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Preface to the Festschrift
for Prof. Dr.-Ing. Heinz Gerhiuser

This book is dedicated to Prof. Dr. Heinz Gerhiuser on the occasion of his retire-
ment both from the position of Executive Director of the Fraunhofer Institute for
Integrated Circuits IIS and from the Endowed Chair of Information Technologies
with a Focus on Communication Electronics (LIKE) at Friedrich-Alexander Uni-
versity, Erlangen-Nuremberg. The contributions to this Festschrift were written by
Fraunhofer IIS staff and external project team members in grateful appreciation of
his lifetime academic achievements and his inspiring and much-valued leadership
of Fraunhofer IIS.

Born in Munich in 1946, Heinz Gerhéuser began his education in 1960 with an
apprenticeship as an electrician, which in 1965 led to a technical college entrance
qualification. Besides his practical abilities, an interest in scientific research and
engineering was already emerging. Accordingly, Heinz Gerhduser went on to pur-
sue an academic education in electrical engineering, studying at the Georg Simon
Ohm Polytechnic in Nuremberg from 1965 to 1968 and subsequently at Friedrich-
Alexander University, where he obtained his Master’s degree in 1973.

His main research interest was in audio coding and its hardware implementation.
In the course of his doctoral research, which he completed in 1980, he created one
of the first digital signal processing systems for real-time encoding of audio sig-
nals. After conducting postdoctoral research as a visiting scientist at the IBM San
José Research Laboratory in 1980-1981, he returned to Germany to establish the
Liaison Office for Research and Technology Transfer at Friedrich-Alexander Uni-
versity. Completed in 1984, this work laid the foundations for a company called Zen-
trum fiir Mikroelektronik. The company was later incorporated into the Fraunhofer-
Gesellschaft as a working group on integrated circuits, which in turn evolved into
an institute in its own right and ultimately became the Fraunhofer Institute for Inte-
grated Circuits IIS.

Having devoted himself wholeheartedly to applied research, Heinz Gerhduser
was made director of Fraunhofer IIS in Erlangen in 1993. Additionally, in 1999,
he was appointed to the Endowed Chair of Information Technologies at Friedrich-
Alexander University. Under his leadership, Fraunhofer IIS grew to become the
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largest of Germany’s 60 Fraunhofer Institutes, a position it retains to this day, cur-
rently employing over 730 staff.

Heinz Gerhiduser’s vision and entrepreneurial spirit have made Fraunhofer IIS
one of the most successful and renowned German research institutions. Early on,
he understood the challenges and potential of digital broadcasting. Moreover, he
realized that the implementation of digital systems depended on data compression
and audio coding, and it was to these areas that he turned his scientific attention. As
amember of the core project team, Heinz Gerhiuser contributed greatly to the devel-
opment of the mp3 format, which was to become a worldwide success. He was also
instrumental in founding the AudioLabs facility, which brings together scientists
from various countries and is run in conjunction with Friedrich-Alexander Univer-
sity. Its mission is to help Erlangen maintain its leading position in audio coding re-
search for years to come. Outside this field, Heinz Gerhiuser has provided particular
impetus to work on communications and non-destructive testing, which constitute
the principal research themes of the institute’s Nuremberg and Fiirth branches, re-
spectively. At the same time, he has taken a personal interest in medical engineering
and technologies geared towards today’s aging societies.

As well as being the author of a large number of publications, Heinz Gerhduser
has been involved in numerous patented inventions. He helped Fraunhofer IIS spin
off several companies, including IZT and Coding Technologies. In addition, he con-
tributed to the creation of the Fraunhofer Working Group on Electronic Media Tech-
nology AEMT in Ilmenau, which started out as a branch of Fraunhofer IIS before
becoming the Fraunhofer Institute for Digital Media Technology IDMT in 2004.

For his entrepreneurial and scientific commitment, Heinz Gerhéuser has received
many honors, including the Officer’s Cross of the Order of Merit of the Federal
Republic of Germany, the Bavarian State Medal of Merit for Outstanding Services
to the Bavarian Economy and the Bavarian Order of Merit. Furthermore, he has
been inducted into the Consumer Electronics Hall of Fame in recognition of his part
in developing and popularizing the mp3 format and has been awarded an honorary
professorship by Vladimir State University, Russia.

Heinz Gerhéuser offered valued experience and advice in his long-time role as
spokesman and chair of the Fraunhofer Group for Microelectronics as well as in
his capacity as a member of the Science and Technology Advisory Panel of the
Bavarian State Government and as a judge for the “Zukunftspreis” innovation award
conferred by the German President.

On behalf of everybody at Fraunhofer IIS, the editors would like to express their
heartfelt gratitude to Heinz Gerhiuser. His invaluable commitment and outstanding
leadership are very much appreciated. May these qualities be emulated by many and
serve as an inspiration for future leaders. Ever ready to give helpful guidance, Heinz
Gerhiuser has also supported editors Albert Heuberger and Randolf Hanke in their
scientific careers. Similarly, he provided their fellow editor Giinter Elst with benefi-
cial conditions, allowing him the scope to establish Fraunhofer IIS’s Dresden-based
Design Automation Division EAS as a regional center of excellence in microelec-
tronics. For all this we are deeply indebted. We would also like to take the opportu-
nity to thank all contributors to this Festschrift.
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We wish Heinz Gerhiuser the very best of luck for the future, exciting and fruitful
new projects as well as good health and a happy life with his family.

Erlangen, October 2011 Albert Heuberger
Giinter Elst
Randolf Hanke
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Advanced Circuit Design
and Design Automation for Electronics
and Heterogeneous Systems

Giinter Elst, Peter Schneider, Josef Sauerer, Andreas Wilde, and
Manfred Dietrich

Abstract The ongoing miniaturization as well as advances in packaging technology
paves the way to more powerful, intelligent and complex electronic systems, which
are used in many applications. Furthermore new ideas to apply modern manufac-
turing technology enable new sensor concepts. This paper summarizes the work of
the Fraunhofer IIS in the field of design of electronic systems. Current challenges
of design for manufacturability and reliability as well as design of highly complex
systems are discussed and directions are given for exploitation of the advantages in
manufacturing technology.

1 Introduction

Microelectronics is the most important driver for innovations in numerous industrial
sectors. Thanks to advances in modern manufacturing technology highly complex
and intelligent systems can be built at low cost. Together with the worldwide trend
towards new electronic products such as smart mobile devices, autonomous intelli-
gent systems etc. this leads to increasing pervasion of nearly all technical systems
with electronics.

However, microelectronic products must feature rich functionality and high per-
formance as well as high quality, dependability and reliability in order to be com-
petitive on the market. An essential precondition for competitive products is a well-
suited design process.

Currently the most important challenges in design of electronic and heteroge-
neous systems are
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* the reduction of the energy consumption, which is necessary for environmental
as well as for functional reasons,

* the influences of the manufacturing process and operating conditions on the elec-
trical behavior, which must be known, accounted for in the design and mini-
mized,

» the high complexity and heterogeneity of the systems, which yields larger and
more comprehensive models for simulation.

The Fraunhofer Institute of Integrated Circuits IIS meets these challenges by
developing and applying new methods for the design automation of electronic and
heterogeneous systems. The elaborated models, methods, and tools enable a fast
implementation of product specifications into circuits or complete systems. They
complement commercial tools and application specific design flows.

2 Technology-Aware Design: Manufacturability and Reliability

During the last decades feature sizes on chips kept decreasing which yielded increas-
ing on-chip complexity at more or less constant die sizes. At the same time many
new packaging and assembly concepts evolved causing a huge variety of realization
possibilities.

Variations in the manufacturing processes for nanoelectronics lead to consider-
able variations of the devices’ electrical behaviour and hence the complete circuits.
Knowing the impact in terms of parameter variations in the corresponding behav-
ioral models it is possible to minimize these influences, e.g. with an adequate cir-
cuitry and tolerance optimization during the design process. The impact of process
variations on power dissipation and time delay in digital circuits was investigated
and appropriate design methods were developed [1].

The influence of device aging on circuit behavior can be explored in simulations
if equivalent aging models of degradation mechanisms are available and the local
stress at each device is determined. As an important effect hot carrier lifetime degra-
dation was investigated and corresponding aging models are used in an aging simu-
lation flow. Furthermore, the aging models are used to compute safe operating area
(SOA) diagrams that allow the determination of operational regimes which might
cause premature degradation. These analysis methods support design verification to
ensure robustness and reliability of the produced circuit [2].

Recently, one prominent development in assembly technology was the formation
of stacks of thinned dies, which are connected electrically by so called through sili-
con vias (TSVs). TSVs allow for very short interconnect lengths compared to bond
wires. However, due to the increased density of active elements in the 3-D stack new
issues of signal integrity and thermal management occur. Another serious problem
is the generation of thermo-mechanical stress which has an immediate influence on
the circuit behavior and reliability. Furthermore, testing of the very complex stacked
systems is crucial task for the future. For further details see [3].
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3 Design of Highly Complex and Heterogeneous Systems

The increased complexity of current electronics system arising from continuing de-
vice miniaturization, new integration concepts and a heterogeneous system environ-
ment demand improved design methods, tools and languages.

