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Abstract

This work concentrates on the development of compact and economical real time dis-
tance measurement cameras, whose measurement principle is based on the time-of-
flight method. For distance measurement from a few centimeters to several meters,
sensors based on so-called demodulation pixels are used.

Existing time-of-flight camera systems are restricted in operation due to limited dis-
tance resolution and a significant susceptibility to interference in relation to high signal
dynamics in the scene, strong background incident light intensity or interference by
other camera signals. There thus emerges four important areas of development, for
which solutions are presented in this work:

1. Enabling multi-camera operation.
2. Extension of pixel intelligence for capturing highly dynamic scenes.
3. Active background light suppression at pixel level.

4.  Pixel concepts for measurements with high distance resolution.

Multi-camera functionality is realised with an optical intensity modulation on the basis
of pseudo-noise sequences. A detailed analysis of distance measurement with pseudo-
noise modulated light signals includes the following aspects: the physically attainable
statistical distance measuring accuracy, limited by photon noise; systematic sources of
error such as low-pass distortions of the modulation signal; the ability to suppress in-
terfering camera signals.

While the stochastic accuracy in single camera operation is, as expected, around a factor
2v/2 to 4 worse than for a sinusoidally modulated light signal, multi-camera operation
is realistic with pseudo-noise modulation. In experiments with up to five cameras run-
ning simultaneously, distance perturbations under 10cm were measured.

An extension of the signal dynamic range of the demodulation pixels is achieved by
the integration of a comparator circuit in the pixel. The circuit facilitates the control of
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the integration times of individual pixels.
With the test setup used, a gain in the dynamic range of over 24dB was obtained, al-
though this can be further increased by a skillful adjustment of the integration times.

The pixel concept for background light suppression is based on a column oriented com-
parator circuit, which supervises the pixel outputs during the readout process. It pre-
vents electrons generated by background light from arriving at the noise sensitive read-
out circuit.

Measurements show that, on the assumption of typical characteristics of the overall
system, an indirect background beam of light, corresponding to a factor of 1.3 times
that of natural sunlight, can be suppressed.

An improvement in distance resolution can only be achieved by higher (de-)modu-
lation frequencies. Existing pixel structures have limited the possible modulation fre-
quency to some tens of megahertz because charge separation was too slow. The pixel
concepts presented here solve the problem by the utilisation of fast and therefore effi-
cient charge transfer by lateral drift fields within the semiconductor. Two kinds of pixel
are introduced: the first structure uses modulated fields and the second static lateral
tields. The theoretically estimated maximum frequencies lie within the range of several
hundred megahertz.

Distance measurements confirm the functionality of both pixels. Signal transit times of
under 1ns are measured within the pixel with static drift fields, which emphasises the
efficiency of the lateral electrical fields in the semiconductor.

This work makes a substantial contribution to the extension of the range of application
of 3D time-of-flight technology: cameras with pseudo-noise modulation can be used in
an environment with an almost arbitrary number of cameras running simultaneously.
The extension of the dynamic range makes the employment of the technology possible
in demanding environments with objects having strongly varying distance and reflec-
tion characteristics, so that outdoor applications become feasible. The drift field pixel
structures permit 3D measurements in real time with sub-millimeter resolution, since
particularly high demodulation frequencies are supported.



Kurzfassung

Die vorliegende Arbeit konzentriert sich auf die Entwicklung von kompakten und
kostengtinstigen Echtzeit-Distanzkameras, deren Messprinzip auf dem Lichtlaufzeit-
verfahren beruht. Zur Distanzerfassung von wenigen Zentimetern bis einigen Metern
werden Sensoren auf Basis von sogenannten Demodulationspixeln eingesetzt.

Ein restriktiver Einsatz bestehender Lichtlaufzeit-Kamerasysteme ist auf eine limitierte
Distanzauflosung und eine signifikante Storanfilligkeit gegeniiber hoher Signaldyna-
mik in der Szene, starker Hintergrundlichteinstrahlung oder Interferenzen durch an-
dere Kamerasignale zuriickzufiihren. Folglich ergeben sich vier bedeutsame Entwick-
lungsschwerpunkte, zu denen in dieser Arbeit Losungen vorgestellt werden:

—_

Ermoglichung von Mehrkamerabetrieb.
2. Erweiterung der Pixelintelligenz zum Erfassen von hoch dynamischen Szenen.
3. Aktive Hintergrundlichtunterdriickung auf Pixelebene.

4.  Pixelkonzepte fiir Messungen mit hoher Distanzauflsung.

Mehrkamerafunktionalitdt wird mit einer optischen Intensititsmodulation auf Basis
von Pseudo-Noise-Sequenzen realisiert. Eine detaillierte Analyse der Distanzmessung
mit Pseudo-Noise modulierten Lichtsignalen schliesst folgende Aspekte ein: die physi-
kalisch erreichbare statistische Distanzmessgenauigkeit, begrenzt durch Photonenrau-
schen; systematische Fehlerquellen wie zum Beispiel Tiefpassverzerrungen des Modu-
lationssignals; die Fahigkeit zur Unterdriickung interferierender Kamerasignale.
Wihrend die stochastische Genauigkeit im Einzelkamerabetrieb wie erwartet um einen
Faktor 2v/2 bis 4 schlechter ist als im Falle eines sinusmodulierten Lichtsignals, ist
mit Pseudo-Noise-Modulation sinnvoll ein Multi-Kamera-Betrieb realisierbar. In Ver-
suchen mit bis zu fiinf gleichzeitig laufenden Kameras werden Storungen der Distan-
zen unter 10cm gemessen.
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Eine Erweiterung des signalbezogenen Dynamikbereiches der Demodulationspixel er-
folgt durch die Integration einer Komparatorschaltung in das Pixel. Die Schaltung er-
moglicht eine pixel-individuelle Steuerung der Integrationszeit.

Mit den vorgenommenen Testeinstellungen wird ein Dynamikgewinn von tiiber 24dB
erzielt, wobei sich dieser durch eine geschickte Anpassung der Integrationszeiten wei-
ter steigern lasst.

Das Pixelkonzept zur Hintergrundlichtunterdriickung basiert auf einer spaltenweise
angeordneten Komparatorschaltung, die die Pixelausgdnge wahrend des Auslesevor-
gangs liberwacht. Sie verhindert, dass durch Hintergrundlicht generierte Elektronen in
die rauschempfindliche Ausleseschaltung gelangen.

Messungen zeigen, dass unter Annahme von typischen Eigenschaften des Gesamt-
systems ein indirekter Hintergrundlichteinfall entsprechend dem 1, 3-fachen der na-
tiirlichen Sonnenleistung unterdriickt werden kann.

Eine Verbesserung der Distanzauflosung kann nur tiber héhere (De-)Modulationsfre-
quenzen erreicht werden. Bisherige Pixelstrukturen haben die mégliche Modulations-
frequenz wegen der zu langsamen Ladungstrennung auf einige zehn Megahertz be-
grenzt. Die hier vorgestellten Pixelkonzepte 16sen das Problem durch die Ausnutzung
von schnellem und daher effizientem Ladungstransport durch laterale Driftfelder in-
nerhalb des Halbleiters. Es werden zwei Pixelarten eingefiihrt, wobei die erste Struktur
modulierte, die zweite statische laterale Felder einsetzt. Die theoretisch abgeschitzten
Grenzfrequenzen liegen im Bereich von mehreren hundert Megahertz.
Distanzmessungen bestitigen die Funktionalitdt beider Pixel. Signallaufzeiten von un-
ter einer 1ns werden innerhalb des Pixels mit statischen Driftfeldern gemessen, was die
Effizienz der lateralen elektrischen Felder im Halbleiter hervorhebt.

Die Arbeit liefert einen wesentlichen Beitrag zur Erweiterung der Anwendungsmog-
lichkeit der 3D-Lichtlaufzeit-Technologie: Kameras mit Pseudo-Noise Modulation kon-
nen in einer Umgebung mit nahezu beliebiger Anzahl gleichzeitig laufender Kame-
ras eingesetzt werden. Die Erweiterung des Dynamikbereiches ermoglicht den Einsatz
der Technologie in anspruchsvollen Umgebungen mit stark variierenden Distanz- und
Reflektionseigenschaften der Objekte, so dass Aufienbereichsapplikationen realisierbar
werden. Die Driftfeld-Pixelstrukturen erlauben 3D-Messungen in Echtzeit mit Submil-
limeterauflosung, da besonders hohe Demodulationsfrequenzen unterstiitzt werden.

Xii



Symbols

Counter variables

g l,muv, v

General parameters

a, b/ Cl/ x, Y, r)/

Greek or fractal mathematical signs

601‘

€_, €4

signal over time
Fourier spectrum of a signal ¢(¢)

matrix describing the optical
multi-layer system

optical transmission in terms of
the amplitude

absorption coefficient

distance error

refraction index

dielectric constant of a material
permittivity in vacuum
dielectric constant of silicon

dielectric constant of silicon-
oxide

lower and upper bound

Ho

xiii

wavelength

lower boundary wavelength of
an optical bandpass

cut-off wavelength (optical)

wavelength of the optical modu-
lation signal

charge mobility in the linear re-
gion of electric fields

standard deviation
phase
phase difference

phase of the complex pointer,
which is the sum of several
pointers

correlation value/function



(I)C,E

(I)Euler

autocorrelation

low-pass filtered autocorrelation
function

autocorrelation function with the
multi-path propagated signal

autocorrelation value only based
on the signal component (no
background light is taken into
account)

cross-correlation

sum of cross-correlation values
Euler’s totient

discriminator function
Potential

maximum channel potential

work function difference be-
tween metal and semiconductor

surface potential

optical reflection coefficient

Roman mathematical signs

A

measured amplitude in number
of electrons per tap

mean number of electrons gener-
ated by the optical signal compo-
nent per tap

charge packet of integration
node with number ¢

Pq

Tmpp

Te

®avg

®prob

emaa)

Xiv

charge density
time-of-flight

time-delay of the multi-path
propagated signal component

recombination lifetime
mean free time

expectation of the ratio between
the cross-correlation values and
the peak value of the autocorre-
lation

occurance probability of the
maximum cross-correlation
value among a set of m-

sequences

ratio between the maximum of
the cross-correlation value and
the maximum autocorrelation

peak
temperature

optical intensity

noisy charge packet of integra-
tion node with number ¢

sensor area
total pixel area
sensitive pixel area

measured offset in number of
electrons



BC

BD

BdG

BS

DR,
DR,

dR

Eair

number of electrons generated
by the signals of concurrently
running cameras

number of electrons generated
by the dark current

number of electrons generated
by background light

background-to-signal light ratio

width of the first maximum of
the diffraction pattern behind an
optical system

speed of light in vacuum
demodulation contrast
modulation contrast
non-ideality factor of the pixel
speed of ultrasonic waves in air

diameter of an optical aperture,
diffusivity

dynamic range of the sensor
dynamic range of the scene

resistance of a part of a resistor
line

oxide thickness
electric field

electric field where the satura-
tion velocity sets in

electric field vector in the air re-
gion

FW

F/#

fe
Jee
Jeut
fm

fs
Af

Gtr

Gmct

GP

XV

energy per pixel
photon energy

energy per sensitive pixel area
complex frequency
fill factor

full well

F-number

frequency

chip frequency

center frequency
cut-off frequency
modulation frequency
sampling frequency
frequency difference
generation efficiency
gain of transit time

gain of the storage capacity of the
MCT pixel

generator polynomial
polynomial coefficient

magnetic field vector in the air
region

frequency of occurence

impulse response function



Planck’s constant
photo-current
Boltzmann’s constant
optical attenuation factor
optical losses of the lens

attenuation factor of the multi-
path propagated signals

diffusion length

focal length

modulation signal

bipolar modulation signal
unipolar modulation signal

number of primitive polynomi-
als

effective mass

register length of linear feedback
shift registers

concentration of acceptor ions
number of cameras

number of diffusion regions
doping concentration
number of drift regions
concentration of donor ions
number of electrons

low doping concentration

f)image

P

P, object
P, pix
pr, By

QE

QOI

Xvi

number of photons

number of pseudo noise elec-
trons

number of samples
number of pixel taps
density of free electrons

integrated and added noise
sources

PN sequence length

optical power

emitted optical signal power
mean optical signal power

amplitude of the optical power
signal after the addition of sev-
eral sinusoidally modulated sig-
nals

background light power signal
optical power on sensor
optical power of light source
optical power on object

optical power on pixel
received optical power signal
prime factor

quantum efficiency

charge

tield oxide charge



q elementary charge

R distance to the object

Ry non-ambiguity range

Rz maximum distance

Reas measured distance

R, true distance

Ry, optical responsivity

r(t) reference modulation signal ap-
plied to the pixel’s toggle gates

rs radius of the circle of erroneous
phase

S switch control signal

s path length

ss(t) spread spectrum function

t time parameter

taiff diffusion time

arift drift time

tir transit time

Abbreviations

ACF autocorrelation function

AD analogue-to-digital

APS active-pixel sensor

B-CCD buried channel CCD

BL background light

SRR

<

Zs

CCD

CDMA

CMOS

CSs

XVii

integration time
chip duration
modulation period
voltage

built-in voltage
supply voltage
effective voltage
flat-band voltage
gate voltage
threshold voltage
velocity

thermal velocity
depletion width
unit discrete time-delay

depth of the pn-junction in the
semiconductor bulk

location of the maximum poten-
tial in the semiconductor bulk

charge-coupled-device
code-division multiple access

complementary metal oxide se-
miconductor

Cross section



CSEM  Centre Suisse d’Electronique et
de Microtechnique

CW continuous wave

DFD drift-field demodulation

DFT Discrete Fourier Transform

DS - CDMA
direct sequence code-division
multiple access

DSP digital signal processing

ESPI electronic speckle pattern inter-
ferometry

FDMA  frequency-division multiple ac-
cess

FH - CDMA
frequency = hopping  code-

gc
IG
LFSR
LP
MCI
MCT
MPP
MTF

division multiple access
gate contact

integration gate

linear feedback shift register
low-pass

multi-camera interference
minimum charge transfer
multi-path propagation

modulation transfer function

m - sequence

OUTG

PG
PGL

maximal-length sequence
out gate
photo-gate

photo-gate left

PGM
PGR
PLL
PN
PWI
QE
ROI
SAR
S-CCD
SDMA
SEM
SOC
SPAD
SRH

photo-gate middle

photo-gate right
phase-locked loop

pseudo noise

pixel-wise integration
quantum efficiency
region-of-interest

synthetic aperture radar
surface channel CCD
space-division multiple access
scanning electron microscope
system-on-chip

Single photon avalanche diode

Shockley-Read-Hall

std. dev. standard deviation

TDMA time-division multiple access

TG transfer gate

TH - CDMA
time hopping code-division mul-
tiple access

TOF time-of-flight

WDMA wavelength-division = multiple
access

VCO  voltage-controlled oscillator

2D two-dimensional

3D three-dimensional

xviii



Chapter 1

Introduction

Real-time three-dimensional (3D) imaging has become very popular during the last few
years. As often seen in nature, information about the third dimension is very helpful for
simplifying or even enabling a lot of tasks in the fields of navigation, observation and
security. In these examples different methods for acquiring the distance information
are exploited. The following examples point out the usefulness and the power of the
3D-imaging systems found in nature:

e The jumping spider has a total of eight eyes, where two eyes are located on each
side of the back head and four eyes on the forehead. This composition provides an
all-around view. By stereoscopic superposition of the images, three-dimensional
perception is achieved. Figure 1.1 shows a picture of the spider with the two big
eyes in the front.

e Bats explore their surrounding environment by measuring the reflections of ultra-
sonic signals they emit. Distance information to objects is obtained by the time-of-
tlight measurement. Bats emit ultrasonic signals and measure the reflected signal
deformation and delay. Based on these parameters they obtain information about
the distances to the objects and their shape. In fact, bats are capable of handling
multiple reflections, for example produced by a complex environment such as
trees. [116]

e Dolphins explore their environment by ultrasonic measurement as well. Fig-
ure 1.2 shows their special sensing instruments including the melon, nasal sacs
and specialized skull structures. Reflected pulses from the swim bladders of
other animals are detected. In this way, dolphins are able to explore their en-
vironment in a three-dimensional sense, observe potential enemies or recognize
any prey. [67,116]
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Figure 1.1: Jumping spider has a total of Figure 1.2: Echolocating systems of dol-

eight eyes. phins. [67]

The performance of the visual systems of the above-mentioned animals is remarkable:
The spider processes eight images concurrently. The bat handles ultrasonic signals from
multiple reflections and evaluates distances to objects as well as their material proper-
ties. Conlflicts with the ultrasonic systems of other bats rarely occur. Each bat sepa-
rates its own ultrasonic signal. And the dolphin’s navigation system has to manage the
high-speed processing of ultrasonic signals that propagate four and a half times faster
in water than in air. Dolphins can orient themselves even in very noisy environments
with respect to ultrasonic interferences.

These examples show that a three-dimensional perception of the environment allows
for an improved orientation even in environments where the optical contrast in inten-
sity is very low (bats are active during the night and dolphins live in the sea where the
light is strongly scattered and absorbed depending on the optical wavelength and the
depth below sea level).

This additional information provided by the third dimension is also exploited in tech-
nical systems, enabling new applications which are briefly summarized in the next sub-
section as part of the motivation for the current thesis work. The challenges for building
technically similar 3D-vision systems as found in nature are obvious. The computation
of 3D-models of the environment by the composition of several two-dimensional (2D)
images necessitates fast parallel processing and consequently it is very power consum-
ing. The perception of the environment by actively emitting signals and exploiting the
deformations of the reflected signals requires fast signal processing as well. Further-
more, conflicts due to potential interferences with other signals have to be resolved.

1.1 Motivation

The main motivation for developing an optical 3D-camera is to enable different new ap-
plications exploiting the additional 3D-information of the scene. Fields of applications
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are safety systems, biometrical measurements, security, machine vision, machine-user
interface (MUI), robotics [18], gaming. [75] A few of them are briefly discussed in the
following.

Safety systems can profit from real-time 3D-imaging. As an example, smart airbag sys-
tems can be realized. [75] By observing the movements of a car’s occupants, the force
of an explosion of the airbag in the case of an accident can be accurately adapted to the
current situation. Potentially, with the use of a 3D-imaging system outside the car in a
so-called pre-crash detection system, the collision could have been avoided completely.
Pre-crash detection systems are part of the general development of predictive driver
assistance systems that cover three main development steps: adaptive cruise control,
predictive safety systems and systems for active collision avoidance. [58] The real-time
acquisition of the 3D-information is useful for all development steps.

3D-cameras can be exploited for the implementation of new computer input devices.
The detection of the movements for example of the head into any direction could facil-
itate the life of handicapped persons enormously.

In industry, real-time 3D-cameras could be used for the accurate control of robots. For
example, a robot can perform tasks in a dangerous environment while it is controlled
via 3D-interaction by a remote person in a safe environment.

These are just a few examples that motivate someone to develop further existing optical
3D-cameras. The improvements of the current technologies target the following items:

e compact system,

e 3D-image acquisition with high frame for real-time applications,
e high lateral resolution,

e high distance resolution,

e operation of one camera in an uncontrolled environment with high background
light power,

e operation of one camera in an environment where an arbitrary number of ad-
ditional cameras could approach but must not distort the 3D-acquisition due to
interference effects.

These targets of technology improvement are the subject of this dissertation. The first
two items concerning the compact system and high frame rate which inherently implies
low processing power, favour the use of the time-of-flight method for 3D-measurement.
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While stereoscopic or triangulation methods cannot arbitrarily be miniaturized because
they require a minimal baseline between the sensor and the camera or between two
cameras, respectively, the time-of-flight principle is an excellent method for exploita-
tion with smart pixel structures. A one-chip solution is imaginable because the time-of-
tlight distance measurement can be performed in parallel by smart-pixel structures as
described herein.

1.2 Outline

This dissertation begins with a first theoretical part treating the time-of-flight (TOF)
principle. The focus lies on sinusoidally modulated TOF measurement. In direct re-
lation to the pixel model, two approaches for extracting the distance information are
discussed: demodulation by sampling and demodulation by correlation. The limita-
tions of these modulation techniques are summarized. In order to understand how to
dimension the systemn, a section on the power budget is included. Finally, the require-
ment of the TOF system in terms of the dynamic range are highlighted.

Chapter 3 treats the system’s enhancement to multi-camera operation. Theoretical lim-
itations and performances for single-camera as well as multi-camera operations are de-
rived mathematically, where Pseudo-Noise sequences are used as modulation signal.
The error analysis covers the multi-camera interference (MCI), the stochastic accuracy
based on photon shot noise, the system non-linearities, the impact of background light,
multi-path propagation (MPP) and the effect of low-pass filtered modulation signals.
The chapter concludes with experimental results.

Chapter 4 summarises the fundamental physical properties of solid-state photo-sen-
sing. The first section answers the question: “"How are photons detected with a semi-
conductor material?” The second section gives an overview of the two major standard
process technologies used for solid-state imagers. After that, the principle of charge-
coupled devices (CCD) is highlighted, covering the charge storage, charge transport
and charge detection and the achievable quantum efficiency (QE) of such devices.

Chapter 5 introduces the demodulation pixels that have been developed for the exten-
sion of the time-of-flight 3D-imaging to various operating conditions: The pixel-wise
integration (PWI) pixel is used for enhancing the dynamic range of the standard lock-in
pixel; the minimum-charge transfer (MCT) pixel still operates under high background
light incident and the drift-field demodulation (DFD) pixels are designed for high fre-
quencies. These three concepts are discussed section by section, where each section



1.2. Outline 5

concludes with a subsection about the experimental verification of the pixel concept.

At the end of the dissertation a brief summary of the achieved results and an outlook
for future work are given.






Chapter 2
Optical Time-of-Flight 3D-Imaging

The application of the time-of-flight method in optical 3D-imaging is discussed in this
chapter. The basic principle is classified within the group of contactless distance mea-
surements and explained on the basis of sinusoidal demodulation. A power budget for
understanding the design parameters of the whole system is described. Challenges in
the design of the 3D-TOF system are dynamic range and multi-camera operation.

The considerations are related to optical distance measurements although other types
of waves could also be used for the contactless distance measurement, for example ul-
trasonic waves, microwaves etc. Some well-known examples of ranging applications
with ultra-sound signals are boat sonars, material characterization [39,46] and auto-
matic parking systems [58]. The repetition rate of ultrasound systems is mainly limited
by the propagation speed of about ¢,s; ~ 340m/s in air at a temperature of ¥ = 293K,
which is slow compared to the speed of light. Generally, ultrasound systems are not
dangerous for human beings or animals as long as no cavitation occurs. Microwaves
are used for example in radar applications for air and sea boat observations [101] and
for 3D-mapping of the earth by synthetic aperture radar (SAR) technology [101]. Ad-
vantages are low absorption, for example by water particles in air and fast propagation
speed (speed of light) which makes them applicable for long-distance ranging over
several kilometers.

But why do we concentrate herein on electromagnetic waves in the optical range for
3D-imaging? The applications mentioned before are mainly applications where speed
and compactness are no relevant issues, or just a point-wise range measurement is per-
formed. However, a compact 3D-camera delivering real-time streams of 3D-images
needs to exploit small-sized sensors with a high density of integrated distance mea-
suring pixels. Neither ultrasonic waves nor microwaves have the ability to be imaged
on small pixel structures having sizes of a few micrometers. This is due to the diffrac-
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tion phenomenon which determines the minimal lateral resolution of waves when they
pass through an aperture [86,92]. Table 2.1 compares the lateral resolutions of ultrasonic
waves, microwaves and optical waves when a circular aperture of diameter D = 2.44cm
and a focal length [; = 10cm is assumed. The diffraction spot sizes have been computed
by the Rayleigh criterion. Only optical waves allow for forming beams in the image
plane having diffraction spot sizes b,, of a few micrometers. Consequently, based on
smart pixel structures, optical 3D-imaging is a preferred technique.

2.1 Classification of TOF Distance Measurement

We can distinguish between three different methods of contactless distance measure-
ment as indicated by figure 2.1 [93]: triangulation, interferometry and time-of-flight.
Unified analysis of all three methods have shown that they are fundamentally limited
by the same physical limitations set by the light-inherent noise source and the funda-
mental theoretical behaviours of all of them can be expressed in a very similar fash-
ion [96]. However, the practical implementations are completely different and make
each method suitable for certain applications. An overview of currently commercially
available products for the distance measurement based on triangulation, time-of-flight
or interferometry, is provided for example in [17].

Triangulation: The geometrical properties of the measurement set-up are exploited
for the extraction of the distance. We distinguish between active and passive triangu-
lation methods. As an example, the basic principle of an active triangulation system is
shown in figure 2.2 (a). When the baseline b, the focal length of the optical system [
and the distance z of the spot imaged onto the detector are known, the distance of this

Table 2.1: Comparison between the lateral resolutions of different types of waves based
on the diffraction phenomenon [92,93]. Assumptions are a diameter of the
optical aperture of D = 2.44cm and a focal length of [; = 10cm.

‘ ultrasound ‘ microwaves | optical waves

wavelength A 3mm 3mm 0.6pm
frequency f 110kHz 100GHz 500THz
diffraction spot size b, 3cm 3cm 6um
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| contactless distance measurement |

| Triangulation | | Interferometry | | Time-of-Flight |

Figure 2.1: Methods of contactless distance measurement. [93]

particular triangulation set-up is computed as [96]

b bl
~ tan(y) =z

2.1)

To obtain 3D-images, this set-up has to be enhanced by scanning components. An ex-
ample of a triangulation range finder with synchronized scanners is given in [66]. The
order of required scanning dimensions can be reduced by the lightsheet triangulation
technique. Instead of emitting a single lightbeam that is imaged onto a one-dimensional
detector array, a lightsheet is emitted and imaged onto a two-dimensional detector ar-
ray [93]. Non-scanning active 3D-triangulation systems are generally based on the ac-
quisition of brightness images of a scene that is illuminated by structured light. In this
way the light can be spatially or temporally encoded. Potentially, several images have
to be taken for their combination into one 3D-image. A large number of known projec-
tion patterns exists, each with its own advantages and disadvantages [45,93,118].
Passive triangulation methods do not emit an optical signal. They generally require the
imaging of the object several times, but they do not necessarily need scanners. Two
techniques should be mentioned. The first one is stereoscopic 3D-imaging. Several
images are taken from different viewpoints of the camera and combined into one 3D-
image [43]. The second method is called depth-of-focus [43]. Several 2D-images are
taken with different focussing properties from one point of view. Exploiting the fact
that the blurring effect due to defocused optics increases with increasing distance, 3D-
images can be computed by this technique.

All of the before-mentioned triangulation techniques suffer from the high computa-
tional power or the need for a triangulation baseline and scanning components. These
aspects make a set-up of a compact real-time 3D-image camera with high lateral reso-
lution difficult with the usage of triangulation methods.

Interferometry: This kind of distance measurement exploits the fact that light can be
understood as an electromagnetic wave that propagates with the finite speed of light
¢ ~ 3-10%m/s in vacuum and having a wavelength of \. The delay between the op-
tical signal that travels along two different optical paths corresponds to the targeted
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Figure 2.2: Principle set-ups for the contactless distance measurement.

distance. Figure 2.2 (b) shows the principle set-up of a Michelson interferometer us-
ing a coherent light source, a beam splitter and a mirror in the reference path. Other
well-known interferometer types are for example the Mach-Zehnder interferometer or
the Sagnac interferometer [86]. They mainly differ in the characteristics of the optical
paths. The intensity T on the detector, defined as the absolute square of the complex
amplitude of the electromagnetic wave, is the result of the constructive or destructive
superposition of the two optical waves coming from the reference path and the object
path. It can be described as [60, 86]

YT =Y, + Ty +2¢/T, Ty cos <w) . (2.2)

The distance R can easily be extracted when the intensity relations between the op-
tical paths are known. Using two-dimensional pixel arrays as a detector, real-time 3D-
images of the surface can be acquired without the need for scanning components.

While high distance resolution in the range of a fraction of the wavelength A can be
achieved - generally resolutions of A\/100 or A/1000 are possible, which is in the sub-
nanometer range - classical interferometry with coherent light has two drawbacks:
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1. the non-ambiguity range is limited to A/2 and 2. no absolute measurements are pos-
sible due to the small non-ambiguity range. Also, interferometric techniques like elec-
tronic speckle pattern interferometry (ESPI) [93] deal with this problem.
Multiwavelength interferometry is one possible method to overcome the two problems
of getting relative distance data with a small non-ambiguity distance [109,125]. Two
close optical wavelengths are used for the measurement of the distance, where the beat
frequency determines the enhanced non-ambiguity range.

Another method to enhance the non-ambiguity measurement range is white-light in-
terferometry, also called low-coherence interferometry [19]. This technique combined
with smart CMOS-pixels can even be used for multi-reflection measurements leading
to a tomographic measurement system [13,14,19]. These systems have proven real-time
capability with high distance resolutions in the sub-micrometer range.

Basically, interferometric systems are more suitable for short distance measurements of
high precision. However, the 3D-TOF system, subject of this work, is targeted for mea-
suring short and long distances in the range of several centimeters to several meters,
for which the time-of-flight principle is much more suited.

Time-of-Flight: Both time-of-flight and interferometry belong to the group of delay
measurements. While interferometric techniques use the shift of the carrier wave for
the extraction of the distance, time-of-flight techniques accomplish a modulation of the
carrier wave and hence, the delay of the modulation signal is measured. Consequently,
the limitations of interferometric systems with respect to non-ambiguity and resolution
are given by the carrier wavelength; in the case of the time-of-flight measurement the
limitations are set by the modulation signal applied.

Figure 2.2 (c) shows the basic set-up of a time-of-flight 3D-imaging system. An inten-
sity-modulated light signal is emitted by a light source. After being reflected by the
object, the signal is detected by the sensor triggering the time-of-flight measurement.
The distance is computed as
c-T

R = 5 (2.3)
with the known speed of light ¢ and the measured time-of-flight 7. In a real-time 3D-
imaging system each pixel of the sensor has to have the capability of measuring the

time-of-flight, as indicated in figure 2.2 (c).

With regard to the kind of modulation scheme used, one distinguishes betwen three
methods of time-of-flight measurement [93]:

1. Pulse modulation: A short pulse of optical power is emitted and the time-of-
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flight is directly measured. The advantage of this modulation scheme is that
no distortions due to multi-path propagation occur. The influence of the back-
ground light can be kept low because high short-term optical signal-to-noise (and
signal-to-background) ratio is attained while maintaining a low mean value of
optical power [60]. This is an important issue with respect to eye safety. How-
ever, high bandwidths and high dynamic range of the electronic components are
required. For example, a simple counter could be used for the time measurement.
To obtain distance resolutions of one millimeter, a clock frequency of more than
150GHz would be necessary. Attenuations in the optical path lead to flattening of
the pulse’s slope, making the distance measurement more imprecise. Generally,
lasers need to be used to generate optical pulses of high power and short rise and
tall times. Pulse modulation is widely used in laser scanning systems. Example
products can be found in [3,5,17,30].

. Continuous-wave (CW) modulation: A time-continuous signal is applied as in-

tensity modulation, where all variations of signals are imaginable as used for the
projection patterns in triangulation measurements [93]. The phase shift between
emitted and detected signal is measured instead of the time-of-flight directly. We
distinguish between heterodyne and homodyne measurements.
Heterodyne measurements perform a mixing between two signals, whose fre-
quencies are different. The beat frequency of the bandpass signal corresponds to
the distance. Generally, heterodyne distance measurement allows for measuring
long distances without ambiguity. The generation of the signals, however, is not
straight-forward. An example of a modulation signal leading to heterodyne dis-
tance measurement is the chirp modulation technique, which is widely used in
radar technology [101].
Homodyne measurements use the correlation between two sinusoidal signals of
the same frequency f,,. The phase shift ¢ between the emitted modulation signal
and the reference signal corresponds proportionally to the time-of-flight accord-
ing to

© = =27 [T (2.4)
From the electronic point of view, the generation of a sinusoidally modulated light
signal can conveniently be performed with laser or standard light emitting diodes
(LEDs). Though high bandwidth is not required for the electronic components,
nonetheless a lack of low-pass filtering would have no effect on the phase at all.
Hence, systematic distortions of the distance measurements are expected to be
small, only resulting from an imperfect generation of the sinusoidal modulation
signal.
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There are some optical distance measurement systems based on CW-modulation,
commercially available. More in-depth information can be found in [6,8,17,54].

3. Pseudo-noise (PN) sequences: These are sequences that show almost perfect auto-

correlation/cross-correlation properties like white noise. The orthogonality be-
tween different signals can be used for suppressing signals of other cameras. The
time shift between emitted and detected signal is generally measured by an eval-
uation of the significant Dirac-pulse-like auto-correlation function. The discrete
nature of pseudo-noise sequences requires high bandwidths of the electronics.
Furthermore, the signal generation needs more computational power for ensur-
ing the randomness of the sequence.
Distance measurement systems using PN modulated signals, can particularly be
found in micro-wave radar systems [101]. An optical point-wise distance mea-
surement system using PN-sequences, is presented in [56]. There, a PN-sequence
is emitted and correlated with its own replica after having been reflected by the
object. The distance corresponds to the chip rate of the reference sequence, which
is controlled by a voltage controlled oscillator (VCO). The complexity of the sys-
tem, however, makes it unsuitable for parallel distance measurements in a 3D-
imaging system.

Combinations between pulse modulation and continuous-wave modulation could
make use of the advantages of each technique with regard to the signal-to-noise ratio,
signal-to-background ratio, eye safety and multi-path propagation.

