PEVE PG T I
g i N T AT T
s A i AL A
< i A AN A
/4 WV/ANER N V/ANR A Y/
TN

Time (ns)

Figure 5.6: Phase and amplitude difference measurement frosuneebl F and REF signals.

smith chart, which are all frequency dependent. To inclutt @lculate all
error parameters, at least 3 measurements are necessiatycat be obtained
by changing the complex digital impedance tuner stai&s, (1", I'3) dig-
itally. The corresponding reflection coefficients,;1, I'ys2, andl';3, can be
calculated using equation 5.4. By solving the resultingdinequation, the
error coefficients can be computed as follows:

1 T'pilann Ty €00 IV
1 Telye —Tr2| - jewn| = [T (5.5)
1 Tpslys —T'ps ea Tus
where
€A = €p0€11 — €10€01 (5-6)
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5 Embedded auto-calibration technique for radar systems

After calibration, any load';, connected either to the reference or to the main
channel can be calculated from the measuigdusing:

P, = ‘mM—en (5.7)
eoo — eal'as

If no target is presentl(,; = 1),I';, becomes,

1—
FEm’or = €00 (58)
€11 — €éA

For regular measurements, i.e. when a target is preserthble load is set
to the calculated’g,.,.,, and the reference channel becomes a calibration for
the main channel. To set the value of the impedance tunertadltulated
I zror, @ loOk-up table can be used. After calibration, while thesugement
doesn’t change, the phase and amplitude difference of theltannels is zero.
Thus the systematic errors due to all the impairments is emsgted. This
procedure may be repeated as required, if there is any eméntal change,
such as: temperature, integration, adjustment etc. Incdss, it is assumed
that the complete radar transceiver is integrated in ong, &d there is no
process variation between the reference channel and the channel, and
they are absolutely symmetrical.

Although, three measurements are sufficient to calculaeuttknown error
coefficients, increasing the number of measurements |eaals accurate and
robust calibration parameters. In this case, the numbelealsorement points
is chosen to be larger than the number of the unknown coeftice b and ¢
to obtain a good fit. Since measurement redundancy is adyeoia for veri-
fying the technique, the chip has been calibrated in all56 &ates available
and the unknown error coefficients a, b and c are obtainedn Tematrix
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5.2 Built-in embedded radar calibration concept

Calibration mode

)

Point out the radar antenna system to free-space

A

!

Change the value of the digital impedance tuner
and measure the amplitude and phase difference
at the reference and main channel outputs, at
least for three points.

)

Compute the error coefficients by solving the
obtained linear equation, similar to a one-port
VNA calibration procedure

i

Estimate the complex reflection coefficeints of
the antenna

Set the value of the digital impedance tuner to
the computed reflection coefficient of the
antenna

Any

environmental
change

NO

v

Radar operation mode

Figure 5.7: Steps of error coefficient extraction and catibn
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5 Embedded auto-calibration technique for radar systems

equation is overdetermined and only approximate solutiamsbe found. An
often used criterion is to minimize the square of the error:

i 1 =Tl Tan

e 1 T2l a Tare

Fps 1 —T'pslas b| = [Tms (5.9)
: : : ¢ :

e 1 =Tl Tarn

After computing the error parameters: a, b and c, the acéii@lation parame-
ter or complex load can be computed from each measured paaimeusing
equation 5.10.

a — CFM
This embedded radar calibration method thus achieves disar time sav-
ing and is well suited for iterative on-line monitoring aralibration of radar
systems. Note that the values of the impedance tuner anesiney] dependent.

I, = (5.10)

5.3 System integration

Consider the simplified block diagram depicted in Figure @Bich is based
on a low-IF frequency heterodyne architecture achieved sigguseparate
transmit and receive VCOs. Two separate PLL circuits aressary to lock
and stabilize the two VCOs, as well as to modulate the transigmal in the
case of FMCW mode. The system is built-up by designing a @¢elictest-
board for the power supply and digital control of the intégddMMIC. A QFN
packaged chip (without anter)as mounted on the test-board, which allows
an on-wafer probe measurements. Since this system is inepleh for the
verification of embedded- radar calibration methodologg, antenna port is
left open to flexibly probe a know impedance values for cohgefpfication.
The test-board contains, a power supply, an FTDI- Moduléferon-chip SPI
programming, and several coaxial connectors, to capterdRisignals com-
ing out of the chip, and which will be displayed on oscillogeo The IF and

2 The same radar system with integrated mm-wave antenna isatkitaiChapter 6.
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5.3 System integration

REF signals are sampled by a digital oscilloscope from tloéloscope and
are acquired on a computer for further processing.

Digital
Impedance tuner

Ay YJ*—% —
] Voo T e U

Measure Amplitude (AA) and
Phase(Ag ) difference

/><\ External Hardware

Sga(t)

Baseband

Digital control ( via SPI), data acquisiton
and analysis

e e o

Figure 5.8: A simplified system diagram illustrating the endeticalibration concept based on
the the radar system architecture shown in Figure 5.1.

Signal path flow

Assume the oscillation frequencies of the transmit VCO dmdlocal oscil-
lator or reference VCO, arérx and fro respectively. The signal generated
by each oscillator is distributed to both the reference dednbain channel
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5 Embedded auto-calibration technique for radar systems

using active power splitting. In both transceiver channtie receive VCO
signal drives the down-convert mixers while the transmitQ/€ignal drives
the power amplifiers with a maximum output power of 0 dBm.