Fraunhofer IIS/EAS has made significant contributions to the standardization of
the SystemC AMS language for modeling and efficient simulation of mixed signal
systems. Following the SystemC philosophy, the SystemC AMS extensions focus on
abstract modeling to permit overall system-level simulations of complex hardware
software systems in “realtime” application scenarios [4]. System components or
parts of circuits can be modeled at various abstraction levels which enables detailed
examinations of the electrical behavior of a partial circuit embedded in less detailed
system model. The possibility of flexible hardware/software co-simulation as well as
the possibility to integrate non-electrical models meet the requirements of industrial
designers and are key selling points of SystemC AMS [5].

The object oriented modeling language Modelica was designed for description
and simulation of complete multi-physical systems. Beside the physical model of
a machine describing electrical, mechanical, hydraulic or other effects and interac-
tions the control algorithms can be specified. More details are described by Clauss
et al. [6].

The mathematical model of a system description with Modelica and also with
SystemC AMS is a so-called hybrid system. The solution of such systems demands
algorithms to solve the equations of the time-continuous and time-discrete parts. The
current work aims at algorithms and tools for computation of models with structural
changes during operation [6, 7].

In the future new concepts for fault tolerant systems covering redundant hard-
ware setups as well as intelligent fault detection and reconfiguration approaches
will be developed, which are based on multiple realization of critical sub-functions,
extension of the system function with redundant parts, and an efficient online diag-
nostics.

4 Circuits and Systems for More-than-Moore Applications

Continuous research in semiconductor technologies to further follow Moore’s law
for smaller and smaller feature sizes brings along new materials in semiconductor
processes, smaller feature sizes, new devices and higher digital integration density.
These achievements cross-fertilize More-than-Moore applications by opening new
possibilities for heterogeneous systems.

One example is nanostructured optical filters. As width and spacing of metal
structures in today’s CMOS processes are below the wavelength of visible light
these layers, normally only used for electrical signal and power distribution, can
be used as optical devices in front of optical sensors like photo diodes. Hence, high
speed polarization cameras become feasible without any additional processing steps
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opening new applications in numerous areas like driver assistance or traffic control
systems or quality control. Spectral filters built this way profit from enhanced trans-
mission caused by surface Plasmon effects.

There are also structures on standard CMOS processes which can be used as sen-
sors. The properties like sensitivity or offset of such devices sometimes are not as
good as those of sensors made in dedicated technologies. However, these sensors
can easily be combined with comprehensive analog and digital signal processing
to improve performance. With this approach novel solutions for intelligent sensor
nodes become possible employing self calibration or self monitoring which is espe-
cially important for safety critical systems. Hall-Sensors are a prominent candidate
for CMOS compatible sensors but due to the low lateral dimensions of CMOS tech-
nologies vertical Hall Sensors suffered from poor performance. But operating them
in an intelligent way and using comprehensive offset and sensitivity control, 3-D
Hall-Sensors become possible opening up new solutions for robust, multidimen-
sional position sensing.

Analog-to-digital converters are key devices for mixed signal applications. But
classical circuit topologies suffer from low supply voltages and high device vari-
ability coming along with advanced technologies. New ADC topologies and cir-
cuit approaches employing “digital assisted analog” help to overcome these limita-
tions.

Wireless communication is another important working area. Autonomous sys-
tems will be necessary in numerous future applications where low power dissi-
pation and high bandwidth efficiency are important. Research projects cover ex-
tremely low power always-on wake-up receiver, cognitive radio architecture for
bandwidth efficient multi-standard receiver and multidirectional antennas with low
form-factors.
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Nanostructured Optical Filters in CMOS for
Multispectral, Polarization and Image Sensors

Norbert Weber, Jiirgen Ernst, Stephan Junger, Harald Neubauer,
Wiladimir Tschekalinskij, and Nanko Verwaal

Abstract Sub-wavelength gratings and hole arrays in metal films are applicable for
polarization and spectral selective sensors, respectively. We demonstrate the fabri-
cation of wire grid polarizers using standard complementary metal-oxide semicon-
ductor (CMOS) processes. Extraordinary optical transmission of hole arrays was
achieved by using the dedicated layer of a modified CMOS process. The structures
were simulated using the finite-difference time-domain (FDTD) method and fabri-
cated using the work flow of integrated circuits. A high-speed polarization image
sensor with a pixel size of 6 um was designed and demonstrated, and multispectral
sensing was implemented using nanostructures with different spectral filter perfor-
mances on a single chip.

1 Introduction

The optical properties of nanostructures in metal films have been intensively stud-
ied by many groups [1-3] and can be used for sensing and imaging devices. Sub-
wavelength gratings and hole arrays are applicable for polarization and spectral se-
lective sensors, respectively. Conventional optical sensors require additional optical
elements for the wavelength- and polarization selective detection of light, i.e. dedi-
cated filter layers deposited on chip or external filters. In this paper we demonstrate
a concept where the filtering is performed by optical nanostructures which are fabri-
cated directly within the metal layers of a CMOS semiconductor process. Together
with CMOS photodiodes implemented below the filtering nanostructures, novel in-
tegrated devices for polarization imaging and multispectral sensing are generated on
a single chip. In this way hybrid elements are generated that combine nanostructured
filters and photo diodes, offering additional functionality (“More than Moore”).
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2 Methodology

The aim of the work presented in this paper is to generate nanostructures during
the CMOS process without additional post-processing. Advanced CMOS processes
with gate-lengths of 180 nm and below and image sensor processes allow the fabri-
cation of structures with critical dimensions of 100200 nm for metal layers. Typi-
cally these metal layers (aluminum in most cases) are used for electrical intercon-
nections only. If the applicable design rules of the process are considered, the metal
layers available by default can be patterned in order to achieve optical functionality.
For improved optical performance dedicated “optical” layers without any electrical
constraints like ampacity and electromigration are advantageous. Tailored optical
filters can be achieved by appropriate design of the lateral shape of the nanostruc-
tured layers at a fixed layer thickness, and the layout of the patterns is defined using
the typical work flow when designing integrated circuits.

The sub-wavelength structures used in this work are wire grid polarizers and hole
arrays, fabricated in standard and enhanced CMOS processes, respectively (Fig. 1).

The optical properties of these nanostructures were simulated using the finite-
difference time-domain (FDTD) method, using the software package MEEP [4]
from MIT as well as the commercial software package OptiFDTD [5]. FDTD is
based on a discrete decomposition of the Maxwell equations into spatial and tem-
poral steps, using numerical techniques to calculate the evolution of the electro-
magnetic fields in time. Provided that precise material models and adequate spatial
resolutions are used for simulation, FDTD yields reliable results matching numer-
ous experiments.

Figure 2 shows an example of an FDTD simulation. The simulated structure is an
array of holes with diameter 200 nm and period 320 nm, patterned in a 200 nm thick
aluminum layer which is embedded in silicon dioxide, a typical material system of
a CMOS process.

The peak wavelength of approximately 570 nm (green) is due to a resonant trans-
mission based on surface plasmon effects (“enhanced optical transmission”) and
depends mainly on the period of the array, while the filter bandwidth is influenced
significantly by the diameter of the holes. The minimum at 480 nm can be inter-
preted as Rayleigh—Wood anomaly.

Metal layer

v

'] Dielectric

- t‘ Photo diode

Substrate

Fig. 1 CMOS photo diodes with sub-wavelength grating using metal layers of standard CMOS
(left) and with sub-wavelength hole array in dedicated metal layers (right)
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Fig. 2 Simulated transmission of a sub-wavelength hole array in 200 nm thick aluminum layer

3 Novel Sensor Types

3.1 Polarization Image Sensor

Sub-wavelength gratings have been used as wire grid polarizers (WGP) for a long
time for radio frequencies. The recent progress of semiconductor processing enables
their fabrication for infrared and visible light, too. This concept can be applied to
single polarization sensors, and also to pixel arrays where different orientations of
the gratings allow the detection of polarized light for polarization imaging as de-
scribed in our previous work [6]. Figure 3 shows the arrangement of such a pixel
and polarizer array in a comparable manner as the well-known Bayer matrix. In this
case, a metapixel consists of 4 sub-pixels with a reference and three grid-covered
pixels with an orientation of 0°, 45° and 90°.