In the following sections, time-of-flight measurement using sinusoidal optical intensity-
modulation is discussed in more detail. It also forms the basis for the characterization of
the demodulation pixels presented in chapter 5. Pseudo-noise modulation for real-time
3D-imaging is investigated in chapter 3 treating the multi-camera capability.

2.2 TOF Measurement Based on Sinusoidal Modulation

The ideal emitted and received optical signals of a time-of-flight measurement system
based on sinusoidal optical modulation, are shown in figure 2.3. The emitted signal
P,(t) is a sine wave of frequency f,, and its amplitude and offset are equal, according
to

Pu(t) = Py - [1 4 cos(2m fint)]- (2.5)

The detected or received signal is attenuated by a factor ¥ due to any optical losses
in the measurement path, phase-shifted by ¢ due to the travel time of the light signal
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and it has experienced a superposition of an additional offset component Pg(t) due to
background light in the environment. It is described by

Po(t,7) = Pa(t) + k- Py - [1 + cos(2m fin(t — 7). (2.6)

This consideration is idealized in such a way that the amplitude is assumed not to show
any fluctuations and the modulation contrast of the light source is 1 because amplitude
and offset of the emitted signal are the same. Thus, the light source is assumed to have
ideal properties.

Using equations 2.3 and 2.4, the distance is computed as

C

R = .
47 frn

v 27)

The phase of the detected sinusoidal modulation signal can only be non-ambiguously
extracted as long as 0 < ¢ < 27. Consequently, the non-ambiguity range of the distance
measurement is defined as

c

R() = %

(2.8)

Two methods for the extraction of the phase shift of the received optical signal are ex-
plained in the following subsections. The first method performs a sampling of the op-
tical signal. Based on the samples, the amplitude and phase spectra can be calculated.
The second method consists of a correlation process. The time-shift of the correlation
function corresponds to the desired phase shift ¢.

However, a brief explanation of the general pixel model is given beforehand in order
to simplify the understanding of why both approaches can be used with the same de-
modulation pixel.
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Figure 2.3: Optical signals in a TOF system based on sinusoidal modulation.
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2.2.1 Simplified Pixel Model

The demodulation pixel converts the incident optical signal of power P, (¢) into elec-
trons which are directed to one of the N; integration nodes. This is illustrated in fig-
ure 2.4. The integration nodes are also called taps, why ¢ is used as subscript. The
relation between the electron flux I and the optical power is described by a propor-
tionality factor R,;, which is called the responsivity of the pixel [86]. By dividing the
photo-current by the elementary charge g, the corresponding number of electrons is
obtained. The NN, charge packets at the pixel’s outputs are referred to as Ay...Ay_;.
Mathematically they are described as
to+T
Rpn b (1)

where S is the control function of the switch over time in position g. The switch has
in its ideal implementation two states: 1=on, 0=off. The integration is started at an
arbitrary time ¢, and it takes a total duration of T'.

2.2.2 Demodulation by Sampling

The sampling of the photo-generated sinusoidally modulated signal by N, equally
spaced samples per period is shown in figure 2.5. Since each sample is noisy in practice,
the signal-to-noise ratio is increased by accumulating each sample over several periods.
One sample is described as

A= ag, (2.10)
=1

switch integration
4 \ 0 j Ao
h S
cor?vg:soion S1 ! j A
Ve 'd

P
N\ N\
7 * 7 -\ 2 f A
Rph S2
S, -1 :
Ni-1 j An;-1

Figure 2.4: Simplified pixel model.
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where a,, is the g-th sample of the I-th period and m = T/T,, is the total number
of modulation periods. Following the theory of discrete Fourier transform (DFT), the
sampling of one period of a continuous and periodic signal by an appropriate mini-
mum number of samples according to the Nyquist theorem allows for unambiguous
reconstruction of the signal. The discrete Fourier transform is defined as [79]

Ng—1

— Z A, - e792mmg/Ns (2.11)

Since the modulation is sinusoidal, the first harmonic at n = 1 is of special interest. Its
amplitude A and phase ¢ are computed as [60,103]

Ny—1 Ne—1 2 2
Z Ay cos (27—) Z Agsin (271’—)] (2.12)

Ne—1
>, Agsin (QWNiS)

9=0

A=—
N

S

¢ = —arctan | — (2.13)
> Agcos (27rNi)
9=0 °
The constant offset is expressed as
| Neol
B = N A,. (2.14)
S g:()

With regard to the general pixel model in figure 2.4, the control function of the switch S
describes a rectangular function in each position, so that each sample can be rewritten

R t— g
Ag=m qph [rect( Agth>*P,.(t)

A received signal

as a convolution

: (2.15)

ph

At t

Figure 2.5: Sampling of the detected optical signal being converted into a current of
electrons.
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where the ratio between the modulation period 7, and the number of samples N; is
the equidistant space between the samples. The sampling time is denoted by At. The
convolution with the rect function in the time domain means a multiplication with the
sinc function in the frequency domain. While the amplitude is expected to be equal to
the offset component when no background light is present, the low-pass effect due to
the integration process reduces the amplitude by the so-called demodulation contrast
cq- In practice additional non-idealities of the demodulation process, for example in-
clined optical incidence, reduce the demodulation contrast even more, for which the
signal theory provides an upper bound:

Cdmaz = Sine(m fr, At)) == % (2.16)

For a sampling time of At = T}, /4 we expect a maximal demodulation contrast of 0.9,
while At = T,,/2 results in a maximal contrast of 0.64. In the following, the parame-
ter ¢4 denotes the pixel’s demodulation contrast, taking into account the upper bound
Cd,maz, Which is determined by the signal theory, and any non-idealities of the pixel’s
demodulation process c,, so that

Cd = Cp * Cdmaz- (2.17)

Demodulation with 4 Samples: Following the Nyquist theorem, three discrete sam-
ples of a sine wave are already sufficient for the unambiguous reconstruction of the
sinusoidal signal. The practical implementation of the sampling stages within the pixel
is more convenient to realise with an even number of samples. Hence, the equations
for the extraction of the signal parameters based on four samples are summarised here.
The amplitude, offset and phase are calculated as

o \/(As — A1)+ (Ag — Ar)?

A= 5 (2.18)
B = Ag+ Ay 1— Ay + A (2.19)

A3 — A
@ = arctan {7142 — Aj . (2.20)

The sampling of the optical signal by four successive samples can be performed with
any pixel structure that can be modeled according to figure 2.4 having either 1, 2 or 4
integration nodes. If just 1 or 2 integration nodes are incorporated, the optical signal
will have to be sampled subsequently twice or three time, respectively. A pixel structure
with 4 integration nodes is called a 4-tap structure and it enables the acquisition of all
four samples within one integration cycle.
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2.2.3 Demodulation by Correlation

In the following a pixel structure according to the model of figure 2.4 is considered
under the assumption that it has incorporated just two integration nodes, for example
Ap and A,. Assuming an integration time that is a multiple of the modulation period
T,,, the difference ® of these two values can be expressed with the use of equation 2.9
as
O(1) = Ag— A,
R, to+T
= 2 t{ (So(t) — Sa(t)) - Pp(t, 7)dt (2.21)
= G reP))
where ® represents the correlation of two power signals [79] according to

+A/2
1
(P&r)(r) = lim - / P(t+7) - r(t)dt
A—00 A
_A)2

and G corresponds to the generation efficiency defined as

G = fonl (2.22)
q

describing the number of electrons generated by an incident optical power of 1W. The
difference of the switch control functions is abbreviated by the reference function r(t).
The equivalent signal model of this mathematical description is depicted in figure 2.6.

The correlation property of the difference of two samples is exploited for the phase
measurement. If the optical signal is sinusoidally modulated, an appropriate reference
function is described as

r(t) = sign(cos(27 fit)), (2.23)
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Figure 2.6: Signal flow of the correlation process.
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where
ifz>0

1
sign(z) =40 ifz=0.
-1 ifx <0

This reference function is a periodic rectangular function synchronized with the non-
delayed version of the modulation signal as shown in figure 2.7. It is obvious that
the two switches in the pixel are being alternately activated and the second sample is
weighted by —1. The outcome of the difference is the correlation value between the
reference signal r(¢) and the optical signal P, (¢, 7), which is

d(1) = %GkPA - cos(27 fuT). (2.24)

By taking two samples ®; and ®; of the correlation function, the phase can be calcu-
lated. The first sample is the correlation value between r(t) and P, (¢, 7), and the second
one is the correlation value between P,(¢,7) and a delayed version of the reference
function r(t — T,,,/4), as illustrated in figure 2.7. ®; and ®; are expressed as

®y = 2GkPs-cos(2m fin7)
(2.25)
®; = Z2GkPj -sin(2m fnT).

While &, = Ay—A,, the second correlation value ®, is given by A; — A3 because a second
correlation process has to be performed. With ¢ = —2x f,,,7 the phase is computed by

i
( = arctan ,

s (2.26)

which is the same result as obtained for the sampling approach in equation 2.20.
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Figure 2.7: Depiction of the photo-generated modulation signal and the reference sig-
nals used for the correlation processing.
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2.2.4 Distance Resolution

Since the demodulation process is affected by any noise source within the signal chain,
the achievable resolution of the measurement is limited. Based on equation 2.7 the
distance resolution is estimated in general terms as

C

= o (2.27)

OR

where 0, is the standard deviation of the phase measurement. The phase is a function
of the samples A --- Ay, according to equation 2.13, so that the expected error is
given by the rules of Gaussian error propagation [21,60] as

Nl 9\ 2 )
o, = Z (a—Ag) Var(4,), (2.28)
where A, are the noisy sample values.

Contributing noise components: Figure 2.8 depicts a simplified noise model of the
demodulation pixels [25]. It distinguishes between the noise sources n; that are inte-
grated on the capacitances and the noise sources n, added subsequently.

Integrated noise sources are photon shot noise and dark current shot noise. Added
noise sources are independent of the integration time. The most important ones are
kTC-noise, injection noise, thermal and flicker noise of the pixel-inherent amplification
stages, transfer noise and trapping noise, electro-magnetic-interference and quantiza-
tion noise.

The detected numbers of electrons A, show a distinct dependency on the incident light
intensity as depicted for example in figure 2.9 for generic CCD sensors [38,106]. The
only noise component that depends on the light intensity is photon shot noise [106].
All other noise components act as a constant noise floor for a given integration time.
Depending on the incident light intensity, the noise floor or the shot noise dominates
the measurement.
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Figure 2.8: Simplified noise model.
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Figure 2.9: Illustration of the different noise sources of a CCD imager, in terms of num-
ber of electrons and as a function of the incident light intensity [38].

Shot noise makes up the ultimate physical limitation of the devices because it is the
only noise source whose effect on the distance measurement cannot be mitigated at
all. Reset noise comprising kTC-noise and injection noise by the reset switch, can be
eliminated by correlated double sampling [106]. Thermal noise, flicker noises and dark
current shot noise can be reduced by optimizing the pixel’s design and operating the
devices at low temperatures. The same applies to transfer and trapping noise.

To simplify the calculation of equation 2.28, first the distance measurement is assumed
to be limited only by photon shot noise before other noise components are added sub-
sequently as an additional offset. There photon-shot-noise limited measurement means
that the numbers of integrated electrons are Poisson distributed so that [21]

A ~

mean(Ay) = Var(Ay). (2.29)

Distance resolution with 4 samples: The statistical deviation of the distance mea-
surement with four samples based on equation 2.20 or 2.26 is derived as [60]

Ry v B
Orp = . 3
2271 emcCaAsig

(2.30)

with B = Ay + BG + BD + Ny, A = c4Asig and ¢q = €yC4.maq- There, c,,, denotes the
modulation contrast of the light source, which is not necessarily 1 in practice, meaning
that the amplitude is not equal to the offset component. While the integrated noise
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sources are separately accounted for, all added noise sources are modelled by one gen-
eral parameter N, of so-called pseudo-noise electrons. The integrated noise sources
consist of the mean numbers of generated electrons by the signal Ay, = A/(cpcaq), the
background light BG' and the dark current BD.

The achievable distance resolution can be improved by increasing the demodulation
contrast, the optical power or the modulation frequency. The optimization of the de-
modulation contrast is directly related to the particular pixel architecture, and it is lim-
ited by the upper bound cg mq,. It should be noted here that the optical power cannot
arbitrarily be increased because eye-safety has to be ensured in most applications. The
most important parameter for improving the accuracy is the modulation frequency. For
that reason new pixel structures allowing high modulation frequencies are presented
in chapter 5.

2.2.5 Systematic Phase Errors

An analysis of the systematic measurement errors is provided in [60]. The investiga-
tion of aliasing effects and non-linearities of the system’s output chain is based on the
four sample-approach of the signal demodulation. The results are briefly summarized
below.

Aliasing

If four samples per period are acquired, the relationship between sampling and mo-
dulation frequency is f; = 4f,. In an ideal system the modulation frequency is the
highest frequency component, so that no errors due to aliasing are expected. As soon
as additional frequency components f, greater than the Nyquist frequency of 2f,, are
included in the modulation signal, the phase measurement will be incorrect.

The received optical power, consisting of an arbitrary number of sinusoids with ampli-
tude P, and frequency that is an integer multiple of the modulation frequency g f,,, can
be expressed as

P.(t,7) = P+ kPa - [1 4+ cos(2n fru(t — 7))] + i P, cos(2mg fm(t — 75))- (2.31)

9=2

Its spectrum consists of discrete frequency components at f = 0, f = f,, and integer
multiples of f,,. Natural sampling means a convolution of the power signal with a rect
function. The ideal sampling process is described by a multiplication with an infinite
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Dirac-pulse chain. Thus, the sampled optical signal is expressed as

(t) = {Pr(t, 7) # rect (é) } -lia (t _ z%) . (2.32)

The Fourier transform of the sampled signal has a spectral distribution

C(f) = {ALP.(f) - sine(r fAL)} + % SO 6(f — 1 4fn). (2.33)

l=—

The term in the parenthesis describes a sampling of the sinc function because P, (f) con-
sists only of discrete frequencies according to the superposed harmonics. The second
term is an infinite sum of Dirac pulses that leads to a shift of the frequency distribution
of the first term by 4f,,.

As a result, the odd harmonics will superpose with the modulation frequency at f = f,,
producing a phase error of the measurement. In contrast, even harmonics will not su-
perpose at f = f,, and hence, they do not affect the phase measurement at all. Fur-
thermore, it is obvious that At has a direct impact on the attenuation of the harmonics.
Generally, longer durations At will sharpen the peak of the sinc function and hence,
the harmonics are attenuated more effectively. If At = T}, /g, the g-th harmonic is com-
pletely suppressed. Table 2.2 shows simulated phase measurement errors for different
modulation signals [60].

Non-linearities

In practice, the analogous transfer characteristics of the pixel’s output stage, subsequent
amplification stages, analogue to digital conversion etc. are not ideally linear. In a
tirst step, a quadratic behaviour of the output transfer characteristics has been studied
in [60], meaning that rather a + bA, + cA? is measured instead of A,. The measured
phase is then

(2.34)

a—a+bAs —bA; + cA% — cA?
G,—CL—FbAO—bAQ—i-CAg—CA%

With the use of equation 2.19, the equation above can be simplified. The constants and

Pmeas = arctan [

the quadratic parts are removed so that

Ag—Al] _

.
e (2.35)

Pmeas = arctan {

which means that there is no impact of the non-linearity transfer characteristics on the
phase measurement.
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Table 2.2: Expected phase errors for a 4-tap DFT measurement depending on the har-
monics of the modulation signal and the integration time At of one sam-

ple [60].
Modulation signal ‘ Harmonics H Error in degrees
cos(z) - 0
cos?(x) - 0
even harmonics
cos(z) + cos(2x) 2 0
cos(z) + cos(4x) 4 0
cos(z) + cos(6z) 6 0
odd harmonics
cos(x) + cos(3z), At =T, /2 3 +19.5
cos(z) + cos(bz), At =T, /2 5 +11.5
cos(z) + cos(7x), At =Ty, /2 7 +8.2
cos(x) + cos(3zx), At =T, /3 3 0
cos(z) + cos(bzx), At =T, /3 5 +11.5
cos(z) + cos(bz), At = T, /5 5 0
square wave with At = T,,,/2: cos(z) + cosfz) + cosé—i’)z) + ... 3,5709,.. +4.2
square wave with At = T, /3: cos(x) + % + COS;—M) + ... 3,5,7,9,.. +3.4
triangle with At = T,,, /2: cos(z) — cosg&z) + 602(55” - Coi(gw) +—...13,57,09,.. +2.6

However, this conclusion is only valid if all four samples use the same physical output
channels, which restricts the design of pixels to structures that have only one common
output channel. Non-linearity effects become significant in pixel architectures having
several output channels for fast parallel read-out. In this case mismatch effects between
the output channels can only be reduced by a symmetric design and high process qual-
ity so that the characteristics of the different physical channels become similar.

2.3 Power Budget

The time-of-flight distance measurement system is an active measurement system. The
emitted optical power determines the amount of photo-generated electrons in the pixel.
As a consequence, the number of electrons specifies the achievable distance accuracy
as shown in section 2.2.4. The necessary emitted optical power for achieving a spe-
cific distance resolution is described by the power budget, as calculated in [60]. The
relationship is essential for the dimensioning of the optical time-of-flight measurement
system.
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Figure 2.10 shows the power budget of the time-of-flight measurement system. A spe-
cific number of photo-generated electrons N, requires the detection of N,, photons.
The number of electrons and photons are related by the quantum efficiency Q£ which
depends on the optical wavelength A\. We can deduce the energy per sensitive pixel
area F.,s with the energy of one photon, which is 2 f/A. h denotes Planck’s constant.
The fill factor F'F', which describes the ratio between the sensitive pixel area A,ep,s. and
the total pixel area A,;;, and the integration time 7" allow the calculation of the optical
power B, on the pixel. The optical power on the sensor Pjq4. is computed with the
ratio between the pixel area A, and the image area in the sensor plane A;;,q4.. With the
definition of k;.,s being all losses of the lens and filters, the optical power in front of the
lens is calculated. The optical power P,,; reflecting from the object surface is related to
P, via the distance R and the lens diameter D. It is assumed that the reflection char-
acteristics at the object’s surface corresponds to Lambertian emission, meaning that the
same optical intensities are radiated into all directions. With the use of the reflection
coefficient p, we can calculate the required optical power of the light source P.

Two basic relations are derived from the power budget. First, following from the as-
sumption that the object’s surface acts as a Lambertian reflector, the relation between

the optical power density on the pixel denoted by P;;, and the optical power density

1T

Quantum efficiency Photon energy
QE=Ne|/Nph hc/n
Nel Nph Esense
# electrons # photons Energy per sensitive
pixel area
Fill factor

F F=Asense/Apix

Pixel area Agix, o
sensor area Aimage Integration time T

|:,image I:,pix Epix

Optical power Optical power on pixel Energy per pixel
on sensor

Losses of the lens
and filters Kiens

Distance of the object

R, aperture of the Reflection coefficient
lens D of the object p
F)Iens f F)object F)Is
P, P D
Optical power in ~ fens — “obj E Optical power on Optical power of
front of the lens the object the light source

Figure 2.10: Optical power budget.
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on the object P, is derived as [60]

b CEAP

bi = -
o klens b

(2.36)

with F'/# being the F-number or speed of the optics. Secondly, the number of electrons
is related to the optical power of the light source according to [60]

Pl A
F)ls — obj ‘“limage
o(#)
(2.37)
Nelhc(2F/#)2Aimage
lf 2 )
pklens (f) QE(A)ATFFAWJ
or the conversion to the number of electrons gives
2
Piphiens (%) QB - AT - FF - Ay,
Ny = : (2.38)

hC(QF/#)2Aimage

Equation 2.37 in combination with equation 2.30 allows the estimation of the necessary
optical power for a desired distance resolution when a four-tap sampling algorithm
is used and a Lambertian reflection at the object’s surface is assumed. The reflection
coefficient p depends on the target’s material and surface and it is generally between 0
and 1, when the object is a Lambertian reflector. For directed reflection, for example by
retro-reflectors, the reflection coefficient is greater than 1 [60].

24 Dynamic Range

Luminance image sensors are characterized by their dynamic range. This parameter
is defined as the ratio between the full well level and the noise floor (see also fig-
ure 2.9) [106]. The full well level describes the maximum light intensity that can be
detected, while the noise floor determines the minimum level of detectable light inten-
sity. Typical values for standard pixels in CMOS or CCD technology are about 60 to
80dB.

However, the intra-frame dynamic range of 3D-TOF sensors is differently determined.
Following the extreme environmental conditions in a time-of-flight measurement sys-
tem as depicted in figure 2.11, the 3D-TOF sensors have to deal with high optical power
due to the reflection from close and highly-reflective targets and with low optical power
reflected from far and lowly-reflective targets. The specification of a minimum distance



2.4. Dynamic Range 27

background light

.ﬁ Pmax
/\%
’ Pmin
N
‘!’ YWV
3D camera

Figure 2.11: Illustration of the extreme optical conditions in the time-of-flight 3D-
imaging system.

resolution defines the integration time and optical power of the light source to be used
in order to achieve this resolution for the far, lowly reflective objects. Since the integra-
tion time is generally a globally set parameter and applies to all pixels, highly reflecting,
close objects within the scene still have to be detected without driving the pixels into
saturation. However, the full-well level F'W of the pixel’s integration nodes limit the
range of the object’s distance detection. Thus, the dynamic range of a 3D-TOF sensor
for a particular distance resolution oy is determined as

DR,[dB] = 20-logy, [%} , (2.39)

where N, is the minimum amount of electrons that needs to be accumulated in order
to reach the specified distance resolution o at maximum distance R,,,, and low reflec-
tivity pin, of the object. The link between the number of electrons that have to be stored
and the mean number of photo-generated electrons per tap is given as

N = (1 + Cd) : Asiga (240)
where A,;, depends on the specified distance resolution and can be calculated with

equation 2.30.

The dynamic range of the scene can be highly demanding to the sensor technology
depending on the optical conditions with regard to both the signal component and the
background light. This is discussed in the next two subsections.

2.4.1 Signal Range

The scene that has to be perceived in its three dimensions sets the demands on the
3D-TOF imager with regard to the dynamic range. The dynamic range of the scene is
determined by the ratio between the maximum and minimum optical power received.
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Referring to figure 2.11, the maximum optical power reflected by a target is expected for
minimal distances R,,;, and highest reflectivities p,,q;. On the other hand the minimum
power is detected for objects at the maximum distance R,,,, with minimum reflectivity
Pmin- Following the equation 2.38 in section 2.3 regarding the power budget, the optical
power detected by the sensor and depending on the particular object’s distance and
reflectivity can be expressed in terms of number of electrons using the same integration
time. Thus, the dynamic range of the scene is defined as [23]

DRsc[dB] — 20 . 10g10 |:Nel,1(PlsaT7Rmin;Pmaz)i|

Nel,2 (Igls T\ Rmax ;pmin)

(2.41)
2
—_— Rmam max
= 20 -log, [(Rmm> : /;mﬁ] )
where N, ; and N, correspond to the number of electrons generated by the close,
highly reflective target and the far, lowly reflective target, respectively.

The dynamic range that can be handled by the 3D-TOF imager is directly related to
the desired measurement accuracy (see equation 2.39), which is given by a minimum
number of photo-generated electrons. The required full well of a 3D-TOF sensor to
capture a scene of a specific dynamic range is calculated by the product of the scene’s
dynamic range and the minimum number of electrons required for the given distance
resolution. The following example demonstrates the high demand on 3D-TOF sensor
regarding the dynamic range.

Example: If the imaged scene consists of distances from 20cm up to 5m and the objects
show a reflection coefficient from 5% up to 100%, then the demodulation pixels have to
deal with a dynamic range of the scene of DR, = 82dB. This is a factor of about 12500
between the minimal and maximal number of electrons that have to be stored in each
sample node [23].

With the assumptions that a modulation frequency of 20MHz is used, the demodulation
contrast is 0.4 and no background light is present, each integration node has to be able
to store about 620 electrons when a distance resolution of 10cm is required. The dy-
namic range of 82dB, however, means that pixels detecting light that is reflected from
close and highly-reflective targets have to deal with a maximum number of 7.75 million
electrons. This is remarkably high compared to recently realised full-wells of 1 million
electrons covering a dynamic range of just DR,;, = 64dB at a distance resolution of
10cm.

It is not possible to design the integration stages arbitrarily large because the noise
performance would be affected adversely. Alternative methods for the handling of
high dynamic 3D-images have to be explored. This is the subject of chapter 5.
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2.4.2 Background Light

The second challenging aspect with regard to the dynamic range of the sensor is back-
ground light. Though any offset components due to background light do not inherently
affect the extraction of the phase at all in a sinusoidally modulated TOF-system due to
the fact that the differences of two samples are taken, the photons of the background
light are detected anyway and have to be handled by the pixel. Thus, the number of
electrons that has to be stored in the pixel is even higher when background light is
present.

The received power of background light mainly depends on the background light
source, described by the spectral distribution of the power density Y. As an exam-
ple figure 2.12 shows the solar irradiance on earth within the wavelength range from
370nm up to 1100nm, where silicon imagers are photo-sensitive. The solar irradiance is
particularly significant when the 3D-camera system is used in outdoor applications.

The number of electrons additionally generated by background light is computed as

Xo+BP

T- FF klenspApz:c / QE - ’I‘( ) )\ (24:2)

Nel— 2F/#

where BP denotes the optical band-pass filter of the system and J, is the lower bound-
ary wavelength of the bandpass. The dynamic range of the scene is redefined as the
ratio of the sum of electrons generated by the signal and the background light, and
the minimum number of electrons generated exclusively by the signal components at a

15
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Figure 2.12: Terrestrial spectrum of sunlight. Data set taken from the American Society
for Testing and Materials [1,4].
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large distance and low reflectivity. The dynamic range is expressed as

DR, [dB] =
Ao+BP
Roaz " | P R: . A, 1
20 10 [pmaw . ( maz) + max . max tmage . QE A )\T A dA ’
" [pmm Femin Pmin Pis - QE(Asig) - Asig - 17 A A J
0
(2.43)

where it is assumed that the optical modulation signal uses a single optical wavelength
denoted by A;,.

At this point it is noted that background light not only affects the pixel’s saturation

level but also decreases the stochastic accuracy according to equation 2.30. Therefore,

it is highly desirable to suppress the background light already in the optical domain,

which means that fewer photons are detected and the stochastic performance is less

influenced. Optical suppression methods include:

e Using narrow band-pass light source and optical filter. Remark: The bandwidth

defines the spectral width demanded from the light source for the modulation.
Its spectral distribution should be within the bandwidth of the band-pass filter in
order to exploit most of the optical energy of the light source.

Reducing the field of view. Remark: This implies an increase of the optical signal
power density on the object, so that the ratio between the power densities of the
signal and the background light increases accordingly. The integration time can
be lowered and, thus, fewer electrons will be generated by the background light.

Operating the system at wavelengths where the background light source shows
a reduced power density. Remark: In the case of solar irradiance, several lo-
cal minima are found due to atmospheric absorption. However, the minimum
power densities are located either in the region where silicon shows low photo-
sensitivity (A > 900nm) or the light is visible (for example at A = 760nm).

Burst modulation. Remark: Short pulses of optical sinusoidally modulated signals
with high power are emitted. While the mean optical power is not increased, the
signal-to-background light becomes significantly larger and the integration time
can be lowered. This technique is very effective, but the modulation light source
needs to support high peak power.

In addition to the optical suppression methods, background light can be electronically

suppressed in the pixel as well. A new concept is presented in chapter 5. However, it
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is obvious that electronic suppression methods only avoid the pixel saturation due to
background light but the degrading influence of the background light on the stochastic
measurement performance is not avoided.

2.5 Conclusion

Based on a simplified model of the demodulation pixel consisting of an element for the
photo-conversion, N; switches and storages nodes, the time-of-flight principle has been
described. Two different theoretical approaches have been pursued: the demodulation
process can be regarded either as a sampling process or as a correlation process. Both
theories lead to the same calculation of the phase shift between the emitted and received
optical signals.

Since sinusoidally-modulated signals can conveniently be generated, this kind of mo-
dulation serves as the basic modulation technique for the performance evaluation of
the demodulation pixels presented here. The investigation of several error sources, di-
rectly linked to the modulation scheme, provide a fundamental understanding of the
system’s behaviour. The effects of the superposition of harmonic signals, non-linearities
in the output transfer characteristics and photon shot noise on the distance measure-
ment have been discussed.

The photon shot noise is of special interest because it shows the achievable physical
limitation of a time-of-flight range imaging system in terms of distance accuracy. Only
by increasing the modulation/demodulation frequency significantly can even more ac-
curate distance measurements be achieved. This in turn necessitates the development
of new pixel structures that are capable of demodulating high-frequency optical sig-
nals. Recent pixel structures, forming the core component of the 3D-imaging system
are mainly limited by their demodulation speed of some tens of Megahertz.

Further analysis of the optical circumstances under which a time-of-flight range imag-
ing system operates clearly shows the demanding dynamic range requirements of the
pixels. Since the system is actively driven, a large number of electrons photo-generated
by the modulation signal and any background light has to be stored. Moreover, differ-
ences in the scene concerning the object’s distance and reflectivity increase the dynamic
range remarkably.

The highly demanding operating conditions have been shown by a simple example. It
makes clear that particularly designated pixel structures need to be developed in or-
der to operate under strongly varying light conditions. Pixel structures for both the
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improvement of the dynamic range of the signal component as well as the active sup-
pression of background light are subject of this work.

Another aspect of the system’s restriction when using sinusoidally-modulated signals
is the impracticality of concurrent camera operation. So-called multi-camera operation,
however, is highly desired for enabling new applications of the time-of-flight range
imaging where several cameras are operating in an uncontrolled environment without
any synchronisation or spatial separation.

In order to first complete the signal theory portion of this work, the multi-camera op-
eration using pseudo-noise modulation is discussed in the next chapter and a detailed
analysis of the achievable performance is provided. The pixel-related challenges of the
handling of the high-dynamic signal range, background light suppression and high-
speed demodulation and the corresponding physical fundamentals are treated in the
chapters 4 and 5.



Chapter 3

Multi-Camera Operation

Since the time-of-flight 3D-camera is an active system, the simultaneous operation of
several cameras can lead to interference between the cameras due to the superposition
of the optical signals. Figure 3.1 shows a general multi-camera environment where
several 3D-cameras are located at different positions and acquire the scenes in their
three-dimensional geometry. The cameras are numbered from 1 to N.. The fields of
view of the cameras are partially overlapping. An accurate distance extraction is only
possible when each camera unambiguously identifies its own signal with which the
phase measurement has to be performed.

In the first section, it is shown that sinusoidal modulation does not allow for measuring
the distance when several camera signals are superposed, all using either the same or
odd integer multiples of the frequency. Therefore, fundamental concepts for avoiding

67
c=

Figure 3.1: Optical interferences in a general multi-camera environment.
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measurement errors due to the superposition of several modulation signals are briefly
discussed with regard to the multi 3D-camera operation in the second section. These
concepts are well-known from mobile communication and optical data transmission.
Since most concepts are directly related to very special environmental conditions or
only suitable for particular applications with, for example, a limited number of cam-
eras, in the subsequent chapters the focus lies on an optical spread-spectrum modu-
lation scheme based on pseudo-noise sequences, that provides the same performance
for each camera, allows for a random multi-camera set-up and can be adapted to any
theoretically arbitrary number of operational cameras. We provide a detailed analysis
of the pseudo-noise optical modulation scheme for 3D-imaging with a comparison to
the sinusoidal modulation. The analysis covers the effects of several error sources in the
distance computation, including the interference by concurrently running cameras, the
error due to photon shot noise, the distortion due to non-linear output characteristics,
the system’s response to background illumination and the effects of low-pass modu-
lation signals and multi-path propagation. We verify the basic theoretical relationships
concerning the multi-camera operation and the photon shot noise limitation in a single-
camera environment, by performing measurements with an state-of-the-art 3D-camera.
The last section discusses the advantages and deficiencies of pseudo-noise optical mo-
dulation in a 3D-imaging system. It provides an inspiration for considering other mo-
dulation schemes for multi-camera operation.

3.1 Sinusoidal Modulation in a Multi-Camera Environ-

ment

The inapplicability of sinusoidally modulated signals of the same frequency and op-
tical wavelength to a multi-camera environment can conveniently be illustrated by the
exploitation of complex phasor diagrams. As depicted in figure 3.1, a camera operating
in a multi-camera environment detects its own signal and the signals of other cameras,
attenuated according to the distance and reflectivity of the observed objects. If the cam-
era’s modulation is sinusoidal and each camera uses the same modulation frequency,
the received signal of camera 1 is mathematically expressed as

N,
P.(t) = Pa(t)+ gZ::Q kgPa g - coS(27 frm, — ©g) (3.1)

= Pg(t) 4+ Pax - cos(2m fint — px),
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where k, denotes the attenuation of the amplitude P, 4 of the g-th camera. The result-
ing power signal consists of the background light Pg(¢) and a sinusoidally modulated
signal of amplitude P,y and phase ¢5. The sinusoid corresponds to a summation of
the particular sinusoids of the contributing cameras in a phasor diagram. Figure 3.2 is a
general depiction of the phasor addition in the complex plane. While ¢, is the searched

phase corresponding to the correct distance value, the summation of several phasors
Ne¢

will produce a phasor within the depicted circle, which has a radius ry, = »_ P4, and
g=2

its origin is at the end of phasor 1. Depending on the number of contributing signals

and their amplitudes, an arbitrary phase ¢y is generated, resulting in an erroneous
distance calculation.