The transmit signal at the output of the power amplifier carekgressed
as:

STX (t) = ATXcOS(2’/T fTX (t)) (511)

The received signal at the input of the receiver mixer afteround-trip delay
Tp iS:
SRx(t) ZARXcOS(QT&'fo(t—TD)) (5.12)

which is given byrp = 2R/c, where R is the range to the target, and c i

the speed of light. And the IF signals at the output of theregfee and main
receiver are:

Srer(t) = Arercos(2n(fro — frx)(t)) (5.13)

SIF(t) = A[FCOS(QW(fLO — fo(t - TD)) (5.14)

To obtain the baseband signal or the beat frequency a futiven-conversion
stage is required.
Ser(t) = Appcos(2m frxTp) (5.15)

The reference channel is designed to be identical to the olainnel that per-
forms the actual measurement, but instead of being corthézten antenna,
it is terminated on a variable impedance tuner. By compditiegF outputs
of the main and reference channels, any phase or frequetitsy/tsttween the
transmitted and reflected signals can be resolved. The dadedignal is ob-
tained by down converting (multiplying in digital domaimetS; - andSggr
signals. Most importantly, since the phase noise of the DY appears
at both outputs, they will be correlated during this mixingpgess, which
significantly increases the system accuracy by minimizmgdct of phase
noise. Figure 5.9(a) and 5.9(b), shows a typical time signaput of the ref-
erence and IF channel, which is produced by tuning the | anti@xes of the
impedance tuner. The antenna port is left open, and the mezasat environ-
ment doesn’t change to keep the IF output constant as seeguire 5.9(b).
For the calibration process, the digital impedance tunemied with different
state values, which in-turn change the REF output signalisgdayed in Fig-
ure 5.9(a). By comparing the IF and REF signals, the reguétimplitude and
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Figure 5.9: Measured time signal of REF and IF signal in CW mode, for a calibration mode.

phase variation is displayed in Figure 5.9(c) and 5.9(d) respectively.

For all combination of | and Q- indexes, which is 256 measurements, a voltage
amplitude variation range of 20 mV to 55 mV and a phase variation ranging
from -90° to -5° is achieved. A sample plot of magnitude and phase variation

at 122 GHz frequency is plotted in Figure 5.10 and 5.11, respectively. During
the measurements, the antenna port is left open circuited and the measurement
environment didn’t change.
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Index Q [0 - 16] Index 1[0 -16]

Figure 5.10: Magnitude variation of S-parameter at 122 GHbjng the | and Q values of the
complex impedance tuner.
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Figure 5.11: Phase variation at 122 GHz by tuning the | and|lQegeof the complex impedance
tuner.
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5.4 Validation of the proposed methodology

5.4 Validation of the proposed methodology

To validate the proposed embedded calibration methodplogy-wave mea-
surements were performed by using a variable complex imped@ner. The
measurement procedure outlined in this section uses \Wetwvork Analyzer
(VNA) measurement techniques for on-wafer S-parametesuoreaents. To
determine the S-parameter characteristics of the DUT (@eMinder Test), a
one-port S-parameter measurement is performed in lab, agnsim Figrue
5.12(a). In the first step, characterization measuremdritseovariable com-
plex impedance tuner were conducted between 90 GHz and 12MGtking
a HP8510C network analyzer interfaced with OML T/R module &5G
wafer probes from Cascade Microtech. A variable phaseeshitvmbined
with a variable attenuator which is terminated by a short wsel to produce
different complex load impedance which varies over fregyeas shown in
Figures 5.12(a) and 5.12(b). This is done by calibratinguNa to the wafer
probe tips using a GGB CS-15 calibration substrate in thenihed frequency
range. By using a THRU-line on the calibration substrate Siparameter of
the DUT is measured at different screw positions. The Stpaters of the
DUT is determined by de-embedding the THRU-line effect fible measure-
ments, which is modeled as a loss-less delay line. The THR&Jrodel for
de-embedding, assuming that it is loss-less is:

Sll 512
521 522

0 +]O e—j27rf.delay

STHRU _ _ -
e—jZﬂf.delay 0 +j0

(5.16)

where fis frequency and the delay = 1.13 ps calculated forRO ke length
of 175um. Thus, the S-parameter of the DUT can be determined by:

Sll - SAIeasured
SPUT — 5.17
S11522 — 5225 Measured — 512521 (-17)

Figure 5.13 and 5.14 shows the characterization measuterhtre variable
attenuator and the phase shifter for the frequency rangd @f 1130 GHz,
respectively. The complex impedance of the two devices aoeabwith on-
wafer probe tips, is characterized over frequency usingctovaetwork ana-
lyzer for different screw positions.
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(a) Simplified representation of the measurement set-up.
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attenuator shifter
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(b) A picture of the one-port VNA measurement.

Figure 5.12: Measurement set-up and photo of the one port VNA to characterize the variable
complex impedance.
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Figure 5.13: Amplitude variation of the variable attenuatoraaious screw positions.
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Figure 5.14: Phase variation measurement of the phase stiftarious screw positions.

On-chip measurements

The on-chip measurement of the complex S-parameter ismpeetbby prob-
ing the characterized DUT at the radar MMIC antenna porthasve in Fig-
ure 5.15 and 5.16. Prior to this, the values of the compled logedance,
SPUT are characterized over frequency for different screwiogitipns as
described in the section 5.4. The frequency difference éetvthe two VCOs
is set to 1.25 GHz, which is chosen to avoid injection lockbegween the
two VCOs. The divider outputs are used to adjust and tune rdmesinit
VCO to the frequency of interest. The IF and REF signal vatagtputs
are directly captured, to compute the reflection coeffisieast described in
Equation 5.4, which is then used to compare with the refleatimefficients
which are acquired by the VNA measurements. However, simed¢wo way
measurements of the on-chip transmission line and the itagaeffects of
the Ground-Signal-Ground pads is not considered, ther&rpeters should
be de-embedded to extract the reflection coefficient of tigingtshort. S-
parameter simulation of the on-chip transmission line maodeich is 75Q:m
long, and the antenna pads is performed in ADS. The simulatidues are
de-embedded to get the net S-parameter of the DUT.

Using the methods described in Section 5.2, the availabigtex impedance
from the stand alone tuner, the raw on-chip measurementsebahd after
correction are mapped on smith chart as shown in Figure Figure 5.18,
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é/—_’% WG | OwP s

Q Radar MMIC-

Oscilloscope

SHORT

Flann-27020 Flann-27061
variable attenuator ~phase shifter

Figure 5.15: Simplified representation of the on-chip com@earameters measurement set-up.