In order to demonstrate this concept, a dedicated polarization image sensor was
designed and fabricated using an unmodified CMOS image sensor process (UMC
0.18 um CIS). In a test chip, an array of 560 x 254 pixels with a size of 6 pm
each was covered by an array of polarization filters. The resolution was chosen,
so that the imager fits on one 5 x 5 mm multi-project-wafer (MPW) tile. The archi-
tecture and electronics of the readout was designed to make a resolution of up to
4000 x 3000 pixel possible. The imager has an analog correlated double sampling
circuit with a differential output. To suppress reset noise a pinned (4T) pixel was
chosen. After illumination first the reset signal of the floating diffusion is sampled.
Then the accumulated charge is transferred to the readout node and this signal is
sampled. Through subtraction of these two values the reset noise is eliminated. The
difference is converted to a differential signal at this stage. Afterwards the signal is



12 Norbert Weber et al.

LLLLLLLLLL

Fig. 3 Pattern of the nanowire polarization filter array used for a CMOS polarization image sensor

passed through the output buffers to the camera. The sensor has 8 differential ana-
log outputs. Each output has a throughput of 40 MPix/s, which enables high speed
imaging with this sensor. 72 columns are handled by one output. To suppress block
artifacts a special method for the readout was implemented. Columns and rows can
be addressed individually, so parts of the sensor can be read out individually. This
can be further used to increase sensor speed. The smallest period of the grating al-
lowed by the design rules of the process was 400 nm, yielding a good polarization
selectivity in the near infrared above 800 nm. In Fig. 4, the measurement of a sin-
gle grid-covered photodiode is shown when illuminated with TE- and TM-polarized
light, respectively. For wavelengths beyond 800 nm the transmission for TE polar-
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Fig. 4 Measured spectral transmission of a grating with a period of 400 nm for TE- and TM-
polarized light
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Fig. 5 Polarization camera analyzing stress birefringence of a polymer slab

ized light is very low, while TM polarized light has an increasing transmission in
the near infrared. This measured relative transmission is in good agreement with the
simulation results.

The polarization image sensor (according to Fig. 3) was built into a prototype
camera setup which is able to be operated at high frame rates of up to 1000 frames
per second.

In a test arrangement, the stress birefringence of a polymer slab can be visualized,
where the calculated Stokes parameters are shown as false colors (Fig. 5). A new
generation of a compact camera system for industrial applications is currently under
development (Fig. 6).

Fig. 6 Novel compact camera system for industrial polarization imaging
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3.2 Multispectral Sensor

For polarization sensing with grating polarizers a standard CMOS process can be
used if near infrared illumination is acceptable. The generation of color filters based
on sub-wavelength hole arrays, however, requires process extensions with dedicated
“optical” layers in order to achieve a good filter performance. Several test chips
with varying nanostructures for color and multispectral sensing were fabricated by
LFoundry GmbH, Landshut, Germany, using an extended 150nm CMOS process
(LF150). Diffraction is observed at small incident angles, dependent on the period
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Fig. 8 Measured spectral transmission of a hole array (hole diameter 200 nm, period of the array
320 nm)
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of the structures as expected (Fig. 7). The size of each photo diode is 300 x 300 Lm?,
the total size of the chip approximately 8 x 7 mm?.

The spectral responsivity of a reference photo diode and the photo diodes covered
by the nanostructures was measured using a white light source and a monochroma-
tor. The light of the output fiber was collimated first and focused onto the photo
diodes using an achromatic lens. In order to eliminate the performance of the CMOS
photo diode, the spectral transmission of the nanostructures was calculated as the ra-
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Fig. 9 Relative transmission of (a) a green band pass filter (510 nm) with a peak transmission of
35%, (b) a yellow band pass filter (590 nm) with a peak transmission of 35%
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tio of the measured spectral responsivity of the device under test and the reference
photo diode.

Figure 8 shows the measured spectral transmission of a hole array with the same
geometry as used for the simulation given in Fig. 2. The peak wavelength of 580 nm
is in agreement with simulation, the minimum at approximately 490 nm is not as
distinct but still observable.

A further improvement of the band pass characteristics can be achieved if a sec-
ond optical layer is used. Optimizing both layers offers significant degrees of design
freedom but requires extensive simulations. The result of this optimization proce-
dure is shown in Fig. 9a, where the filter bandwidth is reduced without lowering the
peak transmission of approximately 35%.

The possibility of tailoring the wavelength of the band pass filter is an important
feature for implementing many photo diodes with different spectral sensitivities on
a single chip for on-chip color and multispectral sensors. In Fig. 9b, the measure-
ment of a two-layer nanostructure designed for a different wavelength is shown to
illustrate this possibility.

4 Conclusions

We demonstrated the feasibility to fabricate wire grid polarizers using standard com-
plementary metal-oxide semiconductor (CMOS) processes, where the existing alu-
minum layers, intended for electrical interconnects only, are used for patterning
the nanostructures. Regarding hole arrays with extraordinary optical transmission,
a band pass filter performance of the plasmonic structures with peak transmissions
of 35% was achieved by using the dedicated layer of an enhanced CMOS process.
The tailoring of the transmission spectra by varying hole size and period of the hole
array was evident. All metallic structures were simulated using the finite-difference
time-domain (FDTD) method and layouted using the work flow of integrated circuit
design. The spectral response of uncovered photodiodes and photodiodes including
nanostructured layers were measured and the relative transmission of the on-chip
filters was calculated for different polarization states of the incident light. Based
on these results, a high-speed polarization image sensor with a pixel size of 6 um
was designed, fabricated, and demonstrated using a camera system developed for
polarization imaging. Multispectral sensing was implemented on several test chips
using arrays of photodiodes and nanostructures with different spectral pass band
characteristics.
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Electronic Design Automation
for Implementation of 3-D Integrated Systems

Uwe Knoechel, Andy Heinig, Jorn Stolle, Sven Reitz, and Andreas Wilde

Abstract The technology of vertical integration using Through Silicon Vias (TSVs)
now is mature for commercial products with a smaller form factor, better perfor-
mance, less power consumption and lower cost. This paper addresses two challenges
faced with the design using vertical integration. First, methods for the character-
ization of the physical behavior of the new interconnect structures are described.
Second, since issues of reliability and thermal management become more important
and difficult and the design space is drastically larger, new early stage design tools
are needed. A new floorplanning flow is introduced which supports the cost and
performance optimized implementation of digital systems in a stack.

1 Introduction

After several years of research, the technologies for 3-D integration of electronic
systems are ready for commercial applications. They enable the dense integration
of different dies (e.g. analog, CMOS, sensors) in a single package.

First 3-D products were image sensors integrated with high performance proces-
sors [1]. Today products are mainly based on the reuse of existing designs. Inter-
posers provide the redistribution of signals and interconnections between individual
dies of a stack as shown in Fig. 1. This is sometimes called 2.5D design.

Through silicon vias (TSV) enable full 3-D-integration by direct interconnec-
tion between dies without interposers. This offers a variety of possibilities for new
system concepts:

* higher performance, due to reduced interconnect length,
* lower power consumption by using dedicated silicon technologies for each sub-
system,
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Fig. 1 Interposer based integration of image sensor and processor [1]

* reduction of manufacturing costs for large SoC or multi-processor setups [2],
whereat the yield is reduced with increasing die size
» and small form factors for applications in smart systems technology [3].

Assuming, that the design starts from scratch, the design space is large. Options
are e.g. the number of dies and their individual silicon technologies; interconnect
technologies and the order of dies in stack; and the partitioning and placement of
functional blocks. Any choice of these options has an impact on performance, yield,
reliability, testability, and production costs of a product.

Design tools made for 2-D support the design of the individual dies but cannot
handle problems of stacking, such as electrical behavior of through silicon vias, heat
transfer in a stack, or electromagnetic coupling between different layers. Therefore,
3-D design demands new EDA solutions that support detailed analyses on physical
level and provide a modeling strategy how to consider those effects on system level
(see Sect. 2). Based on knowledge and models of the multi-physical dependencies
in a stack, a cost and thermal aware 3-D floorplanning algorithm is introduced in
Sect. 3.

2 Physical Level Analyses in 3-D Design

Due to the dense interconnections between the stacked layers and increasing op-
erating frequencies, parasitics like skin and proximity effect, cross talk or signal
delays may influence the electrical function of the entire 3-D system significantly.
Especially the RF behavior of the TSVs, (Fig. 2) has to be taken into account.

Furthermore, the very close placement of functional blocks may affect function
and lifetime, e.g. due to thermal and thermo-mechanical effects. Power losses result
in hot spots and require sufficient thermal management. The heating of the stack
as well as different processing temperatures may cause additional mechanical stress
in the system which may change the behavior of mechanical sensing elements (e.g.
pressure sensors) and may cause reliability issues [4].

Regarding these aspects, a system design for 3-D is a multi-criteria optimization
task with a huge amount of design parameters. Equivalent network or behavioral
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Fig. 2 3-D Interconnect structure with through silicon vias (source: Fraunhofer EMFT)

models, design guidelines as well as new modeling approaches and efficient simu-
lation algorithms are necessary for this system design support. Further explanations
will be focused on the RF and thermal behavior of the TSVs as the main part of this
multi-criteria and multi-physics problem in 3-D system design.

2.1 Electrical Characterization of TSVs

Electromagnetic field solvers, e.g. the full wave simulator Microwave Studio (MWS)
from CST, can be used to analyze the influence of interconnect structures (includ-
ing TSVs) on the behavior of particular subsystems or signal paths. Results of the
simulation, which solves the underlying Maxwell equations with the finite integra-
tion technique (FIT), are scattering parameters (S-parameters) describing exactly
the electrical behavior of the structure in the RF domain. The first part of Fig. 3
shows the RF simulation model (MWS) for a TSV with connection pads, silicon
oxide layer, and silicon substrate for a preferably detailed copy of the real structure.
Results are E- and H -field distributions as well as s-parameters considering skin
and proximity effect in the RF domain (Fig. 3, second part).