Im

all possible summations
are within this circle

/ of radius

Nc
s = Z PA,g
g=2
P2 >
©1
Re

Figure 3.2: Summation of several cosine signals in the complex plane.

3.2 Concepts of Multi-Camera Operation

The superposition of data signals resulting in an incorrect measurement is a well-known
problem in mobile communication systems and optical data transmission. Fundamen-
tal concepts exist that allow several users to access the same communication chan-
nel [32,86,88]: space division multiple access (SDMA), time division multiple access
(TDMA), frequency division multiple access (FDMA), code division multiple access
(CDMA) and wavelength division multiple access(WDMA). These concepts can be
adopted for the 3D-camera technology and are briefly discussed in the following para-
graphs.
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It is obvious that all concepts of multi-camera operation can be combined, similar to the
accomplishment in modern communication systems [32]. Such combinations enhance
even more the possible number of cameras operating in a multi-camera environment.

3.2.1 Space Division Multiple Access

The overlapping of the illumination lobes of the different cameras is avoided by clearly
separating the cameras’ operation areas in space. The basic idea of SDMA is illustrated
in figure 3.3. All cameras can use the same modulation frequency and optical wave-
length. No particular controll of the cameras in time is required. SDMA is useful in
all applications where no overlapping of the imaged scenes is expected, for example in
security applications where each camera observes one pre-defined area. Applications
where the cameras are moving and unexpectedly interfere each other are not properly
addressed by the SDMA solution.

3.2.2 Time Division Multiple Access

This technique assigns a time slot to each camera when it may acquire a 3D-image of
the scene. Figure 3.4 depicts the basic idea of time division multiple access, where a
static assignment of the time slots to the cameras has been performed. Also a dynamic
distribution of the time slots could be realised.

The system needs either a master device that accurately controls the acquisition times of
the cameras, or a communication between the cameras in order to avoid the simultane-
ous acquisition of the scene by two or more cameras. TDMA enhances the multi-camera
operation to applications where several cameras take images of the same scene so that

Figure 3.3: Space division multiple access.
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Figure 3.4: Time division multiple access.

the illumination lobes would overlap.

Two restrictions of the TDMA system are noticed: 1. An unexpected approach of a
camera that is not synchronised with the TDMA camera system leads to interferences
and thus, distance errors are produced. We deduce that the pure TDMA system is ex-
clusively suitable for closed multi-camera environments that use a pre-defined camera
set-up and acquisition sequence. 2. The more cameras are operating, the lower the

expected frame rate. For a large number of NV cameras, the real-time functionality is
increasingly lost.

3.2.3 Wavelength Division Multiple Access

By assigning a unique optical wavelength A to each camera, a robust multi-camera en-
vironment can be set up without the need of any synchronisation between the cameras.
Figure 3.5 shows the principle of wavelength division multiple access. Each camera ob-
tains 3D-images all the time. The signal of interest is passed by an optical filter and all
other signals are blocked. The quality of the optical band-pass filter and of the modu-

lating light sources determines the necessary spacing between the optical wavelengths
used.

AN
N camera N
Cc

a camera 4

A3 camera 3

Ao camera 2

y camera 1
N
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Figure 3.5: Wavelength division multiple access.
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The main drawback of this technique is that the cameras will not achieve the same per-
formance for different wavelengths. The light sources behave differently dependent
on the wavelength; the sensor’s sensitivity is strongly depending on the wavelength
as well. Additionally, operating the cameras in the non-visible optical range, which is
an important assumption for many applications, limits the number of simultaneously
working cameras significantly.

3.2.4 Frequency Division Multiple Access

The available range of modulation frequencies is segmented into a corresponding num-
ber of discrete frequencies. Each camera has one modulation frequency f,, assigned, as
shown in figure 3.6. This technique allows the operation of several cameras in an arbi-
trary multi-camera environment without the need of synchronisation between them.
However, the modulation frequency directly affects the achievable distance resolution
according to equation 2.27, so that a lower bound is given by specification of the par-
ticular system’s accuracy. A second aspect should be noted: the necessary distance
between the modulation frequencies is determined by the shortest integration time.
This effect has already been investigated by Lange [60] and is briefly discussed in the
following. The present work even extends the investigation by an analysis of the ex-
pected phase error in the case of spurious sinusoidal signals.

Frequency Distance Between Two Signals

The longer the integration time, the better is the frequency selectivity of the demodu-
lation process: Instead of demodulating a perfect infinite sinusoid, a time-limited si-
nusoid is processed. The time limitation means a multiplication of the detected optical

f AN
f camera N
mN¢
f camera 4
m4
fs camera 3
fo camera 2
m.
camera 1
fm1
>
t

Figure 3.6: Frequency division multiple access.
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signal with a rectangular function of width equal to the integration time 7. If two cam-
eras are considered, then the detected signal consists of two neighbouring modulation
frequencies f,,; and f,,2. Assuming they have the same amplitude, the detected signal
s(t) is expressed in a simplified form as

c(t) = [cos(27 fmt) + cos(27 fmat)] - Tect <%> (3.2)

just taking into account the signal components, without any phase shifts and normal-
ized to their maxima. In the frequency domain, this is expressed by a convolution as

T

C(f) = 5 160 + fna) +0(f = fina) +0(f + funz) + 0(f = funa)] # sine(n fT). (3.3)

This mathematical relation is depicted in figure 3.7. The impact of a second neighbour-
ing modulation frequency is given by sinc(7AfT'), where Af = |fin1 — fin2|.

If we postulate an attenuation of the second frequency by 40dB (factor 100) [60], the
necessary minimum integration time 77,,, depends on the difference of the modulation
frequencies A f according to

100
Af (3.4)

The basic relationship between the minimum integration time and the distance between
two modulation frequencies for the above-mentioned assumption of 40dB suppression
of the spurious signals is shown in figure 3.8.

S(0) S0
T2t T2

7

sinc(nAfT)

ik i \—

N4

(a) Impact of spurious signals on the sig- (b) Zoom into the frequency spec-
nal of interest, depicted in the frequency do- trum around the second modulation
main. frequency fmo.

Figure 3.7: Frequency selectivity in the presence of spurious signals.
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Figure 3.8: Relationship between the necessary minimum integration time and the dis-
tance between two modulation frequencies for achieving a suppression of
the spurious signal by at least a factor of 100.

Phase Error

The postulation of a 40dB suppression of spurious signals determines the upper bound
of the expected maximum phase error. Similar to the considerations in section 3.1, the
addition of two sinusoids of the same frequency is illustrated in the complex phasor
diagram. Figure 3.9 (a) shows the phasor diagram for two sinusoids with the ampli-
tudes P4; and P4, and the phases ¢ and ¢,, respectively. Since Py, is attenuated, the
phasor addition leads to phasors whose end points lie within the depicted circle. Based

Im N
I:)AZ
QPmax Pa

N 2 4@ N

7 ] 7

Re o7 Re
(a) General summation of two sinu- (b) Summation of two sinusoids for small
soids. angles ¢;.

Figure 3.9: Depiction of the erroneous phase measurement in the complex phasor dia-
gram when two sinusoids of the same frequency are added together.
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on trigonometric relations, the expected maximum phase error is calculated as (see ap-
pendix A.1)

Py /P
AQPpmaz = arctan a2/ Par . (3.5)
V1= (Pas/Pua1)?
For weak spurious signals (P42/P4; — 0), equation 3.5 is approximated by
Py
AQpmaz & ——. 3.6
@ P (3.6)

With regard to our postulation of suppressing the spurious signal by a factor of at least
100, the maximum error is expected to be about 0.01 rad. Using a 20MHz modulation
signal, this error corresponds to maximum distance error of about 1.2cm. The measured
erroneous phase ¢y; is between @1 — Appey and ¢1 + Appas.

Another aspect needs to be mentioned. If phase ¢, is small, the circle’s area could cover
both a part of the positive and of the negative imaginary region of the complex plane.
In this case, the spurious signal potentially even produces phase hops. This situation is
illustrated in figure 3.9 (b). The range of the measured phase error covers the positive
and negative cases: 0 < ¢y < 1 +APmaz OF 2T+ Y1 — AQmar < @5 < 27. The distinction
is important due to the modulo-27 problem in the computation of the angles.

It is concluded that a good suppression of spurious signals is required in order to keep
the phase errors as small as possible. Long integration times and large distances be-
tween the neighbouring modulation frequencies ease this suppression.

3.2.5 Code Division Multiple Access

Another possibility of extracting the camera’s own signal of interest is to encode the
optical signal by an appropriate coding sequence. By correlating the detected optical
signal with the reference signal, only the signal of interest will be extracted, assuming
that the modulation signals are orthogonal to each other. Such a correlation process can
be performed with the dedicated demodulation pixels by evaluating the difference of
two integration nodes, as shown in section 2.2.3. Based on the pixel model, the principle
of the CDMA technique is depicted in figure 3.10. The light source of the g-th camera
is intensity-modulated by the modulation signal M,(t) and emitted to the object. The
delayed version of the optical signal is detected by the sensor, where it is mixed with the
reference signal and integrated over a multiple of the modulation period. The reference
signal () is equal to the modulation signal M,(?).

In the presence of N, cameras that illuminate the same scene, the g-th camera detects
the sum of all modulated light signals. Accordingly to equation 2.21, the correlation
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Figure 3.10: Code division multiple access.

value @, is expressed as

o, = G-(reP)(n) (3.7)
— G- (M, @3 P, (33)
=1

With the assumption of orthogonal modulation signals
M,(1) ® Pry(1) =0 (3.9)

for g € [1;N.] and g # [, the correlation value ®, is only affected by its own signal
components M, and P, ,, and it can be expressed as

®,=G-(M,®P,,)(7). (3.10)

Spread Spectrum Property

These encoding techniques have the common property of spreading the emitted op-
tical power over a rather wide modulation frequency range instead of concentrating
the power in just one modulation frequency. That is the reason why these techniques
are called spread-spectrum techniques. An introduction to spread spectrum techniques
is provided in [33]. The general behaviour of spreading the optical signal spectrum is
depicted in figure 3.11 [32]. Figure (a) shows the spectrum of the modulation signal
when continuous wave modulation is applied, so that M(t) = 1 + cos(2 f,,t); subfig-
ure (b) schematises the spectral distribution when a spread spectrum technique is ap-
plied, so that M(t) = 1 + ss(t) with ss(t) being any spread spectrum function. For the
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most common forms of spread spectrum signals, the spectral distribution corresponds
to a sinc?(z) characteristic [33] around the center frequency f... Figure 3.11 (c) shows
a direct comparison of measured spectral distributions of continuous-wave and spread
spectrum modulations in a communication system with a code rate of 1Mbit/s [33].

The spreading of the spectrum of the optical modulation signal has one important
drawback: the electronic components (driver electronics, light source etc.) need to sup-
port a larger bandwidth than in the pure continuous wave mode where the electronic
components can be optimized to the particular modulation frequency. Errors of the
distance measurement are directly generated by any filtering processes of the spread
spectrum, which is inevitable to a certain degree.

Distance Evaluation

Since the spectral distribution of a signal is directly linked to its correlation function by
the Wiener-Khintchine theorem [79], the autocorrelation functions of a spread spectrum
modulation signal have a significant peak characteristic, as depicted for example in
tigure 3.12. The sampling of the autocorrelation’s peak allows the computation of the
time-of-flight by applying the inverse function ® ' to the sampled correlation value
®(7) where ® is unambiguously invertible. Thus, the distance is calculated as

—c-®71(®
R= c ( (7')) (3.11)
2

M(f) M() A

1 ? 1%

124 1124

~fm fm f ~fee foe f
(a) Amplitude spectrum of (b) Spectrum of a modu- (c) Main lobe of the di-
the continuous wave mo- lation signal that spreads rect sequence signal com-
dulation signal. the power over a wide fre- pared to equal power
quency range around the continuous wave signal
center frequency fee. in frequency space [33].

Figure 3.11: Spread spectrum technique.
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Figure 3.12: Typical behaviour of the periodic autocorrelation function (ACF) of a

spread spectrum signal, normalized to its maximum.

Since the total number of generated electrons, which corresponds to the correlation

energy, is generally unknown, the unambiguous determination of the time-of-flight ne-

cessitates the acquisition of at least two correlation values within the peak. The more

values of the autocorrelation function are sampled, the less the reconstruction of the

function is affected by any noise sources. However, the requirement of real-time capa-

bility limits the system to taking as few samples as possible for one measurement.

CDMA Methods

Four types of spread spectrum techniques are distinguished [33]:

e Direct sequence (DS-CDMA): A code sequence, also called spreading sequence,

[32] is used for the intensity modulation. Orthogonal codes allow for multi-
camera operation.

Frequency hopping (FH-CDMA) [32]: The optical intensity is continuously modu-
lated. However, the frequency is permanently changed following a strict hopping
rule. If orthogonal spreading sequences are used as hopping sequence, multi-
camera operation becomes possible.

Time hopping (TH-CDMA): Short optical bursts are emitted, while the emission
duration and the pauses between are controlled via a hopping function similar to
that in FH-CDMA.

Chirp: This technique is the only CDMA technique that does not use spreading
code sequences. By continuously sweeping the modulation frequency, so-called
chirp pulses are generated. Special sweep functions have been created in the field
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of communication theory, allowing for multi-user access of the same communica-
tion channel. Such sweep functions are discussed for example in [35,47,53] and
could be adopted to the multi-camera time-of-flight measurement.

The implementation of chirps needs additional analogue components for the genera-
tion of monotonous frequency sweeps such as voltage-controlled oscillators (VCO) or
phase-locked loops (PLL), while spreading sequences can easily be realized with digital
electronics such as linear shift registers. A very convenient way of implementation and
distance extraction is accomplished by the DS-CDMA technique. The autocorrelation
functions have well-defined characteristics that allow for a straightforward extraction
of the time-of-flight. In the next section, we focus on the DS-CDMA technique based
on pseudo-noise spreading sequences.

3.3 Binary Pseudo Noise Optical Modulation for Multi-
Camera Operation

In this section binary pseudo-noise optical modulation is presented for use in 3D-
imaging with the DS-CDMA technique in a multi-camera environment. A detailed
performance evaluation of this modulation technique is provided in the next section re-
garding different error sources and direct comparison with the sinusoidal modulation
scheme. The performance is measured with existing demodulation pixels that provide
two integration values, corresponding to one correlation value per acquisition. The
outline of this section is the following: First a summary of the fundamentals of pseudo-
noise, meaning the criteria for randomness, the terminology conventions and the clas-
sification of PN-sequences, is given. Then the properties of m-sequences are treated,
where we pay special attention to the elaboration of the auto- and cross-correlation
properties. We introduce a general system-model that acts as the basic tool for the
mathematical description of the distance extraction and the relationship between the
amount of the totally photo-generated electrons and the integration values.

Why binary modulation sequences? With respect to the pixel model in section 2.2.1, the
controlling of the in-pixel switches corresponds to the multiplication of the incoming
photo-generated current by a unipolar binary sequence. Further, the subtraction of two
in-pixel integration nodes enables the determination of the correlation value between
the photo-current signal and a bipolar binary reference signal. Thus, binary sequences
are well suited for the demodulation pixels.

A general definition of a pseudo random sequence is found in [124]:
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A deterministic signal shall be referred to as a pseudo random signal if the degree
of similarity of its properties in terms of particular characteristics come sufficiently
close to the characteristics of a random signal.

This definition implies an orthogonality of the signals, which in turn allows for ap-
plying simulative deterministic random sequences as a modulation signal in 3D-TOF-
imaging.

3.3.1 Pseudo Noise Sequences: Randomness, Terminology and Clas-
sification

This subsection gives an overview of the criteria of pseudo randomness, the terminol-

ogy and the classification of pseudo random sequences.

Criteria for Pseudo Randomness

Deterministic binary sequences are considered as pseudo-random when they fulfill at
least one of the following three criteria [124]:

Balance criterion: The difference between the numbers of ones and zeros within one
period of the pseudo random sequence is less than or equal to 1. If H(x) is the
frequency of occurrence of z, the balance criterion is described for unipolar se-
quences as

|H(0) — H(+1)| < 1. (3.12)

Run criterion: A run refers to a sequence of only ones or zeros. The occurrence fre-
quency of runs with the same length is the same for both zeros and ones

H(0) = H(1), H(00) = H(11), H(000) = H(111),..., (3.13)

where H (z) denotes the occurrence frequency of z. One-half the runs are of length
1, one-fourth are of length 2, one-eighth are of length 3, and so on.

Correlation criterion: The periodic autocorrelation function shows properties similar
to those found in true white noise signals, so that

1 ift=0
o@t)=1{ , (3.14)
a ift#0

where a is required to be a small constant.
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Terminology

Two names are found in the literature in association with sequences that have noise-
like properties: pseudo-random and pseudo-noise sequences. In the past, a strict dis-
tinction was made between both of them. Pseudo-random sequences defined all se-
quences which fulfilled at least one of the above-mentioned criteria, and pseudo-noise
sequences had to fulfill all three criteria. However, today it is well accepted in the
scientific world to use both names in a “generic sense covering the many classes of
sequences with pseudo randomness properties” [124]. Therefore, in the remainder of
this work pseudo random sequence and pseudo noise sequence are used in the same
synonymous generic sense.

Another convention is the use of the word “chip” as a designator for one bit of the
binary PN-sequence. This is a common terminology in communication systems and,
thus, it is used in this work as well.

Classification of Pseudo Noise Sequences

Figure 3.13 gives an overview of the diversity of known binary random sequences and
their combinations. All of them have their advantages and disadvantages and, hence,
they are particularly suited to some special applications. The optimization of the se-
quences is performed in view of obtaining either good autocorrelation or good cross-
correlation properties. It is not possible to realize sequences having both good auto-
and cross-correlation properties [124].

Maximal-length sequences have, for example, good autocorrelation properties but the

Pseudo Random Sequence Structures

Elementary structures Composite and transformed structures
I I I I I
Recursive Difference set Combinations of m-  Transformations of m- Synthesis of more
sequences sequences sequences or others  sequences or others complex signals
— Barker GMW | Transversal
. . . filtering .
Linear Nonlinear — Legendre — Kasami , Optimum
| Histogram ACF
| | — Hall L Gold transformation
m-sequences De Bruijn — Jacobi — No — Segmentation
. p Diff . Good
Binary . — Singer — Product — Differentiation correlation
Shifted | Biquadratic residue |~ Concatenated : functions

Nonbinary Uncorrelated :

Figure 3.13: Classification of selected pseudo random sequences. [124]
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cross-correlation values are not negligible. Gold sequences, in turn, have optimised
cross-correlations, but the autocorrelation function is unsatisfactory for the 3D-imaging
application.

No further description of all PN-sequences itemized in figure 3.13 is given here. The
interested reader is referred to [124]. We selected for a further in-depth investigation
PN sequences of maximal length (m-sequences) due to their excellent autocorrelation
property, which is a necessary requirement for the convenient distance extraction in the
TOF system, and due to the easy and straightforward hardware implementation.

3.3.2 Properties of Maximal-Length PN-Sequences

m-sequences are generated with linear feedback shift registers (LFSR), as depicted in
tigure 3.14. Two implementations are known: Fibonacci and Galois implementation.
[50] Both of them produce the same binary sequences when their feedback taps are of
reversed nature. The Fibonacci approach has been used for the tests in the multi-camera
environment due to the possible exploitation of standard blocks for the implementation
in the programmable logic device.

If appropriate feedback combinations are used, PN sequences of maximal length

n,=2m — 1 (3.15)

are generated. Basically, the initial bit assignment of the registers can be arbitrary with
the exception of the zero bit assignment.

Each possible m,-bit combination, except for the m,-zero combination, occurs within
the m-sequence when a window of width m, is slid over the sequence. This is illus-
trated in figure 3.15 for a PN-sequence of length 7.

The PN sequence produced fulfills all randomness criteria presented in section 3.3.1.
Since the m,-zero combination does not occur in the sequence, the number of ones is
larger by one bit than the number of zeros. This unbalance property is an important

(a) Fibonacci implementation. (b) Galois implementation.

Figure 3.14: Linear feedback shift register (LFSR). [50]
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Figure 3.15: Example of a PN sequence that has been generated with a 3-stage LFSR.
All possible 3-bit combinations occur as demonstrated.

issue for the performance evaluation of background light and the stochastic accuracy,
as shown in section 3.4 later on .

Galois Field Mathematics

The fundamental mathematics for the description of pseudo-noise sequences is based
on the theory of Galois fields [85,124]. More precisely, if binary sequences are treated,
Galois fields with basis 2 are exploited.

The feedback of the LFSR is described by the so-called generator polynomial of degree
m,. The general form of a generator polynomial is expressed as

GP(2) = Gpumy X™ + Gpimy—1 X" + Gpymy—2 X" 2 4 o+ Gp2 X + gp1 X + gpo, (3.16)

where g, 0...9p.m, are the polynomial coefficients restricted to the range of the modulo
calculation with the basis of the Galois field. The generation of maximal sequences re-
quires primitive generator polynomials. Such polynomials are irreducible polynomials
of degree m, whose order is at the same time n, = 2™ — 1. The order describes the
smallest degree of a polynomial of which the generator polynomial is a divider. The
irreducible polynomials are mathematically described as the roots of X™ 4 1. There
are often roots of degree less than m,. Recapitulating, the generator polynomial is of
degree m, and is a divider of X®™”~1) + 1 [124]. Hence, only a small fraction of all
irreducible polynomials are of the order m, and, hence, are primitive polynomials.

By calculating an arbitrary power of the generator polynomial, it is possible to generate
all elements of the polynomial Galois field extension. This processing is performed by
linear feedback shift registers and that is the reason why maximal length sequences are
generated when the feedback is determined by a primitive polynomial.

The generation of binary m-sequences is described by polynomials of the Galois field
GF(2). It means that all computations are limited to a class ring determined by mod-
ulo 2 calculations.
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Example: A LFSR with m, = 3 stages is used for the generation of m-sequences of
length 7. The factorization of X7 + 1 leads to three irreducible polynomials, according
to

X' +1=(X+1)-(X*+X+1)- (X +X*+1). (3.17)

However, only the second and third polynomial factors are primitive because they are
of the degree m, = 3.

Tables of the feedback taps determining the primitive polynomials can be found for
example in [50,124,127,128]. The total number of primitive polynomials M for a given
register length m,, is calculated as [124]
P pyier (2™ —1
My(my) = 2Enerl ) (3.18)

mp

where ®p,, is the Euler’s totient. A convenient method for calculating the Euler’s
totient is

Bputen (27 — 1) = (27 — 1) (1 - i) - (1 - p%) e (1 - plk) , (3.19)

where py, ps, ..., p are the prime factors of 2™ — 1.

Example: A LFSR with 15 register stages can be used to generate 1800 different m-
sequences. Proof: 2! — 1 = 32767 is expressed by its prime factors as 7 - 31 - 151. The
Euler’s totient gives

1 1 1
® 2767) =7-31-151- (1=} - (1= =) -(1- =) =2
Buter (32767) = 7-31-15 ( 7) ( 31) ( 151) 7000,

and the number of available m-sequences is

27000

Autocorrelation Function

The correlation function between the emitted optical modulation signal and the refer-
ence signal of the pixel-inherent switches is interesting for the distance extraction. The
autocorrelation function is related to the correlation between the unipolar and bipolar
versions of the modulation signal M, (t) and M,(t), respectively. Figure 3.16 illustrates
the characteristics of the pure modulation signals and the result of their periodic corre-
lation. The significant peak of the ACF is mathematically described as
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Figure 3.16: Periodic autocorrelation function of m-sequences, when the correlation
corresponds to the processing of the unipolar and bipolar versions of the
m-sequence.
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(M, ® Mp) (1) = (3.20)

0 otherwise,

with the bounding parameters e, = T,(n,g+ 1), e = Tc(n,g — 1) and g € Z. T, denotes
the duration of one chip. The width of the peak is 27, and the distance between two
peaks is n, 1.

Since the autocorrelation function is independent of the particular PN sequence, a sam-
pling of this peak allows for unambiguously extracting the distance with a generic for-
mula, which is described below.

Cross-correlation

The cross-correlation properties of the PN sequences used determine the capability
of suppressing the optical signals of concurrently running cameras. Unfortunately,
the cross-correlation properties of m-sequences are not as good as the autocorrela-
tion properties. Other pseudo noise sequences such as Gold sequences or orthogonal
Hadamard-Walsh codes [32] are optimized with respect to the cross-correlation values.
However, with increasing length, the cross-correlation properties of m-sequences and,
hence, their applicability in multi-camera environments improve.

Table 3.1 shows the dependencies of m-sequences between LFSR stage number m,, the
corresponding PN sequence length n, = 2™» — 1, the cross-correlation properties and
the available number of m-sequences M, for the given LFSR length.

The increasing length of the PN-sequences for larger LFSR has two drawbacks. The
tirst one is that the minimum integration time becomes longer because it is determined
by one period of the sequence. Also, the step size for longer integration times is de-
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Table 3.1: Properties of m-sequences.

m, LFSR stages | PN length n, | 04 Oprob Oavg nr. of m-sequ. M,
3 7 05 |7.14-1072|1.4-107" 2
4 15 0.5 |3.33-1072]6.7-1072 2
5 31 0.375 | 5.38-1073 | 3.2-1072 6
6 63 0.375 [ 5.29-1073 | 1.6 - 1072 6
7 127 0.313 [ 2.62-1073 | 7.9-1073 18
8 255 0.375 | 2.45-107* | 3.9-1073 16
9 511 0.219 | 2.45-107* | 2.0-1073 48
10 1023 0.375 [ 1.63-107° | 9.8-10~* 60
11 2047 0.141 | 3.89-10°5 | 4.9-10°4 176
12 4095 0.344 [ 3.39-107% | 2.4-10~* 144
13 8191 0.086 | 2.71-107% | 1.2-10~* 630
14 16383 0.344 | 8.07-107% | 6.0-107° 756
15 32767 0.150 | 3.39-108 | 3.0-107° 1800

tined by the duration of one period in order to fulfill the mathematical definition of
the correlation process to integrate over an integer number of modulation periods. The
second drawback means a higher influence of the variation of the background light
because longer runs of zeros or ones occur during longer PN sequences. The aspect
of the integration time can generally be said to be negligible for sequence lengths up
to 32767 chips. For example, a PN sequence of 32767 chips with a chip duration of
T, = 50ns would have the smallest step size of the integration time of «~ 1.7ms, which is
acceptable in most applications.

The advantages of using long m-sequences are shown by the columns 3 to 6 in table 3.1.
All three parameters quantify the cross-correlation performance of the m-sequences in
a certain way. The first parameter ©,,,, defines the ratio between the maximum of all
possible cross-correlation values ®.(7) of all possible sequence combinations and the
maximum peak value of the autocorrelation function ®,(0), so that

@mﬁ:mm{QWW. (3.21)
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Although there is a lack of strict mathematical theory describing the behaviour of ©,,,
it seems to tend to zero for long m-sequences. Basically, the use of an odd number of
shift register stages is preferred because the maximum values of these m-sequences are
lower.
In addition, the probability of occurrence of the maximum cross-correlation value strong-
ly decreases for longer m-sequences. This is described by the parameter ©,,,,, which is
the ratio between the number of occurrences of the maximum cross-correlation value
H(maz{®.(7)}) among m-sequences of the same set and the total number of possible
discrete cross-correlation values
H(max{®.(7)})
n, - M, '

Oprob 1= (3.22)
The third parameter ©,,, is often used in the performance evaluation of communication
systems [124] and may be the most meaningful parameter. It is the expectation value of
the ratio between the cross-correlation values and the peak value of the autocorrelation,
which is, in mathematical notation

L d(7)
Ogyg = mean { B, (0) } . (3.23)

The simulation of the expectation value agrees well with theory, which says that it
behaves inversely proportional to the sequence length (see appendix A.2 and [87])

®(wg = i (324:)

P
From this it is concluded that the expectation of signal distortion due to additional
cameras is low. However, a more system-specific simulation and analysis is given in
the following subsections.

The size of the available set of m-sequences (6-th column) for a given LFSR is calculated
by equation 3.18 or is found in literature [70,87]. It shows that for long shift registers
a large set of sequences is available that all perform in a similar way. Although it is
unlikely that several hundred cameras are operated simultaneously, such a demodu-
lation method allows for distinguishing an arbitrarily high number of cameras. The
probability that two cameras use the same PN sequence is very low.

3.3.3 General System-Model Based on PN-Modulation

In this subsection we introduce a general system-model that describes in a mathemati-
cal sense the relationships between the mean number of photo-generated electrons per
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tap, the integration values of each tap and the correlation value, which is the difference
of two taps.

Time-of-flight distance measurement based on PN optical intensity-modulation uses
the correlation approach as described in section 2.2.3. The pixel model of figure 2.4
is reduced to two integration nodes, which are denoted in this section by the generic
expressions A, and A,. As shown in the same section, the pixel-inherent switch can be
replaced by a multiplication stage whose inputs are the photo-generated current and
the reference function. This reference function r(¢) is the periodic bipolar m-sequence

r(t) = My(t). (3.25)

The optical signal’s relationships are shown in figure 3.17 and can mathematically be
expressed in a similar way to that performed for sinusoidally modulated signals. While
the emitted signal is described as

P(t) = Ppn - My(2), (3.26)

with the unipolar version of the periodic PN sequence M, (t) and the peak-to-peak
power Ppy, the received signal is expressed as

P’r(t) :PB+kPPN'Mu(t_T)a (327)

where P denotes the background light, k describes all attenuations in the optical path
and 7 is the time-of-flight.

The read-out charge packets A, and A, of the two integration nodes depend on the
delay 7 which is sought by the distance measurement. Their general time-characteristic

r
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Figure 3.17: Delay measurement with pseudo-noise intensity-modulated optical sig-
nals.
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is shown in figure 3.18 and can be described by the following two equations

(24,;, - (1 — %) — Ay - (1 — 'Ti') (1= ca)

+BG - "t4  for T, <t <T,
Au(t) = 9 p

| Asig + BG - else,

'Asig-%‘—i-/lsig'(l—cd)(l_%)"‘BG%n—_pcd for -7, <t < T,

c

A(t) = <

| Asig + BG WT? else,

(3.28)
where the periodic repetitions have not been considered. In the following it is assumed
that two correlation values are acquired for one distance measurement, A;, is the mean
number of photo-generated electrons per integration node, c; denotes the demodu-
lation contrast and BG' is the mean number of electrons generated by the background
light. The number of electrons photo-generated by the signal component can be ex-
pressed as
ny +1

Asi =
g 4n,,

1
-GkPpy = GkPy, (3.29)

where the imbalance property of m-sequences has been taken into account. G is the
generation efficiency as already defined by equation 2.22, and P4 denotes the mean
emitted optical power of the light source similar to that for the sinusoidally modulated

N

A, (t) with cg=1

A, (t) with cg<1

JBG(ca/np)

A(t) with cg<1

>~ A(t) with cg=1

AN
7
t

Figure 3.18: Time dependency of the output charge packets A, and A, of the pixel,
when pseudo-noise modulation is used.
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TOF system. The number of electrons generated by the background light is given as

 GPg

BdG 5

(3.30)

The division by 2 comes from the fact that A,;; and BG denote mean numbers of elec-
trons per tap. During one acquisition over the integration time 7', two taps are pro-
cessed.

The correlation value corresponds to the difference of the two charge packets, which
leads to
2¢qAsig ( — %) + 2cd2—f for T, <t<T,
Q,(t) = (3.31)

2c,2¢ else.
np

This corresponds to the expected characteristics given by equation 3.20.

3.3.4 Distance Extraction with Maximal-Length PN-Sequences

In order to deduce a generic formula for the extraction of the distance we assume no
background light Pz = 0. The effect of the background light is separately studied in
the subsequent sections. Thus, the autocorrelation function (3.31) is written as

QCdAsig (]. — %) for -T.<t<T,

P4 (t)[Pp=0 = (3.32)

0 else.

For the extraction of the time-of-flight 7, the significant triangular characteristics of the
autocorrelation function are sampled twice at t, = —7 and t; = T, — 7, as depicted
in figure 3.19. The first sample is obtained when no additional artificial time-shift is
added to the reference function r(¢) and the optical signal has experienced a delay of 7.
The second sample requires an artificial time-shift of the reference function by one chip
duration 7¢. Based on the two samples, the time-of-flight is computed as

(ba,sl

- el p 3.33
! cI)(J,,O + (I)a,sl ( )

where @, = ®,(—7) and @, = P,(T. — 7) are the two samples. The subscript
s indicates that these samples of the autocorrelation function refer to the correlation
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Figure 3.19: Sampling of the autocorrelation function with two samples ®, 5 and ®,
that are separated by one chip duration 7,. No background light is as-
sumed in this depiction.

without taking into account any background light. In terms of number of electrons, the
samples are expressed as

(ba,so = QCdAsig (1 - %C) )

(3.34)
(ba,sl = QCdAsingc-
The distance is computed with the use of equation 2.3 as
(I)a sl
R=_——"—" Ry, 3.35
(I)a,.sO + (I)a,sl ( )

where R, = (c1})/2 is the maximum detectable distance. Distances greater than R,
are not detected. Hence, there is no non-ambiguity problem similar to that in the case
of sinusoidal modulation.