Divider output signals
(VCO1 and VCO2)

Microscope
picture of the chip

~

Figure 5.16: Experimental set-up of the OWP measurements amitiescope picture of the
mounted chip. The IF and REF output signals are sampled by adgiigjtal oscillo-
scope, for further processing. Two spectrum analyzerssae to monitor the VCOs
signal which can be tuned and adjusted as necessary.
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shows the amplitude deviation of the estimated chip loadenapce and the
VNA values, which shows a magnitude error range-dd.5 dB.
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Figure 5.17: Uncorrected chip measurementg,(I"impedance states provided by the on-chip
tuner (I';), and corrected reflection coefficierits,,,) at 122.5 GHz
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Figure 5.18: Magnitude of amplitude deviation between chig ¥MNA measurements at 122.5
GHz
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The experimental results shown in this measurements shaw@dagreement
of VNA and on-chip measured results. Figure 5.19 and 5.2@/shine ampli-
tude and phase comparison of the two measurements foratiffecrew posi-
tion of the variable impedance tuner. The complex impedameasurement
is plotted in Figure 5.21. Moreover, it was found that theggheomponent of
these errors dominate compared to the cases of the magpittitereflection

coefficients.
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Figure 5.19: Magnitude comparison of network analyzer andtop measurements
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Figure 5.20: Phase comparison of network analyzer and gnrohasurements
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Figure 5.21: Complex impedance comparison of NWA and on-chipsareanents.

5.5 Concluding remarks

A novel, real-time, embedded calibration scheme of a radasteiver chip
with an integrated reference channel is presented in thapten A digi-

tal impedance tuner is used to generate a known complex iampedvalues,
which are later used to estimate the load at the antenna4vorte port VNA

methodology with 256 measurements is employed to chaiaetdre error co-
efficients. Imperfections such as offset, LO leakage, andiétay mismatch
across the system are thus determined, thus can be calitrataising the
computed error coefficients. The main benefit of this methaglois, the cal-
ibration is implemented in analog domain prior to the FFTgessing, thus
it highly increases the SNR of the system, compared to the-sfathe-art
methodologies. The proposed calibration method has betfiredeby mea-
surements, which shows a very good comparison between ViAoarchip

measurements. This methodology, can be further develogednf on-line
error calibration of future radar sensor systems, espgedial applications
which require an accurate and precise measurements.
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6 A D-band radar sensor with
Built-in-Self-Test

Advances in mm-wave technologies have enabled the integrat complete
transceivers in a single chip, which provides a significaaluction in man-
ufacturing cost. However, the cost of testing and diagnokibese devices
remains the same. Their diverse specifications and highatipgrfrequency
make necessary extensive tests, both complex and expe¢ogieeform.

For the testing of ICs, one of the main problems with a higlell@f inte-
gration is the lack of access to each individual buildingcklm the chip. This
is because fewer signals are being routed out of the chiptharsdt is not pos-
sible to access all of the signals from the integrated coraptsn Therefore,
special testing features and nodes need to be implememntéesting of the
ICs. Furthermore, when the IC is once integrated into a SoGdalitional
source of errors will be introduced because of the integmaisues, such as
substrate coupling, mismatches, cross-talk, leakage etc.

Integration of on-chip BIST features in mm-wave frequesaiéll not only
reduce the testing cost, but also allow the radar sensarsytst be monitored
online after integration and assembly. Therefore, it isifela to reason about
integrating testing features and nodes already in earlggshaf mm-wave IC
designs.

This chapter deals with an integrated mm-wave testing quirexed method-
ology for a mm-wave radar sensor system. A D-band radar sevio on-

chip integrated BIST features is proposed and implementédst, testing

sequences and methodology is described briefly. Then, @&pbte measure
the matching condition of an assembled antenna by meastiéhgomplex
S-parameter is shown for the first time.

99



6 A D-band radar sensor with Built-in-Self-Test

6.1 Mm-wave IC test challenges

Mm-wave testing is challenging because the analog and R&hpers are
difficult to measure due to signal sensitivities and noredeinistic nature at
high frequencies. Analog and RF circuits are sensitive ¢oattidition of test
circuitry which might load the nodes to be measured and tffex overall
performance, so each circuit requires an individual teategy. In spite of the
considerable studies in the past, the suitable test tegbsipr RF-circuits still
remain to be the major bottleneck for mm-wave systems, dtieetéollowing
challenges.

Cost: Testing of mm-wave integrated transceivers is a complexe tton-
suming and costly task. RF circuits require the use of carafed
test procedures, lengthening test times and increasinga$teof auto-
matic test equipments (ATE). Furthermore, the increasepefational
frequencies leads to the fact that the testing of the MMIGsamount
for up to 70% of the total manufacturing costs and time, amtacted
significantly by the cost of testing the various embeddedioanand RF
circuit components, [DKW10]. In order to avoid these complest
procedures the integration of an embedded test is highiyadgs.

Increasing complexity: Test complexity will increase highly with the level
of integration in SoC. Increased circuit complexity on ay&nchip pre-
vents testing access to internal nodes. The alternativeufng the
internal nodes to external pins significantly increaseothezall manu-
facturing cost. Along with the integration, technology lstghas been
accompanied by increased device performance and setysttivpro-
cess variations.

DUT specification: In recent years, the specification of mm-wave circuits
increased in terms of band-width, operating frequency amtbpmance
etc. Each specification test requires a different test cordtgpn, result-
ing in long test time on expensive ATE.

Calibration and de-embedding: RF test setups require complicated cali-
bration processes. During testing, the main concern is tiifermity
of off-chip interconnects and the interface with the ATEQlpes, sock-
ets, and cables connected to the measurement systems. abligéct
influence on measured behavior, and an accurate measurearehée
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obtained by a de-embedding procedure. The goal of de-enrgedo
find the losses between the DUT and the ATE system and caititain
out from the measurements. The losses are used to offsedline of
an RF measurement obtained by the ATE system.