The obtained S-parameters of the MWS-simulation are the basis for matching
and optimizing equivalent network models of the investigated structures. By adapt-
ing these parametric RLCG network models (Fig. 3, right), the electrical behavior
of the TSVs can be represented appropriately and used in circuit simulation, e.g. in
Spectre or SPICE. The entire flow of the optimization is realized within our in-house
tool MOSCITO Simon. Based on this approach, models for typical interconnect-
TSV structures can be generated efficiently.

In addition to the ohmic losses (Rrsy) in the depicted RLCG network model, the
capacities Cox (silicon oxide layer) and Cgy (silicon substrate) are also important.
They particularly affect the signal delay. Therefore, besides the geometry of the
TSVs, oxide thickness, and substrate material (in terms of electrical conductivity)
must also be considered.

As dedicated libraries they are included into the system design flow and used for
electrical simulation w.r.t. parasitic effects like skin and proximity effect.
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Fig. 3 CST MWS-model of TSVs with S-parameters, time signals, and RLC-network model

2.2 Thermal Characterization of TSVs

Due to the high packaging density, power dissipating blocks and temperature-
sensitive devices might be located very close together. The resulting hotspots
may influence the system behavior significantly. Thermal gradients or temperature
changes in the system may also have a large impact on the mechanical reliability
of the system. Therefore, thermal management is very important for the design of
entire 3-D systems.

Figure 4 left depicts a half model of a TSV with ICV-SLID connection to the
lower die as well as a transmission line on top. In the right part of the same fig-
ure the thermal influence of this TSV structure with a diameter of 10 wm at the
proximity of a power device is shown. The temperature of the hot spot is reduced
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Thermal resistance Cu=-TSV in stack

Fig. 4 Left: Half model of TSV with ICV-SLID connection to the lower die as well as transmission
line on top — right: Temperature distribution of a 3-D stack with power device using this TSV
structure with different diameters (d = 10 pum shown)
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by about 13 degrees to 101 °C by increasing the diameter of the TSV from 5 to
10 wm. The higher the diameter the better the heat flux to lower dies of the stack.
Further parameters which have an impact on heat removal and are investigated in
parameter studies are the thickness of the oxide between die material and TSV, the
distance between TSV and power device as well as width of the transmission line
and used materials. Current 3-D systems have hundreds up to thousands of TSVs.
Using dedicated pattern of TSVs the heat flow in a 3-D stack can be improved sig-
nificantly.

3 Implementation of Digital Systems in 3-D

While traditional 2-D-designs are mainly optimized for minimum area, in 3-D vari-
ous interdependencies between performance, multi-physical effects, and costs must
be considered. The number and placement of TSVs plays an important role:

¢ TSVs consume significant die area, which increases wafer costs (at 45 nm node
one small TSV takes the area of about 16 NAND cells and an additional keep off
zone).

* TSVs can reduce the interconnect length which increases circuit performance.

* TSVs transfer heat within a stack.

Figure 5 depicts a first approach for a design flow based on a 3-D floorplanning
algorithm. The number of layers which are efficient for a design and location of the

netlist =
parameters

3D-Floorplanning
ﬂ insert TSVs

Fig. 5 Netlist to Layout Flow for 3-D System
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functional blocks in a stack are determined during the cycle. After TSV insertion the
place and route (P&R) is done by 2-D P&R tools. This cycle of design steps can be
repeated for optimization. The design steps are outlined in the following sections.

3.1 Coarsening of Gate Level Netlist

The input of the flow is a digital gate level netlist as commonly used in 2-D design.
Because the number of cells at gate level exceeds the capacity of a floorplanner, the
cells are partitioned in a coarsening step into so called supercells.

Because TSVs use significant die area, the number of TSVs should be reduced.
Each interconnection between two supercells can result in a TSV if those are placed
at different dies. Therefore the coarsening step encourages the goal of reducing the
number of TSVs by minimizing the number of cuts in interconnects between su-
percells. In this way, the supercells are created independently from the hierarchy
of a design. As a further constraint, the total area of the supercells should be in the
same range. Such types of partitioning problems are known as NP-complete. A good
heuristic strategy for solving this problem is given by the hMetis algorithm [5] that
is used in a modified way.

3.2 3-D Floorplanning Algorithm

The floorplanning step is the major part of the proposed design flow. It places the
supercells to the individual dies and within the dies to non overlapping positions. To
handle this mapping from supercells to positions at dies, an efficient data structure
is needed. Some work was done for developing data structures for the floorplanning
of 2-D chips. In the 3-D domain these structures can be extended to either 2.5D
structures or real 3-D structures [6].

As shown in Fig. 6, stochastic optimization was selected to compute floorplan
candidates. The cost function plays a central role for the evaluation of floorplanning
results. It has to consider electrical and multi-physical properties which influence the
system performance as well as overall cost of the system. The definition of the cost
function and weighting between the mentioned factors is influenced by requirements
of the target application and improvement of stacking technologies. Especially the
formulation of cost related to thermal and electromagnetic aspects is an ongoing
research task that is supported by multi-physic analyzes as outlined in Sect. 2.

Different stochastic optimization techniques such as threshold accepting algo-
rithm, simulated annealing, or great deluge algorithm are used for floorplanning.
In [7] we discovered that the threshold accepting algorithm delivers the best re-
sults for production cost optimized floorplanning. The algorithm needs operations
to generate a new configuration from a current one. Only few changes should be
made between two subsequent configurations. Six operations are used in this imple-
mentation:
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Fig. 6 Floorplanning of 3-D-systems with stochastic optimization

* Move the position of a supercell at the same die,

* Swap the position of two supercells at the same die,
* Change the aspect ratio from one supercell,

* Move one supercell to another die,

* Swap two supercells between different dies,

* Move the point of origin.

At first a start configuration is chosen randomly. Following, in every optimization
step a neighboring configuration is generated by selecting and executing one of
those operations on the current solution. This new solution is accepted with a given
probability, regarding the evaluation of cost function. The algorithm ends, if a stop
criterion is fulfilled, e.g. maximum number of iterations is reached or if almost all
of the neighboring solutions are discarded.

3.3 Via Insertion

After the floorplanning of the supercells is done the TSVs are inserted into the floor-
plan. Because the supercells contain a lot of smaller standard cells, the TSVs are
placed into it with priority. The additional area for the TSVs was already consid-
ered in the floorplanning step. If all possible TSV positions are already occupied,
a search in the neighborhood is done.

3.4 Place and Route

As a last step, place and route of the single dies is done with a standard P&R tool.
Therefore, the original netlist is partitioned into individual netlists for each die. Fur-
thermore, scripts are generated which place the TSVs to their determined positions.
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The standard cells within the supercells are placed first to the center of the super-
cell. Later their position is optimized by the P&R tool. Further timing constraints
for each die as calculated by the 3-D floorplanner are set by a script. After these
preparations, the standard 2-D P&R can place the cells to their best positions con-
sidering timing and design rules. The fixed positions of the TSVs guarantee that
corresponding TSVs are aligned on their dies. After completion for all dies, the 3-D
implementation of the initial gate level netlist is done.

3.5 Example

Figure 7 depicts the 3-D implementation of a high-scalable VLIW-processor de-
signed with the proposed flow. In a 2-D-system the processor was placed at a die
with 700 000 wm? and total costs of 100 units. With the proposed method, the same
system can be implemented as a stack of three dies with a total area of 643 000 jLm?.
As it is shown in Fig. 2, the cost optimal system consists of dies with different size.
The dies cost 35 4 35 + 15 units. With additional 10 units for TSV processing and
stacking, the total manufacturing costs are with 95 units below the 2-D implementa-
tion. The cost advantages will growth with design size. Furthermore the timing was
improved. The longest path in the 2-D-system has a delay of 2.9 ps whereas in 3-D
the delay was reduced by 0.2 ps to 2.7 ps.

Fig. 7 Supercell placement of a VLIW processor on three dies (bottom, middle, top)

4 Conclusion and Outlook

3-D integration opens up a large design space. Today most 3-D products are based
on existing designs that are stacked and connected with interposer layers. Enhanced
3-D integration, with trough silicon vias, requests a common design of all individ-
ual dies. Therefore, new design tools are under development. The presented flow
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for cost-efficient implementation of digital systems in a stack shows a first concept
of a 3-D EDA solution. Beside the manufacturing costs, the system optimization
must concern performance issues related to multi-physic effects in a stack. There-
fore links between multi-physical analyzes and circuit design tools are needed. The
standardization of an open data format for the description of 3-D designs could be
an important step for building up a powerful 3-D design environment.

Further research is done to enhance the capability of floorplanning algorithms to
support the complexity of future designs, as well as to provide support for stacks
that contain digital, analog, RF and sensor components.
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Analog to Digital Converters
for Mixed Signal ASICs and SOCs

Johann Hauer, Stefan M6dl, Harald Neubauer, Matthias Oberst,
Matthias Volker, and Haiyan Zhou

Abstract Analog to Digital Converters (ADCs), key functions for mixed signal
ASICs and SOCs stay in the main focus of our work as enabling technology for
many different system applications. New requirements of system as well as of tech-
nology aspects call for new concepts for analog to digital conversion like direct
sensor signal conversion or digital assisted analog functions. Four examples from
current research and development projects are depicted in this article.