As long as only the pure signal component is taken into account, equation 3.35 provides
physically reasonable results. However, if additional signals interfere, the correlation
values can become negative. In order to avoid negative distances, the distance formula
is moditied to

(3.36)

O —® \ R
R=<1+ — )

|D| + D] 2

The absolute values of the autocorrelation values in the denominator ensure the avoid-
ance of negative distances, which would be have no physical meaning. In the subse-
quent error analysis, the last formula is particularly important for the analysis of the
multi-camera operation. The other channel effects do not require the consideration of
the absolute values, so that the raw formula of equation 3.35 leads to the same results.
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3.4 Distance Error Analysis of PN Modulation

In this section we provide a detailed analysis of several error sources and their effects
on the distance measurement when PN modulation is used. We begin with the per-
formance analysis of pseudo noise sequences in a multi-camera environment, which
was the basic motivation for the application of pseudo noise sequences as modulation
signal. This investigation is followed by the performance analysis in a single camera
environment and a comparison with sinusoidal modulation. The error aspects itemized
below are studied in the following subsections:

e multi-camera interference (MCI),

distance error due to non-linearities in the output transfer characteristics,

the stochastic noise performance,
e error due to multi-path propagation (MPP) of the optical signal,

e error due to background light (BL),

error due to low-pass (LP) filtered modulation or reference signals.

A general signal model with respect to the several sources of errors is depicted in fig-
ure 3.20. The optical signal of interest is denoted by P,(¢) and the electronic reference
signal is r(?).

The analysis of the distance errors is based on the definition of the relative error

Ripeas — R
i (3.37)
maxr
P.(t "
#i—)—)—(—f—)—?—» o ¥ O—H® f . ;
4 4 1 7T\ >
/N
dgtr;(();tt?c;n T Correlation
Ml = MPP LP Noise :h—> LP Non- Noise
+ linearities

r(t)

Figure 3.20: Signal model depicting the different error sources.
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where R,,.qs is the measured and potentially erroneous distance value and R; denotes
the "true’ distance value, which is

_ q:'a,sl .
Rt o ¢a,30+q’a,sl Rmaw
(3.38)
_ "I)a,sl .
- 2CdAsig mar:

It is recalled that the subscript s indicates that only the signal component may be con-
sidered for obtaining the true distance value.

Figures of merit: The performance of the modulation scheme is characterized in gen-
eral by the distance error 4, as defined in equation 3.37. However, a more precise char-
acterization of the different error sources necessitates the elaboration of the following
two parameters:

6 := mean(§) is the expectation value of the distance error. This kind of parameter de-
scribes a systematic offset in the distance measurement depending on the partic-
ular error source considered.

oy := std(d) is the standard deviation of the distance error. This figure of merit de-
scribes the expectation of the distance fluctuations due to the particular error
source.

The evaluation of the different measurement errors both in a multi-camera as well as
in a single-camera environment is performed in the following subsections. It turns out
that the sinusoidal modulation generally performs better in a single-camera environ-
ment, while pseudo noise sequences have their advantages in a multi-camera environ-
ment.

3.4.1 Multi-Camera Operation

The fundamental motivation for the use of pseudo noise sequences as a modulation
signal is the enabling of the operation of several cameras at the same time without the
need for camera synchronisation or separation in space. Since no strict mathematical
descriptions of the cross-correlation functions of m-sequences exist, an exhaustive sim-
ulation has been set up for analysing the expected measurement behaviour [36] in a
real-world multi-camera environment.
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The distance measured by the g-th camera is influenced by the cross-correlation values
between the unipolar modulation signal of interest M, 4(¢) and the sum of the optical
signals of concurrently running cameras. In a general form, the measured distance is

given as
(Da ] (I)c - (I)a s0O — (I)c Rmam
Ry — (1 o Past+ P 50 50 ) _ ’ (3.39)
‘(I)a,so + (I)C,EO‘ + ‘(Da,sl + (pc,El‘ 2
where @, 5y and @, 5, are the sum of the cross-correlation values at a particular delay
Ti-
Ne—1
Pexo = G- 3o (Myy® Fry)(—7)
1=0,l#g
(3.40)
Ne—1
Per1 = G- 3 (Mg ®Py)(Te — m).
1=0,i#£g

As already shown in subsection 3.3.2, these cross-correlation values decrease for longer
m-sequences, so that the error of the distance measurement ¢ is expected to have a simi-
lar dependency on the sequence length. Since no synchronisation between the cameras
exists, the error can fluctuate due to the change of the cross-correlation values. There-
fore, both the expected systematic distance error § as well as its fluctuations described
by o5 are of interest.

Simulation Boundary-Conditions

The simulation has been set up according to figure 3.21. An arbitrary number of N,
cameras illuminates a target located at distance R. All cameras have the same distance
to the target, emit the same optical power and use m-sequences of the same lengths
but which are generated with different generator polynomials. The cameras are not
synchronised with each other, so that the time delays between the m-sequences are
randomly changed.

The simulation takes the before-mentioned conditions into account. For short m-se-
quences, the performance evaluation is based on the computations of all combinations
between the m-sequences as well as the time delays. For long m-sequences, a restricted
number of random combinations between m-sequences and time delays has been eval-
uated in order to reduce the computation time reasonably. Although this restriction
makes the simulation of long m-sequences less accurate, the basic behaviour is still re-
tained. The output of the simulation consists of the expectation value of the relative
distance measurement error and the standard deviation of the error.
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Figure 3.21: Multi-camera environment.

Simulation Results

The simulation has been performed for shift registers with an odd number of stages
because it is known in advance that the maximum cross-correlation values are smaller
than for even stage numbers, as shown in table 3.1 of the subsection 3.3.2.

Figures 3.22 (a)-(d) show the absolute of the expectation values of the distance error
d depending on the number of operating cameras and on the length of the LFSR. The
depiction of the absolute values makes the graphs clearer. However, it should be men-
tioned that the mean error behaves in a complementary manner for delays of 7 € [0;0.5]
and 7 € [0.5;T,]. In the first interval of 7 € [0;0.5] the error is positive so that its be-
haviour corresponds to that depicted: § = [§|. If 7 € [0.5;7,], then the error curves
would have a negative sign: § = —|§|. At T = 0.5T, the expectation value is perfectly 0
for any number of cameras or PN sequence length. Around this ”"perfect measurement
point” the error tends to zero for a specific range of the time delay that depends directly
on the sequence length. The worst case with the highest systematic measurement error
isobtained at Tt =0or7 =1T,.

Intuitive explanation of the error’s behaviour: At the edges of the delay’s range, any addi-
tions of correlation values to the autocorrelation function produce errors of the same
sign. However, the more the delay tends to 0.57¢, the more there are combinations of
cross-correlation values that completely compensate each other, and the distance error
produced can be of positive or negative sign with the same probability. Hence, the main
distance error tends to 0 for delays for which the cross-correlation values no longer pro-
duce negative summations.

The standard deviation of the measurement error, which is a measure of the expected
fluctuations of the distance, is shown in the figures 3.23 (a)-(d). The longer the se-
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Figure 3.22: Expectation of the distance measurement error || for different numbers of
cameras and lengths of the LFSR.

quence used, the better is the multi-camera performance with respect to this figure of
merit. Best-case is found ata delay of r =0or7 =T,.

A summarising evaluation of the simulation is shown in figure 3.24. The left figure
depicts the worst-case expectation-value of the distance measurement, which occurs at
7 = 0 (positive maximum error) or 7 = T, (negative maximum error). Figure 3.24 (b)
shows the mean expected fluctuations, with the corresponding ranges from the mini-
mum to maximum standard deviations.
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Figure 3.23: Depiction of the standard deviation of the distance measurement error o,
for different numbers of cameras and lengths of the LFSR.

Comparison with Sinusoidal Modulation

As shown in subsection 3.1 the superposition of several sinusoids of the same frequency
can be treated in the complex plane. The resulting phasor is of arbitrary phase and
lies within the circular area whose radius is the sum of the signal power of all other
cameras. If only two cameras are operating with the same optical power, the circle
limits the maximum relative error to +0.25, the expectation value is about 0 for time
delays between 7 = T,,,/4 and 7 = 31,,/4, where the modulo-27 problem does not occur,
and the standard deviation of the relative error is calculated as 1/1/48 ~ 0.144 (see
appendix A.3). With regard to the simulation conditions, giving each camera the same
optical power, the case of two operating cameras is special, because the resulting phase
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Figure 3.24: Simulation results of the multi-camera interference for PN modulation.

is limited to s, € [p1 —7/2; p1+7/2]. When 3 cameras or more are operating at the same

time, the resulting circle will describe all phasors of completely arbitrary phase between

10; 27], so that for such a case the standard deviation of the relative error tends rapidly

to the maximum of 1//12 ~ 0.289 (see appendix A.3), though the expectation value

of the error is 0 because all phases occur with the same probability. Such significant

distance error fluctuations are not tolerable at all. PN sequences perform much better

in a multi-camera environment according to the simulation results.

3.4.2 Distance Resolution

The distance resolution of the time-of-flight measurement is computed as

) Var(Ay), (3.41)
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where the distance is assumed to be expressed by the charge packets being read out.
By performing the substitutions

A() Au(—T
A=A (-

\]

— e N SN

(3.42)
A2 = Au(Tc — T
A3 = AU(TC — T

a corresponding expression is found for the distance as

_ (Ap(Te ) A(Te 7)) _
R = 2o al iad ) AT Pmae

(3.43)
Ag—As

Fo-AitAy—7; " Limaa-

Stochastic processes could produce negative distances, which are avoided in practice
by taking the absolute values of the differences in the denominator (see equation 3.36).
However, the calculation is performed without absolute values for simplicity. It is ob-
vious that the effect of negative distances due to the stochastic variations only becomes
noticeable for a very low number of electrons. However, the consideration of just 10
or 100 electrons does not make sense because huge standard deviations of the distance
measurement would occur so that the system would not be applicable at all.

The computation of the distance resolution based on the Gaussian error propagation
results in the standard deviation (the detailed computation can be found in the ap-
pendix A .4)

OR =

Ronaz \/Asig + BG + BD + Ny BG\’ BG\’
\/ - 2 = Asig(1 = l) Asigl +—)-
V2 ca(Asig + %BG)2 T, np T.  nyp
(3.44)
In order to refer to the figure of merit predefined at the beginning of section 3.4, it is
noted that the expectation value of the distance is zero, so that

5 =0. (3.45)

As a consequence, the standard deviation of the distance error can be expressed in
terms of the distance resolution as

o5 = 2% (3.46)

max

=
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Conclusions: Three main consequences of the mathematical model should be empha-
sized before comparing the stochastic performance with a TOF system that is based on
sinusoidal modulation.

1. A better distance resolution is achieved when using higher signal power or shor-
ter chip durations, which in turn implies a smaller maximum detectable range
Rma:c'

2. The measurement accuracy depends on the delay of the optical signal, where a
best case is achieved for 7 = T,./2 and a worst case for 7 = 0 or 7 = T..

3. As a consequence of the imbalance property of m-sequences, the sequence length
n, has a direct impact on the measurement accuracy.

Stochastic Performance with Sinusoidal and PN Modulation

A comparison between the distance resolutions, using either PN modulation or sinu-
soidal modulation, shows that the sinusoidal modulation provides a better stochastic
performance. If the maximum detectable range of the PN modulation is set equal to
the maximum non-ambiguity range of sinusoidal modulation R,,,; = Ry and no back-
ground light is present, the standard deviation of a sinusoidally modulated system will
be better by a factor of 2v/2 (best-case at 7 = T,/2) to 4 (worst-case at 7 = 0 or 7 = T,).

Simplifications for Special Environmental Conditions

By defining the background-to-signal light ratio as BS := BG/A;, and assuming that
the dark current and any additional noise sources are negligible (BD = N,, = 0), then
equation 3.44 can be rewritten as

2 2
o5 = vit BSQBS ((1 S B—S) + (l + B—S> . (347)
V2A4ca(1 + ) T, Ny T.  n,

with the utilisation of equation 3.46. Two cases are highlighted in the following.

1. n, >> BS: In general the sequence length is much bigger than the ratio between
background light and signal component n, >> BS, so that the standard deviation
is further simplified to

~ Y1+ BS \/1—2 +2 ) (3.48)

2Aszgcd
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Figures 3.25 (a) and (b) show the dependencies of 05 = 0r/ Ry, o0 the mean num-
ber of electrons generated by the signal component (4;;,) and the background-to-
signal light ratio for the best-case at a delay of 7/7. = 0.5 and the worst-case at
7/T, = 0. Furthermore, an ideal demodulation contrast of ¢; = 1 has been as-
sumed for the computations. It is noted that the figures depict the mathematical
limits according to the approximation given by n, >> BS.

In addition, figure 3.25 (c) shows the exact dependence of the standard deviation
on the number of electrons generated by the signal and the relative time delay
7/T. when the background light is also not present at all (BS = 0), so that

(3.49)

2
2— + 2 .
7= A /QAS,ng \/ Tc)
2. BS >> n,: The case that the ratio BS between background light and signal is
much bigger than the sequence length n,, is rather improbable but it can occur.
The consideration leads to the simplified transformation of equation 3.48 as
"p Ty

o5 = = )
"7 4eo/BG  Aca\/AyyBS

In this case, there is only a dependence of the distance resolution on the back-

(3.50)

ground light and the sequence length. This is rather an unconventional behaviour
due to the imbalance property by 1 chip of the m-sequences. The more back-
ground light, the lower is the standard deviation because the background light
acts like a signal component. As an example, figure 3.25 (d) depicts the relative
errors for a sequence length of n, = 2! — 1 chips and a time delay 7 = 7,/2. The
dependencies on the number of generated electrons and different background-to-
signal light ratios have been incorporated.

Influence of Multi-Camera Interferences on the Stochastic Performance

The detection of the light signals of additional cameras can be treated to a first approx-
imation as additional background light that decreases the stochastic performance. The
incorporation in the equations of the standard deviation results in

Rinaz \/Asig + BG + BD + N,, + BC
Op =
R \/§ Cd(Asig + %BG + (I)c,g)z

r. BG ®.5\° r BG ®,5\°
. Ag (1 — —)+ ’ Ay — + 4 2% X
\/< sig( Tc)+n+ 2)+<”9Tc+n+ 2), (3.51)
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(a) Best-case for a delay of 7 = 0.57.. The

graphs are approximations for n, >> BS.
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(c) Relative error depending on the mean
number of electrons A,;, generated by the
signal component per integration node and
the relative time delay 7/T,.. The graphs are
based on the exact calculation for BS = 0.

(b) Worst-case for adelay 7 = 0 or 7 = T¢.. The
values of o5 are greater by a factor of v/2 than
in the best-case at 7 = 0.5T. The graphs show
the limits for the approximation of n, >> BS.
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(d) Exact calculation of the relative error for a
PN sequence length n,, = 2'>—1 and a time de-
lay 7/T. = 0.5. Sweeps over the mean number
of electrons generated by the signal light A,
and the background light to signal light ratio
BS have been performed. The graphs show
the behaviour for the extreme condition that
BS >> n,.

Figure 3.25: Standard deviation of the relative distance error o5 = 0r/Rmaqs as a consequence of stochas-

tic noise contributions. The values have to be multiplied by -10~2. The computations are
based on an ideal demodulation contrast ¢g = 1.
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with &5, = (P50 + Pcv1)/2 and BC is the total number of electrons generated by
the signals of concurrently running cameras. ®.y, and ®.y; are the sums of the cross-
correlation values resulting from the interference signals, according to the definitions
in equation 3.40.

3.4.3 Non-Linearity of the Output Transfer Characteristics

The effect of non-linearities of the output transfer characteristics on the distance mea-
surement has been summarised in section 2.2.5 with regard to the sinusoidal modu-
lation of the optical signal. It has been shown that there is no systematic error expected
by first-order distortions of the output characteristics when the same output character-
istics are assumed to be used for the read out process of each charge packet. The same
effect can be examined in a similar way for PN modulated signals by defining the mea-
sured values to be rather a + bA, + cA? instead of A,. With the use of equation 3.43, the
measured distance is then

a+bAy + cA2 —a — bAz — cA3 .
a-+bAyg+cAZ—a—bA; —cA? +a+bAy + cAL —a — bA3 — cA2

Rmeas = Rmaz ) (352)

where the constant offsets a are automatically eliminated by the difference computa-
tions. Based on the fact that Ay + Ay = As + A3 = 2(A,;, + BG), the following transfor-
mations are applied:

R _ a(A2—A3)+2b(Asig+BG)(Az—A3)
meas a[(Ao—A1)+(A2—A3)]+2b(Asig +BG)[(Ao— A1)+ (A2 —A3)]

Ay—A
(A07A13+(1‘:132*A3) (353)

= Rt-

The measured distance corresponds to the true distance value R;, or the relative error
is equal to zero

§ = 0. (3.54)

It is concluded that quadratic distortions of the output transfer characteristics do not
influence the distance measurement, either with sinusoidal or with PN optical modu-
lation, when the same output transfer characteristics can be assumed for the readout of
each charge packet.
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3.4.4 Background Light

While the model in section 3.3.3 already describes the behaviour of the pixel’s correla-
tion output with additional background light, the generic distance formula, however, is
based exclusively on the signal component when no background light is present. Thus,
background light leads to an erroneous distance measurement.

The background light implies a positive offset of the autocorrelation function by
(2¢4BG)/n,, due to the (im)balance property of m-sequences. Taking the background
light into account, the measured distance is

QCdBG
(I)a,sl n
P

Rmeas =
4cyBG
QCdAsig + np

) Rmaw- (355)

As a consequence, the relative error according to its definition in equation 3.37, is com-
puted as
R

_2+%’

(3.56)

where BS = BG/A,i, defines the ratio between background-light power and the signal-
light power. The expected error, depending on the background-light to signal-light
ratio, the sequence length and the particular delay 7 of the measurement, is shown in
tigure 3.26. For long PN sequences or a low power of background light the error tends
to zero. No error is obtained at a delay of 7 = T¢./2.

10° Xl L XD
Qo

0 0.2 0.4 0.6 0.8 1
T/TC

Figure 3.26: Relative distance error 6 due to incident background light, normalized to
the maximal detectable distance R,,,;-
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3.4.5 Effect of Low-Pass Filtered Signals

Both signals, the optical modulation signal as well as the reference signal, experience
a low-pass filtering due to capacitive loads of the electronic components. A low-pass
generates a systematic distortion of the distance linearity. By modelling the low-pass
system with an impulse response function A(t), the correlation function is distorted as

Puip(t) = G-[(P®S)()]*h(t)
(3.57)
— B, (t) * h(1).

As a consequence of any low-pass effects in the signal chain of the modulation signals,
the correlation function is directly affected by the same low-pass characteristics, so that
a smoothing effect of the ideal peak is expected. For the assumption of a low-pass
tiltering by an RC element, the deformations of the ideal PN signal and of the autocor-
relation function are depicted in figures 3.27 (a) and b, for the example of a 3dB cut-off
frequency of f.,: = 0.5f;, where f. is the chip frequency. Filter-related time shifts have
been compensated in this figure.

The relative error depends on the particular distance or time delay measured and on the
low-pass characteristics of the system. Figure 3.27 (c) shows the theoretically expected
relative distance error when an RC low-pass is assumed for the estimation. The error is
positive if 7/T, < 0.5 and it is negative if 7/7, > 0.5.

3.4.6 Multi-Path Propagation

Another source of error is multi-path propagation of the optical signal. A pulsed time-
of-flight system is not influenced at all by multi-path propagations because the shortest
transition path, which triggers the distance measurement, corresponds to the distance
sought. However, a continuously modulated system such as the PN-modulated TOF
system, is much more sensitive to superpositions of the same signal with different de-
lays. The problem of multi-path propagation is depicted in figure 3.28, where two kinds
of multi-path propagation are distinguished. The first one consists of multiple reflec-
tions in the scene as depicted in figure 3.28a. Secondly, multiple reflections occur be-
tween the sensor and the optics, which is generally known as the scattering-light effect.
This kind of intra-pixel optical cross-talk is schematically illustrated in figure 3.28b.

Both types of multiple reflections lead to an erroneous distance measurement. The
scattering effect of the optical set-up can be minimized by
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(c) Simulation of the relative distance error § due to low-pass filtering
depending on the ratio between cut-off frequency of an RC element f.,t
and the chip frequency f. and the relative time delay 7/7,. This delay
covers the full range from 0 to 1; the ratio between the cut-off frequency

and the chip frequency is considered within the limited range from 0 to 4.

Figure 3.27: Effect of low-pass filtering with an RC element when f.,; = 0.5f,. The filter-related time
delays have been compensated in these depictions.



3.4. Distance Error Analysis of PN Modulation 73

o=

light source

camera 1

target 2

AN

optics !,

X

(a) Multiple reflections in the scene. (b) Multiple reflections between
the sensor and the optics.

Figure 3.28: Illustration of the two types of multi-path propagation.

e appropriate optimization of the optics including

— coating of the lens,
— coating of the sensor,

- improving the focus on the sensitive area of the pixels by the use of micro-
lenses on the sensor,

e appropriate pixel/sensor design implying the avoidance of large areas of highly-
reflective metal layers,

e by measuring the optical cross-talk and subsequently calculating the effect of the
intensity distribution on the distance measurement so that a calibration can be
effected.

The multiple reflections in the scene are difficult to minimize. The problem is well-
known in mobile communication systems where multi-path propagation of the signal
leads to significant bit error rates after reception. Depending on the operation environ-
ment, stochastic models such as Rayleigh and Rice distributions [32,85] are used for the
description of the multi-path propagation. Similar models have to be incorporated into
the 3D TOF system in order to reduce the distance error due to multi-path propagation.
Though such models have not yet been applied, a general comparison of the distance
error rate that is expected with sinusoidal or PN modulation is provided below.
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The superposition of the original signal and the multi-path propagated signal is shown
in figure 3.29a assuming no background light illumination. The attenuation k,,,, de-
notes the ratio between the mean optical power of the original signal and the signal
that is added due to the multi-path delay. In addition, the time-of-flight sought is given
by 7, while the multi-path component has experienced a delay of 7,,,,. The effect on the
autocorrelation function is shown in figure 3.29b for the case of PN modulation. Two
autocorrelation values ®, ,pp0 and @, pp1 are added to the unaffected values @, 5 and
@, 51, respectively. @ 00 and @ 1 are the samples of the autocorrelation function
that is multi-path delayed and not offset-shifted due to any background light. Conse-
quently, the relative distance error is expressed in a general form as
Dy o1+ Pomppt D, 61

5= — , 3.58
(I)a,so + (I)a,sl + (I)a,mppO + (I)a,mppl (Da,so + (I)a,sl ( )

whith @4 1500 = KimppPa (—Tmpp) AN Lo nppt = EmppPa(Te — Tonpp)-

Multiple Reflections in the Scene

By considering only multi-path components of a delay 7,,,, > 7, which is a valid as-
sumption for the multi-path propagation in the scene, two dependencies of the error
can be derived for two cases:
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(a) Superposition of two pseudo-noise (b) Correlation functions of the original
signals. PN signal, the multi-path PN signal and

the signal composed of both of them.

Figure 3.29: Multi-path propagation of pseudo-noise signals and the effect on the cor-
relation function.
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1. (Tipp — 7) € [0; T — 7] N\ Tonpp > T
The measurement error results from the addition of both autocorrelation values
D mppo and @ ppp1 I

5= Kmpp CTmpp — T >0
kmpp + 1 T,

2. (Tgp —7) € Te = 7;2T0 — T) N\ Tongp > T
The error is only affected by @, ,,,pp1 because @, pmppo = 0. It is computed as

_Fom [2 (T = 7) = Tongyp (1 _ T_)] .
T (14 kg (2-732))

While the error is increasing in the first specified interval of 7,,,,, it is decreasing in the
second interval but still greater than or equal to zero. The maximum error is found to

be

. _ Empp T
Omaz := max |0| = Y <1 Tc) , (3.59)

for 0 < 7/T. < 1 and Ty, = To.
The attenuation factor &, is limited to [0; 1] for the multi-path in the scene.
Scattering Light

For scattering light the relation 7,,,, < 7 is also possible. The same absolute maximum
error as before is obtained but two additional conditions have to be considered:

kmpp . (1 — TLC) . fOI' 0 < T/Tc S 05

Lthmpp (3.60)
for 0.6 <7/T, <1

Omaz = max || = P

.
1+kmpp 1>

The multiple reflections of the optics can produce superpositions with an even stronger
multi-path signal than the original, so that k,,,, € [0; +o0].

Comparison

The differences between multi-path propagation in the scene and the optics are summa-
rized in table 3.2 including the particular mathematical expressions. The expressions
for the maximum error with sinusoidal modulation are derived from the corresponding
considerations of the addition of two sinusoids in the complex plane, which has been
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shown in detail in appendix A.1. The maximum phase error is given as

Km
AQpae = arctan | ———=2 (3.61)
1=k,

In particular, the modulo-27 effect has been taken into account in the expressions of
table 3.2. The modulation period of the sinusoidal modulation signal has been set equal
to the chip duration 7}, = T,, meaning that the maximum detectable range in the PN
case equals the unambiguity range in the sine case. Following this, all considerations
are referred to the chip duration 7..

The relationships between the maximum distance error, the time-of-flight and the at-
tenuation coefficient are graphically shown in figures 3.30 and 3.31 for the propagation
in the scene and for the scattering-light effect, respectively. The computations are based
on the superposition of two signals.

It is obvious that the environmental conditions are decisive for finding the preference
of one modulation scheme with respect to the MPP effect. The sinusoidal modulation
performs better at close range if MPP in the scene is involved. Regarding the scattering-
light effect, the sinusoidal modulation is better for relative distances from 0.2 up to 0.8
when the attenuation factor k,,,, can be assumed to be less than one. However, due
to the modulo-27 problem, scattering light can also lead to significant distance errors
when sinusoidal modulation is used.

Table 3.2: Multi-path propagation: in the scene and scattering light.

MPP in the scene Scattering light
Delays of the | 7 < ™22 <1 0< e <1
MPP signals
Attenuation 0<bmpp <1 0 < Empp
of the MPP
signals
Maximum A";—’;‘” for 0 < 7 <1~ A‘g’;‘” A“;’;“ for A“;’;” <f<1- A‘g—’;‘” ANkmpp <1
error 0,4z
sinusoidal 7 forl— A% <z <1 1 — 7 for kppp > 1
1— Z for 0 < Z < 8gze2 (A1 > kpypp > 0)
Apmae
7 for 1 — S8mee < 2 < TAOD < kppp < 1
no distance value for kp,pp, =1
1 kaP . _ T T k’mPP . _ T T
Maximum TR — (1 Tc) for0 <7 <1 | 752 (1 Tc) for0 < 7 <0.5
error 0,4z
PN rr . 2 for 0.5 < £ < 1
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Figure 3.30: Maximum relative distance error. Two signals are added and one of them
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Figure 3.31: Maximum relative distance error due to multiple reflections between the
sensor and the optics. The computation corresponds to the superposition
of two signals that can have arbitrary delays and amplitudes.
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It is noted that the maximum error is only one figure of merit characterizing the perfor-
mance of the modulation scheme with regard to the MPP effect. However, with knowl-
edge of the environmental conditions concerning the optical reflections, estimations of
the expectation values of the errors and their probabilities, based on stochastic models
as used for example in mobile communications, would allow an even more thorough
performance evaluation and comparison.

3.5 Experimental Results

The measurements presented in this section have been performed with the SwissRanger
3D TOF camera [75], having a pixel resolution of 176 x 144 pixels. These measurements
show that the system performs as predicted by the well-developed theory of pseudo
noise modulated time-of-flight distance measurement. The different channel effects of
stochastic distortion by shot noise sources and multi-camera interference have been
measured and they show good agreement with the theory. The systematic errors could
not be measured due to the dominating impact of the camera’s non-linearities.

First, the principle of measuring distances with pseudo-noise modulated optical sig-
nals is verified by the measurement results in figure 3.32. This measurement has been
performed without background light and no additional cameras. A maximal-length
pseudo-noise sequence of 2047 chips has been used with a chip duration of 7, = 50ns,
which allows for measuring distances up to R,,,; = 7.5m. Figure 3.32 (a) shows the ac-
quisition of the autocorrelation function when the delay is externally set by the operator
and the actual distance to the target is kept constant. Figure 3.32 (b) shows the result
of the delay extraction for delays ranging from 0 to 50ns. The non-linearities, which are
particularly observed at long delays, are due to the unavoidable low-pass filtering of
the modulation signal, as predicted in section 3.4.5. This effect is also recognised in the
autocorrelation peak, which is slightly smoothed due to the low-pass filtering.

Based on the same measurements, the evaluation of the stochastic performance with-
out background light is shown in figure 3.33 (a). The theoretical curve is based on
equation 3.44 with BG = N,; = 0 and A,;;, = const.. The demodulation contrast has
been measured in advance to be about 62%.

Another verification of the noise model is given by figure 3.33 (b). The standard devia-
tion of the distance has been measured for different background-light to signal-light ra-
tios but at constant signal power. Both sinusoidal and PN modulation techniques have
been investigated. The theoretical curves based on equation 2.30 for the sinusoidal mo-
dulation and equation 3.44 for the PN modulation are included in the figure. For both
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Figure 3.32: Proof of the measurement principle: TOF distance measurement with
pseudo-noise intensity-modulated optical signals.

modulation schemes, good agreement between theory and practice is obtained. Since
the PN measurement has been performed at a delay of 7 = 0.57,, the values are close to
the best-case curve. The sequence lengths tested have 511, 2047, 8191 and 32767 chips.
The difference in their performance is not recognisable in the figure. Furthermore, the
sinusoidal modulation shows better performance for low background- to signal-light
ratios when T, = T}, as theoretically predicted.

The last measurement shows the performance of the PN-modulation in a multi-camera
environment, which was the initial motivation for the utilization of PN-sequences in-
stead of sine waves for modulating the optical signal. Figure 3.34 shows the measured
standard deviation of the distance error, which is a measure of the observable fluctua-
tions of the distances. The measurement set-up corresponds to the simulation assump-
tions: the camera of interest receives the same amount of optical power as all other
cameras together. The dependence of the distance error fluctuations on the number of
cameras operating concurrently and on the length of the PN sequence is depicted. The
evaluated camera is operating at a delay of approximately 25ns, which is half the chip
duration 7. The basic characteristics correspond to those simulated in figure 3.24 (b).
Fluctuations of around 7cm have been measured when four additional cameras are run-
ning and a sequence length of 32767 chips has been used. The results are slightly better
than those of the simulation because some worst-case conditions between m-sequences
are avoided consciously in the measurements but not in the simulation.
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3.6 Discussion

A detailed investigation of the utilisation of pseudo-noise intensity-modulated optical
signals for real-time 3D-imaging has been presented in the sections above, where the
main focus was applicability to a multi-camera environment. Compared to the si-
nusoidal modulation, PN-sequences show their main advantage in the reduction of
multi-camera interference and, thus, provide a suitable alternative modulation scheme
for systems where several cameras can approach each other randomly and without the
requirement of a time-synchronisation.

However, the performance of PN modulation in a single-camera environment is gener-
ally inferior to that of sinusoidal modulation signals. In particular, the stochastic per-
formance with PN-modulation is worse when the maximum detectable range equals
the maximum non-ambiguity range in the case of sinusoidal modulation. This obser-
vation is independent of the environmental conditions with regard to the delay or the
background light. However, the nonexistent problem of non-ambiguity measurement
for the PN modulation can be very advantageous for some applications, e.g. in the field
of robotics, where distances greater than a particular distance are not interesting for the
operator.

It is obvious that future work includes the search for modulation techniques that allow
for measuring distances in both a single and a multi-camera environment without sig-
nificant performance losses compared to the sinusoidal modulation in a single-camera
environment.

On the one hand, research can continue to focus on pure encoding techniques like
pseudo-noise modulation. On the other hand, alternative techniques such as the com-
bination of sinusoidal modulation and pseudo-noise modulation could be investigated
with the goal of combining the advantages of both. Some initial ideas are summarised
below.

o M-Sequences and background light susceptibility: In section 3.4.4, the susceptibility
of pure m-sequences to background light has been demonstrated, where a strong
error-dependence on the particular delay or range has been observed. By padding
the m-sequence with an additional zero at the end, the imbalance property of PN
sequences could be avoided. This has been suggested in [27]. Though the autocor-
relation properties do not change around the peak, there will be an impact on the
multi-path propagation which has to be examined in more detail. Furthermore,
the cross-correlation properties will change significantly, so that the multi-camera
interferences have to be studied again.
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o M-Sequences and maximum range: Extension of the maximum detectable range

could be achieved by an evaluation of the discriminator function ®,, which is
defined as the difference between the autocorrelation function and its replica that
is time-shifted by 27,. Figure 3.35 shows the construction of the discriminator
function. Mathematically it is described as

N (t) = (ba(t) -, (t - 2Tc)
G- (P, ® (M(t) — M(t — 2T).

Since M (t) is a binary signal having values of +1, the difference results in a ref-
erence signal that has five possible values 0, 1 and £2. Using pixels with five
integration nodes, two subsequently acquired samples of the discriminator func-
tion are sufficient for its reconstruction. Each sample of the discriminator function
is obtained by the sum of the integration values that are weighted each by one of
the factors. Hence, the discriminator function can be exploited for the measure-
ment of distances, where the maximum detectable range has been increased by
a factor of 2, or the stochastic accuracy has become better when a shorter peak
width has been used.