6.2 State-of-the-art: mm-wave testing

Available RF testing approaches fall into three main categoon-Wafer test,
RF Automatic Test Equipment (ATE) and integrated test tephes. Current
practice is to combine all three approaches because nesalgition can meet
the desired quality, cost, time, and reliability requirense

On-wafer-test

On-wafer test is a fundamental step performed on each cleigept on the
wafer, consisting in testing each chip for defects. Theddahtest equipment
is used like probing stations, RF and baseband signal gengrand vector
signal analyzers. This approach is perfect for the promtgsting but not
suitable for integrated transceiver production testingajdvl reasons are the
number of extra test pins, cost of the test equipment, angl $etup time for
test, [Lau02]. A wafer probe must perform a number of diffiaulechani-
cal tasks while maintaining excellent high frequency eleat performance.
Figure 6.1(a) shows a typical wafer level testing of an RF-TGe increas-
ing complexity of RF-ICs is creating an obstacle in the impéatation of a
wafer level test. This is due to all the signal nodes are nog¢saible for mea-
surements. In addition, high frequency signals cannot hemlioff the chip
without degradation.

Automatic Test Equipment

In conventional RF Integrated Circuit testing, ATE is usedneasure the per-
formance characteristics of the DUT. Upon conclusion ohgests, the DUT
is classified as acceptable if each characteristic liedmth acceptable range,
according to specifications. Although these measuremeatsimple, they re-
quire a variety of test resources which, together with timg ltest application
times, increase the total manufacturing cost. The ATE shbale all the re-
quired bandwidth, the signal generation, and analysishibes needed for
the particular RFIC standard under test. A typical ATE cstssof a worksta-
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(a) On-wafer IC test (b) RF-probe card

Figure 6.1: RF testing approachs (cascade microtech).

tion, a test head and several measurement instrumentd®brprobe cards,
as shown in Figure 6.1(b), provides the electrical contativben the DUT
and the measurement instruments in the ATE. The types of B&sstimulus
and measurement capabilities include S-parameters, figige, power and
spectrum analysis. A key problem is that it is not always imsd$or the ATE
to have a direct access to all or even part of the internabsgof an IC, es-
pecially in System-on-Chip (SoC) or System-in-Packag@)8esigns. The
main limitation and challenge for ATE tests are mainly thghhfrequency
contacts and probes at mm-wave.

Integrated test solutions

A classical approach to reduce the equipment and time cqustrea for the
test procedure, is to embed part of the test resources ieteitbuit itself.
This approach is known as Design for Testability (DfT) or [Bli-Self-Test
in case of self-testing. The principle of integrated tesshswn in Figure
6.2. On architecture side, a circuit with DfT features inmmate ADC, DAC,
and detectors integrated with the analog RF-componentsseltechniques
either directly measure the circuit performance on-chiproduce a signature
(e.g. a voltage/ current) that has strong correlation tocthauit. The DfT
technigues have a potential to solve or relax the RF-tegtioglem for future
transceivers.
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Figure 6.2: Simplified integrated test concepts.

Loopback methods

Loopback testing is a system level test approach for travesceircuits, that

implement both the transmit and the receiver chain onto glesichip, as de-
scribed in [OSMFSS09]. As shown in Figure 6.3, it involvesig@tion of

a test signal in the DSP, digital-to-analog conversion, apgtonversion to
the RF frequency in the transmitter chain. Conventionalig, output of the
transmitter is then routed back to the input of the receiwdrere it is am-
plified, down converted to the baseband frequency. Thisasignconverted
back to the digital domain and analyzed for functionalityifieation of the

complete transceiver. This method does not require extstinauli and is ef-

fective to detect catastrophic faults in the complete digath. Loopback is
one of the low-cost test methods for verifying functionalif a transceiver
circuit. However, this testing methodology gives a litthesight into circuit

failure and is of little assistance in debugging a circuitnofacturing pro-
cess. On-chip implementations of loop-back technique Hmeen demon-
strated, [BC04, HBSCO5, YEO5].
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Figure 6.3: Loop-back test concept.

On-chip BIST

The BIST method is one of the most appropriate techniquetefting com-
plex SoCs, as every component in the system can be testqzbimdiently from
the rest of the system. The main idea behind a BIST approaoheliminate
the need for the external tester by integrating activertgstiodes onto the
chip. This approach allows applying at-speed tests andredies the need for
an external tester.

In general BIST provide many advantages in reducing thétgsbst. How-
ever, it should be pointed out that BIST has some drawbacksagds over-
head, power and additional circuits. One advantage of B£STt ican over-
come many of the signal quality problems associated witlp#nasitic effects
introduced by cables connecting the equipment to the deVlibe advantage
of BIST can be summarized as:

* no need of fragile probing is necessary. Instead a testetdok fast
testing can be used.

 costly external test equipment can be reduced

 parasitic effects introduced by cables connecting thepegent to the
device are avoided
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« testing speed technology is kept up-to-date with neweegsion inte-
grated circuits

« the built-in sensors provide test access for internal aadehe whole
system leading to better fault diagnosis

¢ manufacturing tests and sensor outputs can be extendadd®wen-line
monitoring and fault diagnoses of components: a selfidstdevice
can be examined from a remote location

« testing and performance degradation over lifetime can beitored.

6.3 Porposed BIST methodology

One key challenge to test a highly integrated radar MMIC ésabcessibility
of individual blocks in the integrated circuit. The abiliy control the inputs
and to observe the outputs of each building block is necg$sefunctionality
test and monitoring. Potential solutions to enhancing nladdlity include the
addition of simple, low-frequency circuitry at internaldes, whose outputs
can be further used for validation and functionality test.

In this section, a BIST methodology for the fast and low-costitoring
of MMICs using their response to a digitally assisted cdntoitage or bias-
ing current stimulus is presented. The proposed methoglalogs not require
complex RF instrumentation hence it can be easily impleateah low-cost,
and low-frequency testing equipments. The system levatrg®n of the
radar sensor with BIST features is detailed in Chapter 5.

Several BIST features have been included on the realizqd inhorder to
facilitate simple low-frequency, low-cost testing andlome monitoring of the
circuit performance. The functionality and verificationtb& BIST features
is detailed in Chapter 6. First, divide-by-64 chains haverbatroduced for
both the transmit and receive VCOs. Apart from allowing th€Qé to be
locked by external PLLs, the dividers provide a low frequesignal that can
be used to independently verify the tuning range and phase nbthe VCOs.
Further more, the divider chains allow the VCOs to be lockgaib external
PLL. The dividers provide a low frequency in terms of 1.8 Ghignal that
can be used to independently verify the proper operatiorntamdg range of
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6 A D-band radar sensor with Built-in-Self-Test

the VCOs.