1 Introduction

The future of digital signal processing and data computing is closely linked to the
performance of CMOS based processor implementation which is still driven by
transistor size reduction and increase in gate density. This is popularly known as
Moore’s law, referring to a famous postulate of Gordon Moore, cofounder of Intel,
who forecasted in the 1970s, that silicon based integrated circuits would have a great
future. One of his expectations was, that the number of components (transistors) per
given area will double every one or two years due to miniaturization. Nowadays
the “International Technology Roadmap for Semiconductors” (ITRS-Roadmap) has
overtaken the role of predicting the future of semiconductor process development.
For CMOS based leading edge technologies, the ITRS-forecast in 2010 was from
24 nm processes in 2011 to 8 nm in 2022. That the race is still ongoing and even
beating the forecast was demonstrated by Intel in June 2011 announcing its 22 nm
process ready for production.

A tremendous increase of digital processing power can be foreseen. However the
real world is analog and interfacing with the analog world requires analog signal
processing, which is not as easy implemented on high density low voltage nanome-
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2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 ...2022

ASIC Gate length [nm] | 38 32 29 27 24 22 18 17 15 14 8.1

ASIC MTransistors/mm? | 3.57 | 449 | 566 | 7.14 | 899 | 11.3 | 143 | 18.0 | 22.6 | 285 114

Fig. 1 Extract from the ITRS-Roadmap

ter processes. Analog to Digital Converters (ADCs) and Digital to Analog Convert-
ers (DACs) are the key elements for connecting digital processing systems to sensors
and actors in the real world. The resolution and bandwidth requirements for these
interfaces strongly depend on the applications. Most of the interfaces are propri-
etary and the specifications are tailored to the actual needs of the processing system.
Nevertheless some general tendencies can be identified. Typical resolutions of mea-
surement systems for industrial applications range from 10 to 14 bit. Bandwidth re-
quirements range from quasi static measurements of environmental conditions like
temperature over many medium bandwidth implementations to very high frequency
applications for communication purposes. Application areas are industrial control,
audio and video signal applications, medical ultrasonic and Xray imaging and high
frequency communication devices.

2 Pipeline ADC with Partial Amplifier Sharing

Pipeline ADCs are preferred architectures for high-speed (10-250MS/s) data con-
version at medium to high resolution (8—14 bits). They are employed in a variety of
applications such as communication, imaging and fast control systems. Within this
architecture, residue amplifiers are known to dominate power dissipation due to the
simultaneous demand for low noise, high-speed, and precise linear amplification.
This is especially true for the amplifiers in the first few-stages of the pipeline, which
have the greatest impact on the ADC overall performance.

Several techniques have been developed to reduce the power dissipation [1]. One
consists in reducing the power dissipation of the operational amplifiers. This can
be achieved by exploiting stage scaling techniques, where switched capacitor (SC)
circuits are determined by noise requirements in each stage. It has been proven that
thermal noise contribution of a given stage is reduced by the gain of the previous
stages, allowing the reduction of the capacitors size of that stage. Another technique
is based on amplifier sharing between adjacent ADC stages working in opposite
clock phases. This allows a theoretical reduction of half the number of amplifiers.
However, amplifier sharing technique introduces some drawbacks since additional
switches are needed in the implementation affecting the stage settling time. The
complexity of the pipeline stage is increased and more clock signals with different
phases are needed for the switches of the ADC. This is especially critical in the first
stages of the pipeline. Therefore also a hybrid architectural version was analyzed
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Fig. 2 Pipeline ADC with conventional scaling

with two conventional stages at the beginning of the pipeline and amplifier sharing
for the following stages.

Figure 2 shows a block diagram of a pipeline with conventional scaling. Each
stage consists of the same architecture. The improved pipeline with full amplifier
sharing is depicted in Fig. 3. For a partial amplifier sharing ADC the two first stages
are designed as in conventional pipeline ADCs, each one with its own amplifier
while the rest of stages take advantage of amplifier sharing technique. In this way,
some of the aforementioned drawbacks, specially the settling time for first stages are
minimized. In order to evaluate the performance of these topologies, a comparison
of three equivalent converters has been done: a conventional type, one using full
amplifier sharing and another one with partial amplifier sharing. The results are
based on layout extracted simulations which include parasitic influences.

Simulated power reduction was 40% for the fully shared and 33% for the partially
shared type compared to conventional pipeline. For the fully shared pipeline the
SNDR drops from 68.1dB to 66.6 dB, compared to the conventional type. A 20%
area reduction could be achieved for the fully shared type compared to conventional
pipeline. For the partially shared type, SNDR was simulated to be 68.7 dB. The area
is practically the same as for the fully shared type. In the meantime different pipeline
architectures are integrated and successfully tested.
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Fig. 3 Pipeline ADC with amplifier sharing



32 Johann Hauer et al.

3 Low Power Cyclic 12 Bit@1 MS/s ADC
for Industrial Control Application

Position and rotations sensors are used in many industrial applications. Measure-
ment principles are based on optical or capacitive sensing with nonius coded rings
and plates. Primarily, this results in a sine signal with a given relation between
sine phase and position. There is also a fixed relation between the frequency of
the sine signal and the rotation speed. For most applications the signal frequency
is between zero and up to 410kHz, which relates to idleness or a rotation speed
of 24 000 rotations/minute for a 1024 resolution encoder. Since in many cases the
distance between sensor and processing unit could be quite long, digital data trans-
mission is preferred. For many safety applications like cranes, lifts or robots the
sensor acquisition, processing and data transfer must be designed for high reliabil-
ity and safety levels related to regulations for functional safe product design like
Safety Integrity Level (SIL), which are defined by international norm regulations
IEC61508/IEC61511.

For industrial position and rotation sensors a low power, low area ADC with
12 Bit resolution @ 1 MS/s was developed. Since the final product should be minia-
turized a high level of integration was needed. In the final ASIC two of the ADCs
were integrated for a two channel sine-cosine measurement principle. The second
part of the ASIC consists of the digital signal processing for a SIL-Level 2 approved
data transmission. For the ADC the most critical requirements concerned power
consumption and chip area (both as low as possible) and an extended ambient tem-
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Fig. 4 Block diagram of a cyclic ADC
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perature range of —40 up to 125°C. A block diagram of the cyclic ADC is shown
in Fig. 4.

The ADC works with a clock of 18 MHz derived from the 72 MHz system clock
of the ASIC. The input signal is sampled to the input capacitor C1. For the calcu-
lation of the MSB (First Bit) the gain of the amplifier is set to “1” and the 1.5 Bit
Flash ADC makes a decision. The DAC calculates the corresponding analog value
which is subtracted from the input value. The residue is stored in capacitor C2 and
transferred to C1 for the next cycle. So for the calculation of each bit one clock
cycle would be necessary. However, the demand for bit decision accuracy is much
higher for the first few bits. The decision accuracy can be influenced either by in-
creasing the circuit current or by allowing a longer signal settling time. At the actual
implementation the timing for the first four bits consists of two clock cycles each.
Therefore a full conversion cycle needs 16 clock cycles instead of 12. However it
was possible to reduce the necessary power consumption to almost half of the value
necessary for a full speed implementation. For further power reduction it would be
possible to adjust the bias current for the gain amplifier and the comparators for
every cycle. But this would lead to a very complex control structure and a quite
unpredictable behaviour over temperature and process variation. The selected ap-
proach is a good trade off between power reduction and complexity and it yields
a high reliable functionality. The ADC was simulated for a broad range of process
corners and a chip temperature range of —40 °C to 150 °C. Sensitivity analysis was
done by Monte Carlo simulations. Finally the ADC was implemented in a 350 nm
CMOS technology of austriamicrosystems AG, Unterpremstitten, Austria. A mea-
sured power spectral density (PSD) plot is shown in Fig. 5. The input signal is
normalized to 0 dB. The 3™ harmonic limits the calculated SNDR value to 66 dB.

The ADC macro occupies an area of 0.3 mm? and consumes 3 mW from a 3.3 Volt
supply. Extensive evaluation showed that the ADC achieves 10.8 effective numbers
of bits (ENOBs) over temperature und supply voltage range. The ASIC is in pro-
duction and used for many industrial applications.
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Fig. 5 Power spectral density plot of the output of the Cyclic ADC
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4 CT A X -ADC for Direct Conversion of CdZnTe Detector
Arrays

Cadmium—Zinc—Tellurium (CdZnTe) detectors are promising candidates for room
temperature operated radiation detection sensor arrays [2]. Readout circuits for
CdZnTe detector arrays measure charges caused by electron—hole pair generation
due to ionizing events. These circuits are mainly based on semi-Gaussian shaping
of the input signal followed by peak height detection and timing analysis in the ana-
log domain. The semi-Gaussian shaping has been developed over many years and
has been deployed in many detector circuits. A typical detector channel as used in
current developments is depicted in Fig. 6. The charge pulse emitted by the sensor is
integrated by a charge sensitive amplifier and filtered by shaping filters. Peak sam-
pling or timing analysis can be done on the shaped pulses depending on the selected
shaping time.