Signal combinations - PN and sinusoid: Sinusoidal modulation shows the best per-
formance in a single-camera environment. Hence, it is suggested that sinusoidal
modulation be used as the basic scheme in combination with a technique that
ensures low cross-correlation values with other signals, such as pseudo-noise.
Basically, two parameters of a sinusoidal signal can be changed: the phase and
the modulation frequency. If these parameters are randomly changed, both for
the optical and the reference signal of one camera, the time delay as an informa-
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Figure 3.35: Construction of the discriminator function by the autocorrelation function

and its time-shifted version.
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tion for the distance to an object can still be extracted when the changes in phase
between the two cameras are different.

o Frequency chirping: Chirp signals, which make use of sinusoidal waveforms with
frequencies changing over time, combine the properties of sinusoidal signals with
good distinguishability between other chirps. The rule of frequency sweep de-
fines the multi-camera capability. Examples from mobile communication, where
chirps are used in multi-user environments, are found in [35,47]. Elaborations
of either the heterodyne mixed signal or of the correlation function are possible
methods for distance acquisition. However, a modification of the pixel itself and
an adaptation of the distance extraction scheme probably become necessary.






Chapter 4

Fundamentals of Electronic Imaging

This chapter summarises those aspects of electronic imaging which are of particular im-
portance for the TOF pixels: the electron-hole pair generation and separation, the fun-
damental image sensor technologies, the charge-coupled device concept for the charge
storage and lateral transport, and the quantum efficiency of the MOS-gate structure. A
general depiction of the photosensing chain is shown in figure 4.1 including the light
source, the object, the imaging optics, an optical information processing unit, the detec-
tor array that converts the photons into an electric charge, a digital or analogue process
sequence and the final units for displaying, interpreting or broadcasting the image. A
digital conditioning of the signal comprises the analogue-to-digital (AD) conversion
and a digital signal processing (DSP) unit, while an analogue path consists of analogue
processing and storage units.

In the case of the 3D TOF system, the light source emits an intensity-modulated light
signal, and the detector performs both the detection and the demodulation of the signal
at the same time. While the subsequent chapter is dedicated to the pixel-inherent de-

s Light
/ —,;\— source
l/\/ Display
A/D DSP
Ontical Image
ptica ;
— Information AnalogL_Je Analogue Interpretation
processing Processing storage Broad.
casting
Interaction with Image Image
object formation sensing

Figure 4.1: Electronic imaging chain. Originally extracted from [95] and subsequently
modified.
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modulation of the signal, the present chapter focuses on the general photon detection
behaviour of solid-state sensors. This comprises the fundamental existing pixel and
sensor architectures.

The first section presents the basic physical phenomena exploited in solid-state photo-
sensing. Then the fundamental pixel concepts of recent sensor designs are explained. A
brief discussion about the available standard imaging technologies is given. After that,
the concept of charge-coupled devices is explained, covering the working principles
of CCDs with regard to the storage and transport of photo-generated charges and the
major types of transport channels. The subsequent section highlights the quantum effi-
ciency of CCD gate structures, which is an important criteria for the process and design
optimization of the TOF pixels in order to achieve low distance standard deviations
(see chapter 2 and 3).

4,1 Photon Detection

The detection of photons exploits the internal photo-electric effect of a semiconductor,
which means the transmission of optical energy from impinging photons to the valence
electrons of the material by exciting the electrons to a higher energy level within the
conduction band. This situation of electron-hole pair generation in pure semiconduc-
tors is shown in figure 4.2 (a). The transition of an electron from the valence band to the
conduction band is called an intrinsic transition [105]. Such an event as the consequence
of the detection of a photon requires, from the energy point of view, the condition

c
A
where E,, is the energy of the photon, and the bandgap energy of the material is de-

E,, = hs > E,, (4.1)

noted by E,, which is about 1.12eV for pure silicon material at room temperature.
Following from this a maximum optical wavelength A, can be defined that determines
the highest wavelength for which electron-hole pairs are still generated:
_he 1.24pm
© Ef] - EyleV]’

where E, is given in units of eV. The cut-off wavelength of silicon is about 1.1xm. Sili-

(4.2)

con is not photo-sensitive for larger wavelengths. However, this is only an approxima-
tion because silicon is an indirect semiconductor which means that the event of absorb-
ing a photon requires both the transition of the bandgap as well as an adaptation of the
electron’s momentum [86]. Consequently, the required optical energy for the genera-
tion of an electron-hole pair is slightly increased and hence, the cut-off wavelength is
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Figure 4.2: Internal photo-electric effect.

slightly smaller.

If the semiconductor is doped, the required energy for the generation of electron-hole
pairs is reduced because additional energy states are present in the otherwise “forbid-
den” energy zone between the valence and conduction bands. This transition is called
an extrinsic transition and it is illustrated in figure 4.2 (b) [105].

Optical energies larger than the bandgap energy F, generate electron-hole pairs, and,
in addition to that, the excess energy hc/\— E,; is dissipated as heat. If energies are even
larger (several eV), multiple electron-hole pairs are generated per incident high-energy
photon, as exploited for example in X-ray detection. An upper bound of optical energy
is mainly given by the absorbing nature of additional layers on top of the semiconduc-
tor device and surface effects such as very short carrier lifetimes [95]. This is discussed
in more detail in section 4.4, treating of the quantum efficiency of the MOS-gate struc-
ture.

4.1.1 Recombination and Lifetime of Charge Carriers

After electron-hole pairs have been generated in the semiconductor by the incident
photons, the charge pairs need to be separated in space in order to avoid recombina-
tion and the corresponding loss of information. The time that is used for separating
electrons and holes is limited by the finite lifetime of the free charge carriers and de-
pends on the dominant mechanism of recombination.

The effective and measurable lifetime is composed of the three recombination mecha-
nisms: Shockley-Read-Hall (SRH) recombination [100], radiative recombination [105]
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and Auger recombination [89,105]. It is expressed as [89,90]

1

-1 -1 -1
TsrH + Trad + 7-Auger

, (4.3)

T, =

where Tsrp, Traa and Tayger denote the Shockley-Read-Hall lifetime, the radiative life-
time and the Auger lifetime, respectively. Figure 4.3, which has been extracted from
[90], depicts measured recombination lifetimes versus the majority carrier density of p-
type silicon. Two measurement data sequences have been incorporated and fitted with
the mathematical expressions that can be found in literature, describing the particular
recombination mechanism [89,90, 100, 105]. The SRH recombination depends on sev-
eral material parameters, such as density of impurities or defects and the capture cross
sections of electrons and holes. Depending on the specific piece of semiconductor, the
SRH lifetime can vary very strongly. Figure 4.3 shows the characteristics of the lifetime
for different orders of SRH lifetimes.

Obviously, the lifetime in silicon is controlled by Auger recombination at high carrier
densities, while for low carrier densities the Shockley-Read-Hall mechanism domi-
nates. Radiative recombination is relatively unimportant in silicon because direct band
to band transition is unlikely for indirect-bandgap semiconductors. This is also the rea-
son why silicon material is not exploited in devices for the emission of optical signals.

T, (8)

1014 1015 1076 1017 1018 1019

p (cm)

Figure 4.3: Recombination lifetime 7, versus majority carrier density for p-type Si. The
solid and dashed lines are based on theory using different proportionality
constants. [90]
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4.1.2 Thermal Diffusion

As long as no electric fields force the separation of photo-generated electrons and holes
in space, these charge carriers will randomly move around, driven by their thermal
energy. The average thermal velocity is deduced by equating the kinetic energy of the
charge with the thermal energy, according to the equipartition theorem of the energy

1 3
§meffvt2h = 5 K57, (4.4)
where K is Boltzmann’s constant, ¥ is the absolute temperature and m.; denotes the

effective mass of the charge. The thermal velocity therefore is

Kt
ven = 4 | oY 4.5)
Meyy

Statistically, the charge carriers recombine after a time corresponding to their lifetime

7,. Until then they have travelled on average a certain distance called diffusion length

Layisy =D - 1p, (4.6)

with the diffusivity D. This parameter strongly depends on the temperature, doping

Lgirs, which is expressed as

concentration and whether an n-type or p-type semiconductor is used. This is obvious
by considering the following expression of the diffusivity

D:lﬁﬂzfgﬂn. (4.7)

3 Meyff
Besides the temperature ¥, the mean free time 7. is included in the last equation, de-
scribing the mean time between two collisions of the charge carrier with the lattice or
other carriers. The mean free time 7, strongly depends on the temperature and doping
concentration as well [105]. For p-doped silicon with low doping concentration less

than 10'%cm ™3, the diffusivity is about D & 37cm?/s at a temperature ¢ = 300K.

The recombination lifetime respectively the diffusion length are important parameters
of photo-sensitive devices. As shown in [103], the diffusion length has a direct impact
on the modulation transfer function (MTF) [106, 117] of a sensor and the quantum ef-
ticiency (this will be discussed later in section 4.4). While the MTF suffers from long
diffusion lengths, the quantum efficiency, in turn, improves. Since the feature size of
opto-electronic processes determines the substrate doping concentration, the lifetime is
also directly linked to the feature size. Processes of feature sizes less than 0.6m gen-
erally offer lifetimes of the order of microseconds [103,119] or even up to three orders
of magnitude lower, strongly depending on the defect density of the material [91]. The
lifetime of one microsecond corresponds to a diffusion length of 61xm.
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4.1.3 Charge Separation

In order to avoid the loss of information due to recombination of the photo-generated
electron-hole pairs before they can be read out, special regions for the separation and
collection have to be created in the semiconductor.

The electrons and holes are separated by the presence of electric fields. Two differ-
ent design concepts for the external control of the electric fields are used in solid-state
photo-sensor designs:

Reverse-biased photodiode: The basic set-up of a photodiode is shown in figure 4.4 (a),
consisting of the pn-junction between the p-doped silicon substrate and a heavily n-
doped implant at the top. When the diode has been reverse biased, a space charge
region of width w (also called depletion region) is formed:

w= 205 v, (48)
with the permittivity ¢, the dielectric constant ¢, of the semiconductor material, the
built-in voltage V4; of the junction, the reverse bias voltage V and the doping concen-
tration N, of the lower doped region. In this model a one-sided abrupt junction has
been assumed. [105] Photo-generated electron-hole pairs in the space charge region are
directly affected by the electric field, which is formed by the space charge itself. While
the holes are moved to the substrate (in the case of a p-doped substrate), the electrons
will drift to the n*-implant. Depending on the particular pixel design, the electrons are
stored in the photodiode’s inherent depletion capacitance or in an external capacitance
for read-out after a certain integration time; alternatively the photo-current is directly
used for further processing.

Metal-oxide-semiconductor (MOS)-gate: Figure 4.4 (b) shows the second major type
of electrical field generating devices, which is used for the separation of electron-hole
pairs. It consists of a transparent gate, which is normally made of poly-silicon material,
a dielectric insulator and the substrate below. By applying a voltage V; to the gate (in
the case of a p-doped substrate, the voltage has to be positive), a space charge region
is created. The electric field in the space charge region is again exploited for the charge
separation. The storage is performed by the same device. In the case of p-doped sub-
strate, the photo-generated charge carriers that are accumulated at the surface of the
semiconductor bulk are electrons instead of holes. Since this semiconductor device is
the fundamental unit of charge-coupled devices (CCDs), more details about the exact
position of the charge storage as well as the depletion width and transport channel
location are provided in section 4.3.
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Figure 4.4: Two major types of semiconductor devices that are used for the separation
and storage of the photo-generated charges. [95]

The detection of photo-generated charge carriers is not exclusively limited to the char-
ges that are generated in the space charge region. Other carriers, which have been
generated outside the space charge region, are not directly influenced by an electric
tield, but the thermal motion can let them diffuse into the space charge region, too,
where they are affected by the electric field as well and hence, they can be collected and
read-out.

4.2 Image Sensor Technology

Standard semiconductor process technologies experience a constant reduction of the
teature sizes due to the great progression in lithography technology. This reduction
enables circuitries of even higher density, which is exploited by image sensors. Two
main technologies have to be distinguished for image sensors: historically, charge-
coupled device (CCD) sensors formed the first electronic imaging chips; sensors in
complementary-metal-oxide-semiconductor (CMOS) technology form the second ma-
jor type of image sensors. A brief discussion of these two technologies follows.
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4.2.1 CCD Image Sensors

The first major technology of solid-state sensors exploits charge-coupled devices
(CCDs). The basic idea of these semiconductor devices is the storage and transport
of charge packets using MOS gate structures. Several adjacent MOS-gates form a trans-
port line for the charge packets, necessitating an appropriate synchronised control of
the gate voltages. The charge transfer between the MOS gates benefits from overlap-
ping poly-silicon layers, which are characteristic for recent CCD-processes. Also spe-
cial channel implants improving the charge transport significantly are CCD-typical fea-
tures. The physical description of how the charge is stored and transported through a
CCD register is explained in the next section in more detail.

CCDs were invented by Boyle and Smith in 1970 [20]. They had already had the idea
of using these devices in a wide field of applications such as shift registers, imaging
devices, display devices and logic performance [20]. The practical proof of the CCD
principle to store and transport single charge packets was accomplished in the same
year [10]. In particular, information processing in the charge domain was expected to be
very noise-efficient. In 1975, Mohsen et. al [69] published work about the investigation
of CCD noise performance, where they could prove the operation of photon-detecting
CCDs to be at the physical limitation given by photon shot noise.

Figure 4.5 shows two examples of the realisation of CCD sensors. Figure (a) shows the

P Photo-
sensitive pixel
S
Vv
Vv
Intermediate Vout
storage register
Readout shift register OUtPL.jt
amplifier
Vv V
ot l:l Photo-sensitive pixel
. Output
Readout shift -
register amplifier l:’ Intermediate storage register
(a) Frame transfer readout. (b) Interline transfer readout.

Figure 4.5: CCD sensor architectures.
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arrangement of a frame transfer CCD sensor, where the pixel field is located at the top.
After the integration process has finished, the charge is shifted into the non-sensitive
intermediate storage register in order to avoid additional integration of photo-charges.
The pixels are read out via the readout shift register line by line. Only one single stage
for the final charge to voltage conversion is employed. In figure 4.5 (b) the non-sensitive
intermediate storage registers are located beside each photo-sensitive pixel-column:
this architecture is thus called interline-transfer CCD. The number of shifts for reading
out the charge packets is reduced but the fill-factor of each pixel is less than 1. Another
popular concept is the field-interline-transfer CCD, which is a combination of the two
depicted sensor architectures. All CCD sensors usually use only one amplifier for the
readout. More details about these architectures can be found for example in [95,106].
The important advantages of CCD sensors over CMOS sensors are the full operation in
the low-noise charge domain during the optical detection and charge transport, as well
as the low-noise contribution of only one single output amplifier, ensuring a low level
tixed pattern noise due to process variations.

4.2.2 CMOS Image Sensors

Passive CMOS pixel: The first realization of photo-sensors in standard CMOS tech-
nology consisted of an array of conventional photodiodes. These photodiodes were
operated in reverse-bias mode. Under illumination, the photo-current was integrated
on the photodiode’s inherent capacitance. By activating a select transistor, the diode
was directly connected to an amplifier common to one column or even to the whole
sensor. The charge, which is a measure of the optical intensity, was read out by a charge
amplifier. The basic problem of these first implementations was the high capacitance
of the conduction lines between the pixel and the output amplifier, leading to very
low voltage swings at the output. Hence, large noise contributions and low read-out
frequencies were the consequences.

Fundamental active CMOS pixels: The improvement of CMOS-based pixels led to the
invention of the CMOS active-pixel sensor (CMOS APS) that overcomes the problem of
the large noise contribution due to the large capacitance of the readout line. Each pixel
incorporates its own amplification stage. On the basis of some fundamental, today
widely-used CMOS pixel structures, the concept of active-pixels is shown in figure 4.6.
All pixels incorporate a select transistor M.t and a sense transistor Mgense as part of a
standard source follower amplification stage. Those pixel structures, which are based
on the integration of photo-generated charges and subsequent readout, need another
transistor M ese; that is used to reset the pixel. Other structures that measure the pho-
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tocurrent directly do not need this reset transistor. The source follower is completed by
an active load transistor, which does not need to be included in the pixel, moreover it
can be shared by all pixels in a column.

The basic photodetection process of the photodiode active pixel shown in figure 4.6
(a) is the same as in the case of the passive pixel architecture. After having reset the
pn-junction to the reverse-bias voltage V) by activating the reset transistor, the photo-
current discharges the photodiode’s capacitance and the gate capacitance of the sense
transistor. For readout purpose, the resulting voltage is intra-pixel buffered by the
source follower circuit, which is capable of driving the large capacitance of the con-
duction line to the output amplifier (not shown in the figure 4.6).

Figure 4.6 (b) shows the principle of the photogate APS. There, the photo-generated
charge is collected below the photogate PG. In order to read out the charge carriers,
they are transferred via the transfer gate TG to the floating diffusion, where a conver-
sion into a voltage and a subsequent amplification are performed. The transfer process
is highly critical due to the implant region between the two gates PG and TG. This
implant is the result of the source-drain diffusion step in standard CMOS processes. It
leads to charge leakage, which implies image lag and excess noise [65,121]. To mini-
mize this negative impact on the image quality, special reset or timing sequences have
been applied in the past [81,121] or special structures with overlapping gates are intro-
duced.

Another photodetection element is the pinned photodiode, which is shown in fig-
ure 4.6 (c). [41,65] This kind of photodiodes consists of a pTnp™~ structure where both
p layers are at substrate potential. If no charge carriers have been accumulated, the de-
vice has been designed in such a way that the depletion layers of the two pn-junctions
meet each other and create a potential in the n-layer that is pinned to a fixed value
called pinned voltage. [65] During the exposure of the device charge carriers are stored
in the depletion region, decreasing the potential of the photodiode below the pinned
voltage. By activating the transfer gate TG, the accumulated charges are transferred to
the sensing diffusion for subsequent read-out and the photodiode adopts automatically
again its pinned voltage. While the full well of this device is reduced compared to the
photodiode and photogate pixels described before, the dark current is advantageously
reduced and the charge transfer to the read out node is improved, both due to the fact
that the charge storage and transport are performed deeply in the substrate. Today’s
smallest pixels are typically based on pinned photodiodes.

The pixel structure in figure 4.6 (d) again makes use of a simple pn-junction-based
diode as photodetection element. However, instead of implementing a reset transistor,
which expects an externally fed reset signal, the transistor M, is operated in diode
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configuration. Thus, the photo-generated current will be converted into a voltage sig-
nal following a logarithmic characteristics. This logarithmic compression of the pho-
tocurrent’s value enables the acquisition of scenes where the dynamic range, which is
the ratio between the darkest and brightest points in the scene, exceeds high values.
Sensors covering dynamic ranges of 120dB and more have been reported [95]. Since
no charge integration is performed by this pixel circuitry but rather the voltage at the
drain of the logarithmic transistor element is measured as a result of the photocurrent,
the pixel reacts quickly to changes in the light conditions. However, also this pixel
structure shows a characteristic time-behavior, which is determined by the particular
resistivity and capacitances of the transistor-diode circuitry. Under low light conditions
it will take longer until the transistor reaches its equilibrium state than under bright il-
lumination conditions. [95]

Active CMOS pixels with high-gain photodetection element: In the standard mode
of operation of photodiodes, small reverse bias voltages of just a few Volts are used so
that a linear behavior between optical incident power and a non-amplified photocur-
rent is obtained. However, the device’s characteristics change when the reverse bias
voltage approaches the breakdown voltage. The photocurrent starts to be amplified
significantly due to impact ionization in the strong electric field within the depletion
region by some of the photo-generated charge carriers. This enables the detection of
even very low optical signals, whose intensities are not acquired in normal mode of
operation with low reverse biasing due to the dominance of readout noise sources over
the non-amplified photocurrent signal. Thus, avalanche photodiodes provide an al-
ternative method for external gain mechanisms such as for example photon multiplier
tubes or microchannel plates. [16]

The relationship between optical power and photocurrent stays linear as long as the
bias voltage does not exceed the breakdown voltage, which is strongly dependent on
the doping concentrations and on the geometrical design of the particular device. If the
breakdown voltage is exceeded, the photocurrent experiences an almost infinite ampli-
fication (factors of 10® have been cited in [16]) and the current continuous to flow. This
mode of operation is called Geiger mode of operation, while the sub-Geiger or linear
mode of operation means a reverse bias voltage lower than the breakdown voltage but
high enough to create an appreciable amplification effect of the photocurrent [16, 29].
Obviously, the Geiger mode of operation allows for detecting the arrival of single pho-
tons in a digital fashion and, hence, the device is called single photon avalanche diode
(SPAD). The sub-Geiger mode enables high-gain photodetection in the analogue do-
main. [16]

Figure 4.7 (a) shows the cross section of an avalanche photodiode in CMOS technology
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based on a slightly p-doped substrate. The high reverse bias voltage is applied to the
pT-region. In order to avoid premature breakdown of the device, which would make
any photon detection impossible, a p-well guard ring has to be created. [16,29,31,122,
123] It is noted that although such a pixel structure requires a high-voltage option of
the particular CMOS process, it is regarded, nevertheless, as being based on standard
CMOS process technology since high-voltage options are provided by many CMOS
processes in recent days. [29]

In order to avoid device destruction, the high avalanche current that is continuously
flowing through the SPAD once a detection event occured, has to be interrupted. The
interruption is performed by a so-called “quenching circuit” that pulls the bias voltage
below the breakdown voltage. Passive and active circuits are known. The simplest case
of a passive circuit consists of a series resistance to the photodiode. Deeper analysis on
quenching circuitries are provided in [31] as well as an accurate discrete modelling of
avalanche photodiodes leading to an explanation of their time behavior in the different
modes of operation.

The SPAD pixel set-up in figure 4.7 (b) uses a single resistor as quenching element.
Additional electronics is needed to convert the avalanche current pulse into a voltage
pulse of standard logic levels. Optionally, the pixel needs a digital or analogue counter
and a memory circuitry. The pixel complexity increases accordingly. The counter can
be used to count either the number of digital pulses as a measure of the light inten-
sity or the time of photon arrival with high time resolution. Obviously, the readout of
the SPADs is not trivial prohibiting SPADs in many applications to be used in a ma-
trix style. Clever readout schemes exist but still suffer from significant reduction of the
frame rates [29,95]. In contrast to that, avalanche diodes that provide an analogue sig-
nal when being operated in the sub-Geiger mode, can use in-pixel readout electronics
as shown in the figures 4.6 (a)-(d).

Beside the advantage of high timing resolution of SPADs, disadvantages include signif-
icant thermal impact on the breakdown voltage and hence on the timing characteristics,
the power dissipation due to the avalanche current itself (the instantaneous pulse can
attain watts of power [31]) and the optical cross talk due to optical emission in the diode
structure itself. [16,122]

CMOS sensor architecture: CMOS sensors employ a second and a third amplifica-
tion stage outside the pixel in order to drive the off-chip capacitive load. Considering
the analogue pixel structures, special design focus lies on the compensation of non-
linearities of the in-pixel source follower.

Figure 4.8 depicts the general architecture of a CMOS active pixel sensor with its main
components: the array of photo-sensitive pixels and the decoders for the row and col-
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Figure 4.7: CMOS active pixel based on a high-gain photodetection element.

umn select. The pixel-wise selection for reading out the photo-generated charge enables
a random access of pixels; in particular, so-called regions of interest (ROI) can be spec-
ified for readout. This flexibility is a huge advantage of CMOS sensors compared with
CCD sensor concepts. However, the fact that each pixel has its own amplification stage
leads to significant fixed pattern noise (FPN) due to spatial variations of oxide thick-
nesses, gate sizes and doping concentrations. More detailed information about process
mismatches of MOS transistors, their modelling and references to process-related in-
vestigations can be found for example in [34, 83]. With regard to image sensors, the
process variations appear as different offsets and gains between the pixel’s source fol-
lowers. FPN may necessitate the application of correction methods such as double
sampling.
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Figure 4.8: General CMOS sensor architecture.
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4.2.3 The Enduring Discussion - CCD versus CMOS

There has been an on-going heated discussion during the last few years about what
kind of technology will be the emerging one in solid-state image sensing: CMOS active-
pixel sensors or CCDs? [40,42,64,95,119]

While CCDs have significant advantages in low-noise and high-sensitive image detec-
tion, CMOS technology is superior for solving specialized tasks that require additional
on-chip or in-pixel functionality [97,119]. Example features of CMOS sensors are high-
speed sensors with frame rates up to several thousands frames per second [57, 61],
high-dynamic range pixels with non-linear response [112] or a pixel-wise controlled
integration time, pixels with programmable offsets and gains for a flexible adaptation
of the sensor operation to the scene’s optical conditions [112], global shutter transistors
in the pixels, analogue-to-digital conversion already at pixel-level [120], vision pixels
for human eye implants that convert an optical intensity into a sequence of electric
pulses [80], in-pixel signal processing such as for example the demodulation of an op-
tical interferometer signal [12], vision sensors performing image processing tasks such
as edge detection or contrast evaluation already at pixel level [84], in-pixel noise reduc-
tion with correlated double sampling stages [68].

These additional features enable a lot of new applications in the fields of automotive,
security, bio-medical, industry, and more. In particular, very cost-efficient consumer-
market oriented single-chip solutions, so-called system-on-chip (SOC) or camera-on-
chip [40,42], become realizable. However, the optical fill-factor of CMOS pixels suffers
from the high-density integration, and electro-magnetic interference become an impor-
tant issue in the chip design. Consequently, CMOS image sensors profit from smaller
teature sizes with regard to the pixel’s fill-factor but at the same time smaller feature
sizes reduce the performance in optical detection and make the application of pure
CMOS processes with feature sizes below 0.25um [107,119] more difficult.

While the CCD technology has experienced a straight development path, always focus-
sing on processing methods that are optimized for electronic photon detection, CMOS
technology finds itself on a “winding road” [64]. On the one hand it provides the im-
portant advantage of integrating additional functionality on-chip or in the pixel; on the
other hand, the decreasing feature sizes do not automatically bring the necessary prop-
erties for optical imaging, such as for example deep submicron depletion regions [119].
CMOS processes are rather developed with regard to cost-efficiency and optimized for
logic and analogue circuitry [42]. This often makes the usage of modified CMOS pro-
cesses or innovative pixel structures indispensable.

The TOF pixels of the current work try to exploit the advantages of both CMOS and
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CCD technologies. The applied process is a 0.8;zm CMOS process with two poly-silicon
and two metal layers or a 0.6um process with two poly silicon and three metal lay-
ers. Additionally, a CCD option is provided by the foundry, meaning overlapping
gate structures and an additional doping implant. The detection and demodulation
are performed with charge-coupled devices in order to keep the noise during these
computational steps as low as possible. The readout of the pixel is accomplished via
standard source followers as it is typical for CMOS sensors. It ensures a flexible readout
scheme such as for example the definition of regions of interests. The TOF pixels hav-
ing background light suppression capability (see section 5.2) necessitate for example a
line-by-line readout scheme in order to work properly.

4.3 Charge-Coupled Devices

Charge-coupled devices are formed by the adjacent fabrication of MOS-gates. By ap-
plying appropriate voltages to the gates, photo-generated charge can be stored. A la-
teral transport becomes possible due to the direct coupling between the gates. The
coupling strongly benefits from the overlapping of the gate structures, which is typical
tor CCD processes.

The storage capability is discussed in the first subsection, where it is differentiated be-
tween two types of CCDs having either a surface or a buried transport channel. The
transport of charges from one gate to another is treated in the second subsection, high-
lighting the principles of diffusion-limited charge transport in silicon and pointing out
the resulting limitations on the charge transport speed.

For even more details about the characteristics of CCDs, the interested reader is advised
to take a look at some of the many publications that exist about CCD devices. Detailed
device descriptions can be found for example in [15,52,98,105,106,110].

4.3.1 Storage of Charge Carriers

Figures 4.9 (a) and (b) show the two types of CCDs. While the gate arrangement is
the same, the transport channels are different. The left figure does not have a doping
implant at the surface of the substrate, so that any photo-generated charges are stored
and transported at the substrate’s surface. Therefore, this CCD set-up is called a surface
channel CCD (S-CCD). The CCD in figure (b) has a buried channel (B-CCD) incorpo-
rated. The additional doping implant that needs to be depleted completely for proper
operation leads to a shift of the storage and transport region from the surface into the
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substrate by a few micrometers. This has several advantages with regard to the sensitiv-
ity and the noise performance of the CCD because the photo-sensitive depletion width
is enhanced into the semiconductor and the trapping noise is much less significant in
the bulk than at the surface. Furthermore the fringing fields are more pronounced in
buried channel devices.

In order to understand the storage of the charge carriers in the particular CCD elements,
the voltage distributions within the device for given conditions, such as voltage settings
at the gate and the semiconductor bulk, layer thicknesses and doping concentrations,
are of essential interest. Along the vertical cross-sections CS depicted in figure 4.9,
analytical expressions for the one-dimensional potential distribution can be derived for
the CCD-specific mode of operation. Because the realized TOF sensors are based on p-
doped silicon substrate, all considerations are made with this kind of substrate doping.

For the derivation of analytical expressions of the potential distribution in the CCD de-
vice, it is necessary to solve Poisson’s equation and reasonably determine the bound-
ary conditions. The Poisson equation describes the relationship between the potential
distribution and the charge density in three-dimensional space. Its one-dimensional
simplified form looks as follows:

PU(z)  pylz)
or2  eep (4.9)

where ¥(z) is the potential at the location x, p,(x) denotes the charge density, € is the
dielectric constant of the material and ¢ is the permittivity of free space. The defini-
tion of the z-axes is depicted in figure 4.9. The origin is situated at the semiconductor
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Figure 4.9: Two major types of CCDs.
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insulator interface.

For convenience, all following considerations are related to the effective gate voltage
Vers, which is defined as the difference between the gate voltage V;, and the flat band
voltage Vpp:

Verr =Vy— Vrp. (4.10)

Here, the flat band voltage describes the voltage that is needed to obtain a flat band
condition when considering the band diagram of the CCD [106]. Vpp is generally un-
equal zero due to two effects: 1. There is a difference in the work functions ¥,,,; between
the polycrystalline-silicon gate material and the monocrystalline-silicon bulk material.
2. There are positive and fixed oxide charges (Q,;, generally represented at the silicon-
silicon oxide interface. The amount of voltage drop for compensating the oxide charge
is —Qoz/Coz, Where C,, denotes the oxide capacitance. The flat band voltage results in

Qor

VFB = lllms - Cox

(4.11)

with

€oz €0
Coz = . 412
a (4.12)

Both, the charge and capacitance parameters are related to unit area. d,, is the thickness

of the insulator region between the poly-silicon gate and the semiconductor bulk (see
tigure 4.9).

Surface Channel

In order to collect minority carriers below the CCD gate, the device must be operated
with positive effective gate voltages V,¢¢ > 0. If this were not the case, the device would
accumulate majority carriers at the semiconductor surface.

Positive effective gate voltages create a depletion region of width w, reaching from the
semiconductor surface into the bulk. According to the model of a one-sided abrupt
pn-junction, the depletion width is similarly expressed as [106]

260651'\115
Ny

(4.13)

w =

based on the surface potential ¥,. N, denotes the acceptor concentration of the sub-
strate. The surface potential is given by [15,106]
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The number of collected electrons is denoted by @Q,,. If there are no free electrons present
for the compensation of the positive gate voltage, the depletion region contains only
tixed negative acceptor ions. This mode is called deep depletion mode, which is a non-
equilibrium state. As soon as free electrons are available, for example due to optical or
thermal generation, these minority carriers will create an inversion layer at the surface.
According to the equations 4.13 and 4.14, the amount of collected charge directly affects
both the surface potential as well as the depletion region. The larger the number of
collected minority charge carriers, the lower will be the surface potential and the more
decreases the depletion region. The last relation is obvious, because fewer acceptor ions
are necessary to compensate the positive charge on the gate. In strong inversion, the
minority carriers are stored in a very thin layer just at the surface of the semiconductor
bulk. The width of this layer typically ranges from 1 to 10nm [105].

The one-dimensional potential distribution through the cross-section CS (see figure 4.9)
is split into three regions:

1. Oxide region (—d,, < x < 0): The potential falls linearly from V,¢; down to the
surface potential ¥, corresponding to

Verr — ¥y

U(x) = Vegs — i

(@ + dog). (4.15)

2. Depletion region (0 < x < w): Since a constant charge distribution is present, the
potential decreases quadratically, according to the solution of Poisson’s equation.
The distribution is given as

N 2
U(z) = ¥4 (m_ — wx) + ,. (4.16)
€o€sg 2
3. Remaining semiconductor bulk region (w < z): Since there is no space charge in the
remaining bulk region, the potential corresponds to the externally applied bulk
voltage, which is generally zero:

U(z) = 0. (4.17)

Figure 4.10 shows the potential distributions of a MOS-gate structure for a set of dif-
ferent effective gate voltages from 0.5 to 8.5V. Two curves have been plotted, where
the solid lines correspond to the analytically calculated distributions according to the
equations 4.15, 4.16 and 4.17 and the dashed lines correspond to the result of a nu-
merical simulation. The simulation is a more realistic computation because both the
process and the device simulations have been performed in a two-dimensional space.
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Figure 4.10: Voltage distribution through the vertical cross section of a surface channel
CCD device.