Bidirectional power detectors, capable of measuring thedod and reflected
waves, have been inserted between the receive LO distibtitte and the
mixers, as well as between the transmitter distribution thedpower ampli-
fier, as shown in Figure 5.1. Their role is to monitor the sighmaver provided

by the LO distribution trees and to isolate potential proidesither in the mix-
ers, transmit amplifiers, or in the VCOs. Similar detectossavalso placed
at the outputs of the primary and of the reference channeart4pom mea-
suring the transmit power, the detector reading of the reftepower can be
employed to calculate the reflection coefficient at the TXpatiand thus de-
termine whether the antenna is well matched. Table 5.1 suip@sahe main

performance and characteristics of the radar IC.

Furthermore, since the reflected power is monitored, theecatipotentially
insufficient signal power can be traced back to improper matgor to inade-
quate VCO output power. Power detectors were also placéa&A outputs
of both the main and reference channels. Apart from momi¢ooif the output
power, the detector reading of the reflected power can beoymglto esti-
mate the reflection coefficient at the transmitter outputtand estimate how
well the antenna is matched. A conceptual diagram of theédmphted BIST

Analog/RF Analog outputs
inputs Radar MMIC (Mux)
Tuning | Measurement
Digital
control DAC ADC

I )

Digital processing unit
Look-up table

Figure 6.4: Conceptual diagram of a digitally-assistedBf$thodology.

methodology is shown in Figure 6.4. This test concept avibidsise of tradi-
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6.3 Porposed BIST methodology

tional RF analog testing methods by utilizing low-frequedditally assisted
circuits to autonomously test the integrated componenwighal processing
unit (DPU) is used to measure the circuit performance basgt@specifica-
tion values. DAC and ADCs convert the test signals to and fieenMMIC,
in a low-frequency domain. Internal to the digital part ie thPU responsi-
ble for the testing algorithm. The analog block of the MMI®@sdrporate
built-in tuning nodes that can be tuned from the DPU unit éstihg function
and performance verification. In the DPU unit performanacaupeters of the
blocks can be stored as a look-up table. Table 6.1 highligt@smportant
parameters to test for in an integrated MMIC. Several ofélpggameters can
be extracted using power and amplitude measurements wihiégsorequire
spectral measurements.

Component Test specifications

VCO output power, tuning range, phase noise

PA gain, frequency characteristics, output power
LNA gain, frequency characteristics, output power
Mixer IF- bandwidth, conversion gain

Divider functionality

antenna matching condition

Table 6.1: RF-BIST and monitoring of integrated components

A key components in the BIST system are integrated power detectors at
different nodes of the IC and digitally tunable gain funosoof the circuit
blocks. The presence of these detectors enables the tastingonitoring of
the circuitry, thus enables signal tracking along the chaimligital interface
with a 28-hit shift register is integrated in the chip, to tonand control the
individual components. During test configuration, the dipanalog multi-
plexer output signal can be read out and compared to thefigagicin values
of the components. Thus, the high frequency circuit respansonverted into
a low frequency form, which is easier to analyze in baseband.

Furthermore since the reflected power is monitored, theecatipotentially
insufficient signal power can be traced back to improper matgor to inade-
guate VCO output power. Another BIST feature in the hetenedyansceiver
is the reference channel, which is built symmetrical to tle@mehannel. This
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6 A D-band radar sensor with Built-in-Self-Test

architecture allows estimating the complex load at therarégort, and match-
ing condition of the assembled antenna, as described irtehap

6.4 Component level testing sequence

This section describes the testing sequence of differenkblof the transceiver
circuits. To evaluate the functionality and performancéhef packaged radar
sensor, a test board has been designed and fabricated. Plarientation
of the test board is based on an architectural focus on aregquéncy BIST
function and evaluation. The complete block diagram of gadized circuits
and test setup is shown in Figure 6.5. The main componergrated on the
PCB are:

e Several power supply components. The radar transceie¥atgs with
fixed 1.2 V and 1.8 V supply voltages, while 2.5 V and 3.3 V sig®l
are used to supply the DAC, ADC and RF-switch.

e 12-bit programmable DAC (Digital Anlaog Converters): ltdition to
the fixed supply voltages, several components of the IC haaianal
biasing supplies, which could be used to adjust and ensanedpera-
tion. Furthermore, the coarse tuning of the VCOs could bastéf by
programming the DAC output voltage.

¢ 12-bit ADC: which is used to digitize the analog multiplextput signal
of the radar IC.

¢ RF-switch: in order to switch between the four RF outputthefradar
IC, a programmable RF-switch is integrated on the test boBne out-
put of the RF-switch is connected to a spectrum analyzer.

e RF-amplifiers: prior to the base-band mixer an RF-amplifieinte-
grated which is used to compensate the conversion loss ofiittes.

» Baseband mixer: to obtain the baseband signal by mixingefezence
and IF signals.

¢ An SPI interface over a USB (FTDI- Module): is used for alll pio-
grammable components including the radar transceiver.
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6.4 Component level testing sequence

The four RF signalsi§IVrx, DIVyx, REF and IF) which are coming out of
the chip are converted to single ended, by using RF baluns sifiyle ended
signals are then connected to a SPAT RF-switch. A powetespdplits the
REF and IF channels, to rout the signal to a mixer and switdpectively. By
multiplexing the control voltages of the switch, one of the signal can be
displayed at a time on a spectrum analyzer. A miniaturizexkied connector
is used to capture the signal from the RF-output of the switch

P
@: Power supply module ]

v — FTDI Module
DAC »> (SPI) >
|
Radar MMIC Mux;out
ADC
Differential to
single ended
Power
splitter
swi uLh dmphﬁm
RF
Intermedi mixer
subsystem
Spectrum

Oscilloscope

analyzer

Figure 6.5: System block diagram of the BIST measurement seklighe RF signals are con-
nected to a miniaturized coaxial connectors. The designditated board is shown
in Figure 6.15.