Figure 7 depicts the described signal processing chain. The analog shaping filters
in front of the sampling circuit are required to avoid aliasing during the sampling
process and to suppress high frequency noise. Relaxed requirements in terms of anti-
alias filtering would offer the possibility to move pulse shaping, peak detection and
peak sampling into the digital domain. Continuous-time (CT) delta-sigma ADCs
meet these requirements very well:

» The shaping filters can be moved to the digital domain due to the implicit anti-
alias filtering of these converters.

* The resolution scales with the data rate which makes it a perfect solution for high
data rate timing analysis as well as high resolution peak sampling.

» The digital processing can be easily shared between several pixels.

A continuous-time delta-sigma CT AX-ADC was especially designed for direct
analog to digital conversion of CdZnTe detector arrays. Figure 8 shows a block
diagram of the channel architecture of the new approach.

The continuous time ADC is the key element of the new channel architecture.
A resolution of 12 bit is required which results in a minimum SNR of 74 dB. Due to
the non-linearity correction in the digital signal processing the THD can be relaxed
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|
|
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Fig. 6 Conventional analog radiation detector channel
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Fig. 8 ADC-based radiation detector channel

to —50dB. A signal band of 625 kHz is selected to allow a shaping time of 1500 ns.
Shorter shaping times can be achieved with reduced resolution. The generation and
distribution of very low jittered clocks on large readout ICs is a challenging task.
A multi-bit implementation with non return-to-zero feedback pulses offers a high
tolerance against clock jitter. It also allows a second order loop in combination with
an oversampling ratio of 50 which reduces the number of operational amplifiers and
the requirement for very high gain-bandwidth as well.

The modulator block diagram is illustrated in Fig. 9. Two RC integrators are
implemented for the 2nd order loop filter. The 4 bit quantizer is realized as a flash
ADC. Three current-mode DACs (IDACs) feed back the quantizer output to the
inputs of the respective building blocks. IDAC1 and IDAC2 use cascoded current
sources in a complementary structure. The IDAC cells deliver positive and negative
output currents for the summing nodes. For the quantizer also a direct feedback
is foreseen to compensate for excessive loop delay. A fixed delay of a half clock
period is introduced to support signal dependent ADC decision. In order to avoid the
complexity of summing two voltage signals at the input stage of the quantizer, the
summing operation is shifted to the reference stage. The resulting function exhibits
the same signal transfer function as achieved by summing at the input nodes.

Architectural block level simulation and optimization were done with HDL-
Models. Finally, a transient simulation for the overall A ¥ modulator was performed
on circuit level. The clock was set to 50 MHz with a duty cycle of 50%. A sine sig-
nal with 0.6 V amplitude (—4.4 dBFS) and 500 kHz frequency was applied. The out-
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Fig. 10 Simulated power spectrum density for the CT A X modulator

put data of the modulator were exported to Matlab to compute the spectrum using
a4096-point Hanning windowed FFT. The spectrum of the output data is depicted in
Fig. 10. Signal to noise Ratio (SNR) was simulated for the whole input signal range.
A maximum SNR of 78.3 dB was achieved at 0.7 V input amplitude (—3 dBFS). The
calculated Dynamic Range (DR) is 81 dB.

5 Fluxgate Sensor ASIC for Space Applications

The advanced concept of direct sensor signal conversion was used for the implemen-
tation of a new control and measurement system of a fluxgate based magnetometer
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for space missions to monitor earth or planetary magnetic fields [3]. Fluxgate mag-
netometers consist of a set of coils producing a magnetic field which counteracts the
external magnetic flux. So detecting the point at which external and internal fluxes
are equal and measuring the current necessary to produce the internal flux gives
a high sensitive result for the external magnetic field.

A cascaded 2-2A Y modulator is used for analog to digital signal conversion.
The sensor is connected to the input of the first modulator over a preamplifier und
an asynchronous demodulator. As shown in Fig. 11 the fluxgate sensor is part of the
feedback loop of the first 2" order modulator, keeping the flux in the sensor in an
equilibrium. An increased signal to noise ratio is achieved by the following 2"¢ or-
der modulator. Four channels of the 4" order A ¥-modulator were implemented
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Fig. 12 Layout of the multichannel ADC for spaceborn fluxgate sensors
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on a 350nm CMOS technology for a three axis magnetometer and a general house
keeping channel for voltage, current and temperature measurements on the satellite.
The modulators are combined with complex digital filter functions, which allow an
online trade off selection of resolution and bandwidth. Figure 12 shows a photo
of the measurement circuit. The devices were successfully tested in the laboratory,
evaluated with different fluxgate sensors and qualified for space missions. The mea-
surement of the house keeping channel showed an SNDR of 92dB and a DR of
98 dB for a 10 Hz input signal. Using a fluxgate sensor under controlled conditions
a minimum noise figure of 3 pT/sqrt(Hz) at 1 Hz was measured. Confirmed radia-
tion tolerance up to 300 krad, low power consumption of 13 mW for each fluxgate
channel and a total chip area of 20 mm? for all analog and digital functions make the
ASIC very attractive for space applications. The fluxgate measurement instrument
is selected for the Magnetospheric Multiscale Mission (MMS) with four satellites
planned to be launched in 2014 by the NASA.

6 Summary

For many mixed signal systems the ADC presents the most critical requirements and
demands considerable effort for the system implementation. In this paper four differ-
ent ADC implementations are presented, which, due to their requirements, employ
different architectures. Future research concentrates on sophisticated combinations
of known architectures and on new designs for nanotechnologies.
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Robust Position Measurement Systems
Based on Integrated 3-D Magnetic Field Sensors

Hans-Peter Hohe, Michael Hackner, Markus Stahl-Offergeld, Volker Peters,
and Josef Sauerer

Abstract Today’s position measurement systems are restricted to systems based on
lateral Hall sensors and, hence, suffer from low robustness concerning temperature
dependency and disturbing external magnetic fields. With the application of 3-D
Hall sensors new principles in signal conditioning can be applied. Position values
are then calculated from the complete flux vector and not only from a single com-
ponent of the magnetic field. Thus it is possible either to perform multi axis position
measurement or to use gradient approaches to come to more robust systems. The
drawback of these approaches is that the complexity of system design increases. So
it is necessary to set up new development methodologies for such multidimensional
systems. In this article an approach to design such robust multidimensional position
sensors systems is proposed.

1 Introduction

The basis of the new robust and/or multidimensional position sensor systems is
a low cost integrated 3-D magnetic field sensor without magnetic active material
in the signal path. These sensors can be realized on standard CMOS processes and
can therefore be combined with signal conditioning circuitry around. Such a 3-D
magnetic field sensor called magnetic pixel cell is shown in Fig. 1.

Even though the sensors for the three orthogonal magnetic field components can
not be placed exactly at the same location on the chip, you can think of this 3-D
sensor as a punctual sensor in almost all applications due to two reasons:

« the size of the sensor (150 x 150 wm?) is small with respect to the size of most
used permanent magnets,
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Fig. 1 3-D magnetic field sensor ‘pixel cell’

 the gravity centers for the four hall elements needed for each component of the
magnetic field vector are identical.

Only in a few specialized applications the size of the sensor and the location of the
sensors for the three magnetic field components have to be considered.

Auxiliary to the basic 3-D measurement functionality each pixel cell has an inte-
grated coil that is able to expose all three sensors for the magnetic field components
with an additional magnetic field dependent on the current through the coil and
hence well known in magnitude. This can be used to

* implement a regulator for a constant sensitivity of the sensors (no drift over tem-
perature, no ageing, no stress effects, ...),

* do an electrical test of the sensors after fabrication (low testing costs),

* implement a self test of the sensors for safety critical applications (SIL).

This basic 3-D magnetic field sensor is ready to use for the two main robustness
principles.

2 Robustness Principles for Applications

2.1 Relative or Angle Principle

Using the relative or angle principle, one gets rid of temperature effects no matter
where they come from.

Imagine a permanent magnet surrounded by its magnetic field. A magnetic field
sensor is placed somewhere in the magnetic field at a certain location. If the tem-
perature of the permanent magnet (or the temperature of the sensor chip) increases
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the measured strength of a single magnetic field component in the sensor will de-
crease. This is due to the negative temperature coefficient of the magnetization of
the permanent magnet (or the negative temperature coefficient of the sensitivity of
the hall elements which are inside the sensor). A position calculated from this single
component magnetic field value will be influenced by temperature changes of the
magnet or the sensor. Temperature changes of the sensor can be measured by appro-
priate means on the chip and be corrected by activation of the sensitivity regulator
using the integrated coil. But temperature changes of the permanent magnet (which
is placed on the physically separated moving part) can not be corrected and lead to
an error for example in the derived position value.

Repeating the same thought experiment and looking at the direction of the mag-
netic field lines at the position of the sensors (and not at the magnetic field magni-
tude) then there is no change. The direction of the magnetic field lines remain the
same even if the temperature of magnet and/or sensor changes dramatically.

If it is possible to measure more than one component of the magnetic field vector,
one can deduce a final position value from a quotient between two different mag-
netic field measurement values representing different components of the magnetic
field. Doing so eliminates temperature dependent effects especially coming from the
permanent magnet. Calculating an angle out of the same two magnetic field values
has the same effect on temperature effects. The decision between quotient and angle
calculation is only a matter of better linearization of the final position.