It is shown that the mathematical model, for example the assumption that the depletion
region behaves like a one-sided abrupt junction, is a good approximation to reality.
Following from the equations 4.13 and 4.14, the oxide thickness and substrate doping
have a direct impact on the potential distribution and the depletion width. A higher
doping concentration, for example, implies a shorter depletion region. The analytical
computations presented in this work use an average substrate doping of about 10'°cm 3
and an oxide thickness of 32nm, which are typical values for a combined CCD/CMOS
process.
While figure 4.10 (a) shows a good agreement between the analytical and numerical ap-
proaches, figure 4.10 (b) is a zoom into the graph for Vs = 2.5V, making visible the lin-
ear decreasing behaviour in the oxide region. The dependencies of the depletion width
and the surface potential on the effective gate voltage are shown in figures 4.11 (a) and
(b) for the particular doping concentration and oxide thickness mentioned above. Ob-
viously, the surface potential of the surface channel CCD can be linearly approximated
by [106]

U, ~ Veyy (4.18)
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Figure 4.11: Theoretical effect of the effective gate voltage V.;s = V;, — Vpp on the de-
pletion width and the surface potential.

Buried Channel

The potential distribution of the buried channel is characterized by the additional n*-
implant in the semiconductor bulk region. The doping and depth of the n*-implant
are chosen in such a way that a depletion region is created below the gate when a gate
voltage of V, greater than a threshold voltage is applied. This threshold voltage should
be less than or at least equal to 0V, so that the semiconductor is also depleted when no
voltage is applied to the gates.

Having a depletion region below the gate that ranges from z = 0 to x = w (see fig-
ure 4.9), the device has to be split into four regions for solving Poisson’s equation. In
addition to the boundaries of the insulator and space charge region as given in the sur-
tace channel CCD, two parameters are defined: z,,, denotes the depth of the pn-junction
and z;, means the position of the maximum potential in the buried channel. In the fol-
lowing, the solution of the Poisson equation is given, while the derivation and addi-
tional information about the buried channel device operation can be found for example
in [103] and [110], respectively. The doping concentrations of the n*-implant and the
semiconductor bulk are denoted by Np and N4, respectively. An abrupt pn-junction
is assumed, implying a uniform doping concentration N4 and Np. Furthermore, the
boundary conditions are ¥(—d,;) = Vesr and ¥(w) = 0.
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1. Oxide region (—d,; < = < 0): The potential increases linearly in the silicon dioxide

between the gate and the bulk, and it is described by
(b(x) = V;fo - Eoz . (-T + doz), (4:19)

where the electric field E,, is expressed as

N n N n St dom st
B, = 40T 4NATp <1+ €510 ) 4 Si% /e (4.20)

€oz €0 €oz €0 €oz€0Lpn €oz€0

The parameter (' is given after this itemization.

. n-side depletion region (0 < x < z,,): The potential increases quadratically accord-

ing to
qNp

v = \Ijmaw -
(l‘) 265i60

Az —1,)’, (4.21)

where U,,,, denotes the maximum potential in the depletion region and is ex-
pressed as

N N €5;,€0L €4,€ 2
R (1 + —A) [— (1 + #) T + ;Tox/cl} . (4.22)
A

2651'60 ND eoweoxpn

The maximum channel potential is located at

NAxpn 6Oesidoz €0€si
=T (1 - -\/C.. 423
Ts =TT TN ( * eocowxlm> aNp V! (4.23)

3. p-side depletion region (z,, < * < w): The potential decreases quadratically down

to OV. N
_ giva N2
U(z) = s (w— x)*, (4.24)
where the depletion width is
6Oesidocc €0€si
=— -/ Ch. 4.25
Y ot N ' (429)

Remaining bulk region (x > w): According to the boundary condition, the potential
in the remaining bulk region is zero.

U(z) =0 (4.26)
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The parameter C, is given by

N Lpn ? €5i€0Lox ? N, N $2n €5i€0Tox
Cl(Veff):<7q 4 ”) (1+7° ) + 27 A-(Veff+q2D'p (1+27° ))
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Figure 4.12 shows the potential distribution in the buried channel CCD for several ef-
fective gate voltages from 0.5 to 8.5V. The comparison of the analytically calculated
graphs with the numerically simulated data, which has been extracted from a two-
dimensional process and device simulation, shows again that the basic physical model
(abrupt pn-junction, uniform doping concentrations) describes the device quite well for
practical purposes.

The dependencies of the depletion region and the maximum channel potential on the
effective gate voltage are illustrated in figure 4.13, using the device parameters of the
realized TOF sensors. It is obvious that the depletion width is bigger than that of sur-
face channel CCDs.

In general, the maximum potential is greater than the gate voltage, leading to the con-

6.5

'quac\j(a';'ig: behaviour within
the 'depletion, region

45 \ linear within

the oxide region

4
0 2 4 6 8 10
x [m] x107'
(a) Comparison of theory with numerical (b) This figure is a zoom of the voltage char-
simulation. ~ The voltage distribution is acteristics at Vi5y = 4.5V, depicting the lin-
shown up to a depth of 5um within the ear increase in the oxide region (z < 0).

semiconductor bulk. The solid lines corre-
spond to the analytical characteristics, and
the dashed lines are based on the numerical

simulation.

Figure 4.12: Voltage distribution through the vertical cross section of a buried channel
CCD device.
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(a) Depletion width versus effective gate (b) Maximum channel potential versus effec-
voltage. tive gate voltage.

Figure 4.13: Theoretical effect of the effective gate voltage V.;s = V;, — Vpp on the de-
pletion width and the channel potential.

dition

\I’maa) > V;:ff- (428)

Approximately, the maximum channel potential is directly proportional to the effective
gate voltage plus an additional constant voltage offset V}, so that

\Ilmaz ~ ‘/;ff + Vb (429)

This approximation is an important relationship because it leads to the conclusion that
the electric fringing fields in the channel are approximately the same as between the
gates due to the elimination of the constant offset voltage in the first derivative 0¥ /0x.
Since the maximum potential is located inside the depletion region and photo-genera-
ted electrons move to the point of highest potential, the charge storage and transport is
performed in the bulk of the semiconductor instead of at its surface. The buried channel
is located a few hundred nanometers inside the semiconductor (see figure 4.12). Surface
effects such as short lifetimes and significant trapping noise are mitigated.



4.3. Charge-Coupled Devices 109

4.3.2 Charge Transport

The appropriate gate biasing of the CCD gate arrangement enables the lateral trans-
port of photo-generated and collected electrons. Figure 4.14 illustrates the basic idea of
charge transport in CCDs, where no differentiation between surface and buried chan-
nel has been made. In the case of a surface channel, the surface potential ¥, is depicted
below the gate structure. In this figure, the positive potential is plotted downwards.
If a buried channel CCD is used, the depicted potential corresponds to the maximum
potential ¥,,,,. The potential distribution can be considered as potential wells, which
are able to store a specific amount of minority carriers.

In figure 4.14 (a) the situation is depicted when charges have been collected below gate
1. While this gate is set to high potential, the low potentials on the neighbouring gates
avoid charge leakage to these gates. By applying subsequently appropriate low and
high voltages to the gates, as shown in figures (b) and (c), the charge moves to the
right, always following the direction of highest channel potential, which corresponds
to minimum energy for electrons.

Charge Transport Methods: The speed of the lateral charge transport in the y-direc-
tion is limited by the dominating transport mechanism. We distinguish between three
transport phenomena of free charge carriers, whose principles are roughly sketched in
tigure 4.15: [28,60,105]

1. Self induced drift: Electrons experience the Coulomb force due to the electric field
induced by the charges themselves. The electric field is denoted by E. It is directly
proportional to the density gradient in the y-direction [28]

(4.30)

Vs, Gates V, Vs,

-_\J.r..\..ri'éo"ide layer -_\J.r..'\..rl -_\J.r..\..rl

-y N Energy minimum
for electrons

Figure 4.14: Lateral charge transport in CCDs.
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Figure 4.15: Transport of free charge carriers.

where n is the density of free electrons. The proportionality factor depends on the
effective capacitance where the charge has been collected.

2. Drift by external electric fields: Externally applied fields such as the fringing fields
in CCDs, lead to a significant drift component as well. Based on the approxi-
mations of the equations 4.18 and 4.29 for the surface and buried channel CCD
respectively, the electric fields in the channel correspond to

AV,
E=—1% 4.31
A @31)
where A denotes the difference of the particular parameters.
3. Thermal diffusion: In any case free electrons will be moving around also due to

thermal agitation. Accordingly, thermal diffusion processes are strongly temper-
ature dependent.

Because the TOF pixels deal with the transportation of small numbers of electrons [60],

the gradient dn/0z and hence the self-induced field component can be neglected for

the pixel’s speed estimation. [28]

The transportation time of the photo-generated charge carriers is rather dominated by

thermal diffusion and drift processes due to externally applied electric fields. As seen

in section 4.1.2, the average transport time over a path length s by thermal diffusion is

given by

82

tairr = B (432)
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If electric fields are present, the transport time (without taking diffusion into account)
is

s
tarift = —, (4.33)
v

where v is the drift velocity of the charge carriers. The drift velocity depends on several
parameters, namely the silicon crystal orientation, the electric field, the doping concen-
tration and the temperature. The drift velocity is illustrated for different electric fields
and doping concentrations in figure 4.16, where a room temperature of 300K and a
crystal orientation < 111 > have been assumed. The underlying model of these graphs
is the model of Scharfetter and Gummel [51]. It is noted that the drift velocity for dop-
ing concentrations N < 10'%/cm® reaches a maximum value. This is a reason why the
buried channel should be weakly n-doped.
The drift velocity for weakly doped silicon material can be expressed by the phenome-
nological expression

v(E(s)) = % (4.34)

Uth

where the mobility 1 is defined as the ratio between the maximum drift velocity vy,
which is the thermal velocity of charge carriers, and the electric field E, at which 3dB of
the maximum drift velocity is reached. For silicon material, p is about 1400cm?/(Vs),
Ey is about 7 - 103V /cm, and vy, ~ 107m/s at 300K.

high purity |,
Naop=10'°
Neop=10""
Naop=10'8 ]
Naop=10"°

drift velocity [cm/s]

electric field [V/cm]

Figure 4.16: Drift velocity of electrons in silicon material with different doping concen-
trations Ny,p. Room temperature is assumed and the silicon has a crystal
orientation of < 111 >.
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Charge transport by electric fields can be accomplished much faster than the transport
based on thermal diffusion processes. This is shown by a comparison of the transport
time that is needed for the transportation of one electron over the path s. Assuming
that no high-field effects affect the drift velocity, equation 4.34 can be linearized as

v(E(s)) = poE(s) with E(s) < Ej. (4.35)

Using the relation v = s/t4i5 and assuming further a constant electric field gener-
ated by a voltage drop of AV over the path length s, the drift time results in ¢4,.p; =
52 /(uoAV). The ratio between the diffusion time and the drift time describes the gain
when using electric fields for the charge transport, and it is given as

AV

G, = ;dz‘ff _ % AV x38- AV, with E = — < E,. (4.36)
drift 5

Here, the FEinstein relation has been applied relating the charge’s mobility and diffusiv-
ity:
— Kk
D = Y
(4.37)
A 35 -y for 9 = 300K.

Depending on the applied voltage drop and the electric field over the transport path s,
the transport time can be reduced by several orders of magnitude by applying electric
tields instead of exploiting thermal-diffusion-based charge transport.

The charge transport in surface channel CCDs is dominated by diffusion processes,
while the fringing fields in buried channel CCDs have a more significant impact on the
transport speed. This is the case because the lateral potential distribution is smoothed
out deeper in the silicon bulk, as is illustrated in figure 4.17.

While the standard TOF pixels are mainly limited in speed by relatively slow diffusion
processes, the enhanced pixel structures, developed for the demodulation of very high
frequencies, are based on lateral electric drift fields in order to reduce pixel-inherent
signal delays. However, the physical principles of charge transport mechanisms as
described above, are essential for the design and analysis of these pixel structures.

Transport efficiency: Due to trapping states in the silicon material, the lateral trans-
port of charges is not perfectly accomplished, which means a detectable loss of charges
occurs during the transport. Following this, the transport efficiency is defined as the
ratio between the amount of charge carriers that are stored after and before the lateral
shift by one CCD gate.
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Figure 4.17: Illustration of the fringing fields at the Si-5iO2 interface (A-A"), at a shallow
depth (B-B’), and deeper (C-C’) in the silicon bulk. [106]

In common CCD sensors, the efficiency parameter is an important figure of merit be-
cause even high efficiency values lead to significant loss of information when shifts
over several thousands of gates have to be performed. For example, a transport effi-
ciency of 0.99999 leads to a loss of up to 8% of the original amount of charge when the
charge packet is transported through 4 x 2048 CCD gates of a 1024 x 1024 frame transfer
CCD sensor that is based on a four phase CCD transport system [40,106]. Therefore, re-
cent standard CCD processes are optimized to have very high transport efficiencies. In
particular, buried channels help to improve the transport efficiency because the density
of trapping states is lower inside the semiconductor bulk area.

With regard to the TOF pixels, the transport efficiency is not a critical parameter because
the charge needs to be transported over only a few gates within the pixel. No additional
shift over the whole sensor area is required for read out because the collected charge
carriers are already detected within the pixel using standard source follower stages.

4.3.3 Charge Detection

To detect the photo-generated charge means its conversion into a voltage that can sub-
sequently be processed by analogue or digital electronics. In the TOF pixels, the charge
detection already takes place in the pixel as is typical for active pixel sensors (see sec-
tion 4.2). The detection is done using a standard source follower according to the illus-
tration in figure 4.18. By transferring the charge packet onto the sense diffusion node,
a variation AV of the voltage at the output node depending on the signal charge @ is
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given by [103]
Q

AV =<
Cdep + ng

(4.38)

where Cy, is the depletion capacitance of the sense diffusion node and Cy, is the ca-
pacitance between the gate and drain of the MOS transistor.

The design of the output stage capacitances requires a trade off: On the one hand, a
small capacitance leads to a high conversion gain and low contribution of kTC-noise.
On the other hand, small capacitances restrict the collection of charges to small amounts,
which would in turn inhibit high-precision distance measurements.

4.4 Quantum Efficiency of the MOS-Gate Structure

Following the theoretical derivations of the achievable stochastic accuracies for PN or
sinusoidally modulated signals, the standard deviation of the distance measurement is
determined by the total number of electrons generated by the light signal. The number
of electrons NN, in turn, is related to the impinging number of photons N, by the

quantum efficiency
N, el

E=2".
Q N,

(4.39)

A higher quantum efficiency allows for increasing the measurement accuracy or, when
keeping the accuracy constant, for reducing the integration time and hence, for increas-
ing the frame rate of the sensor. Thus, the quantum efficiency is an important system
parameter, which for a given wavelength strongly depends on the particular fabrica-
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Figure 4.18: Charge detection.
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tion steps and the pixel design parameters. While the process influences are difficult to
estimate, the impact of the pixel design with regard to its realisation with several layers
of different materials can be more efficiently predicted by theory. The basic theoreti-
cal considerations and the measurement of a CCD gate structure are discussed in the
following subsections.

4.4.1 Theoretical Analysis of the QE

Due to several effects, the number of detected photons depends on the particular wave-
length considered. Figure 4.19 shows what can happen when an incident photon prop-
agates through some layers of different materials towards the depletion region in the
bulk area of the semiconductor device [95]. Only photons generating charge carriers
that reach the depletion region, will be detected by the pixel.

Six different effects, adopted in principle from [95], prevent photons from detection:

1. Reflections of the incident photons at the top surface due to differences between
the refractive indices of the air and the top layer material, which is generally sili-
con nitride (SizNy).

2. Multiple reflections in the covering thin layers, again due to differences between
the refractive indices of the layers.

3. Absorption of photons already in the covering layers, since the covering layers
are not perfectly transparent.

O 066 ® 6 6

inactive

/
O
space charge ¢ w / /

diffusion length I L gifr / /

back surface 00

Figure 4.19: Propagation of light through a pixel structure composed of stacked layers
of different materials. [95]
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4. A very short lifetime of photo-generated charge carriers in the inactive regions
near the surface of the semiconductor prevent the separation and collection of
these carriers. Such inactive regions are very thin (less than 1nm) because they
are mainly the result of material defects and dangling bonds at the interface, or
they are the result of high doping concentrations near contacts [95,105].

5. Any charge that is generated deeply in the substrate might not have a chance to
reach the depletion width by thermal diffusion.

6. A fraction of the impinging photons might travel through the image sensor.

All the effects mentioned are based on two physical phenomena: Firstly, the treatment
of the photons as an electromagnetic wave describes the reflections or transmissions at
the interfaces between two medias of different refractive indices. Secondly, the trans-
mission of the photon energy to the material’s valence electrons according to the in-
ternal photo-effect describes the absorption of the optical energy when propagating
through a medium.

The material-specific refractive indices n as well as the absorption coefficients o de-
pend strongly on the optical wavelength and material properties such as the crystal’s
purity, its orientation, the fabrication parameters and the temperature [86]. Some lit-
erature values of material coefficients at 300K are shown in figure 4.20. The selected
materials are those used in the CCD gate structure of the ZMD process [7]: silicon (Si),
silicon dioxide (SiO,), silicon nitride (SisN4) and poly-silicon. The data for silicon are
taken from [63] and the data for the other materials have been extracted from the Sopra
database [2]. The fundamentals of optical reflection, transmission and absorption can
be found for example in [11,86,105,113,126].

Theoretical description of the multilayer system of a CCD gate structure: With re-
gard to quantum efficiency, the number of photons reaching the substrate needs to be
calculated. Figure 4.21 depicts the multilayer system with the materials from top to
bottom: silicon nitride (SizNy4) as a passivation layer, silicon dioxide (SiO3), poly-silicon
gate and the silicon substrate. The infinite multiple reflections of the impinging light
wave between the layers lead to interference and absorptions, both of which can theo-
retically be described by a matrix theory that is presented in detail for example in [11].
The transmission coefficient of the multilayer system is expressed as

2air
t:n.E7+H.’ (4.40)
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Figure 4.20: Refraction and absorption parameters of silicon (Si), silicon dioxide (SiOs),

silicon nitride (Si3N4) and poly-silicon.
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Figure 4.21: Layer composition of a pixel with a CCD gate structure.
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where Ey;, and H,;, are the electric and magnetic vectors in air, respectively. These
vectors are computed by a matrix multiplication

E, 1
ar | = 9. , 441
<Hair) (nsub> ( )

where 9 describes the complete multilayer system, including the refraction and ab-
sorption of the nitride, dioxide and gate layers (see [11]). The photon flux reaching the
substrate results in

Y ntager(N) = 2242 - Yo, (4.42)

air
where 7, and 7,;, are the refractive indices of air and the substrate, respectively. The
refractive index of the substrate is given by the refractive index of silicon material.
However, because the transmission coefficient t, which has been defined in equation
4.40, refers to the propagation of the light wave through the non-substrate surface lay-
ers, this model has to be enhanced by the absorption in the substrate. Finally, the de-
tected photon flux Y4, can be expressed as [65,103]

e—aw

Yiet(A) = YTontager(A) - [ 1 — , 4.43

il oger () ( 1+Ldiffa5i()\)) (44

and the quantum efficiency is the ratio between the detected photons and the incident

photons

Tmla er()\) e~

QE)\:#-(l— ) 4.44

( ) To 1+ Ldiffagi()\) ( )

The multiplication factor includes the absorption in the depletion region of width w
according to the Lambert law [105,113,126] and a second part that takes into account
the electrons that have been generated below the depletion region but which are still
collected due to their diffusion into the depletion region. The detailed derivation of this
diffusion-based model can be found in [103].

4.4.2 QE measurement

The measured and theoretically computed quantum efficiency of a poly-silicon gate
structure with a buried channel of doping concentration such as used in the TOF pix-
els is shown in figure 4.22. The layer design of the test structure corresponds to the
schematic in figure 4.21.

As the 3D imaging system normally operates with non-visible light in the near-infrared
region, the quantum efficiency should be optimized for long wavelengths around
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Figure 4.22: Quantum efficiency - measurement and theory.

850nm. Such an optimization includes the adaptation of the processing steps in or-
der to reach suitable refractive indices, and the adaptation of the layer thicknesses. It is
obvious that small variations of the quantum efficiency curve can result in large varia-
tions of the performance of the distance measurement system. The measured quantum
efficiency around the optical wavelength of A = 850nm, which is interesting for the TOF
sensors, is larger than 40%.

The theoretical curve in figure 4.22 is based on the theory explained one subsection
above. A fit of the layer thicknesses was performed within the confidence limits pro-
vided by the foundry of ZMD [7]. This fit results in the following thicknesses: silicon ni-
tride 750nm, silicon dioxide 3.105m, poly-silicon of the gate 302nm and the gate oxide
33nm. The diffusion length that was used in equation 4.44 was found to be about 25um,
which corresponds to a charge carrier lifetime of 7 = L?/D ~ 0.2us (D ~ 37cm?/s). The
depletion width was set to 3um. As refraction and absorption coefficients, the data of
tigure 4.20 were used.

The basic characteristics could be well reestablished by the theoretical computations.
However, some remarkable distortions occur nevertheless at some particular wave-
lengths. The following list of potential error sources clarifies the complexity of the
physical model:

e The refractive indices and absorption coefficients are taken from literature. How-
ever, they can vary depending on the purity of the crystalline silicon material.
Different indices would result in different peak frequencies at small wavelengths.
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e The bandwidth of the light source is not infinitely small, which has a low pass
effect on the quantum efficiency curve.

e Though the measurement apparatus is calibrated, the wavelengths have a small
uncertainty.

e The simulation assumes an incident angle of 0 degree, which is an idealisation of
the system. However, a wider angle would have a low-pass filtering effect on the
simulated characteristics of the QE.

e The measurement of the layer thicknesses has an uncertainty.

e The lifetime of the charge carriers and the depletion width are approximations.
They have a direct impact on the behaviour at large wavelengths.

It is noted that the significant decreases of the quantum efficiency for short and long
wavelengths are the result of absorption, particularly in the poly-silicon gate, and the
almost lossless transmission through the depletion region, respectively. Absorption by
silicon nitride would be even more significant at even shorter wavelengths A < 290nm,
so that the top-layers of nitride and silicon dioxide do not have a significant impact
with regard to the absorption of photons in the depicted range of wavelengths.



Chapter 5

Demodulation Pixel in
CCD/CMOS-Technology

Three-dimensional time-of-flight imaging sensors exploit the possibility of modern se-
miconductor processes to integrate a high density of smart pixels on one chip. Many
approaches exist for the realisation of the necessary in-pixel signal processing for mea-
suring the optical signal’s delay. Some of the state-of-the-art pixel architectures are
reported in [9,23,26,37,71-74,82,94,108,111], and the interested reader is advised to
make use of those references to obtain a widespread overview of the available pixel
technologies.

In this chapter, first a brief overview of the fundamental lock-in pixel structure is given
before we present the architecture of the CCD/CMOS demodulation pixels developed
in the framework of the present thesis. We introduce enhanced pixel structures for
enabling the application of the pixels in scenes of high-dynamic range or with high
background illumination. Another emphasis lies on new pixel concepts for the de-
modulation of very high frequencies up to several hundreds of Megahertz. Practical
verifications of the concepts conclude this chapter.

51 CCD/CMOS Lock-In Pixel

The CCD/CMOS lock-in pixels are designed according to the abstract pixel model in-
troduced in chapter 2 concerning the time-of-flight distance measurement. This means
that each pixel is composed of a photo-sensitive area and a region for directing the
photo-generated electrons into a bucket that accumulates the electrons during a spe-
cific period of integration. This integration process is repeated to increase the signal
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to noise ratio. At the end of the whole integration process a pixel-specific number of
charge packets is available for read-out. Figure 5.1 illustrates the four essential physical
functions of a demodulation pixel: photo detection, charge separation, repeated charge
addition and the storage of a specific number of charge packets.

The first subsection briefly reviews the history of CCD/CMOS lock-in pixels before the
second subsection sketches the state-of-the-art pixels currently being incorporated into
the solid-state 3D-camera. The drawbacks of these structures are pointed out, explain-
ing the motivation for the development of the enhanced demodulation pixels.

5.1.1 Review

The first demodulation pixels were reported by Spirig [103,104]. Various implementa-
tions of demodulation pixels were described, mainly differing in the number of samples
of the modulation signal that are acquired within one integration period at a time. The
charge packets stored in the pixel are also called taps. The concept of a multitap lock-in
CCD [102] was already successfully proven for application to optical phase measure-
ments in the early 90s. [103]

The architecture of such a multitap pixel is shown in figure 5.2. The upper part of the
pixel consists of a photo-gate, a dump gate and dump diffusion and a 4-phase BCCD
pipeline register. The photo-gate forms the photo-sensitive region because it is not cov-
ered by any metal. The dump gate and dump diffusion are designed for electronic shut-
ter purposes, for example photo-generated charges can be dumped during the read-out
process. The bottom part of the pixel is composed of a 4-phase BCCD storage and read-
out register. Additionally, a transfer gate links the upper and bottom parts.

Depending on the number of storage gates (pixels with up to 16 taps had been realised),
this particular number of samples is first stored in the upper pipeline register before
the charge packets are subsequently transferred in parallel mode to the bottom storage
gates by employing the transfer gate. This procedure is repeated for many modulation
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Figure 5.1: Physical functions of a demodulation pixel. Extracted and modified
from [60].
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Figure 5.2: Schematic layout of the multitap lock-in CCD. Five taps are shown. [103]

periods in order to increase the signal to noise ratio, before the charge packets are read
out.

The main drawbacks of this multitap pixel approach are a low fill-factor (usually < 5%
in a 2um-process) and the slowness in the demodulation and read-out processes be-
cause the design-rule-limited large CCD structures mainly employ thermal diffusion
processes for the charge transport into the storage gates. This limits the pixel to a maxi-
mum modulation frequency of about 1MHz [60], which is not suitable for high-precision
range imaging.

Since four samples are already more than necessary for the distance measurement with
sinusoidal modulation, Lange [60] compared different pixel architectures having four
or less taps and an in-pixel amplifier. Basically, if signals with less than four taps are
sampled, the phase measurement is still based on the four-sample approach but a serial
acquisition of the the four samples is performed.

In [60] two major designs of 4-tap structures are presented, which are shown in fig-
ure 5.3. The first design is a wheel shaped CCD structure, where the four storage gates,
also referred to as integration gates, are located around the photo-gate in the middle
of the pixel. The read-out of the four samples is subsequently performed by one am-
plification stage using the n*-diffusion node. The second 4-tap structure employs two
separated output diffusion nodes for the read-out. However, the integration gates are
still located around the photo-gate. This design is more symmetrical and hence, it re-
duces inhomogeneities between the taps. The pixels were realised in a 2-ym-process.

Lange [60] points out that the major drawbacks are low fill-factors due to the fact that
each sample needs some significant storage space (fill factors of 2.2% and 6.6% had
been achieved for the wheel shaped four-tap pixel and the two-side readout version,
respectively). Furthermore, the pixels suffer from the inhomogeneous response of the
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Figure 5.3: Four-tap lock-in pixel. [60]

four sampling points, either due to unsymmetrical design or due to process mismatch
between the transfer gates.

As a consequence, the first compact solid-state 3D TOF camera [59] was set up with
neither of the above mentioned multitap pixel architectures. The sensor of the first 3D
TOF camera was rather based on the 1-tap lock-in pixel.

By offering just one storage site, this kind of demodulation pixel maximizes the fill-
factor (more than 22.3% had been achieved), and inhomogeneities between the taps are
avoided because all samples use the same physical storage and amplification stages.
Figure 5.4 (a) sketches a design example of the 1-tap pixel in a 2um-process. The
cross-sectional view in (b), including the schematised potential distribution in the semi-
conductor bulk for different settings of the gate voltages, depicts the operation principle
of the pixel. During the sampling of the impinging optical signal, all photo-generated
charges are conducted to the integration gate IG. Between two sampling intervals, all
electrons are dumped by the dump diffusion node. The operation requires appropri-
ate voltage settings at the middle, left and right photo-gates (PGM, PGL and PGR)
according to figure 5.4 (b). In order to read out the sampled charge packets, the charges
are transferred from the integration gate via the out gate OUTG to the diffusion node,
which is connected to the source follower stage.

The 1-tap approach has two major disadvantages: 1. A certain amount of the photo-
generated charge is wasted instead of being exploited for the distance measurement.
2. The serial acquisition of all four samples negatively affects the frame rate of the cam-
era system and makes the 3D images very susceptible to fast movements of the objects.
However, these drawbacks were accepted in the design of the first 3D camera with
the argument that the effects of lower frame rate, stronger susceptibility to fast object
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Figure 5.4: One-tap pixel architecture.

movements and the waste of some part of the optical information is more or less com-
pensated by the significant increase of the fill factor compared to multitap pixel archi-
tectures and by using sampling intervals equal to half the modulation period. Higher
fill factor means shorter integration times and thus less susceptibility to object move-
ments. A longer sampling interval results in wasting fewer photo-generated electrons
and living with a measured signal amplitude that is reduced by about 36%. In particu-
lar, the high uniform tap response was another decisive factor for the implementation
and incorporation of this pixel architecture into the 3D camera.

5.1.2 State-of-the-Art

Today, the palette of efficiently usable demodulation pixels is not restricted exclusively
to 1-tap structures. Improved technologies allow the reliable design of 2 or 4-tap pixel
structures. It is common to all current pixels that they implement several diffusion
nodes and amplifiers according to the number of taps, so that the read-out speed can
be significantly increased by parallel read-out.

Mismatch problems are strongly reduced by the increased processing homogeneity
over time and space. Remaining offset variations have to be eliminated by the ac-
complishment of a calibration measurement. The fill-factor benefits from even smaller
process feature sizes.

The latest generation of 3D TOF cameras that are based on CCD/CMOS lock-in pixels
(see for example [24,55,75,77,78]), apply a 2-tap pixel architecture, such as sketched
in figure 5.5. It has a completely symmetric architecture, consisting of the photo-gates
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PGL, PGR and PGM in the middle, and on both sides an integration gate INTG for the
charge accumulation, an out gate OUTG for decoupling purposes and a diffusion node,
which is connected with a source follower circuit. Fill-factors of more than 20% have
been obtained with pixel sizes down to 40 x 40um?. For many applications this archi-
tecture provides the best compromise between fill-factor, inhomogeneity, acquisition
speed and distance measurement accuracy (no charge is wasted during the integration
process). Instead of dumping the charge carriers after one sampling interval, these car-
riers are stored below the second integration gate so that they can also be considered as
another sample of the signal.

The potential distribution shown in figure 5.5 (b) for two scenarios of gate voltage set-
tings is the result of the numerical simulation of the device. It is the potential char-
acteristics of the maximum potential ¥,,,, in the buried channel, which is located at
a depth of about 0.8um below the semiconductor surface. Here, two points are worth
mentioning:

1. Pixel structures with several taps can also be operated in a one-tap mode by read-
ing out the charge packet of just one integration gate. Of course, the timing has to
be adapted to an acquisition of four consecutive samples.

2. As illustrated in figure 5.5, the photo-generated charges are separated immedi-
ately after their generation and transported to the particular integration gate. Any
accumulation of electrons is avoided below the photo-gates so that these CCDs
can always be considered to be working in deep depletion mode. This ensures
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(a) Ilustration of the CCD gate arrangement (b) Cross section of the two-tap pixel,
viewed from the top with the indication of the showing the CCD gate arrangement
four transistors within the pixel used for theam-  and the potential distribution for two
plification of the diffusion voltages. scenarios of the gate voltage settings.

Figure 5.5: Two-tap pixel.
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the achievement of large quantum efficiency values that are independent on the
integration status.

The distance measurement with a 2-tap pixel is subject to changes in the lighting con-
ditions due to the requirement of two consecutive integration cycles. Therefore, one
future challenge in 3D-TOF imaging will be the realisation of 4-tap pixels that have
a large fill-factor and do not suffer from any mismatch problems. Estimations of the
practicality of 4-tap structures in a 0.6m technology have shown that 4-tap pixels with
a fill-factor of 1% less than that of a comparable 2-tap pixel with similar demodulation
speed become possible [55], making the 4-tap approach even more attractive for the
future.

Practical verification: A distance measurement from 50cm to 200cm with a 2-tap pixel
sensor that is integrated into the SwissRanger 3D TOF camera [75], is shown in fig-
ure 5.6 (a) for the demonstration of the phase measurement principle’s functionality.
Modulation frequencies of 6.6, 10, 20 and 30MHz have been employed, whereas a the-
oretical cut-off frequency of about 40MHz is expected due to the dominance of slow
diffusion processes in the charge transport [24]. The theoretical assessment of the cut-
off frequency is discussed in detail in the next subsection. The different optical signal
characteristics when using different frequencies explain the offsets of the graphs (the il-
lumination unit was optimized for a 20MHz signal). These offsets have to be calibrated
out.

By depicting the 1-0 standard deviation of the same distance measurement versus the
real distance (see figure 5.6 (b)), the basic relationships between the measurement ac-
curacy, the effect of decreasing optical power at longer distances and the positive in-
fluence of high modulation frequencies becomes visible (see chapter 2 on the theory of
measurement accuracy and the power budget).

Figure 5.6 (c) shows a direct comparison between the distance measurement and the
theory by depicting the standard deviation versus the mean number of generated elec-
trons per tap. This graph refers to the distance measurement with 20MHz optical modu-
lation signal. For a wide range of optical power, the CCD/CMOS pixels operate close
to the photon shot noise limit. All measurements are accomplished with a sinusoidally
modulated signal, and hence, equation 2.30 is used for the comparisons with theory.
A mean demodulation contrast of ¢; ~ 40% has been measured, while the theoreti-
cally best demodulation contrast is ¢4 maes >~ 64% for a sampling interval that is half the
modulation period.
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Limitations: By considering the simulation of the potential distribution in figure 5.5
(b), one can recognize three important aspects limiting this 2-tap demodulation pixel:

1. Dynamic range: The capacity of charge storage in the integration gate is limited
by the gate size and voltage applied, so that highly reflective objects can lead to
saturation and, hence, inhibit the distance measurement.