6.4.1 DC test

The total current consumption of the transceiver circu®d® mA, from 1.2V,
and 1.8 V supply, when all circuit blocks are active. The posaurces and
adjustable components (DAC-Voltages) are set to the propetinal values,
as listed in Table 6.2. The circuit is designed in such a tasthat the com-
ponents could be turned off by setting the bias current soitage to 1.2 V
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6 A D-band radar sensor with Built-in-Self-Test

- 1.5 V. Complete turn off happens at 1.8 V. During the DCs;tés¢ circuit
blocks could be turned on and off digitally, which in turn ised to check if
the power consumption of the components is in the range ofjiten speci-
fication. Catastrophic defects on the packaging ( for exaraphot properly

soldered package), or broken down wire-bonds can be eaidgeibd during
this DC-test sequence.

Component Count Power in [mW]
VCO 2 76

Divider chain 2 145

LO distribution 1 115
Transmitter chain 1 230

Receiver chain 1 165

Total 952

Table 6.2: Power consumption of the MMIC building blocks.

6.4.2 Transmit and receive VCOs

The test parameters to verify the functionality of the VC®s te tuning
characteristics of the VCOs, and the power level of the gerdrsignal. By

f power
(R
! MR
AV > — o — ¢ ¢
detectors

Figure 6.6: VCO testing methodology: the tuning voltage & YCOs is used to stimulate the
VCOs by changing the frequency of operation. To verify thectionality, the fre-

guency can be measured at the divider output and the powéickEvée measured at
the output of the analog multiplexers.

using the test set-up shown in Figure 6.6, it is possible teai¢he fault of the
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6.4 Component level testing sequence

VCO and the divider circuitry. Subsequently, the power detecalues were
recorded and translated into power by using the measured characterstics of the
standalone detectors. The corresponding power for each frequency points is
measured independently. The output of the power detectors is connected di-
rectly to the analog multiplexer, which are sampled by the integrated on-board
ADC. The fail and pass criteria is stored in a look-up table, which is used to
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Frequency in GHz

(@) Viune=1.0V
Figure 6.7: Divider output at different tuning voltages.

compare the DUT with the specified values. Since the transmit and receive
VCOs are identical, the same procedure is used in both cases. Note that the
signal power level of the divider output signal doesn't correspond to the real
power level of the signal generated by the VCOs. Frequency dependent pa-
rameters can be measured by successive sweeping of the two on-chip VCOs.
The tuning characteristics of the VCOs is shown in Figure 6.8, which can be
used as a test specification during the test sequence. In order to obtain a wider
bandwidth in FMCW mode of operation, the fine and coarse tuning shall be
combined. A typical spectrum outputs of a divider signal for different tuning
voltages are shown in Figure 6.7.
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6 A D-band radar sensor with Built-in-Self-Test

A failure of operation on the divider, can be detected at the tuning oultput.
the case when the divider is defective, the proper operation of the VCO can
still be detected by tuning the tuning voltage and capturing the REF and IF
signals, which are changing with the tuning voltage of the VCOs. Another
way of proving the operation of the VCOs is, by changing the transmit power
level of the VCOs digitally, and reading out the detector outputs, in a digital
fashion. However, for a radar operation, since the output of the dividers are
used to lock the VCOs, a failure of divider operation is categorized as a fully
defective DUT. The proper operation of the VCOs was first verified by mea-
suring the frequency at the divider outputs for different tuning voltages, from
117.3 GHz to 127 GHz, as shown in Figure 6.8.

The phase noise has been measured at the divider output as depicted in Figure
6.9. It exhibits a phase-noise of -118 dBc/Hz at 1 MHz offset from the highest
oscillation frequency. The signal is in the range of 1.9 GHz and contains the
same non-linear tuning curve and phase noise scaled by a factor of 20log(64)
dB = 36 dB. Thus, the phase noise value at 122 GHz carrier frequency is -82
dBC/Hz at 1 MHz offset frequency.

128

126

-
N
N

VCO frequency in GHz

Coarse tuning [0 - 1.8V]
L L L

116 Il Il Il Il Il
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

Fine tuning in V
Figure 6.8: Tuning curve of the two VCOs: The coarse and the fine turbitgges could be

tuned in the range of 0 to 1.8 V, which results for the overall frequency span of 117.3
to 127 GHz.
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Figure 6.9: Measured phase noise of the radar transceivee divtider output.

6.4.3 Transmit and receive power amplifiers

The programmable gain in the LNA and PA was realized in a digital circuit
by using a 4- bit control circuit for each. The gain level of the two PAs can
be tuned digitally, using the integrated serial interface. Their functionality can
be therefore verified by reading out the power detector outputs right behind
the PAs, or reading out the change in the spectrum’s power level at the IF and
REF outputs.

The capability to adjust the output power was verified using the on-chip
power detectors as well as by monitoring the transmit to receive leakage sig-
nal through the 6-dB antenna coupler. The two measurements track each other
and indicate that their is over 15 dB of output power control. Figure 6.10 repro-
duce the analog detector output behavior of the power detectors at 122 GHz.

Another way of testing the power amplifiers, is by changing the gain level
and monitoring the IF and REF channel outputs. Any defect on the power
amplifers can be easily detected at the outputs of the mixer as shown in Figure
6.11.
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Figure 6.10: Analog output versus detected power charatitayiat 122 GHz.
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Figure 6.11: Gain control of the LNA versus output power attiel EF outputs.
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6.4.4 Mixer testing of the reference and IF channels

There are a number of ways to test the functionality of the itviegrated on-
chip mixers. One way of verification is by tuning the two VCO#hin the
spectrum bandwidth of the mixers, and monitoring the fregyet the IF and
REF channel. In this case therr = (frx X frx) < 5GHz. By tuning
the LNA gain digitally and reading out the spectrum powehatREF and IF
channel verifies the functionality of the mixers, as welinar to the LNAS,
the RX gain control steps were characterized by employiergrdmsmitter to
receiver leakage and measuring the change in the receiyeal siutput power,
as shown in Figure 6.12. A typical measured normalized Ifhohboutput at
frr =476 MHz is depicted in Figure 6.13. The second peak on thetispa
shows the harmonic value at a frequency of 952 MHz.