2.2 Difference or Gradient Principle

The gradient principle can be used to reduce the influence of external homogenous
disturbing fields (e.g. coming from magnetic field sources far away).

Now, imagine a small magnet which has a rather big distance to the measuring
sensor. Such a system will be strongly influenced even by the earth magnetic field.
To eliminate the influence of the earth magnetic field it is recommended to use two
magnetic field sensors for the same magnetic field component in a certain distance
(several millimeters) on the same chip. By using the difference (differential quo-
tient) to calculate the position value it is possible to eliminate the constant part of
the chosen field component and therefore for example the influence of the earth
magnetic field.

Unfortunately this principle completely eliminates disturbing external fields only
if they are constant over space. This is only fulfilled for the earth magnetic field. But
all other local disturbing elements can be reduced in their impact on the position
value.
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3 Robust Position Measurement System

To implement a robust position measurement system using both robustness princi-
ples at the same time a sensor chip with two pixel cells at a certain distance was
developed. The setup of this system is shown in Fig. 2.

A cylindric magnet is used moving in x-direction above the sensor chip. Two
pixel cells (3-D magnetic field sensors) are located on the chip. Moving the magnet
over the full distance of 4+/—10 mm results in the measurement values shown in
Fig. 3.

Because of the geometry of the system, the y-components of the two pixel cells
are always zero. The following values are simulated and shown in the diagram:

* ‘Bx’ the average value of the x-components of both pixel cells
* ‘Bz’ the average value of the z-components of both pixel cells
* ‘dBxnx’ the difference value of the x-components of both pixel cells
* ‘dBznx’ the difference value of the z-components of both pixel cells.

In the following sections two different calculation methods of the position value
are described. The first uses only the ‘angle’ robustness principle and the second
uses the ‘angle’ and the ‘gradient’ robustness principles. The formulas are shown in
Fig. 4.

The difference between the two calculation schemes is that the second one is
robust against external disturbing field and the first one is not. This is due to the
fact, that the second one is based on gradient values and not on absolute (average)
values like the first one.

— .l 2
~ Moving direction _
|

~___—— Magnetic field line
Pixelcell 1 4

Pixel cell 2 0.005

-0.005 X

Fig. 2 Position measurement system using ‘difference’ and ‘relative’ principle
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Fig. 4 Formula to calculate the angle and gradient

The final step to get a position measurement system is the linearization. A nonlin-

45

ear transfer function is used to derive the position out of the calculated angle value.
In most cases this transfer function is done via look-up table and linear interpolation
between the base points. Doing so leads to the following characteristic curve (Fig. 5)

with the associated deviations shown in Fig. 6.

The remaining error mainly results out of the linear interpolation between the set

points of the linearization table.

Blue curves show the behaviour of the ‘angle’ based system whereas the ma-
genta curves represent the behaviour of the ‘angle and gradient’ based system. Fig-
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ure 6 proves that the two calculation schemes ‘angle’ and ‘angle with gradient’ have
nearly the same basic resolution and linearity. So a gradient based system is not
necessarily worse than an absolute value based system.
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Fig. 8 Characteristic curve of the disturbed position sensor for both calculation methods

To show the robustness against external disturbing fields a simulation with a sec-
ond magnet with identical dimensions but shifted by 15 mm in positive z-direction
is done. Figure 7 shows the configuration.

If the magnet for position measurement is moved in x-direction and the disturb-
ing magnet is fixed to the shown location 15 mm above this results in the character-
istic curve shown in Fig. 8 left side.

Again the blue curve represents the ‘angle’ based system — magenta curve rep-
resents the ‘angle’ and ‘gradient’ based system. It can be seen, that the disturbing
magnet produces an error of factor 10 higher in the ‘angle’ based system. So the
‘gradient’ based system is a factor of 10 better even in conditions where non ho-
mogenous disturbing magnetic fields are applied to the system.
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If there are homogenous disturbing fields (e.g. earth magnetic field) in one or
more direction the ‘angle’ based system will be influenced whereas the ‘angle and
gradient’ based system won’t be influenced at all.

4 Conclusion

Using the new 3-D Hall sensor technology will increase costs only a little with re-
spect to common lateral magnetic field sensor based technologies but has big advan-
tages in robustness. Temperature dependency of the permanent magnet in a position
measurement system is no longer an issue. External disturbing fields are less critical
than in absolute values based systems. This opens a lot of new applications for such
3-D based systems in the future. Even multidimensional position sensors will be
possible with this approach.
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Design of Multi-Dimensional Magnetic Position
Sensor Systems Using the Example
of an Inverse Pendulum

Thomas Obenaus, Andreas Wilde, Holger Priwitzer, Jorg Bretschneider, and
Olaf Enge-Rosenblatt

Abstract The exact determination of displacement and rotation of moving parts
is a frequent task in automotive and industrial automation. Systems consisting of
permanent magnets and magnetic flux sensors provide the advantage of a precise,
robust, non-contact, i.e. wear-free measurement method. Magnetic sensors based
on HallinOne® technology enable the design of systems which make use of the
entire (3-D) set of magnetic flux density for the determination of up to six relative
translational and rotational position coordinates. However, design of corresponding
multi-axis magnetic encoder applications poses a quite complex task for the engi-
neer. In this contribution, we explain the design process for multi-axis magnetic
position sensing systems and present an inverse pendulum solution as an example.

1 Introduction

Determination of relative displacement and rotation of moving parts is a frequent
task in automotive, industrial automation, and other applications. Examples are gas
pedal in cars, the steering column switch of trucks, or the task to determine the angle
of rotation in robotized automation. Position measurement systems with sliding or
switching contacts need a direct connection between the moving and the fixed part.
Due to degeneration and oxidation, the life time of the whole system is shortened
significantly. In contrast to that, systems consisting of permanent magnets and mag-
netic field sensors offer the advantage of a precise, robust, contactless, and wear-free
measurement method. Such systems have replaced contact-based methods in wide
areas. In comparison to optical methods they are much cheaper and significantly
less sensitive to rough environments and dirt.

Sensors being able to measure the magnetic field in one direction are currently
state of the art. However, there are many applications, even in the automotive sec-
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tor, with a degree of freedom higher than one. There is a considerable demand for
solutions being able to measure more than one — up to all six — spatial degrees of
freedom of a component in a contactless and sufficiently exact manner. Such sys-
tems have to meet high standards of reliability and have to be sufficiently robust
with respect to magnetic interference fields. Therefore, differential measurement of
rotational and translational movements is desired. The Fraunhofer Institute for Inte-
grated Circuits (IIS) has done intensive research in the field of integrated hall sensor
systems since 1994, resulting in HallinOne®, a low cost and CMOS based 3-D Hall
sensor technology which opens new possibilities for the development of multi-axis
position sensor systems [3].

This paper introduces a spatial position measurement system based on Hallin-
One® technology and integrated into a mechatronic demonstrator. The demonstrator
is a planar SCARA-robot which balances a spatial inverse pendulum. The base of the
pendulum rod is located right above the cardan joint at the Tool Center Point (TCP)
of the robot. The system was built to demonstrate the concept of model-based design
of mechatronic systems including the necessary nonlinear control as well as to show
a magnetic field based multi-axis measurement system which measures both cardan
angles contactless and with high precision.

2 Magnetic Position Sensor Systems

A magnetic position sensor system consists of a magnetic field sensor and a rel-
atively moveable magnetic field generator, which is a permanent magnet in most
cases (Fig. 1).

The simplest applications of these systems are used to detect the presence of
certain components. For instance the states “open” or “closed” of a mobile phone
with an extendable keyboard are identified. In this case a threshold-based method
can be used. More challenging are applications where a continuous measurement of
a position coordinate is needed. These so called linear or rotary encoders are part of

&=

I
A

Uy

Fig. 1 Principle view: Magnetic Position Sensor System with Hall element (1D-Sensor) and a rel-
atively moveable magnetic field source
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Fig. 2 Data flow and influencing variables of a magnetic position sensor system

many mechatronic systems. The idea is to measure the magnetic field produced by
the encoder magnet and to map the values to position coordinates afterwards.

The following error sources have to be considered in magnet based position sen-
sor systems, since they might influence the accuracy and resolution of the system
(Fig. 2):

» Explicit temperature dependency of the magnetic field strength of magnetic ma-
terials

» Deviations of the real magnetization from the desired magnetization

* Influence of stray fields distorting the expected field

* Assembly tolerances of magnets and sensors

» Offset and temperature dependency of the magnet sensors

* Noise caused by A/D-converter and signal processing components

There are different approaches available to map the measured magnetic field data
to a position coordinate. The method to choose depends on the requirements of
correctness and robustness of the position sensor system. In the following several
methods are discussed.

One approach is based on using absolute values of the measured field to com-
pute position coordinates. Therefore, it is necessary to find a configuration of the
magnet and sensor that leads to a direct correlation between the measured value and
the desired position. Here the computational effort is reduced to the calculation of
a scaling factor, but this method is susceptible to all problems mentioned above and
therefore more suited for uncritical applications.