2. Background light: Charges generated by the optical modulation signal as well as
by background illumination are stored below the integration gate, so that high
background levels quickly lead to pixel saturation.

3. Demodulation speed: The potential characteristic is rather step-like instead of lin-
early decreasing, which leads to a dominating charge transport by thermal dif-
fusion. Thus, the photo-gate is limited in its size with respect to being able to
demodulate high frequencies; or large photo-gates reduce the maximum modu-
lation frequency remarkably, making the pixel unattractive for high-precision dis-
tance measurement.

These limitations of the “standard 2-tap lock-in pixel” are overcome by the enhanced
lock-in pixel structures, which are the topic of the following sections. We start this part
of the thesis by introducing a generic model for estimating the demodulation speed of
a pixel.

5.1.3 Demodulation Speed

The demodulation speed is determined by the 3dB cut-off frequency of the pixel. An
assessment of the transit time of the electrons through the detection and demodulation
regions becomes necessary. Based on that, a simplified model for the estimation of the
cut-off frequency is discussed that can be applied in a general way to all pixel struc-
tures.

Transit Time

The transit time is defined as the the time that is needed for an electron to pass through
the detection and demodulation regions to the storage node. Hence, the transit time is
a composite of a drift and a diffusion component. Assuming a strict dominance of just
one of the two charge transport methods within certain regions of the semiconductor,
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the transit time is expressed as

tir = taript + Laifs, (5.1)

where t4i5+ and ¢4 denote the total drift or diffusion times through Nz drift re-
gions and Ny, diffusion regions, respectively. The corresponding definitions of ¢4;
and t4 are given below in equations 5.2 and 5.3. Induced drift fields are neglected be-
cause, during the operation of the demodulation pixels, the photo-generated electrons
are moved immediately to the storage nodes so that an accumulation in the photo-
sensitive region is avoided.

Following from the considerations of the transport methods of free charge carriers in
semiconductors in section 4.3.2, the drift time is described by the following integral

expression
Ndrift Smaz.g Ndmft Smaw,g
1 Ve + o E(s)
tarift = / - / ds, (5.2)
rift ; / U(E(S)) vinto E (s
and the diffusion time is given by
Naiss o2
Laiff = Z maw’g (5.3)

where s is the path and s,,,4, 4 is the total path length within the g-th transport region.

The following aspects summarise the possibilities for the minimization of the transit
time:

e The path lengths s,,,4, could be reduced. However, in general the specifications of
the required pixel size do not allow such a reduction of the sensitive area.

e The number of diffusion regions Nys; needs to be as small as possible or, in
other words, the drift fields should dominate in most parts of the transportation-
regions.

e The drift velocities should be maximized.

The last item, concerning the operation with maximum drift velocities, can be obtained
with high lateral electric drift fields and by using semiconductor material with low
doping concentrations. As shown in section 4.3.2, the drift velocity in electric fields
reaches a maximum for doping concentrations less than Ny, = 10'%/cm’. Thus, the
buried channel should be weakly doped.



5.1. CCD/CMOS Lock-In Pixel 131

Cut-Off Frequency

The model for the assessment of the 3dB cut-off frequency is based on the finite max-
imum transit time of the photo-generated electrons through the pixel. The impulse
response function h(t) describes the reaction of the pixel to an ideal delta-function
(Dirac-pulse) of infinite optical energy. It is modeled as an ideal rectangular function as
depicted in figure 5.7. The mathematical description is given by

1
h(t) = — - rect
ttr

(t—tm)_ 1ty £0<t<t,
ter 0 ift<OVt>t,

where the following condition for conserving the system’s energy has been taken into

account:
o0

/ h(#)dt = 1. (5.4)

—00

The real behaviour of the impulse response function depends on the pixel structure.
In general, the rectangular function is rather deformed, as illustrated in figure 5.7, ap-
proaching more a Dirac-pulse like shape. Thus, the realistic behaviour of the impulse
response function has less impact on the amplitude transfer characteristics, so that the
theoretical model could be considered in the following rather as a tool for the worst-
case estimation of the amplitude transfer characteristics.

The resulting photo-current corresponds to the convolution of the detected optical pow-
er signal with the response function and a subsequent multiplication by the responsiv-

ity Ry, of the pixel:
i(t) = Rpnpy (t) * h(t). (5.5)
more realistic
h(t) A behaviour
N :‘: ........... . tmhce)gﬁtical
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Figure 5.7: Impulse response function of a demodulation pixel depicting a simplified
idealized model and a probably more realistic behaviour.
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The convolution in the time-domain means a multiplication in the frequency domain
so that

I(f) = Rpn P (f) - H(f). (5.6)

The frequency spectrum of the response function is expressed by the complex sinc func-
tion according to
H(f) = sinc(n ft,) - e 7t (5.7)

where the exponential term describes the phase shift. By defining a 3dB-cut-off fre-
quency f.,: with the utilisation of the transit time ¢;,, the following relationship can be
derived from equation 5.7:

7

. 5.8
16t,, 8

SINC(7 feuitsr) & 0.71 <= fou &

Itis noted that the phase shift ¢ = 7 ft,, of the modulation signal is seen as an additional
offset in the distance measurement, which can be compensated by calibration.

5.2 Enhanced CCD/CMOS Lock-In Pixels for High Dy-

namic Range

As shown in section 2.4, the dynamic range of the scene can be very demanding on
the demodulation pixel. Firstly, there is the quadratic relationship between the object’s
distance and the detected optical power. Secondly, additional background light gener-
ates electrons that are stored in the integration gates as well. Both effects can lead to
undesired saturation and hence, strongly limit the dynamic range of the imaged scene.

It is obvious that a reduction of the integration time can avoid saturation in both cases.
However, since a shorter integration time affects all demodulation pixels of the sen-
sor, it can happen that some pixels will not detect the minimum number of photons
required for a specific measurement accuracy. Thus, the integration time has a lower
boundary, which is given by the minimum photon threshold.

A second possibility for the avoidance of pixel saturation is the design of larger output
capacitances. However, two drawbacks are coupled with this approach. 1. Larger ca-
pacitances need more space, reducing the fill-factor of the pixel. 2. The noise floor is
higher with larger capacitances, shown for example by the equation that describes the
thermal noise during reset:

0 = \/k9(Cuep + Coa), (5.9)
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where the output capacitance corresponds to the sum of the diffusion node’s depletion
capacitance Cy, and the gate-drain capacitance Cyq of the source follower’s transistor
(see also figure 4.18). A negative impact on the distance measurement accuracy is im-
plied by larger output capacitances. Thus, it is concluded that this approach does not
provide a suitable technique for the creation of high dynamic range TOF pixels.

In the following two subsections, one new pixel concept particularly designed for the
improved handling of significant changes in signal light power within the scene and
another very efficient concept particularly developed for active in-pixel background
light suppression are presented. Both concepts make use of analogue circuitries that
control the process of charge transfer from the integration gates to the diffusion nodes,
also called shift-process.

Figure 5.8 depicts the pixel’s cross section through the CCD gate arrangement includ-
ing an illustration of the fundamental processing steps of 1. the signal demodulation
and accumulation and 2. the shift of the stored charge carriers to the sensing diffusion
nodes. The standard lock-in pixel accumulates photo-generated charges for a given
integration time, which is the same for all pixels of the sensor, and the full number of
accumulated charges is shifted from the integration gates to the sensing diffusion nodes
for read-out, though only the difference of the two charge packets is of interest for the
distance measurement (this is valid for both sinusoidally as well as pseudo-noise mod-
ulated optical signals, as seen in chapters 2 and 3). The different operations of the newly
implemented concepts are explained below.

INTG PGL PGM PGR INTG

OUTG OUTG
Diff. —\—f—\—f—'\—f— Diff.
) )
2 shift 1. demodulation and accumulation 2 shift

common part

Figure 5.8: Lock-in pixel and its functional principle. [62]
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5.2.1 Pixel with Individual Integration Time Control

A common method for increasing the dynamic range of 2D-imagers is the pixel-wise
control of the integration time. This concept of pixel-wise integration (PWI) has been
adopted to the demodulation pixels. It is worth mentioning that this approach of PWI
only works with 4-tap pixels in order to ensure that all four samples are acquired with
exactly the same integration time.

Principle of Pixel-Wise Integration

Due to the high-frequency coupling between the photo-gates and the read-out struc-
ture, no continuous observation of the status of integration is possible. Consequently,
the totally specified integration time has to be divided into several sub-intervals. After
each sub-interval a shift process is performed by setting the integration gate voltage
from high to low level, enabling the comparison of the integrated charge at the sense
diffusion node with an externally supplied threshold level V;;,. This comparison is ac-
complished after all charge has been shifted by setting the threshold input of a com-
parator from low level to the threshold level. If this threshold level has been reached
by at least one of the four taps, no more shift processes may be performed in order to
avoid saturation of the diffusion nodes. Figure 5.9 illustrates the idea of step-wise in-
tegrating and shifting the photo-generated charges as long as the externally specified
threshold level has not been reached. The in-pixel comparator activates a lock signal
that prevents further shift processes. Electrons that are generated after the activation of
the shift-lock signal are kept below the integration gate and the photo-gates until the
reset signal also effects a shift of those charges and sets the diffusion node to the reset
potential.

The threshold voltage can be set for example to half the level of saturation. Each time
when the threshold voltage has not been reached, the next interval of integration could
be doubled. Implementing such a control sequence minimizes the number of integra-
tion intervals.

Pixel Architecture

The enhanced pixel architecture is illustrated in figure 5.10. In this implementation, one
pixel consists of two 2-tap structures. By controlling the photo-gates of the second struc-
ture, with the modulation signal shifted in time by a quarter of the modulation period,
the outputs outl to out4 correspond to the four samples. This 4-tap pixel structure is al-
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Figure 5.9: Timing diagram of the pixel-wise integration pixel. [62]

ternatively called a double 2-tap pixel because two spatially separated photo-sensitive
regions are used.

The sensing diffusions are conventionally connected with the source follower circuits
for read-out purposes but, in addition to that, they are feedback connected to an in-
pixel comparator. This comparator sets a flip-flop FF as soon as the threshold voltage
Vin is reached by at least one of the four taps. When the flip-flop is active, the integra-
tion gate is held at high voltage V4, so that no more shift processes can be externally
forced by the control signal, denoted by intg.

The in-pixel integration of the comparator and the flip-flop requires as simple circuitries
as possible with just a few transistor elements in order to still provide a tolerable optical
till factor. The fill-factor of the pixel realized in a 0.6um technology and having a pixel
pitch of 60 x 90pm?, was approximately 8%. [62]

Experimental Results without Background Light

The concept of pixel-wise integrating demodulation pixels is verified by the distance
measurement in figure 5.11, where the distance to a white target has been measured
over a range from 70cm to 4m. A test chip consisting of a 12 x 10 pixel matrix was
used for the measurement. The PWI pixel is compared with the standard lock-in pixel
by operating the same pixel structure either in PWI mode or in normal mode without
the dynamic control of the shift process. The maximum integration time in the case
of the PWI mode corresponds to the integration time specified in normal mode. A
tixed number of five sub-intervals has been chosen for the PWI operation according
to the principle of doubling the integration time after each sub-interval. The follow-
ing relationships between the number of shifts and the realised integration times are



136 Chapter 5. Demodulation Pixel in CCD/CMOS-Technology

select |4 ( [ »i| select
I —
out 1 l l out 2
select |4 »i| select
- —
. @ Poly1 IH Poly 2 o
out 3 l contact 1 out 4

Figure 5.10: Illustration of the pixel architecture incorporating dynamic control of the
integration time.
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Figure 5.11: Distance measurement. The increased dynamic range of the PWI pixel
compared to the standard lock-in pixel is demonstrated.



5.2. Enhanced CCD/CMOS Lock-In Pixels for High Dynamic Range 137

valid: 1 shift — 0.255ms, 2 shifts — 0.510ms, 3 shifts — 1.02ms, 4 shifts — 2.04ms and
5 shifts — 4.08ms. In the case of the PWI mode, the distance is correctly measured
down to 70cm. The standard lock-in pixel already saturates at approximately 1.7m. The
ratio between the maximum and minimum integration periods corresponds to a gain
of 16 with regard to the number of electrons that can be stored in the pixel. Referring
to equation 2.38, describing the quadratic relationship between optical power and ob-
ject’s distance, implies that the target can be moved towards the camera 4 times closer
in PWI mode than in the normal mode of operation. However, we measured a factor
2.5, which is smaller than that expected due to the changes of the the optical condi-
tions for different distances. These changes of optical conditions have two reasons: 1.
No perfect coaxial test set-up was realised. 2. Different durations of integration imply
different mean optical power emitted by the illumination module because the module
reacts sensitively to temperature variations.

The depiction of the measured intensity in the right hand graph, of figure 5.11, based on
the same distance measurement, shows the automatic switching between the number
of shift processes in the pixel. At short distances the highest amount of optical power
is detected, so just one shift process is performed.

Due to the fact that shorter integration times are automatically applied to each pixel
individually, the full well capacity of the pixels is effectively increased by a factor 16.
While the pixel operating in normal mode can provide 1 million electrons for read out,
the mode of pixel-wise integration allows for reading out a number corresponding to
16 million electrons. Based on equation 2.39 the increase in the dynamic range is calcu-
lated as

FW (PWI mode)
FW (norm. mode)

DB,.(PWI mode) — DB, (norm. mode) = 20-log, ~ 24dB. (5.10)
Table 5.1 shows the dynamic range of the sensor for distance resolutions from lcm to
20cm. While the dynamic range varies from 24dB to 76dB when the sensor is operating
in normal mode, the PWI sensor operation allows for covering dynamic ranges from
48dB to 100dB at distance resolutions from 20cm down to lcm, respectively.
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Table 5.1: Dynamic range of the TOF sensor operating either in PWI- or in normal

mode.
Distance Minimum DR, (PWI mode) | DR;.(norm. mode)
resolution o | number of atop atop
stored electrons
20cm 150 100dB 76dB
15cm 280 95dB 71dB
10cm 620 88dB 64dB
dcm 2500 76dB 52dB
lcm 62000 48dB 24dB

Experimental Results with Background Light

Another investigation includes the behaviour of the PWI pixel under background il-
lumination. Obviously, background light implies shorter integration times in order
to avoid saturation of the sensing diffusion, assuming that the full amount of inte-
grated charge is transferred to the diffusion node for each shift process. If the signal
light power is kept constant, two aspects will lead to reduced measurement accuracies:
1. The shorter integration time means detection of fewer photo-generated electrons.
2. The background light itself introduces an additional noise source.

The results of a distance measurement with a target at constant distance and with a
tixed optical signal power are shown in figure 5.12. Background light is increased lin-
early. Four evaluations of the PWI and normal mode measurements show their differ-
ent behaviour with respect to the detected intensity, amplitude, distance and standard
deviation of the distance, depending on the total number of electrons generated by
the background light per tap at longest integration time; this is a measure of the back-
ground light power. Again, the comparison between the PWI and normal mode of
operation is based on the same pixel device.

The switching from one integration time to the other can be clearly seen in the intensity
and amplitude plots (figures 5.12 (a) and (b)). Figure (c) shows a distance plot. The
early saturation of the pixel in normal mode leads to completely erroneous distances.
Though the PWI mode enables the distance measurement under light conditions gen-
erating up to 6 times more electrons, the distance acquisition is strongly affected by
inhomogeneities between the four taps. A background light calibration becomes nec-
essary. Such a calibration, however, can only be accomplished with difficulty because a
calibration routine necessitates the same integration times between two measurements,
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which is not automatically ensured by the PWI pixel.
Figure 5.12 (d) closes the summary of this measurement by depicting the standard de-

viation of the distance versus the intensity.
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5.2.2 Pixel Based on the Minimum Charge Transfer Principle

The second technique for increasing the dynamic range of 3D TOF sensors exploits the
fact that only the difference between two charge packets is needed for the distance com-
putation; this is the case for both sinusoidal and pseudo-noise modulation techniques
(see chapters 2 and 3). As illustrated in figure 5.8, a significant common part of elec-
trons due to background light and imperfect demodulation (the demodulation contrast
is usually less than 1) is stored in both integration gates. This part of the charge packet
does not need to be transferred to the sensing diffusion for read-out purposes. Thus,
the storage capacity of the integration gate can be designed to be as large as possi-
ble, enabling the storage of a huge number of particularly background-light generated
electrons, and the sensing diffusion node can be optimized in its size to the maximum
power of the optical modulation signal and low noise contribution.

It should be mentioned at this point that an arbitrary size of the CCD gates does not
decrease the pixel’s noise performance because the operation is still in the charge do-
main. Thus, the drawback of a higher noise floor, as described in the introduction of
the current section for the enlargement of the sensing diffusions, is not relevant for the
scaling of the CCD gates.

The suppression of shifting the common part of electrons to the sense node implies the
principle’s name of “Minimum Charge Transfer” (MCT). The method can be applied
to either 2-tap or 4-tap structures since no dynamic adaptation of the integration time
between two acquisitions is performed in the pixel. The realised pixel makes use of a
double 2-tap structure, having a fill-factor of 11% at a pixel pitch of 60 x 70um? [62].
The basic idea was mainly motivated by the in-pixel suppression of background light.
The principle is not well suited to the enhancement of the dynamic range based exclu-
sively on the signal light power without any background illumination. In this case the
PWI pixel should rather be used.

Principle of Minimum Charge Transfer

Figure 5.13 sketches the situation of electron and potential distribution in the demodu-
lation pixel after the shift process has finished. The common part of electrons in both
integration gates is kept in the integration gate area.

In order to arrive at this pixel status, the shift process is accomplished by decreasing
the integration gate voltage with a given slew rate. As soon as all sensing diffusions of
the pixel structure have obtained some electrons, the reduction of the integration gate
voltage is stopped. The observation of the sensing diffusions is done by a comparator



5.2. Enhanced CCD/CMOS Lock-In Pixels for High Dynamic Range 141

INTG PGL PGM PGR INTG
OUTG - . . L OUTG

Diff. —_—Uﬁ—ﬁ Diff.

S |

gy

Figure 5.13: Illustration of the MCT principle after the shift process. As soon as both
sensing diffusions have obtained electrons during the shift process, the

integration gate potential is frozen so that the common part of electrons is
kept in the CCDs.

circuit that deactivates the dynamic integration gate signal when all diffusion nodes
cross an externally specified threshold voltage V};, very close to the reset voltage. The
corresponding timing diagram is shown in figure 5.14, illustrating the procedure just
described. The hard shift process during the reset sets the integration gate to 0V. It
is necessary for dumping the common-mode electrons that are still kept in the CCD
region.

Pixel Architecture

The realised double 2-tap pixel architecture is schematically depicted in figure 5.15.
In comparison to the PWI pixel architecture, the required comparator circuitry of the
MCT pixel does not have to be included in each pixel because there is no individual-
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Figure 5.14: Timing diagram of the MCT pixel.
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pixel control. Here, the monitor circuit can be applied on a column basis, enabling
a line by line read-out scheme. Two additional transistors have to be added within
the standard lock-in pixel for switching between the fixed high-level gate voltage Vg
or the integration gate signal intg externally supplied by the comparator circuit. This
ensures a high optical fill-factor of the pixels.

The comparator acts as a monitor of the four taps. The shift process takes place when
the pixel is selected. During the process, the integration gates are connected to the
external signal that shows a linearly decreasing behaviour over time as sketched in
the timing diagram in figure 5.14. As soon as all taps begin to cross a certain threshold
voltage, which is specified from the external electronics and is close to the reset voltage,
the monitor circuit holds the integration gate voltage on a constant level. This means
the abrupt interruption of the shift process according to the idea of the minimum charge

transfer.
shift monitor circuit o select
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select |4 »i| select
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Figure 5.15: Illustration of the MCT pixel structure having a direct connection to the
column-wise comparators that monitor the shift process.
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Experimental Results

A test chip of 12 x 13 demodulation pixels with an additional row of shift monitor cir-
cuits at the bottom of the pixel matrix was used for the concept’s practical verification.
The achievable gain of the MCT pixel is best quantified by comparing the storage ca-
pacity of the diffusion node with the integration gate capacity. While the diffusion node
limits the standard pixel operation when background light is present, the MCT pixel is
rather limited by the integration gate capacity. The gain G, is defined as the following

_ Qsense

;=
e ante ’

where Qsense and Qgqre describe the maximum amounts of stored charge in the sensing

ratio

G

(5.11)

diffusion and the integration gate, respectively.

The first measurement, of which the results are graphically shown in figure 5.16, pro-
vides the comparison between the capacities of the diffusion node and the integration
gate. In figure (a), the pixel, operating in normal mode, detects the background light in-
tensity while increasing the background light power continuously. The pixel saturates
when one tap has accumulated approximately 950, 000 electrons in the sensing diffu-
sion.

Figure (b) illustrates the accuracy of a distance measurement where the MCT function-
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Figure 5.16: Measurement result with and without MCT functionality. Firstly, the gain
in capacity for storing electrons which are generated by background light,
is illustrated. Secondly, the operation of the distance measurement at the
physical limitation given by photon shot noise is verified by comparison
with the theoretical expectation.
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ality has been switched on. Two measurement series are included: one with a highly-
reflective target (white target) and one with a strongly absorbing target (black target),
having reflectivities of 90% and 5%, respectively. The high-reflectivity target leads to
the generation of approximately 285, 000 electrons, while the optical signal reflected by
the black target generates approximately 34, 000 electrons per tap (it is noted that those
values correspond to the specified integration time of this measurement sequence).
The measurement is firstly used to point out the significantly higher level of accumu-
lated electrons per tap where the pixel saturates due to the detection of background
light. By considering the measurement series with the black target, the number of
electrons generated by the signal component is negligibly small compared to the back-
ground electrons. Thus, one can learn from this graph that the pixel saturation becomes
effective at a number of approximately 5.8 million accumulated background electrons.
Hence, this corresponds to a gain in background light rejection capability of the MCT
pixel of at least a factor G,,.s = 6 compared to the normal mode of operation.
Secondly, the accuracy measurement shows a good agreement with the theoretical ex-
pectation when the photon shot noise is the dominating noise source. The theoretical
curves have been generated with the equation 2.30 (page 21), where the number of am-
plitude electrons and background electrons were measured and the constant noise floor
was set to zero.

A more pragmatic or application-specific analysis of the MCT pixel is given in [76]. It
is shown that this test pixel structure can efficiently be used for suppressing the back-
ground light power of indirect incident sunlight under practical circumstances. This is
particularly interesting for the application of a MCT-based 3D camera in outdoor envi-
ronments.

The following assumptions are made: the full sunlight power is impinging on a diffu-
sively reflecting object; the integration time is 2.5ms or less; an optical bandpass filter
of 40nm width is used. By employing the relationships of the system’s power bud-
get as described in section 2.3 and the spectral solar irradiance (see figure 2.12), the
measured number of background electrons can be attributed to an equivalent ratio of
background-light-to-sunlight power on the object with respect to the before-mentioned
assumptions. The result shows that the maximum intensity of background illumina-
tion with which the pixel can deal is approximately 1.3 times larger than the natural
sunlight intensity.

The design of the MCT pixel can obviously be adapted to the particular application.
Depending on the required fill-factor and pixel pitch, even more efficient background
suppression capability could be easily obtained by enlarging the size of the integration
gate.
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5.2.3 Comparison of PWI and MCT Pixel

Both pixel approaches for the increase of the dynamic range have their advantages and
disadvantages. Whereas the MCT pixel is extremely robust against background illumi-
nation, the PWI pixel is preferably used for scenes with less background light such as
in indoor applications. There the optimized integration time for each pixel results in
improved distance accuracy.

The clear superiority of the MCT pixel in background light suppression is illustrated in
tigure 5.17. A measurement of the distance standard deviation is plotted for all three
operation modes (normal, PWI and MCT operation) depending on the background
light normalized to the incident sunlight power. While the standard demodulation
pixel saturates already at background light power of 0.3 times the sun’s brightness, the
PWI and MCT pixel still deliver reliable distance data. In particular the MCT pixel
operates well up to background light conditions corresponding to 1.3 times the sun’s
brightness.

A broader comparison between the PWI, MCT and standard pixels is shown in the
following table 5.2, mainly summarising again the results discussed above.
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Figure 5.17: Comparison of the background light suppression capabilities between the
different operation modes: PWI, MCT and normal mode.
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Table 5.2: Comparison of the MCT and PWI pixels. (a.s. means application specific.)

MCT test | PWI test MCT PWI Standard
pixel pixel general general pixel
Pixel double double 2-tap, double N, taps
structure 2-tap 2-tap double 2-tap, 4-tap
2-tap, 4-tap
Pixel pitch 60 x 70pm | 60 X 90pm | a.s. a.s. a.s.
Comparator | column- pixel-wise | column- pixel-wise | none
wise wise
Fill factor 11% 8% = H T
Full well at | 0.95-10%¢™ | 1-10%e" a.s. a.s. a.s
sense node
Charge 58-10e" | >1-10%e~ || >> full > full well | > full
handling at well at at sense well  at
integration sense node | node sense
gate node
Dynamic improved | strongly 1 7 =
range of the improved
signal
Background | very efficient ™ T =
suppression | efficient

5.3 Pixels for High-Speed Demodulation

Two major concepts of pixel architectures for the demodulation of high optical modu-
lation frequencies up to several hundreds of Megahertz are introduced in the following
two subsections. They represent a major contribution of this thesis work to the prob-
lem of high-frequency demodulation. In order to achieve high-speed functionality in
the pixel, the signal delay due to the time-consuming charge transport needs to be min-
imized. This can be accomplished by pixel structures that use lateral electric drift fields
instead of thermal diffusion processes (see section 4.3.2).

The first approach uses modulated lateral electric drift fields for a more efficient and
quick charge transport to the integration gates. The second architecture, in turn, is
based on static drift fields, where a clear separation between the detection and the de-
modulation region has been made. In particular the last concept is very promising due
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to several advantages such as high speed demodulation, low power consumption and
low requirements to the external driving electronics due to minimized in-pixel capaci-
tive loads.

5.3.1 Pixel Using Modulated Electric Drift Fields

Fast charge transportation from the detection region to the storage nodes requires late-
ral electric drift fields. The creation of potential steps in the semiconductor such as is
the case in the three-gate demodulation pixel, have to be avoided. This leads to the idea
of replacing the discrete three-gate structure by an one-gate structure that is formed by
a very highly resistive material.

The conceptual idea is shown in figure 5.18, where the left hand figure highlights again
the disadvantageous step-wise potential distribution of the three-gate demodulation
pixel. This three-gate arrangement is replaced by the high-resistive gate as shown in
tigure (b), which enables the generation of a constantly decreasing potential in the semi-
conductor. By applying a potential difference at the left and right corner of the high-
resistive gate of V; — 1, a current begins to flow through the gate implying a constant
potential decrease. As in conventional CCDs, the gate potential is seen at the semi-
conductor’s surface, generating there the desired lateral drift field.
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Figure 5.18: Comparison between the standard pixel consisting of three photo-gates
and the drift field pixel having incorporated just one large photo-gate of
high-resistivity material. While the standard pixel generates a step-wise
potential distribution in the semiconductor, the drift field pixel creates a
characteristic of constantly decreasing potential.
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The result of a process and device simulation in figure 5.19, using high-resistivity poly-
silicon gate material of 30k2/00, confirms the concept of generating lateral electric drift
tields in the semiconductor material. The simulation assumes a charge transport in the
surface channel, determined by the maximum potential depicted in the figure, which
is located at the semiconductor insulator interface (cross section at y = 0.1um). In that
simulation the integration gates are set to 3V and the gate contacts are set to 0V and 1V,
respectively.

The potential decrease through the vertical cross section at z = 20pum is shown in fig-
ure 5.19 (b). It confirms the appropriateness of the approximation of neglecting the
potential drop in the oxide layer so that the surface channel potential can be set equal
to the gate potential. Consequently, a lateral drift field at the semiconductor insulator
surface can approximately be computed as

E() = —grad(V, (a)), (5.12)

where V,(z) is the gate potential. Based on the knowledge of the potential distribution
in the semiconductor, a transit time and a cut-off frequency can be estimated according
to the descriptions in section 5.1.3, which is done for the particular pixel implementa-
tion below.

Similar gate devices, based on high-resistivity gates for the generation of constant drift
tields and a static charge transport, had been developed and tested already by Hoff-
mann [48], who intended to use such gate arrangements in shift registers for example
to build very fast transmission lines in memory devices. However, the demodulation
pixels presented here exploit the drift field in a dynamic fashion, modulating the drift
tield according to the reference signal of the sampling or the correlation process. Thus,
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Figure 5.19: Process and device simulation of the 1-dimensional cross-section of a
drift field pixel, formed by a high-resistivity poly-crystalline silicon ma-
terial. [22]
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the gate voltages Vj and V; are toggled as the left and right photo-gates of the standard
lock-in pixels. If sinusoidal modulation is used, this means a modulation of the drift
tield synchronously with the optical modulation frequency.

The storage and read-out of the photo-generated charges are realised in the same fash-
ion as in the standard lock-in pixels. The integration gates adjacent to the photo-gate
contacts are set to high potential during the accumulation process and to low poten-
tial for shifting the charge via the out gate to the sensing diffusion node. Each sensing
diffusion node has its own source follower circuit.

Gains and Losses of the Modulated Drift Field Pixel

Compared with the standard lock-in pixel architecture, the idea of using modulated
drift fields promises some important advantages, but it also incorporates some signif-
icant performance penalties. The following summary provides a brief overview of the
benefits and costs similarly described in [22].

Advantages:

1. The dominating factor of the charge transportation method is the drift phenome-
non. That allows high modulation frequencies and high distance measurement
accuracies.

2. Due to the fast charge transportation, the photo-sensitive area can be designed
to be large, so that splitting into several photo-sensitive areas does not become
essential for large-area demodulation pixels.

3. The reduction of the photo-gate structure to just one high-resistivity gate simpli-
ties the pixel design.

4. Large sensitive areas can be combined with small conversion capacities.

5. Since the fast charge transport enables stretching of the photo-gate in both direc-
tions (seen from the top), square-shaped photo-gates can be realised, which allow
the efficient use of micro-lenses for improved fill factors.
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Disadvantages:

1. The realisation of high-resistivity poly-silicon photo-gates is not necessarily a
standard option of the applied CMOS process, which might increase the process-
ing costs.

2. The permanent current flow through the photo-gate leads to elevated ohmic on-
chip power consumption. Furthermore, depending on the strength of the current
tlow, a warming of the sensor has probably to be taken into account in the evalu-
ation of the dark current.

3. The need for very high-resistivity material for reducing the current flow through
the photo-gate competes with the need for low resistivities for keeping the RC-
times low and hence for ensuring high-speed switching performance of the pixel.

4. For large array sensors, the requirements of the driver electronics are high due to
the capacitive and resistive loads. Sensors of high lateral pixel resolution become
difficult to realise.

Realisation of a 4-Tap Drift Field Pixel and Estimation of the Demodulation Perfor-
mance

For the verification of the pixel concept, a 4-tap drift field pixel has been realised in
a 0.8um CMOS process offering an additional CCD option and the growth of a very
highly-resistive poly-silicon gate with a resistivity of approximately 30k2/ [7]. The
tirst pixel implementation makes use of a charge transport in a surface channel. With a
pixel pitch of 85 x 97um?, a fill factor of approximately 13% could be achieved, which is
rather high for a 4-pixel structure. The quadratic-shaped photo-gate has a side length
of 25um. The design is shown in figure 5.20. Four gate contacts, denoted by gc0...gc3 are
placed at the corners of the photo-gate. The appropriate control of the gate contact sig-
nal as shown in figure 5.21, enables the sampling of the optical sinusoidally modulated
signal.

The 4-tap pixel requires a simulation of the two-dimensional potential distribution on
the photo-gate, which gives a different result from the ideal constant drift field in the
case of a one-dimensional simulation in figure 5.19. The two-dimensional simulation
of the rectangular shaped high-resistivity photo-gate is based on the resistor network
model, shown in figure 5.22 (a). Standard mesh analysis [44] results in the potential
distribution on the gate. The desired distribution in the semiconductor is obtained by
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Figure 5.20: Implementation of the 4-tap pixel, which is used for the generation of mod-
ulated lateral electric drift fields inside the semiconductor bulk.
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Figure 5.21: Control of the gate contact voltages by switching them synchronously with
the modulation frequency between high level V; and low level V4.

a smooth attenuation by a factor of 0.9, which is the simulated ratio between the sur-
tace and gate potentials (extracted from figure 5.19 (b)). The distribution of the surface
potential is illustrated in figure 5.22 (b). The corresponding distribution of the absolute
lateral electric drift fields, numerically calculated with equation 5.12 and depicted in
tigure 5.22 (c), clarifies that the expected fields are no longer constant over space. Thus,
the photo-generated electrons experience in some regions a stronger and in some other
regions a weaker electric force. The fields are of the order of 103...10°V/m. Hence, in
certain areas at the corners of the photo-sensitive region, the electric fields cause al-
most saturation velocity, which is reached for electric fields of about 10°V/m at room
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Figure 5.22: Drift field photo-gate: discrete component model and simulation re-
sult. [22]

temperature (see figure 4.16).