In general the following procedures can be performed tabesproper opera-
tion of the two integrated mixers:

e Sweep the transmit VCO modulation input, by setting therecVCO
to a fixed frequency. Check REF mixer output power

* Sweep the receive VCO modulation input, while setting ttaagmit
VCO to a fixed frequency. Check receive mixer output power

e Set the transmit VCO modulation input to a fixed value. Swep
power amplifier power control. Check the output power of &eeiver
mixer.

¢ Set the transmit VCO modulation input to a fixed value. Swibepref-
erence channel power control. Check the output power ofafezence
mixer.

115



6 A D-band radar sensor with Built-in-Self-Test

Normalized Amplitude in dB

25 | | | | | | |
2 4 6 8 10 12 14 16

Gain control index [1 - 16]

Figure 6.12: Measured IF output versus the gain control ofi&.
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Figure 6.13: Measured IF channel outputfaj- = 476 MHz. The second peak on the spectrum
shows the harmonic value at a frequency of 952 MHz.
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6.5 Antenna match measurement of assembled
antenna

Antenna match condition is one of the most critical perfanoeparameters
of a highly integrated radar systems. However, the measemeof matching
performance of mm-wave antennas is very challenging, #fterantenna is
integrated in the package. On the radar system architedaseribed in this
chapter, due to the symmetry of the architecture, the op-thier was used
to measure the complex reflection coefficients of the anteonaected to the
main channel. For this purpose, the main channel was usdtasference
and the output of the reference channel was monitored farggsin ampli-
tude and phase. The same procedure described in Secti@) i5.2sed to
compute the complex S-parameter of a connected antennamismyatch of
the antenna or a defect on the connection of wire-bonds catetested by
using the described methodology.

122 GHz Integrated antenna in package

The planer mm-wave antenhis realized as an antenna array composed of
four elements that are fed by a novel feeding network usingargled Copla-
nar Waveguide (GCPW), and pairs of coupled microstrip (M&diThe an-
tenna is realized on a 0.1 mm thick Rogers Ultralam 3850 safiestusing a
thin film technology. Figure 6.14 shows a 122 GHz IC that isgnéated into

a 8 mm x 8 mm QFN package, together with antenna. The IC andhtkearsa
are connected using three aluminum wire in wedge-wedgetdady.

To avoid direct soldering on the test PCB, an open-top tesketowith a
center opening for package access is used, as shown in Edite In this
way, several ICs could be tested in a short time. The blocgrdia of the
implemented test board is shown in Figure 6.5. The S-paeméthe pack-
aged antenna is measured by using the methodology desaribection 5.2.2.
The comparison of the computed complex reflection coeffisiane plotted
in Figure 6.16, which shows all the 256 tuning index valueshef variable
impedance tuner before and after corrections. For similtgranas, a magni-

1 As a part of the EU project SUCCESS, the mm-wave antenna desibpackaging is done by
KIT. The details of the antenna design and packaging coraregtresented in [BRG13].
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Figure 6.14: 8mm x 8mm QFN package with integrated IC and aatenralumina substrate.
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Figure 6.15: Realized PCB with a 56-pin test socket for BI&d eerification. The packaged sen-
sor is covered with a dedicated sensor cap, which is desigeeth RF- transparent
at the center frequency of 122.5 GHz.
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(a) Antenna-1 (b) Antenna-2

Figure 6.16: Complex reflection coefficients of two assembled antennas at 122 GHz for all 256
tuning indexes. The measurements include the influence of the on-chip transmission
line, the connecting wire bonds, the cap and the test socket.

tude comparison of the simulation and measurement return losses is plotted in
Figure 6.17, which proves the functionality of the proposed methodology.
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Figure 6.17: Comparison of S11 amplitude simulation and embedussurements of the in-

tegrated antennas after assembly. The measurement of the antennas are done in
500 MHz frequency steps.
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6.6 Concluding remarks

An on-chip integrated low-cost BIST scheme for testing afaratransceiver
chip is presented in this chapter. Several self-test feathiave been included
in order to facilitate simple low-frequency, low-cost tagtand thus minimize
or avoid of D-band equipment. This BIST methodology enabheson-line
monitoring of all the integrated components in a low-fregueand digital
fashion. Furthermore, for the first time it is shown to meagtie matching
condition of an assembled antenna in mm-wave frequency.valrtechnique
have been developed and verified to accurately quantify-fhe&r&meter of the
integrated mm-wave antennas. The proposed method can thécuseasure
the assembly or packaging errors introduced by differeninting methods
at mm-wave frequencies.
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In this dissertation a technology and system architectweysof mm-wave
radar sensors for short range applications has been pafiorEmphasis has
primarily been on the system concept and integration. Thdysincludes
a theoretical analysis of different mm-wave radar architess, including a
dual-channel homodyne as well as a complex heterodynetectivie. A
novel BIST concept for mm-wave radar sensors and a embeddibdation
methodology is proposed and investigated.

Chapter 2 presents the basics of radar system architecture and eeggiiits
on system design by giving emphasis on near range applicafiomparison
of different system architectures have been briefly ingastid, which offered
insight into the operation principles of the presented itgctures. The state-
of the-art millimeter wave antenna integration and paakggnethods were
extensively reviewed and discussed regarding their adgastand limitations.

Chapter 3 describes the design considerations, integration ispae&aging
and experimental performance of a recently developed DdBadumal-channel
radar transceiver with on-chip antennas fabricated in &2®B&MOS tech-
nology. The design comprises of a fully integrated tranggetircuit with
guasi-monostatic architecture and a 60 GHz push-push V@Odperates
between frequency band of 117.5 GHz and 123.5 GHz. All anbidigling
blocks have digital-control interfaces and are controlliedSPI to reduce the
number of connections and facilitate the communicatiomwben digital pro-
cessor and analogue building blocks. The two electromagatigt coupled
patch antennas are placed on the top of the die with 9-dBi gaéthhave a
simulated efficiency of 60% .The chip consumes 450 mW andris-onded
in an open-lid 5mmx 5mm QFN package. Appropriate signal processing
for the estimation of range, and azimuth angle in single algé&uation is
presented.