Using a gradient-based method it is possible to increase the robustness of the
measurement [4]. In this case the differences of values gained from magnetic field
sensors which are slightly spatially separated are used. This way, homogeneous ex-
ternal magnet fields are inherently suppressed. In many applications inference fields
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are caused by sources which are significantly farther away from the sensor than the
magnet, thus they are supposed to be approximately homogeneous and their influ-
ence will be reduced by the gradient-based method significantly.

If several field components are needed for an application, there is the possibil-
ity to use the quotient of components of the magnetic vector to compute the angle
between the field vector and the magnetic field sensor. Thereby, temperature de-
pending error sources (e.g. magnetic field strength and sensor sensitivity) are in-
herently compensated. If separate sensors or Hall elements are used for each com-
ponent, a local displacement will add an additional error. In contrast, HallinOne®
sensors are able to measure precisely in 3-D due to their symmetric arrangement
and coupling of Hall elements. Caused by the high integration-level of the Halli-
nOne® technology, it is possible to realize 3-D applications with just one sensor
IC. Besides space and product costs this reduces the complexity for control and sig-
nal processing and therefore appropriate error sources dramatically. Using several
identical sensor components on the same IC, fail-safe systems are much easier to
realize [5].

3 Design Support

Multi-axis magnetic position sensor systems offer many new, compact, robust, and
cost-effective solutions for position measuring tasks which up to now have only been
realized with lots of effort or not at all. Compared to the common magnetic position
sensor system which is limited to one single axis, the design of applications with
multi-axis measuring of the magnetic flux density obviously poses an explicit com-
plexity step [1]. Problems result from the additional spatial movement possibilities
which are measured simultaneously where each one combines and integrates the
known error sources (Fig. 2).

For the application designer, methods of model-based design are preferable and
helpful, in particular combined simulations and suitable visualizations (Fig. 3). The
direct use of these methods in every single phase of the design process — concep-
tion, construction/verification, and optimization — saves design costs and expensive
prototyping. Thereby, the accuracy of the used models grows in every phase.

During the concept phase, acceptable constellations for possible arrangements
of magnet and sensor as well as magnet geometries are chosen out of first ideas. It
has to be investigated if the measurement task is in principle solvable. In this phase,
the exactness of the simulation is less important. However, the possibility to outline
ideas and to get elementary statements of feasibility of the measuring system quite
fast is crucial. Therefore, analytical models of simple design forms for calculating
the magnetic field and simple behavior models of the sensor are used. Influences of
temperature variations, adjustment errors, or inference fields are initially neglected.
By means of visualization and processing of the simulation results it can be decided,
whether an enough inhomogeneous and therefore locally distinguishable magnetic
field is created within the traversing range of the sensor.
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Fig. 3 Model-based design cycle for magnetic position sensor systems. The cycle will be passed
several times during prototype and product development. Only single components or even param-
eters will be varied

After noticing the general feasibility of one or more designs, typical error sources
are stepwise considered within the simulation in the construction phase. Doing so,
the measurement system can be analyzed according to its requirements (resolution,
robustness, etc.) under realistic conditions. Especially for complicated geometries
and error sources precise models are needed. These can be obtained by using nu-
merical methods like the finite element method (FEM).

The main task of the optimization phase is to improve a verified and in the context
of the requirements — functional system, with regard to costs and other needs.

Methods for visualization, adapted to the particular development step, are of vital
importance for the evaluation and analysis of the modeled measurement system.
Therefore, intermediate results of the simulation are as important as the analysis of
the simulated output variables of the whole position measurement system.

During the conception phase, data views representing the results of single steps
of the simulation are rather interesting. For example, the visualization of the com-
ponents of the magnetic field which are theoretically measurable with the specific
sensor helps to decide whether the concept should be developed further or not. Dur-
ing the construction phase, other visualizations are needed that display the violations
of error thresholds. Exemplarily Fig. 4 shows the digital output signal of a Hallin-
One® sensor that moves around the magnet on a spherical shell distance. The red
dots are used to show areas wherein the sensor’s A/D converter over-/understeers
since the analog signal is too strong/too weak and therefore an explicit computation
of the position is not possible. This information can only be gained by taking the
sensor model into account. Thereby, the need of the combination of magnetic field
and sensor simulation is illustrated. Due to its complexity, a theoretical realizable
decoding algorithm can not always be realized due to the restrictions of the con-
verting system (e.g. microcontroller). This needs to be considered during the design
process as well and has to be verified by simulation.
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Fig. 4 Hall signal of a magnetic field component with over-/understeering of the A/D converter

4 Inverse Pendulum

An inverse pendulum was designed [6] as a demonstrator for the methodology of
model-based design. Application and benefits of contactless magnetic field sensors
based on the HallinOne® technology developed at IIS for design of a robust system
are illustrated and compared to common sensor systems.

4.1 System View

Inverse pendulums exist in many places and in different designs. The limitation on
balancing along a straight line (one degree of freedom), the usage of linear motors,
or the use of actuators free of play make those systems easy to handle. Such inverse
pendulums are also processed in many textbooks and dissertations [2, 7]. Ignoring
the restrictions mentioned above, a robot (SCARA) whose behavior and design is
inspired by the human arm was built. The SCARA is able to emulate the balancing
of a freestanding rod on the palm of a hand. That is why the demonstrator presented
in this article differs in its complexity in comparison to simple demonstrators known
from literature.

According to the SCARA architecture, the robot consists of one forearm and one
upper arm. Shoulder and elbow are designed as joints with one rotational degree of
freedom. Two servo motors above the joints allow a specific movement of the arms
and thus the manipulation of the TCP in the XY plane. Using the angles 6, and 6,
between shoulder, upper arm, and forearm (Fig. 5) it is possible to calculate the
absolute position of the TCP. The embedded PC intended for the implementation
of the control, including the needed AD-/DA converter cards, as well as the servo
amplifier for the two driving systems are placed on the inside of the construction.
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Fig. 5 Left: Construction of the pendulum robot. Right: TCP of the robot as cardan joint

For the constructive implementation of the support for the pendulum rod within the
TCP it is necessary to allow the pendulum to fall in all directions and to measure
the inclination angle compared to its neutral position. The chosen cardan connec-
tion of the pendulum rod with the forearm of the robot is shown in Fig. 5 (right).
The magnetic field sensor HATA-3-1 was placed in the center of the joint. Addi-
tional potentiometers at the end of both axes of the joints are used for the redundant
measurement of the cardan angles.

The design of the nonlinear control for balancing the pendulum rod was done
using Matlab/Simulink®, the add-on Stateflow® was used to implement the control
system logic, and the xPC Target® was applied to establish the linkage between the
control unit with the actuating elements and the sensor system.

4.2 Magnetic Sensor within the Pendulum

To create a homogeneous magnetic field, one permanent magnet was installed above
and one below the sensor. The magnets move according to the displacement of the
pendulum rod, following a surface of a sphere around the sensor. The cardan angles
are easy to compute by taking the quotient of the measured Z- and X- and cor-
responding Y -components of the magnetic field. This task is done by a microcon-
troller which converts the sensor data into the cardan angles and sends these values
via RS232 interface to the PC hosting the control. An important fact for using the
sensor within the present application is that there are constructive inaccuracies that
have to be considered. Such unavoidable variations (e.g. the exact alignment of the
sensor board) are corrected by software. Furthermore, before initiating the control,
the neutral position of the pendulum (vertical pendulum rod) and the position of
the robot arm which is needed to achieve the required position, have to be aligned.
Figure 6 shows an example of a complete recording of the cardan angle v, and y,
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Fig. 6 Measurement of cardan and joint angles during operation

as well as the joint angle of the robot arm 6; and 6, during the initialization, the
straightening up of the pendulum, and the following change into controlled opera-
tion.

5 Summary

The article presents the use of spatial magnetic field based position sensor systems
for contactless and very exact measurement of the position of moveable compo-
nents. A spatial inverse pendulum was used as demonstrator.

The principle of magnetic position sensors (consisting of a sensor chip with Hall
elements and a thereto moveable magnet) is based on the measurement of the mag-
netic field followed by a mapping to the position. The design of such systems is
a complex task and therefore not effectively practicable without simulation and vi-
sualization. In this article a convenient design cycle had been introduced.

Exemplarily, the magnetic field sensor is used in a set-up of an inverse pendulum
with two degrees of freedom. Both angles are simultaneously measured using only
one sensor. With this demonstrator the model-based design of a system — from the
dimensioning of the components to the control unit design, up to automatic code
generation — is presented and tested under real conditions.
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Sub-10-p A 868-MHz Wake-Up Receiver ASIC
for In-Door Localisation
and Geofencing Applications

Heinrich Milosiu, Fritz Meier, Frank Oehler, and Alexander Pflaum

Abstract Modern wireless receivers tend to decrease power consumption. This sec-
tion shows the benefits of a sub-10 @A wake-up receiver circuit used for wireless
geofencing and localisation applications with very low maintenance. The proposed
wake-up receiver is a wireless receiver which continuously scans the radio chan-
nel for certain wake-up messages. Having received and decoded such a message
containing additional data, the wake-up receiver triggers different actions in smart
objects. The 