In order to obtain an estimate on the theoretical performance of the pixel, the cut-off
frequency is modeled by following the approach of section 5.1.3. The upper bound of
the electron transit time is said to be approximated by the diagonal path from a cor-
ner of low potential to the opposite corner, which is set to high potential (from gate
contact gc2 to gc0 in figure 5.22). Based on the numerical simulation performed with
gate voltages of 0V and 3V, the transit times of electrons generated at a certain point on
the diagonal connection between the high-level and opposite low-level corner are ex-
tracted and illustrated in figure 5.23, where the calculation of these data points is based
on equation 5.2. While the highest lateral electric fields near the gate contact of high
potential also produce the shortest transition times, the longest time of approximately
i & Tns is given over the complete diagonal path. This transit time corresponds rather
to a worst-case estimation of the cut-off frequency, which is computed to be

7
> _— — ~ 60MHz.
feut 2 16 - 7.5ns GOMHz

A zero-order approximation of the cut-off frequency would use the average transit time
of t;, ~ 3.2ns (mean of the data in figure 5.23), which means that the pixel supports
demodulation frequencies of more than 135MHz.

The demodulation speed is strongly dependent on the particular size of the photo-gate
and the applied gate contact voltages. As an example, a quadratic-shaped photo-gate
of 15um side length and gate contact voltages toggling between 0 and 6V would lead to
an average transit time of 600ps or cut-off frequencies beyond 700MHz. Thus, it is worth
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Figure 5.23: Transit time of an electron that has been generated at a certain point on
the diagonal connection between gc0 and gc2 and that will drift to the
high-level set gate contact gc0. This figure applies to the simulation of a
quadratic shaped photo-gate with 25um side length and toggling voltages
between 0 and 3V.

remembering that the considerations made above as well as the following experimental
results belong to the particular pixel implementation.

Another aspect of pixel performance should briefly be mentioned at this point: the
dark current, in stochastic terms modeled as shot noise, has a direct impact on the dis-
tance measurement accuracy. Basically, the dark current is rather a measure of process
quality, which is why it is not investigated in more detail in this work. However, the
special structure as well as the operation principle of the drift field pixel makes an eval-
uation of the dark current necessary. Firstly, pixel geometries with pronounced edges
like the rectangular geometry of the drift field pixel, show a lot of traps, increasing the
possibility of random carrier generation, which implies higher dark currents [22,99].
Secondly, any warming of the sensor due to for example the ohmic power dissipation
in the photo-gate of the drift field pixel increases the dark current. In [22] a dark cur-
rent model distinguishing between two components, one of the sensing diffusions and
one dark current generated in the CCD channel beneath the photo-gate, is applied in
practice. Measurements show that firstly the dark current does not vary significantly
compared to the dark currents of standard CCDs in the same technology. Thus, no
significant increase due to any sensor warming could be seen. Secondly the measured
strength of the dark current allows this parameter to be neglected in the estimation of
the distance measurement if integration times of milliseconds or shorter are used.
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Experimental Results

Practical verification of the modulated drift field concept has been tested by measur-
ing real distances from 35cm to 250cm using continuous-wave optical modulation of
20MHz. The results are shown in figure 5.24, where the linearity is depicted in (a), (b)
shows the corresponding accuracy and (c) illustrates the result of the evaluation of the
demodulation contrast. The measurement is performed with a set of three different op-
tical wavelengths: 630nm, 810nm and 870nm. Furthermore, the demodulation contrast
is compared for different swings of the gate contact voltages.

While the systematic errors are explained by systematic distortions of the optical mo-
dulation signal (see section 2.2.5), the measurement accuracy follows a quadratically
increasing characteristic, which is due to reduction of detected optical power for distant
objects. By considering equation 2.30 and recalling the inverse proportionality between
the number of signal electrons and the square of the object’s distance, it is obvious that
parasitic noise sources of the external electronics dominate the measurement accuracy
This is a very unsatisfactory effect, which originates from the test set-up.

Following from figure 5.24 (c), the demodulation contrast seems to attain a maximum
value for gate contact voltages that are slightly greater than 3V. That is the reason
why at least 3V have been used in the distance measurement. On the other hand, even
higher gate contact voltages have been avoided in order to minimize the power con-
sumption of the sensor, decreasing the requirements on the driving electronics. The
dependence of the demodulation contrast on the gate contact voltage is described by
the fact that the fringing fields at the edges of the electrode counteract the lateral field
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Figure 5.24: Measurements with the modulated drift field pixel.
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under the electrode.

The imperfect shutter efficiency and the limited transfer time of the charges within the
substrate are one reason for the reduced demodulation contrast compared to the theo-
retical best contrast of 90%. The dependence on the optical wavelength is explained by
the fact that photons of larger wavelengths reach deeper into the semiconductor, where
they are not so strongly affected by the high electric lateral fields near the Si/SiO, inter-
face. Hence the separation is less efficient. [22]

5.3.2 High-Speed Pixel Based on Static Drift Fields

Inspired by the modulated drift field pixel with its great advantages of generating late-
ral electric drift fields for fast charge transportation, but also the coexistent drawback
of high power consumption, a second pixel structure has been developed. This second
drift field pixel is rather based on static lateral electric drift fields and overcomes the
problems of high in-pixel power consumption and low-pass filtering effects of the gate
signals due to the huge resistive and capacitive loads given by the photo-gate. At the
same time, very high demodulation frequencies are supported.

Pixel Concept

The basic idea of the pixel concept is the strict separation of the different functional
blocks of photon detection, signal demodulation, signal integration and output am-
plification. A block diagram of the pixel architecture is illustrated in figure 5.25. In
comparison with the aforementioned pixel structures, the difference is the additional
spatial separation of the detection and demodulation regions, which were previously
combined.

The photon-electron conversion is accomplished in the detection region, which is de-
signed to be relatively large area. Lateral electric drift fields enable the transport of the
photo-generated charge carriers into the direction of the demodulation region at high
speed. This process introduces only a very short delay to the signal, generally less than
1ns. The photo-current arriving at the demodulation region is sampled or correlated by
switching appropriately between the in-pixel storage capacitances. The demodulation
region is designed to be as small as possible in order to minimize the diffusion-based
charge transport regions and hence the response time. Standard source followers are
used for the charge amplification.
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Figure 5.25: Block diagram describing the pixel’s demodulation concept.

Realisation of a Static Drift Field Pixel

While the demodulation stage can be realised as a gate arrangement similar to that in
the standard demodulation pixels but shrunken in size, the detection region needs a
special gate arrangement that allows for the generation of a static drift field. One pos-
sibility is to use a one-gate structure of high-resistive poly-silicon material. However,
the desire for low in-pixel power consumption led to another gate arrangement, such
as that depicted in figure 5.26 (a). The corresponding layout is shown in figure 5.26 (b).

The lateral electric drift field in the semiconductor channel is generated by 18 adjacent
photo-transparent poly-silicon gates of minimal width. The gates are set to constant
voltages, which linearly increase from 0V to V3 = 7V. The generation of these voltages
is performed outside the pixel by a resistor line. According to the CCD principle, the
potential characteristic on the gates is duplicated at the semiconductor-oxide interface
due to the capacitive coupling between the gates and the bulk. The smearing of the po-
tential distribution in the CCD channel, particularly if buried channel CCDs are used,
enables the creation of constant lateral drift fields.

According to the depicted cross sections through the detection region and the demodu-
lation region, both a process and a device simulation have been performed. The results
are shown in figure 5.27 (a) and (b). The potential distribution in the buried channel of
the detection region confirms the creation of an almost ideal constant lateral drift field.
The second cross section in figure 5.27 (b) shows the typical potential distribution of
the three-gate demodulation region. Since the toggle gates (pgl and pgr) are switched
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Figure 5.26: Implementation of the static drift field pixel.

between 6 and 8V during operation, the simulation made use of these static voltages
(pgm was set to 7V). Figure 5.27 (c) shows a SEM photo of the cross section through
the photo-sensitive region, making the different layers visible: silicon substrate, very
thin field oxide, overlapping poly-silicon gates, silicon-dioxide, a passivation layer of
silicon nitride and the three metal layers.

The static drift field pixel was fabricated in a 0.6um CMOS process offering an addi-
tional CCD option with buried channel implant and overlapping poly-silicon gates [7].
A fill factor of 25% has been realised with a 2-tap pixel structure of 40 x 40um?. The pixel
was incorporated in a 3D-TOF sensor having a lateral resolution of 176 x 144 pixel. Two
micrographs, one of the sensor and one of a small part of the pixel matrix, are shown
in figures 5.28 (a) and (b), respectively.

Performance Estimation

The estimation of the transit time is based on the decomposition of the electron transit
path through the detection region into two regions of different drift fields. As sketched
in figure 5.29, the upper region has a drift field of £ = V,/(b; + b) and the bottom
region, which is bounded by the tapering shape, creates a drift field at its border of
E x sin(7), where the geometrical relationships between b;, b, and 7 can be seen in the
tigure. Applying equation 5.2 to the static drift field pixel, the maximum drift time
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Figure 5.27: Cross sections through the detection and demodulation regions of the
static drift field pixel.

results in the following expression:

larift = M + LS + ba by .+2b2) b.2 . (5.13)
1o Vy i poVgsin®(y) vy sin(y)
Based on the geometrical pixel parameters of b; = 7.3um, by = 9.6um and v = 30° and
a total voltage drop of 7V over the 18 gates of the detection region, the maximum drift
time is estimated to be t4;5; = 1.17ns. In addition to that, the charge transport through
the demodulation region adds another delay, which is in the order of approximately
taifr ~ 3ns assuming a charge transportation exclusively by thermal diffusion. Thus,
according to equation 5.1, a maximum transit time of approximately 4.17ns is estimated,
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(a) Sensor consisting of 176 x 144 pixels. (b) Detailed view on the top of a 3 x 3
sub-array of the pixel matrix.

Figure 5.28: Micrographs of the static drift field sensor.

Figure 5.29: Geometrical relations in the detection region.

and, with equation 5.8, a minimum 3dB-cut-off frequency of

feut > 105MHz (5.14)

is found.

The following worst-case assumptions made in this assessment are recalled: 1. The
longest transition path has been selected for the assessment, though the largest part
of the photo-generated electrons is generated inside the detection area, experiencing a
shorter transport path. 2. The transport through the demodulation region is strongly
influenced by the fringing fields, extending widely below the neighbouring gates and,
hence, accelerating the charge transport even more.
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Design Aspects - Advantages and Disadvantages

In the following, some important design aspects are summarized exhibiting the advan-
tages and disadvantages of the new demodulation pixel.

Gate capacitances: The gate capacitances that have to be charged and discharged with
the speed of the modulation frequency are minimized thanks to the small sizes. Com-
pared to standard lock-in pixels of similar size and fill-factor, a factor of 10 or more can
theoretically be saved. This means lower power consumption of the driver electronics
or higher modulation frequencies can be achieved. In practice a reduction by a factor
of about 4 was measured, which is less than the theoretical value due to the impact of
parasitic capacitances.

Transit time: The fast charge transport through the detection region by lateral electric
drift fields and furthermore, the short paths through the demodulation region, enable
the utilization of the pixel in high-speed applications leading to increased distance ac-
curacies.

Optical fill factor: Due to the decoupling of the high-speed demodulation site from the
detection site, the photon-collection region can be designed with a large area without
compromising the demodulation frequency. This enables the design of time-of-flight
pixels that have high optical fill factors and support high modulation frequencies at the
same time.

Microlenses: The geometry of the pixel is more appropriate for the utilization of micro
lenses than a stripe-like structure as present in a standard lock-in pixel having three
adjacent photo-gates [23].

Noise: The pixel operates entirely in the charge domain, where the accumulation of
photo-charge is virtually noise-free. Therefore the pixel is expected to exhibit the same
noise-limitations as standard CCDs.

Low power consumption: The application of linearly increasing but temporally constant
voltages to the successive arrangement of the gates in the detection region ensures low
power consumption in this non dissipative arrangement.

Process options: In comparison to the drift field pixel presented in section 5.3.1, which ne-
cessitates the deposition of high-resistivity poly-silicon material for creating the photo-
gate, the requirements of the process in the case of the static drift field pixel are relaxed.
No unconventional high-resistivity material is required. The ladder of consecutively
arranged resistors for the generation of the constant voltages makes use of standard in-
tegrated process components. Thus, the same process options as for the standard lock-
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in pixel are needed, meaning a buried channel implant and overlapping poly-silicon
gates. However, this pixel will strongly benefit from the ongoing reduction of the pro-
cess feature size: 1. Narrower gates allow for approximating the discretized potential
decrease in the detection region to the ideal linear behaviour. 2. The requirement of
overlapping gates will disappear as soon as the gaps between two adjacent gates no
longer have a significant impact on the potential distribution in the semiconductor.
The problem of gap spacing in CCDs is addressed for example in [49,114,115].

Pixel complexity: The density of the design has been increased compared to the standard
lock-in pixel.

Enhancement to multi-tap structures: Since the demodulation region has to be designed
to be as small as possible, the enhancement to real multi-tap structures is difficult to
accomplish. The wiring and mismatch between the several channels are important
issues in this context.

Experimental Results

The practical verification of the static drift field concept has been accomplished in two
steps. First, evidence of high speed charge transport through the detection region
thanks to lateral drift processes is obtained. Secondly, the demodulation capability is
veritied, which allows the utilisation of the pixel in a real-time 3D time-of-flight imag-
ing system.

Figure 5.30 sketches the measurement set-up used for the verification of the effective-
ness of the drift field. A small region of the detection region is illuminated with a
small-sized temporally modulated laser spot first at the top side and then at the bottom

modulated light
source

< >

N T T/ optics
2. measurement
. \~
y pixel &
= R
X 1. measurement

Figure 5.30: Simplified illustration of the microscope set-up used for the measurement
of the electron transit time through the detection region.
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side. By demodulating the photo-signal, the difference of the two phase measurements
gives an indication of the drift time. We measured time differences of about

tdrift =~ 0.5ns.

It is worth noting that the measured time is shorter than the theoretically estimated
one of about 1.17ns. Two reasons explain this behaviour: 1. Self-induced drift fields are
completely neglected in the theoretical model. However, those fields become effective
if the electron generation rate is high, which is the case in the measurement set-up used.
2. The theoretical model provides a worst-case estimation assuming that the electrons
take the longest path and the electric fields are reduced by a factor of sin(vy) in the
tapering region. Both are obviously not the case in practice. In particular, the optical
set-up does not allow the perfect adjustment of the laser spot in the right top corner of
the detection region.

As a consequence of the measurement, it is concluded that the lateral charge transport
is very effectively accomplished by electric drift fields.

The results of the distance measurement, both the linearity measurement as well as
the accuracy measurement, are shown in figure 5.31, where a 20MHz sinusoidal modu-
lation signal has been used. The measured distance and accuracy are depicted versus
the real distance of an object with a reflectivity of approximately 10%.

The linearity measurement in figure 5.31 (a) confirms the suitability of the pixel for the
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Figure 5.31: Distance measurement with the static drift field sensor at 20MHz modu-
lation frequency.
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demodulation of modulated light signals. Slight deviations of the measured distance
values from the ideal slope are mainly due to harmonic distortions of the emitted op-
tical signal.

The corresponding standard deviation in figure 5.31 (b) shows a quadratic behaviour
as a function of the distance, implying the dominance of the measurement by the noise
sources of the external electronics as a result of a less than ideal measurement set-up.
Based on a measured demodulation contrast of more than 40%, the theoretical values,
computed with equation 2.30, are depicted in the figure as well, demonstrating the
good agreement between practice and theoretical system model. Moreover, it is worth
mentioning that millimeter resolution is obtained with this pixel structure under strong
optical power conditions.

To demonstrate the functionality of the full sensor with its 176 x 144 pixels, a 3D-image
of a human hand in front of a wall is shown in figure 5.32. The distance data is gray
coded according to the chart on the right side of the figure.

300cm

50cm

Figure 5.32: 3D-image taken with the TOF sensor based on the static drift field pixel.
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54 Summary

The demodulation pixels have experienced a continuous improvement during the last
few years. First multi-tap structures showed important drawbacks with regard to fill-
factor and demodulation speed. The pixel structures recently implemented in 3D-TOF
cameras are based on a 2-tap architecture that provide the best compromise between
till-factor, demodulation speed and number of taps. The pixels enable recent cameras
to be used in a wide range of applications. Depth resolutions in the millimeter range are
achieved for a wide range of optical power conditions. However, the steady increase
in the demands for high-precision measurements even below millimeter range and for
the utilisation of 3D-cameras in arbitrary environments with strong optical conditions,
makes the development of new pixel concepts became necessary.

The enhanced pixel structures that the are subject of this research project, were shown
to improve the flexibility and applicability of the 3D-TOF camera system. Pixels with
individually controlled integration time and minimum charge transfer make it possi-
ble, for example, to use 3D-TOF cameras in outdoor applications. Furthermore, for the
tirst time demodulation pixels based on fast lateral charge transport due to electric drift
tields were realised. Two concepts of drift field pixels, using either static or modulated
drift fields, have been verified by measuring distances. While the static drift field struc-
ture exhibits important advantages in power consumption, high-speed and constant
charge transport through the whole detection region, the modulated drift field pixel
has a particular advantage in its design simplicity. The achievable sub-nanosecond
transit times of electrons should make it possible to implement GHz demodulation
pixels, once electronic driver circuits are available with the required performance. This
opens the way to optical 3D TOF measurements with a precision below 100xm.



Chapter 6

Summary and Perspective

The first chapter of the present work summarises the system-related design-aspects
of a 3D-TOF camera concerning the power budget, the requirements for the dynamic
range of the imager and the limitations of the sinusoidal modulation scheme. Based
on those considerations, the need for new optical modulation techniques and enhanced
pixel concepts becomes obvious in order to enable the 3D-TOF to operate under various
demanding environmental conditions. The main aspects, which are all covered in this
work, are the following:

e multi-camera operation without intra-camera interference,

o the handling of high dynamic range scenes with regard to both signal- and back-
ground-light,

e high-speed demodulation to achieve precise distance measurements in the sub-
millimeter range.

We have realised the capability of multi-camera operation with an optical intensity-
modulation technique that is based on maximal-length pseudo-noise sequences. Ex-
tensive simulations for predicting the performance in a multi-camera environment are
accomplished and theoretical analysis for single-camera operation are given. The anal-
ysis covers the achievable stochastic accuracy, which is determined by photon shot
noise, non-linearities of the output channels, multi-path propagation in the scene or
multiple reflections in the optics and the effect of low-pass filtered modulation sig-
nals. We have checked the correctness of our theoretical models by performing real
measurements with state-of-the-art 3D-TOF cameras. Measurements with up to five
cameras have shown that distance variations of less than 10cm can be expected, which
is in good agreement with theory. This result means an important advancement of the
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TOF-technology. The sinusoidal approach would be completely inappropriate when
tive cameras are concurrently running with the same frequencies. However, the single-
camera performance with pseudo-noise modulation suffers, which necessitates a care-
ful consideration of the operation conditions when deciding which modulation tech-
nique to use.

While the modulation with maximal-length sequences demonstrates the possibility of
successfully suppressing the optical signals of concurrently running cameras, the re-
duced single-camera performance makes future research necessary, where the focus
lies on even more efficient modulation signals. Combinations between m-sequences
and sinusoidal signals, new constructions of binary bit sequences that show orthog-
onal properties and enable a phase measurement or heterodyne phase measurement
with chirp signals could be topics for future exploration.

The present research results will form an important contribution to 3D-TOF cameras in
the future, since many new applications will arise where several cameras are concur-
rently imaging the same scene and no synchronisation between them is possible. This
includes primarily applications in the field of robotics, autonomously driving vehicles
and gaming. There, the research can profit from the enhancement of the pixel structures
when pixels with larger numbers of taps are efficiently realisable. Thus, the theory of
modulation and the hardware aspects have to be adjusted to each other and they can
profit from each other.

We have presented two new pixel concepts that enhance the 3D-TOF range imaging
to much larger dynamic ranges than previously possible. The concepts use additional
electronic circuits, which are implemented either pixel- or column-wise. However, in
either case the pixels always operate in the almost noisefree charge domain, allowing
distances to be measured with high precision, only limited by photon shot noise.

One pixel structure extends the signal range significantly by controlling the integration
time of each pixel individually. A second pixel structure handles background light up to
1.3-times that of sunlight when certain system aspects such as an appropriate bandpass
filter and integration time are considered.

For the first time real outdoor applications are realisable with lock-in pixels that are
based on a combined CCD/CMOS process technology. In order to address even more
application fields with this technology, the combination of both pixel concepts would
be desirable but still suffers from low fill-factors. Future decrease of the process feature
sizes will allow the efficient combination of these approaches.

The high-speed demodulation problem was successfully solved by development of two
novel concepts of demodulation pixels, both based on lateral electric drift fields. The
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tirst pixel uses a one-gate structure of very high-resistivity poly-silicon material. The
dynamic control of the current flowing through the gate itself enables the modulation of
the lateral electric fields in the semiconductor bulk. The principle of fast charge trans-
portation based on electric drift fields was demonstrated with large-area pixels having
a 25 x 25um? quadratic shape. Distance measurements at 20MHz modulation proved the
functionality of the pixels, though higher modulation frequencies could not be tested
due to driving problems with the external electronics. The performance of standard
pixels with similar size would have been insufficient already at the demonstrated mo-
dulation speed, so that the gain of the novel pixel is obvious. The main drawbacks of
this pixel structure, inhibiting the utilisation of the pixel in dense matrix sensors, are the
in-pixel power consumption and the large gate-capacitances that have to be switched
at the modulation frequency.

The second demodulation pixel based on lateral electric drift fields is even more promis-
ing because it overcomes the afore-mentioned disadvantages of the first drift field pixel.
A static drift field is generated by a suitable arrangement of CCD elements avoiding
any additional power consumption. The exploitation of static drift fields within a suf-
ticiently large detection region enables fast charge transportation, while the small de-
modulation region ensures small switching capacitances, reducing the requirements of
the driving electronics tremendously. Distance measurements with a 176 x 144 pixel
sensor verify the concept of the static drift field pixel. We measured signal delays, due
to the finite transit time of electrons through the detection region, to be in the sub-
nanosecond range, showing good agreement with theory.

The drift field pixels represent a new generation of demodulation pixels, to which the
basic theory of 3D-TOF range imaging (sampling and correlation, stochastic accuracy
and dynamic range) can be applied in the same way as for the standard CCD lock-in
pixels. This in turn allows the use of these pixels in combination with the concepts
for increased high-dynamic range and background light suppression. Thus, the drift
tield pixels are suggested to be the basic pixel structures for future 3D-TOF cameras,
enabling high-precision range imaging in various fields of applications.

Future process-related research will emphasise the development of the drift field pix-
els, aiming at transferring the technology to standard CMOS processes of small feature
size. This reduces process costs, allows for implementing the pixels in various CMOS
processes and enables high fill-factors.

The static drift field pixel will be the preferred pixel structure to be realised in a stan-
dard CMOS process because it ensures high-speed demodulation and it benefits from
smaller feature sizes in the detection region. Smaller gate widths enable the creation
of even smoother drift fields. However, the transfer to standard CMOS processes with
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small feature sizes will not be straightforward because the changes of the doping con-
centrations of the bulk and the drain/source diffusions have a direct impact on the
amount of stored charge and, hence, on the achievable measurement accuracy.

All these considerations show that optical 3D-TOF range imaging has been enhanced
in the course of this thesis work to various extreme operating conditions concerning
multi-camera environments, high-dynamic range scenes, extreme background light
conditions or demanding high-precision applications. However, the universal real-time
range camera that deals with all problems at the same level of perfection is still missing.
Some of the solutions presented are just intermediate steps and they still need further
improvement, or alternative concepts may be required.

To summarise, we have shown that optical time-of-flight 3D image sensing is a very
promising imaging modality, capable of acquiring real-time imagery of our environ-
ment in its full three-dimensional richness. The state-of-the-art in 3D-TOF severely
limits its application to situations with extreme illumination conditions, multi-camera
operation and where sub-millimeter precision is required. In the framework of the
present thesis all three problems have been investigated thoroughly, new theoretical ap-
proaches have been proposed, these concepts have been realised technically and their
predicted performance has been demonstrated successfully in practice. In this way,
the results of this thesis contribute relevant elements to optical 3D TOF imaging, mak-
ing this exciting technology even more widely applicable and opening new and more
demanding domains of application for it.
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Signal Theory

A.1 Summation of Two Sinusoids

The summation of two sinusoids having the same frequency but different phases ¢,
and ¢, and different amplitudes P4; and Py, respectively, is depicted in figure A.1.
The amplitude of phasor two is smaller than that of phasor one. The resulting phasor
has an amplitude Ps; and a phase ¢y. The phase difference ¢ describes the phase
measurement error due to the superposition of the two sinusoids. Its general form is
derived in the following and the maximum phase error is calculated.
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Figure A.1: Phasor diagram depicting the summation of two sinusoids with the same
frequency but different phases.
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The summation of the two original phasors is expressed as

PE = PAE . e]‘p):
= Payx - cos(¢s) + jPayx - sin(pyx) (A.1)
= Pa; - (cos(p1) + % - cos(¢p2)) + jPa1 - (sin(e1) + % - sin(g2)).

The correspondences between the real and imaginary parts lead to the two relation-

ships
Pyo
Pas - cos(ps) = Par - (cos(pr) + H cos(2)) (A.2)
1
) ) Py .
Pys -sin(px) = Pap- (sin(p1) + H sin(gs)). (A.3)
1

By dividing equations A.2 and A.3, the phase of the resulting phasor ¢y is computed

as
P

sin(1) + F42 sin () ]

(A.4)

Pao

(y = arctan
lcos(gm) + P2 cos(p2)

The phase error Ay is

(A.5)

P,

Ay = arctan
[cos(gol) + 522 cos(ip2)

sin(pq) + % sin (o) ]
— P1-

By performing the substitution
P2 = P2 — 1, (A.6)

the geometrical relations become independent on ¢, so that ¢; can be set to 0 for sim-
plification. The last equation is rewritten as

Paz Sin(@z)
Ap = arctan " j“@ cos(@s) | (A7)
Pa1 P2
By computing the derivative
A
2% L, (A8)
02

the maximum phase error is found for ¢, = arccos(—Pa2/P41). Following from that,
the maximum phase error Ag,,,; is given by

AQPpmae = arctan S JTR— (A.9)
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A.2 Expectation of the Cross-Correlation between m-Se-
quences

The expectation value of the ratio between the cross-correlation values of m-sequences
and the autocorrelation’s peak value is defined as

ey = Mean { ;I;g)) } , (A.10)

where ®.(t) denotes the cross-correlation between the m-sequences and ®,(0) is the
peak value of the autocorrelation function. The cross-correlation function is related
to the correlation between one unipolar m-sequence M, ; (t) and another m-sequence
M, 5 (t) of bipolar nature, so that

O.(t) = (My1 ® Myo)(t), (A.11)

where u and b denote unipolar or bipolar, respectively. Based on the fundamental prop-
erty of the cross-correlation between two bipolar m-sequences [87]

np—1

> Ot (9) = +1, (A12)
g=0

and the relation between unipolar and bipolar m-sequences
1
M, = 5 (My+1), (A.13)

the following computation can be performed:

np—1

mean () = = {'E a.l0)|

np—1

= Zo [{3(My1(9) + 1)} ® My2(9)]
=
np—1
= 1% [AMyy ® My + My, ® 1] (A.14)
P 020
np—1
= o 2 [3Ma @ Myz + 5]
g:
npt1

2np
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Since the peak of the autocorrelation corresponds to (n, + 1)/2, ©4,, can be expressed
as

_ mptl 2
Ouwg = S g
(A.15)
- 1
=

The conversion between discrete and continuous time domains does not have to be
inserted into the calculations because all cases are completely covered by the discrete
sequences. The continuous-time domain means just an interpolation between the dis-
crete correlation values [87], so that the mean values are not affected at all.

A.3 Distance Error for Sinusoidal Modulation

The addition of two sinusoids, depicted in figure A.2 (a), results in a sinusoid with a
phase denoted by ¢5. Compared with the original phase ¢, which is sought by the
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(a) Phasor diagram for the addi- (b) Phasor diagram showing
tion of two sinusoids of the same the circle of the resulting pha-
frequency and amplitude. sor. When a large number of

cameras N, is operating simul-
taneously, the origin of the cir-
cle coincides with the origin of
the coordinate system.

Figure A.2: Phasor diagram for the addition of two cameras and a very large number
of cameras.
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distance measurement, the measured phase error is given as

sin(pq) + % sin((p2)

cos(p1) + % cos(ps) '

Ay = arctan

where ¢, describes the phase of the second sinusoid. By substituting ¢, = ¢ — ¢; and
assuming the same amplitudes for both sinusoids P45/ Pa; = 1, the phase error is found

Ap=¥2 (A.17)

Based on this consideration, the expectation value of the systematic relative distance
error and its standard deviation can be estimated. The systematic error is described as

1
(5) = o (Ag), (A18)
™
and the standard deviation is expressed as
1 2
05 = \/4—7r2 (Ap?) — (Ap)7, (A.19)

exploiting the fact that the variance of a variable can be expressed by the expectation
value of the square minus the square of the mean value [21].

Two sinusoids: Referring to figure A.2 (a), the expectation values will give

1 2
(Ayp) = - / ApdAp =0, (A.20)
and )
2 1 2 2 U
<Ag0 > =— | Ap®dAp = —. (A.21)
T 12

it
2

for two sinusoids of the same amplitude and with the assumption that the circle does
not cover both the first and fourth quadrants. In the last case the expectation values are
higher because the modulo-27 produces stronger fluctuations.

For two cameras, the mean error and the standard deviation are

(6)=0 (A.22)
~ 0.144. (A.23)
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3 or more cameras: The more cameras that are operating, the more the circle of result-
ing phasors appears as a circle around the origin of the coordinate system, as depicted
in figure A.2 (b). For this extreme case, the expectation values are
27
(Ayp) = % / ApdAp =, (A.24)

0
2

1 4
<Ag02> = — /A(deAgp = 72, (A.25)
2 3
0
so that the corresponding parameters related to the relative distance, are

(6) =05 (A.26)
= —— ~0.289. (A.27)

A4 Derivation of the Shot Noise Limited Accuracy for
PN Modulation

The distance extraction in a PN modulated TOF measurement is based on the following

formula Ay A,

Ag—Aj+ A4y — Ay
where the substitutions according to equation 3.42 have been performed. Based on the

R= Rmam; (A28)

rule of Gaussian error propagation, the distance standard deviation is computed as

3 2
OR = J 2_% (5—2) Var(4,), (A.29)

where A, are the noisy sample values. The practical derivatives of R to Ag, A;, A, and

As, respectively, are described as
OR As — Ay

_ Ry A30
04y (Ao — A1+ Ay — A3)? ( )
OR Ay — Ay

_ R A31
04, (AO — A+ Ay — A3)2 ( )
oR Ao — Ay

_ Ry A32
04y  (Ag— Ay + Ay — A3)? ( )

A —A

o _ L0 - Rinas. (A.33)

(9A3 (A() — Al + A2 - A3)2
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By exploiting the fact that the variance of A, is equal to the mean value when Poisson

noise is assumed, the variance of the distance measurement can be expressed as

(Ay — Ag)? - Ap+ (Ay — A3)? - Ay + (Ag — A1)? - Ay + (A1 — Ag)® - 43
(Ag — Ap + Ay — A3)?

) Rmaw .

(A.34)
In the following, the nominator is abbreviated by NO and the denominator by DN.

2
UR:

Furthermore, the following relationships are used:

Ao+ Ay = 2A,, + 2BG (A.35)
2¢q4B
Ao — A1 = QCdAsig (1 - %) + € G (A37)
c Ny
2cq4B
A2 — A3 = 2CdAsigl + cd G (A38)
T, Ny

The nominator is
NO = (AO - A1)2 . (A1 + A3) + (AQ - A3)2 . (AO + Al)

= 2-(Ase+ BG) - [{2chs,~g (1 — %) + %}2 N {QCdAsingc " 2075@}2
(A.39)

and the denominator is calculated as

4
DN = [2CdAsig <1 - T%) + % + QCdBG%C + —QCdBG]

np

(A.40)
- [zchG + %]4

By simplifying the quotient of nominator and denominator and taking the square root,
the standard deviation of the distance measurement is obtained

.. 1 BG 2 ’
OR CTC \/T)2 . \/(Aszg(l - L) + %) + (A T + %) . (A41)

- 2v/2 cq(Asig + %BG T, N s N

The left square root expression includes the noise components. The dark current shot

noise can be added by a constant BD, when an equally distributed dark current is
assumed without being influenced by the one-bit unbalancing property of the m-se-
quence. Furthermore, additional noise components are modelled by a general parame-
ter Np,, so that the complete model of distance resolution results in

cT. \/As; + BG+ BD + N, 7.  BG\’ r  BG\’
= [ Asig(l = ) + == Asigrz+—— ) -
OR 2\/§ Cd(Asig + %BG)Q g( TC) + TI,p + ch + ’]’Lp

(A.42)







Appendix B

Physical Constants

Boltzmann’s constant

Charge mobility in the linear region of silicon
Dielectric constant of silicon

Dielectric constant of silicon-oxide

Effective mass of electrons in silicon
Elementary charge

Permittivity in vacuum

Planck’s constant

Speed of light in vacuum

Speed of ultrasound in air

177

Kp =1.3806505-10"2J/K
po = 1450cm? /Vs at 9 = 300K
€5 = 11.9

€ox = 3.9

mepp = 0.2368444 - 10~ 3kg

g = 1.60217653 - 10~1°C

€0 = 8.85418 - 1071F /cm

h = 6.6260693 - 10 34Js
c=2.99792 - 10%m/s

Cys ~ 343m/s at 9 = 293K
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