Chapter 4 presented the realization of a novel heterodyne FMCW ragiar s
tem integrated on a single chip. The principle is the use ofgeparate signal
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sources integrated on the same chip and an external dowersion to corre-
lated the phase noise of the two different sources. Highopeidince ranging
accuracy for short distance measurement is shown. A peafocencompari-
son of four different sensor architectures is done.

Chapter 5 presents an embedded calibration methodology of a radar sen
sor system with an integrated reference channel. A digit@leidance tuner

is used to generate a known complex impedance values, wiedater used

to estimate the load at the antenna port. A one port VNA metlogy with

256 measurements is employed to characterize the errdicieefs. Imper-
fections such as offset, LO leakage, mismatching are thtesrdened. The
calibration method has been verified by measurements, vghiols that with

the use of the reference channel we achieve improved sigealrity.

In Chapter 6 it has been shown that a variety of built-in self test scheanes
currently the topic of research for both the millimeter wavel mixed-signal
domains. Due to aggressive technology scaling and multz-Gperating fre-
quencies of RF devices, parametric failure test and diagmd<RF circuitry
is becoming increasingly important for the reduction ofdarction test cost
and faster yield ramp-up. Methodologies and solutionsédseting individual
building blocks of an integrated circuits, that will enablieect verification of
performance parameters have been presented through®uah#pter. Current
RF transceiver architectures will require a mixture of bp#nadigms for suc-
cessful implementation of integrated test strategies. afipication of BIST
concepts is a must for future integrated transceiver systermeet the strin-
gent requirement of time-to-market and low-cost of massketatonsumer
products.

A new BIST scheme for testing of a radar transceiver chip waithintegrated
reference channel is realized and implemented. A low-ao$t@av frequency
test and diagnosis method is presented to allow fault ptiedi@and on-line

monitoring of the integrated components in the radar treimec  This low-

frequency test methodology provide the features for tgsiiithout external

RF ATE support. For prove of concept a single chip, heteredyionostatic
radar architecture with a BIST capability is realized andestigate. Sev-
eral self-test features have been included in order toitiaielsimple testing
methodology and thus minimize or avoid of D-band equipmEantthermore,
for the first time it is shown to measure the matching condittban assem-
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bled antenna in mm-wave frequency. A novel technique have éeerioped

and verified to accurately quantify the S-parameter of the integrated mm-wave
antennas. Within the framework of this PhD work, the following novel results
and insights have been achieved:

e Miniaturized dual-channel radar sensor at 122 GHz with integrated on-
chip antennas for distance and angle measurements was developed. The
transceiver is based on a SiGe-BiCMOS chip with two separate inte-
grated antennas. The SMD radar requires no external millimeter wave
connections, thus enabling the assembly in a standard SMD line. Due to
the two receiving channels, an angular measurement in azimuth direc-
tion is possible. These results demonstrate the potential of a compact,
low-cost D-band radar sensor for a consumer application.

In general, the DC-offset in homodyne radar architectures is more se-
vere than heterodyne architectures, thus the former systems are not ap-
propriate for a short range measurements. However, heterodyne re-
ceivers are more complex, since more signal sources and down conver-
sion stages are required. In spite of these disadvantages the heterodyne
radar system has shown a better performance for short range measure-
ments. In a case study, it is shown that with a calibration (empty signal
subtraction) of a radar signal prior to the measurements, it will not be
fully possible to overcome the dynamic DC-offset which usually varies
fast over the radar front-end system temperature.

In this work, for the first time in the literature, the potential of a het-
erodyne radar system architecture for accurate near range detection is
investigated. A novel single chip heterodyne FMCW system with two
separate sweeping sources and a demodulation scheme is used. This ar-
chitectures mitigates the effect of DC-offsets in the near range. High dis-
tance measurement accuracy at a short distance below 50 cm have been
achieved compared to a homodyne architecture, which suffers from a
DC-offset issue.

A novel, embedded auto-calibration methodology of system impair-

ments in integrated radar sensors is shown for the first time. For the
calibration reference channel a digital impedance tuner with a look-up

table over a frequency is used. The calibration method can adequately
calibrate non-idealities and systematic errors in radar sensors in analog
domain.
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e A BIST concept and methodology for highly integrated ras@nsors
has been proposed. The proposed approach allows a stoavgéuttl low
frequency and digital testing of each individual componetegrated
on chip. All the circuitry succeeding the BIST will simply oeert the
sensed information into a low-frequency equivalent and-poscess
that signal. The methodology enables an online monitoririgeosensor
system during operation.

* On-chip level built-in testing methodology to measuretbenplexS;
of an integrated antenna is demonstrated for the first tintes fovel
technique has been developed and verified to accuratelytifyutre
match condition of integrated mm-wave antennas. Lower @ogtim-
proved reliability can be potentially achieved by on-linenitoring of
antenna match condition. This can potentially replace thgstal on-
wafer probe testing method or expensive probe cards canicdifs
reduce the testing cost and enable new test capabilitie®than key
advantage of using a built-in test methodology is, that afir@moni-
toring of the circuits is possible after assembly.

In this PhD thesis, several mm-wave radar systems with esiplom short

range distance measurements are presented and therégddtergplace the

state-of-the-art measuring systems is verified. Systefmtaoture concepts
for performance improvement, for example the short rangasonement ca-
pability of the sensor, as well as cost-effective testinghodologies are intro-
duced. Note that all of these developed concepts could hsfenaed to other
application areas, such as automotive radar systems at Z#ré&diency spec-
trum.

Outlook

One major research topic that would complement this workdewelopment
of a fully functional FMCW radar system based on the radassesystem
architecture which is shown in Chapter 5. This could velify advantage of
the embedded systematic error calibrations on the perfacenaf the sensor
system. In addition, the potential of the two channel raglatesn to measure
a complex S-parameter can be exploit to develop a one-po& $fiétem for

applications, such as material characterization.
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